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Abstract
Background: Gene-environment interactions are suggested to play a role in lymphomagenesis.
Methods: We tested the interaction between the NAT1/NAT2 phenotype, as inferred by the respective genotypes,
and exposure to dietary and lifestyle risk factors, in 199 incident lymphoma cases and 188 population controls. We
used unconditional logistic regression to calculate the odds ratio (OR) and its 95% confidence interval for lymphoma
(all subtypes combined) and B cell lymphoma, associated to the rapid NAT1 phenotype and to the intermediate and
slow NAT2 phenotype, and to the estimated dietary intake of heterocyclic amines and folate, current smoking, coffee,
and use of permanent hair dyes, as well as the respective interaction terms. We adjusted the ORs by age, gender, and
education, and we used the likelihood ratio test to test the interaction between the NAT1, NAT2 phenotype and the
dietary and lifestyle variables.
Results: We observed an increase in risk of lymphoma (all subtypes combined) and B-cell lymphoma in particular
associated with the estimated above median dietary intake of heterocyclic amines (OR = 4.2, 95%CI 1.2 – 14.8) and
folate (OR = 4.1, 95%CI 0.7 – 22.4) among subjects with the NAT1 rapid acetylator phenotype, but not independent on
the NAT1 phenotype. The test for interaction was significant for heterocyclic amines, but not for folate (p for interaction
= 0.026 and 0.076 respectively). Ever use of permanent hair dyes was associated with an elevated risk independent on
the NAT1, NAT2 phenotypes; risk decreased to null among intermediate and slow NAT1 acetylators (p for interaction =
0.010).
Conclusions: Our results suggest that NAT1, NAT2 polymorphisms interact with dietary and lifestyle exposures in
modulating risk of lymphoma and particularly B-cell lymphoma.

Keywords:

Lymphomas; N-acetyl transferase; Molecular
epidemiology; Gene-environment interaction; Smoking; Coffee; Folate;
Heterocyclic amines

Abbreviations: CI: Confidence Interval; DLBCL: Diffuse Large

B-Cell Lymphoma; FL: Follicular Lymphoma; HWE: Hardy–Weinberg
Equilibrium; NAT1: N-Acetyl Transferase, Type 1; NAT2: N-Acetyl
Transferase, Type 2; NHL: Non Hodgkin Lymphoma; OR: Odds Ratio;
SES: Socio-Economic Status

Introduction
Typical substrates of the arylamine N-acetyl transferase 1 and 2
(NAT1, NAT2) enzymes include aromatic amines, putative responsible
for the excess of non Hodgkin lymphoma (NHL) risk associated with
use of hair dyes [1,2]; heterocyclic amines, known animal carcinogens,
found in overcooked red meat but also occurring in well done roasted
chicken, salmon, and cigarette smoke condensate [3]; and folate [4,5],
which is implicated in one-carbon transfer reactions for DNA synthesis
and methylation [6]. Notably, all these agents have been investigated
as possible NHL risk factors [1,2,4-12], and, although inconclusively,
NAT1, NAT2 gene polymorphisms have also been related to risk of NHL
and its major B-cell subtypes, namely diffuse large B-cell lymphoma
(DLBCL), and follicular lymphoma (FL) [13-16]. It is plausible that
specific nutrients and chemicals from environmental exposures and
lifestyle habits might act as carcinogens, and/or they might interfere
with epigenetic conditions in silencing or enhancing the expression
of genes implicated in the mechanisms leading to the development of
specific lymphoma subtypes. Therefore, we explored risk of lymphoma
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ISSN: 2161-0525 JEAT, an open access journal

(all subtypes combined), and B-cell lymphoma associated with the
genotype-based NAT1/NAT2 phenotypes and their interaction with
dietary and lifestyle risk factors conveying exposure to typical NAT1,
NAT2 substrates in a population-based case-control study.

