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Abstract
Patients with schizophrenia experience a broad range of detrimental health outcomes resulting from illness severity, hetero-
geneity of disease, lifestyle behaviors, and adverse effects of antipsychotics. Because of these various factors, patients with 
schizophrenia have a much higher risk of cardiometabolic abnormalities than people without psychiatric illness. Although 
exposure to many antipsychotics increases cardiometabolic risk factors, mortality is higher in patients who are not treated 
versus those who are treated with antipsychotics. This indicates both direct and indirect benefits of adequately treated illness, 
as well as the need for beneficial medications that result in fewer cardiometabolic risk factors and comorbidities. The aim of 
the current narrative review was to outline the association between cardiometabolic dysfunction and schizophrenia, as well 
as discuss the confluence of factors that increase cardiometabolic risk in this patient population. An increased understanding 
of the pathophysiology of schizophrenia has guided discovery of novel treatments that do not directly target dopamine and 
that not only do not add, but may potentially minimize relevant cardiometabolic burden for these patients. Key discoveries 
that have advanced the understanding of the neural circuitry and pathophysiology of schizophrenia now provide possible 
pathways toward the development of new and effective treatments that may mitigate the risk of metabolic dysfunction in 
these patients. Novel targets and preclinical and clinical data on emerging treatments, such as glycine transport inhibitors, 
nicotinic and muscarinic receptor agonists, and trace amine-associated receptor-1 agonists, offer promise toward relevant 
therapeutic advancements. Numerous areas of investigation currently exist with the potential to considerably progress our 
knowledge and treatment of schizophrenia.

1 � Cardiometabolic Dysfunction 
and Schizophrenia

For every patient with schizophrenia, risk/benefit deci-
sions that balance a number of medication-related concerns 
(e.g., metabolic, neurological, endocrine adverse effects) 
are important drivers of antipsychotic choice. Patients 
with schizophrenia are at higher risk for cardiometabolic 
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Key Points 

Patients with schizophrenia are at higher risk for car-
diometabolic abnormalities, such as hypertension, type 
2 diabetes, obesity, and metabolic syndrome; current 
antipsychotics, which directly  act on D2 receptors to 
modulate dopamine, may increase these risks.

Recent advances in the understanding of the pathophysi-
ology of schizophrenia, including the role of numerous 
nondopaminergic neurotransmitters, has guided discov-
ery of novel treatments that do not directly target dopa-
mine  receptors and that also minimize cardiometabolic 
burden for these patients.

Novel medications are beginning to emerge that have 
the propensity to considerably advance the treatment 
of schizophrenia and reduce patients’ cardiometabolic 
burden.
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abnormalities, such as hypertension, type 2 diabetes, obesity, 
and metabolic syndrome, due to a combination of lifestyle 
factors, illness severity, genetics/epigenetics, and adverse 
effects of psychiatric medications, especially antipsychot-
ics [1–6]. A retrospective database study of over 55,000 US 
patients with schizophrenia found that ~ 66% had at least one 
cardiometabolic comorbidity and ~ 40% had two or more 
[7]. These comorbidities have a significant impact on quality 
of life and life span, with affected patients having a reduced 
life expectancy of 10–25 years compared with the general 
population, largely due to the two-fold increase in stand-
ard mortality rates for cardiovascular disease [2, 3, 7–9]. 
A recent meta-analysis of 135 studies has shown all-cause 
mortality was increased by 2.5-fold in people with schizo-
phrenia versus any nonschizophrenia control group, with the 
largest risk observed in first-episode and incident, or earlier-
phase, schizophrenia versus the general population [10].

While clinicians can control the iatrogenic contribution to 
cardiometabolic risk through judicious prescribing of lower 
cardiometabolic risk antipsychotics, such as aripiprazole, 
brexpiprazole, cariprazine, lumateperone, lurasidone, and 
ziprasidone, behavioral and environmental mechanisms 
associated with schizophrenia play a significant role in the 
development and presence of many comorbid conditions 
[2, 5, 6, 11–13]. Compared with demographically matched 
peers and patients without major psychiatric disorders, indi-
viduals with serious mental illnesses such as schizophrenia 
and bipolar disorder have higher rates of smoking, sedentary 
lifestyles, poor dietary habits, substance use, and medica-
tion nonadherence; moreover, these risk factors are often 
inadequately addressed because of lower rates of somatic 
healthcare access and utilization, a confluence of factors that 
increase the risk of cardiometabolic dysfunction [5, 14].

From a biological perspective, both schizophrenia and 
cardiometabolic diseases are highly heritable, with genetics 
accounting for at least 80% of the pathophysiology in schiz-
ophrenia [15, 16]. Investigating biological/genetic mecha-
nisms underlying these conditions can be tricky because 
of the added interplay of behavioral- and treatment-based 
causes. However, evidence has suggested that polygenic 
and pleiotropic effects of genes/gene loci may regulate both 
schizophrenia and cardiometabolic diseases as well as the 
effects of medications, especially antipsychotics, on the risk 
for weight gain and cardiometabolic morbidity/mortality [2, 
4, 5, 17–20]. Clinical evidence that the risk for cardiometa-
bolic abnormalities may be inherent in serious mental disor-
ders has been shown in metabolic studies of treatment-naïve 
patients with schizophrenia in whom dysfunctional glucose 
homeostasis, hypothalamic–pituitary–adrenal axis hyper-
activity, autonomic nervous system dysfunction, increased 
levels of systemic inflammatory markers, and lipid abnor-
malities have all been demonstrable prior to antipsychotic 

exposure [4, 5, 21]. Recent analyses of possible genetic 
overlap between cardiometabolic traits and schizophrenia 
have found tentative polygenic associations between schizo-
phrenia and abnormalities in glucose metabolism, adverse 
adipokine profile, increased waist-to-hip ratio, and visceral 
adipose tissue [18].

The implicit disease-related, behavioral, and biological 
factors that lead to cardiometabolic abnormalities in schizo-
phrenia are exacerbated even more by the adverse metabolic 
effects of antipsychotic medications necessary to treat the 
primary disorder. Second-generation antipsychotic drugs 
(SGAs) are the standard of care for schizophrenia; however, 
many of the earliest agents in this class were associated with 
significant adverse metabolic and cardiovascular effects, 
such as weight gain, dyslipidemia, coronary heart disease, 
stroke, and glucose dysregulation [1, 2, 12, 22]. Olanzapine 
and especially clozapine have been associated with high lev-
els of metabolic disruption but have also largely been con-
sidered among the most efficacious at preventing relapse in 
schizophrenia [23, 24]. For patients with treatment-resistant 
schizophrenia in particular, no viable alternatives to clozap-
ine exist, and clinicians must assiduously monitor metabolic 
parameters during clozapine treatment. Literature exploring 
the use of metformin and glucagon-like peptide 1 (GLP-1) 
agonists to help mitigate clozapine’s metabolic risks provide 
evidence that these options are effective and well tolerated 
[25, 26]. Yet not all patients with schizophrenia are treat-
ment resistant, and newer SGAs may have lower metabolic 
risks compared with older agents [12, 22]. A large network 
meta-analysis of over 100 controlled trials noted marked dif-
ferences in metabolic adverse effects seen across all antip-
sychotics in the acute treatment of schizophrenia, indicating 
the need for individualized treatment based on the patient’s 
risk of metabolic complications (Fig. 1) [12].

Although cardiometabolic disease burden in patients with 
schizophrenia is related to high mortality and lower qual-
ity of life, the presence of cardiometabolic risk factors is 
also associated with poor psychiatric outcomes [27–29]. A 
prospective, population-based study of first-episode patients 
(N = 1230) demonstrated that both no exposure and high 
exposure to antipsychotic medications (all dispensed antip-
sychotics included except lithium) led to a higher risk of 
cardiovascular mortality versus low or moderate exposure, 
indicating the need for adequate dosing [30]. While exposure 
to antipsychotics increases cardiometabolic risk factors that 
can increase the risk of cardiovascular death, use of antipsy-
chotics has been associated with a decreased risk of all-cause 
cardiovascular mortality versus no antipsychotic treatment in 
patients with schizophrenia [10, 31]. This seemingly para-
doxical effect of antipsychotics on cardiovascular morbidity 
and mortality is likely due to better adherence to secondary 
and tertiary preventive interventions when appropriately 
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treated with antipsychotics [32]. Not surprisingly, all-cause 
mortality is also higher in patients with schizophrenia not 
treated with antipsychotics compared with those receiving 
treatment, indicating that adequate treatment of the psychi-
atric disorder is crucial to minimizing natural and unnatural 
causes of death (e.g., suicide, accidents) [2, 30, 33].

The reduction of cardiometabolic risk in these patients 
relies on an understanding of how these increases in risk 
occur. Antipsychotic-related weight gain is one pathway to 
cardiometabolic dysfunction, and in first- and second-gen-
eration antipsychotics, there is a strong correlation between 
weight gain and H1 affinity, especially H1 blockade in the 
posterior hypothalamus [34, 35]. Antipsychotics that show 
the highest clinically relevant antagonism of H1 receptors 
at therapeutic doses stimulate hypothalamic processes that 
lead to increased appetite and metabolic disruptions [35, 36].

However, there is evidence for weight-independent mech-
anisms that also underly antipsychotic-related adverse cardi-
ometabolic effects. Mechanisms implicated in these weight-
independent effects include muscarinic receptor antagonism 
based on the role of muscarinic receptors in energy homeo-
stasis and antipsychotic-induced metabolic adverse effects, 
especially M3 [12]. Various genes for histaminergic, seroton-
ergic, adrenergic, and dopaminergic pathways have also been 
implicated in antipsychotic-induced weight gain and other 
metabolic disruptions [34, 36, 37]. For example, evidence 

suggests that polymorphisms in 5-HT2a and 5-HT2C recep-
tors are associated with various types of metabolic dysfunc-
tion, such as obesity, glucose intolerance, and insulin resist-
ance [35]. Serotonin receptors are commonly modulated by 
many antipsychotics and, therefore, may be another mecha-
nism by which drug-induced metabolic dysfunction occurs.

T h e  c a r d i o m e t a b o l i c  a d ve r s e  e f fe c t s  o f 
D2-receptor-binding antipsychotics (antagonists and par-
tial agonists) may partly be due to the impact of D2 bind-
ing on the ability of pancreatic beta cells to accurately 
sense glucose levels, resulting in hyperinsulinemia [38]. In 
addition, preclinical studies have demonstrated that selec-
tive D2/D3-blockade enhances insulin secretion, loss of 
D2-receptors results in glucose intolerance, and adminis-
tration of haloperidol or olanzapine impairs central glucose 
effectiveness; however, it is worth acknowledging that the 
human data are less well developed [39, 40]. These drug-
induced effects compound the difficulties in a population 
that is already predisposed to metabolic comorbidities due 
to genetic and lifestyle factors [4, 7, 21, 41]. Although 
SGA tolerability profiles have improved since oral risp-
eridone was approved in the USA in 1993, a broadened 
understanding of the pathophysiology of schizophrenia has 
elicited exploration of agents with novel mechanisms that 
target glutamate, serotonin, acetylcholine, or GABA, and 
that do not directly target dopamine. These not only have 
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Fig. 1   Heat map of antipsychotic drugs ranked according to associ-
ated degree of alteration in bodyweight, body mass index, and meta-
bolic parameters [12]. Reused from Pillinger et  al., Lancet Psychia-
try (under Creative Commons license CC BY). Numbers reflect the 
P-scores, which rank antipsychotics on a continuous scale from 0 

to 1. A higher P-score indicates a greater increase in the metabolic 
parameter, with the exception of HDL cholesterol, for which a higher 
P-score indicates a smaller increase. Gray squares indicate that data 
were not available. HDL high-density lipoprotein, LDL low-density 
lipoprotein
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the propensity to minimize cardiometabolic burden, but 
they may also radically reshape concerns about dopamine 
D2-related adverse effects as the price to pay for adequate 
management of the positive symptoms of schizophrenia. 
A deeper understanding of the neural circuitry and patho-
physiology of schizophrenia through further study and new 
approaches to discovery of treatments would be a critical 
step in unveiling these novel mechanisms.

2 � Neural Circuitry and Pathophysiology 
of Schizophrenia

For years, the main treatment paradigm for schizophrenia 
has been postsynaptic dopamine D2 receptor blockade. 
This has been standard of care since the discovery of chlor-
promazine’s antipsychotic properties and the synthesis of 
other first-generation antipsychotics (FGAs) using animal 
behavioral assays [42]. Key discoveries confirming dopa-
mine’s involvement included the realization that medications 
with dopamine D2 blockade were beneficial for positive 
symptoms and that exposure to dopamine agonists led to 
psychotomimetic effects [41, 43, 44]. D2-receptor-binding 
antipsychotics (antagonists and partial agonists) can, as dis-
cussed, have cardiometabolic adverse effects, which only 
compound the difficulties in a population who are already 
predisposed to these comorbidities [4, 7, 21, 41]. At the 
same time, although D2 receptor blockade is effective in 
reducing positive symptoms, ~ 30% of patients are treatment 
resistant and respond very poorly, if at all, to nonclozapine 
antipsychotics. Moreover, current antipsychotics provide 
only modest improvements in negative symptoms and cog-
nitive function [45, 46]. Thus, the reduction of cardiometa-
bolic risk in these patients is only one of many reasons that 
treatments with new mechanisms of action are needed.

One driver for the development of SGAs was to utilize the 
model of clozapine, with high levels of 5-HT2A antagonism 
and low levels of D2 blockade, to mitigate extrapyramidal 
adverse effects commonly seen with FGAs. The unique 
efficacy of clozapine, despite low levels of postsynaptic D2 
receptor occupancy, was the first hint that other neurotrans-
mitter systems, such as acetylcholine, glutamate, and seroto-
nin, are involved in antipsychotic response and, by extension, 
may underlie the pathophysiology of schizophrenia [41, 47]. 
The glutamate hypofunction hypothesis evolved based on 
observational and experimental studies noting that exposure 
to N-methyl-d-aspartate (NMDA) antagonists, such as phen-
cyclidine, ketamine, and MK-801, induces psychosis, social 
withdrawal (a behavioral analog of negative symptoms), and 
cognitive dysfunction, which are the three core features of 
schizophrenia. Further research suggested that changes in 

cortico-limbic NMDA receptor-mediated neuronal transmis-
sion modulates downstream dopaminergic transmission via 
excitation of the striatal structures associated with positive 
psychosis symptoms [41, 45]. Serotonergic-mediated modu-
lation of this circuitry involves serotonergic input from the 
raphe nucleus to the ventral tegmental area (VTA), which 
results in increased dopaminergic output to the striatum 
(Fig. 2) [48, 49]. The raphe nucleus also innervates the cor-
tex, which could lead to hyperstimulation of cortical gluta-
mate and possibly the hallucinations and delusions associ-
ated with psychosis [48]. The epithalamus comprises the 
dorsal portion of the diencephalon and includes the pineal 
gland, habenular nuclei, and the tracts that connect these 
structures [50, 51]. The epithalamus plays a crucial role 
for the dorsal diencephalic conduction system by convey-
ing information from the limbic forebrain to the limbic 
midbrain [51, 52]. Signals from the pineal body regulate 
secretion of melatonin and pituitary hormones, with effects 
on energy conservation and utilization [53]. The medial 
habenular nucleus, which projects to structures such as the 
interpeduncular nucleus, pineal gland, and other midbrain 
structures, and the lateral habenular nucleus, which descends 
to GABAergic and dopaminergic neurons in the VTA, are 
involved in reward, cognitive flexibility, and emotion [50, 
54–58]. These nuclei have been shown to have reduced 
volume and altered functional connectivity in patients with 
schizophrenia, suggesting a role in the pathogenesis of the 
disorder [54]. It has been suggested that the habenular nuclei 
may also control dopaminergic neurons in the VTA, such 
that excitation of the lateral habenular nucleus activates 
GABAergic neurons in the VTA resulting in an inhibition 
of dopaminergic transmission [54]. Thus, there are numer-
ous pathways using various neurotransmitters that may alter 
regulation of the midbrain dopamine system in patients with 
schizophrenia.

Cross-sectional neuroimaging studies have suggested that 
poorer therapeutic responsiveness to D2-receptor modulation 
is associated with normal striatal dopamine synthesis but 
elevated anterior cingulate cortex (ACC) and striatal glu-
tamate levels, which may indicate that, in some patients, 
increased glutamate in certain brain regions determines the 
level of efficacy of D2 blockade [59]. Further, a meta-analy-
sis of 59 studies found that, compared with controls, patients 
with schizophrenia had excess glutamatergic transmission 
in several areas of the limbic system, suggesting that com-
pounds that reduce glutamate, directly or indirectly, may 
offer therapeutic potential [60].

