
INTRODUCTION

Schizophrenia is a complex heterogenous disabling disease that is a 
product of genetic and environmental factors. The patho-psycho-physi-
ology of Schizophrenia is still not known completely. Manifestations of 
Schizophrenia include positive, negative and cognitive symptoms. 
Positive symptoms are comprised of auditory and visual hallucinations, 
delusions, abnormal thoughts and disorganized speech. Negative symp-
toms consist blunted affect, apathy, poverty of speech, anhedonia, loss 
of motivation and social withdrawal. Cognitive symptoms are: memory 
difficulties, concentration difficulties, and attention difficulties. 

PRESENT  PHARMACOTHERAPY

Pharmacotherapies have not been successful in bringing about com-
plete recovery in spite of utilizing the present three expanded neural net-
works; which are dopamine, glutamate and serotonin. Drugs produced 
from these three neural networks have not completely fulfilled the 
expectation of full recovery of Schizophrenia. Thus, a considerable gap 
in treatment remains and also unmet needs for recovery are not met. 
Furthermore, the glutamate neural network drugs seem to have difficul-
ty exerting clinical efficacy solely in Schizophrenia1-3,16). Thus, expand-
ing the neural network more than above three neural networks, will sig-
nificantly meet unmet needs, through pharmacotherapy; and optimal 
recovery will also occur. Heterogenicity is also important to take into 
account for obtaining optimal therapeutic success in Schizophrenia. 
Schizophrenia patients have marked variations in symptoms in biologi-
cal and clinical domains, and in receptor pathways. Heterogenicity is 

most likely the cause of individual differences in Schizophrenia symp-
toms in conjunction with underlying neurobiological changes and recep-
tor pathways. In reality, Schizophrenia is a syndrome which is based on 
a combination of various types of sub-groups and different symptoms. 
To obtain optimal benefit from treatment, it is important that future 
steps should recognize various molecular pathways including neurode-
velopmental modalities and synaptic integrity. Other important factors 
that contribute to an incomplete and unsatisfactory response to pres-
ent-day treatment in Schizophrenia are: 1) Prodromal and early 
Schizophrenia treatment are delayed. Neuropathological progression 
continues and causes detrimental effects 2)Delaying early treatment 
may also worsen the long-term therapeutic response of treatment 3) On 
the other hand, long-term effects of antipsychotics can be neurotoxic 4) 
Higher doses of antipsychotics may also produce long-term poor prog-
nosis, while acute phase treatment, utilizing maintenance treatment, will 
be more beneficial to Schizophrenic patients and, 5) The need to expand 
neural pathways (networks) for multi-targeted drugs for the treatment of 
complex heterogenic and multi-factorial of Schizophrenia syndrome, as 
this will bring the best possible therapeutic results1-4).

FUTURE  PHARMACOTHERAPY

Pharmacotherapies for therapeutic success should be achieved by 
multi-targeted ligand, based on multi-targeted drug design. Expansion 
of more than three neural pathways should include the following sug-
gestions1-4,16) : 1) GABA (gamma-aminobutyric acid) pathway, 2) TAARI 
(trace-amine associated pathways), 3) microbiome brain axis root, 4) 
muscarinic, nicotine acetylcholine pathways, 5) neuroinflammations and 
stress inflammations pathway, 6) genetic risk and its therapeutic role, 
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and 7) epigenetic pathways. 
1. GABA (gamma-aminobutyric acid): This is a major inhibitory 

neurotransmitter and is central to brain rhythm-generating network and 
synchrony of neural oscillation network4,5). GABA initiates affect, work-
ing memory, consciousness, and perception. In Schizophrenia memory 
impairment is caused by this network4-8). 

In clinical studies, GABA Agonists have shown to be effective in 
improving core Schizophrenia symptoms4-8). The changes by GABA 
occur in both presynaptic and postsynaptic components9). The dysregu-
lation of excitatory and inhibitory balance is lost and GABA interneu-
rons do not work properly. GABA drugs' function is primary through 
neuropathological mechanism responsible for cognitive symptom 
changes in Schizophrenia patients10,11). Post mortem and animal studies 
have shown that GABAergic drugs selectively modulate and cause 
improvement in episodic working memory and executive function. 
However, the mechanism of interaction of GABA with other neurotrans-
mitter needs to be further studied for knowing the full therapeutic role 
of GABA in pharmacotherapy of Schizophrenia. Molecular underpin-
nings of excitatory and inhibitory balances should be further researched 
to improve etiological understanding, and also to uncover new targets 
for future drug discoveries12-16).

