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Abstract

Objective: In this paper, we review the epidemiological evidence on the relationship between environmental

and ingestible toxins and colorectal cancer.

Data sources and date extraction: We searched PubMed, Embase, and Web of Science for epidemiological
studies on environmental and ingestible toxins and colorectal cancer published before June 1, 2022.

Results: Studies have reported positive associations between colorectal cancer and different persistent organic
pollutants, non-persistent organic pollutants, polycyclic aromatic hydrocarbons, volatile organic compounds, and

metals.

Conclusion: While the pathogenesis of CRC is likely multifactorial including both modifiable lifestyle factors
(e.g., dietary, smoking, physical activity) and nonmodifiable (genetic, colitis-associated) risk factors, the role of
the environment may be an additional and frequently forgotten contributor.

Introduction

Colorectal Cancer (CRC) is the third most common cancer
among both men and women (excluding non-melanoma skin can-
cer) and is also the third most deadly cancer in the United States
[1]. In 2020, worldwide, there were 1.9 million new cases and
0.9 million deaths, and cases are projected to escalate further,
especially in developed countries [2]. The risk of developing co-
lorectal cancer increases with age. Other known risk factors in-
clude presence of inflammatory bowel disease, a family history
of colorectal cancer or polyps, and genetic syndromes including
Familial Adenomatous Polyposis (FAP), and hereditary non-po-
lyposis colorectal cancer (Lynch syndrome). Additionally, studies
have shown that lifestyle factors are well-established risk factors
for developing colorectal cancer. For example, alcohol consumers
have 1.79-times higher odds of developing colorectal cancer ver-

sus non-alcohol users (95% Confidence Interval [CI]: 1.23-2.61)
and increased tobacco use showed a 13.18% increased attribu-
table risk (95% Cl: 6.80-19.58) [3,4]. Furthermore, people with
high levels of regular physical activity showed a 19% decreased
risk of developing CRC, while another study showed fiber intake
of greater than 20 g a day decreased risk of developing CRC by
25% [5,6]. As such, it is estimated that approximately half of co-
lorectal cancers in the US are attributed to all known modifiable
risk factors [7].

There have been marked improvements in CRC screening rates.
As colonoscopy may be preventative in that polypectomy removes
polyps before they evolve into cancer, this has contributed to the
overall decline in CRC incidence rates in patients aged 65 years
and older. More concerning, however, is the dramatic increase in
the incidence of colorectal cancer in young patients, (<50 years
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old), also referred to as Early Onset Colorectal Cancer (EOCRC).
Over the past several years, this age group has experienced a 63%
increase in CRC rates in the US and projected to double by 2030
[8]. This rapid rise in EOCRC incidence cannot only be attributed
to hereditary factors that do not change dramatically in such a
short time period; hence, other factors must be considered when
such drastic changes are seen within one generation.

One possible factor is environmental changes regarding pollu-
tion and toxin exposures that have not been thoroughly evaluated
as carcinogens for CRC or EOCRC in humans. It is hypothesized
that certain environmental factors can be linked with mutations
directly in the colon and rectum [9,10].

This review will discuss evidence behind several different
toxins commonly found in the environment or are more preva-
lent in industrialized regions that have been shown an association
with CRC. Individual toxins are discussed under their respective
larger chemical groups, such as: Persistent Organic Pollutants
(POPs), Non-Persistent Organic Pollutants (non-POPs), Polycyclic
Aromatic Hydrocarbons (PAH), Non-Halogenated Phenolic Chemi-
cals (Non-HPCs), Volatile Organic Compounds (VOCs), and metals.

Methods

We aimed to identify epidemiological studies assessing the
association between environmental toxins and colorectal can-
cer. PubMed (http://www.nchi.nlm.nih.gov/pubmed/), Embase
(http://www.embase.com/home), and Web of Science (https://
www.webofscience.com/wos/woscc/basic-search) databases
were searched using free text and Medical Subject Heading
(MeSH) terms: colorectal cancer, colon cancer, and rectal cancer
AND a) Metals (arsenic, cadmium, chromium, copper, manganese,
mercury, nickel, lead, zinc, organotin compounds, tributyltin and
compounds, triphenyl tin, thallium, antimony, cobalt, manganese,
and vanadium); b) Pesticides (alachlor, aldrin, atrazine, chlordane,
clofenvinphos, chlorpyrifos, DDT, dieldrin, diuron, endosulfan, en-
drin, heptachlor, lindane, mirex, pentachlorobenzene, pentachlo-
rophenol, simazine, tetrachloromethane, isoproturon, organotin
compounds, trifluralin, and isodrin); c) PACs: polycyclic aromatic
chemicals (anthracene, ethylene oxide, naphthalene, PAHs, fluo-
ranthene, benzo (g,h,i) perylene, benzo (a) pyrene, benzo (b) fluo-
ranthene, benzo (k) fluoranthene, and indeno(1,2,3-cd)pyrene);
d) Non-HPCs: non-halogenated phenolic chemicals (nonylphenol
and nonylphenol ethoxylates, and octylphenols and octylphenol
ethoxylates); e) Plasticizers (di-(2-ethyl hexyl) phthalate, and C10-
13-chloroalkanes); f) POPs (aldrin, chlordane, DDT, dieldrin, endo-
sulfan, endrin, heptachlor, hexachlorobenzene, 1-6-hexachlorocy-
clohexane, lindane, mirex, dioxins + furans, pentachlorobenzene,
polychlorinated biphenyls, brominated diphenylethers, organotin
compounds, PAHs, hexabromobiphenyl, benzo(a)pyrene, benzo
(b) fluoranthene, and benzo (k) fluoranthene); g) VOCs: volatile
organic compounds (non-methane volatile organic compounds,
1,2-dichloroethane, dichloromethane, hexachlorobutadiene, te-
trachloroethylene, trichlorobenzenes, 1,1,1-trichloroethane, tri-
chloroethylene, trichloromethane, vinyl chloride, benzene, ethyl
benzene, ethylene oxide, naphthalene, and toluene). The search
was limited to articles published in English and before June 1,
2022. 3808 total articles were identified from the three databases.

To assess exposure, studies that had biomarkers (serum toxin

levels or other specimens), environmental measures (air, water,
ground), or indirect measures (occupational exposures and conta-
minated residential areas) were obtained. When studies had ap-
propriate effect estimates (percentage difference, regression
coefficient, hazard ratios, rate ratios, odds ratios, standardized
mortality ratio, or standardized incidence ratio), they were re-
ported. Titles and abstracts were screened for relevance, and full
texts were assessed further if criteria were met.

Specific classes of toxins
Persistent Organic Pollutants (POPs)

Persistent Organic Pollutants (POPs) are organic chemicals
that contaminate the environment and subsequently, agriculture,
due to their persistent nature and ability to bioaccumulate [11].
The accumulation of POPs in the environment is mainly from the
use of pesticides along with industrial chemicals and byproducts.
Most of the human exposure to POPs is from the consumption
of contaminated food, particularly animal products [12-14]. Even
though certain regulations have been implemented to safeguard
against consuming contaminated foods, POPs still pose some risk
to population health. The role of particular POPs such as pesti-
cides, insectides and fungicides, and CRC are discussed below.

