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Abstract

Environmental pollution is increasing worldwide, and there is evidence that exposure to

halogenated persistent organic pollutants (POPs) such as polychlorinated biphenyls can contribute

to the pathology of inflammatory diseases such as atherosclerosis, diabetes, and cancer. Pollutant

removal from contaminated sites and subsequent pollutant degradation are critical for reducing the

long-term health risks associated with exposure. However, complete remediation of a toxicant

from the environment is very difficult and cost-prohibitive. Furthermore, remediation technologies

often result in the generation of secondary toxicants. Considering these circumstances,

environmentally-friendly and sustainable remediation technologies and biomedical solutions to

reduce vulnerability to environmental chemical insults need to be explored to reduce the overall

health risks associate with exposure to environmental pollutants. We propose that positive lifestyle

changes such as healthful nutrition and consumption of diets rich in fruits and vegetables or

bioactive nutrients with antioxidant and/or anti-inflammatory properties will reduce the body’s

vulnerability to environmental stressors and thus reduce toxicant-mediated disease pathologies.

Interestingly, emerging evidence now implicates the incorporation of bioactive nutrients, such as
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plant-derived polyphenols, in technologies focused on the capture, sensing and remediation of

halogenated POPs. We propose that human nutritional intervention in concert with the use of

natural polyphenol sensing and remediation platforms may provide a sensible means to develop

primary and long-term prevention strategies of diseases associated with many environmental toxic

insults including halogenated POPs.
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Introduction

1. Combining environmental science and biomedical strategies to better protect against
POP toxicity

Contaminant remediation and biological modulation of environmentally persistent pollutants

are two crucial means of reducing the human health risks of Superfund chemicals/toxicants

and related hazardous materials. The Superfund program, designed to clean up sites

contaminated with a variety of hazardous substances, was formed as the United States’

response to this growing environmental and public health concern (EPA, 2013), but these

pollutants are of worldwide concern. Although complete remediation of a hazardous site

may continue to be an ultimate goal of human exposure risk reduction, it is important to

design and implement other biologically relevant means of buffering against toxicant

exposure before, during, and after remediation activities. New data now implicate the

importance of an individual’s nutritional status and the use of protective bioactive food

components to decrease the overall toxicity of environmental pollutants to biological

systems (Petriello et al., 2013). Nutrition is being substantiated as an important modulator of

inflammatory and antioxidant pathways, especially with regard to environmental insults.

Interestingly, novel research now shows that bioactive food components that are

environmentally friendly can also be integrated into remediation technologies, which in turn

allow for more sustainable, inexpensive, and effective pollutant removal and detoxification

(Newsome et al., 2014). Implementing bioactive molecules in both biomedical and

environmental science settings, together, will allow for decreased overall body burden and

human toxicity of a multitude of pollutants (see Figure 1 for overview). In this review

article, we discuss the relevant literature concerning this novel paradigm and point to the

possible future uses of bioactive food components in healthful nutrition as well as their

emerging uses in environmentally friendly remediation strategies for ultimately reducing

human risks to persistent environmental pollutants.

Thus, this review is subdivided into 1) topics related to healthful nutrition (e.g., increased

consumption of protective bioactive food components) as a means of reducing the disease

vulnerability associated with exposure to environmental pollutants, and in particular

pollutants found at Superfund sites, and 2) topics relevant to the emerging field pertaining to

the utilization of environmentally friendly bioactive food components (e.g., polyphenols) to
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increase the efficiency and effectiveness for pollutant sensing, binding, and remediation

efforts.

