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Abstract: Schizophrenia is a disease with a complex pathological mechanism that is influenced by multiple genes. The study of its
pathogenesis is dominated by the dopamine hypothesis, as well as other hypotheses such as the 5-hydroxytryptamine hypothesis,
glutamate hypothesis, immune-inflammatory hypothesis, gene expression abnormality hypothesis, and neurodevelopmental abnorm-
ality hypothesis. The first generation of antipsychotics was developed based on dopaminergic receptor antagonism, which blocks
dopamine D2 receptors in the brain to exert antipsychotic effects. The second generation of antipsychotics acts by dual blockade of
5-hydroxytryptamine and dopamine receptors. From the third generation of antipsychotics onwards, the therapeutic targets for
antipsychotic schizophrenia expanded beyond D2 receptor blockade to explore D2 receptor partial agonism and the antipsychotic
effects of new targets such as D3, 5-HT1A, 5-HT7, and mGlu2/3 receptors. The main advantages of the second and third generation
antipsychotics over first-generation antipsychotics are the reduction of side effects and the improvement of negative symptoms, and
even though third-generation antipsychotics do not directly block D2 receptors, the modulation of the dopamine transmitter system is
still an important part of their antipsychotic process. According to recent research, several receptors, including 5-hydroxytryptamine,
glutamate, y-aminobutyric acid, acetylcholine receptors and norepinephrine, play a role in the development of schizophrenia.
Therefore, the focus of developing new antipsychotic drugs has shifted towards agonism or inhibition of these receptors.
Specifically, the development of NMDARs stimulants, GABA receptor agonists, mGlu receptor modulators, cholinergic receptor
modulators, 5-HT2C receptor agonists and alpha-2 receptor modulators has become the main direction. Animal experiments have
confirmed the antipsychotic effects of these drugs, but their pharmacokinetics and clinical applicability still require further exploration.
Research on alternative targets for antipsychotic drugs, beyond the dopamine D2 receptor, has expanded the potential treatment
options for schizophrenia and gives an important way to address the challenge of refractory schizophrenia. This article aims to provide
a comprehensive overview of the research on therapeutic targets and medications for schizophrenia, offering valuable insights for both
treatment and further research in this field.
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Introduction

Schizophrenia is a common clinical psychiatric disorder that most often begins in youth or early adulthood, with multiple
impairments in perception, thinking, emotion, cognition, behavior, and social functioning. Schizophrenia affects about
1% of the global population and has a low cure rate, often accompanied by emotional apathy and impaired social
functioning, which has a significant impact on the quality of life of both patients and their families." According to
a survey, schizophrenia caused an economic loss of $343.2 billion in the United States in 2019, which places a significant
burden on the economy.” There are metabolic syndrome complications in schizophrenia, and the side effects of
antipsychotic drugs further aggravate metabolic disorders and increase cardiovascular risk in patients, and these seriously
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affect the quality of life and survival age of patients; therefore, there is an urgent need to find more effective and safer
medications for the treatment of schizophrenia.

The Hypothesis of Abnormal Neurotransmitter Systems in Schizophrenia

A variety of neurotransmitters are involved in regulating the mental activity of the body, and abnormal functioning of
neurotransmitter receptors is closely related to schizophrenia. Dopamine, glutamate, 5-hydroxytryptamine, acetylcholine,
and norepinephrine are the most common neurotransmitters affecting schizophrenia. Previous research on antipsychotic
drugs has primarily focused on dopamine receptor antagonists. However, in recent years, there has been a gradual
increase in research on drugs that act on glutamate receptors, S-hydroxytryptamine receptors, acetylcholine receptors and
norepinephrine receptors to treat psychiatric disorders.

Dopamine

Dopamine (DA) dysregulation is a significant cause of schizophrenia. Increased striatal dopamine activity has been
observed in patients with psychotic prodromal symptoms, suggesting that dopamine hyperactivity occurs before the onset
of schizophrenia.®> In animal models, such as repeated administration of amphetamine and methoxymethanol acetate
(MAM), dopaminergic hyperactivity was induced, and there were schizophrenic changes such as stereotyped behavior
and impaired cognitive function in behavior.* Clinical studies have found that dopamine release from cortical regions of the
brain is significantly reduced in patients with schizophrenia and that DA release from the dorsolateral prefrontal cortex
(DLPFC) is significantly negatively correlated with DA release from the dorsal caudate (DCA).> Dopamine receptors
include the D1 and D2 classes, the D1 class includes D1 and D5 receptors, and the D2 class includes D2, D3, and D4
receptors, of which the D2 receptors are most closely related to schizophrenia, and the dopamine hypothesis suggests
increased sensitivity of postsynaptic D2 receptors in schizophrenia.® However, in recent studies, it has been shown that D3
receptors are also one of the therapeutic targets in schizophrenia and that D3 receptor antagonists have the potential to treat
both negative and cognitive symptoms of schizophrenia.” In addition, D1 and D4 receptors have also been implicated in
schizophrenia, with reduced D1 activity appearing to contribute to the pathogenesis of schizophrenia-negative symptoms,
and D4 receptor-associated genes being associated with increased genetic susceptibility to schizophrenia.®