Much evidence has indicated that the pathophysiology of 
schizophrenia involves abnormal interactions between dif-
ferent brain regions, many of which are glutamatergic [61]. 
Magnetic resonance imaging studies have shown structural 
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and functional impairments of the cortico-limbic system cir-
cuit, involving the amygdala, hippocampus, cingulate cortex, 
and prefrontal cortex (PFC), in patients with schizophrenia 
[62]. In healthy individuals, emotional processing involves 
interaction of the ventral and dorsal systems of this circuit, 
with the amygdala (ventral system) functioning in emotional 
information assessment, and the PFC and ACC (dorsal sys-
tem), regulating emotional responses [63, 64]. In patients 
with schizophrenia, the abnormal regulation of emotions has 
been associated with the amygdala and ACC as well as the 
dorsal lateral PFC [62]. The hippocampus is a critical glu-
tamatergic structure for learning, memory, and integration 
of information, and it is also involved in emotions such as 
anxiety and fear. In patients with schizophrenia, disrupted 
interaction between the PFC and hippocampus is thought to 
be the cause of cognitive deficits related to working mem-
ory, while the subsequent inputs from the hippocampus to 
the amygdala are likely to play a significant role in positive 
symptoms, especially delusions [65, 66]. In addition to glu-
tamate, other neurotransmitters of the amygdala and limbic 
system include GABA, norepinephrine, and serotonin, all 
of which may be involved in the pathophysiology of schizo-
phrenia in these areas.

Evidence for the antipsychotic effects of serotonin block-
ade, specifically 5-HT2A antagonism, includes the fact that 
clozapine is a potent 5-HT2A antagonist and that pima-
vanserin, a selective and potent 5-HT2A reverse agonist/
antagonist devoid of any dopamine binding is effective for 
Parkinson’s disease psychosis [67, 68]. Clozapine’s metabo-
lite, norclozapine, is a muscarinic agonist, and activation 
of muscarinic receptors through this metabolite may con-
tribute to clozapine’s unique efficacy in treatment-resistant 
schizophrenia. Subsequent studies with experimental com-
pounds found that activation of hippocampal interneurons 
via muscarinic M2 and M4 autoreceptors increases inhibitory 
postsynaptic currents in pyramidal neurons, which could 
normalize excitatory–inhibitory imbalances observed in 
schizophrenia via attenuation of pyramidal neuron hyper-
activity as well as the resultant increase in VTA dopamin-
ergic neurotransmission [69–71]. Additionally, muscarinic 
acetylcholine receptor activation in striatal interneurons can 
reduce cholinergic tone and subsequently striatal dopamine 
levels, offering another possible site of targeted dopamine 
modulation without the risk of cardiometabolic dysfunction 
[41].

The changes within these numerous circuits and cascades, 
starting with dysfunction in cortical glutamatergic transmis-
sion and ending in increased dopamine neurotransmission in 
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Fig. 2   Putative neurocircuitry underlying schizophrenia involving glutamate, GABA, dopamine, and serotonin transmission [41, 49]. 5-HT sero-
tonin, GABA gamma-aminobutyric acid
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the associative and adjacent sensorimotor striatum, are parts 
of the neuronal pathology seen in schizophrenia. These path-
ways thus offer multiple sites at which to target new treat-
ments with greater efficacy and safety, with the broad array 
of targets offering various avenues of modulation. However, 
an ideal treatment would still need to be efficacious across 
a range of symptoms as well as have a safety profile that 
does not include the major neurologic, endocrine, and car-
diometabolic adverse effects that are seen among drugs that 
are currently available [72].

3 � Novel Targets and Emerging Treatments 
with Reduced Likelihood of Metabolic 
Disturbance

As FGAs, serotonin–dopamine antagonist and partial 
D2-agonist SGAs all act directly at D2 receptors, they all 
possess inherent risks for D2-related cardiometabolic, neu-
rologic, and endocrine-related adverse effects; however, 
there are varying degrees of risk [11]. One strategy to 
improve the benefit–risk profile of these drugs has been 
to use combination treatments of SGAs with drugs that 
may decrease the risk of cardiometabolic adverse effects. 
One example is a Food and Drug Administration (FDA)-
approved combination treatment for schizophrenia that 
includes the SGA olanzapine, a D2-receptor antagonist with 
additional effects on 5-HT, and samidorphan, a µ-opioid 
antagonist and partial κ- and δ-opioid agonist, which has 
been shown to reduce medication-induced weight gain and 
metabolic dysfunction [73]. Efficacy, as measured by the 
Positive and Negative Syndrome Scale (PANSS) and Clini-
cal Global Impression Severity (CGI-S) scales, was intact, 
as significant reductions from baseline in both measures 
compared with placebo were observed, even with long-
term combination treatment over 52 weeks [74]. In the 
12–24 week studies designed to reduce the risk of weight 
gain, weight changes were consistent across trials, with 
data showing superiority of the olanzapine-samidorphan 
combination versus olanzapine [73, 75, 76]. Specifically, 
data indicated 37% lower weight gain and a 50% reduced 
likelihood of ≥ 7 and ≥ 10% body weight gain with com-
bination treatment versus olanzapine monotherapy, with 
results extending to early phase patients [73, 75, 76]. In 
addition, in patients free of metabolic syndrome or hyper-
tension, compared with olanzapine, the olanzapine–sami-
dorphan combination minimized the incidence of metabolic 
syndrome and hypertension by approximately 50% [77]. 
These results, together with data from augmentation stud-
ies with metformin and the glucagon-like peptide-1 recep-
tor agonist liraglutide, [25, 78–82] illustrate that treatment 
with available and effective antipsychotics combined with 
medications that may mitigate the metabolic adverse effects 

of these drugs may be one strategy by which to reduce the 
inherent risks associated with dopamine receptor-blocking 
medications. However, to further obviate the concerns about 
potential adverse consequences of D2 receptor blockade, 
non-postsynaptic dopamine receptor–modulating treatments 
that target alternative receptor systems implicated in the 
pathophysiology of schizophrenia have also been heavily 
studied.

3.1 � Glutamate

The excitatory–inhibitory imbalance in cortical/hippocam-
pal glutamatergic and hippocampal parvalbumin GABAe-
rgic interneuron neurotransmission were obvious targets 
for treatments to potentially address positive, negative, and 
cognitive symptoms of schizophrenia (Fig. 2) [83]. The 
NMDA receptor has co-agonist binding sites for glutamate 
and glycine, and the glycinergic site is also stimulated by 
d-serine. On the basis of the NMDA-hypofunction hypoth-
esis of schizophrenia discussed above, facilitating NMDA 
receptor activity via adjunctive glycine or d-serine was 
studied, and initial clinical trials demonstrated improve-
ments in both positive and negative symptoms; however, 
these findings could not be replicated in larger studies [41, 
84–86]. Agonists of the glycine-modulatory site can either 
interact directly or indirectly with the glutamatergic sys-
tem. d-cycloserine is an antibiotic metabolite that interacts 
directly with the NMDA glycine site as a partial agonist. 
In preclinical studies, administration of d-cycloserine has 
resulted in improved cognition, facilitated conditioned 
fear extinction, and improved memory consolidation and 
visual recognition memory [87]. Clinical studies with 
d-cycloserine have, however, been inconsistent, with some 
showing therapeutic efficacy for negative symptoms and 
cognition and others showing no effect. Explanations for 
the inconsistent results include insufficient central blood 
levels, drug–drug effects, a small therapeutic window for 
d-cycloserine, and possible neurotoxic effects.

Indirect effects at the glycine-modulatory site involve 
enhancement of synaptic glycine/d-serine through blocking 
astrocytic glycine transporters [87]. Studies with glycine 
transporter type 1 inhibitors have been investigated, but the 
most extensively studied, bitopertin, failed in phase 2 and 
phase 3 trials [88, 89]. Conversely, slowing d-serine metabo-
lism using a d-amino acid oxidase inhibitor (DAAO) has 
shown early promise in patients with chronic schizophrenia, 
although recent trials for negative symptoms have not been 
positive [90, 91] (press release). Unfortunately, some inhibi-
tors of d-serine metabolism show both poor bioavailability 
and inability to effectively cross the blood–brain barrier [92]. 
Nevertheless, luvadaxistat, a DAAO inhibitor, is currently 
being studied for cognitive impairment in schizophrenia [93, 
94]. Furthermore, iclepertin, a glycine transporter-1 inhibitor 
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separated from placebo in a phase 2 trial for cognition versus 
placebo (not statistically significant for functional improve-
ment) [95], and is being tested in phase 3 trials for cognitive 
impairment in schizophrenia [94]. Table 1 outlines study 
designs, safety, and available metabolic results for all of the 
discussed emerging treatments.

3.2 � Nicotinic and Muscarinic Receptor Agonists

As mentioned, cholinergic targets have been of interest, with 
preclinical and early proof-of-concept studies indicating that 
α7 nicotinic acetylcholine receptor (α7-nAChR) and mus-
carinic acetylcholine receptor (mAChR) activation results 
in antipsychotic/pro-cognitive effects in animal models, as 
well as improvements in positive and cognitive symptoms 
in patients with schizophrenia [96]. α7-nAChR agonists 
have been shown to reverse the hyperdopaminergic state 
in the methylazoxymethanol acetate development disrup-
tion rodent model of schizophrenia, likely through ventral 
hippocampal modulation of dopamine neuron population 
activity, and have been shown to contribute to the release 
of dopamine in the nucleus accumbens [97]. Postmortem 
immunohistochemical/binding studies show reduced lev-
els of α7-nAChR in brain regions thought to be affected 
in schizophrenia (e.g., hippocampus, thalamus, cingulate 
cortex) [96]. Genetic studies also link dysfunction in the 
α7-nAChR to increased risk for schizophrenia, and nicotinic 
agonists can normalize many sensory processing deficits that 
occur in schizophrenia [98]. From these insights, nicotinic 
α7 receptor agonists were studied for many years for the 
treatment of positive and cognitive symptoms of schizophre-
nia, but with mixed results. Issues with dosing and subtype 
selectivity of α7-nAChR agonists may have been confound-
ing factors in understanding the role of activation of this 
receptor in schizophrenia, and new ligands with more speci-
ficity were developed [i.e., full agonists, partial agonists, and 
positive allosteric modulators (PAMs)]. Results with these 
α7-nAChR agonists, however, have been inconclusive. In 
a meta-analysis of eight double-blind, placebo-controlled 
studies examining efficacy and safety of various α7-nAChR 
agonists in treating the negative and cognitive symptoms 
of schizophrenia, no significant effects of the agonists on 
cognitive function or negative symptoms were found over 
placebo [99]. DMXB-A is a partial α7-nACh agonist that 
showed improvements in attention and working memory as 
well as reductions in hippocampal neuronal hyperactivity 
in phase 2 clinical studies; however, no significant benefits 
were observed with a slow-release version of the drug [98]. 
Encenicline, another α7 partial agonist, had statistically sig-
nificant benefits over placebo on multiple cognitive meas-
ures when administered as adjunctive treatment in patients 
with schizophrenia [100]. In phase 3 studies, however, 
encenicline had significant adverse effects and showed no 

treatment benefits for schizophrenia [98]. Similar inconsist-
ent results have been observed following adjunctive treat-
ment with α7-nAChR full agonists, and although positive 
allosteric modulators showed promise in preclinical studies, 
none have shown significant benefits in cognition or nega-
tive symptoms in phase 3 trials [41]. Further, a recent meta-
analysis of 13 randomized controlled trials of adjunctive 
α7-nAChR agonists in schizophrenia found that no signifi-
cant effects were observed in speed of processing, attention/
vigilance, working memory, verbal learning, visual learning, 
social cognition, or problem solving versus placebo [101]. 
Thus, the role of α7-nAChR modulation in schizophrenia 
remains unclear, and additional well-controlled clinical tri-
als will be necessary to provide a clearer picture of how this 
receptor can function in the treatment of the disorder.

While nicotinic strategies have been disappointing to 
date, muscarinic agonism has now moved to the forefront 
of viable non-postsynaptic antidopaminergic antipsychotic 
mechanisms with positive data in clinical trials. There are 
five known G protein-coupled human muscarinic receptor 
subtypes (M1–M5) that are widely distributed in the central 
nervous system [102, 103]. These receptor subtypes are sub-
divided into two classes based on their coupling to G pro-
tein-dependent signal transduction pathways. M1, M3, and 
M5 are located mostly postsynaptically and are stimulatory, 
coupling primarily through Gq/11 to stimulate phospholipase 
C, which releases inositol 1,4,5-trisphosphate (IP3) [104, 
105]. IP3 release increases intracellular calcium, resulting in 
greater excitatory postsynaptic currents. M2 and M4, which 
make up the second class of mAChRs, are located mostly 
presynaptically and are inhibitory, coupling with Gi/o, which 
inhibits adenylate cyclase and leads to a decrease in cyclic 
adenosine monophosphate (cAMP), resulting in suppression 
of neuronal excitation [104, 105]. Elucidating and isolating 
the individual mechanisms of action of these receptors in 
schizophrenia is a challenge in part because the orthosteric 
binding site is highly conserved across all five receptor sub-
types, making synthesis of selective ligands difficult [104, 
105].

The various subtypes of muscarinic AChRs seem to play 
a unique role in the pathophysiology of schizophrenia and in 
modulation of striatal dopamine release. The distribution of 
muscarinic AChRs is not uniform throughout the brain, with 
the M1 and M4 receptors being predominantly expressed in 
the striatum [104]. Striatal cholinergic interneurons (SCIs) 
tonically inhibit striatal dopamine release, primarily through 
the M4 receptor [106, 107]. These neurons play a crucial 
role in regulating the activity of other striatal neurons, par-
ticularly the medium spiny neurons (MSNs), which are the 
main striatal output neurons [108]. Studies have implicated 
dysfunction in SCIs (e.g., alterations in density, morphol-
ogy, and gene expression) in patients with schizophrenia, 
which could result in abnormal cholinergic signaling in the 
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striatum [109]. Numerous consequences of this imbalance 
in signaling are possible. For example, increased cholinergic 
activity in the striatum due to dysfunction of SCIs could lead 
to excessive inhibition of MSNs [104]. This increased inhi-
bition could disrupt the normal balance between the direct 
and indirect dopaminergic pathways of the basal ganglia 
circuitry that are involved in numerous processes including 
motor control and cognition, as well as positive and negative 
symptoms observed in schizophrenia [110]. Modulation of 
dopamine release in the striatum through cholinergic sign-
aling may, thus, result in an imbalance between dopamine 
and acetylcholine, which may have significant impact in the 
pathophysiology of schizophrenia.

In terms of dopaminergic input to the striatum, M5 
AChRs on the cell bodies of dopaminergic neurons in the 
VTA receive cholinergic input from the laterodorsal tegmen-
tal (LDT) and the pedunculopontine (PPT) nuclei (Fig. 3A) 
[105]. Stimulation of the LDT triggers a long-term increase 
in dopamine release from the VTA to the nucleus accumbens 

in the ventral striatum, another area implicated as having 
dysfunctional dopamine neurotransmission in schizophrenia 
[111, 112]. This sustained increase in dopamine release is 
not observed in M5 knockout mice, likely due to a lack of 
excitatory M5 receptors located on the dopaminergic VTA 
neurons in these mice [111, 112]. While M5 AChRs serve 
to increase dopaminergic release from the VTA, activa-
tion of upstream midbrain M4 autoreceptors may decrease 
dopaminergic output through attenuation of acetylcholine 
release from LDT and PPT inputs (Fig. 3A) [105, 107]. In 
the nucleus accumbens, M4 autoreceptors on cholinergic 
interneurons regulate acetylcholine release, which indirectly 
modulates the release of dopamine through nicotinic autore-
ceptors on the dopaminergic neurons (Fig. 3B) [108]. This 
modulation of release is complex, resulting in an interneu-
ronal fine tuning of dopamine that depends on the amount of 
dopamine release. During low-frequency dopamine firing, 
activation of these nAChRs may result in excitatory stimu-
lation and increased dopamine release. However, during 

Fig. 3   A Midbrain muscarinic input increases dopamine release 
through activation of M4 and M5 receptors in areas related to psy-
chosis [105]. B Modulation of dopamine release by acetylcholine 
via subtypes of nicotinic and muscarinic cholinergic receptors in the 
nucleus accumbens Sulzer, Cragg, Rice [108]. Reprinted from Basal 

Ganglia, Sulzer and Cragg [108], Copyright 2016, with permission 
from Springer Publishing Company. ACh acetylcholine, DA dopa-
mine, M5 or M4 mAChR M5 or M4 subtype of muscarinic acetycho-
line receptor, nAChR nicotinic acetycholine receptor, VTA ventral teg-
mental area
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high-frequency dopamine firing, activation of these nACh 
autoreceptors suppresses dopamine release in the nucleus 
accumbens. At the same time, M5 AChRs located on the 
dopaminergic neuron can also directly decrease the release 
of dopamine in the nucleus accumbens (Fig. 3B). Localiza-
tion of these AChRs in the VTA, nucleus accumbens, and 
ventral striatum, along with evidence of their various effects, 
indicates that AChRs have the propensity to regulate dopa-
minergic transmission in numerous subtle ways that could 
have sizeable implications for patients with schizophrenia.