Organochlorine Pesticides (OCP)

Pesticides pose a risk as possible human carcinogens, as well as
neurotoxins and neuroendocrine modulators, and are commonly
used in agriculture all over the world. Organochlorine Pesticides
(OCPs) are a major group of pesticides that are particularly stable
in the environment and can therefore accumulate in human tis-
sue, leading to toxicity with increasing levels over time. They are
classified as Persistent Organic Pollutants (POPs) because of their
constant presence in the environment years after their applica-
tion. Their utilization is primary due to their effectiveness in maxi-
mizing the production of food by controlling the spread of typhus
and malaria (via elimination of pests and mosquitos, respectively).
However, many countries (including the US) have banned the
use of OCPs due to the aforementioned negative environmental
consequences [15]. Positive associations between organochlorine
pesticides and colorectal cancer were observed in a case control
study of 42 individuals with CRC and 38 healthy controls [16]. They
found significantly elevated levels of the oxidative stress marker
serum malondialdehyde in cases vs controls (p<0.001), which is
an end product of lipid peroxidation caused by free radicals. Also,
decreased activity of erythrocyte acetylcholinesterase (p<0.001)
was seen, which has downstream effects leading to increased
levels of cCAMP response element binding protein, crucial to cell
proliferation. Similarly, a Korean case control study with 99 CRC
patients, 102 polyp patients, and 76 controls measured serum
levels of multiple OCPs, and showed an increased risk of deve-
loping colonic polyps (OR=2.3 95% Cl 0.9-5.7, ptrend=0.05) and
CRC (OR=3.6, 95% ClI 1.1-11.8, p=0.05) in 6 of 11 OCPs measured
[14]. Mean ages for control, polyp, and cancer patients were 52.1,
55.6, and 65.9 years respectively. Men comprised 46.1%, 70.6%,
and 55. 6% of control, polyp, and cancer patients. Confounding
variables of physical activity, red meat consumption, fiber intake,
and family history of CRC were considered and not significantly
different across the groups, though comorbidities were not ad-
justed for.
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Aldrin and dieldrin

In the United States, Aldrin and dieldrin were commonly used
insecticides on crops between 1950-1970 and to eliminate ter-
mites from homes until 1989 [17]. The CDC’s Agency for Toxic
Substances and Disease Registry indicates that aldrin and dieldrin
can be found on contaminated food and soil as well as homes
that were previously treated for termites. Aldrin and dieldrin
have been shown to cause liver metastases in a mouse model as
a potential carcinogen [18]. In a study measuring levels of aldrin
epoxidase (the aldrin metabolizing enzyme), its activity in colonic
tumor cells was decreased compared to non-cancerous tissues,
showing a possible loss of regulation and decreased metabolism
of aldrin in cancerous tissues [19]. However, this effect has not ne-
cessarily been linear in humans. An occupational cohort study of
570 workers exposed to aldrin and dieldrin showed an increased
mortality from rectal cancer compared to the general population
[20,21]. However, an inverse relationship was found between
levels of exposure and colon cancer, which may indicate other
confounding factors or selection bias (ex. the healthy worker and
the healthy worker survivor effect) may explain the observed fin-
dings in these occupationally exposed populations. There are no
known studies on the exposure of aldrin and dieldrin and CRC in
non-occupationally exposed populations to date.

P,p’-dichlorodiphenyltrichloroethane

Dichlorodiphenyltrichloroethane (DDT) was one of the most
common pesticides in the world but became banned in most Wes-
tern countries in 1972 due to the discovery of adverse effects on
wildlife and humans. Many metabolites of DDT are still present
in the environment and accumulate at high levels in humans, in-
cluding P,p’dichlorodiphenyltrichloroethane (DDE). DDE has been
shown to increase proliferation in human colorectal adenocarcino-
ma DLD1 cells through disruption of the Wnt/B-catenin pathway
by increasing the production of reaction oxidative species and
inhibiting superoxide dismutase, known to help protect against
damage from free radicals [22]. The Wnt/B-catenin pathway has
been implicated as being a central pathway for colorectal carcino-
genesis [23-25]. In mouse models, DDE was shown to increase the
tumor size through Wnt/B-catenin and Hedgehog/Glil signaling
mediated by oxidative stress [26]. DDE promotes aerobic glycoly-
sis, a common attribute of proliferating cancer cells.

These biochemical findings have clinical correlation in CRC pa-
tients. Elevated serum levels of organochlorine pesticides (inclu-
ding DDT and DDE) have been found in CRC patients compared to
controls without cancer [27]. It was shown that people living in
rural areas had higher serum levels of organochlorine pesticides
and attributed this to higher levels of exposure in agricultural
areas that utilized organochlorine pesticides. Older adults also
had higher serum levels because of lifetime cumulative exposure
to these chemicals. In 11 towns in Zhejiang province, China, simi-
lar associations were seen in a random sampling of DDT and DDE
levels in rice paddy fields; rectal cancer was correlated with total
DDT (r=.691, p<0.05) and DDE (r=.716, p<0.05) [28].

Pentachlorophenol (PCP)

PCP is a commonly used substance, mostly used in wood pre-
serving as a fungicide, that has had a lasting negative effect on
the environment and has been shown to cause DNA damage in

humans through formation of oxygen radicals [29]. In case control
studies, pentachlorophenol has been shown to be associated with
higher odds of non-Hodgkin and soft-tissue sarcomas [30,31]. A
meta-analysis evaluating the association between PCP and co-
lorectal cancer risk showed a 16.4 times increased risk for people
with occupational exposure than people who were exposed via
food and drink [32].

Lindane, chlordane, heptachlor, and nonachlor

Lindane, an insecticide that is no longer produced in the Uni-
ted States, has shown a marginally significant association with
colorectal cancer risk [33]. Registered pesticide applicators in the
United States responded to extensive take-home surveys evalua-
ting pesticide exposure as well as protection equipment, appli-
cation methods, and lifestyle habits. These respondents numbe-
red 56,813 and CRC cases and deaths of these participants were
tracked between 1993-2002 [34]. In this study, Chlordane (which
was banned in 1988 by the EPA) was shown to have a significantly
positive association with rectal cancer risk (Rate Ratio 1.7, 95% Cl
1.0-2.8) [35]. Similar findings were reported in a case-control stu-
dy in Korea with 104 CRC patients vs. 235 controls. Nonachlor (a
metabolite of chlordane) was positively associated with colorec-
tal cancer (2" tercile, Hazard Ratio (HR)=3.90, 95%, Cl: 1.56-9.75)
[36]. They also found heptachlor (another chlordane metabo-
lite) had a positive association with colorectal cancer (3" tercile,
HR=2.76, 95%, Cl: 1.25-6.07).

Polychlorinated biphenyls

Polychlorinated Biphenyls (PCBs) are a group of 209 chlorina-
ted compounds used in rubber, inks, hydraulic fluid, copy paper,
resin, etc. before it was banned due to its highly carcinogenic na-
ture and its extreme persistence and subsequent negative effects
on the environment. It is also considered a POP and is like OCPs
in its environmental accumulation in the form of its metabolites
which, especially in adipocytes due to their lipophilic properties,
accumulates in humans [37,38].

An Italian study followed workers in a trichlorophenol produc-
tion plant after an industrial accident, exposing them to high le-
vels of 2,3,7,8- tetrachlorodibenzo-p-dioxin (TCDD, or “dioxin”), a
PCB, and showed a significant increase in rectal cancer mortality
of men in high exposure zones (Rate Ratio=2.4, 95% Cl 1.2-4.6)
[39]. Furthermore, this finding was corroborated by a study in
Germany following workers in a dioxin plant, also showing an in-
creased mortality rate from rectal cancer (Standardized Mortality
Ratio, SMR=1.96, 95% Cl 0.98 3.51) [40]. A case-control study in
132 patients with newly diagnosed colorectal adenocarcinoma
and 76 controls showed that elevated levels of mono-ortho PCBs,
which have a similar chemical structure to dioxin, is associated
with an increased CRC risk (OR=2.94, 95% Cl 1.39 6.20; p=0.004)
[41]. TCDD acts as a synthetic ligand binding aryl-hydrocarbon re-
ceptors (AhR), a target gene to CYP1A1l and CYP1B1, catalyzing
the conversion of polycyclic aromatic hydrocarbons into toxic me-
tabolites that alter DNA [42,43]. AhR also interacts with several
growth factor mediated signaling pathways resulting in the abi-
lity to cause cell proliferation or apoptosis, depending on the cell
type. Specifically, the effects of TCDD on human colorectal cancer
cells showed proliferative interaction between AhR and EGFR [44].
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Organotin compounds

Organotin compounds were initially used to stabilize chlorina-
ted hydrocarbons from thermal degradation, but the applications
are increasing and it is now utilized in agriculture, industrial water
systems, and wood preserving [45]. However, several organotin
compounds have been found to be toxic and have a variety of ne-
gative health consequences ranging from neurotoxicity to repro-
ductive and immunologic disturbances [46]. An observational stu-
dy with multiple control groups adjusted for geographic location
of 557 CRC patients and 2948 controls across 11 sites showed that
residential proximity within three kilometers of the production of
organotin compounds increased the risk of developing colorectal
cancer (OR=2.03, 95% Cl 1.44-2.87, OR=1.26, 95% Cl 1.00-1.59,
respectively) [47].

