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Abstract
The gene that encodes N-acetyltransferase 2 (NAT2) is located on chromosome 8p22, one of 

the most convictive susceptibility loci of schizophrenia. NAT2, an enzyme that is essential in the 
metabolism of many drugs and xenobiotics, contains various genetic polymorphisms which lead 
to changes in enzyme activity. In the present study, six selected NAT2 exonic single nucleotide 
polymorphisms (SNPs) were genotyped in an independent case-control sample of a Northern 
Chinese Han population to verify the possible association between NAT2 and schizophrenia. Three 
(rs1801280T/341C, rs1799930/G590A and rs1208/A803G) of the six SNPs showed significant allele 
frequency differences between case and control groups after rigorous Bonferroni correction. One 
protective fast-acetylation haplotype (NAT2*4) and two risk slow-acetylation haplotypes (NAT2*5B 
and NAT2*6A) were found to be associated with schizophrenia. These results indicate that NAT2 
may act as a susceptibility gene for schizophrenia in the current Chinese Han population, and the risk 
haplotypes might cause the impairment of NAT2 to metabolize neurotoxic substances. 
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Introduction

Schizophrenia is a chronic psychotic disorder manifested by a breakdown in cognition and 
emotion along with characteristic positive (ie. hallucinations, delusions, or disorganized speech and 
thoughts) and negative (i.e. apathy, alogia, or avolition) symptoms[1]. Schizophrenia typically arises 
in late adolescence or early adulthood with a global lifetime prevalence of about 1%. Considerable 
progress has been made in the diagnosis, classification and treatment of schizophrenia during the last 
decades. However, the etiology and molecular basis of schizophrenia remain obscure [2, 3].

Unlike single-gene disorders having homogenous etiologies, cumulatively diverse but convincing 
evidence points to schizophrenia as a neurodevelopmental disorder with heterogeneous etiologies 
emanating from interactions between multiple genes and various environmental insults [4]. Family, 
twin and adoption studies of schizophrenia have revealed a substantial genetic contribution with 
conservative estimates of heritability of approximately 80% [5, 6]. Despite this high genetic 
predisposition, the environmental factors triggering the expression of individual genes is also crucial 
to the onset of the disorder. A variety of prenatal and perinatal environmental risk factors has been 
mentioned so far. The neurotoxic hypothesis of mental disorders received considerable interest, and 
both endogenous and exogenous neurotoxic substances have been shown relevant to the genesis of 
schizophrenia [7-9].

A large number genome-wide scan studies have been carried out recently [10]. Linkage evidence 
of schizophrenia susceptibility loci has been reported across almost every human chromosome 
[11]. Perhaps the most compelling region is chromosome 8p, which is not only based on multiple 
independent strong linkage reports but also on various meta-analytical statistical applications [12-16]. 
Subsequent research implicated chromosome 8p21-22 as the more precise location for schizophrenia 
[17-19].  N-acetyltransferases (NATs) are cytosolic conjugating enzymes which transfer an acetyl 
group from acetyl Coenzyme A to xenobiotic acceptor substrates [20]. NATs play an essential role 
in metabolism and detoxification of many compounds including drugs and environmental toxins 
that are linked to brain pathology [21]. The human NAT2 gene located on chromosome 8p22 is 
one of two human NAT isoenzymes. At the human NAT2 locus there are several well-characterized 
functional polymorphisms that cause variable enzyme activity or stability, resulting in slow or fast 
acetylation [22]. So far, an increasing number of epidemiological studies have attempted to relate 
NAT2 acetylation phenotypes to a variety of complex human disorders [23-26]. Saiz et al. reported 
one missense substitution C481T associated with schizophrenia [27]. However, the distribution of 
NAT2 genetic polymorphisms has a worldwide diversity, and the common functional haplotypes vary 
in different populations [28]. In the present study, an independent case-control analysis was carried 
out to estimate the association of NAT2 polymorphisms and schizophrenia in a Northern Chinese Han 
population.

 
Materials and methods
Subjects

761 diagnosed schizophrenia patients (368 males and 403 females) and 976 healthy controls (466 
males and 510 females) were included in the present study. The patients were recruited at the Institute 
of Mental Health, Peking University, Beijing, China. Diagnosis of schizophrenia was conducted 
according to the Diagnostic and Statistical Manual of Mental Disorders, fourth Edition (DSM-IV, 
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American Psychiatric Association, 2000). None of the patients had severe medical complications. 
The controls were matched to the patients, selected by psychiatrists using a simple non-structured 
interview and had no history of mental health problems or neurological diseases. All the patients and 
controls lived in Northern China and descended from the Chinese Han population.
Sample preparation and genotyping

