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REVIEW

Clozapine pharmacogenetics: A literature 
review 

SUMMARY 

Clozapine is the most effective antipsychotic for treatment-resistant schizophrenia, yet its use is limited by 
interindividual variability in metabolism, efficacy, and adverse effects. This review examines the contribution of 
pharmacogenetics to these differences. 

A comprehensive literature review was conducted focusing on genetic determinants of clozapine pharmacoki-
netics, pharmacodynamics, treatment response, and adverse effects. Key cytochrome P450 enzymes, regulatory 
loci, and neurotransmitter receptor gene variants were evaluated. 

CYP1A2 polymorphisms and emerging loci such as NFIB significantly influence clozapine metabolism. Genetic 
variants in neurotransmitter receptor genes modulate efficacy and the risk of adverse effects, including weight 
gain and hematological abnormalities. Pharmacogenetic testing can complement therapeutic drug monitoring 
to optimize treatment outcomes. 

Pharmacogenetics enhances understanding of interindividual variability in clozapine response, but current evi-
dence does not support routine genotype-based dosing. Personalized therapy integrating pharmacogenetic 
data, therapeutic drug monitoring, and clinical assessment remains the most promising approach. Further 
research is needed to implement these strategies in routine clinical practice. 
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INTRODUCTION  

Clozapine treatment exhibits considerable variabi-
lity in drug exposure, therapeutic response, and 
susceptibility to adverse effects, presenting chal-
lenges for clinical management. This review syn-
thesizes current evidence on the pharmacogenetics 
of clozapine, focusing on genetic determinants of 
pharmacokinetics, pharmacodynamic response, 
and adverse effects. By integrating pharmacogenet-
ic, pharmacogenomic, and clinical data, we aim to 
clarify how genetic variability contributes to treat-
ment outcomes and to evaluate the clinical utility 
and limitations of pharmacogenetic testing within 
emerging personalized psychiatry frameworks. 

 

Review Methodology 

A narrative literature review was conducted using 
PubMed/MEDLINE, Scopus, and Google Scholar 
databases. The search strategy included combina-
tions of the following keywords: “clozapine,” 
“pharmacogenetics,” “pharmacogenomics,” 
“CYP1A2,” “therapeutic drug monitoring,” 
“adverse effects,” “treatment-resistant schizophre-
nia,” and “personalized psychiatry.” Priority was 
given to peer-reviewed articles, systematic reviews, 
meta-analyses, pharmacogenetic association stu-
dies, and clinical guidelines published in English 
between 2000 and 2025, although seminal earlier 
studies were also included when relevant. Articles 
were selected based on their relevance to clozapine 
pharmacokinetics, pharmacodynamics, treatment 
response, adverse effects, and clinical implementa-
tion of pharmacogenetics. Publications lacking 
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direct relevance or sufficient methodological detail 
were excluded. 

General Overview of Clozapine  

Clozapine is the most effective antipsychotic for 
treatment-resistant schizophrenia (TRS), defined 
as inadequate response to at least two antipsy-
chotics. Evidence from meta-analyses and rando-
mized trials consistently shows superior efficacy 
over first- and second-generation antipsychotics, 
with reductions in symptom severity and relapse 
risk (1,2). 

Beyond core psychotic symptoms, clozapine 
reduces aggression, hostility, and suicide risk (3,4), 
effects that distinguish it from other antipsychotics. 
Its pharmacodynamic profile—low, rapidly dissoci-
ating dopamine D2 receptor occupancy combined 
with high affinity for serotonergic (5-HT2A), his-
taminergic (H1), muscarinic (M1), and adrenergic 
receptors—likely underpins these unique benefits 
(5-7). 

Despite its advantages, clozapine remains under-
utilized due to risks of agranulocytosis, myocarditis, 
and seizures, and the requirement for regular 
hematological monitoring. Systemic factors, inclu-
ding clinician hesitancy and healthcare disparities, 
further limit its use (8). 

Clozapine Metabolism and Determinants of 
Plasma Concentrations 

Clozapine undergoes extensive hepatic biotransfor-
mation, primarily via the cytochrome P450 1A2 
(CYP1A2) enzyme with secondary contributions 
from CYP3A4 and, to a lesser extent, CYP2D6 
(9,10). These metabolic pathways convert cloza-
pine to its principal metabolites, including nor-
clozapine and clozapine N-oxide, and contribute 
substantially to the marked interindividual variabil-
ity in plasma concentrations observed in clinical 
practice. The predominant role of CYP1A2 helps 
explain much of this variability. 