2. TAAR1 (trace amine associated receptor 1) is a member of TAAR 
family and is G protein coupled receptor mostly expressed in ventral 
tegmental area (VTA) and dorsal raphe nucleus (DRN) including pre-
frontal cortex and nucleus accumbens. TAAR1 is structurally related to 
monoaminergic neurotransmitter and modulates presynaptic dopamine 
synthesis capacity which maybe responsible for producing antipsychot-
ic-like effect17-24). TAAR1 also interacts by activating 5-HT1A receptors 
while modulating serotonergic signalling by inhibiting D221,24). 
Modulatory functions on dopaminergic and serotonergic receptors have 
made TAAR1 an important and interesting target for pharmacological 
intervention. TAAR1 has agonist activities and shows the antipsychotic 
properties for the treatment of psychosis and negative symptoms with-
out producing significant neurological and metabolic adverse reactions. 
SEP363856 is one important example of a drug developed by this ave-
nue. This drug has shown significant therapeutic effect on psychosis and 
negative symptoms with mild neurological and metabolic effect23,24).

3. Microbiome brain axis model: This model has been increasing in 
focus for etiology and therapeutic process of Schizophrenia25-28). This 
model is based on bidirectional communication between the central and 
enteric nervous system and ensures the connection of brain with periph-
eral intestinal system. The gut microbiome plays a significant critical 
role in brain development by programming the brain function during 
early development. Epigenetic mechanism29,32,76) is the pathway for gut 
microbiome to affect brain development. Signal pathway from gut 
microbiome to brain includes numerous mechanisms but main pathways 
are as follows: a) immune system which neurophysiologically work 
through cytokine' effect, b) through activation of vagus nerve and, c) 
protection of various metabolism which cross to blood brain barriers 
(BBB) to regulate neurological functions. Through these pathways of 
microbiota brain axis communication controls central physiological pro-
cesses such as neurogenesis, neuroinflammation and neurotransmis-
sion29-31,33). Probiotics modulate the immune response of persons suffer-
ing from Schizophrenia and could be beneficial to Schizophrenia disor-
der31,33-39). Gut brain communication supports the secretion of some neu-
rotropic substances and some intestinal bacteria which can produce 
mediators like GABA and acetylcholine33,38-40). The research and their 
generated reports show that lactobacillus and bifido bacterium adminis-
tered to chronic Schizophrenia patients as an adjunct treatment increases 
the level of brain derived neurotrophic factors40-42). 

4. Muscarine cholinergic receptors (agonist peripheral M1, M4 and 
antagonist M5): Muscarinic acetylcholine receptor subtypes can modu-
late specific brain circuits and thus bring out improvements in positive, 
negative, and cognitive symptoms44). Strong support for muscarinic cho-
linergic role in Schizophrenia comes from post mortem and brain imag-
ing studies55). Muscarinic and nicotinic acetylcholine pathways have 
become the focus of developing antipsychotic drugs43,45-52). The combina-
tion of Xanomeline and Trospium chloride49,53) have produced significant 
antipsychotic efficacy with improved safety profile in Phase II study. 
Xanomeline, an mAchR/M4 preferring agonist alone was utilized in 
refractory Schizophrenia and caused procholinergic side effects like 
nausea, diarrhea and vomiting. However, the combination with 
Trospium chloride the adverse effects of procholinergic type were elimi-
nated and safety profile of combined medication (Xanomeline and 
Trospium) significantly improved49,54). One of the proposed mechanism 
of activity indicates that the combined drugs reduces the cholinergic 
tone within striatum thus reducing striatal dopamine level. The involve-
ment of Xanomeline is in pathophysiology of Schizophrenia and has no 

direct effect on dopamine. Pharmacologically, Xanomeline is selective 
M1 and M4 receptor agonist whereas Trospium is a pan muscarinic 
antagonist; and the combination of both brings out the best of 
Xanomeline by eliminating the adverse reactions. In spite of good thera-
peutic results of combined drugs, larger and longer duration studies are 
needed for finding the best flexible ratio of combination confirming the 
best therapeutic efficacy.

5. Neuroinflammation Immune System Dysregulation and Stress 
Model: Neuroinflammation model of Schizophrenia in the light of 
recent research has been enlarged to Vulnerability Stress Inflammation 
Model55-60,67). There have been the following findings which confirm 
validity and recognition of this model: a) stress usually increase proin-
flammatory cytokines along with acute phase protein and contributes to 
neuroinflammation. Immune inflammatory disturbance in Schizophrenia 
show that IL-6 is one of the most commonly distributed cytokines 
besides others like IL-1, TNF and IFN58-60), b) low level neuroinflamma-
tion are observed in neurotransmission of Schizophrenia with dysregula-
tion of immune system, c)antipsychotics usually provide anti-inflamma-
tory and immunomodulatory effect58-63), d) prenatal inflammatory events 
seen as infection, environmental stresses and alteration in immune sys-
tem lead to synaptic plasticity disturbance. This plasticity disturbance 
plays and important part in neuroinflammation and causes disturbed 
neurodevelopment in the fetus. Developmental disruption in early brain 
development can cause heightened vulnerability to stress. Stress also 
leads transition to psychosis which increases the inflammatory markers.