Nonylphenols

Nonylphenols are the final product in the degradation of alk-
ylphenol ethoxylates that are commonly used in cleaners and de-
tergents; they are especially present in wastewater [48]. Nonyl-
phenol has also been shown to have estrogenic activity in breast
cancer cells and have an impact in a handful of different cancers
such as breast, ovarian, and uteruses [49]. Nonylphenol has both
increased the rate of proliferation and inhibited the apoptosis
of COLON205 CRC cells through multiple different pathways in-
volving protein kinase C {, ERK/TGF B pathway, and the GPR-30
mediated activation of ERK1/2 signaling [50,51]. Furthermore,
nonylphenols upregulate the expression of cell cycle regulators,
promoting the epithelial-mesenchymal transition; thus enabling
the cancer cells to invade and migrate [52]. To date, no epidemio-
logical studies have evaluated the relationship of individual-level
nonylphenols and colorectal cancer incidence.

Non-persistent organic pollutants
Organophosphate Pesticides (OPPs)

Organophosphate Pesticides (OPPs) do not share the persis-
tent nature of OCPs and are considered safer because they do not
accumulate in the environment. However, they still have negative
consequences for human health and disease which is particularly
concerning because they are being continually used today. Below,
we highlight chlorpyrifos and alachor in relation to CRC because
of their wide indications and ongoing use by some countries, in-
cluding the US.

Chlorpyrifos

Chlorpyrifos is one of the most applied broad-spectrum pes-
ticides in the world. It was shown to have a positive association
with rectal cancer in the large cohort study of 56,813 pesticide ap-
plicators mentioned above (RR=2.7, 95%, Cl=1.2-6.4) [53]. Suriyo
et al. illustrated its carcinogenic effect by promoting cell growth in
the human colorectal adenocarcinoma H508 cell line through in-
creased phosphorylation of epidermal growth factor receptor and
its downstream effector, extracellular signal regulated kinase [54].

Alachlor

Alachlor is an herbicide that was used for a wide range of crops
around the world but was banned in the European Union in 2006
[55]. The United States Environmental Protection Agency has not
banned it but has issued guidelines in 1996 to prevent environ-

mental contamination and the protection of humans from pesti-
cides including alachlor [56]. A cohort study in the United States
followed 943 manufacturing workers in an alachlor plant and
showed elevated rates compared of colorectal cancer compared
to the general population (Standardized Incidence Ratio=5.2, 95%
Cl 1.1-15.1), especially in those with elevated levels of exposure
[57]. Interestingly, workers were exposed via contaminated drin-
king water at the plant, so exposure levels were higher than what
farmers utilizing alachlor on crops would likely experience, but
certainly lends the question as to if the end of the line consumer
would be ingesting similar amounts as the manufacturers.

Polycyclic Aromatic Hydrocarbons (PAHs)

Polycyclic Aromatic Hydrocarbons (PAHs) are known to be both
persistent and toxic to the environment. PAHs are released into
the environment during volcanic eruptions, forest fires, fossil fuel
combustion, industrial processes, and common cooking tech-
niques like barbequing, smoking, baking, etc [58]. Naphthalene
is in this category and has shown an association with CRC, as dis-
cussed below.

Naphthalene

Naphthalene is released into the air mostly from industrial
processes, tail emissions, open burning, and smoking. It is also
used as a deodorizer, fumigant, and repellent. A popular use of
naphthalene, creating a large amount of indoor exposure, is in
mothballs [59]. A case control study in Spain with 557 CRC cases
and 2948 controls in 11 provinces that were matched by age, sex,
and region found associations between developing CRC and living
proximity to industrial factories. It showed that living less than 3
kilometers away from industries releasing naphthalene increases
the risk of developing colorectal cancer (OR=3.11; 2.16-4.49) [25].
Limitations of this study included the inability to determine how
geographical features impacted real exposure along with recall
bias.

Volatile Organic Compounds (VOCs)

Volatile Organic Compounds (VOCs) are usually manmade in-
dustrial solvents that have a high vapor pressure and low water
solubility and are used in the manufacturing of paints, pharma-
ceuticals, and refrigerants [60]. Exposure to VOCs can cause acute
symptoms like headaches, dizziness, nausea/vomiting, and ear,
nose, & throat irritation. Longer chronic exposure from inside the
home can cause cancer, liver & kidney damage, and central ner-
vous system damage [61].

1,2-dichloroethane

1,2-dichloroethane is used in the production of vinyl chloride
and other chemicals; it is also used as a lead scavenger in gasoline
[62]. A study in the United States from 1969-1981 investigated
towns with a single ground water source and looked for associa-
tions between CRC incidence and different VOCs and heavy me-
tals. Municipalities were grouped according to each detectable
VOC, and incidence rates were calculated correcting for age and
sex. Male colon cancer incidence rate was significantly greater
(p=0.009) at 222.8 per 100,000 in municipalities with concentra-
tions of 1,2-dichloroethane greater than 0.10 pg/l compared to
170.3 per 100,000 in municipalities with less than 0.10 pg/l of
1,2-dichloromethane. Male rectal cancer incidence rate was also
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significantly greater (p=0.02) at 126.5 per 100,000 in municipali-
ties with concentrations of 1,2-dichloroethane greater than 0.10
pg/l compared to 92.5 per 100,000 in municipalities with less
than 0.10 pg/| of 1,2-dichloromethane [63].

Dichloromethane

Dichloromethane is used as an industrial solvent and paint
stripper; it can also be found in pesticides and aerosol products.
An important route of entry into the body for dichloromethane
was shown to be bathing and showering as opposed to drinking
contaminated water [64]. A case control study in Spain (mentio-
ned earlier of 557 CRC cases vs 2948 controls) in living proximity
to industrial factories showed that those industries releasing di-
chloromethane had higher odds of developing colorectal cancer
(OR=2.52,95% ClI 1.74-3.66) [47].

Tetrachloroethylene

Exposure to tetrachloroethylene is mostly occupational, es-
pecially in the dry-cleaning industry and the production of other
chemicals [65]. However, a tetrachloroethylene leak from vinyl
pipes into public drinking water occurred in Massachusetts, and a
population-based case-control study evaluating the associations
of tetrachloroethylene-contaminated drinking water and can-
cer was performed. It reported higher risk of colon cancer at 11
years of latency (OR=1.3, 95% Cl 0.5-3.5) and was slightly higher
at 13 years (OR=1.5, 95% Cl 0.3-5.8), but the 95% Cls were also
consistent with no association. Latency was defined as the time
between exposure and a clinical diagnosis. Similar findings were
reported for rectal cancer for 11 and 13 years of latency (OR=2.6,
95% Cl0.8-6.7 and OR=3.1 95% CI 0.7-10.9, respectively] [66].

Trichloroethylene

Trichloroethylene is used in the manufacturing of refrigerants,
as a metal degreaser, and is found in a variety of aerosols. It has
been shown to be associated with kidney cancer and non-Hodg-
kin lymphoma [67]. A case-cohort study of 3464 participants eva-
luating occupational exposure to 17 different endocrine disrup-
ters, in Ontario, showed an elevated risk of developing colorectal
cancer when exposed to trichloroethylene (OR=1.43, 95% Cl 1.08-
1.88) [68].