Environmental and physiological factors strongly 
influence CYP1A2 activity. Cigarette smoking 

induces CYP1A2 and increases clozapine clear-
ance, resulting in lower plasma concentrations in 
smokers than in nonsmokers (11,12). In contrast, 
systemic inflammation may suppress CYP1A2 
activity and cause clinically significant increases in 
clozapine plasma levels despite unchanged dosing, 
thereby increasing toxicity risk (13). These dynamic 
effects underscore the vulnerability of clozapine 
pharmacokinetics to acute changes in patients’ cli-
nical status. 

Clinically relevant drug–drug interactions further 
contribute to variability in clozapine exposure. 
Potent CYP1A2 inhibitors, most notably fluvoxam-
ine, can substantially elevate clozapine plasma con-
centrations, sometimes necessitating pronounced 
dose reductions (14). In addition, co-administra-
tion of valproate has been associated with alter-
ations in clozapine metabolism. While valproate 
may inhibit clozapine metabolism, it has been 
reported to induce norclozapine metabolism, 
resulting in lower norclozapine concentrations on 
average, although interindividual variability 
remains considerable (13). 

Beyond enzymatic activity, demographic and indi-
vidual patient characteristics-including age, sex, 
body composition, and comorbid medical condi-
tions—also influence clozapine distribution and 
elimination. Collectively, these factors reinforce 
the clinical necessity for individualized dosing 
strategies and routine therapeutic drug monitoring, 
which remains the cornerstone for optimizing 
clozapine treatment in real-world settings (15,16). 
Genetic variation in metabolic enzymes also con-
tributes to variability in clozapine pharmacokinet-
ics. CYP1A2 polymorphisms may affect enzyme 
inducibility, particularly in smokers, although their 
direct effects on plasma clozapine concentrations 
appear modest across studies (17). Emerging evi-
dence suggests that additional genetic factors may 
play clinically relevant roles. Variants in CYP3A5 
and CYP3A4 appear to contribute to clozapine 
metabolism in certain patient subsets, particularly 
when CYP1A2 activity is reduced (18). Moreover, 
recent large-scale pharmacogenetic studies have 
identified regulatory loci, such as NFIB, as signifi-
cant modulators of clozapine serum concentra-
tions, highlighting the importance of transcription-
al regulation alongside classical drug-metabolizing 
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enzymes (19). 

Genetic factors beyond CYP enzymes, including 
transporter genes and rare pharmacogene variants, 
may influence clozapine exposure, although their 
clinical utility remains uncertain. Clozapine phar-
macokinetics reflect interactions among genetic, 
environmental, and clinical factors. Accordingly, 
pharmacogenetic data may assist dose individua-
lization but do not replace therapeutic drug moni-
toring. 

Serum Clozapine Levels and Adverse Drug 
Reactions 

Clozapine is associated with a wide range of 
adverse drug reactions (ADRs), some of which are 
concentration-dependent, while others reflect 
idiosyncratic or immune-mediated mechanisms. 
Understanding these distinctions is crucial for opti-
mizing therapeutic drug monitoring (TDM) and 
risk mitigation. 

Gastrointestinal Hypomotility: Gastrointestinal 
hypomotility is a major source of clozapine-related 
morbidity, with studies showing that up to 80% of 
patients exhibit delayed colonic transit (20). Higher 
plasma clozapine levels correlate with slower tran-
sit (Spearman’s ρ = 0.45, p = 0.045) (20), likely 
due to muscarinic and serotonergic antagonism 
(21). Subjective reports often underestimate risk, 
supporting routine preventative bowel manage-
ment, though prospective interventional data are 
limited (22). 

Pneumonia and Aspiration Risk: Pneumonia is a 
leading cause of clozapine-related mortality, 
exceeding deaths from agranulocytosis (23). 
Mechanisms include hypersalivation, sedation, and 
increased aspiration risk, compounded by infec-
tion-induced CYP1A2 inhibition that elevates plas-
ma levels (24). Temporary dose reduction during 
systemic infections is recommended, though cont-
rolled studies are lacking (23). 

