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Abstract

Background: Heterocyclic amines (HCA) are potent
carcinogenic substances formed in meat. Because of
their mutagenic activity, they may increase the risk of
colorectal adenomas, which are the precursors of colorec-
tal cancer, one of the most prevalent cancers worldwide.
The aim of this meta-analysis was to synthesize the knowl-
edge about the intake of HCAs and its associations
with CRA.

Methods: We conducted a systematic search in PubMed
and EMBASE. We used odds ratios (OR); or relative risks,
RR) from every reported intake and compared the highest
versus lowest level of dietary HCAs. In addition, we assessed
a dose-response relationship.

Results: Twelve studies on HCA intake and risk of CRA
were included in our analysis. We observed a statistically
significant association when comparing top versus bottom
intake category of 2-amino-1-methyl-6-phenylimidazo[4,5-

Introduction

In 2017, about 135,430 new cases of colorectal cancer will be
diagnosed in the United States and 50,260 persons will die from
the disease (1). In 2012, the International Agency for Research
on Cancer (IARC) estimated that colorectal cancer was the third
most common cancer worldwide in men and the second in
women (2). About 95% of colorectal cancers emanate from
benign, neoplastic adenomatous polyps (adenomas; ref. 3),
which are found in up to 40% of a population by the age of
60 (4). More than 50% of colorectal cancers occur in developed
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b]pyridine [PhIP; OR = 1.20; 95% confidence interval (CI) =
1.12-1.29], 2-amino-3,8-dimethylimidazo|4,5-f|quinoxaline
(MelQx; OR = 1.20; 95% CI = 1.08-1.34), 2-amino-3,4,8-
trimethylimidazo[4,5-f]quinoxaline (DiMelQx; OR = 1.16;
95% CI = 1.05-1.27), benzo(a)pyrene (BaP; OR = 1.15; 95%
Cl = 1.04-1.27), and mutagenicity index (OR = 1.22;
95% CI = 1.06-1.41). Furthermore, we observed a signi-
ficant dose-response effect for PhIP, MelQx, and mutagenicity
index.

Conclusions: This meta-analysis suggests that there is a
positive association of HCAs, BaP, mutagenicity index with
risk of CRA. In addition, our dose-response analyses showed
an increased risk of CRA for PhIP, MelQx, and mutagenicity
index.

Impact: This study provides evidence for a positive
association between the dietary intake of meat mutagens
and CRA risk.

countries, Oceania and Europe being the ones with the highest
incidence (5). Common risk factors are age, race, family history
of colorectal cancer and lifestyle, including sedentarism, smok-
ing, and Western dietary patterns (1, 6). Meat consumption,
especially red and processed meat, has been identified as an
important dietary risk factor for colorectal cancer and colorectal
adenomas (CRA; refs. 7, 8). On the basis of the results of several
epidemiologic studies, in October 2015, the IARC evaluated
the association between red, processed meat and cancer and
classified the consumption of red meat as probably carcinogenic
to humans (Group 2A) with limited evidence and the consump-
tion of processed meat as carcinogenic to humans (Group 1)
with sufficient evidence (9). After the decision of the IARC, more
epidemiologic studies and reviews have addressed this issue
(8, 10). Recently, Domingo and colleagues have reviewed the
latest evidence, supporting the classification of red and pro-
cessed meat as carcinogenic (11).

Several mechanisms have been suggested to explain the asso-
ciation between red and processed meat with colorectal cancer.
Possible factors that may increase the carcinogenic process are
cooking products found in meat such as heterocyclic amines
(HCA) and polycyclic aromatic hydrocarbons (PAH; ref. 12).
Other compounds are nitrates and nitrites, which are character-
istic of processed meat and have been classified as a "probable
human carcinogens (Group 2A)" by the IARC (13) and heme iron,
which is abundant in red meat.
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HCAs arise during the thermal processing of meat, fish, and
poultry at temperatures over 150°C. Their formation depends on
the type of meat and cooking method, and their amount increases
with the duration and temperature of cooking (14). Although
more than 20 HCAs have been identified (14), the three most
abundant carcinogenic HCAs formed in meats are 2-amino-1-
methyl-6-phenylimidazo[4,5-b] pyridine (PhIP), 2-amino-3,8-
dimethylimidazo[4,5-f]quinoxaline (MelQx), and 2-amino-
3,4,8-trimethylimidazo[4,5-f]quinoxaline (DiMelQx; ref. 15).
They are considered as potent carcinogenic substances, therefore,
in 1993, PhIP, MelQ, and MelQx were classified as "possible
human carcinogens" (Group 2B) by the IARC (16). Similarly, one
of the PAHs, BaP, was also part of the list of carcinogens provided
by the IARC. BaP was classified as "carcinogenic to humans"
(Group 1) in 2012 (17).

