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The arylamine N-acetyltransferases (NATs) are a unique family of enzymes that catalyse the transfer of an acetyl group
from acetyl-CoA to the terminal nitrogen of hydrazine and arylamine drugs and carcinogens. Human arylamine NATs
are known to exist as two isoenzymes, NAT1 and NAT2. The objective of this study was to identify whether the genetic
polymorphism of NAT2 plays a role in susceptibility to Diabetes Mellitus (DM). Ninety-seven patients with DM and
104 healthy controls were enrolled in the study. NAT2*5A, NAT2*6A, NAT2*7A/B and NAT2*14A polymorphisms were
detected by using real time PCR with LightCycler (Roche Diagnostics GmbH, Mannheim, Germany). According to our data,
the NAT2*5A and NAT2*6A mutant genotypes and NAT2*14A heterozygous genotype were associated with an increased
risk of development of DM (OR¼ 47.06; 95%CI: 10.55–209.77 for NAT 2*5A, OR¼ 18.48; 95%CI: 3.83–89.11 for
NAT2*6A and OR¼ 18.22; 95%CI: 6.29–52.76 for NAT2*14A). However, the NAT2*7A/B gene polymorphism
carried no increased risk for developing DM disease. After grouping according to phenotypes as either slow or fast acety-
lators, NAT2*6A slow acetylator was found to be a significant risk factor for DM (OR¼ 6.09; 95%CI: 1.99–18.6, p¼ 0.02).
The results indicate that NAT2 slow acetylator genotypes may be an important genetic determinant for DM in the Turkish
population. Copyright # 2006 John Wiley & Sons, Ltd.
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INTRODUCTION

The arylamine N-acetyltransferases (NATs) are a
unique family of enzymes that are involved in the acti-
vation and detoxification of aromatic amines.1,2 There
are two NAT isoforms namely NAT1 and NAT2,
which acetylate amino, hydroxyl and sulfhydryl
groups. N-Acetylation of molecules is typically a
detoxifying reaction, while O-acetylation can produce
reactive species.3–6 In general, NAT2 has high affinity
for N-acetylation of most aromatic amines and deac-
tivates them; NAT1 has a major role in the O-acetyla-
tion of N-hydroxy aromatic amines, and leads to the

activation of aromatic amines. NAT1 and NAT2 are
located on human chromosome 8p22 and share
87% nucleotide homology in the coding region.1,6–8

Both NAT1 and NAT2 are highly polymorphic and
may cause inter-individual variations in biotrans-
formation of aromatic amines.7,9 The genetic poly-
morphism in NAT2 expression is due to four mutant
alleles (M1, M2, M3 and M4) for the NAT structural
genes which modify recognition sites for restriction
enzymes.4–6 Several of the NAT1 and NAT2 alleles
have been shown to be associated with enzyme
activity changes and are referred to as slow or rapid
acetylators, depending on their functional impacts.8,9

The presence of two NAT2 mutant alleles (NAT2*5,
*6 or *7) produces a slow acetylation phenotype,
whereas the presence of at least one wild-type allele
(NAT2*4) produces a rapid or medium acetylator phe-
notype.4–6,8–11
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Much work has been conducted on the relationship
between NAT1 or NAT2 genetic polymorphisms and
some cancers such as breast,12 bladder13,14 and colon
cancer.15,16 In contrast, only very limited data have
been reported on the association between NAT2
genetic polymorphisms and diabetes mellitus
(DM).17,18

The purpose of this study was to examine the asso-
ciation between genetic polymorphism of NAT2
genes and DM risk in a Turkish population. To our
knowledge, this is the first report on this subject for
the Turkish population.

MATERIAL AND METHODS

Subjects

To evaluate the prevalence of NAT2 polymorphism,
97 patients with DM (35 males and 62 females) and
104 control subjects (28 males and 76 females) were
enrolled in the study. Patients were chosen from the
outpatient clinic of the Endocrinology Department
of the Diabetes Center in Mersin. Diagnosis of dia-
betes was made according to revised American Dia-
betes Association criteria.19 None of the patients had
a history of cerebrovascular or ischaemic heart dis-
eases, neuropathy, renal dysfunction or hypertension.
The control subjects had no prior history of cardiovas-
cular disease, cancer, diabetes, or hypertension. Con-
trol subjects were matched to the test patients by age,
HbA1c and body mass index (BMI). Informed consent
was obtained from all participants before the study.
The study was approved by the Ethics Committee of
Mersin University.