Metabolic Disturbances: Clozapine can induce 
weight gain and dyslipidemia. Plasma clozapine 
shows modest associations with triglycerides, while 

norclozapine correlates more broadly with weight 
and lipid changes (6,25). The clinical utility of rou-
tine norclozapine monitoring remains uncertain. 

Cardiovascular Effects: Some cardiovascular effects 
are concentration-dependent. Sinus tachycardia 
and reduced heart rate variability correlate with 
plasma clozapine levels (25), whereas myocarditis 
risk is largely immune-mediated, peaking early in 
treatment and with rapid titration (26). TDM has 
limited predictive value for myocarditis. 

Hematological Effects: Agranulocytosis is rare and 
idiosyncratic, with no clear link to plasma clozapine 
levels (25). Genetic susceptibility, including 
SLCO1B3/SLCO1B7 variants and HLA alleles 
such as HLA-B*59:01, influences risk (27,28), but 
routine pharmacogenomic screening is not stan-
dard practice. 

Neuropsychiatric Effects: CNS effects show strong 
concentration dependence. EEG slowing occurs in 
over 80% of patients with levels above 350 ng/mL, 
correlating with seizure risk (29,30). Higher plasma 
clozapine also associates with obsessive–compul-
sive symptoms (26). Overall, serum levels positively 
correlate with total adverse effect burden (25). 

Practical Implications: TDM is clinically useful for 
concentration-dependent ADRs—gastrointestinal 
hypomotility, metabolic disturbances, tachycardia, 
EEG abnormalities, and some neuropsychiatric 
effects. Maintaining plasma concentrations within 
350–600 ng/mL can balance efficacy and tolerabili-
ty. For idiosyncratic reactions like agranulocytosis 
and myocarditis, structured monitoring, cautious 
titration, and vigilance during high-risk periods are 
essential. The high mortality from pneumonia high-
lights the need for awareness of aspiration risk and 
infection-related toxicity, suggesting potential 
refinement of clinical guidelines. 

Personalized Medicine and the Role of 
Pharmacogenetics 

Personalized medicine addresses inter individual 
variability in disease mechanisms and treatment 
outcomes. Traditional “one-size-fits-all” approac-
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hes often fail to predict efficacy, tolerability, or di-
sease course, necessitating strategies that integrate 
biological and environmental variability (31,32). 
Precision medicine stratifies patients into biologi-
cally defined subgroups, whereas individualized 
medicine tailors interventions to a single patient’s 
profile. Advances in genomics and multi-omics 
have revealed the limitations of uniform treatment 
strategies, especially in psychiatry, where ICD-10 
and DSM-5 classifications are symptom-based and 
biologically heterogeneous. Pharmacogenetics pro-
vides insight into variability in drug metabolism, 
pharmacodynamics, and adverse-effect susceptibil-
ity, guiding more individualized therapeutic strate-
gies (33-36). 

Integrating pharmacogenetic data with therapeutic 
drug monitoring and clinical assessment is essential 
for translating genetic findings into practical clini-
cal applications, offering a pragmatic framework 
for personalized psychiatric care (33). 

Pharmacogenetics vs Pharmacogenomics 

Pharmacogenetics and pharmacogenomics both 
contribute to understanding variability in clozapine 
response and tolerability. Pharmacogenetics pri-
marily examines the effects of individual genes, 
such as CYP1A2 and HLA variants, on clozapine 
metabolism and adverse reactions, whereas phar-
macogenomics evaluates broader genome-wide 
influences including regulatory and transporter-
related loci such as NFIB (15,19,33). Together, 
these approaches may support more individualized 
strategies for clozapine treatment. 

Genetic Variations Affecting Drug Response  

Genetic variation plays a critical and central role in 
determining individual responses to pharmacologi-
cal treatments by influencing both drug disposition 
and pharmacodynamic effects. In clozapine thera-
py, polymorphisms affecting drug‐metabolizing 
enzymes and pharmacodynamic targets are key 
sources of interindividual variability in response 
and side‐effect susceptibility (Table 1). 

