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Abstract

Background
Lung cancer is the most common cancer in the world, and cancer death is mainly caused by lung cancer. At
present, the etiology and pathogenesis of lung cancer are not clear. N-acetyltransferase 2 (NAT2) is an
enzyme found in the lungs, colon, breast, prostate, and liver. NAT2 is polymorphic and can metabolize
carcinogens from tobacco smoke. At present, many studies have explored the effects of NAT2 polymorphism
on lung cancer, but we found inconsistent results.

Methods
We conducted a research of 19 published studies, involving 4,130 patients and 6,057 controls, to more
accurately assess the effects of NAT2 polymorphism on lung cancer risk and to investigate whether smoking
is associated. We used STATA software to analyze the extracted data and used STATA for subgroup analysis,
sensitivity analysis, and to perform publication bias tests. To determine the correlation, we used the crude
odds ratio (ORs) with 95% con�dence interval (CIs).

Results
From the major results, we found that there was no signi�cant correlation between NAT2 polymorphism and
lung cancer (OR = 1.00, 95% CI: 0.84–1.19, I² = 63.3%, P < 0.001 for heterogeneity). We also found no
signi�cant results in strati�ed analyses of smoking, ethnicity, gender, and source of controls. However, we
learned from the subgroup analysis that the lung cancer risk in NAT2 patients with intermediate-slow
acetylation may be increased (OR = 1.83, 95% CI: 1.22–2.73, I² = 39.6%, P = 0.191 for heterogeneity).

Conclusions
This research showed that no su�cient evidence was found to prove the effect of NAT2 polymorphism on
lung cancer risk; however the increased acetylation capacity of NAT2 might reduce the risk of lung cancer.

Background
Lung cancer is the most common cancer in the world, and cancer death is mainly caused by lung cancer [1,
2]. Adenocarcinoma, squamous cell carcinoma, and small cell carcinoma the three major histological
subtypes of lung tumors. Tobacco smoke is an important cause of lung cancer [3]. Polycyclic aromatic
hydrocarbons (PAHs) and their intermediates in cigarette smoke can be bioactivated or inactivated by a series
of enzymes [4]. Therefore, the metabolic capacity of the organism has an impact on the response to
carcinogen exposure. Drug metabolic enzyme (DME) can regulate the metabolic capacity of the organism.
Individual differences in activities of these enzymes can in�uence the biological responses to xenobiotic
exposure, cancer susceptibility, and eventual adverse drug reactions [5, 6].
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N-acetyltransferase 2 (NAT2) is polymorphic and widely exists in lung, colon, breast, prostate and liver [7]. N-
acetylation (deactivation) and O-acetylation (activation) of a variety of HCAs, PAHs and other carcinogens
can be catalyzed by NAT2 [8]. The main function of NAT2 is to transfer an acetyl group from acetyl CoA to the
nitrogen of the substrate [7]. Polymorphisms of the NAT2 gene locus led to the difference of NAT2 enzyme
activity between different individuals [9]. Rapid acetylation phenotype, intermediate phenotype and slow
acetylation phenotype are the three phenotypes of NAT2 [7]. The rapid acetylation phenotype consists of two
copies of wild type alleles (WT) [7]. The intermediate phenotype consists of a wild type allele and a mutant
allele [7]. Consisting of two mutant alleles is a slow acetylator phenotype [7]. Some studies have also
classi�ed homozygous or heterozygous individuals of the NAT2 WT allele as rapid acetylators, while the
remaining (mutant) homozygous individuals of the allele are classi�ed as slow acetylators [10, 11]. The
intermediate phenotype is referred to as the heterozygous rapid phenotype, while the homozygous rapid form
is referred to as the ultrarapid phenotype [12]. Some studies divided NAT2 into three phenotypes, while one
classi�ed the rapid phenotypes into one group, and the slow and intermediate phenotypes into another group
(called the intermediate-slow gene) for statistical analysis [13].

At present, many studies have explored the association between NAT2 polymorphism and lung cancer, but we
found inconsistent results [6–7, 9–10, 12–26]. We conducted a meta-analysis of 19 published studies,
involving 4,130 patients and 6,057 controls, to more accurately assess the Effects of NAT2 polymorphism on
lung cancer risk and to investigate whether smoking is associated.

Methods
In conducting this meta-analysis, we followed the Preferred Reporting Items of the Systematic Reviews and
Meta-analysis (PRISMA) guidelines and the Cochrane Handbook of Systematic Reviews of Interventions.