Methods
Details on the study can be found elsewhere [16]. Briefly, in 19992003, adult incident cases with a diagnosis of lymphoma were recruited
at the A. Businco Oncology Hospital in Cagliari, and the S. Francesco
Hospital in Nuoro, two major referral centres for diagnosis and
treatment of haematological malignancies in Sardinia, Italy. Population
controls were randomly selected within the study area, frequency
matched to cases by age (25-74 years by 5-year age-groups), gender, and
geographic area of residence. Study participants (88% of eligible cases
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and 69.2% of eligible controls) underwent an in-person interview with
a semi-structured questionnaire, including information on smoking,
use of hair dyes and diet, and donated a 20 ml blood sample. A DNA
sample was available for 248/322 participating lymphoma patients
(77%), and, 208/446 (47%) population controls. For the purposes of
this analysis, we focused on lymphoma (all subtypes combined) and
on the B-cell lymphoma subgroup, as the study size was not sufficient
to explore gene-environment interactions by histologically confirmed
lymphoma subtype.
As previously described [16], we used multiplex PCR and allele
specific primers to detect NAT1 (*4, *10 and *11) and NAT2 (*5A,
*5B, *5C, *6 and *7) haplotypes, as suggested by Smith et al. [17].
Laboratory technicians were blind to the case-control status. Duplicate
samples from 50 cases and 100 controls were interspersed throughout
the plates for concordance analysis, which rate was 100% for all assays.
Hardy–Weinberg Equilibrium (HWE) was tested in controls using the
χ2 Goodness-of-fit test: no HWE deviation was detected.
Based on functional information [18,19], we categorized the
NAT1 genotypes by the associated rapid (NAT1 *10/*10, *4/*11,
*10/*11 or *11/*11 genotypes) or slow acetylator (NAT1 *4/*4 or
*4/*10 genotypes) phenotype, and the NAT2 genotypes by the rapid
(NAT2 *4/*4 genotype), intermediate (NAT2 *4/*5, *4/*6, and *4/*7
genotypes) and slow acetylator phenotype (NAT2 *5/*5, *5/*6, *5/*7,
*6/*6, *6/*7 and *7/*7 genotypes).
Using the questionnaire information, we categorized smoking as
a binary variable (current smokers and ex smokers who quitted from
<5 years vs never smokers and ex smokers who quitted smoking ≥ 5
years before interview). Coffee intake was highly prevalent in our study
population, with 72% study subjects having coffee at least once a day;
therefore, we categorized coffee intake as daily vs less than daily. We
used the frequency of intake of well done and very well done red meat
and cooking method to define a score of dietary intake of heterocyclic
amines; we tested score values above the median against below median
values. Dietary folate intake was derived from the frequency of intake
of 20 food items reported as its major sources [20]; we summed up
the intake frequency of each individual item weighted by its reported
average content in folate to build a score, which was subsequently
categorized as a binary variable (above the median value vs below
median). Use of any permanent hair dye was considered to convey
exposure to specific aromatic amines according to the type of colour
[21], particularly before 1980. To allow acceptable statistical power to
this analysis, we only used the binary ever/never use of permanent hair
dyes.
Odds ratios (OR) and 95% confidence intervals (95% CI) for
lymphoma (all subtypes combined) and B-cell lymphoma associated
with the rapid NAT1 phenotype and with the intermediate and slow
NAT2 phenotype, the lifestyle risk factors as described above, and
the respective interaction terms were estimated using unconditional
logistic regression analysis, adjusting by age (continuous), gender
and education. We used the likelihood ratio test [22] to formally test
the interaction between the NAT1, NAT2 phenotype and the dietary
and lifestyle variables we considered. Adjustment for the frequency
matching factors was deemed necessary because of the varying
acceptance rate of the biological part of the study protocol by age and
gender. Education was used as a surrogate for socio-economic status
(SES), and it was included as a covariate in the regression models to
account for SES-related variation in the acceptance rate of the full study
protocol, and in lifestyle habits, possibly conveying exposure to known
lymphoma risk factors. All the analyses were performed with SPSS
J Environ Anal Toxicol
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version 16.0 (SPSS Inc., Chicago, IL, USA).
The study protocol was approved by the Ethical Committee of
the University Hospital of Cagliari, and by the Ethical Committee of
the Local Health Unit N. 3, Nuoro. All study participants signed an
informed consent form according to the Helsinki declaration.