The purpose of this systematic review was to investigate the
association of HCA and BaP intake with CRA risk. In addition,
we aimed to examine whether the association between these
compounds and CRA risk differed by adenoma site and sex.

Materials and Methods

Data sources and search strategy

To identify eligible studies on the association of HCAs with
CRA, a systematic literature search was conducted by two inde-
pendent authors (V. Martinez Gdéngora and P. Rodriguez
Castano). Any disagreement was resolved after discussion with
a third reviewer (S. Rohrmann). We searched in PubMed and
EMBASE through March 2017 with no limitations on year or
language of publication. The following search terms were used:
("colorectal adenoma" OR "colorectal polyps") AND ("heterocy-
clic amines" OR "PhIP" OR "MelQx" OR "DiMelQx" OR "poly-
cyclic aromatic hydrocarbons” OR "meat"). In addition, the
reference lists of already identified articles were examined for
other eligible studies based on the abovementioned key words.
Relevant studies were imported to EndNote (X7) to search for
duplicates.

We carried out this systematic review and meta-analysis accord-
ing to the Preferred Reporting Items for Systematic Reviews and
Meta-analysis (PRISMA) statement (18).

Study selection

Studies were included in the systematic review if (i) they were
cohort, case-control, or cross-sectional studies in humans; (ii)
they investigated the association between HCAs and BaP intake
and CRA risk; (iii) they reported relative risk estimates [odds
ratios (OR) or risk ratios (RR)] with 95% confidence intervals
(CI); and (iv) the quantity of each single compound was stated.

We selected the most recent publications that included the
largest number of cases, excluding overlapping studies. We further
excluded studies if they focused on adenoma recurrence or only
examined genetics.

Data extraction

We reviewed the eligible studies and carried out the extraction
of data. The following information were abstracted: first author's
last name, year of publication, country, study design, study size,
number of cases and controls, sex, age, year diet was assessed, diet
assessment method, follow-up time, HCAs, BaP, or total muta-
genicity index, adenoma outcome, statistical adjustments for
confounders, mutagen doses comparisons, and the OR/RR esti-
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mates with 95% CI for the highest versus lowest level of intake for
each mutagen. Multivariable adjusted analyses were extracted in
preference over crude measures.

Quality assessment

To assess the methodologic quality of the studies, we used
the Newcastle-Ottawa Quality Assessment Scale for cohort and
case-control studies (19). Each study was awarded a maximum
of 9 points based on selection of controls, comparability, and
exposure in case of case-control studies, and outcome, in the
case of cohort studies. The complete assessment is presented in
Supplementary Tables S1 (cohort studies) and S2 (case-control
studies).

Statistical analysis

We conducted meta-analyses utilizing OR (or RR) from every
reported intake and we compared the highest versus lowest
level of dietary mutagens. Primary meta-analyses models eval-
uate CRA and the mutagen exposures. Forest plots were gen-
erated for the primary meta-analyses stratified by study type (i.
e., cohort vs. case-control and cross-sectional studies). Further
meta-analyses were performed stratified by adenoma site
(colon and rectum) and sex to examine potential associations.

We assessed dose-response relationships between HCAs and
CRA following the method of Greenland and Longnecker (20).
The method requires the number of cases and controls per
exposure level [therefore, we could not include all studies; we
excluded 3 studies (21-23)], the ORs with CI and the mean or
median for each category. In a sensitivity analysis, we also
excluded the study by Gunter and colleagues (24) because the
maximum values in the top category were several times higher
than the top intake in all other studies. We used cubic splines
with the knots for quantiles 0.25, 0.5, and 0.75 to assess the
association between the mutagen exposure and CRA.

To evaluate heterogeneity of included studies, Cochran Q test
and 12 statistic were used. Publication bias was assessed with Egger
test by creating funnel plots (25). All analyses were conducted
using the statistical program STATA software version 13.1 and R
version 3.3.2.

