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Abstract
Heterocyclic aromatic amines (HAAs), which are formed from the reaction of creatine or creatinine, amino acids,
and sugars in meat and fish cooked at high temperatures, have been shown to be mutagenic in bacterial assays
and carcinogenic in animal models. Following advances in the dietary assessment of HAA intake in epidemiological
studies - including development of a validated meat-cooking module and a specialized food composition database
- a number of epidemiological studies have specifically examined the association of HAA intake and cancer risk,
most of which were conducted in Western countries. Given that dietary habits and cooking methods differ across
countries, however, epidemiological investigation of dietary HAA intake requires a population-specific assessment
method. Here, we developed a practical method for assessing dietary HAA intake among Japanese using a food
frequency questionnaire (FFQ) and evaluated its validity for use in epidemiological studies by comparison with 2amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) levels in human hair. The Japan Public Health Center-based
Prospective Study reported that daily intake of HAAs among Japanese was relatively low, and that more than 50%
of total intake in mainland Japan was derived from fish. Only four case-control studies in Japan have been reported
so far, for colorectal, stomach and prostate cancer, and colorectal adenoma. A statistically significant positive
association was found between 2-amino-3,4-dimethylimidazo [4,5-f] quinoline (MeIQ) and the risk of colorectal
adenoma and between individual and total HAAs and the risk of prostate cancer. In contrast, no association was
observed for colorectal or stomach cancer, or for colorectal adenoma among men. We also found that the limited
and inconsistent findings among epidemiological studies are due to the difficulty in assessing exposure levels of
HAAs. In addition to further evidence from prospective cohort studies in Japanese based on dietary HAA intake
estimated by FFQs, studies using other methods to assess HAA exposure, such as biomarkers, are highly anticipated.
Keywords: Heterocyclic aromatic amines, Dietary intake, Food frequency questionnaire, Validity, Colorectal cancer,
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Background
Heterocyclic aromatic amines (HAAs), which are formed
by the reaction of creatine or creatinine, amino acids and
sugars in meat and fish to cooking at high temperatures,
have been shown to be mutagenic in bacterial assays and
carcinogenic in animal models [1–3]. They act through
the formation of DNA adducts after metabolic activation
via N-oxidation by cytochrome P-450 1A2 (CYP1A2),
followed by O-acetylation by N-acetyltransferase 1
(NAT1) and N-acetyltransferase 2 (NAT2) [3, 4]. Although over 25 mutagenic HAAs have been identified, the
most abundant formed in meats are 2-amino-1-methyl-6phenylimidazo [4,5-b] pyridine (PhIP), 2-amino-3,8dimethylimidazo [4,5-f] quinoxaline (MeIQx), and 2amino-3,4,8-trimethylimidazo [4,5-f] quinoxaline (4,8DiMeIQx) [4]. Monographs published in 1993 by the
International Agency for Research on Cancer (IARC) classified PhIP, 2-amino-3,4-dimethylimidazo [4,5-f] quinoline
(MeIQ) and MelQx as ‘possible human carcinogens’
(Group 2B) because of a lack of evidence from epidemiological studies [5]. Since then, advances in the dietary
assessment of HAA intake in epidemiological studies including development of a validated meat-cooking module and a specialized food composition database [6] - led
to a number of epidemiological studies that specifically
examined the association of HAA intake and cancer risk,
mainly from Western countries [7–13].
The formation of HAAs increases with the
temperature and duration of cooking and varies with the
type of meat and cooking method. The highest levels are
produced by pan-frying, barbecuing, and grilling [4, 14].
These cooking methods are not equivalent across countries and populations, however. Japanese generally consume more fish than animal meat, and the chopped and
stir-fried method of meat preparation is favored as much
as the grilled cooking method [15]. Thus, foods contributing to HAA intake in Japan probably differ from those
consumed in Western countries, which in turn indicates
the necessity of population-specific methods to assess
dietary HAA intake in epidemiological studies. In this
article, we review Japanese studies from the development
of dietary assessment to its application in epidemiological studies.
Development of dietary assessment method

We developed a practical method for assessing dietary
HAA intake using a food frequency questionnaire (FFQ)
used for the Japan Public Health Center-based Prospective Study (JPHC study) [16]. First, a composition table of
HAAs was developed using fish and meat items selected
from the food list in the FFQ. Among 19 fish items, we
selected six which are usually grilled. We then disaggregated the two of these six which are aggregate items,
and finally measured HAA content in eight fish species,

