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Abstract 

Exposure to certain chemicals in the environment may contribute to the risk of developing cancer. Although can-
cer risk from environmental chemical exposure among general populations is considered low compared to that in 
occupational settings, many people may nevertheless be chronically exposed to relatively low levels of environmental 
chemicals which vary by such various factors as residential area, lifestyle, and dietary habits. It is therefore necessary to 
assess population-specific exposure levels and examine their association with cancer risk. Here, we reviewed epide-
miological evidence on cancer risk and exposure to dichlorodiphenyltrichloroethane (DDT), hexachlorocyclohexane 
(HCH), polychlorinated biphenyls (PCBs), per- and polyfluoroalkyl substances (PFASs), cadmium, arsenic, and acryla-
mide. Japanese are widely exposed to these chemicals, mainly through the diet, and an association with increased 
cancer risk is suspected. Epidemiological evidence from Japanese studies to date does not support a positive associa-
tion between blood concentrations of DDT, HCH, PCBs, and PFASs and risk of breast or prostate cancer. We established 
assessment methods for dietary intake of cadmium, arsenic, and acrylamide using a food frequency questionnaire. 
Overall, dietary intakes of cadmium, arsenic, and acrylamide were not significantly associated with increased risk of 
total cancer and major cancer sites in the Japan Public Health Center-based Prospective Study. However, statistically 
significant positive associations were observed between dietary cadmium intake and risk of estrogen receptor-
positive breast cancer among postmenopausal women, and dietary arsenic intake and risk of lung cancer among 
male smokers. In addition, studies using biomarkers as exposure assessment revealed statistically significant positive 
associations between urinary cadmium concentration and risk of breast cancer, and between ratio of hemoglobin 
adducts of acrylamide and glycidamide and risk of breast cancer. Epidemiological studies of general populations 
in Japan are limited and further evidence is required. In particular, studies of the association of organochlorine and 
organofluorine compounds with risk of cancer sites other than breast and prostate cancer are warranted, as are large 
prospective studies of the association between biomarkers of exposure and risk of cancer.
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Background
Environmental factors play an important role in the cau-
sation of a majority of human cancers. “Environmental 
factors” are generally recognized as everything that is not 
specifically genetic in origin, including tobacco smok-
ing, alcohol consumption, diet and nutrition, infectious 
agents, radiation, sunlight, exposure to environmental 
chemicals, and so on. In Japan, the greatest contribut-
ing factors to cancer in 2015 were infectious agents and 
active tobacco smoking, followed by alcohol drinking [1]. 
Although attributable fraction might be smaller than for 
infectious agents and tobacco smoking, exposure to cer-
tain chemicals in the environment, at home, and at work 
may contribute to the risk of developing cancer [2]. Envi-
ronmental chemicals refer to chemical compounds or 
chemical elements present in air, water, food, soil, dust, 
or other environmental media such as consumer prod-
ucts. The International Agency for Research on Cancer 
(IARC) has recognized a number of well-known envi-
ronment pollutants as posing a carcinogenic hazard in 
humans, including indoor and outdoor air pollutants, 
contamination of drinking water by arsenic, and contam-
inants of soil and food such as dioxin and polychlorinated 
biphenyls (PCBs) [3–6]. In addition, a large number of 
environmental chemicals are suspected to be carcino-
genic in humans, and further evidence is required [7].

Since the amounts of chemicals in air, water, food, and 
soil are typically much lower than those in the work envi-
ronment, cancer risk from environmental chemical expo-
sures among general populations is thought to be low 
compared to the risk in occupational settings. Neverthe-
less, even though exposure is likely low, large numbers of 
people are affected, in accordance with residential area, 
lifestyle, and dietary habits. It is therefore necessary to 
assess population-specific exposure levels and to exam-
ine their association with cancer risk.

Here, we review epidemiological studies among Japa-
nese, focusing on environmental chemicals to which 
Japanese are widely exposed, mainly through diet, and 
are suspected of being associated with increased risk of 
cancer. This evidence is presented as ‘epidemiological 
evidence from general populations in Japan’. In addition, 
we briefly introduce epidemiological evidence com-
monly seen in Japanese exposed to chemical-contam-
inated foods or living in polluted areas as background 
information.

Organochlorine pesticides
Dichlorodiphenyltrichloroethane (DDT)
Background and overview
One abundant organochlorine contaminant is DDT. 
Introduced as an insecticide in the 1940s, DDT came 
into widespread use for insect control in forestry and 

agriculture and for vector control after World War II. 
Although most developed countries had banned its use 
by the early 1980s, some countries still use it for malaria 
control. Technical-grade DDT predominantly contains 
p,pʹ-DDT and smaller amounts of other compounds such 
as o,pʹ-DDT, p,pʹ-DDD (dichlorodiphenyldichloroethane) 
and o,pʹ-DDE (dichlorodiphenyldichloroethylene) [8, 9]. 
Being both highly lipophilic and resistant to degrada-
tion, it is bioaccumulated in the lipid component of bio-
logical systems through the food chain [8, 9], and human 
exposure to DDT and to its metabolite DDE still occurs, 
mainly through the diet. Indeed, it was widely used in 
Japan following World War II until the beginning of the 
1980s, and residue is still detected in the blood among 
Japanese [10].