Preclinical studies in muscarinic knockout mice have 
demonstrated the importance of muscarinic receptors in 
the pathophysiology of schizophrenia, especially of the M1 
and M4 subtypes [106, 113]. Multiple studies of postmor-
tem brains from patients with schizophrenia and healthy 
controls have shown that patients with schizophrenia had 
significantly lower expression of M1/M4 receptors in vari-
ous areas of the hippocampus and PFC than brains of those 
who had no history of psychiatric illness; across these 
studies, ~ 25% of patients expressed ~ 75% lower levels 
of the M1 receptor compared with control individuals 
[114–116]. M1 receptor-mediated modulation of psycho-
sis may be due to regulation of top-down cortical circuits, 
modulation of the excitability of striatal neurons, and/or 
enhanced collateralization between basal ganglia pathways 
[117]. More specifically, disinhibition of excitatory output 
from the frontal cortex may lead to hyperstimulation of 
mesocorticolimbic neurons, including in the associative 
striatum, resulting in positive symptoms of schizophre-
nia. The M1 receptor is expressed on cortical GABAergic 
neurons that connect to the primary output neurons of the 
frontal cortex, such that when M1 receptors are activated 
they increase GABA release onto cortical pyramidal neu-
rons leading to decreased glutamatergic input to the mid-
brain dopamine neurons [117]. Functionally, M1 activation 
in the hippocampus/forebrain potentiates NMDA receptor 
currents, which play a considerable role in the regulation 
of cognitive functions and neural circuitry that is disrupted 
in schizophrenia, suggesting that modulation of M1 AChRs 
may have effects on cognitive and psychotic deficits pre-
sent in schizophrenia [96]. M4 receptors are also highly 
expressed in the central nervous system (CNS) as pre- or 
postsynaptic autoreceptors in the hippocampus, cortex, 
limbic system, and basal ganglia, and have been implicated 
in regulating dopaminergic neurons involved in movement 
and cognition [104, 107].

Studies in rodent models confirmed the antipsychotic 
activity of xanomeline, an orthosteric M1/M4 agonist. 
Results showed reduced dopamine firing in the VTA, 
reversal of dopamine agonist-induced disruptions, and 

low likelihood of inducing catalepsy with xanomeline 
[118–120]. In addition, radioligand binding studies have 
shown that xanomeline is a 5-HT1A and 5-HT1b agonist, 
which may allow for benefits in cognition; however, these 
results have not been fully confirmed [121, 122]. The pre-
clinical profile of xanomeline indicates that binding is non-
selective, while the functional effects are much more selec-
tive [118, 120, 123–126]. In early clinical trials, xanomeline 
was shown to significantly improve cognitive function and 
psychotic behaviors in patients with Alzheimer’s disease (N 
= 343); however, gastrointestinal adverse events (AEs) sug-
gested tolerability issues with treatment [124, 127]. These 
results have been similar to those seen in patients with 
schizophrenia.

An exploratory 4 week, double-blind, placebo-controlled 
study was conducted to assess the efficacy of xanomeline 
on various clinical outcomes in patients with schizophre-
nia (N = 20) [103]. Results showed statistically significant 
improvements with xanomeline versus placebo in Positive 
and Negative Syndrome Scale (PANSS) total score, positive 
and negative symptom subscale scores, and Clinical Global 
Impression (CGI) scores. No significant extrapyramidal 
symptoms were detected. Unfortunately, similar to the study 
of xanomeline in Alzheimer’s disease, gastrointestinal AEs 
were reported more frequently in the xanomeline groups 
versus those on placebo, although most were mild or mod-
erate with none leading to discontinuation of treatment. No 
significant metabolic or weight changes were reported with 
xanomeline treatment compared with placebo. Although this 
was a small pilot study, these data indicated that xanomeline 
should be further investigated as a potential new treatment 
for schizophrenia that may not induce the metabolic and 
extrapyramidal AEs observed with current antidopaminergic 
antipsychotics. Nevertheless, the risk of syncope, nausea, 
and vomiting, among other peripheral procholinergic AEs, 
stalled the further development of xanomeline.

More recently, however, the efficacy and safety of 
xanomeline combined with the non-centrally active 
anticholinergic trospium, added to neutralize the periph-
eral pro-cholinergic AEs, was assessed in a 5 week phase 
2 trial in adults with acute exacerbations of schizophre-
nia [128]. Treatment with xanomeline–trospium resulted 
in greater improvements in PANSS positive and negative 
symptom subscores, categorical CGI severity (CGI-S) 
scores, and PANSS Marder negative symptom subscore 
at week 5 compared with placebo (Fig.  4A–E). The 
effect size for reduction in total PANSS score was in the 
high–medium range, 0.75, hypothesized to possibly be 
related to a very low placebo response (Fig. 4F). The inci-
dence of cholinergic/anticholinergic AEs was higher in the 
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active treatment group versus placebo, including gastro-
intestinal AEs; however, the percentage of patients who 
discontinued treatment were similar across both groups, 
and no discontinuations in the xanomeline–trospium group 
occurred due to gastrointestinal AEs (Table 2). Addition-
ally, no differences in weight gain, somnolence, restless-
ness, or extrapyramidal symptoms were observed across 
the two groups. These study results provide positive evi-
dence for the use of xanomeline–trospium as an alternative 
treatment for schizophrenia that does not appear to induce 
the metabolic or extrapyramidal AEs seen with many of 
the dopaminergic antipsychotics. Lastly, topline results 
of the phase 3 trial in adults with an acute exacerbation 
of schizophrenia were announced in a press release on 8 
August 2022 [129]. Like the phase 2b study, this was a 
5 week, fixed titration, double-blind, placebo-controlled 
inpatient trial, but in this study, 252 adults were rand-
omized in a 1:1 manner to xanomeline-trospium or pla-
cebo. The results confirmed the findings of the phase 2b 
trial, with an effect size for reduction in total PANSS score 
in the medium range (Cohen’s d = 0.61), and a similar 
efficacy and tolerability profile as reported for the 2b trial. 
Overall discontinuation rates were similar between treat-
ment and placebo groups (25% versus 21%), and discon-
tinuation rates related to adverse effects were also similar 
between the two groups (xanomeline–trospium 7% versus 
placebo 6%).

Emraclidine (CVL-231) is a muscarinic M4-selective 
PAM in development for schizophrenia [130]. While the 
orthosteric site is highly conserved across all five mus-
carinic receptor subtypes, the allosteric sites vary consider-
ably, thereby allowing a targeted approach to modulating M4 
activity through the use of allosteric binding sites. A small 
phase 1b study in 81 adults with acutely exacerbated schizo-
phrenia demonstrated statistically significant and clinically 
meaningful antipsychotic effects, both with the 30 mg once 
daily and 20 mg twice daily doses, in PANSS total, posi-
tive, and negative scores. Emraclidine was generally well 
tolerated, with a similar incidence of treatment-emergent 
AEs (TEAEs) to placebo, including only few peripheral 
procholinergic AEs and no weight gain or extrapyramidal 
symptoms.

Taken together, these data indicate that modulation of 
mAChRs should be further explored as a mechanism for 
the treatment of schizophrenia, as it could lead to benefits 
in various symptoms without causing many of the AEs seen 
with currently available antipsychotics. However, further 
studies are necessary to better understand the true potential 
for this mechanism of treatment across different symptom 
domains and patient subgroups with schizophrenia.

3.3 � Trace Amine‑Associated Receptor 1 Agonists

Another target that may lead to promising treatments for 
schizophrenia is agonism of trace amine-associated recep-
tor 1 (TAAR1). TAAR1 is a G protein-coupled receptor 
discovered in 2001 that is activated by endogenous trace 
amines and interacts functionally with dopamine and sero-
tonin receptors [41, 131–133]. Endogenous levels of trace 
amines in the CNS are very low (several hundred-fold lower 
than monoamine neurotransmitters) [134]. The regional 
expression of mammalian TAAR1 receptors shows their 
presence in the PFC, striatum, amygdala, nucleus accum-
bens, VTA, and dorsal raphe, all of which are implicated 
in the pathophysiology of schizophrenia [131, 134, 135]. 
Genetically, the TAAR family of receptors have been local-
ized to human chromosome 6q23.2, a putative susceptibil-
ity locus for schizophrenia; moreover, several rare variants 
in TAAR1 have been observed in both patients with psy-
chiatric and metabolic disorders [134–136]. TAAR1 may 
also be activated by monoamine neurotransmitters, such 
as dopamine, serotonin, norepinephrine, and some of their 
metabolites [134, 135, 137]. Activation of TAAR1 may 
modulate presynaptic dopamine synthesis, producing antip-
sychotic effects, and may also induce changes in D2 receptor-
mediated signaling through the formation of heterodimers 
that are internalized from the cell surface to inside the cell 
[137–139].

Results from TAAR1-knockout mice studies and trials 
showing that selective TAAR1 agonism inhibits both dopa-
minergic and serotonergic neuronal activity led to further 
studies characterizing the role of TAAR1 in the modulation 
of monoaminergic circuits (Fig. 5) [139–142]. TAAR1 is an 
intracellular Gαs-coupled receptor that stimulates adenylyl 
cyclase and increases production of cAMP, which can lead 
to protein kinase A and protein kinase C phosphorylation; 
these kinases regulate many cognitive processes that are 
disrupted in schizophrenia (e.g., attention, decision-mak-
ing) [132, 133, 143, 144]. Although TAAR1 receptors are 
bound to intracellular ligands, a recent in vitro study with 
the TAAR1 agonist SEP-363856 (ulotaront) indicates that 
agonists can activate the TAAR1–D2 receptor complex at the 
cell surface plasma membrane [137]. This surface activation 
results in recruitment of the G-protein Gαs and stimulation 
of G-protein-coupled inwardly rectifying potassium chan-
nels, which is one putative mechanism by which TAAR1 
agonism may reduce dopaminergic activity in the VTA [134, 
137]. A G-protein-independent, β-arrestin2-mediated path-
way may be affected once TAAR1 and D2 receptors form 
heterodimers. Formation of these heterodimers causes a shift 
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from cAMP accumulation with TAAR1 alone to β-arrestin2 
recruitment with the D2 heterodimers. This process could 
have important implications, given the increasing recogni-
tion of the role played by non-G-protein-coupled pathways 
in the pathophysiology of schizophrenia [135, 145].

Other proposed active heterodimerizations between 
TAAR1 and G-protein-coupled receptors include 5-HT1B, 
5-HT2A, and 5-HT1A; however, the specific effects of these 
receptors in schizophrenia are not yet fully understood [134]. 
Behavioral deficits induced by NMDA receptor antagonists 
PCP, L-687, 414, and ketamine can be attenuated by TAAR1 
agonists [134, 146]. Thus far, TAAR1 agonists have shown 
no direct affinity for NMDA receptors or any monoamine 
receptor beyond those discussed. Although TAAR1 seems 
to modulate a number of neurotransmitter systems indi-
rectly [147], there is no evidence of direct binding to these 
receptors. There is preclinical evidence that TAAR1 may 
modulate inflammatory cytokine production, is expressed in 
human macrophages, and is involved in immunomodulation 
[148, 149]. However, the manner in which this activity may 
affect metabolic dysfunction and symptoms of schizophrenia 
is not yet clear and requires further elucidation. The underly-
ing mechanisms behind this effect require further elucidation 
but may either involve modulation of glutamate-mediated 
transmission directly or effects on dopaminergic circuits, 
which lie downstream of cortical/hippocampal inputs. As 
stated earlier, cortical glutamatergic neurotransmission 
partly underlies the pathophysiology of schizophrenia, and 
the effects of TAAR1 on this circuitry has the propensity to 
reduce cognitive impairment through modulation of excita-
tory/inhibitory imbalances mediated by glutamate dysfunc-
tion in the cortex.

Of note, TAAR1 is also expressed in the β-cells of the 
pancreas, the stomach, and the small intestine [143, 150]. 
TAAR1 activation has been shown to reduce food intake, 
control glucose, delay gastric emptying, and, likely due to 
its colocalization with GLP-1 in the duodenum, may regulate 
hormone secretion that modulates gastric function and nutri-
ent absorption (Fig. 6) [143]. TAAR1 also has the propensity 
to reduce metabolic dysfunction, in that TAAR1 agonism 
promotes antidiabetic signaling via a Gαs-mediated pathway 

[150]. This pathway results in increased insulin secretion, 
improved β-cell function, and β-cell proliferation. In addi-
tion, TAAR1 agonists do not induce weight gain and can 
protect against olanzapine-induced weight gain [131]. 
Reduction in brain monoaminergic signaling via TAAR1 
agonism also leads to reduced binge eating and impulsive 
behavior, which can both contribute to mitigating obesity 
and metabolic disease [150]. This effect is thought to occur 
via TAAR1-mediated downregulation of dopamine reward 
circuits. These findings further highlight the therapeutic 
potential of TAAR1. The combined effects of TAAR1-medi-
ated reductions in binge eating, beneficial TAAR1 effects on 
pancreatic β-cells, insulin, gastric emptying, glucose control, 
and the many mechanisms by which TAAR1 can attenuate 
the symptoms of schizophrenia make it an exciting possible 
new target for treatment.

Following the identification of various preclinical phar-
macological characteristics, two TAAR1 agonists are in 
development for the treatment of schizophrenia, with one 
already showing therapeutic potential in patients with schiz-
ophrenia. Ralmitaront (RO6889450) is a TAAR1 partial 
agonist, with more antagonism than agonist activity, that 
was in phase 2 development (NCT03669640). Two double-
blind, placebo-controlled, randomized trials were underway 
to examine the preliminary efficacy and safety of ralmi-
taront in patients with schizophrenia (NCT03669640 and 
NCT04512066). However, a recent press release indicated 
that in both trials, ralmitaront missed its primary endpoint 
versus placebo, the reduction in total PANSS scores, and is 
no longer being studied [151].

Ulotaront (SEP-363856) is a TAAR1 agonist with func-
tional 5-HT1A agonist activity that was discovered based in 
part on a mechanism-independent approach using the in vivo 
phenotypic SmartCube® platform (PsychoGenics, Para-
mus, NJ, USA) and artificial intelligence (AI) algorithms 
[140, 152]. This approach involves training the AI system 
on the signature of known psychotropics (e.g., antipsychot-
ics, antidepressants, anxiolytic) using over 2000 behavioral 
outcomes (e.g., activity, grooming). Importantly, this dis-
covery process specifically eliminated molecules with D2 or 
5-HT2A antagonism (antitargets) prior to animal behavioral 
screening. Ulotaront has been shown to inhibit dorsal raphe 
serotonergic neuronal firing and attenuate phencyclidine-
induced hyperactivity in rodent models [140, 153]. In terms 
of cardiometabolic issues, preclinical data have shown that 
rats switched from olanzapine to ulotaront showed rapid 
reversal of olanzapine-induced weight gain and food intake 
compared with placebo (Fig. 7), supporting previous studies 
showing that TAAR1 agonism can reverse cardiometabolic 
dysfunction [131].

Fig. 4   Efficacy of twice-daily xanomeline-trospium versus placebo 
in patients with acute schizophrenia exacerbation as measured by A 
PANSS total score, B PANSS Positive Symptom Subscore, C CGI-S 
scale, D PANSS Negative Symptom Subscore, E PANSS Marder 
Negative Symptom Subscore, and F response by CGI-S score [128]. 
From New England Journal of Medicine, Brannan et al. [128]. Copy-
right © 2021 Massachusetts Medical Society. Reprinted with permis-
sion from Massachusetts Medical Society. CGI-S Clinical Global 
Impressions Severity, PANSS Positive and Negative Syndrome Scale

◂
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In 2020, data were published from a phase 2, randomized, 
flexible-dose, placebo-controlled, 4 week inpatient study of 
ulotaront in 245 acutely psychotic adult patients with schizo-
phrenia [140]. Results for the primary endpoint showed a 
mean change from baseline in PANSS total score at week 
4 that was significantly greater than placebo, with a least 
squares (LS) mean difference of − 7.5 between ulotaront and 

placebo (Fig. 8). Of note, statistically significant separation 
from placebo did not occur until week 3 for total symp-
toms and week 4 for CGI-S score, an interesting finding 
that requires further exploration once phase 3 results are 
available.

