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Objective: Tardive dyskinesia (TD) is a severe rhythmic movement disorder caused by long-term antipsychotic medication in chronic
patients with schizophrenia (SCZ). We aimed to investigate the association between polymorphisms in oxidative stress-related genes
(GSTM1, SOD2, NOS1, and NOS3) and adenosine receptor gene (ADORA2A), as well as their interactions, with the occurrence and
severity of TD, and cognitive impairments in a Chinese Han population of SCZ patients.

Methods: Two hundred and sixteen SCZ patients were recruited and divided into TD group (n=157) and non-TD group (n=59). DNA
extraction was performed by a high-salt method, followed by SNP genotyping using matrix-assisted laser desorption ionization time-of
-flight mass spectrometry (MALDI-TOF-MS). The severity of TD, psychopathology and cognitive functioning were assessed using the
Abnormal Involuntary Movement Scale (AIMS), the Positive and Negative Syndrome Scale (PANSS) and the Repeated Battery for
Assessment of Neuropsychological Status (RBANS), respectively.

Results: The combination of GSTM1-rs738491, NOS1-rs738409 and ADORA2A-rs229883 was identified as the best three-point model
to predict TD occurrence (p=0.01). Additionally, GSTM-rs738491 CC or NOS3-rs1800779 AG genotypes may be protective factors for
psychiatric symptoms in TD patients. TD patients carrying the NOSI-rs738409 AG or ADORA2A4-rs229883 TT genotypes exhibited
poorer cognitive performance.

Conclusion: Our findings suggest that the interaction of oxidative stress-related genes and adenosine receptor gene may play a role in
the susceptibility and severity of TD in Chinese Han SCZ patient. Furthermore, these genes may also affect the psychiatric symptoms
and cognitive function of TD patients.
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Introduction

Tardive Dyskinesia (TD) is a serious rhythmic movement disorder characterized by involuntary, repetitive, purposeless
movements of the face, trunk, and extremities.' The prevalence of TD varies by population, with an average worldwide
prevalence of 25.3%,” and a higher prevalence in the Chinese population, at 36%.”> Long-term use of antipsychotic
medications is a well-established risk factor for the development of TD in patients with schizophrenia (SCZ). Age,
females, duration of illness, smoking, and drug type have also been identified as risk factors for TD.* While earlier
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studies indicated a significantly lower incidence of TD with second-generation antipsychotics (SGAs) compared to first-
generation antipsychotics (FGAs), recent years have witnessed a narrowing of the gap between the two due to the
widespread use of SGAs. Notably, only a small percentage of patients develop TD, indicating that individual suscept-
ibility and genetic predisposition may play a crucial role in the development of TD. A review summarizing the results of
published experimental animal models and clinical studies found a potential correlation between genetic variation and
TD development.’

The pathophysiology of TD remains a complex and multifaceted subject with several hypotheses proposed to explain
its development. These hypotheses encompass various facets of neurobiology and are essential to understanding this
condition, including the dopamine hypersensitivity hypothesis, the gamma-aminobutyric acid (GABA) hypothesis, and
the oxidative stress hypothesis.®® While the classical dopaminergic pathway has been considered a contributing factor, it
is increasingly evident that TD may not solely arise from this mechanism. Notably, in chronic SCZ patients receiving
long-term antipsychotic medications, D2 receptor hypersensitivity often manifests within days to weeks. In contrast, the
onset of TD occurs months to years later. Furthermore, the capacity for dopamine hypersensitivity tends to diminish with
age in chronic SCZ patients, whereas the incidence of TD appears to rise with age.” Preclinical studies in rodents have
also indicated that dopamine hypersensitivity may represent a generalized response to dopamine receptor-blocking drugs,
including antipsychotics, yet not all individuals exposed to these drugs develop TD.'® The proposed oxidative stress
hypothesis of TD offers a perspective that addresses several limitations of the dopamine hypersensitivity hypothesis
outlined above. Antipsychotic drugs are known to induce an upsurge in dopamine synthesis and metabolism by blocking
dopamine receptors.'' Within these intricate processes of dopamine transport and metabolism, direct or indirect genera-
tion of free radicals may occur. However, the oxidative damage inflicted by free radicals follows a gradual, cumulative
trajectory, requiring months or even years to produce clinically observable effects. This temporal progression aligns with
the delayed onset of TD symptoms often experienced by patients using antipsychotic medications. Aging further
complicates this picture, as oxidative damage tends to increase with age. This phenomenon offers a plausible explanation
for the observed rise in delayed-onset dyskinesia with advancing age.'” Additionally, individual variations exist in the
capacity to manage heightened free radical production, elucidating why some individuals may develop late-onset
dyskinesia while others do not.'?

