
1.  Introduction
Humanity has altered the planet in multiple ways. Global warming; biodiversity loss; and pollution of land, water, 
and air are just a few of the myriad human-caused environmental problems (T. A. Burke et al., 2017). However, 
these problems have also had an impact on humanity itself, including an increase in health problems related to 
poor environmental and earth conditions (Martin et  al.,  2009). Environmental pollutants are compounds that 
have been released into the ecosystem and can pose a serious threat to the well-being of living things. These 
compounds have been suggested to be responsible for approximately 9 million deaths per year, which corre-
spond to 16% of all deaths worldwide. Indeed, three times more deaths than AIDS, tuberculosis, and malaria 
combined (Landrigan et al., 2018). Because of the notable adverse effects in different areas of our lives, it has 
been suggested that pollution research has not received enough attention by international development and global 
health programs, and that the effects of environmental pollutants on health are underestimated in the calculations 
of the global burden of disease (Landrigan et al., 2019). Furthermore, joint exposure to various environmental 
pollutants is almost always overlooked in the regulatory framework and a harmonized and consistent approach to 
conducting mixture risk assessments and management is lacking (Bopp et al., 2018).

Abstract  There is a growing awareness that the large number of environmental pollutants we are exposed 
to on a daily basis are causing major health problems. Compared to traditional studies that focus on individual 
pollutants, there are relatively few studies on how pollutants mixtures interact. Several studies have reported 
a relationship between environmental pollutants and the development of cancer, even when pollutant levels 
are below toxicity reference values. The possibility of synergistic interactions between different pollutants 
could explain how even low concentrations can cause major health problems. These intricate that molecular 
interactions can occur through a wide variety of mechanisms, and our understanding of the physiological 
effects of mixtures is still limited. The purpose of this paper is to discuss recent reports that address possible 
synergistic interactions between different types of environmental pollutants that could promote cancer 
development. Our literature studies suggest that key biological pathways are frequently implicated in such 
processes. These include increased production of reactive oxygen species, activation by cytochrome P450, and 
aryl hydrocarbon receptor signaling, among others. We discuss the need to understand individual pathological 
vulnerability not only in relation to basic genetics and gene expression, but also in terms of measurable 
exposure to contaminants. We also mention the need for significant improvements in future studies using a 
multitude of disciplines, such as the development of high-throughput study models, better tools for quantifying 
pollutants in cancer patients, innovative pharmacological and toxicological studies, and high-efficiency 
computer analysis, which allow us to analyze the molecular mechanisms of mixtures.

Plain Language Summary  In general, every day we are exposed to many pollutants at the same 
time, and each pollutant can interact with others in different ways. Notably, two or more pollutants can interact 
and enhance their effects through a phenomenon called synergy and this would explain why, even at low 
concentrations, pollutants can have important health effects. Several studies have reported a link between 
environmental pollutants and cancer. Thus, our review of the literature suggests that synergy phenomena 
between pollutants can alter key points in cells and facilitate cancer development. Similarly, we mention the 
complications and needs to assess these complex interactions in subsequent studies.
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Since environmental pollutants are in principle ubiquitous and many of them are quite resistant to degradation, 
we are exposed to numerous on a daily basis. These include atmospheric air, plastic food and beverage containers, 
cosmetics, sunscreens, perfumes, cleaning products, and garden products that may contain pollutants or be pollut-
ants themselves. Furthermore, geogenic pollutants (elements and their species occurring naturally in geogenic 
sources, such as rocks, minerals, and toxic metals) have a strong, often underestimated and permanent influence 
(Bundschuh et al., 2017). Pollutants can enter our body by different routes, for example, by ingestion, inhalation, 
or absorption (Iqubal et al., 2020). A growing body of epidemiological evidence as well as a better understanding 
of the mechanisms that link toxic substances to disease development suggests that exposure to some environmen-
tal pollutants may lead to an increased risk cancer development (Goodson et al., 2015; Koual et al., 2020). Several 
studies have raised the role of exposure to low doses of environmental pollutants in cancer initiation as well as 
cancer progression, suggesting that these compounds may promote cancer invasion and metastasis (Goodson 
et al., 2015; Koual et al., 2020; Lagunas-Rangel et al., 2022; Ochieng et al., 2015).

Most environmental pollutants are present only in small amounts in the environment, almost always below thresh-
old values for toxicity and in the form of complex mixtures, where different types of interactions between the 
components can occur (Goodson et al., 2015). Synergy occurs when the interaction between two or more factors 
makes the total effect greater than the sum of the individual effects, while additivity describes a situation in 
which the overall effect caused by a combination of compounds is the sum of the effects of each individual 
agent. In contrast, antagonism occurs between two or more compounds that cause opposite effects and therefore, 
the effect is weaker than that of each individual agent (Geary, 2013; J. Niu et al., 2019; Tang et al., 2015). It is 
important to be aware that pollutant cocktails can arise as premade mixtures that are released from an emitting 
source or as mixtures that are formed when combined in the same environmental compartment although they 
are released from different sources. Furthermore, various pollutants can accumulate and interact in our body 
over time (Boobis et  al.,  2011). Laboratory and epidemiological studies have shown that there are synergies 
between pollutants (Cedergreen, 2014; Goodson et al., 2015; Jatkowska et al., 2021; Kudłak et al., 2019; Oliver 
et al., 2020), and these may occur through a wide variety of mechanisms. For example, two compounds could 
act in the same step or in different steps in the same mechanistic pathway, the presence of one could influence 
the ability to mitigate the action of the other, or the presence of one could influence the available fraction/dose 
of another. These mechanisms are often underestimated and can lead to both a decrease and an increase in the 
summary toxicity of xenobiotic cocktails in exposed organisms. This could explain how pollutants with low or 
minute concentrations can promote the development of various diseases and have devastating effects, including 
death (Lupu et al., 2020; Mauderly & Samet, 2009). Furthermore, as a consequence, there are currently serious 
doubts that compliance with individual environmental quality standards sufficiently protects against the toxicity 
of mixtures, and an increasing number of contaminants requires prioritization with respect to monitoring and 
evaluation (Brack, 2015).

The synergy between different carcinogenic pollutants is a subject that has few published studies, mainly because 
the effects of mixtures are difficult to investigate for several reasons. The shared number of contaminants in 
different sources and the exponential number of different combinations that need to be tested are enormous. 
Furthermore, this problem is compounded by the fact that synergistic or antagonistic effects can be dose depend-
ent and vary widely within different experimental organisms and systems.

2.  Aims and Methods
The overall aim of this article is to present those mixtures of environmental pollutants that have shown carcino-
genic synergy as well as to try to identify and explain how these interactions occur and the pathways and molecu-
lar mechanisms associated with enhancing their effects. This review is based on evidence collected by performing 
a PubMed query using the words “cancer AND pollutants AND synergy” as search terms. The search strategy 
was implemented by manually searching the references reported by the most relevant studies on this topic.

3.  Mechanisms Linked to Carcinogenesis by Environmental Pollutants
Several studies have shown that environmental pollutants affect cancer development and progression and these 
have been featured in various reviews (Boffetta, 2006; Brody et al., 2007; Koual et al., 2020; Lagunas-Rangel 
et  al.,  2022; Wahlang,  2018). For example, some environmental pollutants can promote sustained growth by 
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affecting the cell cycle or prevent apoptosis by avoiding activation of the intrinsic and/or extrinsic pathways. 
Other pollutants have been shown to promote angiogenesis by facilitating the secretion of factors, such as vascu-
lar endothelial growth factor, fibroblast growth factor, and tumor necrosis factor-alpha (TNF-α); while others 
activate invasion and metastasis by stimulating epithelial-to-mesenchymal transition (EMT) and metalloprotease 
secretion as well as promote genomic instability and chronic inflammation (Boffetta, 2006; Koual et al., 2020; 
Santibáñez-Andrade et al., 2019).

It is noteworthy that urban air contains a mixture of multiple pollutants that are responsible for nearly 30% of 
lung cancer that develops each year (Santibáñez-Andrade et al., 2019). Microplastics and their components, such 
as bisphenol A (BPA) analogs and phthalates, can pose a high risk of different diseases, including cancer, by 
acting directly on other compounds and allowing their accumulation in the body (Rajmohan et al., 2019; Sharma 
et al., 2020). Meanwhile, the dietary intake of persistent organic pollutants (POPs) has been linked to obesity and 
the development of breast cancer (Crouse et al., 2010). Also, among POPs, there is a large group of highly potent 
xenobiotics, known as endocrine disrupting compounds, which can induce and accelerate the development of 
hormone-dependent cancers (Lecomte et al., 2017; Wahlang, 2018). Furthermore, heavy metals can also increase 
the probability of developing cancer through different mechanisms, including increased reactive oxygen species 
(ROS) generation, inducing DNA breaks and disabling its repair, as well as modifying cellular structure and 
microenvironment (W. Yuan et al., 2016).

Based on these foundations, we conducted an extensive literature search looking for articles that use the word 
synergy in the context of environmental pollution and cancer. A list of relevant articles is found in Table 1. The 
identification of mechanisms suggested in these articles frequently mentions three important general systems 
related to ROS, metabolism by cytochrome P450, and aryl hydrocarbon receptor (AhR) signaling. Below, we 
present a more detailed description of these mechanisms and how they relate to cancer development in order to 
provide an introduction to the next section that addresses the carcinogenic synergy of environmental pollutants.

3.1.  Overproduction of Reactive Oxygen Species (ROS)

Reactive oxygen species (ROS) are formed as cellular by-products of normal aerobic oxygen metabolism in 
mitochondria, endoplasmic reticulum (ER), and peroxisomes by enzymatic (NADPH oxidases (NOXs), endothe-
lial nitric oxide synthase, xanthine oxidase, arachidonic acid, lipoxygenase, enzymes of cytochrome P450, and 
cyclooxygenase), and/or nonenzymatic (mitochondrial respiratory chain) mechanisms. In normal cells, ROS are 
present at low and stationary levels and play an important role in cell signaling and homeostasis. During various 
pathological processes, including cardiovascular, neurological, diabetes, and cancer, ROS levels increase (Kirto-
nia et al., 2020; Lagunas-Rangel, 2020). At high concentrations, ROS readily react with proteins, lipids, carbo-
hydrates, and nucleic acids, causing irreversible functional alterations or even complete destruction. Because of 
this, cells developed sophisticated strategies to keep ROS concentrations under tight control, and these include 
antioxidant enzymes (superoxide dismutase (SOD), catalase (CAT), glutathione peroxidases (GPxs), peroxire-
doxins, and thioredoxins) and antioxidant scavengers (ascorbate, glutathione (GSH), tocopherol, flavonoids, 
alkaloids, and carotenoids; Brieger et al., 2012). However, natural antioxidant defenses are not always sufficient 
to maintain proper ROS balance. Exposure to environmental pollutants, mainly xenoestrogens, pesticides, and 
heavy metals, can cause the overproduction of ROS within cells and their subsequent intercellular transport 
(Al-Gubory, 2014). The deregulation of ROS balance contributes to the formation of tumors through the acti-
vation of several oncogenic signaling pathways, DNA mutations, promoting immunological escape and a tumor 
microenvironment, metastasis, angiogenesis, and telomere extension (Rodic & Vincent, 2018). It is known that 
environmental pollutants can induce a greater production of ROS either by producing them directly, by increasing 
oxidative metabolism, by damaging the mitochondrial structure, or by promoting an inflammatory environment 
(Figure 1). They can also interfere with antioxidant mechanisms by preventing the expression or activity of the 
enzymes involved, by consuming the reserves of these enzymes, or by interfering with the metabolic pathways 
involved in the production of antioxidant scavengers (Al-Gubory, 2014; Drzeżdżon et al., 2018).