2. Exposure to POPs, risks for non-communicable diseases, and mechanisms of toxicity

Halogenated persistent organic pollutants (POPs), including polychlorinated biphenyls

(PCBs) and trichloroethylene, are highly prevalent in the environment in soil, air, and water

(Petriello et al., 2013). For example, a major source of human exposure to PCBs is through

dietary intake of contaminated foods and through inhalation of airborne pollutants

(Crinnion, 2011). Because most halogenated POPs, including PCBs, are lipid soluble, they

easily accumulate in human tissues, leading to a perpetually increasing disease risk

throughout a life span, especially in overweight populations (Kim et al., 2011). Exposure to

halogenated POPs, and in particular pollutants that are ligands of the aryl hydrocarbon

receptor (AhR), can lead to inflammatory events tied to diseases such as atherosclerosis,

diabetes, obesity, cancer, etc. (Petriello et al., 2013). The pathology of many inflammatory

diseases, especially of non-communicable or chronic diseases, develops over a long period

of time and thus can be easily modulated by environmental exposures, specifically to

persistent organic pollutants.

Mechanistically, an increase in cellular oxidative stress often precedes an inflammatory

response (Schulze and Lee, 2005). PCBs, and in particular coplanar PCBs, have been shown

to cause oxidative stress primarily through a cytochrome P450 (CYP1A1)-mediated

uncoupling mechanism (Schlezinger et al., 2006). CYP1A1 induction allows for the

detoxification of multiple xenobiotics, but when in the presence of PCB, can become

inefficient and leaky (i.e., uncoupled) and produce detrimental reactive oxygen species

(Schlezinger et al., 2006). A hallmark of the pathology of vascular diseases, including

atherosclerosis, includes a change in the cellular redox status and a resultant increase in

oxidative stress, which favors chronic and low level inflammation (Libby, 2012). Such

changes in redox status and oxidative stress levels can be driven in part by pro-oxidative and

pro-inflammatory environmental pollutants that are persistent and which can be easily stored

in adipose tissue. Thus, an increased body burden of persistent environmental pollutants is a

particular risk factor during obesity, a disease characterized by excessive adipose tissue

(Kim et al., 2011). There is sufficient evidence that POPs contribute to inflammation by

activating oxidative stress-sensitive transcription factors such as nuclear factor kappa-light-

chain-enhancer of activated B cells (NFκB) (Hennig et al., 2002). For example, our studies

suggest that PCBs, and in particular coplanar PCBs, can increase cellular oxidative stress

and induce inflammatory parameters such as inflammatory cytokines, chemokines, and

adhesion molecules in the vascular endothelium, which are metabolic events that foster an

inflammatory response and atherosclerosis (Eske et al., 2013; Hennig et al., 2002; Lim et al.,

2007; Majkova et al., 2009). Through these pro-inflammatory mechanisms, PCBs and

related environmental toxicants have been correlated with increased risk of multiple human

chronic disease phenotypes including diabetes and heart disease (Carpenter, 2011;

Goncharov et al., 2008; Silverstone et al., 2012; Uemura, 2012). Since many populations

susceptible to toxicant-induced disease are often also afflicted by diet-induced diseases,

future human studies and integrated risk assessments should better investigate the interaction

between nutrition and toxicology (Hennig et al., 2012).
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Nutrition as a modulator of environmental chemical insults

1. Sub-optimal or unhealthy nutrition modulates the toxicity of environmental pollutants

POPs and subprime nutritional status share mechanisms of disease development including

the induction of pro-inflammatory pathways. Interestingly, a growing body of evidence

implicates an exacerbated toxic effect of PCBs and other environmental pollutants when

combined with an additive pro-inflammatory dietary environment (Petriello et al., 2013).

For example, our group has shown that, when combined, pro-inflammatory PCBs and

omega-6 fatty acids create an exacerbated toxicological response that is not simply the sum

of their individual inflammatory responses (Wang et al., 2008). Importantly, animal fats

such as those found in beef and chicken are significant sources of pro-inflammatory medium

and long-chain omega-6 fatty acids as well as PCBs and other related POPs (NCI, 2013).