The most extensive data on the mechanisms of oxidative stress come from studies conducted in SCZ, in which
evidence can be obtained from different areas of oxidative research, including oxidative marker assays, psychopharma-
cological studies, and clinical trials of antioxidants.'* In recent years, the oxidative stress hypothesis has also received
increasing attention in TD research. For example, neurochemical studies have found increased cerebrospinal fluid free
radical activity in TD patients.'> Animal studies have shown that long-term antipsychotic drug use increases membrane
lipid peroxidation, impairing antioxidant enzyme activity.'® Pharmacogenetic studies likewise supported a positive
relationship between TD and oxidative stress.!” In addition, the oxidative stress-mediated neurotoxic damage hypothesis
have been proposed to explain the development of TD.'® Furthermore, studies have demonstrated that TD patients have
greater cognitive impairments than non-TD patients,* and this cognitive decline is related to an imbalance between local
reactive oxygen species and inadequate antioxidant capacity. Therefore, oxidative stress not only contributes to the
development of TD in SCZ patients but also aggravates cognitive dysfunction.'®

The human body has a complex antioxidant defense system, including glutathione s-Transferase M1 (GSTM1),?°
manganese superoxide dismutase (MnSOD) encoded by the SOD2 gene,?' neural nitric oxide synthase (NOS1) and
endothelial nitric oxide Synthase (NOS3).** These enzymes play a key role in preventing the formation of reactive
oxygen species (ROS). The GSTM1 null genotype has been suggested to be related to the onset of SCZ in the Chinese
Han population,” but its association with TD has not been confirmed. Recently, a meta-analysis by Uludag et al found
that SOD2 gene polymorphism may be associated with the risk of TD,?* but another meta-analysis did not support the
these findings.>> Studies on the association of NOSI and NOS3 gene polymorphisms with TD have also yielded different
results in different populations.?~’ To date, the relevance of these oxidative stress-related genes to TD in various
populations of SCZ patients remains inconclusive. Thus, whether oxidative stress-related genes can be used as genetic
markers to predict the occurrence of TD still requires further study.
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In addition to oxidative stress-related genes, the adenosine hypothesis of SCZ has gained increasing attention. The
interaction of adenosine with dopaminergic and glutamic neurotransmission and its possible role in the neurodevelop-
ment of disease further support the adenosine hypothesis.”® Studies have shown that adenosine receptors (ADORA)
play an essential neuromodulatory role in psychotic symptoms and antipsychotic adverse effects in chronic SCZ
patients receiving long-term antipsychotic medication.”” However, a study in a Chinese population found no associa-
tion between ADORA2A gene polymorphism and TD development.*® Therefore, as a potentially attractive candidate
gene for TD, further investigation is required to explore the relationship between the ADORA2A gene polymorphism
and TD in SCZ.

To our knowledge, no studies have explored whether oxidative stress-related genes and adenosine receptor gene
polymorphisms and their interactions contribute to the susceptibility to and development of TD in SCZ patients. In the
presents study, we aimed to: 1) explore the relationships between these gene polymorphisms and TD in SCZ patients in
a Chinese Han population; 2) investigate the relationship between these gene polymorphisms and psychiatric symptoms
and cognitive function in TD patients.