3.2.  Chemical Activation by Cytochrome P450

Cytochrome P450 is a large and diverse superfamily of hemeproteins that generally participate in the terminal 
reactions of the electron transfer chain. Cytochrome P450 enzymes have been extensively studied due to their 
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Mixtures of environmental pollutants that exhibit 
synergy

Factors associated with synergy mechanisms

ReferencesROS
Cytochrome 

P450 AhR
GSH 
levels

Mitochondrial 
depolarization

Lipid 
peroxidation

p53 
mutations

Anti-
apoptotic 

factors

Asbestos and cigarette smoke X X X X X. Wang 
et al. (1995)

Kamp 
et al. (1998)

Jung et al. (2000)

POPs mixtures POPs X X X X X X Rainey 
et al. (2017)

Hansen 
et al. (2019)

POPs and AOM X X X X Hansen 
et al. (2019)

TMA and its metabolites X X X X Qiu et al. (2021)

Microplastics and 
heavy metals

PP and cadmium X X Zhou et al. (2020)

PS nanoplastics and gold 
ions

X X Lee et al. (2019)

PS, NOM, and copper X Qiao et al. (2019)

HANs X X X X Lu et al. (2018)

C. G. Park 
et al. (2021)

BaP and PAHs Arsenic and BaP X X Z. Wang 
et al. (2020)

BaP and UVA radiation X X X K. E. Burke and 
Wei (2009)

Xia et al. (2015)

PAHs and HPV X X C. Zhang 
et al. (2019)

BPA mixtures BPA and PS X X Q. Wang 
et al. (2020)

BPA and 4-CP X X. Wang 
et al. (2020)

Nanoplastics and 
organochlorides

TMDC nanosheets and 
organochlorides

X X P. Yuan 
et al. (2020)

Aflatoxins and other 
fungal toxins

Aflatoxins and hepatitis 
virus

X X Henry 
et al. (2002)

Zhao et al. (2021)

Y. Niu 
et al. (2021)

Alternaria alternata 
toxins

X X Hohenbichler 
et al. (2020)

Note. Apparently, ROS overproduction and metabolism by cytochrome P450 are the mechanisms most involved in mediating carcinogenic synergies between the 
environmental pollutants described. Note that this table takes only the factors mentioned in the articles although probably many more factors are relevant in the 
synergy. ROS, Reactive oxygen species; GSH, Glutathione; AhR, Aryl hydrocarbon receptor; POPs, Persistent organic pollutants; AOM, Azoxymethane; TMA, 
Trimethylamine; PP, Polypropylene; HANs, Haloacetonitriles; PAHs, Polycyclic aromatic hydrocarbons; BaP, Benzo(a)pyrene; UVA, Ultraviolet A; BPA, Bisphenol A; 
4-CP, 4-cumylphenol; TMDC, Transition-metal dichalcogenide; HPV, Human papillomavirus; PS, Polystyrene; NOM, Natural organic matter.

Table 1 
Mixtures of Environmental Pollutants That Have Been Described Presenting Synergistic Carcinogenic Effects and Different Factors That Were Important in the 
Synergy Mechanisms
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prominent role in the elimination of drugs (Goodsell, 2001; Nebert & Dalton, 2006; Wahlang et al., 2015). These 
enzymes play a fundamental role in the oxidative phase of metabolism (phase I) of both endogenous and exoge-
nous substances (Mittal et al., 2015). Some environmental pollutants are strongly hydrophobic in their intrinsic 
nature and to make them more hydrophilic and easier to remove from the body, they become substrates for some 
isoforms of P450 (CYP1A1, CYP1A2, CYP1B1, CYP2A6, CYP2A13, CYP2E1, and CYP3A4). Therefore, 
these compounds are oxidized and some of them can become carcinogens or more powerful carcinogens than the 
parent compounds (Figure 2) as is the case with many polycyclic aromatic hydrocarbons (PAHs) and some persis-
tent organic pollutants (POPs; Croom, 2012). These carcinogenic compounds can bind to DNA forming adducts 
that subsequently generate DNA breaks and mutations. They can also can cause an increase in ROS or inactivate 
proteins that prevent carcinogenesis, such as p53 and Rb (Alzahrani & Rajendran, 2020).

3.3.  Activation of Aryl Hydrocarbon Receptor (AhR) Signaling

AhR is a ligand-activated transcription factor that influences the expression of a myriad of genes involved in a 
wide variety of biochemical pathways, including energy metabolism, lipid and cholesterol synthesis, xenobi-
otic metabolism, and various transport pathways (Paris et al., 2021). Overall, AhR remains in the cytoplasm in 
complex with HSP90, AhR-interacting protein (AIP), p23, and Src40, but once it interacts with any of its ligands, 
AhR dissociates from an AIP/Src40 complex and moves to the nucleus, where it then dissociates from HSP90 and 
p23. Once free in the nucleus, AhR dimerizes with Aryl Hydrocarbon Receptor Nuclear Translocator (ARNT) 
and binds to its consensus aryl hydrocarbon response element. Different sets of genes are activated by different 
AhR ligands, but they include several cytochrome P450 enzymes, factors that regulate the expression of antioxi-
dant proteins, and cytokines that stimulate cell survival and proliferation, among other direct and indirect factors 
(Murray et  al.,  2014). Several environmental pollutants and their metabolites exhibit a high affinity to AhR, 
mainly represented by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), while others have a medium or low affinity, 
and some others can indirectly activate this signaling pathway (Figure 3). Regardless of this, chronic activation 

Figure 1.  Overproduction of reactive oxygen species (ROS) and effects on antioxidant mechanisms by environmental pollutants. Environmental pollutants such as 
xenoestrogens, pesticides, and heavy metals can cause ROS overproduction both directly and by increasing oxidative metabolism. They can also prevent the expression 
or activity of antioxidant enzymes and affect the pathways involved in the production of antioxidant scavengers. Meanwhile, some mixtures of pollutants, such as 
asbestos and cigarette smoke, propylene and cadmium, and nanoplastics and gold ions can interact in such a way that their effects are potentiated, producing more ROS 
than with individual pollutants. These ROS subsequently cause damage to biomolecules and organelles as well as promote an inflammatory environment, all of these 
facilitating the development of cancer.
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Figure 2.  Activation of environmental pollutants by cytochrome P450. By passing through cytochrome P450, environmental pollutants, such as polycyclic aromatic 
hydrocarbons and persistent organic pollutants (POPs), can become carcinogens or enhance these properties. Now, with mixtures of pollutants, such as TMA and its 
metabolites, which cross and interact in cytochrome, it is possible to generate more reactive oxygen species (ROS) and consequently more mutations and conditions 
for the development of cancer. Also, mixtures of pollutants, such as POPs and AOM, can act in two steps, the first to generate ROS that damage DNA, membranes and 
proteins and the second to promote the production of 6-O methylguanine that later generates DNA breaks.

Figure 3.  Activation of aryl hydrocarbon receptor (AhR) signaling by environmental pollutants. Environmental pollutants such as the pesticide TCDD can cross the 
membrane and bind to AhR in the cytoplasm, causing this protein to translocate to the nucleus and dimerize with ARNT. The AhR-ARNT dimer binds to its response 
elements and promotes transcription of its target genes that include cytochrome P450 isoenzymes. Mixtures of pollutants such as those with different persistent organic 
pollutants and arsenic and benzo(a)pyrene can cause an overactivation of this metabolic pathway with its consequent stimulation of cell survival and proliferation.
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of AhR signaling has been observed in various types of cancers, such as thyroid, breast, lung, and ovary, where it 
participates in the main stages of carcinogenesis (initiation, promotion, progression, and metastasis). Studies of 
aggressive tumors and tumor cell lines show increased levels of AhR and constitutive localization of this receptor 
in the nucleus (Z. Wang et al., 2020).

4.  Mixtures of Environmental Pollutants That Have Synergistic Carcinogenic Effects
4.1.  Asbestos and Cigarette Smoke

One of the first synergistic interactions described between environmental pollutants was with a mixture of 
asbestos and cigarette smoke, which promotes the development of lung cancer (Kamp et al., 1998; Ngamwong 
et al., 2015; Sekhon et al., 1995; X. Wang et al., 1995). This is a very complex mix since cigarette smoke is esti-
mated to contain more than 3,800 chemicals, and more than half of these are considered toxins or potential carcin-
ogens (IARC, 2004). Meanwhile, asbestos is a geogenic contaminant (from mining), but it can also originate from 
deteriorated, damaged, or altered products, such as insulation, fireproofing, acoustical materials, and floor tiles, 
which release tiny fibers that remain for a long time and are transported through the air (Bundschuh et al., 2017). 
It was discovered that cigarette smoke increases the absorption and retention of asbestos fibers in tracheal epithe-
lial cells (Churg et al., 1990; McFadden et al., 1986), but the mechanisms through which these agents interact to 
promote lung tumorigenesis are still poorly understood. The mixture increases ROS concentrations within the cell 
and at the same time depletes the antioxidant glutathione (GSH; Kamp et al., 1998), resulting in a large number 
of DNA breaks and mutations, including in p53 (Inamura et al., 2014; Jung et al., 2000; X. Wang et al., 1995). 
Likewise, cell proliferation is promoted (Sekhon et al., 1995), innate immune mediators decrease, and impaired 
inflammatory cell recruitment occurs (Morris et al., 2015).

4.2.  Persistent Organic Pollutants (POPs)

POPs, such as 2,3,7,8-Tetrachlorodibenzodioxin (TCDD) or endosulfan, are a group of environmental pollutants 
that are highly resistant to environmental degradation. Therefore, these can accumulate in the environment and 
pass from one species to another through the food chain with potential adverse impacts on human health. One 
study showed that POPs are synergistic with each other, while another study discovered that POPs are syner-
gistic with azoxymethane (AOM), another carcinogenic substance. In both instances, they have been linked to 
an increased risk of colorectal cancer (Hansen et al., 2019; Rainey et al., 2017). The mixture of different POPs 
causes a synergy in the production of ROS, which damages DNA and modifies cell membranes through lipid 
peroxidation. Consequently, mutations occur and the homeostasis of the ER and mitochondria is disturbed, lead-
ing to an increase in intracellular calcium levels, a decrease in ATP, and even more ROS production (Hansen 
et al., 2019; Rainey et al., 2017; Sun et al., 2020). The AhR and Pregnane X receptor (PXR) signaling pathways 
that are activated by TCDD and endosulfan can induce the expression of cytochrome P450 enzymes within cells, 
especially CYP1A and CYP1B1 monooxygenases, which convert these compounds into even more toxic epoxy 
derivatives (Rainey et al., 2017). Epoxy derivatives suppress the activity of p53, requiring a large amount of 
antioxidant enzymes and scavengers for its detoxification, mainly abundant reserves of GSH (Das et al., 2017; 
Pizzorno, 2014). It is also possible that a chronotoxicity also occurs since POPs are circadian disruptors (e.g., 
TCDD; Fader et al., 2019). This chronotoxicity could cause other pollutants to be inadequately removed from the 
body during the day, which is when we are most exposed to pollutants (Tischkau, 2020). In the case of the mixture 
of POPs and AOM, AOM initiates carcinogenesis by promoting the production of 6-O methylguanine in DNA, 
while POPs induce the overproduction of ROS, which also damage DNA and facilitate mutations in key proteins, 
such as KRAS, p53, and APC. Both compounds are metabolized by the cytochrome P450 system and it is thought 
that synergistic effects could originate here (Hansen et al., 2019).

4.3.  Trimethylamine (TMA) and Its Metabolites

TMA is an organic compound that is widely used in industry for the synthesis of choline, tetramethylammo-
nium hydroxide, plant or herbicide growth regulators, strongly basic anion exchange resins, dye-leveling agents, 
and various basic dyes. TMA and its metabolites, dimethylamine (DMA) and methylamine (MA), have shown 
synergistic toxic effects in cells of the respiratory tract that result in decreased cell viability, decreased cell 
activity, mitochondrial dysfunction, ROS production, and glutathione depletion (Chhibber-Goel et al., 2016; Qiu 
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et al., 2021). Furthermore, due to the participation of cytochrome P450 enzymes, TMA can also be oxygenated 
to generate N, N-dimethylformamide (by N-formylation) and N, N'-Bis (2-hydroxyethyl)-1,2-ethanediaminium 
(by hydroxylation), which are more toxic compounds that stimulate extensive overproduction of ROS in the 
cytoplasm and mitochondria, and being more hydrophilic cells absorb them more readily (Qiu et al., 2021). If the 
exposure is through contaminated food, TMA, DMA, and MA are easily converted in the stomach to N-nitrosodi-
methylamine (NDMA) in the presence of sodium nitrite, a food additive commonly used in cured meat and poul-
try products. NDMA is also metabolized by cytochrome P450 enzymes, thereby generating the methyldiazonium 
ion that can generate adducts in DNA and facilitate the appearance of mutations (Chhibber-Goel et al., 2016).

