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Abstract

Human exposures to environmental contaminants around the world contribute to the global burden 

of disease and thus require urgent attention. Exploring preventive measures against environmental 

exposure and disease risk is essential. While a sedentary lifestyle and/or poor dietary habits can 

exacerbate the deleterious effects resulting from exposure to toxic chemicals, much emerging 

evidence suggests that positive lifestyle changes (e.g., healthful nutrition) can modulate and/or 

reduce the toxicity of environmental pollutants. Our work has shown that diets high in anti-

inflammatory bioactive food components (e.g., phytochemicals or polyphenols) are possible 

strategies for modulating and reducing the disease risks associated with exposure to toxic 

pollutants in the environment. Thus, consuming healthy diets rich in plant-derived bioactive 

nutrients may reduce the vulnerability to diseases linked to environmental toxic insults. This 

nutritional paradigm in environmental toxicology requires further study in order to improve our 

understanding of the relationships between nutrition and other lifestyle modifications and toxicant-

induced diseases.
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Introduction

Environmental pollution affects nearly every country in the world, and exposure to 

environmental pollutants is involved in the pathogenesis of numerous non-communicable 

diseases, including cardiovascular disease, diabetes, and obesity.1 Recent evidence from the 

World Health Organization revealed that China and India are two of the most affected 

countries in terms of indoor and outdoor air pollution exposures with approximately 6.5 
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million associated deaths each year.2 Pollution from non-airborne exposures (e.g., 

contaminated foods and water) are more difficult to determine but should be expected to 

further increase these high death rates. Despite our knowledge of the adverse health effects 

of pollution exposure, levels of environmental pollutants have continued to rise over the past 

few years, especially in developing countries. Great strides have been made over the past 

decade to substantially reduce the amount of pollution generated; while total elimination is 

ideal, it is not a realistic or feasible goal in the immediate future.3 The next question then 

becomes, What can we do now, as individuals, to protect ourselves and future generations 

from pollutant toxicity and associated diseases? Thus, if we can better understand the 

mechanisms associated with exposure to environmental pollutants and effects on disease risk 

we may be able to develop appropriate and effective means to tackle such issues.

Effects of pollutants on the Human Body

Pollutants affect nearly every system of the human body. We are exposed to pollution 

through a variety of routes, including air, the water we drink, and the foods that we 

consume.1,4 These routes of exposure introduce complications throughout the pulmonary 

system, digestive tract, liver and circulation, and ultimately affect peripheral tissues.1 The 

impact of exposure within these systems not only contributes to localized inflammatory 

responses, but may also influence whole-body metabolic, vascular, and immune health, thus 

increasing the risk of non-communicable diseases.

Pulmonary system

One common route of pollutant exposure is through inhalation, thus exerting detrimental 

effects on the pulmonary system.4 Exposure to air pollution has been consistently linked 

with the development of conditions, including asthma, chronic obstructive pulmonary 

disease, and respiratory infections.5 There is a well-documented interplay between air 

pollution exposure and increased airway reactivity in children with asthma, and chronic 

exposure may also increase the risk of asthma development in children.5,6 Furthermore, 

exposure to air pollutants during gestational and early life has also been associated with 

disturbances in lung development and prevalence of respiratory conditions in childhood that 

may persist throughout life.7 For example, short-term exposure to particulate matter (PM2.5), 

NO2, and ozone is associated with lower forced vital capacity and lower forced expiratory 

volume.8 Additionally, a recent study reported that, in adult patients with acute respiratory 

distress syndrome, chronic exposure to air pollution (i.e., ozone and particulate matter) is 

associated with an increase rate of mortality.9 Importantly, the initiation of inflammatory 

responses within the lungs from pollutant exposure can affect other organ systems, 

contributing to further disease pathologies.10 For example, acute or chronic exposure to 

airborne particulate matter can accelerate the pathology of atherosclerosis through increases 

in vascular inflammation, macrophage infiltration, and generation of reactive oxygen 

species.11,12
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Gastrointestinal tract