DDT is known as an endocrine disruptor which mod-
ulates receptor-mediated effects that can operate in 
humans [11–13]. Estrogenic effects of o,pʹ-DDT and 
p,pʹ-DDT, such as binding and activation of estrogen 
receptor, have been consistently seen across numer-
ous experimental studies [12, 13]. DDT and its metabo-
lites antagonize the androgen receptor, with p,pʹ-DDE 
being the most potent, and this effect is seen consistently 
across non-human experimental studies in  vivo and in 
cells from a variety of species, including humans [11]. In 
addition, there is strong mechanistic evidence that DDT 
exerts immunosuppression and induces oxidative stress 
[8]. Accordingly, breast cancer is the most studied can-
cer site, and more than 40 epidemiological studies have 
been reported [14]. Interestingly, however, these have 
shown no association overall between p,pʹ-DDE or p,pʹ-
DDT concentration in blood or adipose tissue and breast 
cancer risk [14]. For other cancer sites, positive associa-
tions have been suggested for liver and testicular cancer 
and non-Hodgkin lymphoma [15, 16]. IARC evaluated 
the evidence regarding the carcinogenicity of DDT in 
humans as limited [8, 17] but, considered together with 
sufficient evidence for the carcinogenicity of DDT in 
experimental animals, gave an overall evaluation of 
probably carcinogenic to humans (Group 2A) in 2015 
(Table 1) [8, 17].

Epidemiological evidence from general populations 
in Japan
Among epidemiological studies in Japanese, we reported 
two studies for breast cancer and one for prostate cancer 
(Table  2) [18–20]. In a nested case–control study within 
the Japan Public Health Center-based Prospective Study 
(JPHC Study), measurement of plasma samples from 
139 breast cancer cases and 278 controls collected from 
1990–1994 found no statistically significant association for 
p,pʹ-DDT and p,pʹ-DDE (Table 2) [18]. A stratified analy-
sis by menopausal status showed positive associations in 
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premenopausal but not postmenopausal women, albeit 
without statistical significance. The second study for breast 
cancer was a hospital-based case–control study in Nagano 
Prefecture, Japan, which included 403 pairs recruited from 
2001–2005 [19]. No statistically significant association was 
found for o,pʹ-DDT, p,pʹ-DDT, or p,pʹ-DDE regardless of 
menopausal status or hormone receptor subtype (Table 2). 
These findings are in general agreement with a majority of 
previous studies and meta-analyses including more than 40 
studies [14, 21]. This suggests that exposure to DDT during 
adult life within the range detectable in general populations 
is not associated with risk of breast cancer. Of interest, 
however, Cohn et  al. reported that higher concentration 
of p,pʹ-DDT during pregnancy was significantly associated 
with increased risk of breast cancer before age 50  years, 
with the effect substantially stronger in women exposed 
before puberty, and strongest for exposure in utero or 
infancy [22]. On this basis, the possible importance of 
early-life exposure to DDT has been proposed.

We also conducted a nested case–control study of pros-
tate cancer within the JPHC Study, using plasma sam-
ples collected from 201 cases and 402 matched controls 
between 1990 and 1994 [20]. No statistically significant 
association was seen for o,pʹ-DDT, p,pʹ-DDT, or p,pʹ-DDE 
regardless of stage at diagnosis of prostate cancer (local-
ized or advanced) (Table 2). This result is consistent with a 
meta-analysis based on studies that measured serum DDT 
concentration in the general population—although a posi-
tive association was found in studies based on occupational 
exposure, it was not statistically significant [23]. Similarly 
to the case with breast cancer, this indicates no elevated 
risk of prostate cancer within the range detectable among 
general populations.

