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Abstract

Background: There have been an increasing number of studies with evidence suggesting that the N-acetyltransferase 1
(NAT1) and N-acetyltransferase 2 (NAT2) genotypes may be implicated in the development of colorectal cancer (CRC) and
colorectal adenoma (CRA). So far the published data on this association has remained controversial, however. We performed
a meta-analysis of case-cohort and case-control studies using a subset of the published data, with an aim to derive a better
understanding of the underlying relationship.

Methods/Principal Findings: A literature search was performed using Medline database for relevant studies published
through October 31, 2011. A total of 39 publications were selected for this meta-analysis, including 11,724 cases and 16,215
controls for CRC, and 3,701 cases and 5,149 controls for CRA. In our pooled analysis of all these studies, the results of our
meta-analysis suggested that the NAT1 genotype was not significantly associated with an elevated CRC risk (OR 0.99, 95% CI
0.91–1.07). We also found that individuals with the rapid NAT2 genotype did have an elevated risk of CRC (OR 1.07, 95% CI
1.01–1.13). There was no evidence for an association between the NAT1 and 2 rapid genotype and an elevated CRA risk
(NAT1: OR 1.14, 95% CI 0.99–1.29; NAT2: OR 0.94, 95% CI 0.86–1.03).

Conclusion: This meta-analysis suggests that individuals with NAT2 genotype had an elevated risk of CRC. There was no
evidence for the association between NAT1 and 2 rapid genotype and CRA risk.
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Introduction

Meat consumption has been linked to an increased risk of

colorectal cancer (CRC) in many epidemiological studies [1,2].

Potent mutagens such as heterocyclic amines (HCAs) and

polycyclic aromatic hydrocarbons (PAHs) are formed during the

high-temperature cooking of meat. The chemical structure of the

HCA can be detoxified by the phase II enzymes N-acetyltrans-

ferase 1 and 2 (NAT1 and NAT2). The alteration of NAT1 and

NAT2 acetylator status may decrease enzymatic activity and thus

lead to a decreased efficiency in detoxification in the body, further

resulting in an elevated risk of cancer.

So far, 36 NAT2 genetic variants have been identified in human,

of which NAT2*4 is the most common allele associated with rapid

acetylation [3]. Meanwhile, NAT2*11A, NAT2*12A-C,

NAT2*13A and NAT2*18 are also classified as rapid alleles, while

the rest of the alleles are considered as slow alleles. Four relatively

common polymorphic alleles exist for NAT1: designated as

NAT1*3, NAT1*4, NAT1*10, and NAT1*11, with NAT1*4 being

the most common allele and NAT1*10 the putative rapid allele.

Subjects with more than one rapid allele were classified under

NAT1 rapid acetylation, while others were under NAT1 slow

acetylation.

Previous studies have investigated the relationship between the

NAT1 and NAT2 genotype and predisposition to CRC and CRA

[4–43]. The results were, however, inconsistent and even contra-

dictory. Each individual study may have been underpowered to

detect the effect of NAT1 and NAT2 genotype on the susceptibility

of CRC and CRA. We therefore performed this meta-analysis of all

eligible studies to derive a more scientifically convincing association

of the NAT1 and NAT2 genotype with CRC and CRA.

Methods

Study eligibility, criteria, and literature searches
Computerised searches in MEDLINE were performed using the

following search terms ‘‘NAT1’’, ‘‘NAT2’’, ‘‘genotype’’, and
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‘‘colorectal cancer’’ or ‘‘colorectal adenoma’’ (the last search

update was October 31, 2011). As studies with the same

population by different investigators or overlapping data by the

same authors were found, the most recent or complete articles with

the largest numbers of subjects were included. Abstracts written in

non-English language were not considered. Our initial search and

the process of study selection is summarised in Figure 1.

Inclusion criteria
All human-associated studies were included if they met the

following criteria: (1) evaluate the association between NAT1 and

NAT2 genotype and the risk of CRC and CRA; (2) CRC and

CRA cases must have been diagnosed by histological examination;

(3) studies with full-text article.

Quality assessment
Study quality was assessed using the Quality Assessment of

Diagnostic Accuracy Studies (QUADAS) checklist (shown in

Figure 2). Of the fourteen items in the checklist, ten items were

relevant to this review and were used [44].