4.4.  Microplastics and Heavy Metals

The omnipresence of microplastics in the environment inevitably leads to animal exposure with eventual conse-
quences to human health. An important aspect of microplastics is that they can adsorb (and emit secondarily due 
to aging degradation) other pollutants, such as heavy metals and hydrophobic organic compounds, causing them 
to accumulate and their concentration in the environment to increase (Prata et al., 2020; H. Zhang et al., 2020). 
A study on the earthworm Eisenia foetida demonstrated synergy between polypropylene and cadmium that was 
caused because polypropylene particles were retained in the body and due to their ability to adsorb metals, they 
can increase the accumulation of cadmium. Both induce oxidative damage in cells and cadmium significantly 
accelerates the adverse effects (Zhou et al., 2020). Likewise, the effect of polystyrene (PS) nanoplastics on the 
toxicity of gold ions has been studied and synergistic patterns were also discovered. Synergistic toxicity appears 
to be related to mitochondrial damage, ROS production, and pro-inflammatory responses (Lee et  al.,  2019). 
Synergy was also found in research studying the combined effects of PS and natural organic matter (NOM) on 
copper toxicity. Apparently, the presence of NOM promoted increased copper adsorption on PS and accumulated 
in the liver and guts of zebrafish. The aggravated toxicity of copper was reflected by an increase in malonalde-
hyde and metallothionein levels with a decrease in superoxide dismutase (SOD) levels and was attributed to an 
inhibition of copper ion transport as well as increased ROS production (Qiao et al., 2019). For all cases, a direct 
relationship was found between the amount of heavy metals that accumulated and the size of the microplastics 
(possibly related to the higher specific surface area of nanoplastics; Lee et al., 2019; Qiao et al., 2019; Zhou 
et al., 2020). These studies only report the effect of a few microplastics on the toxicity of some heavy metals, 
but similar behavior is likely to occur with other metals and that microplastics act as vectors to transport other 
xenobiotics into cells.

4.5.  Haloacetonitriles (HANs)

HANs exist in drinking water exclusively as by-products of disinfection. It is important to note that HANs appear 
to fall into the category of activation-independent carcinogens, so they do not require an activation step in order to 
induce DNA damage (Lipscomb et al., 2009). A study with hepatoma HepG2 cells showed that different HANs, 
such as chloroacetonitrile (CAN), dichloroacetonitrile (DCAN), trichloroacetonitrile (TCAN), bromoacetoni-
trile (BAN), and dibromoacetonitrile (DBAN), act synergistically to stimulate ROS production and consequently 
affect the oxidative state of the cell (Lu et al., 2018). The mechanism behind the synergy is largely unknown, but 
it is attributed, in part, to HAN-associated reactivity, causing them to covalently bind to proteins and DNA in 
various organs and tissues. This may lead to the inhibition of endocrine effects mediated by estrogen receptors 
with other signaling pathways being activated instead (Lipscomb et al., 2009). Coupled with this, Han-induced 
ROS  overproduction increases lipid peroxidation, which causes the cell membrane to become less ordered, allow-
ing for the entry of extracellular ROS, which enhances cytotoxicity (Lu et al., 2018; C. G. Park et al., 2021). 
GSH stores are a crucial protection against HAN toxicity, and we can speculate that GSH depletion contributes 
to the synergistic mechanism between various HANs. This would mean that GSH reserves are depleted faster 
when  synergies occur between HANs. Furthermore, HANs inhibit glutathione S-transferase-mediated conju-
gation although this effect is reversible (Lipscomb et al., 2009; Lu et al., 2018; R. Wang et al., 2020). Notably, 
there is also evidence that HANs have synergistic effects with ROS. This is expected since ROS contribute to 
the formation of reactive intermediates from HANs (Lipscomb et al., 2009; Lu et al., 2018). This is interesting 
because many other xenobiotics also induce ROS production and could have indirect synergistic or additive 
effects with HANs. The synergy between different xenobiotics and HANs has not been adequately studied, but 
it could play a crucial role in the development of different cancers. HANs can inhibit CYP2E1, a member of 
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cytochrome P450, through a covalent interaction with the enzyme and thus may prevent other xenobiotics from 
being metabolized (Lipscomb et al., 2009).

4.6.  Benzo(a)pyrene (BaP) and Other Polycyclic Aromatic Hydrocarbons (PAHs)

PAHs are a class of chemicals found naturally in coal, oil and its by-products, wood, and tobacco and are released 
when they are heated and burned. Several PAHs are known to have adverse health effects and some specific 
PAH mixtures are considered carcinogenic chemicals (Moorthy et al., 2015). HepG2 cells co-treated with BaP 
and other PAHs, such as benzo(b)fluoranthene (BbF), dibenzo(a,h)anthracene (DBA), or indeno[1,2,3-cd]pyrene 
(IP), had synergy in the production of adducts in DNA (Tarantini et  al.,  2011). Likewise, it has been shown 
that a mixture of BaP and oxygenated PAH (oxy-PAH) induces more DNA breaks and thus synergized their 
carcinogenic potential (McCarrick et al., 2019). Meanwhile, arsenic and BaP are among the most common envi-
ronmental carcinogens that cause lung cancer, but they also showed synergy with each other to induce malignant 
transformation of bronchial epithelial cells. The importance of this synergy is due to the fact that BaP is one of the 
most potent carcinogens in cigarette smoke, and arsenic is found in drinking water, so cigarette smokers exposed 
to arsenic could have a higher risk of developing lung cancer. This mixture does not produce a greater amount 
of BaP diol epoxide (BPDE)-DNA adducts than BaP alone, but its components synergize to produce epige-
netic changes. Specifically, the mixture positively regulates the expression of histone-lysine N-methyltransferase 
SUV39H1, since both contaminants activate the AhR. There is an increase in the levels of the repressive marker 
H3K9me2, which hinders the expression of certain genes, including the tumor suppressor SOCS3. SOCS3 inhi-
bition allows an increase in AKT and ERK1/2, signaling that promotes carcinogenesis and inflammation (Z. 
Wang et al., 2020). PAHs, particularly BaP, DBA, IP, and pyrene (PR), have been reported to exert a synergistic 
effect with human papillomavirus (HPV) to promote malignant transformation of cervical cells as well as their 
migration and invasion, especially when there is long-term exposure. The exact mechanism for this is not yet 
determined, but these PAHs are believed to form adducts with DNA that lead to mutations in RAS and p53. Also, 
as PAHs are metabolized by cytochrome P450, the ROS produced in this step increase the number of adducts (C. 
Zhang et al., 2019).

4.7.  Bisphenol A (BPA) Mixtures

BPA is a plasticizer used in the production of important plastics, primarily certain polycarbonates and epoxy 
resins, as well as some polysulfones and certain specialty materials. Because of this, BPA is found in a variety of 
common products that primarily contaminate food and beverages although there are other sources of exposure. 
BPA and 4-cumylphenol (4-CP), in low concentrations, have been reported to synergistically induce prolifera-
tion of the MCF-7 breast cancer cell line. This is because BPA and 4-CP are estrogen-like chemicals and their 
co-exposure at low levels causes the cell cycle to progress more rapidly as well as upregulates the anti-apoptotic 
factors ERα, pS2, and BCL-2 (X. Wang et al., 2020). An in vitro study in Saccharomyces cerevisiae reported 
that BPA, in concentrations similar to those detected environmentally, exhibited synergy to alter the response to 
estrogens when mixed with drugs, such as diclofenac, chloramphenicol, oxytetracycline, and fluoxetine (Kudłak 
et al., 2019). Furthermore, the mixture of BPA, BADGE, and BADGE·2HCl showed toxic synergy in the Microtox 
assay, and it was suggested that this was due to the three compounds having a similar mode of action (Jatkowska 
et al., 2021). Meanwhile, a study looked at the synergistic toxicity of BPA and nanoscale PS in Caco-2 colorectal 
adenocarcinoma cells. It was found that nanoparticles are absorbed more efficiently than microparticles and that 
nanoscale PS has a large surface area for BPA absorption, leading to higher cytotoxicity. This last finding was 
probably the result of increased cellular oxidative stress and mitochondrial depolarization (Q. Wang et al., 2020).

4.8.  Nanoplastics and Organochlorides

Nanoplastics have been reported to cause severe toxicity and cumulative effects in organisms as well as interact 
with organic pollutants and influence their potential adverse effects. Synergistic toxicity has been found between 
transition-metal dichalcogenide nanosheets and some organochlorides, such as triclosan or tris(1,3-dichloro-2-
propyl)-phosphate. Interestingly, this synergy had a greater magnitude at low nanoplastic concentrations and 
decreased with increasing concentrations (P. Yuan et al., 2020). A similar effect was found with nano-sized PS and 
2,2′,5-trichlorobiphenyl, 2,2′,5-polychlorinated biphenyl (PCB-18; Lin et al., 2019). Nanoparticle concentrations 
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in the environment are generally low, which make synergy particularly important. TMDC nanosheets were found 
to clearly enhance the intracellular accumulation of organochlorides because they cause damage to the plasma 
membrane and the cytoskeleton through ROS production and lipid peroxidation, resulting in increased permea-
bility. At the same time, nanosheet. also affected the secondary structure of the exit pumps, mainly the ATP-bind-
ing cassette transporters (ABC), thus blocking the elimination of these compounds and other xenobiotics (P. Yuan 
et al., 2020).

4.9.  Aflatoxins and Other Fungal Toxins

Aflatoxins are toxic chemicals produced by fungi and are present in food and animal feed. Aflatoxin B1 (AFB1) 
shows synergy with hepatitis B (HBV) and C (HCV) viruses (Benkerroum, 2020; Henry et al., 2002). This is 
clearly observed in China, which is a country with a high incidence of chronic foodborne infections due to AFB1 
and HBV as well as a high incidence of liver cancer (Benkerroum, 2020). The synergy has also been illustrated 
by a study investigating the risk of hepatocellular carcinoma associated with AFB1 exposure for hepatitis B- and 
C-positive or -negative individuals. The test group was followed for 8 years and it was established that people 
with high exposure to AFB1 and hepatitis C infection had a much higher risk of developing hepatocellular carci-
noma than people who only tested positive for one of the factors (Chu et al., 2018). Synergy can be explained as 
follows: first, chronic HBV infection sensitizes hepatocytes in the liver to the carcinogenic effects of AFB1. Then, 
HBV interacts with PXR, which is a key regulator of metabolism against xenobiotics, and this leads to increased 
activation of CYP3A4. CYP3A4 adds a reactive epoxide to AFB1, which converts it to mutagenic AFB1-8,9-
epoxide (AFBO; Benkerroum, 2020; Y. Niu et al., 2021; Zhao et al., 2021). AFBO damages DNA by forming an 
aflatoxin B1-N7-guanosine adduct and in many cases causes a transversion of guanine to thymine at codon 249 
of p53, replacing an arginine with a serine (R249S). In this way, p53 stops working properly and consequently, 
there is an uncontrolled cell cycle, which benefits carcinogenesis (Benkerroum, 2020; Goodsell, 2001; Rushing 
& Selim, 2019). It is worth noting that DNA damage increases the integration of viral DNA into cellular DNA, 
which can benefit other viruses in addition to HBV infections. It can be hypothesized that this could lead to addi-
tional synergistic patterns in which other viruses can attack susceptible DNA.

On the other hand, a study noted that Alternaria alternata mold toxins synergistically activate AhR, which affects 
cancer cell proliferation and cell migratory abilities. AhR activation led to dose-dependent induction of CYP1A1 
activity, believed to be important in the mechanisms that explain the increased risk of breast cancer caused by 
Alternaria (Hohenbichler et al., 2020).