AEs with ulotaront were similar to those with placebo, 
including with respect to extrapyramidal symptoms (3.3 

Table 2   Adverse events and safety during 5 weeks of treatment with 
xanomeline–trospium demonstrate that incidence of cholinergic/
anticholinergic adverse events was higher with active treatment ver-

sus placebo, but the percentage of patients who discontinued treat-
ment were similar across both groups (safety population) [128]

Data are given as n (%) or mean ± SD. The safety population included all the patients who had undergone randomization and had received at 
least one dose of xanomeline–trospium or placebo. Adverse events that occurred during the treatment period were defined as those that started 
or worsened from the time of the first dose of xanomeline–trospium or placebo (visit 1 at day 2) to the time of discharge (visit 9 at day 35). From 
New England Journal of Medicine, Brannan et al. [128]. Copyright © 2021 Massachusetts Medical Society. Reprinted with permission from 
Massachusetts Medical Society.
AE adverse event, SAE serious adverse event
a A serious adverse event was defined as any adverse event that resulted in death, was immediately life threatening, led to inpatient hospitaliza-
tion or prolongation of hospitalization, or caused persistent or clinically significant disability or incapacity
b A severe adverse event was defined as any event that was incapacitating or caused an inability to perform normal activities of daily living
c Scores on the Simpson–Angus Scale range from 0 to 40; higher scores indicate greater severity of drug-induced parkinsonian symptoms
d Scores on the Barnes Akathisia Rating Scale range from 0 to 14; higher scores indicate greater symptoms of akathisia

Variable Xanomeline–trospium (N = 89) Placebo (N = 90)

Any AE 48 (54) 39 (43)
SAEa 1 (1) 0 (0)
Severe AEb 1 (1) 1 (1)
AE leading to discontinuation 2 (2) 2 (2)
AE occurring in ≥ 2% of patients in xanomeline–trospium group
 Constipation 15 (17) 3 (3)
 Nausea 15 (17) 4 (4)
 Dry mouth 8 (9) 1 (1)
 Dyspepsia 8 (9) 4 (4)
 Vomiting 8 (9) 4 (4)
 Headache 6 (7) 5 (6)
 Somnolence 5 (6) 4 (4)
 Akathisia 3 (3) 0 (0)
 Dizziness 3 (3) 3 (3)
 Increased weight 3 (3) 4 (4)
 Tachycardia 3 (3) 2 (2)
 Sedation 2 (2) 2 (2)
 Diarrhea 2 (2) 4 (4)
 Increased γ-glutamyltransferase level 2 (2) 0 (0)
 Agitation 2 (2) 1 (1)
 Insomnia 2 (2) 2 (2)
 Decreased appetite 2 (2) 0 (0)
 Hyperhidrosis 2 (2) 1 (1)

Mean change from baseline to week 5 in body weight, kg 1.5 ± 2.8 1.1 ± 3.5
Mean change from baseline to week 5 in score Simpson–Angus Scalec − 0.1 ± 0.7 − 0.1 ± 0.8
Mean change from baseline to week 5 in Barnes Akathisia Rating Scaled − 0.1 ± 1.0 0.0 ± 0.7
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Fig. 5   TAAR1-mediated modulation of monoaminergic and gluta-
matergic circuits [134]. Simplified schematic of key serotonergic, 
dopaminergic, and glutamatergic pathways in the rodent brain includ-
ing evidence from studies with synthetic ligands and TAAR1-KO 
mice. Reused from Dedic et  al., International Journal of Molecular 
Sciences (under Creative Commons license CC BY). ↑ increase, ↓ 
decrease, ‒ no change, 5-HT serotonin, AMPH amphetamine, Amy 
amygdala, dSTR dorsal striatum/caudoputamen, DA dopamine, DRN 

dorsal raphe nucleus, EPPTB N-(3-ethoxyphenyl)-4-(1-pyrrolidinyl)-
3-(trifluoromethyl)benzamide TAAR1 antagonist, GLU gluta-
mate, Hip hippocampus, KO knockout, LC locus ceruleus, MDMA 
3,4-methyl enedioxy methamphetamine, NA noradrenalin, NAc 
nucleus accumbens, NMDA N-methyl-d-aspartate, PFC prefrontal 
cortex, SN substantia nigra, TAAR1 trace amine-associated receptor 1, 
VTA ventral tegmental area

Fig. 6   TAAR1 effects on 
the gastrointestinal system 
[143, 150]. TAAR1 activation 
decreases food intake, reduces 
plasma glucose concentrations, 
and lowers body weight in 
part through insulin secretion 
and incretin-like effects in the 
gastrointestinal tract. TAAR1 
expression in the periphery 
is denoted by “X.” Reprinted 
from Pharmacology and 
Therapeutics, Berry et al. [143]. 
Copyright 2017, with permis-
sion from Elsevier. GLP-1 
glucagon-like peptide-1, NTS 
nucleus of the tractus solitarius, 
PYY peptide YY, TAAR1 trace 
amine-associated receptor type 
1
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versus 3.2%, respectively), the percentage of patients who 
had to use medication to treat extrapyramidal symptoms, 
and results on movement disorder scales [140]. Changes in 
body weight, lipid levels, glucose, and prolactin were simi-
lar across treatment groups, and no other changes in meta-
bolic laboratory or electrocardiogram results were observed. 
These safety data are consistent with expected results in the 
absence of D2-binding with ulotaront. However, although 
no adverse metabolic changes were observed, longer and 
larger studies are necessary to further investigate the effects 
of ulotaront on cardiometabolic parameters. This study had 
one interesting limitation, namely, that patients over 40 years 
of age and those with greater illness chronicity (≥ 2 previ-
ous hospitalizations for schizophrenia exacerbations) were 
not included [140]. However, in the phase 3 trial program 
of ulotaront, the age range was extended to 60 years of age.

A 26 week open-label extension (OLE) was performed 
to provide more data on efficacy and safety (e.g., long-term 

metabolic changes) [152]. Over 26 weeks, ulotaront treat-
ment resulted in mean (95% CI) change from baseline in 
PANSS total score of − 22.6 (− 25.6 to − 19.6; effect size, 
1.46); however, this should be interpreted with caution due 
to the open-label nature of OLEs and the lack of a control. 
Nevertheless, even following 6 months of treatment with 
ulotaront, only slight changes from baseline in body weight 
[mean (SD), − 0.3 (3.7) kg], cholesterol (median, − 2.0 mg/
dL), triglycerides (median, − 5.0 mg/dL), and prolactin 
(female median, − 3.4 ng/mL; male median, − 2.7 ng/mL) 
were observed. On the basis of available clinical data and 
its unique mechanism of action, ulotaront is a promising 
new agent that is in phase 3 development for the treatment 
of schizophrenia. Taken together, the TAAR1 agonists rep-
resent a novel pharmacologic class that may be effective in 
the treatment of schizophrenia without both cardiometabolic 
adverse effects and the typical side effects stemming from 
blockade of D2 signaling.
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Fig. 7   Switch to ulotaront produced a more rapid reversal of olanzap-
ine-induced weight gain and food intake compared with vehicle alone 
[154]. A Rats were dosed once daily (po) with vehicle or olanzap-
ine (3 mg/kg, po) from day 1. From day 8 onwards, rats continued to 
receive olanzapine or were switched to vehicle or ulotaront (0.3, 1 or 
3 mg/kg, po). B Average daily food intake (days 8–13). Water intake 
was not significantly altered. C Percent body fat content on day 15. 

Results are adjusted means and SEM; *p < 0.05, **p < 0.01, ***p 
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per kilogram, OLZ olanzapine, po oral administration, SEM standard 
error of the mean, ULO ulotaront, Veh vehicle



563Metabolic Potential of Emerging Treatments in Schizophrenia

4 � Conclusions

It is important to again note that medications are but one 
input into the overall metabolic burden associated with 
schizophrenia. As stated, there are also direct underlying 
biological components of the illness itself (e.g., inflam-
matory/neuroendocrine factors, genetics) as well as life-
style elements, often driven by economic necessity, which 
make a significant contribution to the metabolic dysfunc-
tion observed in these patients. Because patients with 
schizophrenia have this increased risk for cardiometabolic 
abnormalities, despite antipsychotic exposure, the effects 
of novel medications on cardiometabolic status beyond 
neutrality (i.e., improvement in patients’ existing comor-
bidities) are of great importance. Thus far, for the newer 
compounds discussed above, appropriate long-term results 

for cardiometabolic effects have not yet been released, with 
the exception of continued cardiometabolic neutrality in a 
6 month open-label extension study with ulotaront [152]. 
Although short-term clinical and preclinical data regarding 
effects such as weight gain, glucose control, and lipid levels 
may be an indication of how these drugs may perform in 
patients with schizophrenia, long-term clinical results will 
be of great interest.

Future investigations should include examination of the 
effects of novel medications on cardiometabolic comorbidi-
ties, negative and cognitive symptoms, functionality, qual-
ity of life, and relapse prevention in patients with schizo-
phrenia. Medications that also provide improvements in 
treatment-resistant patients and those with multiple diag-
noses (e.g., substance use, depression) would be advanta-
geous. The potential for genotyping/subtyping patients with 

-17.12

-1.0

-5.5

-3.1

-9.0

-7.1

-3.3

-9.7

-0.5

-3.9

-1.6

-4.7

-2.7

-1.6

-20

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

PANSS
total  score CGI-S score subscale score subscale score

PANSS general
psychopathology

subscale score
BNSS

total  score
MADRS

total  score

Ulotaront

Placebo

LS
 M

ea
n 

Ch
an

ge
 F

ro
m

 B
as

el
in

e 
Sc

or
e 

at
 W

ee
k 

4

Fig. 8   Changes from baseline in efficacy measures at week 4 [140]. 
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these scores were evaluated in 96 and 100 patients, respectively. At 
baseline, the BNSS total score was evaluated in 113 patients in the 
ulotaront group and in 119 patients in the placebo group, and at week 

4, the BNSS score was evaluated in 89 and 96 patients, respectively. 
The estimated effect size was for PANSS total score was 0.45 (p = 
0.001). Effect size was calculated as the absolute value of the differ-
ence between the ulotaront group and the placebo group in the change 
in score from baseline at week 4, divided by the pooled standard 
deviation of the between-group difference in the change in score. For 
all secondary endpoints, no inferences can be made from the results 
for the secondary end points because there was no plan for adjustment 
for multiple comparisons. BNSS Brief Negative Symptom Scale; 
CGI-S Clinical Global Impression–Severity scale, LS least squares, 
MADRS Montgomery-Åsberg depression rating scale, PANSS Posi-
tive and Negative Syndrome Scale
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schizophrenia is also an area of interest for future research, 
as a fuller understanding of the heterogeneity within the dis-
ease is a critical aspect in attaining success in individualized 
treatment.

Replication of acute efficacy and safety findings for all of 
the novel treatments currently under investigation in further 
phase 3 trials will be of interest. The effects of illness dura-
tion and prior antidopaminergic treatments on the effects of 
any newly introduced drugs will also be beneficial in learn-
ing how best to utilize these therapies. The efficacy and 
safety of muscarinic agonists/positive allosteric modulators 
and TAAR1 agonists, when coadministered with postsynap-
tic D2 blockers, would be of interest since it is possible that 
concomitant treatment of these novel agents with postsyn-
aptic dopamine antagonists/partial agonists could ameliorate 
residual positive and/or negative symptoms. The possibility 
of TAAR1 agonist add-on therapy benefiting patients with 
insufficient response to currently available dopamine recep-
tor blocking agents is quite intriguing based on preclinical 
data. Although the initial focus of the development program 
has been on patients with acute psychotic exacerbation, a 
TAAR1 adjunctive study of patients with residual psychotic 
symptoms despite ongoing dopamine receptor blocking 
treatment would be of great interest. Combination treatment 
may also allow for reduced dosing of current dopamine-
blocking antipsychotics, thereby mitigating D2 antagonism-
related adverse effects, and possibly leading to a decrease 
in antipsychotic-induced cardiometabolic abnormalities, 
insofar as they are dose dependent [22].

With a newly emerging understanding of the complex 
mechanisms underlying schizophrenia and metabolic dys-
function, future studies of medications with novel mecha-
nisms of action and their effects on psychosis and cardiomet-
abolic dysfunction may lead to considerable advancements 
in the treatment of schizophrenia.

Acknowledgements  Sumitomo Pharma America, Inc. (formerly 
Sunovion), discovered ulotaront in collaboration with PsychoGenics 
based in part on a mechanism-independent approach using the in vivo 
phenotypic SmartCube® platform and associated artificial intel-
ligence algorithms. This manuscript was prepared according to the 
International Society for Medical Publication Professionals’ “Good 
Publication Practice for Communicating Company-Sponsored Medical 
Research: GPP3”.

Author contributions  All authors participated equally in the concep-
tualization and data curation for the article; writing, reviewing, and 
editing of the draft; the authors have provided approval of the final 
submitted manuscript and agree to be accountable for the work.

Declarations 

Funding   Medical writing and editorial assistance, including preparing 
the outline and draft, incorporating revisions, literature searching, and 
journal styling, were provided by Debika Chatterjea, PhD, and Stephen 
Bublitz, ELS, of PharmaWrite, LLC (Princeton, NJ, USA), and were 

funded by Sumitomo Pharma America, Inc. and Otsuka Pharmaceuti-
cals Development & Commercialization, Inc.

Conflict of interest  Dr. Meyer has been a consultant and/or advisor to 
or has received honoraria from Acadia, Alkermes, AbbVie, Cerevel, 
Intra-Cellular, Karuna, Neurocrine, Noven, Otsuka, Relmada, Sunovi-
on, and Teva. Dr. Correll has been a consultant and/or advisor to or has 
received honoraria from AbbVie, Acadia, Alkermes, Allergan, Ange-
lini, Aristo, Boehringer-Ingelheim, Cardio Diagnostics, Cerevel, CNX 
Therapeutics, Compass Pathways, Darnitsa, Gedeon Richter, Hikma, 
Holmusk, Intra-Cellular Therapies, Janssen/J&J, Karuna, LB Pharma, 
Lundbeck, MedAvante-ProPhase, MedInCell, Merck, Mindpax, Mit-
subishi Tanabe Pharma, Mylan, Neurocrine, Newron, Noven, Otsuka, 
Pharmabrain, PPD Biotech, Recordati, Relmada, Reviva, Rovi, Seqi-
rus, SK Life Science, Sunovion, Sun Pharma, Supernus, Takeda, Teva, 
and Viatris. He provided expert testimony for Janssen and Otsuka. He 
served on a Data Safety Monitoring Board for Lundbeck, Relmada, 
Reviva, Rovi, Supernus, and Teva. He has received grant support 
from Janssen and Takeda. He is a stock option holder of Cardio Diag-
nostics, Mindpax, LB Pharma, and Quantic. He received support for 
travel, manuscript preparation or other reason from Angelini, Gedeon 
Richter, Janssen/J&J, Karuna, Lundbeck, Mylan, Otsuka, Recordati, 
Sunovion, Teva, and Viatris. He has received payment for lectures in-
cluding service on speakers bureaus from AbbVie, Angelini, Aristo, 
Damitsa, Gedeon Richter, Hikma, Intra-Cellular Therapies, Janssen/
J&J, Lundbeck, Mitsubishi Tanabe Pharma, Mylan, Otsuka, Recordati, 
Seqirus, Sunovion, Takeda, and Viatris.

Ethics approval  Not applicable.

Availability of data and materials  Not applicable.

Code availability  Not applicable.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Open Access   This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any 
non-commercial use, sharing, adaptation, distribution and reproduction 
in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other 
third party material in this article are included in the article's Creative 
Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article's Creative Commons 
licence and your intended use is not permitted by statutory regula-
tion or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit 
http://​creat​iveco​mmons.​org/​licen​ses/​by-​nc/4.​0/.

References

	 1.	 De Hert M, Detraux J, van Winkel R, Yu W, Correll CU. Meta-
bolic and cardiovascular adverse effects associated with antip-
sychotic drugs. Nat Rev Endocrinol. 2011;8(2):114–26. https://​
doi.​org/​10.​1038/​nrendo.​2011.​156.

	 2.	 Correll CU, Detraux J, De Lepeleire J, De Hert M. Effects of 
antipsychotics, antidepressants and mood stabilizers on risk for 
physical diseases in people with schizophrenia, depression and 

http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1038/nrendo.2011.156
https://doi.org/10.1038/nrendo.2011.156


565Metabolic Potential of Emerging Treatments in Schizophrenia

bipolar disorder. World Psychiatry. 2015;14(2):119–36. https://​
doi.​org/​10.​1002/​wps.​20204.

	 3.	 De Hert M, Correll CU, Bobes J, Cetkovich-Bakmas M, Cohen 
D, Asai I, et al. Physical illness in patients with severe mental 
disorders. I. prevalence, impact of medications and disparities in 
health care. World Psychiatry. 2011;10(1):52–77. https://​doi.​org/​
10.​1002/j.​2051-​5545.​2011.​tb000​14.x.

	 4.	 Pillinger T, Beck K, Gobjila C, Donocik JG, Jauhar S, Howes 
OD. Impaired glucose homeostasis in first-episode schizophre-
nia: a systematic review and meta-analysis. JAMA Psychiat. 
2017;74(3):261–9. https://​doi.​org/​10.​1001/​jamap​sychi​atry.​2016.​
3803.

	 5.	 De Hert M, Detraux J, Vancampfort D. The intriguing relation-
ship between coronary heart disease and mental disorders. Dialog 
Clin Neurosci. 2018;20(1):31–40. https://​doi.​org/​10.​31887/​
DCNS.​2018.​20.1/​mdehe​rt.

	 6.	 Smith J, Griffiths LA, Band M, Horne D. Cardiometabolic risk 
in first episode psychosis patients. Front Endocrinol (Lausanne). 
2020;11: 564240. https://​doi.​org/​10.​3389/​fendo.​2020.​564240.