Materials and Methods

Participants

We recruited a total of 216 chronic SCZ patients including 103 males and 113 females. The inclusion criteria were as
follows: 1) SCZ diagnosis according to the Structured Clinical Interview for Diagnostic and Statistical Manual of Mental
Disorders-5 (DSM-5), independently confirmed by two experienced psychiatrists; 2) at least a 2-year history of SCZ; 3)
a stable dose of antipsychotic medication for more than 3 months prior to enrollment; 4) Han Chinese. The exclusion
criteria included: 1) serious physical illnesses, such as uncontrolled hypertension, severe cardiovascular and cerebrovas-
cular disease, diabetes, and metabolic syndrome; 2) organic brain diseases or brain injury; 3) pregnant or lactating
women; 4) substance abuse other than tobacco; 5) meeting DSM-5 other psychiatric diagnoses.

The average duration of the disease was 24.59+£14.93 years. All enrolled patients were treated with stable doses of
antipsychotics for more than 3 months. Including sulpiride (n = 62), olanzapine (n = 66), quetiapine (n = 8), aripiprazole
(n = 10), clozapine (n = 44), ziprasidone (n=1), perospirone (n=1), amisulpride (n=7), lurasidone (n=1), chlorpromazine
(n = 3), perphenazine (n = 10), sulpiride (n = 1), blonanserin (n=1), haloperidol (n=1). Since the patients were on
different types of antipsychotics, we converted the dosage to chlorpromazine equivalents uniformly according to
international standards.®' The average dose was 283.26 + 169.57mg/day.

All subjects were inpatients from Tianjin Anding Hospital. The study protocol was approved by the Ethical Review
Committee of Tianjin Anding Hospital (IRB No.2021-07). After a detailed description provided by the research assistant,

all participants signed an informed consent form.

Clinical Assessments

A self-designed questionnaire was used to obtain general information, demographic characteristics, psychological status,
and medical history for each patient, along with information obtained from medical records. Schooler and Kane’s criteria
and the Abnormal Involuntary Movement Scale (AIMS) were used to diagnose Tardive dyskinesia (TD), with a diagnose
of TD given when the score was at least 3 for any body part or at least 2 for two or more body parts.>* The total AIMS
score was calculated by summing items 1 through 7, with items 1-4 assessing mainly involuntary movements of the
mouth and face, while items 5-7 assess involuntary movements of the patient’s trunk and extremities to ensure the
accuracy of the TD diagnosis. Patients diagnosed with TD were assessed again using AIMS after at least 1 month, and
TD was identified only if both assessments indicated its presence. The Positive and Negative Syndrome Scale (PANSS)*
was utilized to evaluate the psychiatric symptoms of subjects. Three psychiatrists attended a training course at the same
time, and after training, the intraclass correlation coefficient (ICC) within the total PANSS subgroup was 0.8 or higher to

ensure reliability and consistency of the assessment.
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Cognitive Assessment

The cognitive functioning of all participants was assessed using the Repeatable Battery for the Assessment of
Neuropsycho-logical Status (RBANS),** which provides a total score and five subscales of cognitive functioning,
including immediate memory, visuospatial/structural, language, attention, and delayed memory. The reliability and
clinical validity of the translated and adapted Chinese version of the RBANS was confirmed in the Chinese general
population and in SCZ patients.*® Three psychiatrists assessed patients’ cognitive impairment using RBANS. Similarly,
the ICC in the RANBS score group remained above 0.8. All assessments were completed prior to the laboratory
experiment.

DNA Extraction and Genetic Analysis

Venous blood samples were drawn in early morning after overnight fasting from each patient and stored in —80°
C refrigerator. DNA extraction was performed using the high salt method at the Molecular Laboratory of Tianjin
Mental Health Centre.*® Genotyping was performed using matrix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF-MS) SNP genotyping assays. The specific process unfolds as follows: firstly, the
DNA sequence containing the target SNP undergoes amplification through PCR, and subsequent removal of unbound
dNTPs is achieved through purification. Following this, an extension primer tailored for each target SNP is designed
using the purified PCR product. Subsequently, a single-base extension takes place within the system, utilizing ddNTPs as
the substrate. Notably, the extension product of each SNP allele differs by just one base at the SNP’s terminal end.
Finally, the products were transferred to SpectroCHIP microarray for mass spectrometry detection. Distinguishing
between alleles of the same SNP is facilitated by the variance in molecular weights and the formation of distinct
detection peaks. To ensure consistency, approximately 10% of the samples were randomly selected and retested for
quality control. The concordance between replicate samples was 99.3% in this study. In the Chinese Han population, the
mutation frequencies of GSTMI (rs1056806), SOD2 (rs4880), NOSI (rs1047735), NOS3 (rs1800779) and ADORA2A
(rs2298383) minimal alleles were 0.08, 0.12, 0.49, 0.13 and 0.43, respectively.