The gastrointestinal tract plays critical roles in human health and has recently garnered more 

attention in the scientific community, specifically regarding the intestinal barrier and gut 

microbiome. The principle function of the intestine is to regulate the absorption of water and 

nutrients into circulation while also serving as a barrier to the infiltration of pathogens and 

toxic compounds.13 Additionally, the gut harbors trillions of bacteria that play critical roles 

in numerous facets of host metabolism and health.14 Alterations in gut microbial 

composition is termed dysbiosis and has been linked to increased disease risk. These 

perturbations in gut microbial populations are associated with a decrease in microbial 

diversity and are observed in conditions of obesity and diabetes.14 Importantly, there is 

current evidence that an altered gut microbiome may actually be causal in the development 

of such chronic inflammatory conditions.15,16 Because the primary routes of exposure to 

many pollutants is through water and foods, the gastrointestinal tract is exposed to high 

levels of pollutants and may thus be greatly affected. Indeed, it has been observed that 

exposure to polychlorinated biphenyls (PCBs) disrupts intestinal barrier function through 

dysregulation of tight junction proteins.17 Furthermore, oral exposure to the pollutant 

benzo[a]pyrene resulted in intestinal inflammation and ileal lesions, which was associated 

with shifts in gut microbial composition.18 Importantly, Zhang et al.19 demonstrated that 

exposure to the persistent organic pollutant tetrachlorodibenzofuran (TCDF) can result in 

alterations of gut microbial populations at the level of phylum, class, and genus, and these 

changes were associated with disruptions in bile acid and short-chain fatty acid (SCFA) 

metabolism.19 This study is one of the first to indicate a link between the effects of pollutant 

exposure in the gut to overall metabolic health.

While it is commonly thought that air pollution only affects lung health, it is important to 

note that this exposure can also affect the digestive tract and, subsequently, organ systems. It 

has been documented that, upon inhalation, airborne pollutants are quickly cleared from the 

lungs and transported to the intestine via mucociliary transport.13 Therefore, even airborne 

pollutants can alter overall gut health and microbial populations. For example, it has been 

demonstrated that ingestion of airborne particulate matter (PM) can cause intestinal 

inflammation and alter the gut microbiota, contributing to alterations of SCFA production in 

mice.20 Additionally, in colonic cells, exposure to PM caused reactive oxygen species 

production, nuclear factor κb (NF-κB) activation, and disruptions in tight junction proteins, 

indicating that PM may disrupt intestinal permeability and increase intestinal 

inflammation.21 Because the gut lies at the interface of the outside environment and our 

internal organ systems, maintenance of a healthy intestinal environment and microbiome 

may aid in prevention of pollutant-associated diseases.

Liver

Many nutrients and toxicants travel from the gut to the liver via the portal vein. Thus, the 

liver is one of the most critical organs in the body, contributing greatly to metabolism, 

secretory, excretory, and vascular functions. In the United States, the incidence of liver 

disease has increased with expanding levels of obesity and is thought to be due to an 

increase in non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis 
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(NASH).22 While these liver pathologies can be developed through poor dietary and lifestyle 

choices, there is recent evidence that environmental pollutants can also greatly influence 

liver disease.23 The term toxicant-associated fatty liver disease (TAFLD) is a relatively new 

type of liver disease and exhibits similar pathologies to other liver diseases.23 TAFLD and its 

more severe form, toxicant associated steatohepatitis (TASH), have been observed in 

workers highly exposed to industrial chemicals, such as vinyl chloride.24 These observations 

of TASH were associated with increased levels of inflammatory cytokines as well as insulin 

resistance, indicating the widespread metabolic complications that pollutant exposure can 

exert via the liver.24 Furthermore, there is evidence that low-level pollutant exposure may 

also influence the development of liver pathologies. For example, epidemiological data from 

the general population revealed associations between PCBs and increased levels of serum 

alanine aminotransferase (ALT), a widely used biomarker of liver injury.25 These findings 

support a potential association of chronic, low level pollutant exposure and the development 

of TAFLD and liver disease. Because the liver is such a vital organ for metabolism, 

environmental exposures affecting the liver may also contribute to obesity and diabetes 

through disruption in glucose and lipid metabolism. Therefore, further research is warranted 

to better understand the mechanisms behind pollutant-induced liver injury and avenues of 

potential protection against these pathologies.