	 7.	 Correll CU, Ng-Mak DS, Stafkey-Mailey D, Farrelly E, Rajago-
palan K, Loebel A. Cardiometabolic comorbidities, readmission, 
and costs in schizophrenia and bipolar disorder: a real-world 
analysis. Ann Gen Psychiatry. 2017;16:9. https://​doi.​org/​10.​
1186/​s12991-​017-​0133-7.

	 8.	 Nordentoft M, Wahlbeck K, Hällgren J, Westman J, Osby U, 
Alinaghizadeh H, et al. Excess mortality, causes of death and 
life expectancy in 270,770 patients with recent onset of men-
tal disorders in Denmark, Finland and Sweden. PLoS ONE. 
2013;8(1): e55176. https://​doi.​org/​10.​1371/​journ​al.​pone.​00551​
76.

	 9.	 Hennekens CH, Hennekens AR, Hollar D, Casey DE. Schizo-
phrenia and increased risks of cardiovascular disease. Am Heart 
J. 2005;150(6):1115–21. https://​doi.​org/​10.​1016/j.​ahj.​2005.​02.​
007.

	 10.	 Correll CU, Solmi M, Croatto G, Schneider LK, Rohani-Montez 
SC, Fairley L, et al. Mortality in people with schizophrenia: a 
systematic review and meta-analysis of relative risk and aggra-
vating or attenuating factors. World Psychiatry. 2022;21(2):248–
71. https://​doi.​org/​10.​1002/​wps.​20994.

	 11.	 Huhn M, Nikolakopoulou A, Schneider-Thoma J, Krause M, 
Samara M, Peter N, et al. Comparative efficacy and tolerability 
of 32 oral antipsychotics for the acute treatment of adults with 
multi-episode schizophrenia: a systematic review and network 
meta-analysis. Lancet. 2019;394(10202):939–51. https://​doi.​org/​
10.​1016/​s0140-​6736(19)​31135-3.

	 12.	 Pillinger T, McCutcheon RA, Vano L, Mizuno Y, Arumuham 
A, Hindley G, et al. Comparative effects of 18 antipsychotics on 
metabolic function in patients with schizophrenia, predictors of 
metabolic dysregulation, and association with psychopathology: 
a systematic review and network meta-analysis. Lancet Psychia-
try. 2020;7(1):64–77. https://​doi.​org/​10.​1016/​s2215-​0366(19)​
30416-x.

	 13.	 Burschinski A, Schneider-Thoma J, Chiocchia V, Schestag K, 
Wang D, Siafis S, et al. Metabolic side effects in persons with 
schizophrenia during mid- to long-term treatment with antipsy-
chotics: a network meta-analysis of randomized controlled trials. 
World Psychiatry. 2023;22(1):116–28. https://​doi.​org/​10.​1002/​
wps.​21036.

	 14.	 Solmi M, Fiedorowicz J, Poddighe L, Delogu M, Miola A, Høye 
A, et al. Disparities in screening and treatment of cardiovascu-
lar diseases in patients with mental disorders across the world: 
systematic review and meta-analysis of 47 observational studies. 
Am J Psychiatry. 2021;178(9):793–803. https://​doi.​org/​10.​1176/​
appi.​ajp.​2021.​21010​031.

	 15.	 Cardno AG, Gottesman II. Twin studies of schizophrenia: from 
bow-and-arrow concordances to star wars mx and functional 
genomics. Am J Med Genet. 2000;97(1):12–7.

	 16.	 Misiak B, Stramecki F, Gawęda Ł, Prochwicz K, Sąsiadek 
MM, Moustafa AA, et  al. Interactions between variation in 
candidate genes and environmental factors in the etiology of 
schizophrenia and bipolar disorder: a systematic review. Mol 
Neurobiol. 2018;55(6):5075–100. https://​doi.​org/​10.​1007/​
s12035-​017-​0708-y.

	 17.	 Lin PI, Shuldiner AR. Rethinking the genetic basis for comor-
bidity of schizophrenia and type 2 diabetes. Schizophr Res. 
2010;123(2–3):234–43. https://​doi.​org/​10.​1016/j.​schres.​2010.​
08.​022.

	 18.	 So HC, Chau KL, Ao FK, Mo CH, Sham PC. Exploring shared 
genetic bases and causal relationships of schizophrenia and bipo-
lar disorder with 28 cardiovascular and metabolic traits. Psychol 
Med. 2019;49(8):1286–98. https://​doi.​org/​10.​1017/​s0033​29171​
80018​12.

	 19.	 Zhang JP, Lencz T, Zhang RX, Nitta M, Maayan L, John M, 
et al. Pharmacogenetic associations of antipsychotic drug-related 
weight gain: a systematic review and meta-analysis. Schizophr 
Bull. 2016;42(6):1418–37. https://​doi.​org/​10.​1093/​schbul/​
sbw058.

	 20.	 Correll CU, Lencz T, Malhotra AK. Antipsychotic drugs and 
obesity. Trends Mol Med. 2011;17(2):97–107. https://​doi.​org/​
10.​1016/j.​molmed.​2010.​10.​010.

	 21.	 Pillinger T, Beck K, Stubbs B, Howes OD. Cholesterol and tri-
glyceride levels in first-episode psychosis: systematic review and 
meta-analysis. Br J Psychiatry. 2017;211(6):339–49. https://​doi.​
org/​10.​1192/​bjp.​bp.​117.​200907.

	 22.	 Wu H, Siafis S, Hamza T, Schneider-Thoma J, Davis JM, Sal-
anti G, et al. Antipsychotic-induced weight gain: dose–response 
meta-analysis of randomized controlled trials. Schizophr Bull. 
2022;48(3):643–54. https://​doi.​org/​10.​1093/​schbul/​sbac0​01.

	 23.	 Masuda T, Misawa F, Takase M, Kane JM, Correll CU. Associa-
tion with hospitalization and all-cause discontinuation among 
patients with schizophrenia on clozapine vs other oral second-
generation antipsychotics: a systematic review and meta-analysis 
of cohort studies. JAMA Psychiat. 2019;76(10):1052–62. https://​
doi.​org/​10.​1001/​jamap​sychi​atry.​2019.​1702.

	 24.	 Ostuzzi G, Bertolini F, Tedeschi F, Vita G, Brambilla P, Del 
Fabro L, et al. Oral and long-acting antipsychotics for relapse 
prevention in schizophrenia-spectrum disorders: a network meta-
analysis of 92 randomized trials including 22,645 participants. 
World Psychiatry. 2022;21(2):295–307. https://​doi.​org/​10.​1002/​
wps.​20972.

	 25.	 Siskind D, Hahn M, Correll CU, Fink-Jensen A, Russell AW, 
Bak N, et al. Glucagon-like peptide-1 receptor agonists for antip-
sychotic-associated cardio-metabolic risk factors: a systematic 
review and individual participant data meta-analysis. Diabetes 
Obes Metab. 2019;21(2):293–302. https://​doi.​org/​10.​1111/​dom.​
13522.

	 26.	 Meyer JM, Stahl SM. The clozapine handbook. Cambridge: Cam-
bridge University Press; 2019.

	 27.	 Hagi K, Nosaka T, Dickinson D, Lindenmayer JP, Lee J, Fried-
man J, et al. Association between cardiovascular risk factors and 
cognitive impairment in people with schizophrenia: a systematic 
review and meta-analysis. JAMA Psychiat. 2021;78(5):510–8. 
https://​doi.​org/​10.​1001/​jamap​sychi​atry.​2021.​0015.

	 28.	 Manu P, Khan S, Radhakrishnan R, Russ MJ, Kane JM, Correll 
CU. Body mass index identified as an independent predictor of 
psychiatric readmission. J Clin Psychiatry. 2014;75(6):e573–7. 
https://​doi.​org/​10.​4088/​JCP.​13m08​795.

	 29.	 Godin O, Leboyer M, Schürhoff F, Llorca PM, Boyer L, Andre 
M, et al. Metabolic syndrome and illness severity predict relapse 
at 1-year follow-up in schizophrenia: the FACE-SZ cohort. J Clin 

https://doi.org/10.1002/wps.20204
https://doi.org/10.1002/wps.20204
https://doi.org/10.1002/j.2051-5545.2011.tb00014.x
https://doi.org/10.1002/j.2051-5545.2011.tb00014.x
https://doi.org/10.1001/jamapsychiatry.2016.3803
https://doi.org/10.1001/jamapsychiatry.2016.3803
https://doi.org/10.31887/DCNS.2018.20.1/mdehert
https://doi.org/10.31887/DCNS.2018.20.1/mdehert
https://doi.org/10.3389/fendo.2020.564240
https://doi.org/10.1186/s12991-017-0133-7
https://doi.org/10.1186/s12991-017-0133-7
https://doi.org/10.1371/journal.pone.0055176
https://doi.org/10.1371/journal.pone.0055176
https://doi.org/10.1016/j.ahj.2005.02.007
https://doi.org/10.1016/j.ahj.2005.02.007
https://doi.org/10.1002/wps.20994
https://doi.org/10.1016/s0140-6736(19)31135-3
https://doi.org/10.1016/s0140-6736(19)31135-3
https://doi.org/10.1016/s2215-0366(19)30416-x
https://doi.org/10.1016/s2215-0366(19)30416-x
https://doi.org/10.1002/wps.21036
https://doi.org/10.1002/wps.21036
https://doi.org/10.1176/appi.ajp.2021.21010031
https://doi.org/10.1176/appi.ajp.2021.21010031
https://doi.org/10.1007/s12035-017-0708-y
https://doi.org/10.1007/s12035-017-0708-y
https://doi.org/10.1016/j.schres.2010.08.022
https://doi.org/10.1016/j.schres.2010.08.022
https://doi.org/10.1017/s0033291718001812
https://doi.org/10.1017/s0033291718001812
https://doi.org/10.1093/schbul/sbw058
https://doi.org/10.1093/schbul/sbw058
https://doi.org/10.1016/j.molmed.2010.10.010
https://doi.org/10.1016/j.molmed.2010.10.010
https://doi.org/10.1192/bjp.bp.117.200907
https://doi.org/10.1192/bjp.bp.117.200907
https://doi.org/10.1093/schbul/sbac001
https://doi.org/10.1001/jamapsychiatry.2019.1702
https://doi.org/10.1001/jamapsychiatry.2019.1702
https://doi.org/10.1002/wps.20972
https://doi.org/10.1002/wps.20972
https://doi.org/10.1111/dom.13522
https://doi.org/10.1111/dom.13522
https://doi.org/10.1001/jamapsychiatry.2021.0015
https://doi.org/10.4088/JCP.13m08795


566	 J. M. Meyer, C. U. Correll 

Psychiatry. 2018;79(6):17m12007. https://​doi.​org/​10.​4088/​JCP.​
17m12​007.

	 30.	 Torniainen M, Mittendorfer-Rutz E, Tanskanen A, Björkenstam 
C, Suvisaari J, Alexanderson K, et al. Antipsychotic treatment 
and mortality in schizophrenia. Schizophr Bull. 2015;41(3):656–
63. https://​doi.​org/​10.​1093/​schbul/​sbu164.

	 31.	 Taipale H, Tanskanen A, Mehtälä J, Vattulainen P, Correll CU, 
Tiihonen J. 20-year follow-up study of physical morbidity and 
mortality in relationship to antipsychotic treatment in a nation-
wide cohort of 62,250 patients with schizophrenia (FIN20). 
World Psychiatry. 2020;19(1):61–8. https://​doi.​org/​10.​1002/​wps.​
20699.

	 32.	 Solmi M, Tiihonen J, Lähteenvuo M, Tanskanen A, Correll CU, 
Taipale H. Antipsychotics use is associated with greater adher-
ence to cardiometabolic medications in patients with schizo-
phrenia: results from a nationwide, within-subject design study. 
Schizophr Bull. 2022;48(1):166–75. https://​doi.​org/​10.​1093/​
schbul/​sbab0​87.

	 33.	 Tiihonen J, Lönnqvist J, Wahlbeck K, Klaukka T, Niskanen L, 
Tanskanen A, et al. 11-year follow-up of mortality in patients 
with schizophrenia: a population-based cohort study (FIN11 
study). Lancet. 2009;374(9690):620–7. https://​doi.​org/​10.​1016/​
s0140-​6736(09)​60742-x.

	 34.	 Kroeze WK, Hufeisen SJ, Popadak BA, Renock SM, Steinberg S, 
Ernsberger P, et al. H1-histamine receptor affinity predicts short-
term weight gain for typical and atypical antipsychotic drugs. 
Neuropsychopharmacology. 2003;28(3):519–26. https://​doi.​org/​
10.​1038/​sj.​npp.​13000​27.

	 35.	 Freyberg Z, Aslanoglou D, Shah R, Ballon JS. Intrinsic and 
antipsychotic drug-induced metabolic dysfunction in schizo-
phrenia. Front Neurosci. 2017;11:432. https://​doi.​org/​10.​3389/​
fnins.​2017.​00432.

	 36.	 Kim SF, Huang AS, Snowman AM, Teuscher C, Snyder SH. 
From the cover: antipsychotic drug-induced weight gain medi-
ated by histamine H1 receptor-linked activation of hypothalamic 
AMP-kinase. Proc Natl Acad Sci USA. 2007;104(9):3456–9. 
https://​doi.​org/​10.​1073/​pnas.​06114​17104.

	 37.	 Lett TA, Wallace TJ, Chowdhury NI, Tiwari AK, Kennedy 
JL, Müller DJ. Pharmacogenetics of antipsychotic-induced 
weight gain: review and clinical implications. Mol Psychiatry. 
2012;17(3):242–66. https://​doi.​org/​10.​1038/​mp.​2011.​109.

	 38.	 Nash AI. Crosstalk between insulin and dopamine signaling: a 
basis for the metabolic effects of antipsychotic drugs. J Chem 
Neuroanat. 2017;83–84:59–68. https://​doi.​org/​10.​1016/j.​jchem​
neu.​2016.​07.​010.

	 39.	 Hahn M, Chintoh A, Giacca A, Xu L, Lam L, Mann S, et al. 
Atypical antipsychotics and effects of muscarinic, serotonergic, 
dopaminergic and histaminergic receptor binding on insulin 
secretion in vivo: an animal model. Schizophr Res. 2011;131(1–
3):90–5. https://​doi.​org/​10.​1016/j.​schres.​2011.​06.​004.

	 40.	 Castellani LN, Pereira S, Kowalchuk C, Asgariroozbe-
hani R, Singh R, Wu S, et al. Antipsychotics impair regula-
tion of glucose metabolism by central glucose. Mol Psy-
chiatry. 2022;27(11):4741–53. https://​doi.​org/​10.​1038/​
s41380-​022-​01798-y.

	 41.	 Gomes FV, Grace AA. Beyond dopamine receptor antagonism: 
new targets for schizophrenia treatment and prevention. Int J Mol 
Sci. 2021;22(9):4467. https://​doi.​org/​10.​3390/​ijms2​20944​67.

	 42.	 Lehmann HE, Ban TA. The history of the psychopharmacology 
of schizophrenia. Can J Psychiatry. 1997;42(2):152–62. https://​
doi.​org/​10.​1177/​07067​43797​04200​205.

	 43.	 Seeman P, Lee T, Chau-Wong M, Wong K. Antipsychotic 
drug doses and neuroleptic/dopamine receptors. Nature. 
1976;261(5562):717–9. https://​doi.​org/​10.​1038/​26171​7a0.

	 44.	 Creese I, Burt DR, Snyder SH. Dopamine receptor binding pre-
dicts clinical and pharmacological potencies of antischizophrenic 

drugs. Science. 1976;192(4238):481–3. https://​doi.​org/​10.​1126/​
scien​ce.​3854.

	 45.	 Howes O, McCutcheon R, Stone J. Glutamate and dopamine 
in schizophrenia: an update for the 21st century. J Psychophar-
macol. 2015;29(2):97–115. https://​doi.​org/​10.​1177/​02698​81114​
563634.

	 46.	 Potkin SG, Kane JM, Correll CU, Lindenmayer JP, Agid O, 
Marder SR, et al. The neurobiology of treatment-resistant schiz-
ophrenia: paths to antipsychotic resistance and a roadmap for 
future research. NPJ Schizophr. 2020;6(1):1. https://​doi.​org/​10.​
1038/​s41537-​019-​0090-z.

	 47.	 Yang AC, Tsai SJ. New targets for schizophrenia treatment 
beyond the dopamine hypothesis. Int J Mol Sci. 2017;18(8):1689. 
https://​doi.​org/​10.​3390/​ijms1​80816​89.

	 48.	 Stahl SM. Beyond the dopamine hypothesis of schizophrenia to 
three neural networks of psychosis: dopamine, serotonin, and 
glutamate. CNS Spectr. 2018;23(3):187–91. https://​doi.​org/​10.​
1017/​s1092​85291​80010​13.

	 49.	 Sumiyoshi T, Kunugi H, Nakagome K. Serotonin and dopamine 
receptors in motivational and cognitive disturbances of schizo-
phrenia. Front Neurosci. 2014;8:395. https://​doi.​org/​10.​3389/​
fnins.​2014.​00395.