Search strategy
We used the following electronic bibliographic databases: PubMed, EMBASE and Web of Science. There were
no limits on the search. Search terms were roughly divided into six categories: N-acetyltransferase 2, NAT2,
genetic polymorphism, pulmonary neoplasm lung neoplasm, and lung cancer. In order to �nd a su�cient
number of articles, considering the close relationship between lung cancer and smoking, smoking was not
included in the search term for the time being. We used EndNote (X9, https://endnote.com/) to weed out
duplicate articles, and then we read the titles and abstracts of all articles we retrieved to exclude meta-
analyses, review articles, case reports, meeting minutes, and irrelevant articles.

The inclusion criteria included:

(1)Case-control or cohort or nest case-control studies focused on the role of NAT2 acetylation status in lung
cancer risk.

(2)Studies on the acetylation state of NAT2, including the rapid acetylation phenotype, intermediate
acetylation phenotype, and slow acetylation phenotype.
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(3)Required information was extracted from the case group and control group (different NAT2 acetylation
states).

(4)Those with su�cient data to calculate the odds ratio (OR).

The exclusion criteria included:

(1)No control group

(2)Lack of statistics on the acetylation status of NAT2

(3)Case reports, meta-analyses, review articles, meeting minutes, and irrelevant articles

(4)Experiments on animals

(5)Unable to �nd the full text

Data extraction
We selected two independent investigators who were coauthors of this meta-analysis to screen the search
results. After they found relevant articles, they searched the full text of those studies, read them carefully and
evaluated them to decide whether to include or exclude them. The whole process was done by two
investigators independently. If there was any disagreement over whether to include an article, they would
discuss it with a third reviewer to decide whether to include the article. The �rst author, year of publication,
country of origin, the ethnicity, sources of controls, smoking status (i,e,. smoking vs nonsmoking status) in the
case and the control groups, genotyping method, histological type, the sample size of cases and controls,
numbers of cases and controls with different NAT2 phenotypes were the data types extracted from each
study. The Newcastle-Ottawa Scale (NOS) was the method we evaluate the quality of the included studies
[27]. Each study was graded on this basis [28]. In order to minimize the bias, we included studies with a NOS
score of 5 and above.

Statistical analysis
In almost all of the included studies, the effect of NAT2 polymorphism on lung cancer risk was estimated
using crude odds ratios (ORs) of 95% con�dence intervals (CIs). By de�nition in most studies, we classi�ed
the acetylation status of NAT2 into rapid acetylators and slow acetylators. We also evaluated the pooled ORs
to assess the slow versus rapid genotypes. Three studies did not divide NAT2 into two phenotypes, but into
three acetylation statuses: rapid, intermediate, and slow,13,15,19 and one study divided the slow type and the
intermediate type into one group.13 Therefore, we treated these three studies as a subgroup; we then
evaluated the pooled ORs for slow and intermediate versus ultrarapid acetylation phenotypes. We also
calculated the OR values for smokers and non-smokers using smoking status as the factor for the strati�ed
analysis. We used χ²-based Q statistical tests for heterogeneity and I² and P values to quantify the impact of
heterogeneity [29]. If heterogeneity was not obvious (I²<50% and P-value is > 0.10), we used the �xed-effects
model. Otherwise, we used the random-effects model [30]. When statistical heterogeneity was found, in
addition to conducting a meta-analysis to examine the relationship between odds ratio and smoking,
subgroup factor such as race, control source, gender, and histological classi�cation were considered. After
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that, we used the method of sensitivity analysis to assess the stability of the result. We used Begg’s funnel
plot to evaluate publication bias and we used the STATA software (version 12.0, Stata Corporation, College
Station, TX) to conduct the statistical analyses [31, 32].

Results

Study screening results
In Fig. 1, 369 studies were selected through PubMed, EMBASE and Web of Science, with the help of the
EndNote software, we excluded 118 repetitive articles. Reading the titles and abstracts of the articles, we
found that 186 articles were clearly irrelevant. The full text of �ve studies was not found and we excluded 41
articles due to irrelevant content. Among these, 34 articles did not assess the acetylation status of NAT2, and
7 articles were reviews and meta-analysis. The Newcastle-Ottawa Scale (NOS) is the method we used to
assess the quality of the remaining included studies. Table S1. shows the NOS scores for each study. Finally,
there were 19 studies that met our criteria, including 4,130 lung cancer patients and 6,057 controls.