Benzene, toluene, xylene

Benzene, toluene, and xylene are widely known carcinogens
commonly found in gasoline. They are all water soluble, making
them prime candidates for contaminating water, though they are
biodegradable in certain conditions [69]. In a study evaluating
workers with excess exposure to benzene, 181,709 colon cancer
cases and 109,227 rectal cancer cases between years 1961-2005
were identified in the countries of Sweden, Norway, Iceland, and
Finland. Each case was matched with five case controls from the
same cohort matching age, country, and sex. Lifestyle factors
based on occupation, specifically smoking, drinking, exercise,
BMI, and diet were also taken into consideration for Finland only
due to available information. Workplace exposure to benzene was
estimated from exposure matrices that were specific for each spe-
cific country. An increased risk of colorectal cancer was shown,
especially in the ascending colon (OR=1.27, 95% Cl 1.13-1.43) and
transverse colon (OR=1.21, 95% Cl 1.01-1.41) [70]. Other confoun-
ders considered and corrected for were physical strain at work,

formaldehyde, ionizing radiation, and wood dust. Another popu-
lation-based case-control study evaluated nineteen sites of can-
cer in patients between the ages of 35-70 living in the metropoli-
tan Montreal area. 4576 cases were identified between the years
1979-1986 in which 3730 patients consented to participate in the
study. There were 497 colon cancer patients with 2050 controls
and 257 rectal cancer patients with 1295 controls. Each cancer
type was compared against three groups of controls: a group
with other cancers, population controls, and a mixed subset of
other cancers and population controls. Population controls were
age-matched to cancer patients. A professional team of chemists
and hygienists determined level of exposure to benzene, toluene,
styrene, and xylene based on 300 occupational agents regarding
frequency and amount of exposure. Continuous variables of age,
family income, and cumulative smoking index were considered,
and ethnicity, smoking status, and respondent status (either self
or next of kin) were considered as categorical variables. High ex-
posure levels of xylene showed an increased rates of colon cancer
(OR=5.8,95% Cl 1.5-22.0), and high exposure levels of toluene had
an increased rates of colon cancer (OR=1.8, 95% Cl 0.7-4.4). High
exposure levels of toluene also showed increased rates of rectal
cancer (OR=3.2, 95% CI 1.3-8.0), high exposure levels of xylene
showed increased rates of rectal cancer (OR=2.7, 95% Cl 0.9-8.3),
and medium/high exposure levels of styrene showed increased
rates of rectal cancer (OR=5.1, 95% Cl 1.4-19.4). There was a high
correlation between exposure to benzene, toluene, and xylene,
as 58, 74, and 88% of patients exposed to benzene, toluene, and
xylene respectively were exposed to all three.

Metals

Some metals are individually listed on the International Agen-
cy for Research on Cancer (IARC) list of “Group I: Known Human
Carcinogens [72]”. The specific metals and their associations with
CRC are discussed below. No epidemiologic studies at the indivi-
dual-level have studied metal exposures and CRC incidence. CRC
cancer patients living in the rural United States were analyzed for
trace element analysis were shown to have increased concentra-
tions of trace elements as byproducts of coal production, showing
higher levels of arsenic, nickel, and chromium were higher com-
pared to controls from nearby urban cities [73]. Significant dif-
ferences in serum levels of Nickel (2.721 pg/g), Cadmium (0.563
ug/g), Arsenic (0.539 pg/g), and Lead (1.273 pg/g) have been
demonstrated in a study of 165 Colorectal Cancer (CRC) patients
when compared to 151 matched healthy controls. Most of the
elemental differences could be explained when taking into consi-
deration dietary habits, gender, and smoking. However, further
study is needed to investigate each element’s influence on the
etiopathology of CRC [74].

Arsenic

Arsenic is on the IARC Class 1 carcinogen list, and the U.S. Envi-
ronmental Protection Agency classifies it as a group A human car-
cinogen (Carcinogenic to Humans: Agents with adequate human
data to demonstrate the causal association of the agent with hu-
man cancer) [75]. Human exposure to arsenic occurs in both occu-
pational and environmental settings, including the occupational
industries of nonferrous smelting, wood preservation, glass ma-
nufacturing, and arsenical pesticide production and application.
The main source of environmental arsenic exposure to the gene-
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ral population is contaminated drinking water, often via soil in the
form of pesticides or solid wastes [76,77]. A study conducted in
Turkey demonstrated higher rates of cancer-related death in vil-
lages with high levels of arsenic contamination in their drinking
supply when compared to villages without high levels of contami-
nation; however, they were unable to determine if a direct corre-
lation exists between arsenic exposure and cancer-related deaths
[78]. A case cohort study of 3,464 participants in Canada measu-
red colorectal cancer risk in relation to occupational exposures via
CANJEM, a job-exposure matrix accounting for most occupations
and numerous agents. Concerning Arsenic, they found an associa-
tion between occupational arsenic exposure and increased risk of
colorectal cancer (OR=2.86, 95% Cl: 1.06-7.63) [68].

Cadmium

As with arsenic, the IARC classifies cadmium as a class | car-
cinogen [79]. Multiple in vitro cell culture and in vivo animal ex-
perimental studies have demonstrated cell transformation and
induction of cancer as a result of exposure to cadmium [80,81].
One such study investigating underlying mechanisms of carcino-
genesis of cadmium showed that within colorectal cancer cells,
cadmium stimulated phosphorylation of Smad2/3, suggesting
that cadmium induces the activity of participants in the TGF-p si-
gnaling pathway involved in colorectal cancer development [82].
It is known that exposure of human cells to cadmium suppresses
Mismatch Repair (MMR) activity, an important process for repai-
ring errors in DNA, which plays an important role in colon cancer
by altering gene expression and inducing inflammation. A study
examining the effect of environmental exposure to cadmium on
MMR-proficient human cells revealed that environmentally re-
levant concentrations of cadmium suppressed the ability of the
MMR system to evade the G2 cell cycle checkpoint and continue
to proliferate, another hallmark of cancer cells. Healthy colono-
cytes damaged by DNA alkylating agents are expected to arrest
at the G2 checkpoint, and either initiate DNA repair or undergo
apoptosis [83].

Chromium

Chromium is also classified by the IARC as a class | carcino-
gen, and there is growing concern about the effects of ingesting
chromium via contaminated drinking water [84,85]. A study in-
vestigating the tumorigenesis of orally administered hexavalent
chromium (Cr (V1)) in drinking water in mouse colitis-associated
colorectal cancer models revealed that all treatments who were
administered Cr (VI) in combination with Azoxymethane/Dextran
Sodium Sulfate (AOM/DSS) developed colorectal cancer [85].
However, given that association of CRC with colitis is a significant
cofounder, it is important to investigate the relationship between
chromium and CRC in colitis-free models. Promotion of tumor
formation has been recorded in mouse CRC models induced by
1, 2-Dimethylhydrazine (DMH) that were given drinking water
containing Cr (VI). In this colitis-free model, tumor incidence in
the DMH + Cr group was 100%, with 5/5 mice developing colonic
tumors [86].

Copper

Alteration of copper metabolism has been demonstrated du-
ring inflammation, infection, and cancer, and serum copper levels
rise during these events [87]. When evaluating the association

between trace elements and the risk of developing colorectal
cancer, a cohort of 27,548 people were recruited, and high cop-
per serum concentrations were associated with a higher risk of
developing CRC (HR per SD, 95% Cl 1.29, 1.05-1.59) [88]. Additio-
nally, results of a retrospective study of 187 CRC patients and 187
controls showed a statistically significant strong, positive correla-
tion (OR=12.7,95% Cl: 4.98-32.3; p<0.001) between blood copper
level and occurrence of colorectal cancer, and a strong association
was present for both early and late-stage CRC [89].