5.  Conclusions and Future Perspective
5.1.  Pathways

Our survey of the literature focusing on synergy, environmental pollutants, and cancer (see Table 1) suggests 
that three important mechanisms are frequently involved. This includes: (a) the overproduction of ROS, (b) the 
chemical transformation of pollutants into more reactive and carcinogenic compounds when passing through 
cytochrome P450, and (c) the activation of AhR signaling. While this may not have previously been illustrated in 
this fashion, it is not surprising for several reasons. First of all, cytochrome P450 is probably the most important 
system for drug interaction studies and a very important research area within the field of pharmacogenomics 
(Molenaar-Kuijsten et al., 2021; Nelson et al., 1993; Rao Gajula et al., 2021). ROS signaling is affected by many 
external factors, and the sophisticated mechanisms to keep ROS under control are prone to being affected by 
exogenous compounds targeting different proteins that may act synergistically through this mechanism (Apel 
& Hirt, 2004; Brieger et al., 2012; Rodic & Vincent, 2018). AhR regulates a large number of mechanisms that 
allow different types of molecules to cause interactions (Lagunas-Rangel et al., 2021; Paris et al., 2021). This 
review also highlights several important examples of the interactions of these three systems, further reinforcing 
the suggestion that they could be key targets for future studies within this field.

The synergistic actions we see in this literature are of a different nature considering the type of interactions. We 
see, for example, that two compounds can produce similar effects that are enhanced, as occur with asbestos and 
cigarette smoke, where both induce the overproduction of ROS. Meanwhile, these compounds can also act in a 
complementary way, like POPs and AOMs, where one damages DNA and the other inactivates tumor suppressor 
proteins (Hansen et al., 2019). Another way in which these interactions can occur is that one of them absorbs the 
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other, thereby causing it to accumulate and concentrate as in the case of microplastics that mix with heavy metals 
and organochlorines (Qiao et al., 2019; Zhou et al., 2020). We also see examples where one of the compounds 
can damage cells and make them more vulnerable to the carcinogenic effects of the other, such as aflatoxins and 
the hepatitis virus (Chu et al., 2018).

It is important to understand how synergy and antagonism relate not only to pathways but also to specific proteins 
and protein families. Potential interactions of contaminants with key proteins are important and this relates to 
well-established target drug families, such as kinases (Attwood et al., 2021), G protein-coupled receptors (Hauser 
et al., 2017; Lagerström & Schiöth, 2008; Lagunas-Rangel, 2022), ligand-gated ion channels (Rask-Andersen 
et al., 2011), and other proteins bound to the membrane (Almén et al., 2009). Nonclassical drug targets, such as 
soluble ligands (Attwood et al., 2020; Lagunas-Rangel & Bermúdez-Cruz, 2020), are becoming an important class 
of drug family and there is great interest in transcription factors (Bushweller, 2019; Henley & Koehler, 2021), 
chromatin remodelers (Dawson & Kouzarides, 2012; Lagunas-Rangel, 2019, 2021), among others. Understand-
ing the characteristics of a protein family is important for making predictions of specific points of interactions 
and for prioritization.

5.2.  Methodologies

Although from a historical point of view the methodologies for the general determination of synergies/antag-
onisms between factors have been known for almost a century, we are still in the initial stage of determining 
universal guidelines to estimate whether certain complex xenobiotic cocktails represent a threat (which depends 
on the concentration, the organ, and the exposure time, among others; Wieczerzak et al., 2015). The novel method 
development has been very important and some of the important discoveries relate to the application and devel-
opment of isobolograms (Huang et al., 2019), the fractional product method presented by J. L. Webb (1963), 
the method of Valeriote and Lin (1975), the method of Drewinko et al. (1976), the calculation of the interaction 
index of Berenbaum (1977), the method of Steel and Peckham (1979), the method of median effect of Chou and 
Talalay (1984), the method of Berenbaum (1985) and Bliss (1939) independence response surface approach, the 
method of Prichard and Shipman (1990), nonparametric response surface approaches Facer and Müller (2003), 
the parametric response surface approach models of Greco et al. (1995) and the models of Weinstein et al. (1990). 
Among the studies analyzed, the most used methods to determine synergies between environmental pollutants in 
carcinogenesis are isobolograms, the combination of dose in the scale of effects and concentration addition and 
independent action approaches, all of them based on the concept of dose equivalence.

The main reason we know little about the interactions between many environmental pollutants is that experiments 
to determine such interactions are tedious. The process is often complicated and there is a great need for more 
consistent and high-throughput studies with models that allow analysis on a larger scale. Higher resolution toxi-
cogenomic techniques, such as ToxCast (Toxicity Forecaster) screening assays (Franzosa et al., 2021), liquid chro-
matography tandem mass spectrometry (LC-MS/MS; Dinamarco et al., 2021), and high-throughput sequencing 
(House et al., 2017), are also needed to know what changes occur in the cells after exposure to different polluting 
cocktails. It is important to identify the pollutant mixtures that present synergies, their concentration-dependent 
ranges, and in general any type of interaction to carry out a systematic prioritization. It is also necessary to keep 
updated which are the pollutants and combinations to which we are most exposed and the concentrations that we 
normally find in the environment. There are numerous articles in form of both reviews and original articles that 
provide compilations of information on contaminants, their speciation, content availability, for example, in food 
and water matrices (Agathokleous et al., 2021; Dulio et al., 2020; Kantiani et al., 2010; Loos et al., 2013; Picó 
et al., 2021; Solaun et al., 2021). These reports can be used as an important tool in the candidate preselection stage 
and in the development of improved methodologies to detect synergies/antagonisms.

5.3.  Technologies

This field is complicated by the fact that while many drugs have a well-defined pharmacokinetic profile, there 
is a greater need for more advanced pharmacokinetic studies on many contaminants and their drug interactions 
(Fardel et al., 2012). The possible interaction of cocktails of environmental pollutants with pharmacological treat-
ments, considering the interactions of absorption, metabolism, and elimination and changes in the disposition 
of the coadministered compounds, needs more attention. The development of new computer-aided and artificial 
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intelligence systems (S. Webb, 2018) may allow a larger scale approach to the selection of the test mixture in 
order to reduce the number of actual experimental tests (Chen et al., 2021; Lukashina et al., 2021; Savoca & 
Pace, 2021).

Currently, there are relatively few studies that measure the actual levels of environmental pollutants in patients 
with cancer or any other disease (Arrebola et al., 2016; Lim et al., 2017; E. Y. Park et al., 2020). For this reason, it 
is important to create new, more accessible, and economical tools that allow the levels of different environmental 
pollutants in blood and/or urine to be measured. In this way, these studies could be carried out in a greater number 
of people and with greater frequency, establish which levels of each pollutant or mixture of them become a risk 
factor for the development of diseases, monitor the levels of pollutants, such as chemotherapy and/or advances 
in radiotherapy, and determine if they are related to the prognosis of patients, among many other things. In this 
sense, screening tests based on quantitative immunochromatographic methods could be an option in which pools 
of environmental pollutants, similar to those used for anti-doping tests, could even be managed. In this way, medi-
cal personnel could provide a more personalized treatment, predicting the best options based on the type of cancer 
(or disease), the treatment, and the environmental pollutants to which the patient is exposed.

5.4.  Regulations

Current regulatory practice (Clahsen et al., 2019; Drakvik et al., 2020; Lebret, 2015) is largely based on consid-
ering individual chemicals, while regulation of combined exposure to multiple chemicals is much less developed 
(Drakvik et al., 2020). Not accounting for the effects of combined exposures could lead to an underestimation 
of risk for several different reasons (Kortenkamp & Faust, 2018). In general, regulations have been created to 
limit the concentrations of environmental pollutants below a certain threshold considered safe and without health 
effects. However, there is a need for new regulatory principles that take into account environmental pollutants 
in the form of mixtures that can interact synergistically, thus not requiring high concentrations to cause health 
consequences. As a result of all of the above (Figure 4), improvements are required in regulations related to expo-
sure to environmental pollutants as well as in strategies and technologies to reduce or eliminate their presence.
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Figure 4.  Proposed perspectives in the context of mixtures of environmental pollutants. To make improvements to the 
current regulations, it is necessary to identify those interactions (additive, synergies, and antagonisms) that occur in mixtures 
of environmental pollutants. Being of special interest the synergistic interactions that can cause these compounds, even at 
a low concentration, to have a considerable impact on human health. For which, the use of high-performance tools, such as 
high-resolution toxicogenomics, advanced pharmacokinetic studies, computer and artificial intelligence systems, and more 
accessible and economical tools to measure contaminants in patients, has become a necessity.



GeoHealth

LAGUNAS-RANGEL ET AL.

10.1029/2021GH000552

13 of 17

Data Availability Statement
Data were not used nor created for this research.

References
Agathokleous, E., Iavicoli, I., Barceló, D., & Calabrese, E. J. (2021). Micro/nanoplastics effects on organisms: A review focusing on ‘dose’. 

Journal of Hazardous Materials, 417, 126084. https://doi.org/10.1016/j.jhazmat.2021.126084
Al-Gubory, K. H. (2014). Environmental pollutants and lifestyle factors induce oxidative stress and poor prenatal development. Reproductive 

BioMedicine Online, 29(1), 17–31. https://doi.org/10.1016/j.rbmo.2014.03.002
Almén, M., Nordström, K. J. V., Fredriksson, R., & Schiöth, H. B. (2009). Mapping the human membrane proteome: A majority of 

the human membrane proteins can be classified according to function and evolutionary origin. BMC Biology, 7(1), 50. https://doi.
org/10.1186/1741-7007-7-50

Alzahrani, A. M., & Rajendran, P. (2020). The multifarious link between cytochrome P450s and cancer. Oxidative Medicine and Cellular Longev-
ity, 2020, 1–18. https://doi.org/10.1155/2020/3028387

Apel, K., & Hirt, H. (2004). Reactive oxygen species: Metabolism, oxidative stress, and signal transduction. Annual Review of Plant Biology, 
55(1), 373–399. https://doi.org/10.1146/annurev.arplant.55.031903.141701

Arrebola, J. P., Fernández-Rodríguez, M., Artacho-Cordón, F., Garde, C., Perez-Carrascosa, F., Linares, I., et al. (2016). Associations of persis-
tent organic pollutants in serum and adipose tissue with breast cancer prognostic markers. Science of the Total Environment, 566–567, 41–49. 
https://doi.org/10.1016/j.scitotenv.2016.04.188

Attwood, M. M., Fabbro, D., Sokolov, A. V., Knapp, S., & Schiöth, H. B. (2021). Trends in kinase drug discovery: Targets, indications and inhib-
itor design. Nature Reviews Drug Discovery, 20(11), 839–861. https://doi.org/10.1038/s41573-021-00252-y

Attwood, M. M., Jonsson, J., Rask-Andersen, M., & Schiöth, H. B. (2020). Soluble ligands as drug targets. Nature Reviews Drug Discovery, 
19(10), 695–710. https://doi.org/10.1038/s41573-020-0078-4

Benkerroum, N. (2020). Chronic and acute toxicities of aflatoxins: Mechanisms of action. International Journal of Environmental Research and 
Public Health, 17(2), 423. https://doi.org/10.3390/ijerph17020423

Berenbaum, M. C. (1977). Synergy, additivism and antagonism in immunosuppression. A critical review. Clinical and Experimental Immunol-
ogy, 28(1), 1–18.