Clozapine is predominantly metabolized by 
CYP1A2, along with contributions from CYP2C19 
and CYP3A4 (16). Although polymorphisms in 
CYP1A2 have been investigated extensively, evi-
dence from meta‐analyses suggests that common 
CYP1A2 variants (e.g., −163C>A) generally do 
not have a consistent, clinically significant impact 
on clozapine plasma concentrations in large patient 
samples (36). However, single studies have shown 
that CYP1A2 genotype may contribute modestly to 
variability in steady state concentrations in specific 
populations, particularly when combined with envi-
ronmental factors such as smoking status, which 
induces CYP1A2 activity and accelerates clozapine 
clearance. 

Beyond pharmacokinetics, genetic variation in 
pharmacodynamic targets contributes to treatment 
heterogeneity. Polymorphisms in serotonergic and 
dopaminergic genes have been associated with dif-
ferences in therapeutic response and side‐effect 
profiles. For example, variants in the HTR2C gene, 
particularly the -759C>T (rs3813929) polymor-
phism, have been implicated in 
antipsychotic‐induced weight gain, including in 
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Table 1. Genetic Variations Affecting Clozapine Response 
Pharmacokinetics Gene / Variant Effect on Clozapine Therapy Evidence 

CYP1A2  (-163C>A, other 
common variants) 

Modestly affects metabolism and steady-state plasma concentrations; impact 
enhanced by smoking and inflammation (enzyme induction) 

Moderate evidence 

CYP2C19 Minor contribution to metabolism; can slightly influence clearance Limited evidence 
CYP3A4 
 

Minor contribution to metabolism; may affect plasma levels in combination with 
other factors 

Low-to-moderate evidence 

CYP3A5 May contribute to interindividual variability in metabolism in selected 
populations 

Emerging evidence 

NFIB Associated with variation in clozapine serum concentrations Emerging evidence from GWAS; 
limited clinical validation 

Pharmacodynamics HTR2C (-759C>T, rs3813929) 
 

Associated with antipsychotic-induced weight gain; T allele generally lowers risk Strong evidence; replicated meta-
analyses 

DRD2 variants Influence clinical response and side effects; associations vary by population Moderate but inconsistent evidence 
HTR2A variants Potential influence on efficacy and metabolic side effects Moderate evidence 
Other neurotransmitter  
receptor genes 

Contribute to interindividual variability in efficacy and side effects Exploratory evidence only 

Safety / Adverse-effect 
susceptibility 

SLCO1B3 / SLCO1B7 Potential role in drug transport and hematological adverse effects Emerging evidence; limited clinical 
validation 

HLA region  
(e.g., HLA-B*59:01) 

Associated with agranulocytosis risk Strong evidence (population-specific) 



patients treated with clozapine and other atypical 
antipsychotics. Meta‐analyses indicate that the T 
allele at -759C/T is associated with a lower risk of 
antipsychotic‐induced weight gain across diverse 
populations, although effect sizes are modest and 
heterogeneous (37). Systematic reviews similarly 
report associations between HTR2C and other 
polymorphisms with antipsychotic‐induced 
metabolic disturbances (38). 

Polymorphisms in other neurotransmitter receptor 
genes such as DRD2 and HTR2A have also been 
studied in relation to clinical response to clozapine 
and other antipsychotics, with meta‐analyses show-
ing variable associations depending on gene, vari-
ant, and population (39). Overall, current evidence 
suggests that pharmacogenetic variants contribute 
modestly to treatment heterogeneity, while clinical 
implementation remains limited. 

Pharmacogenetic Testing and Clinical 
Applications  

Pharmacogenetic testing has become increasingly 
integrated into clinical practice as a tool to antici-
pate interindividual variability in drug response 
and to reduce the risk of adverse drug reactions 
prior to treatment initiation. By identifying genetic 
variants that influence drug metabolism and drug 
target sensitivity, pharmacogenetic information can 
guide dose selection, monitoring strategies, and 
preventive interventions, especially for drugs like 
clozapine with a narrow therapeutic window. 

One of the most clinically actionable areas in cloza-
pine therapy involves genetic variation affecting 
CYP1A2 activity. CYP1A2 is the primary enzyme 
responsible for clozapine metabolism; reduced 
metabolic capacity can lead to elevated plasma 
concentrations and increased risk of toxicity. 
Recent studies have shown that rare damaging 
variants in CYP1A2 and other pharmacogenes can 
markedly influence plasma clozapine levels, sug-
gesting that inclusion of rare variants may improve 
prediction of clozapine metabolism beyond com-
mon alleles (40). These findings support early dose 
adjustment, slower titration, and frequent thera-
peutic drug monitoring in individuals with predict-
ed lower CYP1A2 activity (40). 