Magnesium

Magnesium, in clinical prescribed doses, has a wide range
of indications, and is necessary for normal cellular metabolism.
Most available data suggests that magnesium is a chemo-preven-
tive agent given the known roles it plays in cell cycle regulation
and DNA damage repair [90]. Magnesium deficient mouse mo-
dels have demonstrated that low magnesium promotes tumori-
genesis. However, there are similar effects at supratherapeutic
ranges. A case-control study of 76 CRC patients and 28 healthy
controls comparing levels of magnesium in tumor tissue vs heal-
thy tissues showed a statistically significant higher concentrations
of Magnesium in tumor tissue with median concentrations being
147.0 and 114.6 pug/g respectively (p=0.0008) [91]. Additionally,
a study comparing malignant vs. normal tissue in human colon
cancer patients revealed that concentrations of magnesium were
significantly higher (170%) in the malignant tissue [92].

Manganese

Manganese is a transition metal that is required in trace
amounts to maintain one’s health but is toxic in large amounts.
Specifically, manganese divalent cations are necessary for co-
lorectal cancer cells to bind to the extracellular matrix during
migration and invasion [93]. Excess exposure to manganese from
groundwater was positively associated with increased rates of
colorectal cancer, with 2.84 deaths/100,000 increase over unex-
posed areas [94]. Garcia-Perez et al. demonstrated that living
proximity to industrial plants releasing manganese also increases
the risk (OR=2.53, 95% CI 1.63-3.93) of developing colorectal can-
cer [47]. Furthermore, a significant difference in levels of serum
manganese (16.314.5 pg/L) between CRC patients and age-mat-
ched healthy controls was found [95].

Lead

Exposure to lead leads to accumulation throughout the body
having a negative impact on the reproductive, hepatic, endocrine,
immune, and gastrointestinal systems [96]. Lead has been sugges-
ted to prevent the cell from repairing damage to DNA as well as
causing direct damage to DNA by generating reactive oxygen spe-
cies [98]. A study in Southeast China of 167 gastrointestinal can-
cer patients including 46 CRC patients and 112 controls showed
a significantly higher level of lead in patients with cancer; 60.03
ug/L vs 53.84 pg/L, respectively (p=0.027) [98]. Canada showing
an increased risk of colorectal cancer (OR=1.29, 95% ClI: 1.03-
1.60) with occupation exposure to lead [68].

Antimony

Antimony is used in the production of textiles, plastics, glass,
and metals, and antimony toxicity is most often seen from occupa-
tional exposure [99,100]. A study of CRC incidence in 888 art glass
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industry workers between 1950-1982 showed an increased risk
(OR=5.0, 95% ClI: 2.6-9.6) in developing colorectal cancer due to
increased exposure to antimony [101]. on Swedish workers in the
glass industry showed an excess risk of colorectal cancer but was
unable to separate the effects of concomitant metals exposures
and the confounding variables precluded definitive results [102].
Another multi-control case study in Spain showed an increased
risk (OR=5.30, 95% Cl: 3.45-8.15) of colorectal cancer when living
near industries releasing antimony.

Conclusion

Toxins commonly utilized in industrialized or agricultural
realms, have a lasting impact on the environment, and in many
cases accumulate over long periods of time. The downstream ef-
fects of this can impact human health via proven cellular mecha-
nisms described above and have clinical implications in the deve-
lopment of CRC. While the pathogenesis of CRC is likely multifac-
torial including both modifiable (dietary, smoking, physical acti-
vity) and nonmodifiable (genetic, colitis-associated) risk factors,
the role of the environment may be an additional and frequently
forgotten contributor.

References

1. Siegel RL, Wagle NS, Cercek A, Smith RA, Jemal A. Colorectal can-
cer statistics, 2023. CA: A Cancer Journal for Clinicians. 2023; 73:
233-254. https://doi.org/10.3322/caac.21772.

2. Xi Y, Xu P. Global colorectal cancer burden in 2020 and projec-
tions to 2040. Transl Oncol. 2021; 14(10): 101174. https://doi.
org/10.1016/j.tranon.2021.101174.

3. Zhao J, Halfyard B, Roebothan B, West R, Buehler S, et al. Tobacco
Smoking and Colorectal Cancer: A Population-based Case-control
Study in Newfoundland and Labrador. Canadian Journal of Public
Health. 2010; 101: 281-289. https://doi.org/10.1007/bf03405287.

4, Zhou X, Wang L, Xiao J, Sun J, Yu L, et al. Alcohol consumption,
DNA methylation and colorectal cancer risk: Results from pooled
cohort studies and Mendelian randomization analysis. Internatio-
nal Journal of Cancer. 2022; 151: 83-94. https://doi.org/10.1002/
ijc.33945.

5. World Cancer Research Fund / American Institute for Cancer Re-
search. Continuous Update Project Report: Diet, Nutrition, Physi-
cal Activity and Colorectal Cancer. Available at: wcrf.org/colorec-
tal-cancer-2017 All CUP reports are available at wecrf.org/cupre-
ports, 2017.

6. Baena R, Salinas P. Diet and colorectal cancer. Maturitas. 2015;
80(3): 258-64. doi: 10.1016/j.maturitas.2014.12.017.

7. Collatuzzo G, Boffetta P. Cancers Attributable to Modifiable Risk
Factors: A Road Map for Prevention. Annual Review of Public
Health. 2023; 44: 279-300. https://doi.org/10.1146/annurev-pu-
blhealth-052220-124030.

8. Sinicrope FA. Increasing Incidence of Early-Onset Colorectal Can-
cer. New England Journal of Medicine. 2022; 386: 1547-1558.
https://doi.org/10.1056/nejmra2200869.

9. Staff NCI. Why Is Colorectal Cancer Rising Rapidly among Young
Adults?. 2020. https://www.cancer.gov/news-events/cancer-cur-
rents-blog/2020/colorectal-cancer-rising-younger-adults.

10.  El-Tawil AM. Colorectal cancer and pollution. World J Gastroen-
terol. 2010; 16(28): 3475-3477. https://doi.org/10.3748/wjg.v16.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

i28.3475.

Guo W, Pan B, Sakkiah S, Yavas G, Ge W, et al. Persistent Organic
Pollutants in Food: Contamination Sources, Health Effects and De-
tection Methods. International Journal of Environmental Research
and Public Health. 2019; 16(22): 4361. https://doi.org/10.3390/
ijerph16224361.

Cok I, Donmez MK, Uner M, Demirkaya E, Henkelmann B, et al.
Polychlorinated dibenzo-p-dioxins, dibenzofurans and polychlori-
nated biphenyls levels in human breastmilk from different regions
of Turkey.

Az A, Savinova TN, Tkachev A, Lgken KB, Odland JO, et al. Levels
and patterns of Persistent Organic Pollutants (POPS) in selected
food items from Northwest Russia (1998-2002) and implications
for dietary exposure. Sci. Total Environ. 2010; 408: 5352-5361.

Jayaraj R, Megha P, Sreedev P. Organochlorine pesticides, their
toxic effects on living organisms and their fate in the environment.
Interdiscip Toxicol. 2016; 9(3-4): 90-100. https://doi.org/10.1515/
intox-2016-0012.

Abolhassani M, Asadikaram G, Paydar P, Fallah H, Aghaee-Afshar
M, et al. Organochlorine and organophosphorous pesticides may
induce colorectal cancer; A case-control study [Article]. Ecotoxi-
cology and Environmental Safety. 2019; 178: 168-177. https://doi.
org/10.1016/j.ecoenv.2019.04.030.

Lee YM, Kim SA, Choi GS, Park SY, Jeon SW, et al. Association of
colorectal polyps and cancer with low-dose persistent organic pol-
lutants: A case-control study. PLoS One. 2019; 13(12): e0208546.
https://doi.org/10.1371/journal.pone.0208546.

Registry AfTSaD. Tox FAQs TM for Aldrin and Dieldrin.
2022. https://wwwn.cdc.gov/tsp/ToxFAQs/ToxFAQsDetails.
aspx?faqid=316&toxid=56

Reuber MD. Histopathology of Transplantable Carcinomas and Sar-
comas of the Liver in Mice Ingesting Dieldrin or Aldrin. The Bulletin
of the Society of Pharmacological and Environmental Pathologists.
1976; 4: 2-16. https://doi.org/10.1177/019262337600400101

Siegers CP, Schiimann S, Thies E, Bése-Younes H, Younes M. Aldrin
epoxidase and dimethylhydrazine demethylase activities in tumo-
rous and non-tumorous tissue of the human colon and rectum.
Cancer Lett. 1984; 23(1): 39-43. https://doi.org/10.1016/0304-
3835(84)90059-4.

de Jong G, Swaen GM, Slangen JJ. Mortality of workers exposed
to dieldrin and aldrin: a retrospective cohort study. Occup En-
viron Med. 1997; 54(10): 702-707. https://doi.org/10.1136/
0em.54.10.702.