Page 2 of 10

namely atka mackerel (“hokke”; salted) for salted fish,
horse mackerel (“aji”; salted and semi-dried split) for
semi-dried split fish, salmon (“sake”; raw), horse mackerel (“aji”; raw), sardine (“iwashi”; raw), Pacific saury
(“sanma”; raw), mackerel (“saba”; raw), and eel (“unagi”;
seasoned) [17]. Among three meat items (beef, pork and
chicken) with five different types of cooking preparation
(pan-fried and stewed for beef; stir-fried, deep-fried and
stewed for pork; grilled and deep-fried for chicken),
HAA content was measured for pan-fried beef, stir-fried
pork, and grilled chicken [17]. We then used the measured values for each food item to develop an HAA
composition table to estimate dietary HAA intake from
the FFQ (Table 1). For processed meat items, the composition table included published values for bacon.
Second, we established a calculation method for dietary HAA intake using the FFQ and the composition
table of HAAs [16]. The FFQ consists of food items with
nine frequency categories and standard portions/units,
and asks about the usual consumption of listed foods
during the previous year. Daily food intake is calculated
by multiplying frequency by standard portion and relative size for each food item. The FFQ includes additional
questions about grilled skin consumption using the five
quantity categories of almost none, one-third, half, twothirds, to almost all, and preferred doneness levels (very
well-done, well-done, medium, medium rare, and rare)
for pan-fried and grilled beef. HAA intake from fish consumption was estimated based on the proportion of
grilled to total fish consumption, the rate of grilled skin
consumption, the ratio of skin to flesh, and data on
HAA content in the skin and flesh. HAA intake from
meat consumption was estimated based on preferred
doneness levels and data on HAA content.
Validity of dietary assessment method

Evaluating the validity of the FFQ in estimating dietary
HAA intake requires a reference method which reflects
long-term exposure to dietary HAA intake. A promising
biomarker of PhIP intake is PhIP accumulation in human hair [18]. A feeding study among non-smokers
using ground beef cooked to two different levels of
doneness showed a strong dose-dependent increase in
hair PhIP levels [19]. Therefore, we first established an
analytical method for PhIP in human hair using liquid
chromatography-electrospray ionization/tandem mass
spectrometry (LC-ESI/MS/MS) [20]. We then verified
the quantitative performance of the analytical method
using rat fur samples with a controlled level of exposure
to PhIP by investigating the dose–response relationship
between three exposure levels (control, 20 ppm, and 200
ppm) in fur collected at four different times. A positive
dose–response relationship was observed between dosage and PhIP accumulation in rat fur regardless of the
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Table 1 Composition table of heterocyclic aromatic amines for estimating dietary intake from the food frequency questionnaire
(ng/100 g)a
PhIP

MeIQx

MelQ

4,8-DiMeIQx

7,8-DiMeIQx

IQ

Trp-P-1

37

8

17

0

0

0

0

Fish
Salted fish, flesh
Salted fish, skin

700

59

9

9

446

0

29

Semi-dried fish, flesh

52

0

7

0

0

0

0

Semi-dried fish, skin

368

42

26

55

95

0

28

Salmon, flesh

29

10

18

0

0

0

0

Salmon, skin

593

59

0

0

414

0

29

Horse mackerel and Sardine, flesh

8

9

0

0

3

0

0

Horse mackerel and Sardine, skin

147

62

16

69

0

7

11

Pacific saury and Mackerel, flesh

28

10

3

0

0

0

0

Pacific saury and Mackerel, skin

160

54

40

60

37

10

0

Eel, flesh

15

0

22

0

0

0

0

Eel, skin

11

0

0

0

0

0

0

Meat
Pan-fried beef, well-done

59

17

11

0

0

0

0

Stir-fried pork

86

20

9

0

0

0

0

Grilled chicken

29

8

14

0

0

0

53

Bacon

33

13

0

3

0

0

0

4,8-DiMeIQx 2-amino-3,4,8-trimethylimidazo [4,5-f]quinoxaline, 7,8-DiMeIQx 2-amino-3,7,8-trimethylimidazo [4,5-f]quinoxaline, IQ 2-amino-3-methylimidazo [4,5f]quinoline, MeIQx 2-amino-3,8-dimethylimidazo [4,5-f]quinoxaline, MeIQ 2-amino-3,4-dimethylimidazo [4,5-f]quinoline, PhIP 2-amino-1-methyl-6-phenylimidazo
[4,5-b]pyridine, Trp-P-1 3-amino-1,4-dimethyl-5H-pyrido [4,3-b]indole
a
Data are from Kobayashi et al. [16]

time of fur collection. To clarify whether the PhIP levels
in rat fur samples represented the exposure level to PhIP
in target tissue, we also examined PhIP-DNA adduct
levels in the rat colon, a target organ for putative HAAassociated cancer, and observed a similar pattern of PhIP
levels as those detected in rat fur. These findings reconfirmed that hair samples can be used as a surrogate tissue for evaluation of exposure levels [18, 21].
We conducted a validation study among examinees of
a cancer screening program provided by the National
Cancer Center, Japan [20]. Among 65 examinees, measured PhIP levels were over the limit of detection (LOD)
in 57 subjects and over the limit of quantification (LOQ)
in 24. Dietary intake of the following seven HAAs was
calculated: PhIP, MeIQx, MeIQ, 4,8-DiMeIQx, 2-amino3,7,8-trimethylimidazo
[4,5-f]
quinoxaline
(7,8DiMeIQx), 2-amino-3-methylimidazo [4,5-f] quinoline
(IQ) and 3-amino-1,4-dimethyl-5H-pyrido [4,3-b] indole
(Trp-P-1). Total HAA intake was defined as the sum of
the seven HAAs above, and the three HAAs with the
highest intake (PhIP, MeIQx, and MeIQ) were used for
the following analyses. We compared PhIP levels in human hair with dietary HAA intake estimated from the
FFQ. Spearman rank correlation coefficients between
energy-adjusted HAA intake from the FFQ and PhIP
level per melanin content in hair showed a significant