Glutamic Acid

Glutamate (Glu) is a crucial excitatory neurotransmitter in the brain and also serves as a precursor for y-aminobutyric acid,
an inhibitory neurotransmitter in the nervous system. It binds to the ionotropic receptor N-methyl-D-aspartate receptor
(NMDAR) and plays a significant role in influencing neuronal signaling and nerve cell communication. The glutamatergic
system interacts with the dopamine system, and frontal cortical glutamatergic activity modulates midbrain DA neurons in
a process related to the alteration of DARergic discharges in the middle limbic pathway induced by inhibitory GABA
interneuron signals projecting to midbrain DA neurons, in conjunction with DA signals from the PFC that can also be
projected to the glutamatergic PFC neurons, affecting local glutamatergic neurotransmission.’ It is generally accepted that
patients with schizophrenia suffer from a decline in the function of the NMDA receptor of the glutamate receptor, resulting
in a dysregulation of the balance of the glutamatergic neurotransmitter system, as evidenced by the success of N-methyl-
D-aspartate receptor (NMDAR) antagonists, such as phencyclidine (PCP) and ketamine, as commonly used drugs in the
modeling of schizophrenia.'® The “disinhibition model” of NMDAR hypofunction suggests that NMDAR hypofunction
results in reduced GABAergic inhibition of glutamatergic pyramidal neurons and excessive release of glutamate.'
Glutamate concentration in the human brain is a dynamic process that declines with age and varies in different brain
regions. Studies on glutamate changes in schizophrenia are mixed, but most of them show that schizophrenic patients have
elevated levels of glutamate in the medial prefrontal ventral cortex (including the anterior cingulate cortex), whereas the
hippocampus, thalamus, occipital, temporal, and parietal lobes are among the other brain regions that showed no significant
differences in glutamate levels.'* '

5-Hydroxytryptamine

Second-generation antipsychotics differ from first-generation antipsychotics in two main ways: first, they have fewer
extrapyramidal side effects; second, these drugs have the ability to block not only the dopamine D2 receptor but also
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the 5-hydroxytryptamine (5-HT) receptor.5-hydroxytryptamine is a neurotransmitter that is widely present in the
mammalian cerebral cortex and neural synapses, and its receptors are classified into seven subfamilies and fourteen
receptor subtypes. Although the content of serotonin is small in human body, it plays an important role in regulating
human mood, body temperature and memory. In the 5-hydroxytryptamine hypothesis, both 5-hydroxytryptaminergic
dysfunction and an imbalance between 5-hydroxytryptamine and dopamine are thought to be responsible for the
development of schizophrenia.'> In schizophrenic patients, the density of 5-hydroxytryptamine transporters is
decreased in the frontal cortex and cingulate cortex, and the density of striatal 5-hydroxytryptamine transporters is
increased.'® Studies have shown that topical application of 5-hydroxytryptamine dose-dependently increases extra-
cellular dopamine levels in the prefrontal and striatal lobes and is more pronounced in the prefrontal lobes and that
5-hydroxytryptamine receptors, such as 5-HT1A, 5-HT2A, 5-HT1B, 5-HT2C, 5-HT4, and 5-HT6 receptors, may be
involved in the regulatory process.'’

Acetylcholine

Acetylcholine (ACh) is a neurotransmitter closely related to cognition, and when acetylcholine synthesis is reduced, it
can cause learning, memory and recognition dysfunction. Acetylcholine has two types of receptors, nicotinic receptors as
well as muscarinic receptors, and several animal experiments have shown that acetylcholine receptors play an important
role in the recovery of cognitive dysfunction in schizophrenia.'® Nicotinic acetylcholine receptors bind to the endogenous
neurotransmitter acetylcholine, modulate ion channels, and induce alterations in synaptic transmission, resulting in
neurobiochemical and behavioral changes.'® The cholinergic hypothesis of schizophrenia suggests that the onset of
schizophrenia may be related to in cholinergic dysfunction as well as a dopamine-acetylcholine imbalance, and it is
generally accepted that there is a downregulation of the acetylcholine neuronal system as well as an increase in
anticholinergic activity (AA) in patients with schizophrenia.”® Acetylcholinesterase inhibitors reduce the breakdown of
acetylcholine by inhibiting acetylcholine esterase (AChE) and produce cholinomimetic effects, which are widely used in
Alzheimer’s disease, and there have also been studies applying them to schizophrenia, which have found that the
combination of acetylcholinesterase inhibitor and antipsychotics may be helpful for improving cognitive symptoms,
although there are great differences in clinical practice, and the evidence is relatively weak, it also suggests that

protection of acetylcholinergic function is a potential direction for the treatment of schizophrenia.?'~>

Norepinephrine

Norepinephrine (NE) is synthesized and secreted by post-sympathetic ganglion neurons and adrenergic nerve endings
in the brain, both as a neurotransmitter and a hormone, and its receptor types are classified as o and B. The most of the
noradrenergic neurons of the brain are contained in the locus coeruleus (LC). Early evidence suggests that cerebrosp-
inal fluid, brain, and serum norepinephrine levels are elevated in patients with SCZ that positive symptoms are
consistent with hyperactivity of the NE system and that negative symptoms are consistent with hypoactivity of the NE
system and that, furthermore, the locus coeruleus-norepinephrine (LC-NE) system has an effect on facilitating
cognition and motivation.** In schizophrenia, it is generally accepted that blocking a1-AR relieves positive symptoms,
while blocking a2-AR improves negative and cognitive symptoms.?* In clinical trials, noradrenergic responses (eg,
Task-evoked pupil dilation) have been found to be abnormal in patients with schizophrenia compared with healthy
individuals, and the degree correlates with symptom severity.>> Norepinephrine and dopamine are both catecholamine
transmitters, and dopamine is a precursor of norepinephrine. The functions of dopamine and norepinephrine are closely
linked, and there are common targets for signaling, such as the dendritic spines of prefrontal cortical pyramidal
neurons, as well as interacting intracellular hubs, such as the Akt/GSK-3p signaling pathway.”® Thus, modulation of
norepinephrine levels as well as modulation of the corresponding receptors is also one of the possible pathways for the
treatment of schizophrenia.