Stress in vulnerable individuals can also lead to first episode psy-
chosis and also relapses in Schizophrenia. Anti-inflammatory agents 
have been tried in the treatment of Schizophrenia61) and have been 
shown therapeutic responses and efficacy; but the therapeutic responses 
and benefit has not been convincing61). The possible interplay of immune 
activated microglia and cytokines can be involved through inflammato-
ry process in the course of Schizophrenia. This can provide some scien-
tific basis for role of therapeutic efficacy as an adjunct to antipsychotic 
medication for the treatment of Schizophrenia60,61,65-67).

6. Genetic Risk and its Therapeutic Role: The neurobiology 
involved in the genetic risk of Schizophrenia is complex. Over one hun-
dred small nucleotide polymorphisms copy many variations and chang-
es in gene expression; making the understanding that the genetic risk 
and their suitability for therapeutic gain are very difficult to find. 
Schizophrenia represents multidimensional complex phenotypes. 
GWAS have revealed large number of alleles and more than one hun-
dred loci many of which contain multiple genes and polygenic scores 
allows us to determine risk of Schizophrenia with minor susceptibility. 
Large number of alleles indicate the Schizophrenia risk through poly-
genic route74). The concept of monogenic disorder for Schizophrenia has 
been therefore abandoned a long time ago, while gene expression con-
firms polygenic risk67-75). 

7. Role of Epigenesis in Schizophrenia in Etiology and Therapeutic 
Goal: Schizophrenia has impact from environmental factors and genetic 
factors and both play an important part in the pathogenesis of 
Schizophrenia. Epigenetic changes in Schizophrenia thus represent 
mixed factors and can reveal etiological window, provide help in thera-
peutic management, and prevention of heterogeneous Schizophrenia 
disorder. Phenotype expression of Schizophrenia is mainly due to com-
plex interactions between risk alleles and environmental risk factors76) in 
response to positive and negative environmental stimuli76). Epigenetic 
alteration at the reelin promoter plays important part in epigenetic pro-
cess. Histone post transcriptional modification, regulation of chromatin 
structure, microRNA regulation of signalling pathways including those 
involved in DNA methylation are main pathways of Schizophrenia76-80).

These signalling pathways with the involvement of DNA methyla-
tion are a dynamic process which are capable to meet the need of envi-
ronmental stimulus with polygenic gene factors. Epigenetic abnormali-
ties including faulty communication in between various epigenetic 
mediators as described in pathways are significant cause of 
Schizophrenia disorder. Epigenetic mechanisms also regulate gene func-
t ion and cause change in nucleot ide sequences of DNA in 
Schizophrenia. Abnormal epigenetic liabilities to Schizophrenia are able 
to superimpose on polygenic risk through various pathways described 
above. 

DISCUSSION

Unmet needs, and a minority of Schizophrenia patients not respond-
ing to present treatment are a common phenomenon. With drugs avail-
able at present, the therapeutic responses has been unsatisfactory. The 
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reasons for such an unsatisfactory response are many; but the important 
scientific reasons are as follows:

a) Schizophrenia patients are heterogeneous and exhibit marked 
variation in symptoms, and the biological characteristics of symptoms 
are not clear. The three neural pathways (dopamine, glutamate and sero-
tonin) are successful in controlling psychotic symptoms produced most-
ly by the three neural pathways; but other symptoms produced by other 
pathways are not controlled by present treatment. These pathways 
should be controlled by multi-targeted drugs or drugs which bind to 
uncovered pathways b) difficulties in recognizing early and prodromal 
phases; and seldom are these phases treated. This allows progression of 
neuropathological causes of Schizophrenia and poses difficulty in treat-
ing at the advanced stage. The delay of the treatment delays the satisfac-
tory response of treatment. The present recommendation should be fol-
lowed by starting comprehensive treatment as early as possible and 
avoid relapse while minimizing the adverse reaction of treatment c) 
Long-term treatment also remains a problem in itself. Questions have 
been raised that long-term treatment may cause neurotoxicity. Reduced 
brain volume and long-term use of drugs may also cause neurotoxicity 
d) high dose of medications use is also not very therapeutic as high dose 
of medications also precipitate neurotoxicity. Developing maintenance 
treatment and drug discontinuation should be tried with a view to con-
trolling the relapse if it occurs by treatment. Twenty percent of patients 
treated in the early phase of Schizophrenia go into remission and do not 
need further treatment. 