Data extraction
Data were extracted from each study by two reviewers

independently according to the prespecified selection criterias

(shown in Table 1). Supplementary information was obtained,

when required, by contacting the lead author of the study. Contact

was made by mail. In total, the lead authors of four studies [45–48]

were contacted, but none replied. The following characteristics

were collected for each study: first author’s name, ethnicity, source

of case and control groups (hospital patient, healthy individual,

population control, and random individual).

Statistical methods
Statistical analyses were done with Stata, version 11.0. Hetero-

geneity among studies was checked by the random-effects model

(the DerSimonian and Laird method) if there was significant

heterogeneity. A P value of more than the nominal level of 0.05 for

the Q statistic indicated a lack of heterogeneity across studies,

allowing the use of the fixed-effects model (the Mantel-Haenszel

method). Subgroup analyses were performed by type of study,

genotype (NAT1 and NAT2), ethnicity, and source of control.

Funnel plot asymmetry was assessed by the method of Egger’s linear

regression test. The significance of the intercept was determined by

the t test suggested by Egger (P,0.05 was considered representative

of statistically significant publication bias).

Results

Eligible studies and meta-analysis database
As summarised in Table 1, 39 publications were selected for this

meta-analysis, including 48 studies of the colorectal cancer (11,724

Figure 1. Studies identified with criteria for inclusion and exclusion.
doi:10.1371/journal.pone.0042797.g001
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CRC cases and 16,215 controls) and 11 studies of the colorectal

adenoma (3,701 CRA cases and 5,149 controls). CRC and CRA

cases were recruited from 15 countries from 1995 to 2010. And

subjects of controls were matched for age or gender.

Quantitative synthesis
Table 2 lists the main results of the meta-analysis for colorectal

cancer. In total, the carrier frequency of the NAT1 rapid genotype

was 47.1% in cases with CRC and 45.9% in controls. And for

NAT2 genotype, the carrier frequency of rapid genotype was

53.1% in cases with CRC and 51.1% in controls. Overall, no

significant associations were found between NAT1 rapid genotype

and CRC risk when all studies pooled into the meta-analysis (OR

0.99, 95% CI 0.91–1.07). And there was no statistically

heterogeneity among these studies in overall comparisons

(P = 0.31, I2 = 13.5%). In the subgroup analyses by ethnicity, no

significant associations were found in all comparisons (OR 1.01,

95% CI 0.92–1.12 for Caucasian; OR 1.10, 95% CI 0.91–1.34 for

Asian; OR 0.85, 95% CI 0.85–1.07 for African).

Based on meta-analysis from 34 studies, a significant increased

risk of colorectal cancer was observed for those individuals with

rapid acetylator polymorphisms in NAT2 (OR 1.07, 95% CI

1.01–1.13). When stratified by ethnicity, elevated risk of CRC was

also observed among Caucasian populations (OR 1.09, 95% CI

1.02–1.16). There was no evidence for the association between the

rapid genotype and CRC risk in Asian and African. And in a

stratified analysis by source of control, individuals carrying the

NAT2 rapid genotype were not significantly associated with

increased CRC risk. There was no statistically heterogeneity

among these studies in overall comparisons (P = 0.06, I2 = 29.3%).

The associations of CRA risks with NAT1 and NAT2 genotype

are also shown in Table 2. There was no evidence for the

association between NAT1 and 2 rapid genotype and CRA risk

(NAT1: OR 1.14, 95% CI 0.99–1.29; NAT2: OR 0.94, 95% CI

0.86–1.03). Similarly, no associations were found for the stratified

analysis by ethnicity.

Publication bias
We performed Begg’s funnel plot and Egger’s test to assess the

publication bias of literatures. As shown in Figure 3, the shape of

the funnel plots did not reveal any evidence of obvious asymmetry.

And the results of Egger’s test did not suggest any evidence of

publication bias (P = 0.353 for NAT1 genotype with CRC,

P = 0.931 for NAT2 genotype with CRC, P = 0.183 for NAT1

genotype with CRA, P = 0.802 for NAT2 genotype with CRA).

Although the sample size for cases and controls in 39 publications

ranged from 66 to 1,963, the corresponding pooled ORs were not

qualitatively altered with or without the study of small sample.