Hexachlorocyclohexane (HCH)
Background and overview
Lindane, the γ-isomer of HCH, has been extensively 
used for insect control in agriculture and for treatment 

of human ectoparasites. Technical-grade HCH, con-
taining approximately 60–70% α-HCH, 5–12% β-HCH, 
10–40% γ-HCH, 6–10% δ-HCH, and 3–4% ε-HCH, has 
reportedly been used as an insecticide although only 
γ-HCH has insecticidal properties [8]. Technical-grade 
HCH was banned for production and use in the United 
States in 1976, but may still be used in other countries in 
small quantities [24]. Although worldwide use of HCH 
declines, it has been measured in food, air, surface water, 
groundwater, sediment, soil, fish, wildlife, and humans as 
a consequence of biological persistence. Relatively many 
epidemiological studies have provided consistent evi-
dence of a positive association between mostly occupa-
tional exposure to lindane and the risk of non-Hodgkin 
lymphoma [15, 16], and it was consequently evaluated as 
carcinogenic to humans (Group 1) in 2015 (Table  1) [8, 
17]. Meanwhile, several epidemiological studies of the 
association of lindane or HCH isomers (β-HCH) meas-
ured in blood with the risk of breast, prostate, or testicu-
lar cancer reported inconsistent results [8, 23]. Although 
the blood concentration of β-HCH might be a surrogate 
marker of exposure to lindane, exposure to β-HCH can 
occur through the diet and through contact with other 
environment media. The blood concentration of β-HCH 
might therefore not reflect exposure to lindane, and this 
is likely one reason for these inconsistent findings.

Epidemiological evidence from general populations 
in Japan
We measured β-HCH concentration in plasma or serum 
samples in a nested case–control study for breast or 
prostate cancer within the JPHC Study and in a hospital-
based case–control study in Nagano Prefecture, Japan, as 
described above (Table 2) [18–20]. Overall, β-HCH con-
centration was not significantly associated with increased 
risk of breast cancer in either study [18, 19], while an 
inverse association was found for prostate cancer, albeit 
without statistical significance [20].

Table 1  Evaluation of carcinogenic risks to humans by the International Agency for Research on Cancer

Agent Overall evaluation Tumour sites (or types) for which 
there is sufficient evidence in 
humans

Other sites with limited evidence in 
humans

Dichlorodiphenyltrichloroethane Group 2A Liver, testis, non-Hodgkin lymphoma

Lindane, the γ-isomer of hexachlorocy-
clohexane

Group 1 Non-Hodgkin lymphoma

Polychlorinated biphenyls Group 1 Malignant melanoma Breast, non-Hodgkin lymphoma

Perfluorooctanoic acid Group 2B Testis, kidney

Cadmium and cadmium compounds Group 1 Lung Prostate, kidney

Arsenic and inorganic arsenic compounds Group 1 Lung, skin, urinary bladder Kidney, liver, prostate

Acrylamide Group 2A
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PCBs
Background and overview
PCBs are a class of aromatic compounds comprising 
209 congeners, each containing one to ten chlorine 
atoms attached to a biphenyl nucleus. They were pre-
dominantly used as dielectric fluids (in transformers 
and electric capacitors) and as additives for pesticides, 
flame retardants, insulators, paints, glues and print-
ing inks [5, 25]. Similarly to organochlorine pesticides, 
they are now classified as persistent organic pollutants 
(POPs) and are ubiquitously present in the environ-
ment worldwide due to persistence and bioaccumu-
lation, though their production was banned in most 
countries by the 1980s. Exposure in the general popula-
tion today is mainly from eating contaminated foods or 
breathing contaminated air [5, 25].

PCBs or their metabolites have been shown to exert 
genotoxic effects, immune suppression, inflammatory 
responses, and endocrine effects via a number of mech-
anisms [5, 26–28]. Low-chlorinated PCBs involved in 
oxidative metabolism may produce oxidative stress and 
genotoxicity [28]. Meanwhile, highly chlorinated PCBs 
activate aryl hydrocarbon receptor (AhR) and the con-
stitutive androstane and pregnane xenobiotic receptor 
(CAR/PXR). In particular, 12 PCB congeners that have 
a strong affinity for the AhR are referred to as “dioxin-
like PCBs”. Activation of the AhR is one of the key 
events linked to carcinogenesis mediated by dioxin-like 
compounds [27]. In addition, they interact with nuclear 
steroid hormone receptor and can act as estrogen ago-
nists or antagonists [26].

Based on studies documenting an increased risk 
of cutaneous malignant melanoma—mostly occupa-
tional cohort studies—PCBs were classified by IARC 
in 2013 as carcinogenic to humans (Group 1) (Table 1) 
[5, 29]. Positive associations were suggested for non-
Hodgkin lymphoma and breast cancer, but evaluation 
found limited evidence for the carcinogenicity of PCBs 
in humans. Notable epidemiological evidence in Japan 
came from a cohort study of Yusho patients, who expe-
rienced a mass food poisoning incident from cooking 
oil accidentally contaminated with PCBs, polychlorin-
ated dibenzofurans (PCDFs), and other dioxin-related 
compounds in 1968: a recent 50-year follow-up study 
of these patients showed a significant increase in stand-
ardized mortality ratio for all cancers, and for lung 
cancer in men and liver cancer in women [30]. Blood 
concentrations of some PCB congeners were approxi-
mately 3–4 times higher than in the normal control 
group even 35 years after exposure [31]. In addition to 
studies in subjects with relatively high exposure levels, 
future studies should also clarify the effect of exposure 
to PCBs on cancer risk at blood concentrations within 

the range detectable among general populations in 
Japan.