positive correlation coefficient range of 0.32 to 0.36
among all participants regardless of type of HAA
(Table 2). However, somewhat lower correlation coefficients were observed among participants with over-LOD
or -LOQ values, albeit that these were not statistically
significant. In addition, adjusted geometric mean levels
of PhIP level per melanin content in hair according to
tertile category of energy-adjusted PhIP intake were calculated using a multivariable linear regression model
with adjustment for sex, age, and body mass index. PhIP
levels were significantly increased with a higher category
of energy-adjusted PhIP intake for three groups (all participants, and participants with over-LOD or -LOQ
values) (Fig. 1). These findings suggest that our FFQ for
middle-aged or older Japanese is reasonably valid for the
assessment of HAA intake, which in turn allows its use
in future epidemiological studies of the association
between HAA intake and cancer risk by ranking individuals by dietary intake of HAAs.
Dietary HAAs intake among Japanese

We calculated dietary HAA intake for 39,035 men and
women from four public health center (PHC) areas
(Ninohe PHC area in Iwate, Yokote PHC area in Akita,
Saku PHC area in Nagano, and Chubu PHC area in Okinawa) in the JPHC study [16]. Total HAA intake was
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Table 2 Spearman rank correlation coefficients and 95% confidence intervals of energy-adjusted HAA intake and PhIP level per
melanin content in haira
All subjects

Subjects with over LOD values

Subjects with over LOQ values

CC

95% CI

CC

95% CI

CC

95% CI

PhIP intake

0.35

(0.11, 0.54)

0.21

(−0.05, 0.45)

0.34

(−0.07, 0.66)

MeIQ intake

0.36

(0.13, 0.56)

0.24

(−0.02, 0.47)

0.20

(−0.22, 0.56)

MeIQx intake

0.32

(0.08, 0.52)

0.24

(−0.02, 0.47)

0.17

(−0.25, 0.53)

Total HAA intake

0.34

(0.11, 0.54)

0.22

(−0.05, 0.45)

0.23

(−0.19, 0.58)

CC correlation coefficient, CI confidence interval, HAA heterocyclic aromatic amine, LOD limit of detection, LOQ limit of quantification, MeIQ 2-amino-3,4dimethylimidazo [4,5-f]quinoline, MeIQx 2-amino-3,8-dimethylimidazo [4,5-f]quinoxaline, PhIP 2-amino-1-methyl-6-phenylimidazo [4,5-b]pyridine
a
Data are from Iwasaki et al. [20]

defined as the sum of intake of PhIP, MeIQx, MeIQ, 4,
8-DiMeIQx, 7,8-DiMeIQx, and Trp-P-1, based on the
FFQ in the 5-year follow-up survey. Because different
dietary habits were recognized between the mainland
areas and Okinawa Island [15], their results are presented separately. Mean daily intake levels of total HAAs
(ng/kg per day) for participants in the mainland areas
(Iwate, Akita, and Nagano) were 1.06 (inter quartile
range 0.50–1.35) in men and 1.10 (inter quartile range
0.53–1.40) in women. Those for participants in Okinawa
Island were lower than those in the mainland, at 0.83
(inter quartile range 0.33–1.04) in men and 0.92 (inter
quartile range 0.33–1.18) in women. This difference
might be explained by a difference in cooking methods,
since grilling was not the main method for preparing
foods in Okinawa. Meanwhile, daily intake levels among
Japanese might be lower than those in Western countries (e.g. 9 ng/kg per day in the US population), albeit
that differences in study design and assessment method
hindered comparison [4, 22].

The contribution of fish or meat to HAA intake is
shown in Table 3. More than 50% of total HAA intake
in the mainland participants was derived from fish,
whereas more than 50% in Okinawa was from pork,
which might reflect differences in dietary habits. Consumption of meat was higher in Okinawa than on the
mainland and pork was the preferred meat. In a US
study [23], chicken was the largest source of HAAs
among different meat types. In contrast, chicken contributed only 10% of HAA intake in Japan.
Epidemiological evidence for cancer risk

To date, only four epidemiological studies have examined associations between HAA intake and cancer risk
among Japanese. Their main findings are summarized in
Table 4. Colorectal cancer and adenoma, well-known
precursor lesions of cancer, have been most extensively
studied [12, 13]. We failed to detect significant associations between dietary HAA intake and the risk of colorectal cancer based on a hospital-based case-control

Fig. 1 Adjusted geometric mean and 95% confidence interval of PhIP level per melanin content in human hair (pg/mg melanin) according to
tertile category of energy-adjusted PhIP intake. Data are from Iwasaki et al. [20]LOD: limit of detection; LOQ: limit of quantification; PhIP:
2-amino-1-methyl-6-phenylimidazo [4,5-b]pyridine.
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Table 3 Intake of total heterocyclic aromatic amines from fish and meat (ng per day (%))a
Mainland
Men