DNA extraction and genotyping of NAT2

Blood was collected in EDTA-containing tubes and
DNA was extracted from the leukocytes using a high
pure PCR template preparation kit (Roche Diagnostics
GmbH, Mannheim, Germany; cat.no: 1 796 828).
NAT2*5A, NAT26*A, NAT2*7A/B and NAT2*14A
polymorphisms of NAT2 were detected by using the
LightCycler-NAT2 mutation detection kit by real-time
PCR with the LightCycler instrument (Roche Diag-
nostics GmbH; catalogue no. 3113914). The presence
of mutations in both alleles of NAT2 was accepted as a
slow acetylation phenotype. The wild-types and het-
erozygotes were termed as fast acetylators.

Statistical analysis

NAT allele and genotype distributions of the diabetic
cases and control groups were compared using the

chi-squared test, and p-values of less than 0.05 were
considered to be significant Patients and control group
ages are presented as mean� SD. The strength of
association between inheritance of a particular NAT
allele or genotype and diabetes mellitus was assessed
by calculation of odds ratios (OR) and 95% confi-
dence intervals (CI). The NAT2 assays place indivi-
duals into distinct categories: those with either slow
or fast phenotypes. The statistical program SPSS
11.5 for Windows was used.

RESULTS

We determined the mutations of NAT2 enzymes in
97 patients with diabetes mellitus and 104 healthy
controls. Table 1 shows the main characteristics of
the subjects in this study. The mean age was 53.9�
10.5 in patients and 49.1� 12.9 in control subjects.

The genotype distributions of the NAT2 poly-
morphisms were examined in controls and in patients
with diabetes mellitus. In the patients, NAT2*5A
wild-type, heterozygous and mutant genotype frequ-
encies were 41.2, 53.8, 15.5% and in the controls were
39.4, 43.3, 6.7%, respectively. The risk for diabetes
patients was more than 5 times higher (OR¼ 5.05,
95%CI: 1.95–13.07) in individuals with the NAT2*5A
heterozygous genotype and 47 times higher in indivi-
duals with the NAT2*5A mutant genotype compared
to the wild genotype.

The frequencies of wild-type, heterozygous and
mutant NAT2*6A genotypes were 46.4, 34.0 and
19.6% in the patients and 57.7, 38.5 and 3.8% in the
controls, respectively. The mutant NAT 2*6A geno-
type was significantly higher than controls. The
relative risk for the mutant NAT 2*6A genotype was
18.48 (95%CI: 3.83-89.11) for cases compared with
controls.

Also individuals with the NAT2*14A heterozygous
genotype had a significantly higher risk of diabetes
compared with individuals with the NAT2*14A wild
genotype (OR¼ 18.22; 95%CI: 6.29-52.76). But the

Table 1. Clinical characteristics of the study population

Patients (n¼ 97) Controls (n¼ 104)

Age (years) 53.9� 10.5 49.1� 12.9
Sex (male/female) 35/62 28/76
BMI (kg/m2) 31� 1.3 30� 1.1
Glucose (mg/dl) 229� 25 97.3� 15.6
HbA1c (%) 10.8� 2.7 3.9� 1.8

Values are mean�SD; BMI, body mass index; n, number of
sample.
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distributions of genotypes of NAT2*7A/B were not
statistically different between the patients and con-
trols, and the OR of the heterozygous and mutant gen-
otypes of NAT2*7A/B were 1.16 (95% CI: 0.65–2.07)
and 3.66 (95%CI: 0.94–14.27), respectively.