Statistical Analyses

Statistical analyses were using the Statistical Package of Social Sciences version 25 for Windows (SPSS, Inc., Chicago,
IL, USA). The independent sample #-test was used for continuous variables, and the chi-square test was used for
categorical variables to determine the differences between the TD and non-TD groups. The Shesis project was utilized to
assess Hardy-Weinberg equilibrium for the 5 SNPs in both groups.’” Allele and genotype frequencies were calculated
using this project. Differences between categorical and continuous variables were tested by one-way analysis of variance
(ANOVA). If the significance level was <0.05, multivariate analysis of covariance (MANCOVA) was used to analyze and
exclude possible confounding factors.

Generalized Multifactor Dimensionality Reduction (GMDR) software was used to assess gene—gene interactions with
TD.*® The model with the highest testing balanced accuracy, highest cross-validation consistency score, and p<0.05, derived
from the sign test automatically in the GMDR software, was considered to be the best model. Linear regression has been
used to evaluate the effect of three different SNP genotype combinations on total AIMS scores. In this analysis, the total
AIMS scores of all patients were selected as the dependent variable while the combination of factors was entered as
independent variables. The odds ratio (OR) and 95% confidence intervals (Cls) between the two variables were calculated
as risk assessment. All the statistical analyses were two-tailed, and the statistical significance level was set at p<0.05.

Results
Demographic Characteristics and Clinical Characteristics Between TD and Non-TD
Groups
The demographic characteristics and clinical variables of TD and non-TD patients are shown in Table 1. Significant

differences in terms of sex, age, illness duration and smoking were found between TD and non-TD groups (all p<0.05).
Compared to non-TD patients, the AIMS total score and the PANSS negative symptom subscore were higher in TD
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Table | Demographic Characteristics, Clinical Data in Chronic Schizophrenia with TD and Non-

TD

Non-TD (n=157) TD (n=59) tor 2 p-value
Age (years) 50.98+14.62 56.80+13.36 —2.67 0.008
Gender (male/female) 53/104 50/9 44.69 <0.001
Education (years) 10.80+3.44 10.81+2.81 —0.02 0.982
Age of onset (years) 28.01+10.40 27.37+9.08 0.42 0.677
Duration of illness (years) 22.93+15.08 28.99+13.69 —2.69 0.008
Antipsychotic types (atypical/typical) 11/146 7/52 1.33 0.250
CPZ equivalents (mg/day) 290.06+173.27 265.65+159.69 0.93 0.353
Smoking (yes/no) 116/41 29/30 11.89 0.001
BMI (kg/m2) 25.21+4.49 24.70+4.68 0.73 0.469
PANSS total score 69.90+16.08 72.17x15.16 —0.94 0.349
P subscore 16.33+6.39 14.46+5.43 2.00 0.047
N subscore 21.06+8.42 24.10+8.31 -2.37 0.019
G subscore 32.50+6.44 33.61%7.20 -1.09 0.277
RBANS total score 73.17x16.871 65.51+15.38 3.00 0.003
Immediate memory 66.09+£20.768 56.68+17.903 3.22 0.002
Visuospatial/constructional 81.47+20.824 75.98+20.788 1.70 0.091
Language 83.04+17.454 77.92+18.398 1.86 0.064
Attention 87.21£16.46 80.76+17.332 248 0.014
Delayed memory 70.28+21.521 60.32+21.252 2.99 0.003
AIMS total score 0.39+0.85 6.80+3.00 —-l6.14 <0.001

Notes: Bolding represents P<0.05.