The major information we collected from these articles is shown in Table 1. The data collected included �rst
author, year, country, ethnicity, source of controls, genotyping means, and phenotype distribution. The study
by Sorensen M et al. was a nested case-control study, while the other studies were case-control studies. In
addition, there were 6 hospital-based studies, 8 population-based studies, and 1 hospital and population-
based study. In terms of patient backgrounds, 11 studies included European populations, and 8 included
Asian populations. Of the genotyping methods, only one used TaqManSNP (TaqMan) [19].
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Table 1
The data types extracted in this research

First author Year Country Ethnicity Source
of
controls

Genotyping
method

Phenotype
distribution

Case

Slow Rapid

Phenotype
distribution

Control

Slow Rapid

Mota[6] 2015 Portugal European HBa PCR–RFLP 153 36 168 61

Zhang[14] 2014 China Asian PBb PCR–RFLP 135 795 113 887

Mahasneh[7] 2012 Jordan Asian HB PCR–RFLP 22 27 61 38

Zupa[24] 2009 Italy European HB PCR–RFLP 43 32 50 71

Sobtic[15] 2009 India Asian HB PCR–RFLP 266 36 230 72

Lee[16] 2009 China Asian PB PCR–RFLP 22 95 36 83

Osawac[13] 2007 Japan Asian HB PCR–RFLP 53 60 50 71

Chen[17] 2006 China Asian PB PCR–RFLP 18 79 43 154

Borlak[9] 2006 UK European PB PCR–RFLP 39 28 152 91

Chiou[18] 2005 China Asian PB PCR–RFLP 27 135 64 144

Sorensenc[19] 2005 Denmark European Nestd TaqMan
PCR-RFLP

243 12 239 25

Skuladottir[20] 2005 Denmark,
Norway

European PB PCR–RFLP 154 87 321 219

Belogubova[12] 2005 Russia European HB, PB PCR–RFLP 99 79 426 289

Wikman[21] 2001 German European HB PCR–RFLP 237 23 196 26

Hou[25] 2000 Norway European PB PCR–RFLP 169 112 237 138

Saarikoski[22] 2000 Finland European PB PCR–RFLP 102 93 152 140

Seow[10] 1999 China Asian HB PCR–RFLP 60 93 36 105

Nyberg[23] 1998 Sweden European PB PCR–RFLP 113 70 96 62

Cascorbi[26] 1996 Germany European PB PCR–RFLP 87 68 343 245

a. Hospital-based study.

b. Population-based study.

c. In the phenotype distribution of these three studies, slow represents the intermediate-slow acetylation
status and fast represents the rapid acetylation status.

d. Nested case-control study
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Meta-analysis
In the 16 studies used to analyze the slow versus rapid genotypes, we got the pooled ORs for slow versus
rapid genotypes [6–7, 9–10, 12, 14, 16–18, 20–26]. As shown in Fig. 2A, the combined OR value of the 16
studies was 1.00 (95%CI: 0.84–1.19, I² = 63.3%, P < 0.001 for heterogeneity based on a random-effects
analysis model). From the analysis of these 16 studies, we found no signi�cant difference in lung cancer risk
between rapid acetylators and slow acetylators. From this result, there was signi�cant heterogeneity among
the 16 studies. Therefore, in addition to taking smoking into account, we did a subgroup analysis of other
factors, including ethnicity, source of controls, histological classi�cation, and gender. The results are shown in
Fig. 3. Metaninf is our method to investigate the in�uence of each study on the overall meta-analysis
summary assessment [33]. The results are shown in Fig. 4. When we excluded the Chiou et al. [18]. study, the
results differed the most from our original results. Based on the forest plot and metaninf analysis, we
excluded the Chiou et al. [18], Seow et al. [10], Lee et al. [16] and Zupa et al. Articles [24]. After excluding these
four studies, inter-study heterogeneity was signi�cantly reduced (I² = 31.6%, p = 0.138). Excluding the four
studies, the remaining 12 still did not show meaningful results (OR = 1.05, 95%CI: 0.94–1.17, as shown in the
�xed-effects model). Figure 2B shows the results after excluding these four studies.

The Sobti et al. [15], Osawa et al. [13] and Sorensen et al. [19] studies divided the phenotypes of NAT2 into
three types: the rapid type, intermediate type, and slow type, and Osawa's study classi�ed the NAT2
intermediate phenotype and slow phenotype into one group. Therefore, we used these three studies to analyze
whether there were signi�cant differences in lung cancer risk among people with the rapid phenotype
(homozygous rapid) and those with the other two acetylation statuses. As shown in Fig. 2A, the overall OR
was 1.83 (95% CI: 1.22–2.73, I² = 39.6%, P = 0.191 for heterogeneity). The results showed a prominent
decrease in the risk of lung cancer in those with the ultrarapid (homozygous rapid) phenotype, compared to
those with the intermediate-slow phenotype.