Novel Antipsychotic Drugs and Targets of Action
Antipsychotic drugs are currently the most important treatment for schizophrenia and are categorized into typical
antipsychotic drugs and atypical antipsychotic drugs. Typical antipsychotics are D2 receptor antagonists, whose
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mechanism of action is to block the D2 receptor of dopaminergic neurons and reduce the function of the dopamine
nervous system. Blockade of D2 receptors inhibits limbic dopaminergic overactivity in the midbrain and provides better
control of positive symptoms, but powerful D2 receptor blockade is also responsible for side effects such as extrapyr-
amidal disorders and hyperprolactinemia.?” Atypical antipsychotics are multi-targeted antipsychotics. Second-generation
antipsychotics mainly block D2 and 5-HT2A receptors, and their blockade of D2 receptors is significantly lower than that
of typical antipsychotics, the corresponding side effects are reduced, but does not weaken the antipsychotic efficacy, and
it is generally believed that the modulation of the serotonin—dopamine interaction is the main mechanism by which
the second-generation antipsychotics work.”® The advantages of the antipsychotic effects of D2 receptor partial agonists
have been tapped since the third generation of antipsychotics. D2 receptor partial agonists (DRPAs) have high D2
receptor occupancy, but DRPAs have intrinsic D2 receptor activity lower than that of dopamine, and thus may reduce the
risk of EPS while maintaining clinical efficacy, which can be of great value in minimizing antipsychotic side effects.”” At
the same time, the development of D3, 5-HT1A, 5-HT7, TAAR1, mGlu2/3 receptor related agonists or antagonists is
becoming more and more mature. The details are summarized in Table 1.

Third-Generation Antipsychotics

Aripiprazole is a widely used third-generation antipsychotic that partially agonizes D2 receptors and 5-HT1A receptors.
It has ameliorative effects on negative, positive, cognitive, and depressive symptoms.*® Cariprazine, a new atypical
antipsychotic, has been approved by the US Food and Drug Administration (FDA). It is a partial agonist of dopamine D3
and 5-HT1A receptors and has a good effect on schizophrenia and bipolar disorder. Additionally, its side effects on the
metabolic system and cardiovascular system are minor, making it a promising option for treatment.>' Brexpiprazole, an
atypical antipsychotic, was approved for marketing in the United States in 2015. It acts as a partial agonist on 5-HT1A,
D2, and D3 receptors, and has antagonistic effects on 5-HT2A, 5-HT2B, and 5-HT7 receptors, adrenergic alA, alB,
alD, and 02C receptors, as well as histamine H1 receptors. This multi-targeting antipsychotic is primarily used as an
adjunctive treatment for schizophrenia and depression.’® Third-generation antipsychotics, currently in the promotion

Table | Novel Antipsychotic Drug Targets and Therapeutic Characteristics

Medicines Characteristics of the Treatment

Target Point

Clinical Applications

Aripiprazole

Partially agonizes D2, 5-HT | A receptors,
antagonizes 5-HT2A receptors

Low effect on glycolipid and body mass, low

incidence of extrapyramidal reactions

Widely used worldwide

Cariprazine

Partially agonizes D3, D2 and 5-HTIA
receptors, with greater affinity for D3

receptors

Less effect on glycolipids, weight change,
prolactin

Mainly used in the United
States, the European Union

and other countries

Brexpiprazole

Partially agonizes 5-HTIA, D2 and D3
receptors and antagonizes 5-HT2A

Less effect on glycolipids, weight change,

prolactin

Mainly used in the United

States, Japan, the European

extrapyramidal symptoms, inability to sit still

and hyperprolactinemia

receptors Union and other countries
Lurasidone Antagonizes 5-HT2A, D2 and 5-HT7 Therapeutic advantage in controlling negative | Widely used worldwide
receptors and partially agonizes 5-HTIA | symptoms, affective symptoms, cognitive
receptors function; less effect on body mass, prolactin
Lumateperone Antagonizes 5-HT2A and D2 receptors Improved depressive symptoms, social Mainly used in the United
with greater affinity for 5-HT2A functioning, less effect on glycolipids, weight | States
change, prolactin
SEP-363856 Agonizes 5-HTIA, TAARI receptors Improved cognitive function with fewer Phase Ill clinical trial stage

Pomaglumetad
methionil (LY2140023)

Agonizes mGlu2/3R receptors

Extrapyramidal symptoms,

hyperprolactinemia less frequent

International multicenter

clinical trial phase
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stage, have a wider range of receptors and act as partial agonists on the dopamine D2 receptor. They have a broader
therapeutic range compared to second-generation antipsychotics and have improved safety, particularly in terms of
metabolism and cardiovascular side effects. They can be used in patients with schizophrenia who are ineffective or have
severe side effects of traditional antipsychotic drugs, or as adjuvant drugs of traditional antipsychotic drugs, which
provide more choices for clinical use of drugs for schizophrenia.