	 50.	 Hikosaka O, Sesack SR, Lecourtier L, Shepard PD. Habenula: 
crossroad between the basal ganglia and the limbic system. J 
Neurosci. 2008;28(46):11825–9. https://​doi.​org/​10.​1523/​jneur​
osci.​3463-​08.​2008.

	 51.	 Andres KH, von Düring M, Veh RW. Subnuclear organization of 
the rat habenular complexes. J Comp Neurol. 1999;407(1):130–
50. https://​doi.​org/​10.​1002/​(sici)​1096-​9861(19990​428)​407:1%​
3c130::​aid-​cne10%​3e3.0.​co;2-8.

	 52.	 Sutherland RJ. The dorsal diencephalic conduction system: a 
review of the anatomy and functions of the habenular complex. 
Neurosci Biobehav Rev. 1982;6(1):1–13. https://​doi.​org/​10.​1016/​
0149-​7634(82)​90003-3.

	 53.	 Goldman BD. Mammalian photoperiodic system: formal prop-
erties and neuroendocrine mechanisms of photoperiodic time 
measurement. J Biol Rhythms. 2001;16(4):283–301. https://​doi.​
org/​10.​1177/​07487​30011​29001​980.

	 54.	 Zhang L, Wang H, Luan S, Yang S, Wang Z, Wang J, et al. 
Altered volume and functional connectivity of the habenula in 
schizophrenia. Front Hum Neurosci. 2017;11:636. https://​doi.​
org/​10.​3389/​fnhum.​2017.​00636.

	 55.	 Baker PM, Jhou T, Li B, Matsumoto M, Mizumori SJ, Stephen-
son-Jones M, et al. The lateral habenula circuitry: reward pro-
cessing and cognitive control. J Neurosci. 2016;36(45):11482–8. 
https://​doi.​org/​10.​1523/​jneur​osci.​2350-​16.​2016.

	 56.	 Zhao H, Zhang BL, Yang SJ, Rusak B. The role of lateral 
habenula-dorsal raphe nucleus circuits in higher brain func-
tions and psychiatric illness. Behav Brain Res. 2015;277:89–98. 
https://​doi.​org/​10.​1016/j.​bbr.​2014.​09.​016.

	 57.	 Meye FJ, Lecca S, Valentinova K, Mameli M. Synaptic and cel-
lular profile of neurons in the lateral habenula. Front Hum Neu-
rosci. 2013;7:860. https://​doi.​org/​10.​3389/​fnhum.​2013.​00860.

	 58.	 Viswanath H, Carter AQ, Baldwin PR, Molfese DL, Salas R. 
The medial habenula: still neglected. Front Hum Neurosci. 
2013;7:931. https://​doi.​org/​10.​3389/​fnhum.​2013.​00931.

	 59.	 Egerton A, Murphy A, Donocik J, Anton A, Barker GJ, Collier 
T, et al. Dopamine and glutamate in antipsychotic-responsive 
compared with antipsychotic-nonresponsive psychosis: a mul-
ticenter positron emission tomography and magnetic resonance 
spectroscopy study (STRATA). Schizophr Bull. 2021;47(2):505–
16. https://​doi.​org/​10.​1093/​schbul/​sbaa1​28.

	 60.	 Merritt K, Egerton A, Kempton MJ, Taylor MJ, McGuire PK. 
Nature of glutamate alterations in schizophrenia: a meta-analy-
sis of proton magnetic resonance spectroscopy studies. JAMA 

https://doi.org/10.4088/JCP.17m12007
https://doi.org/10.4088/JCP.17m12007
https://doi.org/10.1093/schbul/sbu164
https://doi.org/10.1002/wps.20699
https://doi.org/10.1002/wps.20699
https://doi.org/10.1093/schbul/sbab087
https://doi.org/10.1093/schbul/sbab087
https://doi.org/10.1016/s0140-6736(09)60742-x
https://doi.org/10.1016/s0140-6736(09)60742-x
https://doi.org/10.1038/sj.npp.1300027
https://doi.org/10.1038/sj.npp.1300027
https://doi.org/10.3389/fnins.2017.00432
https://doi.org/10.3389/fnins.2017.00432
https://doi.org/10.1073/pnas.0611417104
https://doi.org/10.1038/mp.2011.109
https://doi.org/10.1016/j.jchemneu.2016.07.010
https://doi.org/10.1016/j.jchemneu.2016.07.010
https://doi.org/10.1016/j.schres.2011.06.004
https://doi.org/10.1038/s41380-022-01798-y
https://doi.org/10.1038/s41380-022-01798-y
https://doi.org/10.3390/ijms22094467
https://doi.org/10.1177/070674379704200205
https://doi.org/10.1177/070674379704200205
https://doi.org/10.1038/261717a0
https://doi.org/10.1126/science.3854
https://doi.org/10.1126/science.3854
https://doi.org/10.1177/0269881114563634
https://doi.org/10.1177/0269881114563634
https://doi.org/10.1038/s41537-019-0090-z
https://doi.org/10.1038/s41537-019-0090-z
https://doi.org/10.3390/ijms18081689
https://doi.org/10.1017/s1092852918001013
https://doi.org/10.1017/s1092852918001013
https://doi.org/10.3389/fnins.2014.00395
https://doi.org/10.3389/fnins.2014.00395
https://doi.org/10.1523/jneurosci.3463-08.2008
https://doi.org/10.1523/jneurosci.3463-08.2008
https://doi.org/10.1002/(sici)1096-9861(19990428)407:1%3c130::aid-cne10%3e3.0.co;2-8
https://doi.org/10.1002/(sici)1096-9861(19990428)407:1%3c130::aid-cne10%3e3.0.co;2-8
https://doi.org/10.1016/0149-7634(82)90003-3
https://doi.org/10.1016/0149-7634(82)90003-3
https://doi.org/10.1177/074873001129001980
https://doi.org/10.1177/074873001129001980
https://doi.org/10.3389/fnhum.2017.00636
https://doi.org/10.3389/fnhum.2017.00636
https://doi.org/10.1523/jneurosci.2350-16.2016
https://doi.org/10.1016/j.bbr.2014.09.016
https://doi.org/10.3389/fnhum.2013.00860
https://doi.org/10.3389/fnhum.2013.00931
https://doi.org/10.1093/schbul/sbaa128


567Metabolic Potential of Emerging Treatments in Schizophrenia

Psychiat. 2016;73(7):665–74. https://​doi.​org/​10.​1001/​jamap​sychi​
atry.​2016.​0442.

	 61.	 Zhou Y, Fan L, Qiu C, Jiang T. Prefrontal cortex and the dys-
connectivity hypothesis of schizophrenia. Neurosci Bull. 
2015;31(2):207–19. https://​doi.​org/​10.​1007/​s12264-​014-​1502-8.

	 62.	 Comte M, Zendjidjian XY, Coull JT, Cancel A, Boutet C, Sch-
neider FC, et al. Impaired cortico-limbic functional connectivity 
in schizophrenia patients during emotion processing. Soc Cogn 
Affect Neurosci. 2018;13(4):381–90. https://​doi.​org/​10.​1093/​
scan/​nsx083.

	 63.	 Phillips ML, Drevets WC, Rauch SL, Lane R. Neurobiology of 
emotion perception I: the neural basis of normal emotion per-
ception. Biol Psychiatry. 2003;54(5):504–14. https://​doi.​org/​10.​
1016/​s0006-​3223(03)​00168-9.

	 64.	 Phillips ML, Ladouceur CD, Drevets WC. A neural model of 
voluntary and automatic emotion regulation: implications for 
understanding the pathophysiology and neurodevelopment of 
bipolar disorder. Mol Psychiatry. 2008;13(9):833–57. https://​
doi.​org/​10.​1038/​mp.​2008.​65.

	 65.	 Wang X, Yin Z, Sun Q, Jiang X, Chao L, Dai X, et al. Com-
parative study on the functional connectivity of amygdala 
and hippocampal neural circuits in patients with first-episode 
schizophrenia and other high-risk populations. Front Psychiatry. 
2021;12: 627198. https://​doi.​org/​10.​3389/​fpsyt.​2021.​627198.

	 66.	 Weinberger DR, Berman KF, Suddath R, Torrey EF. Evidence 
of dysfunction of a prefrontal-limbic network in schizophre-
nia: a magnetic resonance imaging and regional cerebral blood 
flow study of discordant monozygotic twins. Am J Psychiatry. 
1992;149(7):890–7. https://​doi.​org/​10.​1176/​ajp.​149.7.​890.

	 67.	 Meltzer HY. The role of serotonin in antipsychotic drug action. 
Neuropsychopharmacology. 1999;21(2 Suppl):106s-s115. https://​
doi.​org/​10.​1016/​s0893-​133x(99)​00046-9.

	 68.	 Patel RS, Bhela J, Tahir M, Pisati SR, Hossain S. Pimavanserin 
in Parkinson’s disease-induced psychosis: a literature review. 
Cureus. 2019;11(7): e5257. https://​doi.​org/​10.​7759/​cureus.​5257.

	 69.	 Hajós M, Hurst RS, Hoffmann WE, Krause M, Wall TM, Higdon 
NR, et al. The selective alpha7 nicotinic acetylcholine receptor 
agonist PNU-282987 [N-[(3R)-1-Azabicyclo[2.2.2]oct-3-yl]-
4-chlorobenzamide hydrochloride] enhances GABAergic synap-
tic activity in brain slices and restores auditory gating deficits in 
anesthetized rats. J Pharmacol Exp Ther. 2005;312(3):1213–22. 
https://​doi.​org/​10.​1124/​jpet.​104.​076968.

	 70.	 Sudweeks SN, Yakel JL. Functional and molecular characteriza-
tion of neuronal nicotinic ACh receptors in rat CA1 hippocam-
pal neurons. J Physiol. 2000;527(3):515–28. https://​doi.​org/​10.​
1111/j.​1469-​7793.​2000.​00515.x.

	 71.	 Caton M, Ochoa ELM, Barrantes FJ. The role of nicotinic cho-
linergic neurotransmission in delusional thinking. NPJ Schizophr. 
2020;6(1):16. https://​doi.​org/​10.​1038/​s41537-​020-​0105-9.

	 72.	 Correll CU. What are we looking for in new antipsychotics? J 
Clin Psychiatry. 2011;72(Suppl 1):9–13. https://​doi.​org/​10.​4088/​
JCP.​10075​su1.​02.

	 73.	 Correll CU, Newcomer JW, Silverman B, DiPetrillo L, Graham 
C, Jiang Y, et al. Effects of olanzapine combined with samidor-
phan on weight gain in schizophrenia: a 24-week phase 3 study. 
Am J Psychiatry. 2020;177(12):1168–78. https://​doi.​org/​10.​1176/​
appi.​ajp.​2020.​19121​279.

	 74.	 Alkermes I. LYBALVI™ (olanzapine and samidorphan) tablets, 
for oral use [prescribing information]. Waltham: Alkermes, Inc.; 
2021.

	 75.	 Martin WF, Correll CU, Weiden PJ, Jiang Y, Pathak S, DiPetrillo 
L, et al. Mitigation of olanzapine-induced weight gain with 
samidorphan, an opioid antagonist: a randomized double-blind 
phase 2 study in patients with schizophrenia. Am J Psychiatry. 

2019;176(6):457–67. https://​doi.​org/​10.​1176/​appi.​ajp.​2018.​
18030​280.

	 76.	 Kahn RS, Silverman BL, DiPetrillo L, Graham C, Jiang Y, Yin 
J, et al. A phase 3, multicenter study to assess the 1-year safety 
and tolerability of a combination of olanzapine and samidorphan 
in patients with schizophrenia: results from the ENLIGHTEN-2 
long-term extension. Schizophr Res. 2021;232:45–53. https://​
doi.​org/​10.​1016/j.​schres.​2021.​04.​009.

	 77.	 Correll CU, Stein E, Graham C, DiPetrillo L, Akerman S, Stan-
ford AD, et al. Reduction in multiple cardiometabolic risk factors 
with combined olanzapine/samidorphan compared with olanzap-
ine: post hoc analyses from a 24-week phase 3 study. Schizophr 
Bull. 2023;49(2):454–63. https://​doi.​org/​10.​1093/​schbul/​sbac1​
44.

	 78.	 Vancampfort D, Firth J, Correll CU, Solmi M, Siskind D, De 
Hert M, et al. The impact of pharmacological and non-pharma-
cological interventions to improve physical health outcomes in 
people with schizophrenia: a meta-review of meta-analyses of 
randomized controlled trials. World Psychiatry. 2019;18(1):53–
66. https://​doi.​org/​10.​1002/​wps.​20614.

	 79.	 Cernea S, Dima L, Correll CU, Manu P. Pharmacological man-
agement of glucose dysregulation in patients treated with second-
generation antipsychotics. Drugs. 2020;80(17):1763–81. https://​
doi.​org/​10.​1007/​s40265-​020-​01393-x.

	 80.	 Correll CU, Sikich L, Reeves G, Johnson J, Keeton C, Spanos M, 
et al. Metformin add-on vs. antipsychotic switch vs. continued 
antipsychotic treatment plus healthy lifestyle education in over-
weight or obese youth with severe mental illness: results from 
the IMPACT trial. World Psychiatry. 2020;19(1):69–80. https://​
doi.​org/​10.​1002/​wps.​20714.

	 81.	 Larsen JR, Vedtofte L, Jakobsen MSL, Jespersen HR, Jakob-
sen MI, Svensson CK, et al. Effect of liraglutide treatment on 
prediabetes and overweight or obesity in clozapine- or olan-
zapine-treated patients with schizophrenia spectrum disorder: a 
randomized clinical trial. JAMA Psychiat. 2017;74(7):719–28. 
https://​doi.​org/​10.​1001/​jamap​sychi​atry.​2017.​1220.

	 82.	 Svensson CK, Larsen JR, Vedtofte L, Jakobsen MSL, Jes-
persen HR, Jakobsen MI, et al. One-year follow-up on liraglu-
tide treatment for prediabetes and overweight/obesity in clo-
zapine- or olanzapine-treated patients. Acta Psychiatr Scand. 
2019;139(1):26–36. https://​doi.​org/​10.​1111/​acps.​12982.

	 83.	 Sonnenschein SF, Gomes FV, Grace AA. Dysregulation of mid-
brain dopamine system and the pathophysiology of schizophre-
nia. Front Psychiatry. 2020;11:613. https://​doi.​org/​10.​3389/​fpsyt.​
2020.​00613.

	 84.	 Buchanan RW, Javitt DC, Marder SR, Schooler NR, Gold JM, 
McMahon RP, et al. The Cognitive and Negative Symptoms in 
Schizophrenia Trial (CONSIST): the efficacy of glutamatergic 
agents for negative symptoms and cognitive impairments. Am 
J Psychiatry. 2007;164(10):1593–602. https://​doi.​org/​10.​1176/​
appi.​ajp.​2007.​06081​358.

	 85.	 Heresco-Levy U, Ermilov M, Lichtenberg P, Bar G, Javitt DC. 
High-dose glycine added to olanzapine and risperidone for the 
treatment of schizophrenia. Biol Psychiatry. 2004;55(2):165–71. 
https://​doi.​org/​10.​1016/​s0006-​3223(03)​00707-8.

	 86.	 Correll CU, Rubio JM, Inczedy-Farkas G, Birnbaum ML, Kane 
JM, Leucht S. Efficacy of 42 pharmacologic cotreatment strat-
egies added to antipsychotic monotherapy in schizophrenia: 
systematic overview and quality appraisal of the meta-analytic 
evidence. JAMA Psychiat. 2017;74(7):675–84. https://​doi.​org/​
10.​1001/​jamap​sychi​atry.​2017.​0624.