Berenbaum, M. C. (1985). The expected effect of a combination of agents: The general solution. Journal of Theoretical Biology, 114(3), 413–431. 
https://doi.org/10.1016/S0022-5193(85)80176-4

Bliss, C. I. (1939). The toxicity of poisons applied jointly. Annals of Applied Biology, 26(3), 585–615. https://doi.org/10.1111/j.1744-7348.1939.
tb06990.x

Boffetta, P. (2006). Human cancer from environmental pollutants: The epidemiological evidence. Mutation Research/Genetic Toxicology and 
Environmental Mutagenesis, 608(2), 157–162. https://doi.org/10.1016/j.mrgentox.2006.02.015

Boobis, A., Budinsky, R., Collie, S., Kevin, C., Embry, M., Felter, S., et al. (2011). Critical analysis of literature on low-dose synergy for use in 
screening chemical mixtures for risk assessment. Critical Reviews in Toxicology, 41(5), 369–383. https://doi.org/10.3109/10408444.2010.54
3655

Bopp, S. K., Barouki, R., Brack, W., Dalla Costa, S., Dorne, J.-L. C. M., Drakvik, P. E., et al. (2018). Current EU research activities on combined 
exposure to multiple chemicals. Environment International, 120, 544–562. https://doi.org/10.1016/j.envint.2018.07.037

Brack, W. (2015). The challenge: Prioritization of emerging pollutants. Environmental Toxicology and Chemistry, 34(10), 2181–2181. https://
doi.org/10.1002/etc.3046

Brieger, K., Schiavone, S., Miller, F. J., Jr., & Krause, K. H. (2012). Reactive oxygen species: From health to disease. Swiss Medical Weekly, 142, 
w13659. https://doi.org/10.4414/smw.2012.13659

Brody, J. G., Moysich, K. B., Humblet, O., Attfield, K. R., Beehler, G. P., & Rudel, R. A. (2007). Environmental pollutants and breast cancer. 
Cancer, 109(S12), 2667–2711. https://doi.org/10.1002/cncr.22655

Bundschuh, J., Maity, J. P., Mushtaq, S., Vithanage, M., Seneweera, S., Schneider, J., et al. (2017). Medical geology in the framework of the 
sustainable development goals. Science of the Total Environment, 581–582, 87–104. https://doi.org/10.1016/j.scitotenv.2016.11.208

Burke, K. E., & Wei, H. (2009). Synergistic damage by UVA radiation and pollutants. Toxicology and Industrial Health, 25(4–5), 219–224. 
https://doi.org/10.1177/0748233709106067

Burke, T. A., Cascio, W. E., Costa, D. L., Deener, K., Fontaine, T. D., Fulk, F. A., et al. (2017). Rethinking environmental protection: Meeting the 
challenges of a changing world. Environmental Health Perspectives, 125(3). https://doi.org/10.1289/EHP1465

Bushweller, J. H. (2019). Targeting transcription factors in cancer — From undruggable to reality. Nature Reviews Cancer, 19(11), 611–624. 
https://doi.org/10.1038/s41568-019-0196-7

Cedergreen, N. (2014). Quantifying synergy: A systematic review of mixture toxicity studies within environmental toxicology. PLoS One, 9(5), 
e96580. https://doi.org/10.1371/journal.pone.0096580

Chen, L., Guo, C., Sun, Z., & Xu, J. (2021). Occurrence, bioaccumulation and toxicological effect of drugs of abuse in aquatic ecosystem: A 
review. Environmental Research, 200, 111362. https://doi.org/10.1016/j.envres.2021.111362

Chhibber-Goel, J., Gaur, A., Singhal, V., Parakh, N., Bhargava, B., & Sharma, A. (2016). The complex metabolism of trimethylamine in humans: 
Endogenous and exogenous sources. Expert Reviews in Molecular Medicine, 18, e8. https://doi.org/10.1017/erm.2016.6

Chou, T.-C., & Talalay, P. (1984). Quantitative analysis of dose-effect relationships: The combined effects of multiple drugs or enzyme inhibitors. 
Advances in Enzyme Regulation, 22, 27–55. https://doi.org/10.1016/0065-2571(84)90007-4

Chu, Y.-J., Yang, H.-I., Wu, H.-C., Lee, M.-H., Liu, J., Wang, L.-Y., et al. (2018). Aflatoxin B1 exposure increases the risk of hepatocellular carci-
noma associated with hepatitis C virus infection or alcohol consumption. European Journal of Cancer, 94, 37–46. https://doi.org/10.1016/j.
ejca.2018.02.010

Churg, A., Hobson, J., & Wright, J. (1990). Effects of cigarette smoke dose and time after smoke exposure on uptake of asbestos fibers by rat 
tracheal epithelial cells. American Journal of Respiratory Cell and Molecular Biology, 3(3), 265–269. https://doi.org/10.1165/ajrcmb/3.3.265

Clahsen, S. C. S., van Kamp, I., Hakkert, B. C., Vermeire, T. G., Piersma, A. H., & Lebret, E. (2019). Why do countries regulate environmental 
health risks differently? A theoretical perspective. Risk Analysis, 39(2), 439–461. https://doi.org/10.1111/risa.13165

Croom, E. (2012). Metabolism of xenobiotics of human environments. Progress in Molecular Biology and Translational Science, 112, 31–88. 
https://doi.org/10.1016/B978-0-12-415813-9.00003-9

Acknowledgments
H. B. Schiöth is supported by the Swedish 
Cancer Foundation and the Novo Nordisk 
Foundation. B. Kudłak is acknowledging 
IDUB “Excellence Initiative-Research 
University” program DEC-1/2020/
IDUB/I.3.2 financial support. The figures 
were done using icons taken from smart.
servier.com.

https://doi.org/10.1016/j.jhazmat.2021.126084
https://doi.org/10.1016/j.rbmo.2014.03.002
https://doi.org/10.1186/1741-7007-7-50
https://doi.org/10.1186/1741-7007-7-50
https://doi.org/10.1155/2020/3028387
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1016/j.scitotenv.2016.04.188
https://doi.org/10.1038/s41573-021-00252-y
https://doi.org/10.1038/s41573-020-0078-4
https://doi.org/10.3390/ijerph17020423
https://doi.org/10.1016/S0022-5193(85)80176-4
https://doi.org/10.1111/j.1744-7348.1939.tb06990.x
https://doi.org/10.1111/j.1744-7348.1939.tb06990.x
https://doi.org/10.1016/j.mrgentox.2006.02.015
https://doi.org/10.3109/10408444.2010.543655
https://doi.org/10.3109/10408444.2010.543655
https://doi.org/10.1016/j.envint.2018.07.037
https://doi.org/10.1002/etc.3046
https://doi.org/10.1002/etc.3046
https://doi.org/10.4414/smw.2012.13659
https://doi.org/10.1002/cncr.22655
https://doi.org/10.1016/j.scitotenv.2016.11.208
https://doi.org/10.1177/0748233709106067
https://doi.org/10.1289/EHP1465
https://doi.org/10.1038/s41568-019-0196-7
https://doi.org/10.1371/journal.pone.0096580
https://doi.org/10.1016/j.envres.2021.111362
https://doi.org/10.1017/erm.2016.6
https://doi.org/10.1016/0065-2571(84)90007-4
https://doi.org/10.1016/j.ejca.2018.02.010
https://doi.org/10.1016/j.ejca.2018.02.010
https://doi.org/10.1165/ajrcmb/3.3.265
https://doi.org/10.1111/risa.13165
https://doi.org/10.1016/B978-0-12-415813-9.00003-9


GeoHealth

LAGUNAS-RANGEL ET AL.

10.1029/2021GH000552

14 of 17

Crouse, D. L., Goldberg, M. S., Ross, N. A., Chen, H., & Labrèche, F. (2010). Postmenopausal breast cancer is associated with exposure to 
traffic-related air pollution in Montreal, Canada: A case–control study. Environmental Health Perspectives, 118(11), 1578–1583. https://doi.
org/10.1289/ehp.1002221

Das, D. N., Kumar Panda, P., Sinha, N., Mukhopadhyay, S., Naik, P. P., & Bhutia, S. K. (2017). DNA damage by 2,3,7,8-tetrachlorodibenzo-p-di-
oxin-induced P53-mediated apoptosis through activation of cytochrome P450/aryl hydrocarbon receptor. Environmental Toxicology and Phar-
macology, 55, 175–185. https://doi.org/10.1016/j.etap.2017.08.012

Dawson, M. A., & Kouzarides, T. (2012). Cancer epigenetics: From mechanism to therapy. Cell, 150(1), 12–27. https://doi.org/10.1016/j.
cell.2012.06.013

Dinamarco, T. M., de Gouvêa, P. F., de Souza Santos, E., & Sousa, L. O. (2021). Toxicogenomic analysis. Methods in Molecular Biology, 2240, 
139–174. https://doi.org/10.1007/978-1-0716-1091-6_12

Drakvik, E., Altenburger, R., Aoki, Y., Backhaus, T., Bahadori, T., Barouki, R., et al. (2020). Statement on advancing the assessment of chem-
ical mixtures and their risks for human health and the environment. Environment International, 134, 105267. https://doi.org/10.1016/j.
envint.2019.105267

Drewinko, B., Loo, T. L., Brown, B., Gottlieb, J. A., & Freireich, E. J. (1976). Combination chemotherapy in vitro with adriamycin. Observations 
of additive, antagonistic, and synergistic effects when used in two-drug combinations on cultured human lymphoma cells. Cancer Biochem-
istry Biophysics, 1(4), 187–195.

Drzeżdżon, J., Jacewicz, D., & Chmurzyński, L. (2018). The impact of environmental contamination on the generation of reactive oxygen and nitro-
gen species – Consequences for plants and humans. Environment International, 119, 133–151. https://doi.org/10.1016/j.envint.2018.06.019

Dulio, V., Jan, K., van Bavel, B., van den Brink, P., Hollender, J., Munthe, J., et  al. (2020). The NORMAN Association and the European 
Partnership for Chemicals Risk Assessment (PARC): Let’s cooperate!. Environmental Sciences Europe, 32(1), 100. https://doi.org/10.1186/
s12302-020-00375-w

Facer, M. R., & Müller, H.-G. (2003). Nonparametric estimation of the location of a maximum in a response surface. Journal of Multivariate 
Analysis, 87(1), 191–217. https://doi.org/10.1016/S0047-259X(03)00030-7

Fader, K. A., Nault, R., Doskey, C. M., Fling, R. R., & Zacharewski, T. R. (2019). 2,3,7,8-Tetrachlorodibenzo-p-dioxin abolishes circadian regu-
lation of hepatic metabolic activity in mice. Scientific Reports, 9(1), 6514. https://doi.org/10.1038/s41598-019-42760-3

Fardel, O., Kolasa, E., & Le Vee, M. (2012). Environmental chemicals as substrates, inhibitors or inducers of drug transporters: Implication for 
toxicokinetics, toxicity and pharmacokinetics. Expert Opinion on Drug Metabolism & Toxicology, 8(1), 29–46. https://doi.org/10.1517/1742
5255.2012.637918

Franzosa, J. A., Bonzo, J. A., Jack, J., Baker, N. C., Kothiya, P., Witek, R. P., et al. (2021). High-throughput toxicogenomic screening of chemicals 
in the environment using metabolically competent hepatic cell cultures. Npj Systems Biology and Applications, 7(1), 7. https://doi.org/10.1038/
s41540-020-00166-2

Geary, N. (2013). Understanding synergy. American Journal of Physiology-Endocrinology and Metabolism, 304(3), E237–E253. https://doi.
org/10.1152/ajpendo.00308.2012

Goodsell, D. S. (2001). The molecular perspective: Cytochrome P450. Stem Cells, 19(3), 263–264. https://doi.org/10.1634/stemcells.19-3-263
Goodson, W. H., Lowe, L., Carpenter, D. O., Gilbertson, M., Manaf Ali, A., Lopez de Cerain Salsamendi, A., et  al. (2015). Assessing the 

carcinogenic potential of low-dose exposures to chemical mixtures in the environment: The challenge ahead. Carcinogenesis, 36(Suppl 1), 
S254–S296. https://doi.org/10.1093/carcin/bgv039

Greco, W. R., Bravo, G., & Parsons, J. C. (1995). The search for synergy: A critical review from a response surface perspective. Pharmacological 
Reviews, 47(2), 331–385.

Hansen, K. E. A., Johanson, S. M., Steppeler, C., Sødring, M., Østby, G. C., Berntsen, H. F., et al. (2019). A mixture of Persistent Organic 
Pollutants (POPs) and Azoxymethane (AOM) show potential synergistic effects on intestinal tumorigenesis in the A/J Min/+ mouse model. 
Chemosphere, 214, 534–542. https://doi.org/10.1016/j.chemosphere.2018.09.126

Hauser, A. S., Attwood, M. M., Rask-Andersen, M., Schiöth, H. B., & Gloriam, D. E. (2017). Trends in GPCR drug discovery: New agents, targets 
and indications. Nature Reviews Drug Discovery, 16(12), 829–842. https://doi.org/10.1038/nrd.2017.178

Henley, M. J., & Koehler, A. N. (2021). Advances in targeting ‘undruggable’ transcription factors with small molecules. Nature Reviews Drug 
Discovery, 20(9), 669–688. https://doi.org/10.1038/s41573-021-00199-0

Henry, S. H., Xavier Bosch, F., & Bowers, J. C. (2002). Aflatoxin, hepatitis and worldwide liver cancer risks. Advances in Experimental Medicine 
and Biology, 504, 229–233. https://doi.org/10.1007/978-1-4615-0629-4_24

Hohenbichler, J., Aichinger, G., Rychlik, M., Del Favero, G., & Marko, D. (2020). Alternaria alternata toxins synergistically activate the aryl 
hydrocarbon receptor pathway in vitro. Biomolecules, 10(7), 1018. https://doi.org/10.3390/biom10071018

House, J. S., Grimm, F. A., Jima, D. D., Zhou, Y.-H., Rusyn, I., & Wright, F. A. (2017). A pipeline for high-throughput concentration response 
modeling of gene expression for toxicogenomics. Frontiers in Genetics, 8. https://doi.org/10.3389/fgene.2017.00168

Huang, R.-Y., Pei, L., Liu, Q. J., Chen, S., Dou, H., Shu, G., et al. (2019). Isobologram analysis: A comprehensive review of methodology and 
current research. Frontiers in Pharmacology, 10. https://doi.org/10.3389/fphar.2019.01222

IARC. (2004). Tobacco smoke and involuntary smoking. In IARC Monographs on the Evaluation of Carcinogenic Risks to Humans (Vol. 83). 
World Health Organization.