Lurasidone

Lurasidone was approved for marketing in the United States in 2010 and is now in widespread use worldwide, mainly for
the treatment of schizophrenia and bipolar disorder. It has a high affinity for dopamine D2 receptors, 5-HT2A receptors,
and 5-HT7 receptors, as well as a moderate affinity for norepinephrine receptors. Several clinical trials have confirmed its
clinical efficacy, and it has a low impact on body fat, metabolism, and prolactin levels.*> Common adverse effects of
lurasidone include somnolence, nausea, akathisia, and extrapyramidal reactions. It is generally recommended to take
lurasidone with dinner or at bedtime and to start with a low dose.** Studies have shown that lurasidone has a 24-week
response rate of approximately 40% in the treatment of refractory schizophrenia, additionally, it has been found to be
effective in about 60% of patients who have not responded to clozapine therapy.>> As a new antipsychotic, lurasidone
offers promising clinical prospects for patients who are intolerant of antipsychotic metabolism and hyperprolactinemia. It
also serves as a viable option for patients with refractory schizophrenia who do not respond to commonly used
antipsychotics like olanzapine, risperidone, clozapine, and others.

Lumateperone

Lumateperone was approved by the FDA for the treatment of schizophrenia in the United States in 2019. Its main
mechanism of action is related to the modulation of dopamine, 5-hydroxytryptamine, and glutamate neurotransmitter
functions. It acts as an antagonist for the 5-HT2A and D2 receptors, with a higher affinity for 5-HT2A receptors.*®
Animal experiments have confirmed that lumateperone enhances NMDA and AMPA receptor-mediated neurotransmis-
sion in the medial prefrontal cortex (mPFC), promotes dopamine and glutamate release from the mPFC in rats, and
significantly inhibits the conditioned avoidance response (CAR) in rats, which has an antipsychotic effect.>’ It was found
that lumateperone’s improvement of psychiatric symptoms is also correlated with immune-inflammatory response,
reducing the levels of pro-inflammatory cytokines IL-1b, IL-6 and TNF-a in the brain and serum of immune-stressed
mice.*® The safety and efficacy of lumateperone in treating schizophrenia are continuously being explored. The available
studies have found that lumateperone has a better effect on improving schizophrenia symptoms compared to second-
generation antipsychotics like risperidone, additionally, lumateperone has fewer extravertebral side effects and fewer
effects on blood lipids, body weight, and prolactin.>®*' However, it is important to note that studies have also shown that
lumateperone increases the risk of death in patients with dementia-related psychiatric disorders. Therefore, lumateperone
is contraindicated in patients with dementia-related psychiatric disorders.**

Sep-363856

SEP-363856 was granted breakthrough therapy designation for the treatment of schizophrenia by the US FDA in 2019
and is currently in Phase III clinical trials in multiple countries. SEP-363856 acts on the trace amine-associated receptor 1
(TAAR1) and 5-hydroxytryptamine type 1A (5-HT1a) receptors and has little to no effect on the dopamine D2 receptor.
In animal experiments, SEP-363856 reached the maximum blood concentration within 0.25 to 0.5 hours and penetrated
into the brain after oral administration, and it could still be detected in plasma and brain 8 hours after administration.
After cross oral and intravenous administration, the oral bioavailability in rats and monkeys were 58—120% and 71%,
respectively, showing good brain permeability and bioavailability.* In clinical trials involving patients with schizo-
phrenia, SEP-363856 was rapidly absorbed and cleared. It reached its maximum blood concentration in 2.8 hours and had
an effective half-life of 7 hours. The blood concentration of SEP-363856 reached a steady state before and after the third
dose, and it was essentially cleared from the body within 48 hours after discontinuing the dose.** A clinical randomized
controlled trial of SEP-363856 for the treatment of acute exacerbation of schizophrenia across five countries in Eastern
Europe and North America with 34 clinical sites was found to significantly reduce PANSS scores in patients with acute
exacerbation of schizophrenia, and in terms of adverse effects, the main ones were somnolence and gastrointestinal
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symptoms, with minimal effect on prolactin, which is consistent with the fact that SEP —363856 did not bind to D2
receptors, and therapeutically, SEP-363856 is more inclined to alleviate negative symptoms, which needs to be further
investigated.*> The target of action of SEP-363856 is distinguished from the D2 receptors and SHT2A receptors that were
acted upon by previous antipsychotics, but it mainly acts on TAAR1 and 5-HT1a receptors. The dopamine D2 receptor
blockade is important in alleviating positive symptoms of schizophrenia; however, D2 receptor blockade also has effects
on the downstream of dopamine pathway, affecting motor, endocrine, and cardiac function, SEP-363856 makes up for
these deficiencies and is of great significance in exploring the improvement of negative symptoms and cognitive function

of schizophrenia.