The risk for diabetes was studied in relation to the
NAT2 slow genotypes. Frequencies for NAT2 acetyla-
tors and estimated risks are shown in Table 2. The pre-
valence of NAT2*5A fast acetylators was 84.5%
among the patients and 93.3% among controls. No
interaction was seen for patients and controls and
acetylator genotype. The frequency of the NAT2*6A
slow genotypes in patients with diabetes mellitus
(19.6%) was significantly higher when compared with
that of the control group (3.8%). The odds ratio of dia-
betes risk for slow acetylators compared with fast
acetylators was 6.09 (95%CI: 1.99–18.6, p¼ 0.02).
There was no significant difference in the
NAT2*7A/B and NAT2*14A fast or slow acetylator
status between the diabetes patients and the controls
(p> 0.05).

DISCUSSION

Metabolic activity towards foreign substances by N-
acetylation determines the individual susceptibility
to toxicity from certain therapeutic drugs, industrial
or occupational chemicals or cancerogenic heterocyc-
lic amines. Due to a genetic polymorphism, subjects
can be classified as ‘slow’ or ‘rapid’ acetylators
according to how fast their bodies metabolize isonia-
zid, sulphamethazine or procain amide.20 Although
there is a wide variation in acetylation capacities,

there exists a bimodal frequency distribution showing
high concordance between acetylator phenotype and
NAT2 gene mutations.

In general, slow acetylators are more susceptible to
adverse drug effects than rapid acetylators due to
delayed drug elimination with the consequence of
increased concentrations. In the Caucasian popula-
tion, the frequency of slow acetylators is as high as
55–60%21 and, thus, the possible impact of this poly-
morphism on common diseases is not to be neglected.
Previous studies on the possible role of the acetylation
polymorphism in immune and/or inflammatory
responses gave ambiguous results. Thus, associations
were suggested between acetylation polymorphism
and rheumatoid arthritis,22,23 systemic lupus erythe-
matodes,24 human immunodeficiency syndrome,25

and diabetes.17

In this study, we investigated whether the genetic
polymorphism of NAT2 plays a role in susceptibility
to DM. Our results show that the NAT2 slow acetyla-
tor genotypes were associated with a significantly
increased risk of DM.

Several phenotyping studies suggested an associa-
tion between the NAT2 polymorphism and, breast
and bladder cancer risk,26,14 insulin-dependent
(IDDM) and non-insulin-dependent diabetes mellitus
(NIDDM)27 and diabetic microvascular complica-
tions.28 Korpinen et al.17 showed that in nonsmoking
type 1 diabetic patients, fast NAT2 genotype implies
an increased risk for diabetic nephropathy. Madacsy
et al.29 reported a significantly higher prevalence of
the slow acetylator phenotype in diabetic patients with
microalbuminuria.

In contrast to previous phenotyping studies,
Aguendez et al.18 reported that there was no relation-
ship between NAT2 polymorphism and NIDDM or its
complications such as nephropathy or neuropathy.
Hegele et al.30 demonstrated that variation in NAT2
was not associated with the presence of type 2 dia-
betes. Neugebauer et al.31 reported that no significant
increase was found in the prevalence of the slow
acetylator phenotype in patients with diabetic nephro-
pathy. They suggested that NAT2 gene polymorphism
might not be a genetic risk marker for diabetic nephro-
pathy in Japanese type 2 diabetic patients.

Several studies of subjects with NIDDM from
diverse ethnic origins suggested an increase in the
frequency of subjects with the rapid acetylator
phenotype among patients, as compared with matched
controls.32 In contrast, in our study population the
NAT2*6A slow acetylator genotype was a significant
risk factor for DM disease (OR¼ 6.09, 95%CI:
1.99–18.6, p¼ 0.02). Also, NAT2*5A heterozygous

Table 2. The distribution of the mutations NAT2*5A, NAT2*6A,
NAT2*7A/B and NAT2*14A as phenotypes in groups

Acetylator Controls Patients OR
type (n¼ 104) n (%) (n¼ 97) n (%) (95% CI)*

NAT2*5A
Fast 97 (93.3) 82 (84.5) 1 (reference)
Slow 7 (6.7) 15 (15.5) 2.535 (0.98–6.51)

NAT2*6A
Fast 100 (96.2) 78 (80.4) 1 (reference)
Slow 4 (3.8) 19 (19.6) 6.09 (1.99–18.6)