Discussion

Allelic polymorphism of the NAT2 enzyme has been studied for

a long time, first detected phenotypically, based on enzyme activity

distribution in healthy subjects, and later these activity differences

were bound to an allelic polymorphism [49]. NAT1 was originally

believed to be monomorphic, because of the unimodal distribution

of its activity in the studied populations. Numerous studies have

investigated the relationship between NAT1 and NAT2 genotypes

and CRC or CRA susceptibility. The results vary widely and are

often discordant likely because of ethnic and geographic differ-

ences of the enrolled subjects. In order to resolve this conflict, this

meta-analysis was performed to derive a more precise estimation

of the association.

Variations in the frequency of NAT1 and NAT2 genotype

among different ethnic groups have been reported. Our results

showed that frequency of the NAT1 rapid acetylation phenotype

was 65.4% in Asian populations, which was significantly higher

than that in European populations (35.8%). And for NAT2

phenotype, the rapid acetylation phenotype frequency was 79.8%

in Asians and 42.4% in Europeans. In the stratified analysis by

ethnicity, elevated risk was found for Caucasian. But there was no

evidence for the association between NAT1 and NAT2 genotype

and CRC risk among Asian populations.

There is epidemiologic evidence for differential effects of

acetylation with CRA risk by ethnicity. For example, Probst-

Hensch et al. reported an inverse association between NAT2 rapid

genotypes and colorectal adenomas among African Americans,

but an increased risk among whites [50]. It has been suggested that

the individual single nucleotide polymorphisms may occur

uniquely within specific ethnic populations resulting in allele

frequencies and could account for racial differences in disease

susceptibility [51]. For a long time, genetic susceptibility to cancer

has been attributed to xenobiotic exposure. However, this view has

changed with the advances in molecular biology. It is now known

that exposure to xenobiotics and the development of cancer vary

among individuals because of variations that occur at the

molecular level which, in turn, are under genetic control [52].

In recent studies, lifestyle habits including alcohol and tobacco use

and dietary habits (meat intake) have been associated with gene

mutations in an attempt to obtain more consistent results

regarding cancer risk factors and prognosis [53]. Although

currently available data are controversial due to ethnic differences

and differences in lifestyle, this has been the best approach to

better understand carcinogenesis at the molecular level.

Several studies have also investigated the association between

NAT1 and NAT2 genotypes and CRC risk, as reviewed in 2000

[4]. Contrary to the negative result of most articles, some findings

suggest that NAT2 gene variants associated with more rapid

Figure 2. Results of quality assessment for appropriate
spectrum studies.
doi:10.1371/journal.pone.0042797.g002
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acetylation activity may be related to increased risk of colorectal

cancer [20]. This could be explained by the reaction of meat

consumption and cigarette smoking on individuals with high

genetic susceptibility. It was reported that NAT2 rapid acetylator

genotypes may contribute to CRC risk of individuals with high

consumption of red meats, not to that of active smokers [28].

However, a meta-analysis with 20 publications cited that NAT2

rapid acetylation status has no specific effect on the risk of

developing colon cancer [54]. The discrepancy could be attributed

to the potential problem of misclassification for meat intake and

smoking history. There were some other studies on the combined

effect of NAT1 or NAT2 and meat intake. However, they did not

categorise on how meat was consumed [38], and present

information for meat consumption in a uniform standard

[28,35,39]. Possible misclassification in exposure measurement

and heterogeneity in definition of meat intake or tobacco use may

partly explain the high inconsistency of the findings.

The present study has several limitations that need consider-

ation. First, we only considered two metabolic enzymes (NAT1

and NAT2). Because additional enzymes are involved in the

bioactivation and detoxification of heterocyclic amine, they may

also play a role in modifying CRC or CRA risk, this may increase

the misclassification of measured variables. Second, only three

studies evaluated associations between NAT1 or NAT2 genotype

and CRC risk in histologic subgroup, such as associations among

cases in the Duke stage [5,14,28]. Thirdly, our meta-analysis was

based on unadjusted OR estimates because not all published

studies were presented with adjusted ORs [15,42] or when they

did, the ORs were not adjusted by the same potential confounders

[16,22,27]. The magnitude of the observed association for NAT2

with CRC risk is modest, possibly owing to the unadjusted

Table 2. Stratified analysis of the NAT1, NAT2 genotype on colorectal cancer and adenoma risk.