Swaen GMH, De Jong G, Slangen JJM, Van Amelsvoort LGPM. Can-
cer mortality in workers exposed to dieldrin and aldrin: An update
[Review]. Toxicology and Industrial Health. 2002; 18(2): 63-70.
https://doi.org/10.1191/0748233702th1320a.

Song L, ZhaoJ, Jin X, Li Z, Newton IP, et al. The organochlorine p,p’-
dichlorodiphenyltrichloroethane induces colorectal cancer growth
through Wnt/B-catenin signaling. Toxicol Lett. 2014; 229(1): 284-
91. doi: 10.1016/j.toxlet.2014.06.003. Epub 2014 Jun 23. PMID:
24968063.

R Rosin-Arbesfeld, F Townsley, M Bienz. The APC tumour suppres-
sor has a nuclear export function. Nature. 2000; 406: 1009e1012.
https://doi.org/ 10.1038/35023016.

SD Markowitz, MM Bertagnolli. Molecular basis of colorec-

www.journalononcology.org



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

tal cancer, N. Engl. J. Med. 2009; 361: 2449e2460. https://doi.
org/10.1056/ NEJMra0804588

V Korinek, N Barker, P} Morin, D van Wichen, R de Weger, et al.
Constitutive transcriptional activation by a betacatenin-Tcf com-
plex in APC-/- colon carcinoma, Science. 1997; 275: 1784e1787.

Song L, Dong N, Li Z. p,p’-Dichlorodiphenyltrichloroethane pro-
motes aerobic glycolysis via reactive oxygen species-mediated
extracellular signal-regulated kinase/M2 isoform of pyruvate ki-
nase (PKM2) signaling in colorectal cancer cells [Article]. Environ-
mental Toxicology. 2020; 35(3): 333-345. https://doi.org/10.1002/
tox.22869

Soliman AS, Smith MA, Cooper SP, Ismail K, Khaled H, et al. Se-
rum organochlorine pesticide levels in patients with colorectal
cancer in Egypt. Arch Environ Health. 1997; 52(6): 409-15. doi:
10.1080/00039899709602219. PMID: 9541361.

Chen K, Zhao YW, Ma XY, Zhang LJ, Zheng S. [Relationship between
organochlorine pollution in soil and rice and the incidence of co-
lorectal cancer in Jiashan county, Zhejiang province]. Zhonghua Liu
Xing Bing Xue Za Zhi. 2004; 25(6): 479-483.

Seiler JP. Pentachlorophenol. Mutat Res. 1991; 257(1): 27-47.
https://doi.org/10.1016/0165-1110(91)90018-q.

Hardell L, Eriksson M, Degerman A. Exposure to phenoxyacetic
acids, chlorophenols, or organic solvents in relation to histopatho-
logy, stage, and anatomical localization of non-Hodgkin’s lympho-
ma. Cancer Res. 1994; 54: 2386-2389.

Hardell L, Eriksson M, Degerman A. Meta-analysis of four Swedish
case-control studies on exposure to pesticides as risk-factor for
soft-tissue sarcoma including the relation to tumour localization
and histopathological type. Int J Oncol. 1995; 6: 847-851.

Zheng W, Zhou Y, Qu W, Zhang H, et al. [Meta-analysis of associa-
tion between pentachlorophenol exposure and cancer risk]. Wei
Sheng Yan Jiu. 2008; 37(2): 151-154.

Agency USEP. Lindane (Gamma-Hexachlorocyclohexane). 2000.
https://www.epa.gov/sites/default/files/2016-09/documents/lin-
dane.pdf.

Purdue MP, Hoppin JA, Blair A, Dosemeci M, Alavanja MCR. Occu-
pational exposure to organochlorine insecticides and cancer inci-
dence in the Agricultural Health Study [Article]. International Jour-
nal of Cancer. 2007; 120(3): 642-649. https://doi.org/10.1002/
ijc.22258.

Registry AFTSAD. ToxFAQs™ for Chlordane. 2018. https://wwwn.
cdc.gov/TSP/ToxFAQs/ToxFAQsDetails.aspx?faqid=354&toxid
=62#:~:text=Version%20%5B154%20KB%5D-,What%20is%20
chlordane%3F,lawns%2C%20gardens%2C%20and%20homes.

Park EY, Kim J, Park E, Oh JK, Kim B, et al. Serum concentrations
of persistent organic pollutants and colorectal cancer risk: A case-
cohort study within Korean National Cancer Center Community
(KNCCC) cohort. Chemosphere. 2021; 271: 129596. https://doi.
org/10.1016/j.chemosphere.2021.129596.

Safe SH. Polychlorinated Biphenyls (PCBs): Environmental Impact,
Biochemical and Toxic Responses, and Implications for Risk Assess-
ment. Critical Reviews in Toxicology. 1994; 24(2): 87-149. https://
doi.org/10.3109/10408449409049308.

Bourez S, Le Lay S, Van Den Daelen C, Louis C, Larondelle Y, et al.
Accumulation of Polychlorinated Biphenyls in Adipocytes: Selec-
tive Targeting to Lipid Droplets and Role of Caveolin-1. 2012; 7:

39.

40.

41.

42.

43,

44,

45.

46.

47.

48.

49.

50.

51.

52.

e31834.. https://doi.org/10.1371/journal.pone.0031834

Bertazzi PA, Consonni D, Bachetti S, Rubagotti M, Baccarelli A, et
al. Health effects of dioxin exposure: A 20-year mortality study. Am
J Epidemiol. 2001; 153(11): 1031-1044. https://doi.org/10.1093/
aje/153.11.1031

Manuwald U, Velasco Garrido M, Berger J, Manz A, Baur X. Mor-
tality study of chemical workers exposed to dioxins: follow-up
23 years after chemical plant closure. Occup Environ Med. 2012;
69(9): 636-642. https://doi.org/10.1136/oemed-2012-100682

Howsam M, Grimalt JO, Guiné E, Navarro M, Marti-Ragué J,
et al. Organochlorine exposure and colorectal cancer risk. En-
viron Health Perspect. 2004; 112(15): 1460-1466. https://doi.
org/10.1289/ehp.7143

Nebert DW, Dalton TP. The role of cytochrome P450 enzymes
in endogenous signalling pathways and environmental carcino-
genesis. Nature Reviews Cancer. 2006; 6: 947-960. https://doi.
org/10.1038/nrc2015

Xu J, Ye Y, Huang F, Chen H, Wu H, et al. Association between dioxin
and cancer incidence and mortality: A meta-analysis. Sci Rep.
2016; 6: 38012. https://doi.org/10.1038/srep38012

Xie G, Peng Z, Raufman JP. Src-mediated aryl hydrocarbon and epi-
dermal growth factor receptor cross talk stimulates colon cancer
cell proliferation. Am J Physiol Gastrointest Liver Physiol. 2012;
302(9): G1006-1015. https://doi.org/10.1152/ajpgi.00427.2011

Piver WT. Organotin compounds: Industrial applications and bio-
logical investigation. Environ Health Perspect. 1973; 4: 61-79.
https://doi.org/10.1289/ehp.730461

Appel KE. Organotin compounds: Toxicokinetic aspects. Drug Me-
tab Rev. 2004; 36(3-4): 763-786. https://doi.org/10.1081/dmr-
200033490

Garcia-Pérez J, Fernandez de Larrea-Baz N, Lope V, Molina AJ,
O’Callaghan-Gordo C, et al. Residential proximity to industrial
pollution sources and colorectal cancer risk: A multicase-control
study (MCC-Spain). Environ Int. 2020; 144: 106055. https://doi.
org/10.1016/j.envint.2020.106055

Lotfi M, Hasanpour AH, Moghadamnia AA, Kazemi S. The Investi-
gation into Neurotoxicity Mechanisms of Nonylphenol: A Narrative
Review. Curr Neuropharmacol. 2021; 19(8): 1345-1353. https://
doi.org/10.2174/1570159x18666201119160347.

