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N-ACETYLTRANSFERASE 2 (NAT2) GENE POLYMORPHISMS IN 
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ABSTRACT:  

INTRODUCTION: Prediction of clinical effects after drug administration is of paramount importance for the improvement of beneficial 
effects and minimization of adverse drug reactions in daily practice. Clinical effects can differ between individuals as a result of variation in ex-
pression of metabolizing enzymes. The NAT2 protein is a metabolizing enzyme responsible for bioactivation and detoxification of commonly 
prescribed drugs such as isoniazid, which is used to treat tuberculosis. This protein is encoded by the NAT2 gene, a gene which is highly 
polymorphic. Two polymorphisms common in the Caucasian population are studied, NAT2*5B and NAT2*7. We expect that NAT2*7 leads to a 
slow acetylating status, whereas NAT2*5B does not.
OBJECTIVE: The aim of this study was to link NAT2 activity to a specific genotype pattern. 
METHODS: 9 Students of Biomedical Sciences at the Radboud University ingested a 1500 mg dose of sulfadimidine. Sulfadimidine concen-
trations were measured in a blood sample and several saliva and urine samples were obtained from the students to determine their metabo-
lism phenotype. Genotype was determined by restriction fragment length polymorphism using the bamH1 and kpn1 restriction enzymes. 
RESULTS: Of the 9 students, 7 showed a slow phenotype with a half-life of 10.2 hours (SD=6.61 hours) and a metabolic rate of 45% 
(SD=6.61%). Two of the slow phenotype students had a mutation in both alleles, one showed a mutation in NAT2*7, 2 students in NAT2*5B 
and one student had no mutations. The 2 students with a fast acetylating phenotype had a half-life of 3.0 hours (SD = 2.47 hours) and a meta-
bolic rate of 83% (SD = 14.7%). These students had either a mutation in NAT2*5B or NAT2*7.
CONCLUSION: There might not be a relation between the genotype of two common polymorphisms in the NAT2 gene and acetylating phe-
notype, although the small sample size limits our ability to draw firm conclusions.

WHAT’S KNOWN: There is evidence that phenotypic activity correlates to the NAT2 genotype. Different ethnic populations, with a different 
genetic make-up, show a different phenotypic status.   

WHAT’S NEW: In this study, we specifically used a cohort of Biomedical students to investigate the relationship between NAT2 phenotype 
and genotype, because differences in lifestyle pattern may influence metabolic rate. However, due to the small sample size, no definitive 
conclusion could be drawn.
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Introduction

Prediction of the clinical effects after drug administration is of pa-
ramount importance for the improvement of beneficial effects 
and minimization of adverse drug reactions in daily clinical prac-

tice. However, this is difficult due to large inter-individual variation 
in drug-responses. Genetic heterogeneity in enzymes responsible 
for metabolism and transport of drugs, drug targets and disease eti-
ology, but also environmental factors, may determine the response 
to drugs. In most cases biomarkers or genetic screening are used to 
improve clinical practice. As for genetic screening, Single Nucleotide 
Polymorphisms (SNPs) are used to determine which genetic profile a 
patient expresses and whether this profile can result in the desired 
response to a particular drug. 

This ‘personalized medicine’ approach could lead to avoidance of 
unwanted side effects or drug plasma concentrations outside of the 
therapeutic window. Besides the advantages at an individual level, 
prediction of the clinical effects will also reduce health care costs. 
Davies et al. showed that adverse drug reactions (ADR) account for 
one fifth of hospital readmissions in the UK [11]. A study conducted 

in France indicated an incidence of 3.6 % of hospital admissions due 
to ADRs [12].

Genetic screening of the Arylamine N-acetyltransferase (NAT2) gene 
may provide important information about the response to commonly 
prescribed drugs such as isoniazid, hydralazine, and sulfamethoxazo-
le [1]. Isoniazid, for instance, is a common first-line anti-tuberculosis 
drug. If the concentrations of this drug become too high, isoniazid 
has the potential to induce liver damage [18]. Isoniazid is metabo-
lized by the genetically polymorphic arylamine N-acetyltransferase 
type 2 (NAT2). An increased activity of NAT2 is related to increased 
acetylation capacity for drugs that are metabolized by the NAT2 en-
zyme. 