Epidemiological evidence from general populations 
in Japan
We have reported two studies in general populations 
in Japan (Table  2) [19, 20]. In the hospital-based case–
control study in Nagano Prefecture, mentioned above, 
measurement of 41 PCB peaks showed a significant asso-
ciation of serum lipid-adjusted concentration of total 
PCBs with decreased risk of breast cancer (Table 2) [19]. 
An inverse association was observed regardless of hor-
mone receptor subtype or menopausal status, and half of 
34 individual congeners were associated with decreased 
risk of breast cancer. Moreover, selected PCB conge-
ners were categorized into group 1A (weak phenobarbi-
tal inducers, estrogenic, not persistent), group 1B (weak 
phenobarbital inducers, persistent), group 2A (poten-
tially antiestrogenic and immunotoxic, dioxin-like, mod-
erately persistent), group 2B (potentially antiestrogenic 
and immunotoxic, limited dioxin activity, persistent), and 
group 3 (phenobarbital, cytochrome P450 1A [CYP1A] 
and cytochrome P450 2B [CYP2B] inducers, biologi-
cally persistent) according to their structural, biological 
and pharmacokinetics properties as proposed by Wolff 
et al. [26, 32]. Statistically significant inverse associations 
were observed for groups 1B, 2B, and 3, whereas no sta-
tistically significant association was seen for group 1A 
or 2A. Eventually, we did not observe a positive associa-
tion between the serum concentration of PCBs and risk 
of breast cancer among Japanese women. According to 
a meta-analysis based on case–control or cohort studies 
using measured PCB concentration in biological sam-
ples, a statistically significant positive association was not 
found for total PCBs, but was found for groups 2 and 3 
[33]. This is inconsistent with our Japanese study, which 
showed an overall inverse association. The reason for this 
discrepancy is unclear but might be partly explained by 
the difference in concentrations of individual congeners 
and their composition across studies.

The second study was the nested case–control study 
of prostate cancer within the JPHC Study mentioned 
above [20]. We measured 41 PCB peaks and found no 
statistically significant association of prostate cancer risk 
with total PCBs, individual PCBs, or for PCBs grouped 
according to the definition of Wolff et al. (Table 2) [32]. In 
addition, no statistically significant differences were seen 
for total PCBs according to stage at diagnosis (localized 
or advanced). Although few previous studies are avail-
able, their findings are inconsistent [34, 35]. For example, 
a nested case–control study within a population-based 
cohort from Norway found no statistically significant 
association for total PCBs and most individual PCBs, but 
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did find a significant inverse association for PCB 44 [34]. 
In contrast, a case-cohort study within the Korean Can-
cer Prevention Study-II showed statistically significant 
positive associations for moderately or highly chlorinated 
PCBs, total PCBs, and group 3 by the definition of Wolff 
et al. [32, 35].

Per‑ and polyfluoroalkyl substances (PFASs)
Background and overview
PFASs are synthetic organofluorine chemical compounds 
that have been used since the 1950’s in a variety of indus-
trial and commercial applications, such as firefighting 
foams, non-stick cookware, waterproof clothing, cosmet-
ics, and paper coating used in food packaging [36, 37]. 
Due to extreme resistance to biodegradation, they are 
highly persistent in the environment and are classified 
as POPs. They can bioaccumulate in humans with serum 
elimination half-lives ranging from about 3 to 8 years and 
have been detected in blood among most populations 
as consequence of their widespread use [38, 39]. The 
major sources of exposure for most of the general popu-
lation are contamination of drinking water; food, mainly 
seafood, including transfer of PFASs from food packag-
ing; some consumer products; and household dust [36, 
40, 41]. The production, use, import and export of per-
fluorooctane sulfonate (PFOS), perfluorooctanoic acid 
(PFOA), and perfluorohexane sulfonate (PFHxS) have 
been controlled by the Stockholm Convention on Per-
sistent Organic Pollutants since 2009, 2019, and 2022, 
respectively.