Figure 5A shows the results obtained by including smoking as a subgroup factor. In the subgroup analysis of
those who smoked versus those who never smoked, we did not �nd increased risks for either those who
smoked (OR = 1.09, 95% CI = 0.64–1.85) versus those who never smoked (OR = 1.00, 95% CI = 0.65–1.54).
From the results of the smoking and non-smoking groups, the heterogeneity between studies was signi�cant;
the I² of the smoking group was 74.8% and that of the non-smoking group was 70%. In addition, the smoking
group heterogeneity P-value was 0.008, while the non-smoking group heterogeneity P-value was 0.005. When
we excluded these two studies by Zhang et al. [14] in the smoking group and Chiou et al. [18] in the non-
smoking group, the heterogeneity of the smoking and non-smoking studies was signi�cantly reduced
(smoking group: I²<0.1%, P = 0.824; non-smoking group: I² = 25.3%, P = 0.253). After elimination, the smoking
group had an OR = 0.84, 95%CI: 0.62–1.15, and the non-smoking group had an OR = 1.20, 95%CI: 0.88–1.62.
Figure 5B shows the results after excluding these two studies. The results showed that in both the smoking
and non-smoking groups, there was no signi�cant augment in the risk of lung cancer among slow genotypes
compared to rapid genotypes. We show the subgroup analysis results of other factors in Fig. 3. In the
strati�ed analysis, we found no statistically signi�cant correlation. The major results of the heterogeneity test
are also shown in Table 2, indicating that the heterogeneity of the European population (I2 = 26.1%, P = 0.203)
and female (I2 = 50.9%, P = 0.086) participants were signi�cantly reduced.
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Table 2
Results of each subgroup analysis

Subgroups Na OR 95%CI I2 Pb

Source of controls          

HB 5 1.32 (0.91, 1.91) 65.7% 0.020

PB 11 0.91 (0.76, 1.08) 53.7% 0.017

Ethnicity          

European 10 1.06 (0.93, 1.22) 26.1% 0.203

Asian 6 0.82 (0.50, 1.33) 82.3% < 0.001

Gender          

male 4 0.88 (0.51, 1.50) 65.6% 0.033

female 5 1.04 (0.65, 1.66) 50.9% 0.086

Histological type          

Adenocarcinoma 5 1.01 (0.68, 1.49) 62.3% 0.031

Squamous carcinoma 4 0.79 (0.53, 1.19) 63.4% 0.042

Small-cell carcinoma 2 0.95 (0.57, 1.60) < 0.1% 0.366

Large-cell carcinoma 2 2.27 (0.96, 5.37) < 0.1% 0.590

Totalc 16 1.00 (0.84, 1.19) 63.3% < 0.001

a. The number of studies.

b. The p-value for heterogeneity.

c. The 16 studies used to analyze the slow versus rapid genotypes.

Publication bias
As can be seen from Fig. 6, �ve of the 16 points are not scattered on the inside of the funnel plot, but the
funnel plot is basically symmetrical. According to the results of Begg's inspection, the P-value after
continuous correction was 0.300 > 0.10. Therefore, there was no obvious publication bias.

Discussion
Many studies have found the effects of NAT2 polymorphism on the risk of many diseases, including allergic
diseases and asthma and various type of cancer including lung cancer, bladder cancer and gastrointestinal
tumors [34]. In the 16 studies that discussed slow versus rapid acetylators, we did not �nd a signi�cant
correlation between NAT2 polymorphism and lung cancer risk in terms of phenotype. From the subgroup
analysis of the other three studies, we found that people with the intermediate-slow phenotype had a
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signi�cantly increased risk of lung cancer. Although the results were statistically signi�cant, the number of
studies included was not convincing enough. Since the above 16 studies and the other three studies had a
different NAT2 grouping acetylation status, the overall OR value obtained in the meta-analysis was not
signi�cant. Therefore, we only accepted the results obtained by the respective analyses of the two subgroups.

From the studies we included, we found that the results obtained by different studies were quite different and
even contradictory in terms of the impact of NAT2 polymorphism on the risk of lung cancer. Some studies
found no effect of NAT2 polymorphism on lung cancer risk [9, 12, 19, 20, 22]. In other studies, the slow
acetylation phenotype of NAT2 may increase the risk of lung cancer [6, 10, 14, 15, 21, 24, 25]. However, other
researchers have suggested that rapid acetylation phenotypes may increase the risk of lung cancer [16–18,
26]. According to Nyberg et al., slow acetylators increases the risk of nonsmokers, while rapid acetylators
increases the risk of smokers [23]. The article by Osawa et al. showed that an intermediate-slow NAT2
acetylation status increased lung cancer risk [13]. In addition, Sorensen et al. proposed that lung cancer in
light smokers (< or = 20 / day) and heavy smokers (> 20 / day) seemed to be protected by the NAT2 rapid
acetylator genotype [19].