Vascular tissues

Circulating nutrients, toxicants, and their metabolites can modulate vascular responses that 

can either be pro- or antiatherogenic. One of the key events in the progression of 

atherosclerosis is endothelial cell dysfunction. It has been documented that exposure to PM 

air pollution can disrupt the vasculature, resulting in endothelial cell dysfunction.26 

Furthermore, there is also evidence that arsenic exposure is associated with endothelial cell 

dysfunction, as evidenced by the presence of circulating soluble intercellular adhesion 

molecule-1 (sICAM-1) and soluble vascular cell adhesion molecule-1 (sVCAM-1) in 

Bangladeshi individuals exposed to arsenic.27 In support of this, in mouse models of 

atherosclerosis (APOE−/−), exposure to arsenic resulted in increased accumulation of arsenic 

within the vessel walls as well as exacerbated aortal lesion formation.28 There is also 

evidence that persistent organic pollutants (POPs), including PCBs, can increase 

atherosclerotic risk. Specifically, coplanar PCBs, such as PCB-77 and PCB-126, bind to the 

aryl hydrocarbon receptor (AhR) within vascular endothelial cells, triggering a cascade of 

events that leads to production of reactive oxygen species and disruption of cellular redox 

status.29 These events ultimately lead to upregulation of NF-κB, resulting in induction of 

proinflammatory gene products, such as cytokines, chemokines, and cell adhesion molecules 

that contribute to endothelial cell dysfunction and the early stages of atherosclerosis.30 More 

recent evidence suggests that dioxin-like pollutant exposure (PCB-126) can result in 

upregulation of the enzyme flavin-containing monooxygenase 3 (FMO3) and subsequently 

increase circulating levels of trimethylamine-N-oxide (TMAO), a biomarker strongly 

associated with cardiovascular disease.31
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Peripheral tissues

Upon circulation of these environmental pollutants, as discussed above, numerous peripheral 

tissues become exposed, including highly vascularized adipose tissue.32 With the worldwide 

obesity epidemic, research on the toxicological interplay between pollutants and adipose 

tissue has become increasingly important. It is no longer believed that adipose tissue is 

solely storage of excess energy, but it in fact plays numerous metabolic and endocrine roles 

within the body. In regard to pollutant exposure, adipose tissue is capable of storing 

lipophilic pollutants, specifically persistent organic pollutants (POPs).32 While such storage 

can be protective to reduce availability to other organ systems in situations of acute and high 

pollutant exposures, there is evidence that a low and chronic release of POPs from adipose 

tissue can exert some toxic effects to other lipophilic tissues, such as the brain and the 

liver.33 Furthermore, it has been demonstrated that pollutants can alter adipose tissue 

structure and function through metabolic disruption and inflammation, which may increase 

the risk of chronic metabolic diseases.32,34 Some pollutants also have been associated with 

increases in adiposity and weight gain and are thus termed obesogens.35 These pollutants, 

including bisphenol A (BPA), benzo[a]pyrene, and certain organophosphate pesticides, are 

thought to play a role in the development of obesity by disrupting lipid storage and 

metabolic mechanisms and promotion of adipocyte hyperplasia.35,36

As evidenced by the above-discussed findings, pollution has diverse and body-wide effects 

on human health, thus increasing the risk of disease. Therefore, identifying what makes an 

individual more at risk and understanding how lifestyle choices influence pollutant toxicity 

is of utmost importance.

What influences disease risk associated with environmental insults?

One major question to be addressed is why certain people are more susceptible to pollutant-

associated diseases. It has been demonstrated that compromised health or suboptimal 

lifestyles may exacerbate the toxicity of environmental pollutants. For example, it has been 

shown that pollutant toxicity is worsened in animal models with NAFLD.37 This illustrates 

the idea that individuals in poor health or with underlying disease conditions may be more 

susceptible to environmental insult or other chemical or non-chemical stressors. 