Of the thousands of PFASs currently in use, the two 
most studied are PFOS and PFOA, owing to their rela-
tively higher environmental levels compared to other 
PFASs. At this point, only PFOA has been evaluated for 
carcinogenicity by IARC, which classified it as a pos-
sible human carcinogen (Group 2B) based on limited 
evidence for testicular and kidney cancer from human 
and animal studies, in addition to moderate evidence for 
carcinogenic mechanisms (Table 1) [42, 43]. This evalua-
tion referred to epidemiological studies showing positive 
associations with the risk of testicular and kidney cancer 
among highly exposed subjects working or living near 
PFAS production plants [44–46]. Regarding the mecha-
nism of PFOA carcinogenesis, some studies indicated 
that its induction of oxidative stress may induce indirect 
DNA damage, but that direct genotoxicity is unlikely 
[42]. Animal studies indicated a potential role of peroxi-
some proliferator-activated receptor alpha (PPARα) acti-
vation, which is a crucial factor in the regulation of lipid 
metabolism and inflammation [47]. Moreover, endocrine 
disrupting properties have been shown, and several stud-
ies have suggested estrogenic and anti-androgenic activi-
ties [48, 49].

Epidemiological evidence from general populations, 
including Japanese evidence
In addition to epidemiological studies among highly 
exposed populations, a population-based prospec-
tive cohort study in the US found a statistically signifi-
cant positive association of prediagnostic serum PFOA 
concentration, which was comparable with the general 
population, with the risk of renal cell carcinoma [50]. 
Moreover, an increasing number of studies have exam-
ined associations with the risk of breast cancer, given 
that a potential mechanism of carcinogenicity is their 
endocrine disrupting properties [21]. Findings have been 
inconsistent, however: Mancini et  al. reported a statis-
tically significant positive association between serum 
PFOS concentration and risk of hormone receptor-pos-
itive breast cancer among non-occupationally exposed 
postmenopausal French women [51] while Hurley et  al. 
observed no overall significant association between 
serum PFASs concentration and risk of breast cancer in a 
nested case–control study within the California Teachers 
Study, despite a statistically significant inverse associa-
tion of serum perfluoroundecanoic acid (PFUnDA) and 
PFHxS concentration with risk of hormone receptor-neg-
ative breast cancer [52].

Recently, we measured serum concentrations of 20 
PFAS congeners using samples from a hospital-based 
case–control study in Nagano Prefecture, Japan, and 
found a statistically significant inverse association of 17 of 
20 PFAS congeners and risk of breast cancer [53]. Table 3 
shows the results for total PFOS (n-PFOS, 1  m-PFOS, 
3  m-PFOS, 4  m-PFOS, 5  m-PFOS, and 6  m-PFOS) and 
total PFOA (n-PFOA and 6 m-PFOA). Although we dis-
tinguished branched PFAS isomers from linear isomers 
(the prefix “n-” indicates a linear isomer, whereas a pre-
fix starting with a number indicates a branched isomer), 
similar associations were observed (data not shown). 
Since only a few epidemiological studies have been 
reported to date, further accumulation of evidence is 
desirable [21].

Cadmium
Background and overview
Cadmium is found at low concentrations in the Earth’s 
crust, mainly as the sulfide in zinc-containing mineral 
deposits, and is widely but sparsely distributed through 
natural activities, such as volcanic activity, weathering 
and erosion, and river transport. It has also been widely 
dispersed into the environment through mining, smelt-
ing and refining of nonferrous metals, industrial emis-
sions, and incineration of municipal waste (especially 
cadmium-containing batteries and plastics). Other than 
occupational exposure, the major source of cadmium 
exposure in general populations is foods, in addition 
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to tobacco smoking, since cadmium contained in soil 
and water can be taken up by certain crops and aquatic 
organisms and accumulate in the food chain [54].

Although a well-known health effect of chronic expo-
sure to cadmium is renal dysfunction, IARC classified 
cadmium and cadmium compounds as carcinogenic to 
humans (Group 1) based on sufficient evidence for an 
increase in lung cancer risk, mostly from studies in occu-
pational settings (Table  1) [3, 55]. Moreover, positive 
associations have been suggested for kidney and prostate 
cancer. Several mechanisms that potentially contribute 
to cadmium-induced carcinogenesis have been identi-
fied [3, 56–60]: cadmium alters DNA repair and tumor-
suppressor proteins, leading to chromosomal damage 
and genomic instability [58, 59]; induces alterations in 
epigenetic and signal transduction processes, which may 
contribute to the deregulation of cell growth; and shows 
estrogenic properties in both in vitro and in vivo studies 
[56, 57].

Studies in cadmium-polluted areas in Japan showed 
that urinary excretion concentration of β2-microglobulin 
as a marker of cadmium toxicity was significantly associ-
ated with increased risk of cancer mortality, but the small 
number of cancer deaths did not allow further detailed 
analysis [61]. A study of the cadmium-polluted Jinzu 
River basin in Toyama, Japan, however, revealed sig-
nificantly increased mortality risk for cancer from total, 
renal, and uterus among exposed women with proteinu-
ria, glucosuria, and glucoproteinuria based on a review of 
historical records [62]. Meanwhile, the effect of cadmium 
exposure on cancer occurrence among Japanese in non-
polluted areas has been of particular interest considering 
that mean cadmium level via food in a general popula-
tion in Japan (26 µg/ day) [63] is higher than that in gen-
eral populations in China (10  µg/day) [64] and Sweden 
(15 µg/day) [65].