The NAT2 gene encodes the NAT2 protein, which is a phase II me-
tabolizing enzyme responsible for metabolism by N-acetylation or 
O-acetylation of drug compounds containing aromatic amines and 
hydrazines [1]. In effect, this enzyme catalyzes the bioactivation and/
or detoxification of drugs as isoniazid, hydralazine, and 
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sulfamethoxazole [1].

NAT2 is a single, intronless gene, which is located at 8p22 [1]. It is 
considered to be highly polymorphic, composing seven general nu-
cleotide changes that are associated with its acetylating phenotype 
[1]. 191 G > A, 341 T > C, 590 G > A, and 857 G > A, which reduce the 
acetylation activity of NAT2; and 282 C > T, 481 C > T, and 803 A > G, 
which did not [1]. This study will focus on the NAT2*5B (C481T) and 
NAT2*7 (G857A) polymorphisms, because these polymorphisms are 
not yet evaluated in students, whereas these are common polymor-
phisms in the Caucasian population. NAT2*4 is considered to be the 
wildtype allele. 

Sulfadimidine is one of the drugs that is metabolized by the NAT2 
protein [16]. Sulfadimidine is an antibacterial agent, which has been 
used to treat urinary tract infections since 1942. Nowadays this com-
pound is rarely used in the clinic, because there are more effective 
compounds on the market to treat urinary tract infections. Howe-
ver, this drug offers a great possibility to study the acetylator phe-
notype in humans. This drug is not harmful when given once in an 
amount of 1500 mg. Sulfadimidine is predominately metabolized to 
N4-acetylsulfadimidine [16]. In this paper, we will further distinguish 
between rapid and slow acetylators. In the literature, participants 
were classified as slow or fast acetylators based on the acetylated / 
unchanged sulfadimidine plasma level ratio, using a threshold va-
lue of 70% [1]. The prevalence of slow and fast acetylators differs 
between ethnic populations [1,4-6].

The aim of this study was to link NAT2 activity to a specific geno-
type pattern. NAT2*7 leads to a slower acetylating status, whereas 
NAT2*5B will not [1]. Therefore we expect that students without mu-
tations, so called wild types, are fast acetylators. One ‘slow’ allele will 
lead to a slow acetylation phenotype, those with two mutations in 
NAT2*7‘alleles will show a more extreme phenotype [19]. We expect 
students with SNPs in NAT2*5B not to have a slower acetylating sta-
tus. We used PCR to determine the genotype of the students. Urine 
and saliva samples were analyzed at specific time points to produce 
time-concentration curves and to calculate pharmacokinetic para-
meters, which include the metabolic ratio, metabolic clearance, half-
life and the Area Under the Curve (AUC).

Methods 

Study design
Biomedical students enrolled in the course Drugs Development at 
the Radboud University were included in our study on a voluntary 
basis. This population consisted of seven Caucasian and two non-
Caucasian students. Students were excluded in case of liver or kidney 
disorders, pregnancy, G6PDH-deficiency or after prior use of sulfa-
compounds. First, the participants gave their informed consent after 
being informed by a physician, due to admission of medication and 
extraction of one blood sample and several saliva and urine sam-
ples. Because participants were required to be sober at the start of 
the experiment, they were only allowed to drink water in the 9 hours 
prior to the start of experiment. Half an hour before administering 
sulfadimidine, saliva and urine samples were collected for baseline 
measurements. Subsequently, all students ingested 1500mg of sulfa-
dimidine. During the 24 hours after administration of the drug, urine 
and saliva samples were collected at specific time points (table 1).  
These samples were subsequently analyzed for sulfadimidine and the 

N-acetylsulfadimidne in plasma and urine, while saliva samples were 
only analyzed for sulfadimidine. Four and half hours after administra-
tion of the drug a blood sample (approximately 6 mL) was collected. 
This sample was analyzed for bound and unbound sulfadimidine and 
N-acetylsulfadimidine concentrations and for the presence of poly-
morphisms in NAT2*5B or NAT2*7 alleles.

DNA extraction
DNA was isolated from 1 ml peripheral blood using the Puregene 
DNA Isolation kit. First, 200 µl whole blood was added to a microtube 
containing 600 µl RBC lysis solution. The solution was vortexed and 
the supernatant removed. After that, 200 µl of a cell lysis solution was 
added. A protein precipitation solution (PP4) was used to precipitate 
the proteins. Subsequently 200 µl 100% isopropanol (IP5) and 200 µl 
70% ethanol (ET6) were added, respectively, to precipitate DNA. Last-
ly, 50 µl DNA Hydration Solution (DH7) was added for DNA hydration. 