Comprehensive pharmacotherapy to cover all neural paths encom-
passes two scenarios: the first is that single drug of future has the capac-
ity to bind multiple targets; the second scenario is to utilize multiple 
drugs to bind multiple targets. Polypharmacy as described in the second 
scenario is defined as use of drugs to act on multiple targets of disease 
pathways. In 2014, National Library provided scientists with the above 
definition but also suggested that drug interaction risk should be avoid-
ed or controlled. Combining multiple drugs binding to multiple targets 
has now become an acceptable therapeutic way to be used in various 
diseases. 

In recent years development of a single molecule with multi-target 
drugs (MTDS) has become increasingly feasible. However, it still 
remains a difficult, complex and challenging situation. 

CONCLUSION

Schizophrenia is a multi-targeted, complex and heterogenous syn-
drome and needs pharmacotherapy with multi-targeted drugs. This is 
challenging; but with future research and new techniques, it is feasible. 
This paper has suggested the uncovered pathways to be treated by phar-
macotherapy for the optimal treatment of Schizophrenia as a syndrome. 
Future goals should be to design either single drug with multiple bind-
ings or multiple drugs to bind with all the multiple targets of 
Schizophrenia. Structure-based virtual scenarios for potential antipsy-
chotics with multi-targeted designs have been produced81,82,83). Future 
research will bring knowledge-based approaches, screening approaches 
and computational approaches, alone or in combination, to find single or 
multiple drugs for the treatment of Schizophrenia syndrome. 

REFERENCES

 1. Stahl, S. M. (2018). Beyond the dopamine hypothesis of schizophrenia to three neural 
networks of psychosis: dopamine, serotonin, and glutamate. CNS spectrums, 23(3), 
187-191.

 2. Goff, D. C. (2021). The pharmacologic treatment of schizophrenia---2021. JAMA, 
325(2), 175-176.

 3. Nagamine, T. (2013). Why Do the New Drugs Based on the Glutamate Hypothesis 
Seem to be Difficult to Exert Clinical Efficacy Solely in Schizophrenia?. International 
Medical Journal, 20(5), 542-543.

 4. Yang, A. C., & Tsai, S. J. (2017). New targets for schizophrenia treatment beyond the 
dopamine hypothesis. International journal of molecular sciences, 18(8), 1689.

 5. Uhlhaas, P. J., & Singer, W. (2010). Abnormal neural oscillations and synchrony in 
schizophrenia. Nature reviews neuroscience, 11(2), 100-113.

 6. Cardin, J. A., Carlén, M., Meletis, K., Knoblich, U., Zhang, F., Deisseroth, K., ... & 
Moore, C. I. (2009). Driving fast-spiking cells induces gamma rhythm and controls 
sensory responses. Nature, 459(7247), 663-667.

 7. Lewis, D. A., & Gonzalez-Burgos, G. (2006). Pathophysiologically based treatment 
interventions in schizophrenia. Nature medicine, 12(9), 1016-1022.

 8. Wassef, A., Baker, J., & Kochan, L. D. (2003). GABA and schizophrenia: a review of 

basic science and clinical studies. Journal of clinical psychopharmacology, 23(6), 
601-640.

 9. Gomes, F. V., & Grace, A. A. (2021). Beyond dopamine receptor antagonism: new tar-
gets for schizophrenia treatment and prevention. International Journal of Molecular 
Sciences, 22(9), 4467.

 10. Benes, F. M. (2015). The GABA system in schizophrenia: cells, molecules and micro-
circuitry. Schizophrenia research, 167(1-3), 1-3.

 11. Martínez, A. L., Brea, J., Rico, S., de Los Frailes, M. T., & Loza, M. I. (2021). 
Cognitive Deficit in Schizophrenia: From Etiology to Novel Treatments. International 
Journal of Molecular Sciences, 22(18), 9905.

 12. Gao, R., & Penzes, P. (2015). Common mechanisms of excitatory and inhibitory imbal-
ance in schizophrenia and autism spectrum disorders. Current molecular medicine, 
15(2), 146-167.

 13. Guidotti, A., Auta, J., Davis, J. M., Dong, E., Grayson, D. R., Veldic, M., ... & Costa, E. 
(2005). GABAergic dysfunction in schizophrenia: new treatment strategies on the 
horizon. Psychopharmacology, 180(2), 191-205

 14. Sim, F., Sweetman, I., Kapur, S., & Patel, M. X. (2015). Re-examining the role of ben-
zodiazepines in the treatment of schizophrenia: a systematic review. Journal of 
Psychopharmacology, 29(2), 212-223.

 15. Sonnenschein, S. F., & Grace, A. (2021). Emerging therapeutic targets for schizophre-
nia: a framework for novel treatment strategies for psychosis. Expert Opinion on 
Therapeutic Targets, 25(1), 15-26.