Abbreviations: AlMs, abnormal involuntary movement scale; TD, tardive dyskinesia; non-TD, without tardive dyskinesia; CPZ,
chlorpromazine; PANSS, Positive and Negative Syndrome Scale; P, positive symptom; N, Negative symptom; G, General

symptom; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status.

patients, whereas the PANSS positive symptom subscore was lower in TD patients. In addition, TD patients exhibited
lower cognitive performance scores in immediate memory, attention, delayed memory, and total score compared to non-
TD patients. After controlling for age, gender, duration of illness, and smoking, significant differences remained between
TD and non-TD patients in total AIMS scores and visuospatial/structural domain (p<0.05). However, there were no
significant differences between TD patients and non-TD patients in PANSS positive symptoms, negative symptoms, total
RBANS, immediate memory, and attention scores.

The Allele and Genotype Frequency Between TD and Non-TD Groups

The genotype distribution of GSTMI1 (rs1056806), SOD2 (rs4880), NOS1 (rs1047735), NOS3 (rs1800779), and
ADORA2A (rs2298383) was consistent with Hardy—Weinberg equilibrium in all patients, TD group and non-TD
group (Table S1). As shown in Table 2, there were no significant differences were noted in allele SNPs and genotype
distribution between the TD group and the non-TD group (p>0.05). Still not statistically significant after Bonferroni
correction (p>0.05).

Analysis of Gene-Gene Interactions

The GMDR analysis revealed a significant three-locus model consisting of the combination of the GSTM-rs738491,
NOSI1-rs738409, and ADORA2A-rs2298383 on the risk of TD (p=0.01, testing balanced accuracy=59.35%, CVC=10/10,
see Table S2). In Figure 1, We found that this interplay had a significant effect on total scores on the AIMS, and the OR
for the high-risk genotype combination (CC-GG-TT) was 3.092 (95% CI: 0.466-5.717, p=0.021, see Table S3).
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Table 2 Comparison Between the Allele and Genotype Frequencies of Schizophrenic Patients with and without TD

SNPs Allele Frequencies (%) o p Genotype (%) a p
GSTM I (rs1056806) C T CcC CcT TT

TD 105(89.0) 13(11.0) 46(78.0) | 13(22.0) 0(0)

Non-TD 281(89.5) 33(10.5) 0.02 0.878 124(79.0) | 33(21.0) 0(0) 0.03 0.871
SOD2 (rs4880) A G AA AG GG

D 97(82.2) 21(17.8) 40(67.8) | 17(28.8) | 2(3.4)

Non-TD 268(85.4) 46(14.6) 0.65 0.42 113(72.0) | 42(26.8) | 2(1.3) 1.21 0.546
NOS/ (rs1047735) A G AA AG GG

TD 52(44.1) 66(55.9) 14(23.7) | 24(40.7) | 21(35.6)

Non-TD 142(45.2) 172(54.8) 0.05 0.829 30(19.1) | 82(52.2) | 45(28.7) 229 0.318
NOS3 (rs1800779) A G AA AG GG

D 107(90.7) 11(9.3) 48(81.4) | 11(18.6) 0(0)

Non-TD 275(87.6) 39(12.4) 0.80 0.369 121(77.1) | 33(21.0) 3(1.9) 4.77 0.092
ADORA2A (rs2298383) C T CcC CcT TT

D 50(42.4) 68(57.6) 11(18.6) | 28(47.5) | 20(33.9)

Non-TD 162(51.6) 152(48.4) 292 0.087 45(28.7) | 72(45.9) | 40(25.5) 2.78 0.249

Abbreviations: TD, tardive dyskinesia; non-TD, without tardive dyskinesia.

Differences in TD Severity Between Genotypes

Due to the small number of SOD2- rs4880 GG (n=4) genotypes and NOS3-rs1800779 GG (n=3) genotypes, they were
combined with their respective heterozygous genotypes as a group in all analyses. Table 3 shows the differences in TD
severity between genotypes. The one-way ANOVA analysis showed that total AIMS scores of TD patients were
significantly different between both SOD2 and NOS3 genotype subgroups (p<0.05), the extremity and trunk scores
were only significantly different between NOS3 genotype subgroups (p<0.05). In all patients, the oral-facial scores in the

rs2298383
cc TC TT
rs1056806 rs1056806 rs1056806
cC CT cc CT

rs1047735
>
@)