Pomaglumetad Methionil

Pomaglumetad methionil (LY2140023) is a prodrug of LY404039, an agonist of the metabotropic glutamate 2/3 receptor
(mGlu2/3R). LY2140023 selectively acts on the mGlu2/3 receptor to exert its antipsychotic effects. Currently, an
international multicenter clinical trial is underway for this drug. In an adolescent rat model of MAM schizophrenia,
LY2140023 treatment significantly reduced the firing frequency of pyramidal neurons in the ventral hippocampal (vHPC)
region, and a certain dose of LY2140023 treatment was able to increase the discrimination index of rats with MAM
schizophrenia model (novel-familiar)/(novel+familiar).***” The low oral utilization of LY404039 resulted in the devel-
opment of LY2140023. In pharmacokinetic studies, when LY2140023 was administered orally, the blood concentration—
time curve indicated a rapid absorption phase with a median Tmax of 4h and elimination was rapid, with a mean t1/2 of
1.86 h, the median Tmax at the end of the IV infusion was 1.98 h, the mean T1/2 for the active fraction was slightly faster
after IV administration compared to oral administration.*® In the Phase II clinical trial, 40 mg of LY2140023 was
administered twice daily for 4 weeks, which resulted in a significant improvement in the total PANSS score as well as
other outcome measures such as the Clinical Global Impression-Severity (CGI-S) score and the PANSS positive and
negative sub-scores, with no increase in prolactin and no signs of significant extrapyramidal side-effects, there were no
clinically significant changes in vital signs, laboratory analyses, or electrocardiograms associated with treatment, and the
most common adverse reactions were insomnia, mood disorders, nausea, headache, somnolence, and elevated blood
creatine phosphokinase, which were generally well tolerated by patients.* In phase III clinical trials, the rate of patients
discontinuing LY2140023 due to adverse effects during treatment was significantly higher than that of aripiprazole, and
the change in total PANSS score was significantly greater in the aripiprazole-treated group than in the pomaglumetad
group.®® In a study of LY2140023 as an adjunct in combination with second-generation antipsychotics (aripiprazole,
olanzapine, risperidone, or quetiapine) for the treatment of chronic schizophrenia, the addition of LY2140023 did not
demonstrate a significant improvement in negative symptoms.> Despite achieving better antipsychotic effects in animal
experiments and clinical Phase II, pomaglumetad methionil did not meet the expected efficacy in the global clinical phase
II1 trial. Subsequent studies revealed that LY2140023 may be more effective in specific subgroups of patients. Therefore,
further in-depth studies will be conducted to maximize the effectiveness of LY2140023 and minimize its adverse effects
in order to enhance its antipsychotic effect.

Potential Therapeutic Targets for Antipsychotics

The study of therapeutic targets for antipsychotic drugs is rooted in the hypothesis of neurotransmitter abnormalities in
schizophrenia, and the mechanism involves inhibiting or stimulating the function of specific receptors to produce
antipsychotic effects. Previous research on antipsychotic drugs has primarily focused on dopamine; however, some
patients treated with dopamine antagonists may develop dopamine supersensitivity, leading to decreased effectiveness of
the treatment. The blockade of dopamine receptors can cause extravertebral systemic reactions, metabolic abnormalities,
and hyperprolactinemia. Therefore, researchers have focused on developing new antipsychotic drug targets that are not
dopamine D2 receptors, and several studies have been conducted to confirm the effectiveness of these alternative
neurotransmitter receptors for antipsychotic treatment. These studies have shown promising results, indicating the
feasibility of these targets for antipsychotic effects. The details are summarized in Table 2.
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Table 2 Potential Therapeutic Targets and Related Drugs

Therapeutic Target Related Drugs or Compounds Clinical Progress

NMDARs stimulants D-serine, D-aspartic acid GNE-6901, GNE-8324, SAGE-718 Animal experimentation stage
GABA receptor agonists Pyrazoloquinolone compound 6, LAU463, LAUI59, CGP44532, GS39783 Animal experimentation stage
MGlu receptor modulators MMPIP, ADX71743, LY379268, LY2140023 Clinical trial phase
Cholinergic receptor Xanomeline, LY2033298, YU0152099, VUO0I152100, Emraclidine, A-582941, Clinical trial phase
modulators CCMI, PNU-120596, Galanthamine

5-HT2C receptor agonists ]J-3-45, ]J-3-42, JJ-5-34, Lorcaserin, Vabicaserin Clinical trial phase
Noradrenergic alpha-2 PT-31, ORM-10921, JP-1302, ORM-13070 Animal experimentation stage
receptor modulators

Abbreviations: SCZ, schizophrenia; EPS, neurologic side effects; PFC, prefrontal cortex.

NMDARs Stimulants

N-methyl-D-aspartate receptor (NMDAR) dysfunction and excitatory/inhibitory (E/I) imbalance are important pathome-
chanisms in schizophrenia. NMDAR antagonists can induce behavioral and neurobiological changes similar to those in
schizophrenia by interfering with NMDA signaling, and the use of NMDAR antagonists in nonhuman primates and
rodents has induced a variety of schizophrenia like behaviors such as sensorimotor gating deficits, repetitive movements,
and cognitive and social deficits.” NMDAR agonists, such as D-serine and D-aspartate, modulate metabotropic glutamate
receptors and dopaminergic neurons in the brain. In experiments with schizophrenic mice, D-aspartate supplementation
attenuated the prepulse inhibition deficits induced by amphetamine and MK-801.%% In clinical studies, D-serine was used
as an adjunctive medication in antischizophrenia, contributing to elevated serum serine levels and improvements in
negative, positive, cognitive, and depressive symptoms.> Selective NMDAR positive-altering modulators (PAMs), such
as GNE-6901 and GNE-8324, have dose-dependent potentiation of NMDAR activation, but their pharmacokinetic
deficiencies make them difficult to implement in the clinic at the present time.”* SAGE-718 is also a novel NMDA
receptor positive-altering modulator, and it has been demonstrated in animal experiments that SAGE-718 has an
equipotent potentiation of NMDAR in striatal medium spiny neurons GluN1/GluN2A-D, improves dysfunctions caused
by NMDAR hypofunction, including deficits in social interactions due to subchronic administration of PCP and
behavioral and electrophysiological dysfunctions induced by 7-dehydrocholesterol reductase (DHCR7) inhibition and
is well tolerated, does not increase epileptiform activity in epilepsy models, and no signs of neurodegeneration or
neurotoxicity have been observed with long-term chronic administration.’® Although research related to stimulants of
NMDARSs is currently at the stage of animal experiments and preclinical studies, they have demonstrated improvement of
both negative and positive symptoms of schizophrenia and cognitive functioning in the current study, which warrants
further exploration.