Okinawa
Women

Men

Women

ng per day

(%)

ng per day

(%)

ng per day

(%)

ng per day

(%)

36.21

(55.0)

31.86

(54.5)

6.62

(12.5)

5.45

(10.8)

Beef

8.22

(12.5)

6.42

(11.0)

11.29

(21.4)

9.83

(19.4)

Pork

13.81

(21.0)

13.73

(23.5)

29.37

(55.6)

30.47

(60.3)

Chicken

7.22

(11.0)

6.08

(10.4)

4.83

(9.1)

4.12

(8.2)

Processed

0.33

(0.5)

0.38

(0.7)

0.70

(1.3)

0.69

(1.4)

Fish
Meat

a

Data are from Kobayashi et al. [16]

study in Nagano, although the odds ratio (OR) (95%
confidence interval [CI]) in the highest tertile category
of MeIQx was 1.98 (0.42–9.32) [24]. A recent metaanalysis of colorectal cancer showed statistically significant associations for MeIQx and DiMeIQx [12]. However, only three cohort studies have investigated the
association between HAA intake and the risk of colorectal cancer [7, 9, 11]. One of these found positive associations of MeIQx and DiMeIQx with the risk of colon
cancer [7] whereas the other two observed no associations for individual or total HAAs [9, 11]. Further evidence from prospective cohort studies among Japanese
is needed.
For colorectal adenoma, we found a significant increase in risk associated with the dietary intake of
MeIQ and total HAAs in a colonoscopy-based casecontrol study among women, but saw no association
for individual or total HAAs among men [26]. We
also found no apparent association for dietary HAA
intake in a colonoscopy-based case-control study
among Japanese-Brazilians in São Paulo, who had different dietary habits and consumed fish and meats
prepared with different cooking methods to those
used by Japanese in Japan [28–30]. Meanwhile, a recent meta-analysis of colorectal adenoma showed statistically significant associations for PhIP, MeIQx, and
DiMeIQx [13]. However, very few studies have examined the dietary intake of MeIQ [31]. This is because
MeIQ was not detected in any meat samples evaluated by Sinha and colleagues [6], and was accordingly
not evaluated in studies using the CHARRED database. In our study, in contrast, MeIQ was detected
mostly from cooked fish, as shown in Table 1, which
- together with the generally higher consumption of
fish than animal meat among Japanese - allowed us
to examine the association of MelQ intake with the
risk of colorectal adenoma. Although MeIQ is less
abundant in foods than PhIP, it is a more potent
mutagen [3], which might partly explain the observed
association. Nevertheless, the reason for the discrepant findings in men and women is unknown.

Few studies have investigated the association with
stomach cancer. We found no association between dietary HAA intake and risk of stomach cancer based on a
hospital-based case-control study in Nagano [25]. To
our knowledge, the first report from a large prospective
cohort study in the US observed a significant positive association between DiMeIQx intake and the risk of gastric cardia cancer [8].
For prostate cancer, Koda et al. found that higher intake of individual and total HAAs was significantly associated with increased risk of prostate cancer in a
hospital-based case-control study in Tokyo [27]. However, a recent meta-analysis of five prospective cohort
studies showed no association of PhIP, MeIQx, or
DiMeIQx with the risk of either total or advanced prostate cancer [10]. Further accumulation of evidence in
Japanese is therefore required, including prospective cohort studies.
Individual genetic predisposition may influence the degree of HAA metabolism and thus partly contribute to
the development of cancer. Among four case-control
studies in Japan, one study each for colorectal, stomach,
and prostate cancer investigated whether NAT2 acetylation genotype and CYP1A1 and CYP1A2 genotype
modify the association between dietary HAA intake and
risk of cancer [24, 25, 27]. A case-control study of colorectal adenoma tested for interaction between HAA intake and NAT2 acetylation genotype on the risk of
colorectal adenoma [26]. Although studies for colorectal
and stomach cancer and colorectal adenoma observed
no effect modification by NAT2 acetylation genotype or
CYP1A1 and CYP1A2 genotype [24–26], statistically significant interactions were found in a case-control study
of prostate cancer [27]. Of interest, higher ORs were
found among men with the NAT2 slow acetylation genotype or CYP1A2 CA + AA genotype in the highest tertile
category of total HAA intake [27]. These findings from
gene-environment interactions may aid our understanding of the biological mechanisms underlying an association between dietary HAA intake and the risk of
prostate cancer.