GG

Figure | The best three-locus model is the combination of the GSTM/-rs738491, NOS|-rs738409, and ADORA2A-rs2298383 on the risk of TD (p=0.01). The genotype
combination (CC-GG-TT) shows a significant association with total scores on the AIMS (p= 0.011) in the TD group. The dark and light gray boxes represent combinations of
high and low risk factors, respectively. The left bars in each box represents TD while the right bars represents non-TD. The genotype combination (CC-GG-TT) shows
a significant association with total scores on the AIMS (p= 0.021) in the TD group. *p < 0.05.
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Table 3 Comparison Between the AIMS Scores of GSTMI (rs1056806), SOD2 (rs4880), NOS! (rs1047735), NOS3 (rs1800779) and
ADORAZ2A (rs2298383) Genotype Groups

SNP GSTMI SOD2 NOSI NOS3 ADORA2A
(rs1056806) (rs4880) (rs1047735) (rs1800779) (rs2298383)
AIMS (score) F P F P F P F P F P
Orofacial TD 0.02 0.881 2.54 0.117 0.11 0.896 4.38 0.041 1.91 0.158
Non-TD 0.82 0.368 1.40 0.239 1.29 0.278 0.43 0.515 0.97 0.382
ALL 0.04 0.838 1.86 0.174 0.49 0.616 0.76 0.385 3.15 0.045
Extremities and trunk | TD 0.25 0.623 0.88 0.352 0.79 0.458 5.66 0.021 0.19 0.826
Non-TD 0.88 0.350 3.20 0.076 0.16 0.855 0.14 0.711 0.13 0.876
ALL 0.08 0.935 0.25 0.616 0.67 0.515 1.00 0.319 0.61 0.545
Total TD 0.00 0.971 742 | 0.009 0.82 0.445 12.72 0.001 1.17 0317
Non-TD 1.42 0.235 3.66 0.058 0.56 0.573 0.45 0.504 0.30 0.743
ALL 0.14 0.706 1.85 0.176 0.87 0.420 1.02 0313 222 0.111

Notes: All, 216 schizophrenic patients; Bolding represents P<0.05.
Abbreviations: TD, tardive dyskinesia; non-TD, without tardive dyskinesia.

ADORA2A genotype group showed a significant difference (p<0.05). After correction, significant differences in TD
patients were still observed in the total AIMS scores (p=0.007) between the two SOD2 genotype groups and the
extremity and trunk scores (p=0.014) and total AIMS scores (p=0.008) in the two NOS3 genotype groups. However,
corrected AIMS scores did not differ between genotypes in non-TD patients or in all patient groups (p>0.05).

Differences in PANSS Scores Between Genotypes

Table S4 shows the results of ANOVA analysis of PANSS scores versus genotypes, and significant differences were
observed in the PANSS positive symptom subscore in the GSTM genotype group and in the PANSS general subscore
between the NOS3 genotype groups in TD patients (p<0.05). Additionally, there were significant differences in PANSS
total scores between GSTMI genotypes among non-TD patients (p<0.05). After correlations, significant differences
remained between GSTM! genotypes and PANSS positive symptom subscore in TD patients (p=0.012, see Figure 2A).
Moreover, the PANSS general subscore differed between the two NOS3 genotype groups (p=0.044, see Figure 2B)

Differences in RANBS Scores Among Different Genotypes

The results of the analysis of the differences between the RANBS scores stratified by genotypes are summarized in Table S5.
Among TD patients, significant differences were observed between NOSI genotype groups for the language score, and
between ADORA2A genotype groups for the attention score and RBANS total score (p<0.05). After adjusting for age, sex and

A B C D
*
25+ 50 * 150 100 *
e o i 9
8 15+ S 304 T » 100 T 60—
(7] [7] (] ‘6
E 10 3 20 § ® 40—
o o 2 50 z
©
5+ 104 - E 20
0- T 0- T 0- 0-
CcC CT AA AG AA AG GG TT TC CC
GSTM1 (rs1056806) NOS3 (rs1800779) NOS1 (rs1047735) ADORAZ2A (rs2298383)