PCR-sequencing
The primers were designed to amplify the human NAT2 gene se-
quence from position 761 bp to 1861 bp. The length of the whole 
PCR product was 1101 bp, which contained the NAT2*5B and NAT2*7 
polymorphisms at bp 481 and bp 857 respectively in this fragment 
The primer sequences were NAT2-For2   5’-aactctaggaacaaattggac-
3’and NAT2-Rev2   5’-tttctagcatgaatcactctg-3’.  PCR reactions were 
performed with 1 µl DNA and 49 µl of the PCR mix. This mix consisted 
of 1.0 µl 10 µM NAT2-For2 primer, 1.0 µl 10 µM NAT2-Rev2 primer, 
1.0 µl2.5 mM dNTP’s, 5.0 µl 10x PCR buffer (Invitrogen), 2.0 µl 50 mM 
MgCl2 (Invitrogen), 38.75 µl mQ and 0.25 µl Taq DNA polymerase (In-
vitrogen). Besides the DNA samples we took mQ as negative control. 
The amplifications were done using the following PCR program. Ini-
tial denaturation was done at 94 ⁰C for 5 minutes (step 1), another de-
naturation step at 94 ⁰C for 30 s (step 2), 30 s at 58 ⁰C (annealing, step 
3), 1.5 minute at 72 ⁰C (elongation, step 4). Repeat step [2-4] 39 times, 
followed by a step at 72 ⁰C of 5 minutes.  Amplification was verified by 
gel electrophoresis (1.5% agarose gel, at 125 Volt).

Digestion of PCR products with restriction enzymes
The restriction enzymes Kpn1 and BamH1 were used to determine 
mutations in the NAT2*5B and NAT2*7 gene sequence, respectively. 
Kpn1 cuts between G’GATCC and BamH1 cuts between GGTAC’C.  
First the mixes were made containing 1.0 µl 10x NEB buffer 3, 0.1 µl 
100x BSA, 3.4 µl mQ and 0.5 µl BamH1 or Kpn1 restriction enzyme. 
Subsequently, 5 µl PCR product and 5 µl of the corresponding mix 
were added. The samples were incubated at 37 ⁰C for 2 hours to di-
gest the PCR product. A gel, containing 1.5 % agarose, was run for 
15-20 minutes. 

Determination of acetylator phenotype
Concentrations of sulfadimidine and N-acetylsulfadimidine in plas-
ma, urine and saliva
Plasma, urine and saliva concentrations were measured according to 
standard procedures. (supplementary 1) 

Free protein concentration in the blood
For determination of the free protein plasma concentration Amicon 
ultra-filtration membranes from the Centricon system were used. 
These filters, with a cut-off of 30000 Dalton, allow small proteins like 
sulfadimidine to pass the filter membrane, whereas plasma proteins 
are not able to pass.  
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Renal Clearance
The renal clearance was calculated by dividing the total quantity of 
the drug excreted in the urine by the AUC. 

Statistical analysis
Regression lines, standard deviations and t-tests were performed 
using graphpad prism 4.03 for Windows, GraphPad Software, San 
Diego California USA. Only an effect can be determined when the dif-
ference of a variable between groups is significantly different (P<0,05)

Results

After collecting urine, saliva and blood sample measurements, time-
concentration curves were plotted using the measured concentrati-
ons of drug and metabolite. In our data set, differences between fast 
and slow metabolizers were observed in AUC, half-life, metabolic rate 
and plasma clearance. Figure 1 shows the concentration curves of a 
slow and a fast metabolizer.  Calculated data from the subjects (n=9) 
and two historical data sets are depicted in table 2. Acetylating phe-
notype was based on the metabolic ratio <70% (NacS/ total dose in-
gested, as shown in the cumulative excretion- NacS column). In sub-
ject two, acetylating phenotype was not based on metabolic ratio but 
on half-life. The obtained values are summarized and shown in table 
2. One of the factors that show whether someone is most likely a slow 

or fast metabolizer is the AUC. A high AUC means that the drug is 
present in the body for a longer period at a higher concentration. Ho-
wever, no significant difference can be observed in the AUC between 
both groups (784 µg.h/mL 95%CI -1835-3403) although subject 3 and 
4 had a very high AUC. In these two subjects also a high half-life was 
observed. All slow acetylators showed a higher mean half-life, with 
a mean increase of 7,1 hours compared to the fast acetylators, alt-
hough this difference is not significant (95%CI -7,5-21,7) 