	 87.	 Pei JC, Luo DZ, Gau SS, Chang CY, Lai WS. Directly and indi-
rectly targeting the glycine modulatory site to modulate NMDA 
receptor function to address unmet medical needs of patients 

https://doi.org/10.1001/jamapsychiatry.2016.0442
https://doi.org/10.1001/jamapsychiatry.2016.0442
https://doi.org/10.1007/s12264-014-1502-8
https://doi.org/10.1093/scan/nsx083
https://doi.org/10.1093/scan/nsx083
https://doi.org/10.1016/s0006-3223(03)00168-9
https://doi.org/10.1016/s0006-3223(03)00168-9
https://doi.org/10.1038/mp.2008.65
https://doi.org/10.1038/mp.2008.65
https://doi.org/10.3389/fpsyt.2021.627198
https://doi.org/10.1176/ajp.149.7.890
https://doi.org/10.1016/s0893-133x(99)00046-9
https://doi.org/10.1016/s0893-133x(99)00046-9
https://doi.org/10.7759/cureus.5257
https://doi.org/10.1124/jpet.104.076968
https://doi.org/10.1111/j.1469-7793.2000.00515.x
https://doi.org/10.1111/j.1469-7793.2000.00515.x
https://doi.org/10.1038/s41537-020-0105-9
https://doi.org/10.4088/JCP.10075su1.02
https://doi.org/10.4088/JCP.10075su1.02
https://doi.org/10.1176/appi.ajp.2020.19121279
https://doi.org/10.1176/appi.ajp.2020.19121279
https://doi.org/10.1176/appi.ajp.2018.18030280
https://doi.org/10.1176/appi.ajp.2018.18030280
https://doi.org/10.1016/j.schres.2021.04.009
https://doi.org/10.1016/j.schres.2021.04.009
https://doi.org/10.1093/schbul/sbac144
https://doi.org/10.1093/schbul/sbac144
https://doi.org/10.1002/wps.20614
https://doi.org/10.1007/s40265-020-01393-x
https://doi.org/10.1007/s40265-020-01393-x
https://doi.org/10.1002/wps.20714
https://doi.org/10.1002/wps.20714
https://doi.org/10.1001/jamapsychiatry.2017.1220
https://doi.org/10.1111/acps.12982
https://doi.org/10.3389/fpsyt.2020.00613
https://doi.org/10.3389/fpsyt.2020.00613
https://doi.org/10.1176/appi.ajp.2007.06081358
https://doi.org/10.1176/appi.ajp.2007.06081358
https://doi.org/10.1016/s0006-3223(03)00707-8
https://doi.org/10.1001/jamapsychiatry.2017.0624
https://doi.org/10.1001/jamapsychiatry.2017.0624


568	 J. M. Meyer, C. U. Correll 

with schizophrenia. Front Psychiatry. 2021;12: 742058. https://​
doi.​org/​10.​3389/​fpsyt.​2021.​742058.

	 88.	 Umbricht D, Alberati D, Martin-Facklam M, Borroni E, Youssef 
EA, Ostland M, et al. Effect of bitopertin, a glycine reuptake 
inhibitor, on negative symptoms of schizophrenia: a rand-
omized, double-blind, proof-of-concept study. JAMA Psychiat. 
2014;71(6):637–46. https://​doi.​org/​10.​1001/​jamap​sychi​atry.​
2014.​163.

	 89.	 Bugarski-Kirola D, Wang A, Abi-Saab D, Blättler T. A phase 
II/III trial of bitopertin monotherapy compared with placebo in 
patients with an acute exacerbation of schizophrenia—results 
from the CandleLyte study. Eur Neuropsychopharmacol. 
2014;24(7):1024–36. https://​doi.​org/​10.​1016/j.​euron​euro.​2014.​
03.​007.

	 90.	 Krogmann A, Peters L, von Hardenberg L, Bödeker K, Nöhles 
VB, Correll CU. Keeping up with the therapeutic advances in 
schizophrenia: a review of novel and emerging pharmacologi-
cal entities. CNS Spectr. 2019;24(S1):38–69. https://​doi.​org/​10.​
1017/​s1092​85291​90012​4x.

	 91.	 Neurocrine Biosciences I. Neurocrine biosciences announces 
top-line results from phase II INTERACT study evaluating 
luvadaxistat (NBI-1065844) for the treatment of negative symp-
toms and cognitive impairment associated with schizophrenia 
(CIAS). 2021. [cited April 29, 2022]. https://​www.​prnew​swire.​
com/​news-​relea​ses/​neuro​crine-​biosc​iences-​annou​nces-​top-​line-​
resul​ts-​from-​phase-​ii-​inter​act-​study-​evalu​ating-​luvad​axist​at-​nbi-​
10658​44-​for-​the-​treat​ment-​of-​negat​ive-​sympt​oms-​and-​cogni​
tive-​impai​rment-​assoc​iated-​with-​schiz​ophre​nia-​cias-​30123​8086.​
html.

	 92.	 Molla G. Competitive inhibitors unveil structure/function rela-
tionships in human d-amino acid oxidase. Front Mol Biosci. 
2017;4:80. https://​doi.​org/​10.​3389/​fmolb.​2017.​00080.

	 93.	 O’Donnell P, Dong C, Murthy V, Asgharnejad M, Du X, Sum-
merfelt A, et al. The d-amino acid oxidase inhibitor luvadaxistat 
improves mismatch negativity in patients with schizophrenia in a 
randomized trial. Neuropsychopharmacology. 2023;48:1052–59. 
https://​doi.​org/​10.​1038/​s41386-​023-​01560-0.

	 94.	 Correll CU, Solmi M, Cortese S, Fava M, Højlund M, Kraemer 
HC, et al. The future of psychopharmacology: a critical appraisal 
of ongoing phase 2/3 trials, and of some current trends aiming 
to de-risk trial programmes of novel agents. World Psychiatry. 
2023;22(1):48–74. https://​doi.​org/​10.​1002/​wps.​21056.

	 95.	 Fleischhacker WW, Podhorna J, Gröschl M, Hake S, Zhao Y, 
Huang S, et al. Efficacy and safety of the novel glycine trans-
porter inhibitor BI 425809 once daily in patients with schizo-
phrenia: a double-blind, randomised, placebo-controlled phase 
2 study. Lancet Psychiatry. 2021;8(3):191–201. https://​doi.​org/​
10.​1016/​s2215-​0366(20)​30513-7.

	 96.	 Jones CK, Byun N, Bubser M. Muscarinic and nicotinic ace-
tylcholine receptor agonists and allosteric modulators for 
the treatment of schizophrenia. Neuropsychopharmacology. 
2012;37(1):16–42. https://​doi.​org/​10.​1038/​npp.​2011.​199.

	 97.	 Neves GA, Grace AA. α7 nicotinic receptor-modulating agents 
reverse the hyperdopaminergic tone in the MAM model of 
schizophrenia. Neuropsychopharmacology. 2018;43(8):1712–20. 
https://​doi.​org/​10.​1038/​s41386-​018-​0066-0.

	 98.	 Tregellas JR, Wylie KP. Alpha7 nicotinic receptors as therapeutic 
targets in schizophrenia. Nicotine Tob Res. 2019;21(3):349–56. 
https://​doi.​org/​10.​1093/​ntr/​nty034.

	 99.	 Jin Y, Wang Q, Wang Y, Liu M, Sun A, Geng Z, et al. Alpha7 
nAChR agonists for cognitive deficit and negative symptoms 
in schizophrenia: a meta-analysis of randomized double-blind 
controlled trials. Shanghai Arch Psychiatry. 2017;29(4):191–9. 
https://​doi.​org/​10.​11919/j.​issn.​1002-​0829.​217044.

	100.	 Keefe RS, Meltzer HA, Dgetluck N, Gawryl M, Koenig G, Moe-
bius HJ, et al. Randomized, double-blind, placebo-controlled 

study of encenicline, an α7 nicotinic acetylcholine receptor ago-
nist, as a treatment for cognitive impairment in schizophrenia. 
Neuropsychopharmacology. 2015;40(13):3053–60. https://​doi.​
org/​10.​1038/​npp.​2015.​176.

	101.	 Recio-Barbero M, Segarra R, Zabala A, González-Fraile E, 
González-Pinto A, Ballesteros J. Cognitive enhancers in schizo-
phrenia: a systematic review and meta-analysis of alpha-7 nico-
tinic acetylcholine receptor agonists for cognitive deficits and 
negative symptoms. Front Psychiatry. 2021;12: 631589. https://​
doi.​org/​10.​3389/​fpsyt.​2021.​631589.

	102.	 Gibbons A, Dean B. The cholinergic system: an emerging drug 
target for schizophrenia. Curr Pharm Des. 2016;22(14):2124–33. 
https://​doi.​org/​10.​2174/​13816​12822​66616​01271​14010.

	103.	 Shekhar A, Potter WZ, Lightfoot J, Lienemann J, Dubé S, Mall-
inckrodt C, et al. Selective muscarinic receptor agonist xanome-
line as a novel treatment approach for schizophrenia. Am J Psy-
chiatry. 2008;165(8):1033–9. https://​doi.​org/​10.​1176/​appi.​ajp.​
2008.​06091​591.

	104.	 Paul SM, Yohn SE, Popiolek M, Miller AC, Felder CC. Mus-
carinic acetylcholine receptor agonists as novel treatments for 
schizophrenia. Am J Psychiatry. 2022;179:611–27. https://​doi.​
org/​10.​1176/​appi.​ajp.​21101​083.

	105.	 Wess J, Eglen RM, Gautam D. Muscarinic acetylcholine recep-
tors: mutant mice provide new insights for drug development. 
Nat Rev Drug Discov. 2007;6(9):721–33. https://​doi.​org/​10.​
1038/​nrd23​79.

	106.	 Raedler TJ, Bymaster FP, Tandon R, Copolov D, Dean B. 
Towards a muscarinic hypothesis of schizophrenia. Mol Psychia-
try. 2007;12(3):232–46. https://​doi.​org/​10.​1038/​sj.​mp.​40019​24.

	107.	 Tzavara ET, Bymaster FP, Davis RJ, Wade MR, Perry KW, 
Wess J, et al. M4 muscarinic receptors regulate the dynamics 
of cholinergic and dopaminergic neurotransmission: relevance 
to the pathophysiology and treatment of related CNS patholo-
gies. FASEB J. 2004;18(12):1410–2. https://​doi.​org/​10.​1096/​fj.​
04-​1575f​je.

	108.	 Sulzer D, Cragg SJ, Rice ME. Striatal dopamine neurotrans-
mission: regulation of release and uptake. Basal Ganglia. 
2016;6(3):123–48. https://​doi.​org/​10.​1016/j.​baga.​2016.​02.​001.

	109.	 Scarr E, Dean B. Muscarinic receptors: do they have a role in 
the pathology and treatment of schizophrenia? J Neurochem. 
2008;107(5):1188–95. https://​doi.​org/​10.​1111/j.​1471-​4159.​2008.​
05711.x.

	110.	 Acharya S, Kim KM. Roles of the functional interaction between 
brain cholinergic and dopaminergic systems in the pathogenesis 
and treatment of schizophrenia and Parkinson’s disease. Int J Mol 
Sci. 2021;22(9):4299. https://​doi.​org/​10.​3390/​ijms2​20942​99.

	111.	 Forster GL, Yeomans JS, Takeuchi J, Blaha CD. M5 muscarinic 
receptors are required for prolonged accumbal dopamine release 
after electrical stimulation of the pons in mice. J Neurosci. 
2002;22(1):Rc190. https://​doi.​org/​10.​1523/​JNEUR​OSCI.​22-​
01-​j0001.​2002.

	112.	 McCollum LA, Walker CK, Roche JK, Roberts RC. Elevated 
excitatory input to the nucleus accumbens in schizophre-
nia: a postmortem ultrastructural study. Schizophr Bull. 
2015;41(5):1123–32. https://​doi.​org/​10.​1093/​schbul/​sbv030.

	113.	 Felder CC, Bymaster FP, Ward J, DeLapp N. Therapeutic oppor-
tunities for muscarinic receptors in the central nervous system. 
J Med Chem. 2000;43(23):4333–53. https://​doi.​org/​10.​1021/​
jm990​607u.

	114.	 Crook JM, Tomaskovic-Crook E, Copolov DL, Dean B. 
Decreased muscarinic receptor binding in subjects with schiz-
ophrenia: a study of the human hippocampal formation. Biol 
Psychiatry. 2000;48(5):381–8. https://​doi.​org/​10.​1016/​s0006-​
3223(00)​00918-5.

	115.	 Crook JM, Tomaskovic-Crook E, Copolov DL, Dean B. Low 
muscarinic receptor binding in prefrontal cortex from subjects 

https://doi.org/10.3389/fpsyt.2021.742058
https://doi.org/10.3389/fpsyt.2021.742058
https://doi.org/10.1001/jamapsychiatry.2014.163
https://doi.org/10.1001/jamapsychiatry.2014.163
https://doi.org/10.1016/j.euroneuro.2014.03.007
https://doi.org/10.1016/j.euroneuro.2014.03.007
https://doi.org/10.1017/s109285291900124x
https://doi.org/10.1017/s109285291900124x
https://www.prnewswire.com/news-releases/neurocrine-biosciences-announces-top-line-results-from-phase-ii-interact-study-evaluating-luvadaxistat-nbi-1065844-for-the-treatment-of-negative-symptoms-and-cognitive-impairment-associated-with-schizophrenia-cias-301238086.html
https://www.prnewswire.com/news-releases/neurocrine-biosciences-announces-top-line-results-from-phase-ii-interact-study-evaluating-luvadaxistat-nbi-1065844-for-the-treatment-of-negative-symptoms-and-cognitive-impairment-associated-with-schizophrenia-cias-301238086.html
https://www.prnewswire.com/news-releases/neurocrine-biosciences-announces-top-line-results-from-phase-ii-interact-study-evaluating-luvadaxistat-nbi-1065844-for-the-treatment-of-negative-symptoms-and-cognitive-impairment-associated-with-schizophrenia-cias-301238086.html
https://www.prnewswire.com/news-releases/neurocrine-biosciences-announces-top-line-results-from-phase-ii-interact-study-evaluating-luvadaxistat-nbi-1065844-for-the-treatment-of-negative-symptoms-and-cognitive-impairment-associated-with-schizophrenia-cias-301238086.html
https://www.prnewswire.com/news-releases/neurocrine-biosciences-announces-top-line-results-from-phase-ii-interact-study-evaluating-luvadaxistat-nbi-1065844-for-the-treatment-of-negative-symptoms-and-cognitive-impairment-associated-with-schizophrenia-cias-301238086.html
https://www.prnewswire.com/news-releases/neurocrine-biosciences-announces-top-line-results-from-phase-ii-interact-study-evaluating-luvadaxistat-nbi-1065844-for-the-treatment-of-negative-symptoms-and-cognitive-impairment-associated-with-schizophrenia-cias-301238086.html
https://doi.org/10.3389/fmolb.2017.00080
https://doi.org/10.1038/s41386-023-01560-0
https://doi.org/10.1002/wps.21056
https://doi.org/10.1016/s2215-0366(20)30513-7
https://doi.org/10.1016/s2215-0366(20)30513-7
https://doi.org/10.1038/npp.2011.199
https://doi.org/10.1038/s41386-018-0066-0
https://doi.org/10.1093/ntr/nty034
https://doi.org/10.11919/j.issn.1002-0829.217044
https://doi.org/10.1038/npp.2015.176
https://doi.org/10.1038/npp.2015.176
https://doi.org/10.3389/fpsyt.2021.631589
https://doi.org/10.3389/fpsyt.2021.631589
https://doi.org/10.2174/1381612822666160127114010
https://doi.org/10.1176/appi.ajp.2008.06091591
https://doi.org/10.1176/appi.ajp.2008.06091591
https://doi.org/10.1176/appi.ajp.21101083
https://doi.org/10.1176/appi.ajp.21101083
https://doi.org/10.1038/nrd2379
https://doi.org/10.1038/nrd2379
https://doi.org/10.1038/sj.mp.4001924
https://doi.org/10.1096/fj.04-1575fje
https://doi.org/10.1096/fj.04-1575fje
https://doi.org/10.1016/j.baga.2016.02.001
https://doi.org/10.1111/j.1471-4159.2008.05711.x
https://doi.org/10.1111/j.1471-4159.2008.05711.x
https://doi.org/10.3390/ijms22094299
https://doi.org/10.1523/JNEUROSCI.22-01-j0001.2002
https://doi.org/10.1523/JNEUROSCI.22-01-j0001.2002
https://doi.org/10.1093/schbul/sbv030
https://doi.org/10.1021/jm990607u
https://doi.org/10.1021/jm990607u
https://doi.org/10.1016/s0006-3223(00)00918-5
https://doi.org/10.1016/s0006-3223(00)00918-5


569Metabolic Potential of Emerging Treatments in Schizophrenia

with schizophrenia: a study of Brodmann’s areas 8, 9, 10, and 46 
and the effects of neuroleptic drug treatment. Am J Psychiatry. 
2001;158(6):918–25. https://​doi.​org/​10.​1176/​appi.​ajp.​158.6.​918.

	116.	 van der Westhuizen ET, Choy KHC, Valant C, McKenzie-Nick-
son S, Bradley SJ, Tobin AB, et al. Fine tuning muscarinic ace-
tylcholine receptor signaling through allostery and bias. Front 
Pharmacol. 2020;11: 606656. https://​doi.​org/​10.​3389/​fphar.​2020.​
606656.

	117.	 Yohn SE, Weiden PJ, Felder CC, Stahl SM. Muscarinic acetyl-
choline receptors for psychotic disorders: bench-side to clinic. 
Trends Pharmacol Sci. 2022;43(12):1098–112. https://​doi.​org/​
10.​1016/j.​tips.​2022.​09.​006.

	118.	 Stanhope KJ, Mirza NR, Bickerdike MJ, Bright JL, Harrington 
NR, Hesselink MB, et  al. The muscarinic receptor agonist 
xanomeline has an antipsychotic-like profile in the rat. J Phar-
macol Exp Ther. 2001;299(2):782–92.