Conversely, individuals with genetic or environ-
mental factors that enhance CYP1A2 inducibili-
ty—such as smoking—may require higher doses or 
closer monitoring to achieve therapeutic plasma 
concentrations. Although commercial pharma-
cogenomic panels may not detect all CYP1A2 func-
tional variants, therapeutic drug monitoring 
remains a strong complement to pharmacogenetic 
testing in clinical settings. For example, a patient 
with reduced CYP1A2 activity who develops a sys-
temic infection during clozapine treatment may 
experience a marked elevation in plasma clozapine 
concentrations despite unchanged dosing. In such 
cases, integration of therapeutic drug monitoring, 
inflammatory markers, smoking status, and phar-
macogenetic information may support temporary 
dose reduction and toxicity prevention. Conversely, 
smokers with increased CYP1A2 inducibility may 
require higher maintenance doses to achieve thera-
peutic plasma concentrations. 

Pharmacogenetic testing also facilitates risk strati-
fication for adverse effects beyond dose optimiza-
tion. Genetic variation in serotonergic signaling—
particularly in the HTR2C gene—has been associ-
ated with weight gain and metabolic disturbances 
induced by antipsychotic therapy. A recent system-
atic meta-analysis identified specific HTR2C poly-
morphisms (e.g., rs3813929 and rs1414334) that 
correlate with differences in body weight change 
and metabolic syndrome risk among clozapine-
treated patients, although heterogeneity across 
studies underscores the need for large-scale 
prospective validation (38). Earlier studies also 
support the relevance of HTR2C variants in 
antipsychotic-induced metabolic risk (41,42). 

Although pharmacogenetic testing provides valu-
able information, current clinical guidelines from 
CPIC and DPWG do not provide genotype-based 
dose recommendations for clozapine. CPIC has 
focused on serotonergic antidepressants and some 
antipsychotics (e.g., aripiprazole), but no cloza-
pine-specific dosing guideline is available (43). 
Similarly, DPWG notes that while CYP1A2 meta-
bolizes clozapine, there is insufficient evidence to 
recommend genotype-based dosing, and therapeu-
tic drug monitoring remains the preferred strategy 
(44). By combining pharmacogenetic data, thera-
peutic drug monitoring, clinical assessment, and 
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environmental context, clinicians can reduce trial-
and-error prescribing and optimize treatment for 
patients receiving clozapine (45).  

Applications of Pharmacogenetics in Psychiatric 
Practice  

The clinical application of pharmacogenetics in 
psychiatry has steadily expanded over recent years, 
though its implementation remains heterogeneous 
across healthcare systems. Growing recognition of 
the clinical relevance of genetic variability in drug 
response has prompted the gradual incorporation 
of pharmacogenetic principles into national guide-
lines and institutional prescribing frameworks, par-
ticularly for psychotropic medications with narrow 
therapeutic indices and substantial inter individual 
variability (32). 

In practice, pharmacogenetic testing is most com-
monly applied in situations characterized by treat-
ment resistance, adverse drug reactions, or com-
plex polypharmacy. Clozapine exemplifies this 
application, as its metabolism and tolerability are 
strongly influenced by genetic and environmental 
factors. Pharmacogenetic screening is increasingly 
recommended for patients with a history of poor 
therapeutic response, unexpected plasma concen-
tration fluctuations, or prior adverse events, pro-
viding information to support more precise dosing, 
monitoring, and risk mitigation strategies (13). 
Incorporating genotype information into electronic 
medical records enables automated alerts, dosing 
recommendations, and risk stratification at the 
point of care. These systems translate complex 
genetic data into clinically actionable guidance, 
reducing cognitive burden for clinicians and facili-
tating consistent application of pharmacogenetic 
knowledge in routine psychiatric practice (46). 