Inamura, K., Ninomiya, H., Nomura, K., Tsuchiya, E., Satoh, Y., Okumura, S., et al. (2014). Combined effects of asbestos and cigarette smoke 
on the development of lung adenocarcinoma: Different carcinogens may cause different genomic changes. Oncology Reports, 32(2), 475–482. 
https://doi.org/10.3892/or.2014.3263

Iqubal, A., Ahmed, M., Ahmad, S., Sahoo, C. R., Iqubal, M. K., & Haque, S. E. (2020). Environmental neurotoxic pollutants: Review. Environ-
mental Science and Pollution Research, 27(33), 41175–41198. https://doi.org/10.1007/s11356-020-10539-z

Jatkowska, N., Kudłak, B., Lewandowska, P., Liu, W., Williams, M. J., & Schiöth, H. B. (2021). Identification of synergistic and antagonistic 
actions of environmental pollutants: Bisphenols A, S and F in the presence of DEP, DBP, BADGE and BADGE·2HCl in three component 
mixtures. Science of the Total Environment, 767, 144286. https://doi.org/10.1016/j.scitotenv.2020.144286

Jung, M., Davis, W. P., Taatjes, D. J., Churg, A., & Mossman, B. T. (2000). Asbestos and cigarette smoke cause increased DNA strand 
breaks and necrosis in bronchiolar epithelial cells in vivo. Free Radical Biology and Medicine, 28(8), 1295–1299. https://doi.org/10.1016/
S0891-5849(00)00211-2

Kamp, D. W., Greenberger, M. J., Sbalchierro, J. S., Preusen, S. E., & Weitzman, S. A. (1998). Cigarette smoke augments asbestos-in-
duced alveolar epithelial cell injury: Role of free radicals. Free Radical Biology and Medicine, 25(6), 728–739. https://doi.org/10.1016/
S0891-5849(98)00158-0

Kantiani, L., Llorca, M., Sanchís, J., Farré, M., & Barceló, D. (2010). Emerging food contaminants: A review. Analytical and Bioanalytical 
Chemistry, 398(6), 2413–2427. https://doi.org/10.1007/s00216-010-3944-9

https://doi.org/10.1289/ehp.1002221
https://doi.org/10.1289/ehp.1002221
https://doi.org/10.1016/j.etap.2017.08.012
https://doi.org/10.1016/j.cell.2012.06.013
https://doi.org/10.1016/j.cell.2012.06.013
https://doi.org/10.1007/978-1-0716-1091-6_12
https://doi.org/10.1016/j.envint.2019.105267
https://doi.org/10.1016/j.envint.2019.105267
https://doi.org/10.1016/j.envint.2018.06.019
https://doi.org/10.1186/s12302-020-00375-w
https://doi.org/10.1186/s12302-020-00375-w
https://doi.org/10.1016/S0047-259X(03)00030-7
https://doi.org/10.1038/s41598-019-42760-3
https://doi.org/10.1517/17425255.2012.637918
https://doi.org/10.1517/17425255.2012.637918
https://doi.org/10.1038/s41540-020-00166-2
https://doi.org/10.1038/s41540-020-00166-2
https://doi.org/10.1152/ajpendo.00308.2012
https://doi.org/10.1152/ajpendo.00308.2012
https://doi.org/10.1634/stemcells.19-3-263
https://doi.org/10.1093/carcin/bgv039
https://doi.org/10.1016/j.chemosphere.2018.09.126
https://doi.org/10.1038/nrd.2017.178
https://doi.org/10.1038/s41573-021-00199-0
https://doi.org/10.1007/978-1-4615-0629-4_24
https://doi.org/10.3390/biom10071018
https://doi.org/10.3389/fgene.2017.00168
https://doi.org/10.3389/fphar.2019.01222
https://doi.org/10.3892/or.2014.3263
https://doi.org/10.1007/s11356-020-10539-z
https://doi.org/10.1016/j.scitotenv.2020.144286
https://doi.org/10.1016/S0891-5849(00)00211-2
https://doi.org/10.1016/S0891-5849(00)00211-2
https://doi.org/10.1016/S0891-5849(98)00158-0
https://doi.org/10.1016/S0891-5849(98)00158-0
https://doi.org/10.1007/s00216-010-3944-9


GeoHealth

LAGUNAS-RANGEL ET AL.

10.1029/2021GH000552

15 of 17

Kirtonia, A., Sethi, G., & Garg, M. (2020). The multifaceted role of reactive oxygen species in tumorigenesis. Cellular and Molecular Life 
Sciences, 77(22), 4459–4483. https://doi.org/10.1007/s00018-020-03536-5

Kortenkamp, A., & Faust, M. (2018). Regulate to reduce chemical mixture risk. Science, 361(6399), 224–226. https://doi.org/10.1126/science.
aat9219

Koual, M., Tomkiewicz, C., Cano-Sancho, G., Antignac, J.-P., Bats, A.-S., & Coumoul, X. (2020). Environmental chemicals, breast cancer 
progression and drug resistance. Environmental Health, 19(1), 117. https://doi.org/10.1186/s12940-020-00670-2

Kudłak, B., Wieczerzak, M., & Namieśnik, J. (2019). Bisphenols (A, S, and F) affect the basic hormonal activity determined for pharmaceuticals 
– Study of Saccharomyces cerevisiae. Environmental Pollution, 246, 914–920. https://doi.org/10.1016/j.envpol.2018.12.052

Lagerström, M. C., & Schiöth, H. B. (2008). Structural diversity of G protein-coupled receptors and significance for drug discovery. Nature 
Reviews Drug Discovery, 7(4), 339–357. https://doi.org/10.1038/nrd2518

Lagunas-Rangel, F. A. (2019). Current role of mammalian sirtuins in DNA repair. DNA Repair, 80(2508), 85–92. https://doi.org/10.1016/j.
dnarep.2019.06.009

Lagunas-Rangel, F. A. (2020). Why do bats live so long?—Possible molecular mechanisms. Biogerontology, 21(1), 1–11. https://doi.org/10.1007/
s10522-019-09840-3

Lagunas-Rangel, F. A. (2021). KDM6B (JMJD3) and its dual role in cancer. Biochimie, 184, 63–71. https://doi.org/10.1016/j.biochi.2021.02.005
Lagunas-Rangel, F. A. (2022). G protein-coupled receptors that influence lifespan of human and animal models. Biogerontology, 23(1), 1–19. 

https://doi.org/10.1007/s10522-021-09945-8
Lagunas-Rangel, F. A., & Bermúdez-Cruz, R. M. (2020). Natural compounds that target DNA repair pathways and their therapeutic potential to 

counteract cancer cells. Frontiers in Oncology, 10, 598174. https://doi.org/10.3389/fonc.2020.598174
Lagunas-Rangel, F. A., Kudłak, B., Liu, W., Williams, M. J., & Schiöth, H. B. (2021). The potential interaction of environmental pollutants and 

circadian rhythm regulations that may cause leukemia. Critical Reviews in Environmental Science and Technology, 1–19. https://doi.org/10.1
080/10643389.2021.1985882

Lagunas-Rangel, F. A., Liu, W., & Schiöth, H. B. (2022). Can exposure to environmental pollutants be associated with less effective chemotherapy 
in cancer patients? International Journal of Environmental Research and Public Health, 19(4), 2064. https://doi.org/10.3390/ijerph19042064

Landrigan, P. J., Fuller, R., Acosta, N. J., Adeyi, O., Arnold, R., Baldé, A. B., et al. (2018). The Lancet Commission on pollution and health. The 
Lancet, 391(10119), 462–512. https://doi.org/10.1016/S0140-6736(17)32345-0

Landrigan, P. J., Fuller, R., Fisher, S., Suk, W. A., Sly, P., Chiles, T. C., & Bose-O’Reilly, S. (2019). Pollution and children’s health. Science of 
the Total Environment, 650, 2389–2394. https://doi.org/10.1016/j.scitotenv.2018.09.375

Lebret, E. (2015). Integrated environmental health impact assessment for risk governance purposes; across what do we integrate? International 
Journal of Environmental Research and Public Health, 13(1), 71. https://doi.org/10.3390/ijerph13010071

Lecomte, S., Habauzit, D., Charlier, T., & Pakdel, F. (2017). Emerging estrogenic pollutants in the aquatic environment and breast cancer. Genes, 
8(9), 229. https://doi.org/10.3390/genes8090229

Lee, W. S., Cho, H.-J., Kim, E., Huh, Y. H., Kim, H.-J., Kim, B., et al. (2019). Bioaccumulation of polystyrene nanoplastics and their effect on the 
toxicity of Au ions in zebrafish embryos. Nanoscale, 11(7), 3173–3185. https://doi.org/10.1039/C8NR09321K

Lim, J.-E., Nam, C., Yang, J., Rha, K. H., Lim, K.-M., & Jee, S. H. (2017). Serum persistent organic pollutants (POPs) and prostate cancer risk: A 
case-cohort study. International Journal of Hygiene and Environmental Health, 220(5), 849–856. https://doi.org/10.1016/j.ijheh.2017.03.014

Lin, W., Jiang, R., Xiong, Y., Wu, J., Xu, J., Zheng, J., et al. (2019). Quantification of the combined toxic effect of polychlorinated biphenyls and 
nano-sized polystyrene on Daphnia magna. Journal of Hazardous Materials, 364, 531–536. https://doi.org/10.1016/j.jhazmat.2018.10.056

Lipscomb, J. C., El-Demerdash, E., & Ahmed, A. E. (2009). Haloacetonitriles: Metabolism and toxicity. In Reviews of environmental contamina-
tion and toxicology (Vol. 198, pp. 1–32). Springer New York. https://doi.org/10.1007/978-0-387-09647-6_5

Loos, R., Carvalho, R., António, D. C., Comero, S., Locoro, G., Tavazzi, S., et al. (2013). EU-wide monitoring survey on emerging polar organic 
contaminants in wastewater treatment plant effluents. Water Research, 47(17), 6475–6487. https://doi.org/10.1016/j.watres.2013.08.024

Lu, G., Qin, D., Wang, Y., Liu, J., & Chen, W. (2018). Single and combined effects of selected haloacetonitriles in a human-derived hepatoma 
line. Ecotoxicology and Environmental Safety, 163, 417–426. https://doi.org/10.1016/j.ecoenv.2018.07.104

Lukashina, N., Williams, M. J., Kartysheva, E., Virko, E., Kudłak, B., Fredriksson, R., et al. (2021). Integrating statistical and machine-learning 
approach for meta-analysis of bisphenol A-exposure datasets reveals effects on mouse gene expression within pathways of apoptosis and cell 
survival. International Journal of Molecular Sciences, 22(19), 10785. https://doi.org/10.3390/ijms221910785

Lupu, D., Andersson, P., Bornehag, C.-G., Demeneix, B., Fritsche, E., Gennings, C., et al. (2020). The ENDpoiNTs Project: Novel testing strat-
egies for endocrine disruptors linked to developmental neurotoxicity. International Journal of Molecular Sciences, 21(11), 3978. https://doi.
org/10.3390/ijms21113978

Martin, G., Bird, P., & Crichton, C. (2009). Global health: Where are our priorities? British Medical Bulletin, 91(1), 23–28. https://doi.
org/10.1093/bmb/ldp025

Mauderly, J. L., & Samet, J. M. (2009). Is there evidence for synergy among air pollutants in causing health effects? Environmental Health 
Perspectives, 117(1), 1–6. https://doi.org/10.1289/ehp.11654