GABA Receptor Agonists

Gamma-aminobutyric acid (GABA) is an important inhibitory neurotransmitter found in neural tissues. Schizophrenia is
associated with GABAergic dysfunction. It is generally believed that schizophrenia patients have weakened function of
GABA, a central nervous inhibitory neurotransmitter, and hyperglutamatergic activity, which promotes the onset of
psychotic symptoms. GABA receptors are divided into three types: GABA, GABAg, and GABAc. Their functions are
closely related to the opening of ion channels in cell membranes, neuronal inhibition, and synaptic conduction, and the
research on antipsychotics based on the target of GABA receptors has made preliminary progress. According to the y-
aminobutyric acid hypothesis, a defective GABAergic system is one of the causes of schizophrenia; therefore, the focus of
treatment is on activating the GABAergic system, currently, research is primarily focused on GABA receptor agonists and
orthosteric modulators.”® The GABA 4 receptor, an ionotropic receptor, is a ligand-gated ion channel. It has 19 subunits,
which are classified according to a 1-6, B 1-3, v 1-3, 3, &, 7, 8 and p 1-3.%7 Examination of cerebellar GABAergic markers
in postmortem schizophrenic patients revealed significantly lower levels of GAD67, GAD65, GAT-1, mGluR2, and
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neuronal-type nitric oxide synthase gene expression in patients with schizophrenia relative to nonpsychiatric patients.
GADG67 gene expression was found to be significantly higher in schizophrenic patients receiving atypical antipsychotic
medications compared to those treated with typical antipsychotic medications. These studies suggest that GABA transmis-
sion in the cerebellar cortex is reduced in schizophrenia patients and that the type of medication may influence the level of
GABA-related gene expression.”® Preclinical studies have shown that pyrazoloquinolone compound 6 and its analogs,
LAU463 and LAU159, are highly selective orthosteric modulators of a6GABAAR, these compounds, along with their
tritium derivatives (DK-I1-56-1, DK-I-58-1, and DK-I-59-1), have been shown to rescue methamphetamine-induced PPI
disruption and ameliorate hyperactivity, social withdrawal, and cognitive deficits in an animal model of schizophrenia
induced by methamphetamine and PCP.”> GABAj, receptors are metabotropic receptors belonging to the class C family of
G-protein-coupled receptors, consisting of two subunits, GABAg1 and GABARg?2. In autopsy studies of schizophrenia, the
proteins of GABBR1 and GABBR2 were significantly reduced in the lateral cerebellum of patients.®® In animal experi-
ments, the GABAg receptor activators CGP44532 and GS39783 inhibited MK-801- and amphetamine-induced hyperactiv-
ity responses, as well as DOI ((+)1-(2.5-dimethoxy-4-iodophenyl)-2-aminopropane), induced head twitching responses,
suggesting that CGP44532 and GS39783 have antipsychotic effects.®’ GABA( receptors were discovered later than
GABA, and GABAg receptors, with fewer studies, and are mainly found in the retina and other visual pathways, as
well as in the hippocampus, spinal cord, and other nervous systems.®”> GABA( receptor-related functions are mainly in
memory, myopia, pain, and sleep, and the GABA( receptor agonist, cis4-aminocrotonic acid (CACA, 200 IM), inhibits
ammonia-induced apoptosis of rat hippocampal neurons; however, the relationship between GABA( receptors and schizo-
phrenia has not yet been clarified.®>*** The studies on GABA ,, GABAg receptor agonists, and orthosteric modulators are
currently in the animal experimentation stage, and the research on pharmacology and toxicology has not been extensively
conducted yet. It is clear that GABA ,, GABAGg receptor agonists and orthotopic modulators can improve mental symptoms
and are promising targets for the treatment of schizophrenia, but the stability, safety and clinical applicability of drugs need
to be further studied.

MGlu Receptor Modulators

Glutamate receptors are mainly divided into ionotropic and metabotropic receptors. Metabotropic (mGlu) receptors
belong to the G protein-coupled receptors and are divided into three classes. Class I includes mGlul and mGluS5, Class II
includes mGlu2 and mGlu3, and Class III includes mGlu4, mGlu6, mGlu7, and mGlu8. MGlu receptors are found
throughout the nervous system and play a role in neural synaptic signaling and are believed to be involved in the
molecular mechanisms of cognition, learning, and memory, and have been linked to schizophrenia. In a study using the
DBA/2J mouse model, it was found that mGlul receptor antagonists increased prepulse inhibition in these mice,
indicating that targeting mGlul receptor function could be a new treatment strategy for schizophrenia.®> The mGlu7
receptor is the most highly expressed receptor in the brain among all the mGlu receptors.®® In animal models, both the
mGlu7 negative allosteric regulator MMPIP and ADX71743 inhibited MK-801-induced hyperactivity and DOI-induced
head-twitching and ADX71743 showed antipsychotic activity in a social interaction test, suggesting that the mGlu7
receptor may be a potential therapeutic target for schizophrenia.®” There is an interaction between mGlu receptor and
5-HT receptor. 5-HT2a and MGlu2 receptor co-immunoprecipitate in membrane preparation, which can form isomer
complex, affect synaptic signal transduction, and may participate in the antipsychotic process of clozapine and mGlu2/3
agonist LY379268, which is a possible new target for the treatment of schizophrenia.®® In mouse experiments, combining
the 5-HT2A receptor antagonist M100907 with the mGlu2/3 agonist prodrug LY2140023 resulted in a reduction of MK-
801-induced dopamine efflux from the NAC and significantly lowered the level of psychomotor arousal, which was more
effective than administering the drugs alone.®” MGlu2/3 agonists have been recognized as potential antipsychotic drugs,
and researchers have developed corresponding agents with the aim of using them in the treatment of schizophrenia. In
animal experiments, it was confirmed that LY379268 was able to repair MK-801-induced deficits in a variety of clinically
relevant early sensory EEG biomarkers and neuronal function, additionally, LY2140023 was found to regulate dopamine
and 5-hydroxytryptamine metabolism in the central nervous system.”®”" In clinical studies, the efficacy and safety results
of LY2140023 are variable and require further studies to improve, but there is a lack of clinical studies related to
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LY379268.7*"* Overall, many studies have confirmed the efficacy of mGlu receptor modulators as targets of antischizo-
phrenic action in terms of animal experiments; however, further exploration is needed to determine their clinical utility.