Results

Figure 1 shows our search results: Until March 23, 2017,
334 publications from PubMed and 139 from EMBASE were
found. After screening, we included 12 publications [3 cohort
(21, 26, 27), 8 case-control (22-24, 28-32), and 1 cross-
sectional (33) studies; in the following, study (33) will also
be considered a case-control study| that examined the asso-
ciation of dietary mutagen exposures (PhIP, MelQx, DiMelQx,
total HCAs, BaP, and mutagenicity index) with CRA in the
systematic literature search. We excluded 6 studies because they
overlapped with other publications (34-39) or only explored
adenoma recurrence (40).

Among eligible articles, 9 studies examined men and women
(21-24, 27, 28, 30, 31, 33), 1 study examined men and women
only separately (32), 1 study was a male cohort (26), and 1 study
was a female case-control study (29). Most of the studies were
from the United States (21-24, 26, 28-31), one was from Canada
(33), another one from Japan (32), and one was conducted in
Europe (27). A total of 76,657 participants including 9,995
colorectal adenoma cases were evaluated in this meta-
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Figure 1.

Flow diagram of systematic literature search on meat mutagens and (CRA risk. Describes the search strategy to examine the association between meat mutagens and

the risk of CRAs.

analysis. Table 1 shows descriptive study characteristics of the
studies; Supplementary Table S3 provides details on HCA
assessment.

PhIP

Eleven studies on PhIP intake and CRA were included in the
meta-analysis (21, 22, 26, 27, 24, 28-33). Overall, dietary PhIP
intake was related to increased risk of CRA (OR = 1.20; 95%
CI = 1.12-1.29 comparing top vs. bottom intake category). No
significant heterogeneity between studies was observed; Fig. 2A
shows that results were similar in case-control and cohort
studies. Figure 3A reveals a positive the dose-response association
between PhIP intake and CRA. For 40 ng/day, the OR was 1.14
(95% CI = 1.02-1.29) and the P value was 0.0160. Supplemen-
tary Figure S1 shows that excluding Gunter and colleagues (24)
from the dose-response analysis changed the dose-response
curve, but not the interpretation of our results (for 40 ng/day:
OR = 1.16; 95% CI = 1.02-1.32; P = 0.0016). We perform-
ed subanalyses by sex and site of adenoma (colon, rectum;
refs. 21, 28) and observed a significant association for colon
adenoma, but not for rectal adenoma; results by sex were not

www.aacrjournals.org

statistically significant (Table 2). Figure 4A shows no indication
of publication bias was observed from the funnel plot.

MelQx

Eleven studies evaluated the association between MelQx intake
and CRA (21, 22, 24, 26-33) and were included in this meta-
analysis. The meta-analysis resulted in a statistically significant
association (OR = 1.20; 95% CI = 1.06-1.34, top vs. bottom
category) with no evidence of heterogeneity between studies as
shown in Fig. 2B. However, results of case-control studies were
stronger than those of cohort studies. Table 2 revealed a statistically
significant association between MelQx intake and risk of adeno-
mas in women. Figure 3B indicated a positive dose-response
relationship between MelQx and CRA. For 50 ng/day, the OR
was 1.25 (95% CI = 1.09-1.43) with a P value of 0.002 [excluding
(28): OR 1.28; 95% CI = 1.10-1.48; P = 0.0016; Supplementary
Fig. S1)]. Figure 4B gives no indication of publication bias.

DiMelQx

Ten studies provided results for DiMelQx intake and CRA
(22-25, 27-32) and were included in the meta-analysis. We
found a significant association between DiMelQx intake and
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Meta-analyses of the associations between meat mutagens and CRA risk by study type. Forest plots show the association between intake of PhIP (A), MelQx (B),

DiMelQx (C), BaP (D), and mutagenicity index (E) with CRA.

CRA (OR = 1.16; 95% CI = 1.05-1.28). Figure 2C does not
indicate any heterogeneity between studies, but the association
was stronger in case-control than in cohort studies. Table 2
shows no indication of an association between DiMelQx and
rectal adenoma; associations for colon adenomas and by sex
were positive, but not statistically significant. In Fig. 3C, no
evidence of a dose-response relationship was observed for
incremental intake levels of DiMelQx. Figure 4C does not
provide any evidence of publication bias.