1998–
2002

1998–
2002

2004–
2005

Kobayashi
et al. [24]

Kobayashi
et al. [25]

Budhathoki
et al. [26]

Colorectal
adenoma

Stomach
cancer

Colorectal
cancer

Study Outcome
period

Reference
Definition

Study subjects

CrossCases: diagnosed according to pitsectional pattern classification using
magnifying colonoscopy with dye
spreading, Controls: confirmed by
total colonoscopy

Hospital- Cases: histopathologically
based
confirmed, Controls: medical
casecheck-up examinees
control

Hospital- Cases: histopathologically
based
confirmed, Controls: medical
casecheck-up examinees
control

Design

50–79 498 cases
years and 453
controls
among
men

21–76 149 cases
years and 296
controls

21–76 117 cases
years and 238
controls

Age
Number
range of
subjects

1.11

Tertile 3

(0.74–1.60)
(0.69–1.50)

Quartile 4 1.02
Quartile 1 1

(0.91–1.93)
Quartile 3 1.09

(0.36–3.49)

(0.59–2.98)

(0.36–3.12)

(0.52–2.89)

(0.36–1.82)

(0.52–2.14)

(0.44–4.02)

(0.77–3.99)

(0.21–4.81)

(0.55–5.72)

(0.23–6.64)

(0.28–4.25)

(0.42–9.32)

(0.51–5.41)

(0.27–6.48)

(0.52–5.56)

Quartile 2 1.33

Quartile 1 1

1.33

Tertile 2

1.06

Tertile 3

1

1.23

Tertile 1

1
Tertile 2

0.81

Tertile 3
Tertile 1

1.06

Tertile 2

1.33

Tertile 3

1

1.75

Tertile 2

Tertile 1

1

Tertile 1

1.77
0.99

Tertile 2
Tertile 3

1.23

Tertile 3
1

1.09

Tertile 2

Tertile 1

1

Tertile 1

1.67
1.98

Tertile 2
Tertile 3

1.32

Tertile 3
1

1.69

Tertile 2

Tertile 1

1

Tertile 1

0.97

0.77

0.807

0.922

0.248

0.556

0.903

0.793

0.397

0.777

Adjusted for age, screening period,
smoking, alcohol consumption, body mass
index, physical activity, family history of
colorectal cancer, and NSAID use. Further
adjusted for age at menarche,
menopausal status, and current use of
hormones in females.

Matched (1:2) for sex, age and area of
residence. Adjusted by conditional logistic
regression for H. pylori status, smoking
status, alcohol intake, family history of
stomach cancer, body mass index, total
vegetable intake, meat intake, fish intake,
salt intake, and JA membership.

Matched (1:2) for sex, age and area of
residence. Adjusted by conditional logistic
regression for smoking status, alcohol
intake, family history of colorectal cancer,
body mass index, JA membership, and
intake of vegetables, meat, fish, and
dietary fiber.

P for Confounding factors
trend

(2021) 43:33

MeIQx

PhIP

Total
HAAs

MeIQ

MeIQx

PhIP

Total
HAAs

MeIQ

MeIQx

PhIP

Exposure Category Odds 95%
ratios confidence
intervals

Table 4 Summary of epidemiological studies of associations between HAA intake and cancer risk among Japanese
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2004–
2006

Koda et al.
[27]

Definition

Study subjects

Hospital- Cases: histologically confirmed,
based
Controls: medical check-up
caseexaminees

Design

40–90 351 cases
years and 351
controls

240 cases
and 244
controls
among
women

Age
Number
range of
subjects

PhIP

Total
HAAs

MeIQ

MeIQx

PhIP

Total
HAAs

MeIQ

(0.86–1.85)
(0.68–1.50)

Quartile 3 1.26
Quartile 4 1.01

(0.64–1.37)

Quartile 4 0.94

(0.71–1.55)
(0.69–1.50)

Quartile 3 1.05
Quartile 4 1.02

(0.62–1.88)
(0.83–2.45)

Quartile 3 1.08
Quartile 4 1.43

(0.56–1.70)
(0.92–2.73)

Quartile 3 0.97
Quartile 4 1.58

(0.97–3.08)
(1.20–3.67)

Quartile 3 1.73
Quartile 4 2.10

(0.99–3.01)

Quartile 4 1.73
1

(0.83–2.51)

Quartile 3 1.44

Tertile 1

(0.58–1.86)

Quartile 2 1.04

Quartile 1 1

(0.80–2.53)

Quartile 2 1.42

Quartile 1 1

(0.58–1.78)

Quartile 2 1.02

Quartile 1 1

(0.42–1.32)

Quartile 2 0.74

Quartile 1 1

(0.98–2.08)

Quartile 2 1.43

Quartile 1 1

(0.84–1.76)
(0.65–1.40)

Quartile 2 1.21
Quartile 3 0.95

Quartile 1 1

(0.91–1.94)

Quartile 2 1.33

Exposure Category Odds 95%
ratios confidence
intervals

<
0.001

0.03

0.01

0.10

0.09

0.64

0.47

Matched (1:1) for age. Adjusted by
conditional logistic regression for alcohol
intake, smoking status, body mass index,

P for Confounding factors
trend

(2021) 43:33

Prostate
cancer

Study Outcome
period

Reference

Table 4 Summary of epidemiological studies of associations between HAA intake and cancer risk among Japanese (Continued)

Iwasaki and Tsugane Genes and Environment
Page 7 of 10

Study Outcome
period

control

Design
Definition

Study subjects
Age
Number
range of
subjects

Total
HAAs

Trp-P-1

MeIQ

MeIQx

1
1.14
1.90

Tertile 2
Tertile 3

1.92

Tertile 3
Tertile 1

1.05

Tertile 2

1.87
1

Tertile 3
Tertile 1

1.18

Tertile 2

2.25

Tertile 3
1

1.05

Tertile 2

Tertile 1

1

1.84

Tertile 3
Tertile 1

1.06

Tertile 2

(1.40–2.59)