	119.	 Shannon HE, Hart JC, Bymaster FP, Calligaro DO, DeLapp NW, 
Mitch CH, et al. Muscarinic receptor agonists, like dopamine 
receptor antagonist antipsychotics, inhibit conditioned avoidance 
response in rats. J Pharmacol Exp Ther. 1999;290(2):901–7.

	120.	 Shannon HE, Rasmussen K, Bymaster FP, Hart JC, Peters SC, 
Swedberg MD, et al. Xanomeline, an M(1)/M(4) preferring mus-
carinic cholinergic receptor agonist, produces antipsychotic-like 
activity in rats and mice. Schizophr Res. 2000;42(3):249–59. 
https://​doi.​org/​10.​1016/​s0920-​9964(99)​00138-3.

	121.	 Watson J, Brough S, Coldwell MC, Gager T, Ho M, Hunter 
AJ, et al. Functional effects of the muscarinic receptor agonist, 
xanomeline, at 5-HT1 and 5-HT2 receptors. Br J Pharmacol. 
1998;125(7):1413–20. https://​doi.​org/​10.​1038/​sj.​bjp.​07022​01.

	122.	 Odagaki Y, Kinoshita M, Ota T. Comparative analysis of pharma-
cological properties of xanomeline and N-desmethylclozapine in 
rat brain membranes. J Psychopharmacol. 2016;30(9):896–912. 
https://​doi.​org/​10.​1177/​02698​81116​658989.

	123.	 Bonifazi A, Yano H, Del Bello F, Farande A, Quaglia W, Petrelli 
R, et al. Synthesis and biological evaluation of a novel series 
of heterobivalent muscarinic ligands based on xanomeline and 
1-[3-(4-butylpiperidin-1-yl)propyl]-1,2,3,4-tetrahydroquinolin-
2-one (77-LH-28-1). J Med Chem. 2014;57(21):9065–77. https://​
doi.​org/​10.​1021/​jm501​173q.

	124.	 Bymaster FP, Whitesitt CA, Shannon HE, DeLapp N, Ward 
JS, Calligaro DO, et al. Xanomeline: a selective muscarinic 
agonist for the treatment of Alzheimer’s disease. Drug Dev 
Res. 1997;40(2):158–70. https://​doi.​org/​10.​1002/​(SICI)​1098-​
2299(199702)​40:​2<​158::​AID-​DDR6>3.​0.​CO;2-K.

	125.	 Newman-Tancredi A, Kleven MS. Comparative pharmacol-
ogy of antipsychotics possessing combined dopamine D2 
and serotonin 5-HT1A receptor properties. Psychophar-
macology. 2011;216(4):451–73. https://​doi.​org/​10.​1007/​
s00213-​011-​2247-y.

	126.	 Hagan JJ, Jones DN. Predicting drug efficacy for cognitive 
deficits in schizophrenia. Schizophr Bull. 2005;31(4):830–53. 
https://​doi.​org/​10.​1093/​schbul/​sbi058.

	127.	 Bodick NC, Offen WW, Levey AI, Cutler NR, Gauthier SG, Sat-
lin A, et al. Effects of xanomeline, a selective muscarinic recep-
tor agonist, on cognitive function and behavioral symptoms in 
Alzheimer disease. Arch Neurol. 1997;54(4):465–73. https://​doi.​
org/​10.​1001/​archn​eur.​1997.​00550​16009​1022.

	128.	 Brannan SK, Sawchak S, Miller AC, Lieberman JA, Paul SM, 
Breier A. Muscarinic cholinergic receptor agonist and peripheral 
antagonist for schizophrenia. N Engl J Med. 2021;384(8):717–
26. https://​doi.​org/​10.​1056/​NEJMo​a2017​015.

	129.	 Karuna Therapeutics, Inc. Karuna Therapeutics announces 
positive results from phase 3 EMERGENT-2 trial of KarXT in 
schizophrenia. 2022. [cited August 25, 2022]. https://​inves​tors.​
karun​atx.​com/​news-​relea​ses/​news-​relea​se-​detai​ls/​karuna-​thera​
peuti​cs-​annou​nces-​posit​ive-​resul​ts-​phase-3-​emerg​ent.

	130.	 Krystal JH, Kane JM, Correll CU, Walling DP, Leoni M, Duv-
vuri S, et al. Emraclidine, a novel positive allosteric modulator 
of cholinergic M4 receptors, for the treatment of schizophrenia: 
a two-part, randomised, double-blind, placebo-controlled, phase 
1b trial. Lancet. 2022;400(10369):2210–20. https://​doi.​org/​10.​
1016/​s0140-​6736(22)​01990-0.

	131.	 Revel FG, Moreau JL, Pouzet B, Mory R, Bradaia A, Buchy 
D, et al. A new perspective for schizophrenia: TAAR1 ago-
nists reveal antipsychotic- and antidepressant-like activity, 
improve cognition and control body weight. Mol Psychiatry. 
2013;18(5):543–56. https://​doi.​org/​10.​1038/​mp.​2012.​57.

	132.	 Borowsky B, Adham N, Jones KA, Raddatz R, Artymyshyn R, 
Ogozalek KL, et al. Trace amines: identification of a family of 
mammalian G protein-coupled receptors. Proc Natl Acad Sci 
USA. 2001;98(16):8966–71. https://​doi.​org/​10.​1073/​pnas.​15110​
5198.

	133.	 Bunzow JR, Sonders MS, Arttamangkul S, Harrison LM, Zhang 
G, Quigley DI, et al. Amphetamine, 3,4-methylenedioxymeth-
amphetamine, lysergic acid diethylamide, and metabolites of the 
catecholamine neurotransmitters are agonists of a rat trace amine 
receptor. Mol Pharmacol. 2001;60(6):1181–8. https://​doi.​org/​10.​
1124/​mol.​60.6.​1181.

	134.	 Dedic N, Dworak H, Zeni C, Rutigliano G, Howes OD. Thera-
peutic potential of TAAR1 agonists in schizophrenia: evidence 
from preclinical models and clinical studies. Int J Mol Sci. 
2021;22(24):13185. https://​doi.​org/​10.​3390/​ijms2​22413​185.

	135.	 Gainetdinov RR, Hoener MC, Berry MD. Trace amines and their 
receptors. Pharmacol Rev. 2018;70(3):549–620. https://​doi.​org/​
10.​1124/​pr.​117.​015305.

	136.	 Rutigliano G, Zucchi R. Molecular variants in human trace 
amine-associated receptors and their implications in mental and 
metabolic disorders. Cell Mol Neurobiol. 2020;40(2):239–55. 
https://​doi.​org/​10.​1007/​s10571-​019-​00743-y.

	137.	 Saarinen M, Mantas I, Flais I, Ågren R, Sahlholm K, Millan MJ, 
et al. TAAR1 dependent and independent actions of the poten-
tial antipsychotic and dual TAAR1/5-HT(1A) receptor agonist 
SEP-383856. Neuropsychopharmacology. 2022. https://​doi.​org/​
10.​1038/​s41386-​022-​01421-2.

	138.	 Espinoza S, Salahpour A, Masri B, Sotnikova TD, Messa M, 
Barak LS, et al. Functional interaction between trace amine-
associated receptor 1 and dopamine D2 receptor. Mol Pharmacol. 
2011;80(3):416–25. https://​doi.​org/​10.​1124/​mol.​111.​073304.

	139.	 Lindemann L, Meyer CA, Jeanneau K, Bradaia A, Ozmen 
L, Bluethmann H, et  al. Trace amine-associated receptor 1 
modulates dopaminergic activity. J Pharmacol Exp Ther. 
2008;324(3):948–56. https://​doi.​org/​10.​1124/​jpet.​107.​132647.

	140.	 Koblan KS, Kent J, Hopkins SC, Krystal JH, Cheng H, Goldman 
R, et al. A non-D2-receptor-binding drug for the treatment of 
schizophrenia. N Engl J Med. 2020;382(16):1497–506. https://​
doi.​org/​10.​1056/​NEJMo​a1911​772.

	141.	 Wolinsky TD, Swanson CJ, Smith KE, Zhong H, Borowsky B, 
Seeman P, et al. The trace amine 1 receptor knockout mouse: 
an animal model with relevance to schizophrenia. Genes Brain 
Behav. 2007;6(7):628–39. https://​doi.​org/​10.​1111/j.​1601-​183X.​
2006.​00292.x.

	142.	 Revel FG, Moreau JL, Gainetdinov RR, Bradaia A, Sotnikova 
TD, Mory R, et  al. TAAR1 activation modulates monoam-
inergic neurotransmission, preventing hyperdopaminergic 
and hypoglutamatergic activity. Proc Natl Acad Sci USA. 
2011;108(20):8485–90. https://​doi.​org/​10.​1073/​pnas.​11030​
29108.

	143.	 Berry MD, Gainetdinov RR, Hoener MC, Shahid M. Pharma-
cology of human trace amine-associated receptors: therapeutic 
opportunities and challenges. Pharmacol Ther. 2017;180:161–80. 
https://​doi.​org/​10.​1016/j.​pharm​thera.​2017.​07.​002.

https://doi.org/10.1176/appi.ajp.158.6.918
https://doi.org/10.3389/fphar.2020.606656
https://doi.org/10.3389/fphar.2020.606656
https://doi.org/10.1016/j.tips.2022.09.006
https://doi.org/10.1016/j.tips.2022.09.006
https://doi.org/10.1016/s0920-9964(99)00138-3
https://doi.org/10.1038/sj.bjp.0702201
https://doi.org/10.1177/0269881116658989
https://doi.org/10.1021/jm501173q
https://doi.org/10.1021/jm501173q
https://doi.org/10.1002/(SICI)1098-2299(199702)40:2<158::AID-DDR6>3.0.CO;2-K
https://doi.org/10.1002/(SICI)1098-2299(199702)40:2<158::AID-DDR6>3.0.CO;2-K
https://doi.org/10.1007/s00213-011-2247-y
https://doi.org/10.1007/s00213-011-2247-y
https://doi.org/10.1093/schbul/sbi058
https://doi.org/10.1001/archneur.1997.00550160091022
https://doi.org/10.1001/archneur.1997.00550160091022
https://doi.org/10.1056/NEJMoa2017015
https://investors.karunatx.com/news-releases/news-release-details/karuna-therapeutics-announces-positive-results-phase-3-emergent
https://investors.karunatx.com/news-releases/news-release-details/karuna-therapeutics-announces-positive-results-phase-3-emergent
https://investors.karunatx.com/news-releases/news-release-details/karuna-therapeutics-announces-positive-results-phase-3-emergent
https://doi.org/10.1016/s0140-6736(22)01990-0
https://doi.org/10.1016/s0140-6736(22)01990-0
https://doi.org/10.1038/mp.2012.57
https://doi.org/10.1073/pnas.151105198
https://doi.org/10.1073/pnas.151105198
https://doi.org/10.1124/mol.60.6.1181
https://doi.org/10.1124/mol.60.6.1181
https://doi.org/10.3390/ijms222413185
https://doi.org/10.1124/pr.117.015305
https://doi.org/10.1124/pr.117.015305
https://doi.org/10.1007/s10571-019-00743-y
https://doi.org/10.1038/s41386-022-01421-2
https://doi.org/10.1038/s41386-022-01421-2
https://doi.org/10.1124/mol.111.073304
https://doi.org/10.1124/jpet.107.132647
https://doi.org/10.1056/NEJMoa1911772
https://doi.org/10.1056/NEJMoa1911772
https://doi.org/10.1111/j.1601-183X.2006.00292.x
https://doi.org/10.1111/j.1601-183X.2006.00292.x
https://doi.org/10.1073/pnas.1103029108
https://doi.org/10.1073/pnas.1103029108
https://doi.org/10.1016/j.pharmthera.2017.07.002


570	 J. M. Meyer, C. U. Correll 

	144.	 McGuire JL, Hammond JH, Yates SD, Chen D, Haroutunian 
V, Meador-Woodruff JH, et al. Altered serine/threonine kinase 
activity in schizophrenia. Brain Res. 2014;1568:42–54. https://​
doi.​org/​10.​1016/j.​brain​res.​2014.​04.​029.

	145.	 Harmeier A, Obermueller S, Meyer CA, Revel FG, Buchy D, 
Chaboz S, et al. Trace amine-associated receptor 1 activation 
silences GSK3β signaling of TAAR1 and D2R heteromers. Eur 
Neuropsychopharmacol. 2015;25(11):2049–61. https://​doi.​org/​
10.​1016/j.​euron​euro.​2015.​08.​011.

	146.	 Heffernan MLR, Herman LW, Brown S, Jones PG, Shao L, 
Hewitt MC, et al. Ulotaront: a TAAR1 agonist for the treatment 
of schizophrenia. ACS Med Chem Lett. 2022;13(1):92–8. https://​
doi.​org/​10.​1021/​acsme​dchem​lett.​1c005​27.

	147.	 Rutigliano G, Accorroni A, Zucchi R. The case for TAAR1 as a 
modulator of central nervous system function. Front Pharmacol. 
2017;8:987. https://​doi.​org/​10.​3389/​fphar.​2017.​00987.

	148.	 Barnes DA, Galloway DA, Hoener MC, Berry MD, Moore CS. 
TAAR1 expression in human macrophages and brain tissue: a 
potential novel facet of MS neuroinflammation. Int J Mol Sci. 
2021;22(21):11576. https://​doi.​org/​10.​3390/​ijms2​22111​576.

	149.	 Christian SL, Berry MD. Trace amine-associated receptors as 
novel therapeutic targets for immunomodulatory disorders. Front 
Pharmacol. 2018;9:680. https://​doi.​org/​10.​3389/​fphar.​2018.​
00680.

	150.	 Michael ES, Covic L, Kuliopulos A. Trace amine-associated 
receptor 1 (TAAR1) promotes anti-diabetic signaling in insulin-
secreting cells. J Biol Chem. 2019;294(12):4401–11. https://​doi.​
org/​10.​1074/​jbc.​RA118.​005464.

	151.	 Ghost. Scoop: Roche scraps one of two schizophrenia PhII trials 
due to missed primary endpoint. 2022. [cited August 29, 2022]. 
https://​www.​hotst​ock-​insig​hts.​com/​scoop-​roche-​scraps-​one-​of-​
two-​schiz​ophre​nia-​phii-​trials-​due-​to-​missed-​prima​ry-​endpo​int/.

	152.	 Correll CU, Koblan KS, Hopkins SC, Li Y, Heather D, Gold-
man R, et al. Safety and effectiveness of ulotaront (SEP-363856) 
in schizophrenia: results of a 6-month, open-label extension 
study. NPJ Schizophr. 2021;7(1):63. https://​doi.​org/​10.​1038/​
s41537-​021-​00190-z.

	153.	 Dedic N, Jones PG, Hopkins SC, Lew R, Shao L, Campbell JE, 
et al. SEP-363856, a novel psychotropic agent with a unique, 
non-D(2) receptor mechanism of action. J Pharmacol Exp Ther. 
2019;371(1):1–14. https://​doi.​org/​10.​1124/​jpet.​119.​260281.

	154.	 Dedic N, Jones PG, Hajos-Korcsok E, Synan C, Wu S, Anacker 
C, et al. TAAR1 agonist ulotaront improves glycemic control 
and reduces body weight in rodent models of diabetes, obesity 
and iatrogenic weight gain [poster]. Presented at Schizophrenia 
International Research Society Congress, April 6–10, 2022, Flor-
ence, Italy; 2022.

https://doi.org/10.1016/j.brainres.2014.04.029
https://doi.org/10.1016/j.brainres.2014.04.029
https://doi.org/10.1016/j.euroneuro.2015.08.011
https://doi.org/10.1016/j.euroneuro.2015.08.011
https://doi.org/10.1021/acsmedchemlett.1c00527
https://doi.org/10.1021/acsmedchemlett.1c00527
https://doi.org/10.3389/fphar.2017.00987
https://doi.org/10.3390/ijms222111576
https://doi.org/10.3389/fphar.2018.00680
https://doi.org/10.3389/fphar.2018.00680
https://doi.org/10.1074/jbc.RA118.005464
https://doi.org/10.1074/jbc.RA118.005464
https://www.hotstock-insights.com/scoop-roche-scraps-one-of-two-schizophrenia-phii-trials-due-to-missed-primary-endpoint/
https://www.hotstock-insights.com/scoop-roche-scraps-one-of-two-schizophrenia-phii-trials-due-to-missed-primary-endpoint/
https://doi.org/10.1038/s41537-021-00190-z
https://doi.org/10.1038/s41537-021-00190-z
https://doi.org/10.1124/jpet.119.260281

	Increased Metabolic Potential, Efficacy, and Safety of Emerging Treatments in Schizophrenia
	Abstract
	1 Cardiometabolic Dysfunction and Schizophrenia
	2 Neural Circuitry and Pathophysiology of Schizophrenia
	3 Novel Targets and Emerging Treatments with Reduced Likelihood of Metabolic Disturbance
	3.1 Glutamate
	3.2 Nicotinic and Muscarinic Receptor Agonists
	3.3 Trace Amine-Associated Receptor 1 Agonists

	4 Conclusions
	Acknowledgements 
	References