Cholinergic Receptor Modulators

Acetylcholine is an important neurotransmitter in the nervous system that has a significant impact on the development of
schizophrenia. Acetylcholine receptors are potential drug targets for the treatment of schizophrenia. Cholinergic receptors
include muscarinic (M)-type receptors and nicotinic (N)-type receptors. M-type receptors include five subtypes, while
N-type receptors include two subtypes. Recently, muscarinic acetylcholine receptor (mAChR) variant modulators has
entered the field of clinical development in schizophrenia with corresponding results. Xanomeline, a muscarinic M1
receptor selective agonist, has been found to have significant reductions in conduct disorder, suspicion, delusions,
agitation, hallucinations, and a tendency to improve cognition, but its severe gastrointestinal and cardiovascular side
effects limit its clinical application.”* M4 mAChR is found in the dorsal striatum, the nucleus ambiguus, substantia nigra,
and the middle limbic dopaminergic pathway, which is associated with positive symptoms of schizophrenia as well as
leading to negative symptoms in schizophrenic patients. Researchers have been actively developing highly selective,
CNS-penetrating M4 PAMs for the treatment of schizophrenia, and several M4 PAMs including 1Y2033298,
VU0152099, and VU0152100 have been shown to be effective in amphetamine and apomorphine-induced psychosis
models show potent antipsychotic-like efficacy, but how useful they are in humans needs to be further investigated.”> The
M4 receptor-positive variant modulator, emraclidine, significantly reduced PANSS scores and CGI-S scores in schizo-
phrenia patients in a clinical trial, with the most common adverse effects being headache, dizziness insomnia, and weight
gain, and the severity of the adverse events were mild and moderate, the treatment had no significant effect on
extrapyramidal symptoms and suicidal ideation or behavior, the overall safety profile was good, but its long-term effect
needs to be further verified by clinical practice.”® Nicotinic (N)-type receptors are also implicated in schizophrenia.
Studies have shown that the expression of a7 nicotinic acetylcholine receptor (NAChR) is reduced in patients with
schizophrenia and abnormal o7-nAChR activity contributes to cognitive deficits in schizophrenia patients.”’
Administration of a7nAChR agonist (A-582941) and PAMs (CCMI and PNU-120596) reduced MK-801-induced
avoidance behavior and reversed its alterations at the molecular level (p-Akt/Akt, p-GSK-3B/GSK-3f, and cAMP) in
rats.”® In current clinical trials, the efficacy of a-7nAChR agonists or positive regulators in the treatment of schizophrenia
is not ideal. For example, galantamine showed some improvement in cognitive deficits and negative and positive
symptoms, but the results were not statistically significant (p > 0.05); however, when combined with cytidine 5’-
diphosphorylcholine (CDP-choline), the patient’s verbal mismatch negativity (MMN) wave amplitude increased and
auditory gating improved, it is hypothesized that these drugs may need to be used in combination with other drugs that

have complementary mechanisms in order to achieve better antipsychotic effects.’”**°

5-HT2C Receptor Agonists

Extensive research has been conducted on the role of 5-HT receptor modulators in schizophrenia. Common atypical
antipsychotics such as risperidone and olanzapine, as well as newer antipsychotics like lurasidone and lumateperone,
have been found to antagonize 5-HT2A receptors. On the other hand, third-generation antipsychotics like aripiprazole,
cariprazine, and brexpiprazole have been shown to have a role in agonizing the 5S-HT1A receptor. Studies have indicated
that 5-HT2C receptors could be potential therapeutic targets for schizophrenia, and agonizing these receptors has been
found to decrease dopamine levels in the nucleus accumbens and exert antipsychotic effects.®' A study analyzing the
preclinical efficacy of three novel selective 5-HT2C agonists (JJ-3-45, JJ-3-42, and JJ-5-34) found that all three
compounds possessed excellent brain penetration properties and showed efficacy in mice with persistent NMDAR
function declining and in a hyperdopaminergic AMPH model of schizophrenia, they were effective in ameliorating
schizophrenia-like behavior.** At present, the main 5-HT2C receptor agonists studied are lorcaserin and vabicaserin. In
the preclinical study, it was found that lorcaserin had the effect of reducing body mass, and vabicaserin was more
effective in the treatment of acute schizophrenia, with less side effects of increased body weight and cardiovascular
disease.®® The current application of 5-HT2C agonists in the field of schizophrenia is relatively small, for example,
lorcaserin has been approved by the FDA primarily for assisting in weight loss or long-term weight management in
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overweight patients. However, subsequent studies on 5-HT2C agonists have increasingly focused on their potential in
treating schizophrenia, and these studies have also indicated a promising outlook for the use of 5-HT2C agonists in
schizophrenia treatment.