BaP

Six studies described the association of BaP intake and CRA
(21, 23, 24, 28, 29, 31) and were included in the meta-
analysis. Figure 2D shows a positive association between BaP
intake and CRA (OR = 1.15; 95% CI = 1.04-1.27, top vs.
bottom category). Only one cohort study reported on the
association between BaP and CRA. Table 2 provides no evi-
dence of heterogeneity between studies. Figure 3D shows no
statistically significant relationship in the dose-response
analysis. Figure 4D shows the funnel plot for BaP intake and
CRA indicating no publication bias.
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Mutagenicity index

Seven studies were identified that included data on meat-
derived mutagenicity index and CRA (21, 22, 26, 28, 29, 31,
32). Figure 2E shows the meta-analysis of studies between
mutagenicity index and CRA with a positive association
(OR = 1.22; 95% CI = 1.06-1.42, top vs. bottom category)
and no statistically significant study heterogeneity (P = 0.076).
Only two cohort studies examined the association between
mutagenicity index and CRA and their summary result was
weaker than the association observed in case-control studies.
No statistically significant associations were observed in the
subanalyses by adenoma site or sex (Table 2). Figure 3E shows a
positive dose-response association between mutagenicity
index and CRA. For 7,000 revertants/day, the OR was 1.26
(95% CI = 1.02-1.55) with a P value of 0.0003. Figure 4E
shows the funnel plot for mutagenicity index with an indica-
tion of publication bias.

Discussion

The relationship of dietary HCAs, BaP, and mutagenicity index
with CRA has been a topic of debate for several years. In this meta-
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Figure 3.

Nonlinear dose-response analyses of meat mutagens and CRA risk. Shows dose-response relationships between intake of PhIP (A), MelQx (B), DiMelQx (C), BaP (D),

and mutagenicity index (E) with CRA.

analysis, we examined the association of HCAs, BaP, and muta-
genicity index with CRA risk. When comparing the highest versus
the lowest intake of PhIP, MelQx, DiMelIQx, BaP, and mutage-
nicity index, we found a statistically significant positive associa-
tion with CRA for all exposures. In addition, we observed a
significant dose-response effect in the case of PhIP, MelQx, and
mutagenicity index. Only few cohort studies examined these
associations and, besides PhIP, the results were weaker than in
case—control studies.

CRA is a precursor of colorectal cancer and its evolution to
carcinoma occurs through the chromosomal or the microsat-
ellite instability pathway. Genes affected by mutations can lead
to most cancers (41), including colorectal cancer. The mutage-
nicity of HCAs and BaP has been demonstrated in animal
studies (42). One of the potential mechanisms that could
explain this is the formation of DNA adducts (43), which
increases with the intake of dietary HCAs and BaP (44). Despite
the knowledge of these mechanisms, the association between
HCA and BaP intake and risk of colorectal cancer is less
consistent than the association with CRA (see ref. 45). Also,
although there is limited and inconsistent evidence, epidemi-
ologic studies have also reported an association between HCAs
and breast (46-48), bladder (49), and prostate cancer (50, 51).
In fact, to damage DNA, these carcinogenic compounds need to

www.aacrjournals.org

Table 2. Associations between meat mutagens and CRA by sex and site

Mutagen Number of studies Results, OR (95% CI) Phet
PhIP

Male 3 111 (0.89-1.38) 0.453

Female 3 118 (0.71-1.96) 0.157

Colon 4 118 (1.04-1.33) 0.317

Rectum 3 1.23 (0.86-1.76) 0.086
MelQx

Male 3 1.20 (0.95-1.51) 0.510

Female 3 1.58 (1.09-2.30) 0.498

Colon 3 1.14 (0.99-1.31) 0.293

Rectum 2 0.90 (0.65-1.26) 0.174
DiMelQx

Male 2 1.09 (0.87-1.36) 0.827

Female 2 1.09 (0.67-1.77) 0.731

Colon 3 1.04 (0.91-1.19) 0.229

Rectum 2 0.99 (0.74-1.34) 0.177
BaP

Male

Female

Colon 2 1.06 (0.83-1.35) 0.062

Rectum 2 1.27 (0.94-1.72) 0.168
Mutagenicity index

Male 2 1.46 (0.87-2.47) 0.241

Female 2 1.13 (0.43-2.92) 0.096

Colon 3 112 (0.97-1.29) 0.261

Rectum 2 118 (0.71-1.96) 0.042
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Funnel plots of the analyses of meat mutagens and CRA risk. Funnel plots show the association between intake of PhIP (A), MelQx (B), DiMelQx (C), BaP (D), and

mutagenicity index (E) with CRA to examine potential publication bias.

be bioactivated by cytochrome P450 1A2 and then by N-
acetyltransferase-2. It has been observed that the population
is not equally affected by the activity of these enzymes (37), and
several studies (32, 33, 35-39) have investigated the role of
genetics, HCAs, and CRA risk. For instance, Voutsinas and
colleagues observed an increased risk of CRA when the intake
of HCAs was combined with a rapid NAT2 phenotype (37).
However, the association between NAT2 acetylation genotype
and CRA was not supported by the investigation of Budhathoki
and colleagues (32). In addition, Barbir and colleagues (38)
found that HCA intake was positively associated with CRA risk
independently of the phenotypes involved in the metabolism
of HCA.