Figure 2 Comparison of GSTMI, NOS3, NOS| and ADORA2A genotypes in TD patients on the P subscore (A), G subscore (B), language score (C) and RBANS total
score (D), respectively. *p < 0.05.
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course of disease, a significant difference still existed between NOS! genotype groups for the language score in TD patients,
and between ADORA2A genotype groups for the total RBANS score in TD patients too (p<0.05). Post hoc analysis revealed
that TD patients with the NOSI-rs738409 AG genotype has lower language scores (70.67+21.042 vs 85+14.401, p=0.019, see
in Figure 2C) than TD patients with the NOS1-rs738409 AA genotype. Moreover, TD patients with ADORA2A4-rs229883 TT
genotype also has a significantly lower RBANS total score (58.55+13.256 vs 69.75+15.548, p =0.012, see in Figure 2D) than
those with the ADORA2A4-rs229883 TC genotype.

Discussion

The present study is the first to explore the relationship between oxidative stress-related genes and adenosine receptor
gene polymorphisms and their interactions with the occurrence and severity of Tardive dyskinesia (TD) in a Chinese
population, and also to investigate the relationship between these genetic polymorphisms and psychiatric symptoms and
cognitive function in patients. The present study yielded the following results: (1) The best three-locus model was the
combination of the GSTM1-rs738491, NOSI-rs738409, and ADORA2A-rs2298383 on the risk of TD. (2) There was
a significant relationship between SOD2 and NOS3 genotype polymorphisms and TD severity in the Chinese Han
population. (3) GSTM C/C genotype and NOS3 A/G may be a protective factor for psychiatric symptoms in TD patients.
(4) Our results also suggest that TD patients with NOSI A/G or ADORA2A T/T exhibit poor cognitive ability.

The possible role of the GSTM1 (rs1056806), SOD2 (rs4880), NOSI (rs1047735), NOS3 (rs1800779), and ADORA2A
(rs2298383) polymorphisms as candidate risk genes in TD was investigated based on the oxidative stress mechanism and
adenosine hypothesis. No significant difference in the allele frequencies and genotype frequencies between the TD and
non-TD groups was found. Since consideration of multiple inheritance and insufficient sample size may lead to
undetectable small genetic effects. Therefore, it has been suggested that TD-associated SNPs identified by GWAS
explain only a small part of disease etiology, as the complexity of the disease and the correlation between multiple genes
are ignored. Analysis emphasizing gene-gene interactions has emerged as one of the approaches to better understand the
complex etiology of disease.”” Using the GMDR method and conventional statistical analysis, the combination of
GSTM1-rs738491, NOS1-1s738409 and ADORA2A4-rs2298833 was identified as the best three-locus model for predicting
the occurrence of TD. Thus, the synergistic effect between the three SNPs may indicate that the interaction between
adenosine and oxidative stress (OS) plays an important role in the occurrence and development of TD. It has been shown
that A2A activation accumulates ROS together and play a complex role in the regulation of OS in the SCZ.** This
finding further supports our hypothesis. Despite the use of the GMDR method followed by conventional statistical
analysis, the best three-locus model in this study still needs further replication in a larger sample size and in the Chinese
Han population.

The TD group did show a relationship between genotype and TD severity compared to the non-TD group. Patients
with the A/A genotype of SOD2 had lower AIMS scores than the other two genotype groups, indicating a protective
effect. This finding is consistent with the results of Hitzeroth et al in the Xhosa population.*! Furthermore, our study
observed reduced severity of TD in homozygous subjects with NOS3 allele, which is in contrast to the results Tiwari
et al, who concluded that an increased severity of TD was observed in homozygous subjects with NOS3 allele.'® These
results suggest that NOS3 polymorphism may play a role in the severity of TD. However, further studies are needed to
investigate this relationship across different races and environmental factors.