Additionally, it is now appreciated that events occurring during pregnancy can play a 

significant role in the future health and disease risk of the offspring. It has been documented 

that the offspring of mothers exposed to environmental pollutants during pregnancy exhibit 

effects that may be detrimental and persist into adulthood. For example, PM exposure 

throughout pregnancy was observed to be associated with an increased fetal C-reactive 

protein (CRP) level upon delivery, indicating that prenatal pollution exposure may increase 

fetal inflammatory responses and thus potentially alter long-term health outcomes.38 

Moreover, data from a longitudinal birth cohort study revealed an association between 

prenatal exposure to dichlorodiphenyltrichloroethane (DDT) and hypertension later in life, 

further indicating the long-term negative effects of early-life pollutant exposure.39 Aside 

from compromised health and prenatal exposures, some individuals may be susceptible to 

disease development associated with environmental insults due to genetic predisposition to 

these non-communicable diseases. For example, certain genetic polymorphisms in oxidative 
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stress genes and inflammatory genes have been demonstrated to influence the respiratory 

effects and susceptibility to air pollution.40

Lifestyle and nutrition as a modulator of disease risk

As discussed above, the risk of pollutant-induced toxicity may be increased by underlying 

diseases, prenatal exposures, and genetic predispositions. Because certain unhealthy lifestyle 

choices can predispose an individual to disease, it can be expected that this may allow for 

greater pollutant-induced toxicity. Thus, finding ways to achieve a healthy lifestyle and 

therefore reduce disease risk are significant and highly important.

Recent evidence has shown that, while genetics play a role in disease risk, it may be smaller 

than once thought. In a recent study by Khera et al.,41 it was observed that, in participants 

with a high genetic risk of coronary artery disease, those living a “favorable lifestyle” (i.e., 

no obesity, no smoking, regular physical activity, and a healthy diet) had approximately a 

50% lower relative risk of coronary artery disease compared with those living an 

“unfavorable lifestyle.”41 These findings demonstrate just how influential our lifestyle 

choices are on overall disease risk independent of genetic risk. For individuals looking to 

achieve favorable lifestyle choices, a logical place to start is examination of dietary habits. 

Because nutrition is such a critical aspect of life, with food being a fundamental component 

for survival, understanding how nutrition affects our health is essential. Research has 

established that certain nutrition practices can worsen health outcomes, while others can 

provide benefits. This is well demonstrated by the present global obesity epidemic, which 

has been attributed to a reliance on processed, high-fat, and nutrient-poor foods that 

contribute to excess energy intake relative to actual nutrient requirements.42 While body fat 

gain is the first visible complication of this chronic positive energy balance, the internal 

inflammatory processes and metabolic complications elicited pose a greater threat to overall 

well-being. These less visible metabolic complications can even occur before any weight 

gain. For example, consumption of high-fat diets, with greater proportions of saturated, 

trans-, and omega-6 fatty acids (e.g., linoleic acid), can increase inflammatory processes 

rapidly and thus long-term cardiovascular disease risks.43,44 Additionally, research 

examining the effects of consumption of processed meats has become a source of great 

interest and controversy in the field of nutrition. As defined by the American Institute for 

Cancer Research, processed meats are “meats preserved by smoking, curing or salting, or 

addition of chemical preservatives.” Interestingly, a meta-analysis conducted by Micha et 
al.45 revealed that a single serving per day of processed meat was associated with a 42% 

increase in risk of coronary heart disease and a 19% higher risk of diabetes mellitus.45

On the other hand, it is well appreciated that many chronic diseases, such as cardiovascular 

disease and type 2 diabetes, can be prevented or attenuated with healthful dietary practices. 