(0.83–1.58)

(1.42–2.61)

(0.76–1.45)

(1.38–2.55)

(0.85–1.63)

(1.65–3.06)

(0.76–1.46)

(1.35–2.50)

(0.77–1.48)

Exposure Category Odds 95%
ratios confidence
intervals

<
0.001

<
0.001

<
0.001

<
0.001

family history of prostate cancer, and total
energy intake

P for Confounding factors
trend

HAAs heterocyclic aromaticamines, MeIQx 2-amino-3,8-dimethylimidazo [4,5-f]quinoxaline, MeIQ 2-amino-3,4-dimethylimidazo [4,5-f]quinoline, Trp-P-1 3-amino-1,4-dimethyl-5H-pyrido [4,3-b]indole, PhIP 2-amino-1methyl-6-phenylimidazo [4,5-b]pyridine

Reference

Table 4 Summary of epidemiological studies of associations between HAA intake and cancer risk among Japanese (Continued)
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Conclusions
We developed a practical method for assessing dietary
HAA intake using an FFQ among Japanese and evaluated its validity for use in epidemiological studies by
comparison with PhIP levels in human hair. Evidence
from four case-control studies in Japan may contribute
to the assessment of carcinogenicity in humans. However, findings from epidemiological studies are limited
and inconsistent, due to the difficulty of assessing exposure levels of HAAs. In particular, to overcome the limitations of assessing HAA exposure based on an FFQ,
there is critical need to develop and validate stable and
long-term biomarkers of HAA exposure for epidemiological use. As mentioned above, PhIP level in human
hair reflects PhIP exposure over a period of weeks to
months, and is a promising biomarker. Moreover, various metabolites of HAAs, such as DNA, hemoglobin,
and serum albumin adducts, have been investigated [4].
Considering that the formation of DNA adducts is a crucial process in induced carcinogenesis, DNA adducts
might also be exposure biomarkers. Although used in
only a few epidemiological studies so far, PhIP-DNA adducts were shown to be not significantly but rather only
modestly associated with an increased risk of prostate
cancer among 534 nested case-control pairs within a historical cohort of men with a benign prostate specimen
in the US [32]. Nevertheless, we welcome further evidence from prospective cohort studies among Japanese
based on dietary HAA intake estimated by FFQ. In
addition, studies using different assessment methods for
HAA exposure, such as biomarkers, would be particularly valuable.
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CI: Confidence interval; CYP: Cytochrome P-450; 4,8-DiMeIQx: 2-amino-3,4,8trimethylimidazo [4,5-f]quinoxaline; 7,8-DiMeIQx: 2-amino-3,7,8trimethylimidazo [4,5-f]quinoxaline; FFQ: Food frequency questionnaire;
HAAs: Heterocyclic aromatic amines; IARC: International Agency for Research
on Cancer; IQ: 2-amino-3-methylimidazo [4,5-f]quinoline; JPHC study: Japan
Public Health Center-based Prospective Study; LC-ESI/MS/MS: Liquid
chromatography-electrospray ionization/tandem mass spectrometry;
LOD: Limit of detection; LOQ: Limit of quantification; MeIQ: 2-amino-3,4dimethylimidazo [4,5-f]quinoline; MeIQx: 2-amino-3,8-dimethylimidazo [4,5f]quinoxaline; NAT1: N-acetyltransferase 1; NAT2: N-acetyltransferase 2;
OR: Odds ratio; PHC: Public health center; PhIP: 2-amino-1-methyl-6phenylimidazo [4,5-b]pyridine; Trp-P-1: 3-amino-1,4-dimethyl-5H-pyrido [4,3b]indole
Acknowledgements
We thank members of the Center for Public Health Sciences, National Cancer
Center for their support and helpful discussion.
Authors’ contributions
Motoki Iwasaki drafted the manuscript and contributed to the discussion.
Shoichiro Tsugane reviewed and edited the manuscript, and contributed to
the discussion. Both authors read and approved the final manuscript.
Funding
This work was supported by JSPS KAKENHI Grant Number 17H03588.

Page 9 of 10

Availability of data and materials
Not applicable.

Declarations
Ethics approval and consent to participate
Not applicable.
Consent for publication
Not applicable.
Competing interests
The authors have declared no conflicts of interest.
Author details
1
Division of Epidemiology, Center for Public Health Sciences, National Cancer
Center, Tokyo, Japan. 2National Institute of Health and Nutrition, National
Institutes of Biomedical Innovation, Health and Nutrition, Tokyo, Japan.
Received: 12 May 2021 Accepted: 28 June 2021