 16. Singh, A. N. (2005). Trend of New Antipsychotics in Development for Schizophrenia. 
International Medical Journal.

 17. Lindemann, L., Meyer, C. A., Jeanneau, K., Bradaia, A., Ozmen, L., Bluethmann, H., ... 
& Hoener, M. C. (2008). Trace amine-associated receptor 1 modulates dopaminergic 
activity. Journal of Pharmacology and Experimental Therapeutics, 324(3), 948-956.

 18. Lindemann, L., Ebeling, M., Kratochwil, N. A., Bunzow, J. R., Grandy, D. K., & 
Hoener, M. C. (2005). Trace amine-associated receptors form structurally and func-
tionally distinct subfamilies of novel G protein-coupled receptors. Genomics, 85(3), 
372-385.

 19. Revel, F. G., Moreau, J. L., Gainetdinov, R. R., Bradaia, A., Sotnikova, T. D., Mory, R., 
... & Hoener, M. C. (2011). TAAR1 activation modulates monoaminergic neurotrans-
mission, preventing hyperdopaminergic and hypoglutamatergic activity. Proceedings 
of the national academy of sciences, 108(20), 8485-8490.

 20. Dedic, N., Jones, P. G., Hopkins, S. C., Lew, R., Shao, L., Campbell, J. E., ... & 
Koblan, K. S. (2019). SEP-363856, a novel psychotropic agent with a unique, non-D2 
receptor mechanism of action. Journal of Pharmacology and Experimental 
Therapeutics, 371(1), 1-14.

 21. Koblan, K. S., Kent, J., Hopkins, S. C., Krystal, J. H., Cheng, H., Goldman, R., & 
Loebel, A. (2020). A non---D2-receptor-binding drug for the treatment of schizophre-
nia. New England Journal of Medicine, 382(16), 1497-1506.

 22. Altieri, S. C., Garcia-Garcia, A. L., Leonardo, E. D., & Andrews, A. M. (2013). 
Rethinking 5-HT1A receptors: emerging modes of inhibitory feedback of relevance to 
emotion-related behavior. ACS chemical neuroscience, 4(1), 72-83.

 23. Kokkinou, M., Irvine, E. E., Bonsall, D. R., Natesan, S., Wells, L. A., Smith, M., ... & 
Howes, O. D. (2021). Reproducing the dopamine pathophysiology of schizophrenia 
and approaches to ameliorate it: a translational imaging study with ketamine. 
Molecular psychiatry, 26(6), 2562-2576.

 24. Begni, V., Sanson, A., Luoni, A., Sensini, F., Grayson, B., Munni, S., ... & Riva, M. A. 
(2021). Towards Novel Treatments for Schizophrenia: Molecular and Behavioural 
Signatures of the Psychotropic Agent SEP-363856. International Journal of Molecular 
Sciences, 22(8), 4119.

 25. Golofast, B., & Vales, K. (2020). The connection between microbiome and schizophre-
nia. Neuroscience & Biobehavioral Reviews, 108, 712-731.

 26. Seeman, M. V. (2021). The gut microbiome and antipsychotic treatment response. 
Behavioural Brain Research, 396, 112886.

 27. Li, S., Song, J., Ke, P., Kong, L., Lei, B., Zhou, J., ... & Wu, K. (2021). The gut micro-
biome is associated with brain structure and function in schizophrenia. Scientific 
reports, 11(1), 1-11.

 28. Manchia, M., Fontana, A., Panebianco, C., Paribello, P., Arzedi, C., Cossu, E., ... & 
Carpiniello, B. (2021). Involvement of gut microbiota in schizophrenia and treatment 
resistance to antipsychotics. Biomedicines, 9(8), 875.

 29. Yuan, X., Kang, Y., Zhuo, C., Huang, X. F., & Song, X. (2019). The gut microbiota 
promotes the pathogenesis of schizophrenia via multiple pathways. Biochemical and 
biophysical research communications, 512(2), 373-380.

 30. Sherwin, E., Sandhu, K. V., Dinan, T. G., & Cryan, J. F. (2016). May the force be with 
you: the light and dark sides of the microbiota---gut---brain axis in neuropsychiatry. 
CNS drugs, 30(11), 1019-1041.

 31. El Aidy, S., Dinan, T. G., & Cryan, J. F. (2014). Immune modulation of the brain-gut-
microbe axis. Frontiers in microbiology, 5, 146.

 32. Stilling, R. M., Dinan, T. G., & Cryan, J. F. (2014). Microbial genes, brain & 
behaviour---epigenetic regulation of the gut---brain axis. Genes, Brain and Behavior, 
13(1), 69-86.