This includes diets similar to that of the Mediterranean diet, rich in omega-3 fatty acids, 

fruits, vegetables, and whole grains.46,47 These dietary components, which are rich in 

antioxidant and anti-inflammatory compounds (e.g., phytochemicals and polyphenols), may 

reduce or prevent the proinflammatory events associated with chronic metabolic 

diseases.46,47 Additionally, there is also evidence that consumption of polyphenolic 

compounds, such as resveratrol, tea polyphenols, and curcumin can protect against 
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inflammation and chronic disease through alterations in proinflammatory gene expression 

both directly and through epigenetic modifications.48 For example, curcumin, a principle 

component of the spice turmeric, has been demonstrated to suppress or inhibit the 

expression of tumor necrosis factor α (TNF-α), as well as cyclooxygenase 2 (COX-2), the 

target of nonsteroidal anti-inflammatory drugs (NSAIDs).49,50 Additionally, the 

consumption of table grapes, rich in polyphenolic compounds, including resveratrol and 

anthocyanins, have been shown to attenuate systemic inflammatory responses, hepatic 

lipogenesis, and adiposity in mice fed a high-fat diet.51 Thus, dietary choices are very 

powerful, and when chosen appropriately can vastly influence the development of numerous 

metabolic diseases.

Influence of nutrition on pollutant toxicity

The underlying denominator of non-communicable diseases, such as those observed from 

pollutant exposure, is oxidative stress and inflammation. An inflammatory process usually 

precedes other health effects, and thus is a critical step to understand and identify means to 

protect against inflammation. Similar to the way in which nutrition can contribute to or 

protect from non-communicable diseases, nutrition can also modulate the toxicity of 

environmental pollutants, thereby altering overall disease risk. It has been established that 

certain unhealthy nutrition practices can actually worsen the toxicity of pollutant exposure. 

The overconsumption of processed and refined foods contributes to diets high in 

inflammatory fatty acids, which not only exacerbate diet-induced metabolic complications, 

but also pollutant-associated inflammatory processes.52,53 These high-fat processed foods 

are also low in protective bioactive nutrients, thus leading to increased oxidative stress and 

inflammation. Additional stressors, such as environmental insults, added to this may result 

in a greater inflammatory response, which could be due to the fact that the mechanisms of 

pollutant-induced toxicity and dietary-induced inflammatory responses are similar.53 This 

detrimental interplay of nutrition and pollutants was illustrated comparing the effects of PCB 

exposure in mice fed corn oil (high in linoleic acid) versus mice fed olive oil (high in oleic 

acid). In corn oil–fed mice, PCB exposure resulted in further increases in expression of 

aortic vascular cell adhesion molecule 1 (VCAM-1). Importantly, this observation was not 

observed in mice fed olive oil, indicating the selective interaction of specific dietary fats 

with PCB inflammatory processes.54 Others have also observed this toxic interplay of 

pollutants and nutrition. For example, it has been shown that high-fat diets can exacerbate 

arsenic-associated liver inflammation and fibrosis.55 Additionally, diet-induced obesity and 

NAFLD are worsened in the presence of PCB-153, further illustrating the detrimental 

interplay of poor nutrition and pollutant exposure.56

As discussed above, individuals consuming a healthful diet already have a lower risk of 

chronic inflammatory disease and thus may be less susceptible to environmental insults and 

associated disease risks. This is important when considering the observed increase in air 

pollution in many overpopulated parts of the world and the link to risks of pulmonary and 

peripheral diseases. In fact, biological and epidemiological evidence suggest that exposure to 

particulate matter and related components of air pollution can contribute to oxidative stress 

and inflammation, suggesting that intake of diets enriched in antioxidant and anti-

inflammatory nutrients should be advised to downregulate pulmonary disease risks.57,58,59 
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There is evidence that specific nutrients can actually reduce the toxicity and health 

complications associated with pollutant exposure. Diets rich in bioactive food components, 

such as omega-3 fatty acids and polyphenols, contain high levels of antioxidant and anti-

inflammatory compounds that are capable of blunting the toxic and inflammatory effects of 

pollutant exposure.60 Resveratrol, a polyphenol found abundantly in grapes, berries, and 

other plants, has been shown attenuate hepatic steatosis and oxidative stress in mice exposed 

to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD).61 Furthermore, resveratrol has also been 

documented to combat PCB-induced disruptions in adipocyte glucose homeostasis, which 

may protect against the development of type 2 diabetes associated with pollutant exposure.62 