We found that no signi�cant results were found from the subgroup, regardless of race, smoking status,
gender, histological classi�cation, or source of the control group. In addition, in terms of heterogeneity, most
of the subgroup analysis results showed signi�cant heterogeneity. The purpose of this meta-analysis was to
explore the effects of NAT2 polymorphism on lung cancer risk. We also analyzed the effect of NAT2
polymorphism on the risk of lung cancer and whether it was associated with smoking. The analysis of the 16
studies was not statistically signi�cant, which may have been related to differences among the populations
we included, such as whether the control group included healthy participants or patients without tumors. In
addition, other studies used two different control groups at the same time, which may be the reason for the
inconsistent results [12, 14, 26]. Some studies have shown interactions between NAT2 and other genotypes,
including NAT1 [21], CYP1A2 [13], EGFR [16], GSTP1, GSTT1 [17], and GSTM1 [17, 23]. In different studies, we
found that the interaction between different genotypes may make the results of studies on the effect of NAT2
on the risk of lung cancer vary greatly. In the sensitivity analysis, after excluding the studies of Chiou et al.
[18], Seow et al. [10], Lee et al. [16] and Zupa et al. [24], the inter-study heterogeneity signi�cantly decreased,
which may be related to the region, condition of the population, and sample source. Studies of Chiou et al.
[18] and Seow et al. [10] focused on never-smoking women. Studies of Chiou et al. [18] and Seow et al. [10]
focused on participants from Taiwan. The study of Zupa et al. [24] extracted genomic DNA from peripheral
white blood cells, while Lee et al. [16] extracted genomic DNA from peripheral blood mononuclear cells
(PBMNC).

Conclusions
In our analysis, we found no signi�cant increase in the risk of lung cancer in patients who were slow
acetylators compared to those who were rapid acetylators. We also found no interaction between the
acetylated state of NAT2 and smoking. However, the NAT2 intermediate-slow acetylation status may increase
the risk of lung cancer. Rapid, intermediate, and slow phenotypes represent the speed of acetylation, those
found to have a rapid acetylation capacity may get a lower lung cancer risk. In addition, considering that there
were differences in the study population selection and control group classi�cation criteria in various studies
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and because many studies have suggested that NAT2 polymorphism has effects on lung cancer risk, we
believe that NAT2 has a certain in�uence on lung cancer.

Abbreviations
NAT2
N-acetyltransferase 2; OR:odds ratio; CI:con�dence interval; PAHs:polycyclic aromatic hydrocarbons;
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polymorphism; PRISMA:Preferred Reporting Items of the Systematic Reviews and Meta-analysis.
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Figure 1

Flowchart showing thefor inclusion and exclusion process of the studies.
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Figure 2

The meta-analysis results. (A) Forest plot of correlation between NAT2 polymorphism and lung cancer risk,
with 16 studies representing slow and rapid polymorphism in the upper subgroup and 3 studies representing
intermediate-slow and rapid polymorphism in the lower subgroup. OR is represented as a square and its 95%
CI estimate is represented as two horizontal lines. The weight is re�ected the area of the square (inverse
variance). The diamond represents the combined results of all the studies; (B) Forest plot showing the results
of the studies excluding the Chiou et al. [18] and Seow et al. [10] studies.
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Figure 3

Results of the subgroup analysis of other factors. (A) Forest plot showing whether gender interacted with
NAT2 to in�uence the risk of lung cancer; (B) Forest plot showing whether ethnicity interacted with NAT2 to
in�uence the risk of lung cancer; (C) Forest plot showing whether the source of controls interacted with NAT2
to in�uence the risk of lung cancer; (D) Forest plot showing whether histological classi�cation interacted with
NAT2 to in�uence the risk of lung cancer.
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Figure 4

Results of the sensitivity analysis. The middle vertical line represents the combined OR value of 16 studies,
and the left and right vertical lines represent the 95%CI. Each dashed line perpendicular to the vertical line
represents the results of combined studies after excluding corresponding studies; the circle represents the OR
value of combined studies, and the left and right boundaries represent the 95% CI.
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Figure 5

Results after analysis of smoking as a subgroup factor. (A) Forest plot showing whether smoking interacted
with NAT2 to in�uence the risk of lung cancer; (B) Forest plot showing the results of the studies excluding
Zhang et al. [13] in the smoking group and Chiou et al. [18] in the non-smoking group.
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Figure 6

Begg's funnel plot. Log (OR) is the natural logarithm of OR. Each point represents a study.
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