McCarrick, S., Cunha, V., Zapletal, O., Vondráček, J., & Dreij, K. (2019). In vitro and in vivo genotoxicity of oxygenated polycyclic aromatic 
hydrocarbons. Environmental Pollution, 246, 678–687. https://doi.org/10.1016/j.envpol.2018.12.092

McFadden, D., Wright, J. L. B. W., & Churg, A. (1986). Smoking inhibits asbestos clearance. American Review of Respiratory Disease, 133(3), 
372–374. https://doi.org/10.1164/arrd.1986.133.3.372

Mittal, B., Tulsyan, S., Kumar, S., Mittal, R. D., & Agarwal, G. (2015). Cytochrome P450 in cancer susceptibility and treatment. In Advances in 
clinical chemistry (1st ed., Vol. 71, pp. 77–139). Elsevier Inc. https://doi.org/10.1016/bs.acc.2015.06.003

Molenaar-Kuijsten, L., Van Balen, D. E. M., Beijnen, J. H., Steeghs, N., & Huitema, A. D. R. (2021). A review of CYP3A drug-drug interaction 
studies: Practical guidelines for patients using targeted oral anticancer drugs. Frontiers in Pharmacology, 12, 670862. https://doi.org/10.3389/
fphar.2021.670862

Moorthy, B., Chu, C., & Carlin, D. J. (2015). Polycyclic aromatic hydrocarbons: From metabolism to lung cancer. Toxicological Sciences, 145(1), 
5–15. https://doi.org/10.1093/toxsci/kfv040

Morris, G. F., Danchuk, S., Wang, Y., Xu, B., Rando, R. J., Brody, A. R., et al. (2015). Cigarette smoke represses the innate immune response to 
asbestos. Physiological Reports, 3(12), e12652. https://doi.org/10.14814/phy2.12652

Murray, I. A., Patterson, A. D., & Perdew, G. H. (2014). Aryl hydrocarbon receptor ligands in cancer: Friend and foe. Nature Reviews Cancer, 
14(12), 801–814. https://doi.org/10.1038/nrc3846

Nebert, D. W., & Dalton, T. P. (2006). The role of cytochrome P450 enzymes in endogenous signalling pathways and environmental carcinogen-
esis. Nature Reviews Cancer, 6(12), 947–960. https://doi.org/10.1038/nrc2015

https://doi.org/10.1007/s00018-020-03536-5
https://doi.org/10.1126/science.aat9219
https://doi.org/10.1126/science.aat9219
https://doi.org/10.1186/s12940-020-00670-2
https://doi.org/10.1016/j.envpol.2018.12.052
https://doi.org/10.1038/nrd2518
https://doi.org/10.1016/j.dnarep.2019.06.009
https://doi.org/10.1016/j.dnarep.2019.06.009
https://doi.org/10.1007/s10522-019-09840-3
https://doi.org/10.1007/s10522-019-09840-3
https://doi.org/10.1016/j.biochi.2021.02.005
https://doi.org/10.1007/s10522-021-09945-8
https://doi.org/10.3389/fonc.2020.598174
https://doi.org/10.1080/10643389.2021.1985882
https://doi.org/10.1080/10643389.2021.1985882
https://doi.org/10.3390/ijerph19042064
https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1016/j.scitotenv.2018.09.375
https://doi.org/10.3390/ijerph13010071
https://doi.org/10.3390/genes8090229
https://doi.org/10.1039/C8NR09321K
https://doi.org/10.1016/j.ijheh.2017.03.014
https://doi.org/10.1016/j.jhazmat.2018.10.056
https://doi.org/10.1007/978-0-387-09647-6_5
https://doi.org/10.1016/j.watres.2013.08.024
https://doi.org/10.1016/j.ecoenv.2018.07.104
https://doi.org/10.3390/ijms221910785
https://doi.org/10.3390/ijms21113978
https://doi.org/10.3390/ijms21113978
https://doi.org/10.1093/bmb/ldp025
https://doi.org/10.1093/bmb/ldp025
https://doi.org/10.1289/ehp.11654
https://doi.org/10.1016/j.envpol.2018.12.092
https://doi.org/10.1164/arrd.1986.133.3.372
https://doi.org/10.1016/bs.acc.2015.06.003
https://doi.org/10.3389/fphar.2021.670862
https://doi.org/10.3389/fphar.2021.670862
https://doi.org/10.1093/toxsci/kfv040
https://doi.org/10.14814/phy2.12652
https://doi.org/10.1038/nrc3846
https://doi.org/10.1038/nrc2015


GeoHealth

LAGUNAS-RANGEL ET AL.

10.1029/2021GH000552

16 of 17

Nelson, D. R., Kamataki, T., Waxman, D. J., Guengerich, F. P., Estabrook, R. W., Feyereisen, R., et al. (1993). The P450 superfamily: Update 
on new sequences, gene mapping, accession numbers, early trivial names of enzymes, and nomenclature. DNA and Cell Biology, 12(1), 1–51. 
https://doi.org/10.1089/dna.1993.12.1

Ngamwong, Y., Tangamornsuksan, W., Lohitnavy, O., Chaiyakunapruk, N., Scholfield, C. N., Reisfeld, B., & Lohitnavy, M. (2015). Additive 
synergism between asbestos and smoking in lung cancer risk: A systematic review and meta-analysis. PLoS One, 10(8), e0135798. https://doi.
org/10.1371/journal.pone.0135798

Niu, J., Straubinger, R. M., & Mager, D. E. (2019). Pharmacodynamic drug–drug interactions. Clinical Pharmacology & Therapeutics, 105(6), 
1395–1406. https://doi.org/10.1002/cpt.1434

Niu, Y., Fan, S., Luo, Q., Chen, L., Huang, D., Chang, W., et al. (2021). Interaction of hepatitis B virus X protein with the pregnane X receptor 
enhances the synergistic effects of aflatoxin B1 and hepatitis B virus on promoting hepatocarcinogenesis. Journal of Clinical and Translational 
Hepatology, 9(4), 466–000. https://doi.org/10.14218/JCTH.2021.00036

Ochieng, J., Nangami, G. N., Ogunkua, O., Miousse, I. R., Koturbash, I., Odero-Marah, V., et al. (2015). The impact of low-dose carcinogens and 
environmental disruptors on tissue invasion and metastasis. Carcinogenesis, 36(Suppl 1), S128–S159. https://doi.org/10.1093/carcin/bgv034

Oliver, M., Kudłak, B., Wieczerzak, M., Reis, S., Lima, S. A. C., Segundo, M. A., & Miró, M. (2020). Ecotoxicological equilibria of triclosan in 
Microtox, XenoScreen YES/YAS, Caco2, HEPG2 and liposomal systems are affected by the occurrence of other pharmaceutical and personal 
care emerging contaminants. Science of The Total Environment, 719, 137358. https://doi.org/10.1016/j.scitotenv.2020.137358

Paris, A., Tardif, N., Galibert, M.-D., & Corre, S. (2021). AhR and cancer: From gene profiling to targeted therapy. International Journal of 
Molecular Sciences, 22(2), 752. https://doi.org/10.3390/ijms22020752

Park, C. G., Jung, K. C., Kim, D.-H., & Kim, Y. J. (2021). Monohaloacetonitriles induce cytotoxicity and exhibit different mode of action in 
endocrine disruption. Science of the Total Environment, 761, 143316. https://doi.org/10.1016/j.scitotenv.2020.143316

Park, E. Y., Park, E., Kim, J., Oh, J.-K., Kim, B., Hong, Y.-C., & Lim, M. K. (2020). Impact of environmental exposure to persistent organic 
pollutants on lung cancer risk. Environment International, 143, 105925. https://doi.org/10.1016/j.envint.2020.105925

Picó, Y., Campo, J., Alfarhan, A. H., El-Sheikh, M. A., & Barceló, D. (2021). A reconnaissance study of pharmaceuticals, pesticides, perfluo-
roalkyl substances and organophosphorus flame retardants in the aquatic environment, wild plants and vegetables of two Saudi Arabia 
urban areas: Environmental and human health risk assessment. Science of the Total Environment, 776, 145843. https://doi.org/10.1016/j.
scitotenv.2021.145843

Pizzorno, J. (2014). Glutathione!. Integrative Medicine, 13(1), 8–12.
Prata, J. C., da Costa, J. P., Lopes, I., Duarte, A. C., & Rocha-Santos, T. (2020). Environmental exposure to microplastics: An overview on possi-

ble human health effects. Science of the Total Environment, 702, 134455. https://doi.org/10.1016/j.scitotenv.2019.134455
Prichard, M. N., & Shipman, C. (1990). A three-dimensional model to analyze drug-drug interactions. Antiviral Research, 14(4–5), 181–205. 

https://doi.org/10.1016/0166-3542(90)90001-N
Qiao, R., Lu, K., Deng, Y., Ren, H., & Zhang, Y. (2019). Combined effects of polystyrene microplastics and natural organic matter on the accu-

mulation and toxicity of copper in zebrafish. Science of the Total Environment, 682, 128–137. https://doi.org/10.1016/j.scitotenv.2019.05.163
Qiu, Z., Li, G., & An, T. (2021). In vitro toxic synergistic effects of exogenous pollutants-trimethylamine and its metabolites on human respiratory 

tract cells. Science of the Total Environment, 783, 146915. https://doi.org/10.1016/j.scitotenv.2021.146915
Rainey, N. E., Saric, A., Leberre, A., Dewailly, E., Slomianny, C., Vial, G., et al. (2017). Synergistic cellular effects including mitochondrial dest-

abilization, autophagy and apoptosis following low-level exposure to a mixture of lipophilic persistent organic pollutants. Scientific Reports, 
7(1), 4728. https://doi.org/10.1038/s41598-017-04654-0

Rajmohan, K. V. S., Ramya, C., Viswanathan, M. R., & Varjani, S. (2019). Plastic pollutants: Effective waste management for pollution control 
and abatement. Current Opinion in Environmental Science & Health, 12, 72–84. https://doi.org/10.1016/j.coesh.2019.08.006

Rao Gajula, S. N., Pillai, M. S., Samanthula, G., & Sonti, R. (2021). Cytochrome P450 enzymes: A review on drug metabolizing enzyme inhibi-
tion studies in drug discovery and development. Bioanalysis, 13(17), 1355–1378. https://doi.org/10.4155/bio-2021-0132

Rask-Andersen, M., Almén, M. S., & Schiöth, H. B. (2011). Trends in the exploitation of novel drug targets. Nature Reviews Drug Discovery, 
10(8), 579–590. https://doi.org/10.1038/nrd3478

Rodic, S., & Vincent, M. D. (2018). Reactive oxygen species (ROS) are a key determinant of cancer’s metabolic phenotype. International Journal 
of Cancer, 142(3), 440–448. https://doi.org/10.1002/ijc.31069

Rushing, B. R., & Selim, M. I. (2019). Aflatoxin B1: A review on metabolism, toxicity, occurrence in food, occupational exposure, and detoxifi-
cation methods. Food and Chemical Toxicology, 124, 81–100. https://doi.org/10.1016/j.fct.2018.11.047

Santibáñez-Andrade, M., Chirino, Y. I., González-Ramírez, I., Sánchez-Pérez, Y., & García-Cuellar, C. M. (2019). Deciphering the code between 
air pollution and disease: The effect of particulate matter on cancer hallmarks. International Journal of Molecular Sciences, 21(1), 136. https://
doi.org/10.3390/ijms21010136

Savoca, D., & Pace, A. (2021). Bioaccumulation, biodistribution, toxicology and biomonitoring of organofluorine compounds in aquatic organ-
isms. International Journal of Molecular Sciences, 22(12), 6276. https://doi.org/10.3390/ijms22126276

Sekhon, H., Wright, J., & Churg, A. (1995). Effects of cigarette smoke and asbestos on airway, vascular and mesothelial cell proliferation. Inter-
national Journal of Experimental Pathology, 76(6), 411–418.