Another phenolic compound, epigallocatechin gallate (EGCG), found in green tea, is 

capable of attenuating cardiovascular inflammation and toxicity associated with arsenic 

exposure.63 In support of this, our lab has observed that consumption of green tea can reduce 

oxidative and inflammatory responses associated with PCB-126 exposure through 

upregulation of antioxidant enzymes.64 Importantly, EGCG exhibits epigenetic regulation of 

NF-κB target genes, reducing PCB-126–induced endothelial cell inflammation 

mechanisms.65

In addition to combatting pollutant-induced inflammation and toxicity directly, there is 

evidence that certain nutritional components can actually aid in reducing the overall body 

burden of pollutants. Interestingly, it has been observed that individuals consuming 

vegetarian or vegan diets exhibit trends toward lower body burden of organochloride 

compounds.66 These diets tend to be high in polyphenols and antioxidant compounds due to 

their plant-based focus, and thus it is possible that specific bioactive and plant-derived 

compounds may be promoting greater excretion of pollutants. However, these associations 

need to be further explored to determine if this is indeed the case. Because nutrition and 

pollutants often interact with and alter similar mechanistic pathways, it is possible that 

nutritional targeting of some of these pathways may be able to modulate pollutant 

metabolism and excretion. One example of the overlap in nutritional and pollutant 

interactions can be observed between arsenic and folate. For the body to facilitate excretion 

of arsenic, it must undergo methylation, with S-adenosylmethionine (SAM) functioning as 

the methyl donor. Interestingly, synthesis of SAM relies on a one-carbon metabolism that is 

folate dependent.67 Therefore, supplementation with folate may enhance the methylation 

and subsequent excretion of arsenic. Indeed, Peters et al.67 recently observed that 12- and 

24-week supplementations of 800 μg/day of folic acid significantly reduced blood arsenic 

concentration in an arsenic-exposed Bangladeshi population.67 This finding is especially 

important owing to the prevalence of chronic arsenic exposure worldwide and supports the 

importance of fostering a better understanding of the metabolism and excretion pathways of 

pollutants as potential targets of intervention. In addition to nutritional modulation of 

molecular mechanisms to enhance pollutant excretion, direct disruption or binding of these 

pollutants via the enterohepatic circulation may also provide a means of intervention to 

reduce body burden. For example, during this process, these pollutants become exposed to 

the intestinal environment, thus providing an avenue for potential dietary intervention. 

Indeed, it has been observed that consumption of the dietary fat substitute Olestra, a sucrose 

polyester, can enhance the excretion rate of PCBs and hexochlorobenzene in mice and also 

in highly exposed individuals.68–70 This enhanced excretion is believed to be through 
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interference with the enterohepatic circulation of these pollutants. Because of these findings, 

there is the potential that other nutritional components may act similarly and be able to bind 

and increase pollutant excretion and ultimately reduce the body burden of certain pollutants.

Conclusions

Levels of environmental pollution are on the rise worldwide, especially in densely populated 

areas, including China and India. Environmental pollution affects virtually every aspect of 

the human body, including the pulmonary and gastrointestinal systems, liver, vasculature, 

and other peripheral tissues, such as adipose tissue. The diverse and detrimental impacts that 

pollutant exposure has on these systems contribute to the increasing occurrence of chronic 

inflammatory conditions observed worldwide. While efforts to reduce and remediate 

pollution are underway, means of immediate protection at an individual level is of upmost 

importance. Nutrition can have a drastic impact on the development of or protection against 

non-communicable diseases, such as those associated with pollutant exposure. There is 

increasing evidence of the protective mechanisms of healthful nutrition on pollutant toxicity, 

specifically regarding components of the Mediterranean diet (i.e., omega-3 fatty acids and 

anti-inflammatory polyphenols), suggesting a means by which individuals may be able to 

control the development of pollutant-associated disease risks. Because nutrition is such a 

critical aspect of daily life, it is important to continue to foster a better understanding of the 

ways in which the foods we consume can affect the toxicity of environmental pollutants. 

Positive lifestyle changes, such as healthful nutrition (e.g., diets high in phytochemicals or 

polyphenols), may provide the most sensible means to develop primary prevention strategies 

of diseases associated with many environmental toxic insults.
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