 33. Fouhy, F., Watkins, C., Hill, C. J., O'Shea, C. A., Nagle, B., Dempsey, E. M., ... & 
Stanton, C. (2019). Perinatal factors affect the gut microbiota up to four years after 
birth. Nature communications, 10(1), 1-10.

 34. Sordillo, J. E., Korrick, S., Laranjo, N., Carey, V., Weinstock, G. M., Gold, D. R., ... & 
Weiss, S. T. (2019). Association of the infant gut microbiome with early childhood 



Singh A. N. 169
neurodevelopmental outcomes: an ancillary study to the VDAART randomized clini-
cal trial. JAMA network open, 2(3), e190905-e190905.

 35. Dickerson, F. B., Stallings, C., Origoni, A., Katsafanas, E., Savage, C. L., 
Schweinfurth, L. A., ... & Yolken, R. H. (2014). Effect of probiotic supplementation 
on schizophrenia symptoms and association with gastrointestinal functioning: a ran-
domized, placebo-controlled trial. The primary care companion for CNS disorders, 
16(1).

	 36.	 Frölich,	E.	E.,	Farzi,	A.,	Mayerhofer,	R.,	Reichmann,	F.,	 Jačan,	A.,	Wagner,	B.,	 ...	&	
Holzer, P. (2016). Cognitive impairment by antibiotic-induced gut dysbiosis: analysis 
of gut microbiota-brain communication. Brain, behavior, and immunity, 56, 140-155.

 37. Wang, Y., Yuan, X., Kang, Y., & Song, X. (2019). Tryptophan-kynurenine pathway as 
a novel link between gut microbiota and schizophrenia: A review. Tropical Journal of 
Pharmaceutical Research, 18(4), 897-905.

 38. Kelly, J. R., Minuto, C., Cryan, J. F., Clarke, G., & Dinan, T. G. (2021). The role of the 
gut microbiome in the development of schizophrenia. Schizophrenia research, 234, 
4-23.

 39. De Vadder, F., Kovatcheva-Datchary, P., Goncalves, D., Vinera, J., Zitoun, C., 
Duchampt, A., ... & Mithieux, G. (2014). Microbiota-generated metabolites promote 
metabolic benefits via gut-brain neural circuits. Cell, 156(1-2), 84-96.

 40. Szeligowski, T., Yun, A. L., Lennox, B. R., & Burnet, P. W. (2020). The gut microbi-
ome and schizophrenia: the current state of the field and clinical applications. 
Frontiers in psychiatry, 11, 156.

 41. Savignac, H. M., Corona, G., Mills, H., Chen, L., Spencer, J. P., Tzortzis, G., & Burnet, 
P. W. (2013). Prebiotic feeding elevates central brain derived neurotrophic factor, 
N-methyl-D-aspartate receptor subunits and D-serine. Neurochemistry international, 
63(8), 756-764.

 42. Islam, F., Mulsant, B. H., Voineskos, A. N., & Rajji, T. K. (2017). Brain-derived neuro-
trophic factor expression in individuals with schizophrenia and healthy aging: testing 
the accelerated aging hypothesis of schizophrenia. Current psychiatry reports, 19(7), 
36.

 43. Raedler, T. J., Bymaster, F. P., Tandon, R., Copolov, D., & Dean, B. (2007). Towards a 
muscarinic hypothesis of schizophrenia. Molecular psychiatry, 12(3), 232-246.

 44. Foster, D. J., Bryant, Z. K., & Conn, P. J. (2021). Targeting muscarinic receptors to 
treat schizophrenia. Behavioural Brain Research, 405, 113201.

 45. van Koppen, C. J., & Kaiser, B. (2003). Regulation of muscarinic acetylcholine recep-
tor signaling. Pharmacology & therapeutics, 98(2), 197-220.

 46. Brannan, S. K., Sawchak, S., Miller, A. C., Lieberman, J. A., Paul, S. M., & Breier, A. 
(2021). Muscarinic cholinergic receptor agonist and peripheral antagonist for schizo-
phrenia. New England Journal of Medicine, 384(8), 717-726.

 47. Dean, B., & Scarr, E. (2020). Muscarinic M1 and M4 receptors: Hypothesis driven drug 
development for schizophrenia. Psychiatry research, 288, 112989.

 48. Shannon, H. E., Bymaster, F. P., Calligaro, D. O., Greenwood, B., Mitch, C. H., 
Sawyer, B. D., ... & Sheardown, M. J. (1994). Xanomeline: a novel muscarinic recep-
tor agonist with functional selectivity for M1 receptors. Journal of Pharmacology and 
Experimental Therapeutics, 269(1), 271-281.