Results
Table 1 shows selected characteristics of the study population.
As a results of the lower acceptance rate of blood withdrawal among
male controls, the gender distribution differed by case/control status
(χ2= 3.71, p =0.054). All the dietary and lifestyle variables were
approximately equally distributed by disease status, but ever use of hair
dyes, which prevalence was approximately double among the cases in
respect to the controls. The NAT1 haplotypes could not be determined
for 49 cases and 20 controls, leaving 199 cases and 188 controls available
for the analysis of the NAT1 interactions. The NAT2 haplotypes could
not be determined for 54 cases and 23 controls, leaving 195 cases
and 185 controls available for the analysis of the NAT2 interactions.
Among study participants with available NAT1/NAT2 genotypes, the
genotypes expressing the NAT1 rapid acetylator phenotype and those
expressing the NAT2 slow acetylator phenotype were more represented
among the cases.
Table 2 shows the results of the logistic regression model predicting
risk of lymphoma (all subtypes combined) and B-cell lymphoma,
associated with the dietary or lifestyle risk factor, the NAT1 phenotype,
and the respective interaction term. Although, after adjusting for the
NAT1 polimorphism, risk of lymphoma (all subtypes combined)
and B-cell lymphoma associated with the estimated above median
heterocyclic amines dietary intake was not elevated, risk significantly
increased among subjects carrying the rapid NAT1 acetylator
phenotype (OR = 4.2, 95% CI 1.2 – 14.5; p for interaction = 0.024; and
OR = 4.2, 95% CI 1.2 – 14.8; p for interaction = 0.026, respectively).
A dietary folate intake above the median was also associated with an
elevated risk of lymphoma (all subtypes combined) (OR = 3.8, 95%
CI 1.0 – 14.5), and B-cell lymphoma in particular (OR = 4.1, 95% CI
0.7 – 22.4), but no gene-environment interaction was detected (p =
0.094 and p = 0.076, respectively). Risk of lymphoma, and particularly
B-cell lymphoma, was significantly elevated among hair dye users
independent on the NAT1 acetylator phenotype, while risk was null
among hair dye users with the rapid NAT1 acetylator phenotype,
although no interaction was detected. Current smoking and daily coffee
intake did not show an independent association with risk of lymphoma
(all subtypes combined) nor with risk of B-cell lymphoma, nor we saw
evidence of an interaction with the NAT1 rapid acetylator phenotype.
Although with a very wide confidence interval, ever use of hair
dyes was a strong independent predictor of risk of lymphoma (all
subtypes combined) and of B-cell lymphoma, but risk was below
unity among subjects with the intermediate and slow NAT2 acetylator
phenotype (p for interaction = 0.005, and p = 0.009, respectively)
(Table 3). In the models including the NAT2 polymorphism, smoking,
coffee, heterocyclic amines, and folate did not show an independent
association with risk of lymphoma (all subtypes combined) and B-cell
lymphoma, nor we detected an interaction between these lifestyle and
dietary risk factors and the NAT2 acetylator phenotype.

Discussion
We used functional data to infer the genotype-based NAT1/NAT2
acetylator phenotype, and questionnaire information to infer exposure
to putative carcinogen substrates from diet and lifestyle habits. Our
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Covariate

Cases

Controls

Total

men

55.7 (13.8)

58.1 (13.0)

56.8 (13.5)

women

57.9 (12.6)

57.4 (12.4)

57.6 (12.5)

all

56.5 (13.4)

57.8 (12.7)

57.1 (13.0)

121 (60.8)

96 (51.1)

217 (56.1)

78 (39.2)

92 (48.9)

170 (43.9)

154 (66.1)

134 (66.8)

303 (66.4)

high school

32 (15.7)

43 (21.2)

83 (18.2)

university

12 ( 5.6)

11 ( 5.8)

26 ( 5.7)

1

0

1

slow

155 (77.9)

170 (90.4)

325 (84.0)

rapid

44 (22.1)

18 ( 9.6)

62 (16.0)

rapid

11 ( 5.7)

46 (24.9)

57 (15.0)

intermediate

79 (40.7)

79 (42.7)

158 (41.7)

104 (53.6)

60 (32.4)

164 (43.3)

Age, mean ( sd)

Gender: n (%)
men
women
Education: n (%)
<= middle school

missing
NAT1 phenotype

NAT2 phenotype

slow
missing

5

3

8

Smoking
Never, ex smokers ( 5 years)
Current, ex smokers (< 5 years)

140 (70.4)

138 (73.4)

278 (71.8)