Importantly, pharmacogenetic results should be 
interpreted in conjunction with clinical variables 
such as age, comorbidities, concomitant medica-
tions, and therapeutic drug monitoring data. This 
integrative approach acknowledges the probabilis-
tic nature of pharmacogenetic associations, recog-
nizing that genetic information modifies but does 
not solely determine treatment outcomes. When 
applied within such a framework, pharmacogenet-

ics can reduce trial-and-error prescribing and 
improve both efficacy and tolerability in psychiatric 
care (46). 

The expanding use of pharmacogenetic testing in 
psychiatry also raises important ethical and legal 
considerations. Issues related to informed consent, 
genetic privacy, data security, and potential dis-
crimination require careful attention during clini-
cal implementation. Unequal access to pharmaco-
genetic testing across healthcare systems may fur-
ther contribute to disparities in personalized psy-
chiatric care. Accordingly, integration of pharma-
cogenetics into routine practice should be accom-
panied by appropriate regulatory frameworks, cli-
nician education, and safeguards ensuring the equi-
table and responsible use of genetic information 
(33,34,46). 

Future Perspectives and Innovations in Clozapine 
Therapy 

Although enthusiasm for pharmacogenetic testing 
in clozapine therapy has increased, its routine clin-
ical use remains limited by high costs, inconsistent 
reimbursement, and uneven availability across 
healthcare settings. Access to therapeutic drug 
monitoring (TDM), essential for safe clozapine 
administration, also varies substantially, particular-
ly regarding the timeliness and reliability of plasma 
concentration assessments. These real-world con-
straints highlight the need for economically feasible 
strategies that integrate pharmacogenetics with 
everyday clinical practice (13,46). 

Future progress in clozapine treatment is expected 
to focus on more refined personalized care models 
that reflect interindividual differences in 
metabolism, pharmacodynamic response, and vul-
nerability to adverse effects. Evidence indicates 
that uniform dosing and monitoring strategies are 
insufficient to address the heterogeneity of cloza-
pine outcomes, emphasizing adaptable, patient-
focused approaches that incorporate biological, 
environmental, and clinical determinants (13,47). 
A promising avenue involves individualized dosing 
informed by population pharmacokinetic modeling 
and TDM, enabling dynamic adjustment based on 
plasma concentrations, inflammatory status, and 
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metabolic changes, particularly during high-risk 
periods such as treatment initiation or intercurrent 
illness (47,48). 

Advances in pharmacogenetics and implementa-
tion science support proactive tailoring of clozap-
ine therapy. Integrating genetic information into 
clinical workflows, alongside TDM and decision-
support systems, can anticipate atypical drug 
responses and guide dose adjustments, though clin-
ical utility depends on effective implementation 
(46). From a systemic perspective, reevaluating 
regulatory and monitoring frameworks is critical. 
Evidence suggests the risk of severe adverse effects, 
such as agranulocytosis, declines over time, 
prompting calls for proportionate monitoring 
strategies that balance safety with access. Excessive 
monitoring has contributed to global underutiliza-
tion of clozapine, particularly among underserved 
populations, and evidence-based reform could 
enhance therapeutic reach (49). 

Ultimately, the future of clozapine therapy lies in 
multidimensional, integrative models combining 
pharmacogenetic, pharmacokinetic, and clinical 
data. These approaches emphasize continuous risk 
assessment and personalized management, aiming 
to improve safety, accessibility, and efficacy for 
patients with treatment-resistant schizophrenia 
(45,50). 

CONCLUSION 

Clozapine remains the most effective antipsychotic 
for treatment-resistant schizophrenia but is chal-
lenged by interindividual variability in pharmacoki-
netics, efficacy, and adverse effects. Genetic, envi-
ronmental, and clinical factors collectively shape 
treatment outcomes, with pharmacogenetic deter-
minants providing meaningful but partial insights. 
CYP enzymes, regulatory loci (e.g., NFIB), and 
neurotransmitter gene variants influence 
metabolism and tolerability, though single variants 
explain limited variability. Therapeutic drug moni-
toring remains essential, while pharmacogenetic 
testing may support clinical decision-making along-
side TDM. 

Future advances will require integrative approach-

es combining genetics, TDM, clinical assessment, 
and environmental context. Implementation of 
decision-support systems and refined monitoring 
frameworks may enhance safety, accessibility, and 
efficacy, embedding pharmacogenetics within pre-
cision psychiatry to optimize clozapine therapy for 
patients with treatment-resistant schizophrenia. 
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