 49. Staskin, D., Kay, G., Tannenbaum, C., Goldman, H. B., Bhashi, K., Ling, J., & 
Oefelein, M. G. (2010). Trospium chloride has no effect on memory testing and is 
assay undetectable in the central nervous system of older patients with overactive 
bladder. International journal of clinical practice, 64(9), 1294-1300.

 50. Shekhar, A., Potter, W. Z., Lightfoot, J., Lienemann D Pharm, J., Dub  S., Mallinckrodt, 
C., ... & Felder, C. C. (2008). Selective muscarinic receptor agonist xanomeline as a 
novel treatment approach for schizophrenia. American Journal of Psychiatry, 165(8), 
1033-1039.

 51. Grant, M. K., & El-Fakahany, E. E. (2005). Persistent binding and functional antago-
nism by xanomeline at the muscarinic M5 receptor. Journal of Pharmacology and 
Experimental Therapeutics, 315(1), 313-319.

 52. Jones, C. K., Byun, N., & Bubser, M. (2012). Muscarinic and nicotinic acetylcholine 
receptor agonists and allosteric modulators for the treatment of schizophrenia. 
Neuropsychopharmacology, 37(1), 16-42.

 53. Erskine, D., Taylor, J. P., Bakker, G., Brown, A. J., Tasker, T., & Nathan, P. J. (2019). 
Cholinergic muscarinic M1 and M4 receptors as therapeutic targets for cognitive, 
behavioural, and psychological symptoms in psychiatric and neurological disorders. 
Drug discovery today, 24(12), 2307-2314.

 54. Kavoussi, R., Miller, A. C., Brannan, S. K., & Breier, A. (2017, May). Results of a dou-
ble-blind, placebocontrolled, tolerability study of KarXT, a novel combination target-
ing muscarinic acetylcholine receptors using xanomeline with trospium chloride to 
mitigate cholinergic side effects. In Poster presented at American Society of Clinical 
Psychopharmacology Annual Meeting, Miami Beach, FL.

 55. Müller, N. (2018). Inflammation in schizophrenia: pathogenetic aspects and therapeutic 
considerations. Schizophrenia bulletin, 44(5), 973-982.

 56. Müller, N., Weidinger, E., Leitner, B., & Schwarz, M. J. (2015). The role of inflamma-
tion in schizophrenia. Frontiers in neuroscience, 9, 372.

 57. Anderson, G., Maes, M., & Berk, M. (2013). Schizophrenia is primed for an increased 
expression of depression through activation of immuno-inflammatory, oxidative and nitro-
sative stress, and tryptophan catabolite pathways. Progress in Neuro-Psychopharmacology 
and Biological Psychiatry, 42, 101-114.

 58. Hong, J., & Bang, M. (2020). Anti-inflammatory strategies for schizophrenia: a review of 
evidence for therapeutic applications and drug repurposing. Clinical Psychopharmacology 
and Neuroscience, 18(1), 10.

 59. Khandaker, G. M., Cousins, L., Deakin, J., Lennox, B. R., Yolken, R., & Jones, P. B. 
(2015). Inflammation and immunity in schizophrenia: implications for pathophysiolo-
gy and treatment. The Lancet Psychiatry, 2(3), 258-270.

 60. Bakos, J., Duncko, R., Makatsori, A., Pirnik, Z., Kiss, A., & Jezova, D. (2004). Prenatal 
immune challenge affects growth, behavior, and brain dopamine in offspring. Annals 
of the New York Academy of Sciences, 1018(1), 281-287.

 61. Kroken, R. A., Sommer, I. E., Steen, V. M., Dieset, I., & Johnsen, E. (2019). 
Constructing the immune signature of schizophrenia for clinical use and research; an 
integrative review translating descriptives into diagnostics. Frontiers in psychiatry, 9, 
753.

 62. Fond, G., Lançon, C., Korchia, T., Auquier, P., & Boyer, L. (2020). The role of inflam-
mation in the treatment of schizophrenia. Frontiers in psychiatry, 11, 160.

 63. Cho, M., Lee, T. Y., Kwak, Y. B., Yoon, Y. B., Kim, M., & Kwon, J. S. (2019). 
Adjunctive use of anti-inflammatory drugs for schizophrenia: a meta-analytic investi-
gation of randomized controlled trials. Australian & New Zealand Journal of 
Psychiatry, 53(8), 742-759.

 64. Fond, G., Hamdani, N., Kapczinski, F., Boukouaci, W., Drancourt, N., Dargel, A., ... & 
Leboyer, M. (2014). Effectiveness and tolerance of anti□ inflammatory drugs' add□ on 
therapy in major mental disorders: a systematic qualitative review. Acta Psychiatrica 
Scandinavica, 129(3), 163-179.