Plasma clearance and metabolic ratio were decreased in slow acetyla-
tors with 6,8 L/h (95% CI -3,3 ; 16,9) and 35,4% (95% CI 17,2 ; 53,6), 
respectively. Typical plasma concentration versus time curves for the 
two phenotypes are depicted in Figure 1, in which a higher AUC and 
an increase in half-life were observed for the slow acetylator. These 
subjects also showed differences in the amount of NacSulfadimidine 
and Sulfadimidine excreted in the urine, which appeared to be 50% 
and 30%, respectively, of the total amount of sulfadimidine ingested. 
Of the nine students included in the study, only eight were genoty-
ped (two fast and six slow, based on metabolic ratio), due to refusal 
of one participant to extract a blood sample. Two separate alleles 
were analyzed for genotyping, NAT2*5B by kpn1 restriction and the 
NAT2*7 by BamH1 restriction. After restriction in the NAT2*5B allele, 
fragments should be 441bp and 660 bp in case the SNP is not pre-
sent, while the fragment should be intact when the SNP is present 
(see figure 2A). A combination of both fragments and the whole PCR 
product indicates a heterozygous genotype. In the NAT2*7 allele the 
fragments should normally be found at 384bp and 817 bp, while pre-
sence of a SNP  leads to an intact fragment (figure 2B).Two of the stu-
dents who were genotyped had a mutation in both alleles, while one 
had no mutations. Three students had one mutation in NAT2*5B, two 
of them had a mutation in NAT2*7. These genotypes were coupled to 
the acetylating status of students based on metabolic ratio (table 1). 
The two fast metabolizers both had one mutation, but in a different 
allele. Of the six slow metabolizers, two had a mutation in both al-
leles, two had a mutation in NAT2*5B, one student had a mutation in 
the NAT2*7 and one had no mutations (figure 3).

Discussion

Variation in the activity of the NAT2 enzyme has important impli-
cations regarding therapeutic responses to commonly prescribed 
drugs such as isoniazid, hydralazine, and sulfamethoxazole.  In order 
to predict different therapeutic responses between individuals, we 
performed a study to correlate phenotypic activity to NAT2 genotype 
in a cohort of Biomedical Sciences students. Our data suggest that 
there is no correlation between phenotypic activity and genotype. 

Figure 1 Time-concentration curve of a fast and a slow acetylators. The 
log(concentration sulfadimidine) was plotted against the time. Student 
#2 is a slow metabolizer, this student has an higher AUC and t1/2. 
Student #8 is a fast metabolizer and shows a higher peak concentration, 
while the clearance of the drug is much faster.

                NAT2*5B	               Whole product: 1101 b	               NAT2*7

Restriction site present: wildtype genotype

Figure 2: Genotype patterns in fast and slow acetylators. Mutations 
in bamH1 (right), kpn1 (left) or both are depicted in the diagrams. Two 
wildtype alleles are present when one fragment at 1101 bp is visible, 
if there is one mutation present (heterozygous),3 bonds will be visible, 
two bonds will be visible if two mutations are present (homozygous).

2A 2B

Figure 3 The genotype of fast and slow metabolizers. The fast meta-
bolizers have a mutation in the Nat2*5 or Nat2*7. Slow metabolizers 
may have a genotype which has no, one or two mutations.
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A combination of polymorphisms in the NAT2*5B and NAT2*7 genes 
results in a slow acetylating phenotype. However, mutations in either 
NAT2*5B or NAT2*7 could not predict the phenotype. We expected 
that the NAT2*7 would lead to a slow phenotype based on the avai-
lable literature, however, this mutation was also found in a fast ace-
tylator [1]. Other study groups had already reported a good overall 
correlation between phenotypic activity and genotype [4,7,13]. In 
contrast, one study showed discordance between phenotype and 
genotype of 86% in a Hmong population in the USA [14]. The resear-
chers concluded that environmental and genetic abnormalities may 
have contributed to the discordance.