Epidemiological evidence from general populations 
in Japan
We therefore developed a practical method for assessing 
dietary cadmium intake using a food frequency ques-
tionnaire (FFQ) used for the JPHC Study, and evaluated 
the validity of the FFQ in estimating intake by compar-
ing 24-h urinary excretion of cadmium with dietary cad-
mium intake estimated from the FFQ [66]. Spearman 
correlation coefficients between these variables were 
0.38 in men and 0.45 in women, indicating that the FFQ 
is reasonably valid for assessing cadmium intake in epi-
demiological studies. We then examined the association 
of dietary cadmium intake with risk of total cancer and 
site-specific cancers using data from the 5-year follow-
up survey of the JPHC Study [66]. No statistically sig-
nificant association was observed for total cancer or 

site-specific cancer in 9 years of follow-up data for 90,383 
Japanese men and women aged 45–74  years (Fig.  1). In 
contrast, a cohort study in general populations living in 
non-cadmium-polluted areas (Ishikawa and Chiba Pre-
fecture) found that urinary cadmium concentration was 
significantly associated with increased risk of total can-
cer and pancreatic cancer mortality for women but not 
men, based on 19-year follow-up of 1107 men and 1697 
women [67].

The estrogenic properties of cadmium have focused 
attention on their role in the etiology of breast cancer 
[68]. As described, dietary cadmium intake was not 
associated with the risk of breast cancer in the JPHC 
Study (Fig.  1 and Table  4) [66]. We also investigated 
the association between dietary cadmium intake and 
risk of breast cancer in a hospital-based case–control 
study in Nagano Prefecture, Japan. Although no statis-
tically significant association was observed for breast 
cancer overall (Table  4), higher cadmium intake was 
significantly associated with increased risk of estrogen 
receptor-positive breast cancer among postmenopau-
sal women [69]. Adjusted OR (95% CI) for the highest 
versus lowest tertile was 1.94 (1.04–3.63) and the trend 
test was also statistically significant (p = 0.032). Fur-
thermore, a hospital-based case–control study in Gifu 
Prefecture, Japan measured urinary cadmium concen-
tration using spot urine samples collected from 153 
breast cancer cases and 431 matched control subjects 
[70]. A statistically significant positive association was 
found between urinary cadmium concentration and 
risk of breast cancer (Table 4). Adjusted ORs (95% CI) 
for the highest versus lowest tertile were 6.05 (2.90–
12.62) for all subjects and 4.60 (2.67–10.2) among 
never smokers. Considering the findings from studies 
using urinary biomarkers [68, 70], additional evidence 
from prospective studies with a large sample size are 
warranted.

Arsenic
Background and overview
Arsenic is used in industrial processes such as nonfer-
rous smelting, wood preservation, glass manufacturing, 
production and application of arsenic-based pesticides, 
and electronics. Inhalation is the primary route of expo-
sure to arsenic in the workplace [3]. Arsenic is widely 
distributed throughout the Earth’s crust, and is a known 
contaminant of many groundwater sources worldwide 
via dissolution or desorption of minerals. In addition to 
naturally occurring groundwater contamination, it can 
also occur as a consequence of mining activities, use of 
arsenic-based pesticides and herbicides, industrial pro-
cesses, and irrigation. In countries where inorganic arse-
nic is present at high levels in the groundwater, drinking 
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water is major route of exposure, whereas food is usually 
the major contributor in areas where arsenic levels are 
not naturally high [71].

Regarding the health effects of long-term exposure, 
IARC classified arsenic and inorganic arsenic com-
pounds as carcinogenic to humans (Group 1) based on 
epidemiological studies which showed increased risk 
of lung, skin, and urinary bladder cancer due to expo-
sure to arsenic through inhalation in the workplace or 
drinking water contaminated with high levels of inor-
ganic arsenic (Table  1) [3, 55]. Moreover, a positive 
association has been observed between exposure to 
arsenic and inorganic arsenic compounds and risk of 
kidney, liver, and prostate cancer. Several mechanisms 
by which arsenic and inorganic arsenic compounds 
induce carcinogenesis have been proposed, including 

induction of oxidative DNA damage and DNA-repair 
inhibition, aneuploidy, gene amplification, and epige-
netic alterations leading to altered gene expression and 
genomic instability [3, 60].