NAT2*7A/B
Fast 101 (97.1) 88 (90.7) 1 (reference)
Slow 3 (2.9) 9 (9.3) 3.4 (0.9–13.1)

NAT2*14A
Fast 103 (99.0) 96 (99.0) 1 (reference)
Slow 1 (1.0) 1 (1.0) 1.07 (0.07–17.39)

*From conditional logistic regression. OR, Odds ratio; CI,
confidence interval.
n, number of sample.
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genotype and NAT2*5A mutant genotype, mutant
NAT2*6A genotype and NAT2*14A heterozygous
genotype were found to be higher in patients with
DM.
The similarity and difference in the acetylator

status of NAT2 suggest that NAT genetic polymorph-
isms could be variable in the same race but of different
geographic areas. It is possible that dietary, environ-
mental factors and/or genetic polymorphisms in
xenobiotic-metabolizing enzymes may contribute to
the development of the disease. NAT2 is an important
xenobiotic-metabolizing enzyme and the nonacety-
lated xenobiotics may induce the DM.
In summary, our study presents the first data on the

relationship between NAT2 genotype and DM in a
Turkish population. The results presented here give
support to the idea that polymorphisms of the xeno-
biotic metabolism may contribute to the individual
susceptibility of developing DM.

ACKNOWLEDGEMENT

This research was supported by the Research
Foundation of Mersin University, Mersin, Turkey,
Grant no. BAP TF.TTB (RH) 2004-2.

REFERENCES

1. Hein DW, Doll MA, Fretland AJ, et al. Molecular genetics
and epidemiology of the NAT1 and NAT2 acetylation
polymorphisms. Cancer Epidemiol Biomarkers Prev 2000; 9:
29–42.

2. Hein DW, Doll MA, Rustan TD, et al. Metabolic activation and
deactivation of arylamine carcinogens by recombinant human
NAT1 and—polymorphic NAT2 acetyltransferases, Carcino-
genesis 1993; 14: 1633–1638.

3. Deguchi T, Mashimo M, Suzuki T. Correlation between
acetylator phenotypes and genotypes of polymorphic arylamine
N-acetyltransferase in human liver. J Biol Chem 1990; 267: 18:
140–147.

4. Hickman D, Risch A, Camilleri J, Sim E. Genotyping
human polymorphic arylamine N-acetyltransferase: identifica-
tion of slow allotypic variants. Phamacogenetics 1992; 2: 217–
226.

5. Bell DA, Taylor JA, Butler MAStephens EA, et al. Genotype/
phenotype discordance for human arylamine N-acetyl-
transferase (NAT2) reveals a new slow-acetylator allele com-
mon in African-Americans. Carcinogenesis 1993; 14: 1689–
1692.

6. Blum M, Demierre A, Grant DM, Heim M, Meyer UA.
Molecular mechanism of slow acetylation of drugs and
carcinogens in Humans. Proc Natl Acad Sci USA 1991; 88:
5237–5241.

7. Hein D. Molecular genetics and function of NAT1 and NAT2:
role in aromatic amine metabolism and carcinogenesis. Mutat
Res 2002; 506–507: 65–77.

8. Blum M, Grant DM, McBride W, Heim M, Meyer UA. Human
arylamine N-acetyltransferase genes: isolation, chromosomal
localization, and functional expression. DNA Cell Biol 1990; 9:
193–203.

9. Hein DW, Doll MA, Fretland AJ, et al. Molecular genetics
and epidemiology of the NAT1 and NAT2 acetylation
polymorphisms. Cancer Epidemiol Biomarkers Prev 2000; 9:
29–42.

10. Delemenie C, Sica L, Grant DM, Krishnamoorthy R, Dupret
JM. Genotyping of the polymorphic N acetyltransferase (NAT2)
gene locus in two native African populations. Pharmacoge-
netics 1996; 6: 177–185.

11. Henry JL, Chun-Ya H, Bruce KL, Steven H. Ethnic
distribution of slow acetylator mutations in the polymorphic
N-acetyltransferase (NAT2) gene. Pharmacogenetics 1994; 4:
125–134.

12. Chang-Claude J, Kropp S, Jäger B, Bartsch H, Risch A.
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