Peripheral blood samples were obtained from all the subjects and genomic DNA was extracted 
using the QIAamp® DNA blood Mini Kit (QIGEN, Germany). All the SNPs were genotyped by 
direct DNA sequencing. Polymerase chain reaction (PCR) was performed in a 25μl volume containing 
10 mM Tris-HCl (pH 8.3), 1.5 mM MgCl2, 50 mM KCl, 200 mM for each dNTP, 0.25 mM for each 
primer, 1U Taq DNA polymerase and 30 ng human genomic DNA. The PCR conditions included 
an initial denaturation at 95º for 5 min, followed by 36 cycles at 95ºC for 30 sec, 55–60ºC for 30 
sec, 72ºC for 30 sec, and a final elongation at 72ºC for 7 min. All the PCR primers were designed by 
Oligo6.0 (MBI, USA). PCR products were sequenced on the ABI PRISM 377-96 DNA Sequencer 
(Applied Biosystem, USA.) after purification using the BigDye Terminator Cycle Sequencing Ready 
Reaction Kit. All the results were examined by two experienced technicians independently. 
SNP selection

The international HapMap project database on dbSNP (http://www.ncbi.nlm.nih.gov/SNP/) was 
consulted. Six exonic SNPs with acceptable MAF (minor allele frequency) (≥2%) in the Chinese Han 
population were selected. These SNPs are all correlated with main amino acid substitutions in human 
NAT2 resulting in enzyme activity alteration. Information about the six SNPs is given in Table 1.
Statistical analyses

Statistical power was estimated by the Genetic Power Calculator (GPC, http:// pngu.mgh.
harvard. edu/~purcell/gpc/cc2.html) [29].  Deviations in genotype counts from the Hardy-Weinberg 
equilibrium (HWE) were separately tested among the patient and control groups using χ2 goodness-
of-fit tests with one degree of freedom (df). The case-control association analysis and haplotype 
analysis were performed using SHEsis software (http://analysis.bio-x.cn/SHEsisMain.htm) [30]. The 
haplotype structures were constructed using Haploview version 4.1 (http://www.broad.mit.edu/mpg/
haploview) [31]. To exclude type I errors, Bonferroni corrections for multiple tests were applied for 
multiplying the uncorrected p-value by the number of tests. Results were considered significant at 
two-tailed p<0.05.
Ethics statement

This study was approved by the Ethical Committee of the Institute of Mental Health, Peking 
University. The objective and procedures of the present study were explained to all patients and 
patients’ guardians. All subjects enrolled in the study signed a written informed consent. Healthy 
controls signed the informed consent themselves, patients’ guardians signed the informed consent on 
behalf of the patients. If the patients were in a stable period with respect to clinical features and could 
understand the consent, they also double signed the consent on their own.

Results
All SNPs were tested in patient and control groups for deviations from HWE (p>0.001), and no 

significant deviation was found (Supplementary Table 1). The size of our samples was sufficient to 
detect a significant difference with a power of more than 70%. No significant differences in age or 
gender distributions were found between the case and control groups (data not shown). Allele and 
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genotype frequencies of the six SNPs between case and control groups are presented in Table 2. The 
differences in genotype frequencies were tested between two groups and four SNPs showed significant 
results (rs1801280/T341C, rs1799929/C481T, rs1799930/G590A and rs1208/A803G). Significant 
differences were found in allele frequencies between case and control groups at five SNPs (rs1041983/
C282T, rs1801280/T341T, rs1799929/C481T, rs1799930/G590A and rs1208/A803G). However, after 
rigorous Bonferroni correction, only one SNP (rs1799930/G590A, χ2=9.786, p=0.00754, pb=0.0452) 
remained significantly different for genotype frequency, and three SNPs (rs1801280/T341C: χ2=8.892, 
p=0.00288, pb=0.0173; rs1799930/G590A: χ2=9.310, p=0.00229, pb=0.0137; rs1208/A803G: 
χ2=8.345, p=0.00389, pb=0.0233) were still significantly associated with schizophrenia for allele 
frequency.

To further explore the haplotype structure in our study, linkage disequilibrium (LD) was 
computed between every two SNPs using D’ and r2 values (Supplementary Table 2). There was a 
strong LD between each two of the six SNPs, so haplotype analyses were performed. Fifteen different 
allele combinations of the six SNPs were found in the case and control groups. However, there were 
only four predominant allele combinations (distribution frequencies>0.02, Table 3). Only these 
predominant allele combinations were included in the analyses (Table 4). Haplotypes consisting of 
the six SNPs showed significant association with schizophrenia (global χ2=20.222, p=0.000156). The 
protective haplotype NAT2*4 (CTCGAG) appeared to be significantly associated with schizophrenia 
(χ2=11.211, p=0.000819). Two risk haplotypes also showed a strong association with schizophrenia 
(NAT2*5B: χ2=7.979, p=0.00475; NAT2*6A: χ2=9.888, p=0.00167). Furthermore, these positive 
results remained after the strict Bonferroni correction for multilocus haplotypes.