Sharma, M. D., Elanjickal, A. I., Mankar, J. S., & Krupadam, R. J. (2020). Assessment of cancer risk of microplastics enriched with polycyclic 
aromatic hydrocarbons. Journal of Hazardous Materials, 398, 122994. https://doi.org/10.1016/j.jhazmat.2020.122994

Solaun, O., Rodríguez, J. G., Menchaca, I., López-García, E., Martínez, E., Zonja, B., et al. (2021). Contaminants of emerging concern in the 
Basque coast (N Spain): Occurrence and risk assessment for a better monitoring and management decisions. Science of the Total Environment, 
765, 142765. https://doi.org/10.1016/j.scitotenv.2020.142765

Steel, G. G., & Peckham, M. J. (1979). Exploitable mechanisms in combined radiotherapy-chemotherapy: The concept of additivity. International 
Journal of Radiation Oncology, Biology, Physics, 5(1), 85–91. https://doi.org/10.1016/0360-3016(79)90044-0

Sun, S. T., Ji, Z. G., Fu, J. R., Wang, X.-F., & Zhang, L.-S. (2020). Endosulfan induces endothelial inflammation and dysfunction via IRE1α/
NF-ΚB signaling pathway. Environmental Science and Pollution Research, 27(21), 26163–26171. https://doi.org/10.1007/s11356-020-09023-5

Tang, J., Wennerberg, K., & Aittokallio, T. (2015). What is synergy? The Saariselkä agreement revisited. Frontiers in Pharmacology, 6, 181. 
https://doi.org/10.3389/fphar.2015.00181

Tarantini, A., Maître, A., Lefèbvre, E., Marques, M., Rajhi, A., & Douki, T. (2011). Polycyclic aromatic hydrocarbons in binary mixtures 
modulate the efficiency of benzo[a]Pyrene to form DNA adducts in human cells. Toxicology, 279(1–3), 36–44. https://doi.org/10.1016/j.
tox.2010.09.002

Tischkau, S. A. (2020). Mechanisms of circadian clock interactions with aryl hydrocarbon receptor signalling. European Journal of Neuroscience, 
51(1), 379–395. https://doi.org/10.1111/ejn.14361

https://doi.org/10.1089/dna.1993.12.1
https://doi.org/10.1371/journal.pone.0135798
https://doi.org/10.1371/journal.pone.0135798
https://doi.org/10.1002/cpt.1434
https://doi.org/10.14218/JCTH.2021.00036
https://doi.org/10.1093/carcin/bgv034
https://doi.org/10.1016/j.scitotenv.2020.137358
https://doi.org/10.3390/ijms22020752
https://doi.org/10.1016/j.scitotenv.2020.143316
https://doi.org/10.1016/j.envint.2020.105925
https://doi.org/10.1016/j.scitotenv.2021.145843
https://doi.org/10.1016/j.scitotenv.2021.145843
https://doi.org/10.1016/j.scitotenv.2019.134455
https://doi.org/10.1016/0166-3542(90)90001-N
https://doi.org/10.1016/j.scitotenv.2019.05.163
https://doi.org/10.1016/j.scitotenv.2021.146915
https://doi.org/10.1038/s41598-017-04654-0
https://doi.org/10.1016/j.coesh.2019.08.006
https://doi.org/10.4155/bio-2021-0132
https://doi.org/10.1038/nrd3478
https://doi.org/10.1002/ijc.31069
https://doi.org/10.1016/j.fct.2018.11.047
https://doi.org/10.3390/ijms21010136
https://doi.org/10.3390/ijms21010136
https://doi.org/10.3390/ijms22126276
https://doi.org/10.1016/j.jhazmat.2020.122994
https://doi.org/10.1016/j.scitotenv.2020.142765
https://doi.org/10.1016/0360-3016(79)90044-0
https://doi.org/10.1007/s11356-020-09023-5
https://doi.org/10.3389/fphar.2015.00181
https://doi.org/10.1016/j.tox.2010.09.002
https://doi.org/10.1016/j.tox.2010.09.002
https://doi.org/10.1111/ejn.14361


GeoHealth

LAGUNAS-RANGEL ET AL.

10.1029/2021GH000552

17 of 17

Valeriote, F., & Lin, H. S. (1975). Synergistic interaction of anticancer agents: A cellular perspective. Cancer Chemotherapy Reports, 59(5), 
895–900.

Wahlang, B. (2018). Exposure to persistent organic pollutants: Impact on women’s health. Reviews on Environmental Health, 33(4), 331–348. 
https://doi.org/10.1515/reveh-2018-0018

Wahlang, B., Falkner, K. C., Cave, M. C., & Prough, R. A. (2015). Role of cytochrome P450 monooxygenase in carcinogen and chemotherapeutic 
drug metabolism. In Advances in Pharmacology (1st ed., Vol. 74, pp. 1–33). Elsevier Inc. https://doi.org/10.1016/bs.apha.2015.04.004

Wang, Q., Bai, J., Ning, B., Fan, L., Sun, T., Fang, Y., et al. (2020). Effects of bisphenol A and nanoscale and microscale polystyrene plastic expo-
sure on particle uptake and toxicity in human Caco-2 cells. Chemosphere, 254, 126788. https://doi.org/10.1016/j.chemosphere.2020.126788

Wang, R., Ji, M., Zhai, H., & Liang, Y. (2020). Electron donating capacities of DOM model compounds and their relationships with chlorine demand, 
byproduct formation, and other properties in chlorination. Chemosphere, 261, 127764. https://doi.org/10.1016/j.chemosphere.2020.127764

Wang, X., Christiani, D. C., Wiencke, J. K., Fischbein, M., Xu, X., Cheng, T. J., et al. (1995). Mutations in the P53 gene in lung cancer are asso-
ciated with cigarette smoking and asbestos exposure. Lung Cancer, 13(3), 328. https://doi.org/10.1016/0169-5002(96)84239-5

Wang, X., Luo, N., Xu, Z., Zheng, X., Huang, B., & Pan, X. (2020). The estrogenic proliferative effects of two alkylphenols and a preliminary 
mechanism exploration in MCF-7 breast cancer cells. Environmental Toxicology, 35(5), 628–638. https://doi.org/10.1002/tox.22898

Wang, Z., Snyder, M., Kenison, J. E., Yang, K., Lara, B., Lydell, E., et  al. (2020). How the AHR became important in cancer: The role of 
chronically active AHR in cancer aggression. International Journal of Molecular Sciences, 22(1), 387. https://doi.org/10.3390/ijms22010387

Wang, Z., Yang, P., Xie, J., Lin, H.-P., Kumagai, K., Harkema, J., & Yang, C. (2020). Arsenic and benzo[a]pyrene co-exposure acts synergistically 
in inducing cancer stem cell-like property and tumorigenesis by epigenetically down-regulating SOCS3 expression. Environment Interna-
tional, 137, 105560. https://doi.org/10.1016/j.envint.2020.105560

Webb, J. L. (1963). Enzyme and metabolic inhibitors. Academic Press. https://doi.org/10.5962/bhl.title.7320
Webb, S. (2018). Deep learning for biology. Nature, 554(7693), 555–557. https://doi.org/10.1038/d41586-018-02174-z
Weinstein, J. N., Bunow, B., Weislow, O. S., Schinazi, R. F., Wahl, S. M., Wahl, L. M., & Szebeni, J. (1990). Synergistic drug combinations in 

AIDS therapy. Annals of the New York Academy of Sciences, 616(1), 367–384. https://doi.org/10.1111/j.1749-6632.1990.tb17857.x
Wieczerzak, M., Kudłak, B., & Namieśnik, J. (2015). Environmentally oriented models and methods for the evaluation of drug × drug interaction 

effects. Critical Reviews in Analytical Chemistry, 45(2), 131–155. https://doi.org/10.1080/10408347.2014.899467
Xia, Q., Chiang, H.-M., Yin, J.-J., Chen, S., Cai, L., Yu, H., & Fu, P. P. (2015). UVA photoirradiation of benzo[a]pyrene metabolites: Induc-

tion of cytotoxicity, reactive oxygen species, and lipid peroxidation. Toxicology and Industrial Health, 31(10), 898–910. https://doi.
org/10.1177/0748233713484648

Yuan, P., Zhou, Q., & Hu, X. (2020). WS2 nanosheets at noncytotoxic concentrations enhance the cytotoxicity of organic pollutants by disturbing 
the plasma membrane and efflux pumps. Environmental Science & Technology, 54(3), 1698–1709. https://doi.org/10.1021/acs.est.9b05537

Yuan, W., Yang, N., & Li, X. (2016). Advances in understanding how heavy metal pollution triggers gastric cancer. BioMed Research Interna-
tional, 2016, 1–10. https://doi.org/10.1155/2016/7825432

Zhang, C., Luo, Y., Zhong, R., Law, P. T. Y., Boon, S. S., Chen, Z., et al. (2019). Role of polycyclic aromatic hydrocarbons as a co-factor in human 
papillomavirus-mediated carcinogenesis. BMC Cancer, 19(1), 138. https://doi.org/10.1186/s12885-019-5347-4

Zhang, H., Pap, S., Taggart, M. A., Boyd, K. G., James, N. A., & Gibb, S. W. (2020). A review of the potential utilisation of plastic waste as 
adsorbent for removal of hazardous priority contaminants from aqueous environments. Environmental Pollution, 258, 113698. https://doi.
org/10.1016/j.envpol.2019.113698

Zhao, L., Jiang, D., Ma, L.-B., Zhang, W.-P., Khalil, M. M., Karrow, N. A., et al. (2021). Dietary Se deficiency dysregulates metabolic and cell 
death signaling in aggravating the AFB1 hepatotoxicity of chicks. Food and Chemical Toxicology, 149, 111938. https://doi.org/10.1016/j.
fct.2020.111938

Zhou, Y., Liu, X., & Wang, J. (2020). Ecotoxicological effects of microplastics and cadmium on the earthworm Eisenia foetida. Journal of 
Hazardous Materials, 392, 122273. https://doi.org/10.1016/j.jhazmat.2020.122273

https://doi.org/10.1515/reveh-2018-0018
https://doi.org/10.1016/bs.apha.2015.04.004
https://doi.org/10.1016/j.chemosphere.2020.126788
https://doi.org/10.1016/j.chemosphere.2020.127764
https://doi.org/10.1016/0169-5002(96)84239-5
https://doi.org/10.1002/tox.22898
https://doi.org/10.3390/ijms22010387
https://doi.org/10.1016/j.envint.2020.105560
https://doi.org/10.5962/bhl.title.7320
https://doi.org/10.1038/d41586-018-02174-z
https://doi.org/10.1111/j.1749-6632.1990.tb17857.x
https://doi.org/10.1080/10408347.2014.899467
https://doi.org/10.1177/0748233713484648
https://doi.org/10.1177/0748233713484648
https://doi.org/10.1021/acs.est.9b05537
https://doi.org/10.1155/2016/7825432
https://doi.org/10.1186/s12885-019-5347-4
https://doi.org/10.1016/j.envpol.2019.113698
https://doi.org/10.1016/j.envpol.2019.113698
https://doi.org/10.1016/j.fct.2020.111938
https://doi.org/10.1016/j.fct.2020.111938
https://doi.org/10.1016/j.jhazmat.2020.122273

	Role of the Synergistic Interactions of Environmental Pollutants in the Development of Cancer
	Abstract
	Plain Language Summary
	1. Introduction
	2. Aims and Methods
	3. Mechanisms Linked to Carcinogenesis by Environmental Pollutants
	3.1. Overproduction of Reactive Oxygen Species (ROS)
	3.2. Chemical Activation by Cytochrome P450
	3.3. Activation of Aryl Hydrocarbon Receptor (AhR) Signaling

	4. Mixtures of Environmental Pollutants That Have Synergistic Carcinogenic Effects
	4.1. Asbestos and Cigarette Smoke
	4.2. Persistent Organic Pollutants (POPs)
	4.3. Trimethylamine (TMA) and Its Metabolites
	4.4. Microplastics and Heavy Metals
	4.5. Haloacetonitriles (HANs)
	4.6. Benzo(a)pyrene (BaP) and Other Polycyclic Aromatic Hydrocarbons (PAHs)
	4.7. Bisphenol A (BPA) Mixtures
	4.8. Nanoplastics and Organochlorides
	4.9. Aflatoxins and Other Fungal Toxins

	5. Conclusions and Future Perspective
	5.1. Pathways
	5.2. Methodologies
	5.3. Technologies
	5.4. Regulations

	Conflict of Interest
	Data Availability Statement
	References