Ren L, Marquardt MA, Lech JJ. Estrogenic effects of nonylphenol
on pS2, ER and MUC1 gene expression in human breast cancer
cells-MCF-7. Chem Biol Interact. 1997; 104(1): 55-64. https://doi.
org/10.1016/s0009-2797(97)03767-8.

Xie M, Liang, J. L., Huang, H. D., Wang, M. J.,, Zhang, T., & Yang,
X. F. (2019). Low Doses of Nonylphenol Promote Growth of Co-
lon Cancer Cells through Activation of ERK1/2 via G Protein—Cou-
pled Receptor 30. Cancer Res Treat, 51(4), 1620-1631. https://doi.
org/10.4143/crt.2018.340.

Yang X, Huang H, Wang M, Zheng X, Xu J, et al. Effect of nonyl-
phenol on the regulation of cell growth in colorectal cancer cells.
Mol Med Rep. 2017; 16(2): 2211-2216. https://doi.org/10.3892/
mmr.2017.6817.

Zhang, N. J., Zhang, Y., Yin, S., Ruan, D. J., He, N., Chen, X., & Yang,
X. F. (2022). Nonylphenol Promoted Epithelial-Mesenchymal Tran-
sition in Colorectal Cancer Cells by Upregulating the Expression of
Regulator of Cell Cycle. Chem Res Toxicol. 2022; 35(9), 1533-1540.

www.journalononcology.org



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

https://doi.org/10.1021/acs.chemrestox.2c00180

Lee WJ, Sandler DP, Blair A, Samanic C, Cross AJ, et al. Pesticide
use and colorectal cancer risk in the Agricultural Health Study. Int J
Cancer. 2007; 121(2): 339-346. https://doi.org/10.1002/ijc.22635

Suriyo T, Tachachartvanich P, Visitnonthachai D, Watcharasit P,
Satayavivad J. Chlorpyrifos promotes colorectal adenocarcinoma
H508 cell growth through the activation of EGFR/ERK1/2 signaling
pathway but not cholinergic pathway [Article]. Toxicology. 2015;
338:117-129. https://doi.org/10.1016/j.tox.2015.10.009

Matich EK, Laryea JA, Seely KA, Stahr S, Su LJ, et al. Association
between pesticide exposure and colorectal cancer risk and inci-
dence: A systematic review. Ecotoxicol Environ Saf. 2021; 219:
112327. https://doi.org/10.1016/j.ecoenv.2021.112327

USEPA. Alachlor Fact Sheet. 1998. https://www3.epa.gov/pesti-
cides/chem_search/reg_actions/reregistration/fs_PC-090501_1-
Dec-98.pdf

Leet T, AcquavellaJ, Lynch C, Anne M, Weiss NS, Vaughan T, Checko-
way H. Cancer incidence among alachlor manufacturing workers.
Am J Ind Med. 1996; 30(3): 300-306. https://doi.org/10.1002/
(sici)1097-0274(199609)30:3<300::Aid-ajim8>3.0.Co;2-1

Singh L, Varshney JG, Agarwal T. Polycyclic aromatic hydrocarbons’
formation and occurrence in processed food. Food Chem. 2016;
199: 768-781. https://doi.org/10.1016/j.foodchem.2015.12.074

Jia C, Batterman S. A critical review of naphthalene sources and
exposures relevant to indoor and outdoor air. Int J Environ Res
Public Health. 2010; 7(7): 2903-2939. https://doi.org/10.3390/
ijerph7072903

Agency, USEP. What are volatile organic compounds (VOCs)?.
2023. https://www.epa.gov/indoor-air-quality-iag/what-are-
volatile-organic-compounds-vocs#:~:text=Air%20Quality%20
(IAQ),What%20are%20volatile%200rganic%20compounds%20
(VOCs)%3F,paints%2C%20pharmaceuticals%2C%20and%20refri-
gerants.

Health MD. Volatile Organic Compounds in Your Home. 2022.
https://www.health.state.mn.us/communities/environment/air/
toxins/voc.htm

Information, NCfB. PubChem Compound Summary for CID 11,
1,2-Dichloroethane. 2023. https://pubchem.ncbi.nlm.nih.gov/
compound/1_2-Dichloroethane

Isacson P, Bean JA, Splinter R, Olson DB, Kohler J. Drinking water
and cancer incidence in lowa. Ill. Association of cancer with indices
of contamination. Am J Epidemiol. 1985; 121(6): 856-869. https://
doi.org/10.1093/oxfordjournals.aje.a114056

Villanueva CM, Espinosa A, Gracia-Lavedan E, Vlaanderen J, Ver-
meulen R, et al. Exposure to widespread drinking water chemicals,
blood inflammation markers, and colorectal cancer. Environ Int.
2021; 157: 106873. https://doi.org/10.1016/j.envint.2021.106873

Health NIfOSa. Tetrachloroethylene (Perchloroethy-
lene). 20109. https://www.cdc.gov/niosh/topics/tetra-
chloro/default.html#:~:text=Tetrachloroethylene%20
(CI%E2%82%82C%3DCCI%E2%82%82)%20is,is%20a%20poten-
tial%200occupational%20carcinogen.

Paulu, C, Aschengrau A, Ozonoff D. Tetrachloroethylene-conta-
minated drinking water in Massachusetts and the risk of colon-
rectum, lung, and other cancers. Environ Health Perspect. 1999;
107(4): 265-271. https://doi.org/10.1289/ehp.99107265

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Institute NC. Trichloroethylene (TCE). 2022. https://www.cancer.
gov/about-cancer/causes-prevention/risk/substances/trichlo-
roethylene

Pelland-St-Pierre L, Verner MA, Ho V. OCCUPATIONAL EXPOSURE
TO ENDOCRINE DISRUPTORS AND COLORECTAL CANCER RISK IN
TWO CANADIAN COHORTS [Conference Abstract]. Occupational
and Environmental Medicine. 2023; 80: A81-A82. https://doi.
org/10.1136/0EM-2023-EPICOH.200

Tsao C, Song H, Bartha R. Metabolism of benzene, toluene, and
xylene hydrocarbons in soil. Appl Environ Microbiol. 1998; 64(12):
4924-4929. https://doi.org/10.1128/aem.64.12.4924-4929.

Talibov M, Sormunen J, Hansen J, Kjaerheim K, Martinsen JI, et
al. Benzene exposure at workplace and risk of colorectal cancer
in four Nordic countries. Cancer Epidemiol. 2018; 55: 156-161.
https://doi.org/10.1016/j.canep.2018.06.011

Gérin M, Siemiatycki J, Désy M, Krewski D. Associations between
several sites of cancer and occupational exposure to benzene,
toluene, xylene, and styrene: Results of a case-control study
in Montreal [Article]. American Journal of Industrial Medicine.
1998; 34(2): 144-156. https://doi.org/10.1002/(SICI)1097-
0274(199808)34:2<144::AID-AJIM7>3.0.C0O;2-X

Humans IWGotEoCRt. A review of human carcinogens. Arsenic,
metals, fibres, and dusts. International Agency for Research on
Cancer. Distributed by WHO Press. 2012. http://monographs.iarc.
fr/ENG/Monographs/vol100C/index.php  http://www.ncbi.nlm.
nih.gov/books/NBK304375

Johnson N, Shelton BJ, Hopenhayn C, Tucker TT, Unrine JM, et
al. Concentrations of arsenic, chromium, and nickel in toenail
samples from Appalachian Kentucky residents. J Environ Pathol
Toxicol Oncol. 2011; 30(3): 213-223. https://doi.org/10.1615/jen-
vironpatholtoxicoloncol.v30.i3.40

Mahmood MHR, Qayyum MA, Yaseen F, Farooq T, Farooq Z, et al.
Multivariate Investigation of Toxic and Essential Metals in the Se-
rum from Various Types and Stages of Colorectal Cancer Patients
[Article]. Biological Trace Element Research. 2022; 200(1): 31-48.
https://doi.org/10.1007/s12011-021-02632-2

EPA US. Integrated Risk Information System (IRIS) on Arsenic. Na-
tional Center for Environmental Assessment, Office of Research
and Development, Washington, DC. 1998.