Noradrenergic Alpha-2 Receptor Modulators

Compared with the striatum, the density of DA transporter (DAT) in the prefrontal lobe was lower, while the density of
NE transporter was higher, norepinephrine fibers were involved in the uptake/co-release of DA in mPFC, a2-adrenergic
antagonists and NE reuptake inhibitors could selectively increase DA output in the prefrontal lobe.** o 2-adrenoceptor is
divided into three subtypes: o 2A, a 2B and o 2C, among which o 2A and a 2C are widely distributed in the central
nervous system and more closely related to schizophrenia. o 2A is mainly distributed in the prefrontal cortex, and a 2C is
mainly distributed in the striatum and hippocampus; it is generally believed that selective a 2A-AR agonists and o 2C-
AR antagonists can improve the cognitive symptoms of schizophrenia.®**® The a2A-adrenoceptor agonist PT-31 exhibits
reduced prepulse inhibitory impairment and improved memory impairment in mice modeling schizophrenia without
inducing catalepsy or motor impairment.”” ORM-10921, a novel a2C receptor antagonist, was found to increase
extracellular dopamine levels in the prefrontal cortex in pharmacodynamic experiments, exhibit significant antidepressant
and antipsychotic-like effects in the forced swimming test and prepulse-inhibition models, and increase its antipsychotic
efficacy when combined with haloperidol.*®*® The a2C receptor antagonist JP-1302 reverses hyperdopaminergic activity
in the striatum and improves cognitive deficits in a rat model of ketamine-induced schizophrenia.’® In rat experiments,
the a2C receptor antagonist ORM-13070 ameliorated PCP-induced acute social behavioral deficits, whereas the
a7nAChR partial agonist EVP-6124, as well as three atypical antipsychotics, clozapine, risperidone, and olanzapine,
did not achieve this effect, reflecting a significant advantage of a2C receptor antagonism in treating the negative
symptoms of social disorders in schizophrenia.”' «2A-AR agonists and a2C-AR antagonists modulate dopamine release
in different parts of the brain tissue, improve negative and cognitive symptoms in schizophrenia, and can be used as
adjuncts to typical antipsychotic medications or applied to schizophrenia with more severe negative symptoms.

Conclusion

The etiology of schizophrenia is diverse, and its pathogenic mechanisms are complex, as a result, progress in the
development and clinical application of related drugs has been slow. This is further compounded by the low adherence
and communication difficulties experienced by individuals with schizophrenia, making clinical treatment and research
more challenging. In the field of medicine, there is continuous development. The first generation of antipsychotics,
known for their extrapyramidal side effects and hyperprolactinemia, has gradually been phased out as first-line drugs.
The second generation of antipsychotics is now the most commonly used for schizophrenia, these drugs have a wide
range of clinical effects, including relieving positive symptoms such as excitement, delusion, and impulsivity, as well as
having some control over negative symptoms. The average life expectancy of schizophrenics is reduced by about 15
years compared to the general population, and the relative risk of coronary heart disease in patients with schizophrenia
may be twice that of the general population, which is one of the reasons for the high mortality rate.”> However, the
existing antipsychotic drugs such as olanzapine, quetiapine and risperidone have different degrees of cardiovascular side
effects.”® Schizophrenia is a severe and intractable mental illness, and in the late stage of treatment, there is
a phenomenon of “treatment resistance”, which makes it difficult to achieve the ideal treatment effect by applying
conventional treatment. Therefore, the development of new antipsychotic drugs with better therapeutic effects and fewer
clinical adverse effects is particularly necessary.

At present, the direction of new antipsychotic drugs mainly focuses on new targets and multi-target combination
therapy. Dopamine receptors are the main target of antipsychotic drugs in the past, and with the deepening of the
understanding of schizophrenia, the drugs targeting 5-hydroxytryptamine, glutamate, acetylcholine, y-amino butyric acid
and other receptors have been gradually developed, which make up for the blanks of the treatment of the mental diseases
in the past. However, due to the complexity of schizophrenia itself and the accumulation of time needed for clinical and
preclinical research processes, they are still under development, and further improvement is still needed for large-scale
clinical application. Currently, about the development of antipsychotic drugs other than D2 receptor antagonists has
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achieved certain results, such as the third generation of antipsychotics, lurasidone has been promoted globally, the safety
and efficacy of which has been confirmed by a large number of clinical data, but lumateperone is not applicable to
dementia-related psychiatric disorders, and SEP-363856 and LY2140023 are still in the clinical trial stage, and should be
used with be used with caution to observe patient response. Regarding potential targets and drugs for schizophrenia, their
existence brings more hope for the treatment of schizophrenia, but there are still some unresolved issues regarding side
effects and pharmacokinetics. For example, chronic D-serine supplementation impairs insulin secretion and may increase
the risk of type 2 diabetes mellitus, and lorcaserin may have a risk of heart valve disease induction.”**> The dopamine
system is still the core of schizophrenia treatment in most of the current studies, so regarding the application of
antipsychotics other than the dopamine system, they are preferred to be used as an adjunct to schizophrenia treatment
and as an alternative to refractory schizophrenia, in order to improve the efficacy of the schizophrenia treatment and to
minimize the side effects. Overall, the development of these new antipsychotic targets and novel drugs provides a new
direction for schizophrenia treatment and research.
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