59 (29.6)

50 (26.6)

109 (28.2)

Heterocyclic amines
Below median

79 (39.7)

75 (39.9)

154 (39.8)

Above median

120 (60.3)

113 (60.1)

233 (60.2)

55 (27.6)

53 (28.2)

108 (27.9)

144 (72.4)

135 (71.8)

279 (72.1)

Below median

124 (50.0)

104 (50.0)

228 (50.0)

Above median

124 (50.0)

104 (50.0)

228 (50.0)

174 (81.4)

176 (93.6)

350 (90.4)

25 (12.6)

12 ( 6.4)

37 ( 9.6)

Coffee
Less than daily
Once a day or more
Folate

Hair dyes
Never
Ever

Table 1: Selected characteristics of the study population.

results suggest an interaction between above median dietary intake
of heterocyclic amines and the NAT1 rapid acetylator phenotype in
increasing risk of lymphoma and particularly B-cell lymphoma. We
also observed that the NAT2 slow acetylator phenotype reduced to
null the elevated risk of lymphoma, and B-cell lymphoma in particular,
associated with use of hair dyes. Our findings are consistent with
reports of an elevated non Hodgkin lymphoma (NHL) risk associated
with intake of very well done red meat [7] and with use of permanent
hair dyes [1,2], as well as with the hypothesis that polymorphisms in the
genes involved in the metabolism of heterocyclic amines and aromatic
amines, the putative carcinogens responsible for the associations we
detected, modulate risk. On the other hand, we did not observe an
interaction between the NAT1/NAT2 polymorphism with dietary
folate intake, smoking and coffee. However, whether positive or null,
our findings are purely tentative because of the small size and the
limited statistical power of our study; therefore, the extreme variations
in risk we observed should be interpreted cautiously.
As a consequence of the insufficient statistical power, we were
unable to test the interactions by histological subtype. This is a further
important limitation in our study, as substantial heterogeneity in risk
factors has been described by lymphoma subtypes [23]. Nonetheless,
our results prompt the need of further more powerful analyses,
possibly using biomarkers of dose of the exposures of interest to reduce
misclassification.
In conclusion, while our results seem intriguing in confirming
the hypothesis of gene-environment interactions in the etiology of
lymphoma and particularly B-cell lymphoma, caution is recommended
in their interpretation, as further carefully planned, more powerful and
more detailed studies are warranted.
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External risk factor

NAT1 acetylator
phenotype
rapid vs slow
OR (95% CI)

Interactive term
OR (95% CI)

Likelihood ratio test,
df (p value)

Categories

OR

(95% CI))

Current smokers vs never + ex-smokers

1.2

(0.7 – 1.9)

3.3

(1.6 – 7.1)

0.6

(0.2 – 2.1)

0.63, 1, 0.427

Daily vs less than daily

1.2

(0.7 – 2.0)

4.3

(1.3 – 14.8)

0.6

(0.1 – 2.3)

0.67, 1, 0.411

Model 3. Heterocyclic amines

>median vs <median

0.8

(0.5 – 1.2)

1.2

(0.5 – 3.1)

4.2

(1.2 – 14.5)

5.08, 1, 0.024

Model 4. Folate

> median vs <median

1.1

(0.7 – 1.9)

2.1

(1.1 – 4.2)

3.8

(1.0 – 14.5)

2.80, 1, 0.094

Ever use vs never

4.4

(1.9 – 10.3)

3.4

(1.8 – 6.5)

0.2

(0.02–6.4)

2.35, 1, 0.125

Current smokers vs never + ex-smokers

1.2

(0.7 – 2.0)

3.8

(1.8 – 8.2)

0.6

(0.2 – 2.0)

0.75, 1, 0.388

Daily vs less than daily

1.2

(0.7 – 2.0)

5.3

(1.5 – 18.3)

0.5

(0.1 – 2.1)

0.97, 1, 0.325

Model 3. Heterocyclic amines

>median vs <median

0.8

(0.5 – 1.2)

1.4

(0.6 – 3.5)

4.2

(1.2 – 14.8)

4.99, 1, 0.026

Model 4. Folate

>median vs <median

1.0

(0.6 – 1.7)

2.3

(1.2 – 4.7)

4.1

(0.7 – 22.4)