Type of study No Sample (cas/con) Test of association Test of heterogeneity

OR 95% CI P Result Q P I2 (%)

Colorectal cancer

NAT1 acetylator 14 5,177/7,475 0.99 0.91–1.07 0.74 2 15.03 0.31 13.50

Ethnicity

African 1 208/299 0.95 0.85–1.07 0.40 2 _ _ _

Asian 3 963/1,198 1.10 0.91–1.34 0.32 2 0.26 0.88 0.00

Caucasian 9 3,162/4,633 1.01 0.92–1.12 0.80 2 10.15 0.26 21.20

Mixed 1 844/1,345 0.94 0.87–1.01 0.09 2 _ _ _

Source of control

Healthy individual 3 1,072/1,297 1.08 0.90–1.29 0.42 2 0.64 0.73 0.00

Hospital patient 2 561/433 1.44 1.06–1.94 0.02 + 2.23 0.14 55.10

Population control 6 3,216/4,864 0.94 0.86–1.03 0.19 2 3.28 0.66 0.00

Random individual 3 328/881 0.91 0.69–1.19 0.48 2 0.69 0.71 0.00

NAT2 acetylator 34 10,509/14,964 1.07 1.01–1.13 0.01 + 46.70 0.06 29.30

Ethnicity

African 1 215/307 1.01 0.88–1.16 0.91 2 _ _ _

Asian 7 1,566/2,039 1.12 0.94–1.33 0.20 2 5.64 0.47 0.00

Caucasian 23 7,096/10,307 1.09 1.02–1.16 0.01 + 36.04 0.03 39.00

Mixed 3 1,632/2,311 0.96 0.84–1.10 0.56 2 2.05 0.36 2.60

Source of control

Healthy individual 12 2,270/2,969 0.93 0.82–1.05 0.25 2 11.74 0.38 6.30

Hospital patient 4 1,283/1,469 1.04 0.88–1.23 0.66 2 0.34 0.95 0.00

Population control 14 6,608/9,525 1.14 1.03–1.26 0.01 + 26.28 0.02 50.50

Random individual 4 393/1,001 1.06 0.79–1.41 0.72 2 1.46 0.69 0.00

Colorectal adenoma

Genotype

NAT1 4 1,553/2,587 1.14 0.99–1.29 0.06 2 1.29 0.73 0.00

NAT2 7 3,683/5,109 0.94 0.86–1.03 0.18 2 9.83 0.13 39.00

Ethnicity

Caucasian 3 1,381/1,496 1.07 0.92–1.25 0.36 2 2.21 0.33 9.40

Mixed 8 3,855/6,200 0.98 0.90–1.06 0.55 2 13.12 0.07 46.60

Source of control

Hospital patient 7 3,142/5,402 1.02 0.93–1.11 0.72 2 10.46 0.11 42.60

Population control 4 2,094/2,294 0.96 0.86–1.09 0.54 2 5.57 0.14 46.10

doi:10.1371/journal.pone.0042797.t002
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Figure 3. Begg’s funnel plot for publication bias test: Rapid versus slow. Each point represents a separate study for the indicated
association. Log (OR), natural logarithm of OR. Horizontal line: mean effect size. A: Funnel plot analysis for odds ratios for NAT1 genotype in overall
CRC studies; B: Funnel plot analysis for odds ratios for NAT 2 genotype in overall CRC studies; C: Funnel plot analysis for odds ratios for NAT1 and
NAT2 genotype in overall CRA studies.
doi:10.1371/journal.pone.0042797.g003
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estimate by age and sex in the pooled adjusted analysis. Given

these results, our conclusions should be interpreted cautiously.

In conclusion, our meta-analysis suggests that individuals with

the rapid NAT2 genotype had elevated risk of CRC. There was no

evidence for the association between NAT1 and 2 rapid genotype

and CRA risk. Our study significantly increased the statistical

power of the analysis based on the studies for CRC and CRA risk.

Further studies on estimating the effect of gene-gene and gene-

environment interactions may eventually lead to a better and more

comprehensive understanding of the association between the

NAT1 and NAT2 genotype and CRC and CRA risk.
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