References
1. Hasegawa R, Sano M, Tamano S, Imaida K, Shirai T, Nagao M, et al. Dosedependence of 2-amino-1-methyl-6-phenylimidazo [4,5-b]-pyridine (PhIP)
carcinogenicity in rats. Carcinogenesis. 1993;14(12):2553–7. https://doi.org/1
0.1093/carcin/14.12.2553.
2. Shirai T, Sano M, Tamano S, Takahashi S, Hirose M, Futakuchi M, et al. The
prostate: a target for carcinogenicity of 2-amino-1-methyl-6-phenylimidazo
[4,5-b] pyridine (PhIP) derived from cooked foods. Cancer Res. 1997;57(2):
195–8.
3. Sugimura T, Wakabayashi K, Nakagama H, Nagao M. Heterocyclic amines:
mutagens/carcinogens produced during cooking of meat and fish. Cancer
Sci. 2004;95(4):290–9. https://doi.org/10.1111/j.1349-7006.2004.tb03205.x.
4. Gibis M. Heterocyclic aromatic amines in cooked meat products: causes,
formation, occurrence, and risk assessment. Compr Rev Food Sci Food Saf.
2016;15(2):269–302. https://doi.org/10.1111/1541-4337.12186.
5. International Agency for Research on Cancer (IARC). Some naturally
occurring substance, food items and constituents, heterocyclic aromatic
amines and mycotoxins. In IARC Monographs on the evaluation of
carcinogenic risks to humans (Vol. 56). Lyon, France: WHO Press; 1993.
6. Sinha R, Cross A, Curtin J, Zimmerman T, McNutt S, Risch A, et al.
Development of a food frequency questionnaire module and databases for
compounds in cooked and processed meats. Mol Nutr Food Res. 2005;49(7):
648–55. https://doi.org/10.1002/mnfr.200500018.
7. Cross AJ, Ferrucci LM, Risch A, Graubard BI, Ward MH, Park Y, et al. A large
prospective study of meat consumption and colorectal cancer risk: an
investigation of potential mechanisms underlying this association. Cancer
Res. 2010;70(6):2406–14. https://doi.org/10.1158/0008-5472.CAN-09-3929.
8. Cross AJ, Freedman ND, Ren J, Ward MH, Hollenbeck AR, Schatzkin A, et al.
Meat consumption and risk of esophageal and gastric cancer in a large
prospective study. Am J Gastroenterol. 2011;106(3):432–42. https://doi.org/1
0.1038/ajg.2010.415.
9. Ollberding NJ, Wilkens LR, Henderson BE, Kolonel LN, Le Marchand L. Meat
consumption, heterocyclic amines and colorectal cancer risk: the
multiethnic cohort study. Int J Cancer. 2012;131(7):E1125–33. https://doi.
org/10.1002/ijc.27546.
10. Bylsma LC, Alexander DD. A review and meta-analysis of prospective studies
of red and processed meat, meat cooking methods, heme iron, heterocyclic
amines and prostate cancer. Nutr J. 2015;14(1):125. https://doi.org/10.1186/
s12937-015-0111-3.
11. Le NT, Michels FA, Song M, Zhang X, Bernstein AM, Giovannucci EL, et al. A
prospective analysis of meat mutagens and colorectal Cancer in the Nurses'
health study and health professionals follow-up study. Environ Health
Perspect. 2016;124(10):1529–36. https://doi.org/10.1289/EHP238.
12. Chiavarini M, Bertarelli G, Minelli L, Fabiani R. Dietary intake of meat
cooking-related mutagens (HCAs) and risk of colorectal adenoma and
cancer: a systematic review and meta-analysis. Nutrients. 2017;9(5):514.
13. Martinez Gongora V, Matthes KL, Castano PR, Linseisen J, Rohrmann S.
Dietary heterocyclic amine intake and colorectal adenoma risk: a systematic