CDC. Arsenic Factsheet. 2017. https://www.cdc.gov/biomonito-
ring/Arsenic_FactSheet.html#print

United States. Agency for Toxic S, Disease R. Toxicological profile
for arsenic. U.S. Dept. of Health and Human Services, Public Health
Service, Agency for Toxic Substances and Disease Registry. 2007.
http://books.google.com/books?id=bNEbUuvh1d4C http://cata-
log.hathitrust.org/api/volumes/oclc/191092261.html; http://purl.
fdlp.gov/GPO/gpo31622; http://www.atsdr.cdc.gov/ToxProfiles/
tp2.pdf; https://purl.fdlp.gov/GPO/gpo31622

Gunduz O, Bakar C, Simsek C, Baba A, Elci A, et al. Statistical Ana-
lysis of Causes of Death (2005-2010) in Villages of Simav Plain,
Turkey, with High Arsenic Levels in Drinking Water Supplies [Ar-
ticle]. Archives of Environmental and Occupational Health. 2015;
70(1): 35-46. https://doi.org/10.1080/19338244.2013.872076

International Agency for Research on Cancer. Cadmium and cad-
mium compounds. Lyon: International Agency for Research on
Cancer. 1993.

www.journalononcology.org



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Joseph P. Mechanisms of cadmium carcinogenesis. Toxicology and
Applied Pharmacology. 2009; 238(3). https://doi.org/10.1016/j.
taap.2009.01.011

Achanzar WE, Diwan BA, Liu J, Quader ST, Webber MM, et al. Cad-
mium-induced malignant transformation of human prostate epi-
thelial cells. Cancer Research. 2011; 61(2): 455-458. http://echo.
louisville.edu/login?url=https://search.ebscohost.com/login.aspx
?direct=true&db=cmedm&AN=11212230&site=eds-live

Chen P, Duan X, Li M, Huang C, Li J, et al. Systematic network as-
sessment of the carcinogenic activities of cadmium [Article]. Toxi-
cology and Applied Pharmacology. 2016; 310: 150-158. https://
doi.org/10.1016/j.taap.2016.09.006

Lutzen A, Liberti SE, Rasmussen LJ. Cadmium inhibits human
DNA mismatch repair in vivo. BIOCHEMICAL AND BIOPHYSICAL
RESEARCH COMMUNICATIONS. 2004; 321(1): 21-25. https://doi.
org/10.1016/j.bbrc.2004.06.102

Hopkins J. IARC Monographs on the evaluation of carcinoge-
nic risks to humans: Volume 49. Chromium, nickel and welding.
Food and Chemical Toxicology. 1991; 29(9): 647-648. https://doi.
org/10.1016/0278-6915(91)90150-6 .

Wang X, Mandal AK, Saito H, Pulliam JF, Lee EY, et al. Arsenic and
chromium in drinking water promote tumorigenesis in a mouse co-
litis-associated colorectal cancer model and the potential mecha-
nism is ROS-mediated Wnt/B-catenin signaling pathway. Toxicol
Appl Pharmacol. 2012; 262(1): 11-21. https://doi.org/10.1016/j.
taap.2012.04.014

Zhang Z, Cao H, Song N, Zhang L, Cao Y, et al. Long-term hexava-
lent chromium exposure facilitates colorectal cancer in mice asso-
ciated with changes in gut microbiota composition [Article]. Food
and Chemical Toxicology. 2020; 138. https://doi.org/10.1016/j.
fct.2020.111237

Linder MC, Hazegh-Azam M. Copper biochemistry and molecular
biology. The American journal of clinical nutrition. 1996; 63(5):
797S-811S.

Cabral M, Kuxhaus O, Eichelmann F, Kopp JF, Alker W, et al. Trace
element profile and incidence of type 2 diabetes, cardiovascular
disease and colorectal cancer: Results from the EPIC-Potsdam
cohort study. Eur J Nutr. 2021; 60(6): 3267-3278. https://doi.
org/10.1007/s00394-021-02494-3

Baszuk P, Marciniak W, Derkacz R, Jakubowska A, Cybulski C, et al.
Blood Copper Levels and the Occurrence of Colorectal Cancer in
Poland. Biomedicines. 2021; 9(11). https://doi.org/10.3390/bio-
medicines9111628

Castiglioni S, Maier JAM. Magnesium and cancer: a dangerous
liason. Magnesium research. 2011; 24(3): 92-100. https://doi.
org/10.1684/mrh.2011.0285

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Rinaldi L, Barabino G, Klein JP, Bitounis D, Pourchez J, et al. Metals
distribution in colorectal biopsies: New insight on the elemental
fingerprint of tumour tissue. Dig Liver Dis. 2015; 47(7): 602-607.
https://doi.org/10.1016/j.dld.2015.03.016 .

Klimczak M, Dziki A, Kilanowicz A, Sapota A, Duda-Szymanska J,
et al. Concentrations of cadmium and selected essential elements
in malignant large intestine tissue. Prz Gastroenterol. 2016; 11(1):
24-29. https://doi.org/10.5114/pg.2015.52563 .

Ebert EC. Mechanisms of colon cancer binding to substratum and
cells. Dig Dis Sci. 1996; 41(8): 1551-1556. https://doi.org/10.1007/
bf02087899

Spangler JG, Reid JC. Environmental manganese and cancer mor-
tality rates by county in North Carolina: An ecological study. Biol
Trace Elem Res. 2010; 133(2): 128-135. https://doi.org/10.1007/
s12011-009-8415-9

Milde D, Novak O, Stu ka V, Vyslou il K, Macha ek J. Serum levels
of selenium, manganese, copper, and iron in colorectal cancer
patients. Biol Trace Elem Res. 2001; 79(2): 107-114. https://doi.
org/10.1385/bter:79:2:107

Charkiewicz AE, Backstrand JR. Lead Toxicity and Pollution in Po-
land. Int J Environ Res Public Health. 2020; 17(12). https://doi.
org/10.3390/ijerph17124385

Silbergeld EK, Waalkes M, Rice JM. Lead as a carcinogen: ex-
perimental evidence and mechanisms of action. Am J Ind
Med. 2000; 38(3): 316-323. https://doi.org/10.1002/1097-
0274(200009)38:3<316::aid-ajim11>3.0.co;2-p

Lin X, Peng L, Xu X, Chen Y, Zhang Y, et al. Connecting gastrointes-
tinal cancer risk to cadmium and lead exposure in the Chaoshan
population of Southeast China. Environ Sci Pollut Res Int. 2018;
25(18): 17611-17619. https://doi.org/10.1007/s11356-018-1914-
5

Sundar S, Chakravarty J. Antimony toxicity. Int J Environ Res Pu-
blic Health. 2010; 7(12): 4267-4277. https://doi.org/10.3390/
ijerph7124267

Information NCfB. PubChem Compound Summary for CID
5354495, Antimony. 2023b. https://pubchem.ncbi.nlm.nih.gov/
compound/Antimony

Wingren G, Axelson O. Epidemiologic studies of occupational can-
cer as related to complex mixtures of trace elements in the art
glass industry. Scand J Work Environ Health. 1993; 19: 95-100.

Wingren G, Axelson O. Mortality in the Swedish glassworks indus-
try. Scand J Work Environ Health. 1987; 13(5): 412-416. https://
doi.org/10.5271/sjweh.2019

www.journalononcology.org

10