Moreover, we investigated the relationship between different genotypes and the severity of psychotic symptoms in
TD and non-TD patients. Our study demonstrated that PANSS-positive symptom scores were significantly lower in TD
patients with GSTM C/C genotype. While Lim et alfound that the GSTMI polymorphism may only be associated with
susceptibility to SCZ, but not with severity.** Loss of enzymatic activity due to the presence of GSTM1 deletion genotype
leads to reduced detoxification associated with DNA damage and excessive neurotoxic compounds.*’ Furthermore,
a study by Zhang et al found lower plasma glutathione peroxidase levels in SCZ patients with TD.** Additionally, we
found that TD patients carrying NOS3 A/G had significantly lower PANSS composite scores. Based on these findings, we
hypothesized that GSTM1 and NOS3 gene polymorphisms may contribute to the development of TD in SCZ patients after
antipsychotic treatment and lead to more severe psychiatric symptoms. Further research is needed to confirm this
hypothesis and explore the underlying mechanisms.
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It has been shown that chronic SZC patients with TD have greater cognitive deficits than those without TD.* We
investigated the effect of these five genetic polymorphisms on the cognitive functioning in both TD and NTD patients. We
found that TD patients carrying NOSI A/G had poorer cognitive performance in language. McNeill et al implied that the
NOS genotype may increase the severity of psychosis by modulating peripheral NOx concentrations,*> Whereas nitric oxide

%47 animal models of TD

(NO) is not only an important neuronal messenger molecule, but also one of the oxygen radicals,”
have found that in nitric oxide synthase (NOS) inhibitors can effectively inhibit vacuolar masticatory movement (VCM)
induced by nerve blockers.** The underlying mechanisms between TD and cognitive deficits are unclear. Some studies have
found that cognitive decline is associated with an imbalance between localized reactive oxygen species and insufficient
antioxidant capacity. This imbalance, in turn, causes impaired neurotransmitter function and leads to significant clinical
consequences of SCZ,* such as psychotic symptoms, severity of extrapyramidal symptoms, and cognitive function.’® In
addition, TD patients with ADORA2A T/T displayed poor cognitive ability. DA alterations play an important role in the
cognition of SCZ patients.”’ The activation of the ADORA2A receptor reduces the effectiveness of DRD2 signaling.’* These
findings suggest a potential mechanism for the effects of adenosine receptors on cognitive function in TD patients.

The findings of this study contribute to a deeper understanding of the underlying molecular mechanisms that drive the
onset and progression of TD. They underscore the significance of the oxidative stress hypothesis in shaping our
comprehension of TD development. It is widely recognized that individuals possess unique genetic profiles that influence
their antioxidant capacity, consequently impacting their vulnerability to oxidative damage, particularly in the context of
SCZ.> Therefore, there arises a need for the establishment of stratification criteria grounded in oxidative stress-related
markers. Stratification criteria could be gene-based biomarkers, enabling the identification of individuals at heightened
risk due to common oxidative stress-related genetic variations. Such an approach would facilitate the tailored selection of
therapeutic strategies, moving us closer to the realization of personalized and precision medicine in the treatment of TD.
However, here are several limitations in the present study. First, the sample size was relatively small, and the results need
to be replicated in a larger population. Second, the number of female TD patients (n=9) may limit the generality of our
findings. Although the data were adjusted for in the statistical analysis. Third, only one SNP was selected in the GSTM1,
SOD2, NOS1, NOS3, and ADORA2A genes, which may not capture most of the genetic information conveyed by these
five genes. Overall, our findings provide valuable insights into the genetic factors that may contribute to the development
of TD in SCZ patients and lay the foundation for future studies in this area.

In conclusion, our findings shed light on the role of the genetic factors in TD induced by long-term use of antipsychotics in
chronic SCZ patients. The interaction of GSTM1-rs738491, NOS1-rs738409, and ADORA2A-rs2298383 played a significant
role in TD risk. TD patients with NOSI A/G or ADORA2A T/T exhibit poor cognitive ability. Our findings establish a solid
molecular biological foundation for comprehending the oxidative stress hypothesis as a central element in the pathogenesis of
TD. Furthermore, they offer potential biological markers that could facilitate the early detection of TD development in SCZ
patients. However, the functional implications of the genetic interactions between these SNP genes remain to be elucidated,
and further experimental evidence is needed to confirm the underlying pathophysiological mechanisms.
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