 65. Akhondzadeh, S., Tabatabaee, M., Amini, H., Abhari, S. A. A., Abbasi, S. H., & 
Behnam, B. (2007). Celecoxib as adjunctive therapy in schizophrenia: a double-blind, 
randomized and placebo-controlled trial. Schizophrenia research, 90(1-3), 179-185.

 66. Zheng, W., Cai, D. B., Yang, X. H., Ungvari, G. S., Ng, C. H., Mueller, N., ... & Xiang, 
Y. T. (2017). Adjunctive celecoxib for schizophrenia: a meta-analysis of randomized, 
double-blind, placebo-controlled trials. Journal of psychiatric research, 92, 139-146.

	 67.	 Ľupták,	M.,	Michaličková	D.,	Fišar,	Z.,	Kitzlerová	E.,	&	Hroudová	 J.	 (2021).	Novel	
approaches in schizophrenia-from risk factors and hypotheses to novel drug targets. 
World Journal of Psychiatry, 11(7), 277.

 68. Tamminga, C. A., & Holcomb, H. H. (2005). Phenotype of schizophrenia: a review 
and formulation. Molecular psychiatry, 10(1), 27-39.

 69. Ripke, S., Neale, B. M., Corvin, A., Walters, J. T., Farh, K. H., Holmans, P. A., ... & 
Milanova, V. (2014). Biological insights from 108 schizophrenia-associated genetic 
loci. Nature, 511(7510), 421.

 70. Kotlar, A. V., Mercer, K. B., Zwick, M. E., & Mulle, J. G. (2015). New discoveries in 
schizophrenia genetics reveal neurobiological pathways: a review of recent findings. 
European journal of medical genetics, 58(12), 704-714.

 71. Greenwood, T. A., Lazzeroni, L. C., Maihofer, A. X., Swerdlow, N. R., Calkins, M. E., 
Freedman, R., ... & Braff, D. L. (2019). Genome-wide association of endophenotypes 
for schizophrenia from the Consortium on the Genetics of Schizophrenia (COGS) 
study. JAMA psychiatry, 76(12), 1274-1284.

 72. Cross-Disorder Group of the Psychiatric Genomics Consortium. (2013). Identification 
of risk loci with shared effects on five major psychiatric disorders: a genome-wide 
analysis. The Lancet, 381(9875), 1371-1379.

 73. Fromer, M., Roussos, P., Sieberts, S. K., Johnson, J. S., Kavanagh, D. H., Perumal, T. 
M., ... & Sklar, P. (2016). Gene expression elucidates functional impact of polygenic 
risk for schizophrenia. Nature neuroscience, 19(11), 1442-1453.

 74. McCutcheon, R. A., Marques, T. R., & Howes, O. D. (2020). Schizophrenia---an over-
view. JAMA psychiatry, 77(2), 201-210.

 75. Ross, C. A., Margolis, R. L., Reading, S. A., Pletnikov, M., & Coyle, J. T. (2006). 
Neurobiology of schizophrenia. Neuron, 52(1), 139-153.

 76. Singh, A. N. (2019). Role of Epigenesis in Criminology. International Medical Journal, 
26(5).

 77. Svrakic, D. M., Zorumski, C. F., Svrakic, N. M., Zwir, I., & Cloninger, C. R. (2013). 
Risk architecture of schizophrenia: the role of epigenetics. Current opinion in psychia-
try, 26(2), 188-195.

 78. Shorter, K. R., & Miller, B. H. (2015). Epigenetic mechanisms in schizophrenia. 
Progress in biophysics and molecular biology, 118(1-2), 1-7.

 79. Akbarian, S. (2014). Epigenetic mechanisms in schizophrenia. Dialogues in clinical 
neuroscience, 16(3), 405.

 80. Tienari, P., Wynne, L. C., Sorri, A., Lahti, I., Läksy, K., Moring, J., ... & Wahlberg, K. 
E. (2004). Genotype---environment interaction in schizophrenia-spectrum disorder: 
Long-term follow-up study of Finnish adoptees. The British Journal of Psychiatry, 
184(3), 216-222.

	 81.	 Stępnicki,	P.,	Kondej,	M.,	Koszła,	O.,	Żuk,	J.,	&	Kaczor,	A.	A.	(2021).	Multi-targeted	
drug design strategies for the treatment of schizophrenia. Expert Opinion on Drug 
Discovery, 16(1), 101-114.

 82. Bolognesi, M. L. (2019). Harnessing polypharmacology with medicinal chemistry. ACS 
medicinal chemistry letters, 10(3), 273-275.

 83. Wathieu, H., T Issa, N., W Byers, S., & Dakshanamurthy, S. (2016). Harnessing poly-
pharmacology with computer-aided drug design and systems biology. Current phar-
maceutical design, 22(21), 3097-3108.