In Japan, a historical cohort study was conducted in 
an arsenic-polluted area in which well water was pol-
luted by liquid waste containing inorganic arsenic from 
a dye factory [72]. Results showed a significant increase 
in mortality for lung and urinary tract cancer among 
residents who drank well water containing a high con-
centration of arsenic (≥ 1  ppm). Meanwhile, the Japa-
nese Water Supply Law and Ordinance restricts arsenic 
concentration in drinking water to less than 0.01 mg/L, 
and most Japanese are therefore exposed to arsenic via 
foods, particularly seafood and seaweeds [73]. Although 
the arsenic in seafood and seaweeds is usually in the 

Fig. 1  Summary results for the association between dietary cadmium intake and cancer risk in the JPHC Study

* Quartile category

** Tertile category

Data from Sawada et al. [66]. Adjusted HRs (95% CIs) for the highest versus lowest category are shown

CI, confidence interval; HR, hazard ratio; JPHC Study, Japan Public Health Center-based Prospective Study
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form of organic compounds, which are known to have 
low toxicity, arsenosugars detected in seaweeds are 
metabolized to dimethylarsinic acid in humans, which is 
more toxic than arsenosugars [74, 75]. In addition, the 
edible seaweed hijiki (Hizikia fusiforme) contains inor-
ganic arsenic, and concerns over a potential effect on 
cancer risk have been raised given its relatively common 
consumption among seaweeds by Japanese [76].

Epidemiological evidence from general populations 
in Japan
We developed a validated method for estimating dietary 
arsenic intake based on the FFQ used in the JPHC Study 
[73]. From a validation study in a subsample of subjects 
in the JPHC Study which compared intake between the 
FFQ and dietary records (DRs), Spearman’s rank corre-
lation coefficients for arsenic and inorganic arsenic were 
0.30 and 0.33 in men and 0.15 and 0.19 in women, respec-
tively. The contributions of seafood, hijiki, seaweeds, rice, 
and vegetables to total arsenic intake were 32%, 28%, 
20%, 16%, and 1%, respectively, while the contributions 
of hijiki, rice, seaweeds, seafood, vegetables, and fruits 
to inorganic arsenic intake were 50%, 35%, 5%, 4%, 3%, 
and 2%, respectively. We investigated the association of 
dietary arsenic intake with risk of total and site-specific 
cancer based on 10.9 years of follow-up data for 90,378 
Japanese men and women aged 45–74 years in the JPHC 
Study [73]. Overall, we found no statistically significant 
association between total arsenic and inorganic arsenic 
intake and risk of total cancer for both men and women, 
respectively (Fig. 2 (a) and (b)).

For site-specific cancers, no statistically significant 
association was observed for total arsenic intake among 
both men and women (Fig.  2 (a)) [73]. Meanwhile, we 
found positive associations of inorganic arsenic intake 
with risk of lung cancer for both men and women, and 
risk of kidney cancer for men (Fig. 2 (b)). Of interest, sub-
group analysis by smoking status revealed a statistically 
significant interaction of total arsenic intake and smoking 
status in relation to the risk of lung cancer among men: a 
statistically significant positive association was found for 
ever smokers while a statistically significant inverse asso-
ciation was seen for never smokers (data not shown). A 
similar result was observed for inorganic arsenic intake 
among men, although without statistical significance. On 
the other hand, a positive association was found for never 
smokers but a test for interaction was not statistically 
significant among women. This observed interaction 
among men is consistent with studies characterized by a 
high level of arsenic exposure [72, 77, 78]. On the other 
hand, the reason for the discrepant results between men 
and women is less clear, although possible explanations 
include the small number of smokers and relatively low 

validity of estimated arsenic intake from the FFQ among 
women.

Acrylamide
Background and overview
Acrylamide is a chemical compound produced industri-
ally mainly as a precursor to polyacrylamides, which have 
a variety of uses such as water-soluble thickeners and 
flocculation agents. In 1994, IARC classified acrylamide 
as probably carcinogenic to humans (Group 2A) based 
on sufficient evidence in experimental animals for the 
carcinogenicity of acrylamide (Table  1) [79]. Mechanis-
tic evidence has shown that acrylamide and its metabo-
lite glycidamide form DNA and hemoglobin adducts and 
that acrylamide induces gene mutation and chromosomal 
aberrations [80, 81]. In addition to acrylamide-induced 
genotoxicity, hormonal pathways have been hypothe-
sized, particularly given that tumorgenicity by acrylamide 
was found in rat endocrine and mammary gland [80, 81].

Prior to 2002, exposure to acrylamide was thought 
to primarily occur in occupational settings or through 
tobacco smoke. The discovery in 2002 that some cooked 
foods contain acrylamide, however, has raised concerns 
about potential health effects in the general population 
[82]. The major pathway by which acrylamide is formed 
in foods is through the Maillard reaction during food 
cooking at temperatures higher than > 120  °C [82]. The 
content of acrylamide in foods varies widely, depend-
ing on the food matrix and food processing method. As 
a consequence of different dietary habits and cooking 
methods across countries, dietary exposure to acryla-
mide and foods contributing to acrylamide intake might 
differ across populations, which in turn indicates the 
necessity of population-specific studies to assess dietary 
exposure level and its association with cancer risk.