Iwasaki and Tsugane Genes and Environment

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

(2021) 43:33

review and meta-analysis. Cancer Epidemiol Biomark Prev. 2019;28(1):99–
109. https://doi.org/10.1158/1055-9965.EPI-17-1017.
Skog KI, Johansson MA, Jagerstad MI. Carcinogenic heterocyclic amines in
model systems and cooked foods: a review on formation, occurrence and
intake. Food Chem Toxicol. 1998;36(9–10):879–96. https://doi.org/10.1016/
S0278-6915(98)00061-1.
Tsugane S, Sasaki S, Kobayashi M, Tsubono Y, Sobue T. Dietary habits
among the JPHC study participants at baseline survey. Japan public health
center-based prospective study on Cancer and cardiovascular diseases. J
Epidemiol. 2001;11(6 Suppl):S30–43. https://doi.org/10.2188/jea.11.6sup_30.
Kobayashi M, Hanaoka T, Nishioka S, Kataoka H, Tsugane S. Estimation of
dietary HCA intakes in a large-scale population-based prospective study in
Japan. Mutat Res. 2002;506–507:233–41.
Kataoka H, Nishioka S, Kobayashi M, Hanaoka T, Tsugane S. Analysis of
mutagenic heterocyclic amines in cooked food samples by gas
chromatography with nitrogen-phosphorus detector. Bull Environ Contam
Toxicol. 2002;69(5):682–9. https://doi.org/10.1007/s00128-002-0115-5.
Bessette EE, Yasa I, Dunbar D, Wilkens LR, Le Marchand L, Turesky RJ.
Biomonitoring of carcinogenic heterocyclic aromatic amines in hair: a
validation study. Chem Res Toxicol. 2009;22(8):1454–63. https://doi.org/10.1
021/tx900155f.
Le Marchand L, Yonemori K, White KK, Franke AA, Wilkens LR, Turesky RJ.
Dose validation of PhIP hair level as a biomarker of heterocyclic aromatic
amines exposure: a feeding study. Carcinogenesis. 2016;37(7):685–91.
https://doi.org/10.1093/carcin/bgw049.
Iwasaki M, Mukai T, Takachi R, Ishihara J, Totsuka Y, Tsugane S. Validity of a
self-administered food frequency questionnaire in the estimation of
heterocyclic aromatic amines. Cancer Causes Control. 2014;25(8):1015–28.
https://doi.org/10.1007/s10552-014-0401-7.
Steffensen IL, Janak K, Hegstad S, Andreassen A, Paulsen JE, Reistad R, et al.
Incorporation of the food mutagen 2-amino-1-methyl-6-phenylimidazo [4,5b] pyridine (PhIP) into fur and correlation with intestinal tumourigenesis in
min/+ mice. Pharmacol Toxicol. 2003;92(3):131–6. https://doi.org/10.1034/j.1
600-0773.2003.920305.x.
Bogen KT, Keating GA. U.S. dietary exposures to heterocyclic amines. J Expo
Anal Environ Epidemiol. 2001;11(3):155–68. https://doi.org/10.1038/sj.jea.
7500158.
Keating GA, Bogen KT. Methods for estimating heterocyclic amine
concentrations in cooked meats in the US diet. Food Chem Toxicol. 2001;
39(1):29–43. https://doi.org/10.1016/S0278-6915(00)00115-0.
Kobayashi M, Otani T, Iwasaki M, Natsukawa S, Shaura K, Koizumi Y, et al.
Association between dietary heterocyclic amine levels, genetic
polymorphisms of NAT2, CYP1A1, and CYP1A2 and risk of colorectal cancer:
a hospital-based case-control study in Japan. Scand J Gastroenterol. 2009;
44(8):952–9. https://doi.org/10.1080/00365520902964721.
Kobayashi M, Otani T, Iwasaki M, Natsukawa S, Shaura K, Koizumi Y, et al.
Association between dietary heterocyclic amine levels, genetic
polymorphisms of NAT2, CYP1A1, and CYP1A2 and risk of stomach cancer:
a hospital-based case-control study in Japan. Gastric Cancer. 2009;12(4):198–
205. https://doi.org/10.1007/s10120-009-0523-x.
Budhathoki S, Iwasaki M, Yamaji T, Sasazuki S, Takachi R, Sakamoto H, et al.
Dietary heterocyclic amine intake, NAT2 genetic polymorphism, and
colorectal adenoma risk: the colorectal adenoma study in Tokyo. Cancer
Epidemiol Biomark Prev. 2015;24(3):613–20. https://doi.org/10.1158/10559965.EPI-14-1051.
Koda M, Iwasaki M, Yamano Y, Lu X, Katoh T. Association between NAT2,
CYP1A1, and CYP1A2 genotypes, heterocyclic aromatic amines, and prostate
cancer risk: a case control study in Japan. Environ Health Prev Med. 2017;
22(1):72. https://doi.org/10.1186/s12199-017-0681-0.
Sharma S, Iwasaki M, Kunieda C, Cao X, Ishihara J, Hamada G, et al.
Development of a quantitative food frequency questionnaire for assessing
food, nutrient, and heterocyclic aromatic amines intake in Japanese
Brazilians for a colorectal adenoma case-control study. Int J Food Sci Nutr.
2009;60(Suppl 7):128–39. https://doi.org/10.1080/09637480902740790.
Iwasaki M, Kataoka H, Ishihara J, Takachi R, Hamada GS, Sharma S, et al.
Heterocyclic amines content of meat and fish cooked by Brazilian methods.
J Food Compost Anal. 2010;23(1):61–9. https://doi.org/10.1016/j.jfca.2009.07.
004.
Budhathoki S, Iwasaki M, Yamaji T, Hamada GS, Miyajima NT, Zampieri JC,
et al. Doneness preferences, meat and meat-derived heterocyclic amines
intake, and N-acetyltransferase 2 polymorphisms: association with colorectal

Page 10 of 10

adenoma in Japanese Brazilians. Eur J Cancer Prev. 2020;29(1):7–14. https://
doi.org/10.1097/CEJ.0000000000000506.
31. Augustsson K, Skog K, Jagerstad M, Dickman PW, Steineck G. Dietary
heterocyclic amines and cancer of the colon, rectum, bladder, and kidney: a
population-based study. Lancet. 1999;353(9154):703–7. https://doi.org/10.101
6/S0140-6736(98)06099-1.
32. Tang D, Kryvenko ON, Wang Y, Trudeau S, Rundle A, Takahashi S, et al. 2Amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP)-DNA adducts in
benign prostate and subsequent risk for prostate cancer. Int J Cancer. 2013;
133(4):961–71. https://doi.org/10.1002/ijc.28092.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