It is well known that diet plays an important role in the
process of colorectal carcinogenesis because the colon is
exposed to several carcinogens, such as HCAs or BaP, resulting
in a malignant transformation of the colonocytes (52). Besides
carcinogenic compounds found in meat, there are some other
foods with anticarcinogenic properties that may be protective.
For instance, Platt and colleagues evaluated the role of fruits
and vegetables against the genotoxicity of HCAs, reporting
positive effects (53). Furthermore, Rohrmann and colleagues
examined the intake of flavonoids, which are mainly found in
fruits and vegetables, and observed a positive association of
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PhIP intake with adenoma risk in participants with a low
flavonol intake (27). In addition, Puangsombat and colleagues
investigated the inhibitory activity of Asian spices and their
results suggest that the addition of these spices can be relevant
to decrease the levels of HCAs in beef (54). Another factor that
can influence the carcinogenicity of HCAs is the gut microbiota.
Recently, experimental studies have shown how microbes can
reduce the toxicity of HCAs in the gut (55).

Because of the low number of data available, we could only
stratify the analysis by sex and adenoma site, without the possi-
bility to analyze data from the different countries. The results of
the subanalysis were, with two exceptions, not statistically signif-
icant. However, it should be taken into account that the number of
studies for site and sex were limited.

Strengths and limitations

Previously, a meta-analysis by Chiavarini and colleagues (56)
examined the association between HCA intake and risk of CRA
and colorectal cancer. However, they did not fully exclude over-
lapping publications (e.g., Rohrmann and colleagues; ref. 23) and
Barbir and colleagues (38) were both included although they
analyzed largely overlapping data; for details, see Supplementary
Table S4). Nevertheless, our results and those by Chiavarini are
very similar although we included fewer studies.
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There are some challenges to evaluate exposures such as
HCAs or BaP in epidemiologic studies. First, it is well known
that dietary questionnaires in general are a source of informa-
tion bias. Second, the intake of HCAs is difficult to assess
because their formation in meat changes according to the type
of meat, cooking method, duration, and temperature. Most
studies used the Computarized Heterocyclic Amines Resource
for Research in Epidemiology of Disease (CHARRED) to gen-
erate the intake estimates of HCAs. Biomarkers reflect exposure
in the human body, which are considered more accurate
measures than self-reported dietary questionnaires. Bud-
hathoki and colleagues compared the intake of HCAs estimated
from an FFQ against HCA levels measured in human hair (32).
In their validation study, Spearman rank correlation coeffi-
cients between HCA from the FFQ and in hair ranged between
0.32 and 0.55 (57).

We did not generally observe large heterogeneity between the
studies included in our analysis besides our subanalysis of
mutagenicity index and rectal adenomas. In addition, in most
cases, we did not observe indications for publication bias.
However, we plotted funnel plots even in cases with less than
ten studies and, thus, their power may be too low.

Only three of the studies were cohort studies; most of the
studies are of case-control design, which are prone to recall and
selection bias.

Some studies (26, 28) found differences by adenoma size,
which we could not examine because the number of studies was
limited. For instance, Rohrmann and colleagues observed that
PhIP intake was associated with a higher risk of small adeno-
mas, but not large one (27). On the contrary, Gunter and
colleagues reported a positive association of BaP intake and
risk of large (>1 cm), but not small adenomas (24).

Last, but not least, it is currently unclear whether the asso-
ciation between HCA and BaP intake that has been observed in
several studies is a causal association. Although the carcinoge-
nicity of HCA and PAH has been proven in animal studies, it is
disputable whether the intake in humans is sufficient to cause
cancer. Rohrmann and colleagues have shown that the positive
association between PhIP intake and CRA risk remained sta-
tistically significant, which was also true after mutually adjust-
ing for other HCA (27). On the other hand, Le and colleagues
observed a positive association between PhIP intake from red
meat and risk of proximal colon cancer but not PhIP from white
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