3.14, 1, 0.076

Ever use vs never

4.9

(2.1 – 11.8)

3.9

(2.0 – 7.5)

0.2

(0.02–1.3)

2.63, 1, 0.105

All lymphomas combined
Model 1. Smoking
Model 2. Coffee

Model 5. Hair dyes
B-cell lymphoma
Model 1. Smoking
Model 2. Coffee

Model 5. Hair dyes

Table 2: Risk of lymphoma (all subtypes combined) and B-cell lymphoma associated with dietary and lifestyle risk factors, the NAT1 rapid acetylator phenotype, and the
respective interactions in Sardinia, Italy. ORs are adjusted by age (continuous), gender, and education.
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External risk factor

NAT2 acetylator phenotype NAT2 acetylator phenotype Likelihood ratio
test,
intermediate vs rapid
intermediate vs rapid

Categories

OR

(95% CI))

OR

(95% CI)

OR

(95% CI)

Current smokers vs never + ex
smokers

1.9

(0.4 – 8.1)

5.0

(2.0 – 12.2)

9.3

(3.8–22.9)

0.6

(0.1 – 3.1)

0.4

(0.1 – 2.0)

Daily vs less than daily

0.4

(0.1 – 1.4)

2.8

(0.9 – 8.8)

2.9

(0.9 – 9.1)

2.3

(0.5 – 10.6)

4.2

(0.9–19.6)

4.4

(1.5 – 13.2)

6.9

(2.2–21.6)

1.1

(0.2 – 4.9)

1.0

(0.2 – 4.9)

df (p value)

All lymphomas combined
Model 1. Smoking
Model 1: interaction terms
Model 2. Coffee
Model 2: interaction terms
Model 3. Heterocyclic amines

>median vs <median

0.8

(0.2 – 3.1)

Model 3: interaction terms
Model 4. Folate

>median vs <median

0.4

(0.1 – 2.0)

Model 4: interaction terms
Model 5. Hair dyes

Ever use vs never

25.5 (2.2 –293)

Model 5: interaction terms

3.1

(1.4– 7.1)

5.1

(2.2–11.7)

3.8

(0.6– 23.6)

3.7

(0.6–22.6)

5.1

(2.2 – 11.7)

10.2

(4.4–23.6)

0.3

(0.02– 5.4)

0.04 (0.03–0.5)

(1.9 – 11.5)

1.52, 2, 0.468

3,82, 2, 0.148
0.06, 2, 0.970
2.48, 2, 0.289
10.31, 2, 0.006

B-cell lymphoma
Model 1. Smoking

Current smokers vs never + exsmokers

1.6

(0.3 – 7.5)

4.7
0.8

(0.1 – 4.5)

0.5

(0.1 – 2.5)

Daily vs less than daily

0.4

(0.1 – 1.8)

3.3

(1.0 – 10.9)

3.2

(1.0 –10.5)

1.8

(0.4 – 8.7)

3.3

(0.7–16.0)

4.1

(1.4 – 12.2)

6.0

(1.9–19.1)

1.2

(0.3 – 5.6)

1.3

(0.3 – 6.0)

Model 1: interaction terms
Model 2. Coffee
Model 2: interaction terms
Model 3. Heterocyclic amines

>median vs <median

0.7

(0.2 – 2.7)

Model 3: interaction terms
Model 4. Folate

>median vs <median

0.2

(0.02–1.7)

Model 4: interaction terms
Model 5. Hair dyes

Ever use vs never

29.9 (2.6 –349)

Model 5: interaction terms

8.3

(3.4–20.7)

2.9

(1.3 – 6.7)

4.5

(2.0–10.5)

7.9

(0.8 – 79.0)

6.3

(0.6–63.0)

5.5

(2.3 – 13.2)

9.8

(4.0–23.6)

0.3

(0.02– 4.3)

1.59, 2, 0.452

2.71, 2, 0.258
0.09, 2, 0.956
4.25, 2, 0.119
9.23, 2, 0.010

0.04 (0.003–0.6)

Table 3: Risk of lymphoma (all subtypes combined) and B-cell lymphoma associated with NAT2 acetylator phenotypes, as inferred from the respective haplotype-based
genotypes, in Sardinia, Italy. ORs are adjusted by age (continuous), gender, and education.
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