In our study 22% of the students were fast acetylators, while 78% were 
slow.  Literature showed that discrepancies between different studies 
regarding correlation between phenotype and genotype can be ob-
served. Other studies already demonstrated concordance between 
phenotypic activity and genotype in different ethnic populations. 
In a study by Gross et al., 59.5% of the study population (American-
Caucasian) was classified as slow acetylators [4]. Lucia Taja-Chayeba 
et al. showed that 59.8% of their population were slow acetylators 
[1]. Another study by Fuselli S. et al. demonstrated that 18%, 56% and 
25% of their target population (Native Americans) were, respectively, 
fast, intermediate or slow acetylators [5]. Garcia Martin E. showed 
that inter-individual differences exist, for example individuals with 
Chinese descent are more often slow acetylators than in those with 
Japanese descent [6]. 

In this study, seven students were classified as slow acetylators, 
whereas two students were classified as fast acetylators. The mean 
half-life in slow and fast acetylators was 10.2 and 3.0 hours, respec-
tively. This does correlate with existing literature, wherein the mean 
half-life of sulfadimidine in fast acetylators (n=6) was 1.70 +- 0.50 
hours, the mean half-life in slow acetylators was 7.55 +- 0.90 hours 
[16]. The mean metabolic ratio in slow and fast acetylators was 45 and 
83 %, respectively. In the literature also a difference in metabolic ra-
tio was found between slow and fast acetylators, respectively 63 and 
77% [16].

We have shown that there is no direct relation between phenotype 
and genotype. However, our study has several limitations. First, the 
number of persons participating in this study was low. Secondly, 
calculated 95% confidence intervals for the half-life were very large, 
these resulted in non-significant differences between the slow and 
fast acetylator groups. This may be due to practical errors. Thirdly, sul-
fadimidine plasma concentrations were calculated based on a saliva/
plasma ratio, which was measured at one specific time point. This was 
less invasive for the students and it was assumed that this ratio could 
be extrapolated to all the other time points. Although this gives a re-
latively accurate concentration-time relation, the saliva/plasma ratio 
might not be the same over the whole period. At time of measure-
ment concentrations of sulfadimidine can be altered due to the pro-
duction of saliva, while the same amount of drug is still excreted. Pro-
duction of saliva depends for example on food consumption, which 
we did not monitor.  

Another point of discussion is that we studied polymorphisms in the 
NAT2*5B and NAT2*7 gene, whereas polymorphisms at other sites in 
the coding region or in the non-coding regulatory regions of NAT2 
can cause a difference in the acetylating phenotype. Currently there 
are 61 alleles associated with the acetylating phenotype according 
to ‘Consensus Human Arylamine N-Acetyltransferase Gene Nomen-
clature’ [1]. However, it is unlikely that this has led to significant con-

founding, since the NAT2*5B and NAT2*7 polymorphisms are most 
common in the Caucasian population. Furthermore, gender was not 
evenly distributed in slow and fast acetylators, but we do not think 
that gender differences have a significant impact on acetylating ac-
tivity. Also these results cannot be extrapolated to other ethnicities 
since interethnic difference can result in different outcomes. Finally, 
in some cases assumptions had to be made in order to obtain relia-
ble graphs due to practical errors. In this situation, values represen-
tative for a healthy individual were used. In subject 2, the half-life of 
sulfadimidine was taken instead of the metabolic ratio to determine 
acetylating activity, because of too many missing values. The time-
concentration curve of subject 2 was comparable to that of the other 
slow acetylators.

Recommendations 

Further studies with a larger number of individuals are required to 
demonstrate the correlation between phenotype and genotype for 
NAT2 in students. To acquire more accurate data, these studies should 
be performed with whole genome screening instead of focusing on 
two polymorphisms. Also the use of a trimodal (slow/intermediate/
fast) may be beneficial, because this model might represent the clini-
cal situation better. Furthermore, other drugs than sulfadimidine may 
be used to give a better representation of the acetylation of drugs 
such as isoniazid. In conclusion, this study shows that there might 
not be a relation between the genotype of two common polymor-
phisms in the NAT2 gene and acetylating phenotype, although the 
small sample size limits our ability to draw conclusions.
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