Table 1. Information on the six NAT2 SNPs

Abbreviations: HCB－ Han Chinese in Beijing; MAF－ minor allele frequency.

a Based on HapMap database release#27

b MAF of Han Chinese in Beijing studied in the International HapMap project
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Table 3. Dominant NAT2 haplotypes of schizophrenia patients in our Chinese Han

Table 2. Distribution of the NAT2 SNP genotypes
and allele frequencies in patients with schizophrenia and in controls

Abbreviations: CI, confidence interval

Significant p values (<0.05) are in bold.

a Frequencies are shown in parentheses.
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Table 4. Distribution of NAT2 haplotypes in schizophrenia patients and in controls

Significant p values (<0.05) are in bold.

a Frequencies are shown in parentheses.

Discussion
Defects in neurodevelopmental processes have been considered as major factors of susceptibility 

to schizophrenia [32]. Nevertheless, due to etiological complexity, filtering susceptibility genes and 
abnormalities in neurodevelopment is difficult. However, the importance of the chromosome 8p21-
22 region for neuropsychiatric disorders, as indicated by a series of independent studies is well 
established. Tests of allelic association with markers on 8p21-22 are applicable to localize quantitative 
trait nucleotides or susceptibility mutations [21]. The human NAT2 gene is located on chromosome 
8p22. Sequence variations in the NAT2 gene leading to slow enzymatic acetylation activity have been 
reported to be associated with Parkinson’s disease [33-35]. NAT2 was designated as a candidate gene 
for schizophrenia in a Caucasian Spanish sample [27]. However, the worldwide diversity of NAT2 
haplotypes and phenotypes requires further replication in independent samples from different ethnic 
populations. 

Over two hundreds of coding single nucleotide polymorphisms (cSNPs) for NAT2 have been 
characterized in the international HapMap project database. However, only six NAT2 cSNPs with 
acceptable polymorphisms for association studies (MAF>2%) were included in the present study to 
investigate their roles in susceptibility to schizophrenia in the Northern Chinese Han population. One 
cSNP (rs1799930/G590A) showed both genotype and allele frequency differences between case and 
control groups afteBonferroni corrections, while two cSNP (rs1801280/T341C and rs1208/A803G) 
only showed allele frequency differences. Compared to cSNP differences, the haplotype analysis 
provides more explicable results considering the corresponding NAT2 quantitative acetylation 
phenotypes. Although 11 haplotypes appeared in our sample; only 4 of them reached a predominant 
haplotype distribution frequency (>3%). Significant associations were observed in three haplotypes, 
NAT2*4, NAT2*5B and NAT2*6A. NAT2*4 responsible for a fast NAT2 acetylation phenotype was 
most common in the Northern Chinese Han population. The frequency of NAT2*4 was 55.3% in 
patients and 61% in controls, which illustrated a protective role of NAT2*4 haplotype (χ2=11.211, 
p=0.000819; OR=0.79, 95%CI=0.69~0.91). In contrast, NAT2*5B (χ2=7.979, p=0.00475; OR=1.72, 
95%CI=1.18~2.51) and NAT2*6A (χ2=9.888, p=0.00167; OR=1.30, 95%IC=1.10~1.53) had lower 
distribution frequencies in the control group than in the patient group and were considered as risk 
haplotypes. As mentioned previously, NAT2 genetic polymorphisms vary worldwide [28, 36]: nearly 
60% of the subjects in our sample displayed NAT2 fast acetylation, while this was the case in less 
than 30% of the Caucasian population. This significant difference primarily originated from the large 
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Supplementary Table 1. Hardy-Weinberg Equilibrium Test for the Six SNPs

Supplementary Material

variances of three individual SNPs (T341C, C481T and A803G). The less common alleles of these 
SNPs seldom present in East Asian populations and result in “slow acetylators” that are less efficient 
in metabolizing endogenous and exogenous toxins. This high level of NAT2 population differentiation 
inferred from SNPs may suggest population-specific selective pressure acting at this locus, probably 
caused by differences in diet or exposure to other environmental signals. Nonetheless, our studies, and 
an earlier association study in a Caucasian Spanish sample, provide evidence that the human NAT2 
gene may play a role in genetic susceptibility to schizophrenia.

Substrate acetylation via NAT2 contributes to biotransformation and clearance of toxicity for 
numerous pharmacologic agents and environmental toxicants [7, 8]. It is plausible that genetic 
polymorphisms in the NAT2 gene may modify the neurodevelopmental risk involved in brain 
pathology through abnormal detoxification [36]. Although no specific endogenous or exogenous 
psychotomimetic agents have been related to schizophrenia in any extensive search for over decades, 
neurotoxic impairment was widely discovered in schizophrenia by independent researches [37]. 

 
Conclusions

The present study reports a significant association between the human NAT2 gene polymorphisms 
and risk for schizophrenia in a Northern Chinese sample and suggests that positive haplotypes 
related to a different acetylation status may contribute to the risk of schizophrenia. Additional studies 
are required to elucidate the actual biological involvement of NAT2 gene in the development of 
schizophrenia.
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Supplementary Table 2. Pairwise linkage disequilibrium among six SNPs
(D’ values are shown above and r2 values below the diagonal)
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