Epidemiological evidence from general populations 
in Japan
We established a validated method for estimating dietary 
acrylamide intake from the FFQ used for the JPHC Study 
[83]. Deattenuated correlation coefficients for energy-
adjusted dietary acrylamide intake between DRs and the 
FFQ ranged from 0.37 to 0.54, which indicates its suit-
ability for use in epidemiological studies. Mean acryla-
mide intake from DRs was about 7 µg/day, and 0.12 µg/kg 
body weight/day, which was less than in European popu-
lations (12 to 48 µg/day in 27 areas of 10 European coun-
tries within the European Prospective Investigation into 
Cancer and Nutrition (EPIC) study) [84, 85]. The main 
contributing food groups from DRs in the JPHC Study 
were beverages, confectioneries, vegetables, potatoes and 
starches, and cereals [83]. In contrast, the primary con-
tributing foods in European countries were potato-based 
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foods (eg, fried potato), wheat-based products (eg, bis-
cuits), and coffee [84, 85].

We examined the association of dietary acrylamide 
intake with risk of site-specific cancers using data from 
the 5-year follow-up survey of the JPHC Study [86–93]. 
No statistically significant association was observed for 
any cancer site (Fig.  3). These findings are in general 
agreement with recent meta-analyses [94, 95]. Mean-
while, we recently measured hemoglobin adducts of 
acrylamide and glycidamide (HbAA and HbGA) in eryth-
rocytes collected from 125 breast cancer cases and 250 
controls in a nested case–control study within the JPHC 
Study [96]. We found no statistically significant posi-
tive association for either HbAA or HbGA, but a posi-
tive association between HbGA/HbAA ratio and risk of 
breast cancer. Adjusted OR (95% CI) for the highest ver-
sus lowest tertile was 2.19 (1.11–4.31) and the trend test 
was also statistically significant (p = 0.027). Given that 
acrylamide is primarily metabolized by phase I enzymes 
such as cytochrome P450 2E1 (CYP2E1) to the epox-
ide metabolite, glycidamide, which is likely to play an 
important role in the carcinogenicity [80, 81], HbGA/
HbAA ratio reflects individual differences in susceptibil-
ity to acrylamide exposure and might be a biomarker for 
acrylamide-related genotoxic exposure [97].

Conclusions
We reviewed epidemiological studies of DDT, HCH, 
PCBs, PFASs, cadmium, arsenic, and acrylamide, to 
which Japanese populations are widely exposed. DDT, 
HCH, PCBs,  and PFASs were detected in blood sam-
ples from general populations in Japan. Epidemiological 
evidence did not support positive associations between 
blood concentration of DDT, HCH, PCBs, and PFASs 
and risk of breast and prostate cancer. We established 
assessment methods for the dietary intake of cad-
mium, arsenic, and acrylamide using an FFQ. Overall, 
dietary intake of cadmium, arsenic, and acrylamide 
was not significantly associated with increased risk of 
total cancer and major cancer sites in the JPHC Study. 
However, a statistically significant positive association 

Fig. 2  Summary results for the association between dietary arsenic 
intake and cancer risk in the JPHC Study. a Arsenic intake (b) 
Inorganic arsenic

Data from Sawada et al. [73]

*Adjusted HRs (95% CIs) for the highest versus lowest quartile 
category are shown

CI, confidence interval; HR, hazard ratio; JPHC Study, Japan Public 
Health Center-based Prospective Study
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was observed between dietary cadmium intake and 
risk of estrogen receptor-positive breast cancer among 
postmenopausal women, and between dietary arsenic 
intake and risk of lung cancer among male smokers. In 
addition, studies using biomarkers as exposure assess-
ment revealed statistically significant positive asso-
ciations between urinary cadmium concentration and 
risk of breast cancer, and between HbGA/HbAA ratio 
and risk of breast cancer. Since the number of epide-
miological studies in general populations in Japan is 
limited, further accumulation of evidence is required, 
with particular focus on the following: the association 
of organochlorine and organofluorine compounds with 
risk of cancer sites other than breast and prostate can-
cer; and large prospective studies of the association 
between biomarkers of exposure and risk of cancer. For 

the latter, collaboration among relevant researchers to 
ensure that epidemiological studies incorporate pre-
cise biologic sample-based exposure assessment will be 
essential.
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DDD	� Dichlorodiphenyldichloroethane
DDE	� Dichlorodiphenyldichloroethylene
DRs	� Dietary records
DDT	� dichlorodiphenyltrichloroethane
EPIC	� European Prospective Investigation into Cancer and Nutrition
FFQ	� Food frequency questionnaire
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