Also, other groups have investigated a linkage between high saturated fat diets and increased

toxicity of POPs such as polycyclic aromatic hydrocarbons and have shown an increased

risk for adenomas and cancer (Harris et al., 2009). In addition, other environmental

contaminants such as heavy metals may work in concert with sub-optimal nutrition to

promote chronic inflammation and disease, but studies that investigate the impacts of mixing

multiple types of exposures, (e.g. chlorinated pollutants and heavy metals) in combination

with the added variable of an unhealthy diet are severely lacking (Houston, 2011; Jomova

and Valko, 2011). These types of comprehensive integrated toxicity studies will better

mirror real world exposure conditions especially for people residing in close proximity to

Superfund and other hazardous waste sites. Although obesogen research (e.g. toxicants

promoting obesity) is becoming a more developed area of study, work is still needed to

elucidate interactions between nutrients, nutritional status, environmental toxicants and

human health.

2. Healthful nutrition decreases the toxicity of pro-inflammatory pollutants

Polychlorinated biphenyls and related Superfund POPs induce chronic oxidative stress and

disregulated inflammatory responses, but anti-inflammatory nutritional antioxidants may

buffer and protect against toxicant-induced disease through multiple cell signaling

mechanisms (Petriello et al., 2013). Polyphenols and omega-3 polyunsaturated fatty acids

have been shown to decrease toxicant-induced maladies including liver diseases, tumor

formation and growth and endothelial cell activation (Petriello et al., 2013; Slim et al., 1999;

Watkins et al., 2007). Our work has shown that plant-derived flavonoids such as

epigallocatechin-3-gallate (EGCG), and long-chain omega-3 fatty acids such as

docosahexaenoic acid (DHA) can protect cellular systems by decreasing pro-inflammatory

lipid raft signaling domains called caveolae and by simultaneously upregulating antioxidant

defenses through increased nuclear factor (erythroid-derived 2)-like 2 (Nrf2) activation

(Majkova et al., 2011; Zheng et al., 2012). Most recently we have elucidated novel cross-

talk mechanisms between caveolae and Nrf2 pathways and have shown that nutrients and/or

bioactive food compounds may protect against vascular dysfunction, oxidative stress and

inflammation by downregualting caveolae and simultaneously upregulating Nrf2 target

antioxidant genes (Petriello et al., 2013). Other groups have shown that bioactive food

compounds such as those found in broccoli (sulphoraphane) and red wine (resveratrol) can

activate Nrf2 through multiple mechanisms and decrease oxidative stress levels in cells and
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in animals (Baur and Sinclair, 2006; Higgins and Hayes, 2011; Kang et al., 2012; Nadtochiy

and Redman, 2011; Wu et al., 2001; Zakkar et al., 2009). Polyunsaturated fatty acids, and

especially omega-3 fatty acids, as well as their anti-inflammatory breakdown metabolites

can protect against PCB-induced disease by activating Nrf2 but interestingly also by

disrupting functional caveolae (Majkova et al., 2011). Although caveolae and Nrf2 pathways

appear to be prime candidates for bioactive food components to work through, more

research is necessary to better elucidate other novel pathways that can be targeted both in

vitro and in vivo.

3. Healthful nutrition can decrease body burden of environmental toxicants

An emerging paradigm implicates healthful nutrition as an effective protective modulator of

environmental toxicant-induced inflammation and human disease. Multiple laboratories

have investigated the decreased toxicities of environmental pollutants due to bioactive

nutrients such as flavonoids and omega-3 polyunsaturated fatty acids, but many of these

studies rely on in vitro assays that lack the complexity of a whole body organismal

approach. Importantly, emerging classes of bioactive food components such as polyphenols

also have been shown to modulate the pro-inflammatory effects of environmental toxicants.

Our laboratory and others have shown that a wide array of phenolic compounds such as

EGCG, curcumin and quercetin can decrease toxicant-induced oxidative stress and

inflammation in multiple cell types, tissues and animal species (Choi et al., 2010; Ciftci et

al., 2012; Morita et al., 1997; Sciullo et al., 2010; Slim et al., 1999; Zheng et al., 2012).

Although human studies are lacking, strong evidence in animal models implicates a

protective role for flavonoids and other polyphenols perhaps through the induction of

antioxidant enzyme pathways and increased fecal excretion rates (Morita et al., 1997;

Newsome et al., 2013). Since the protective effects of healthful nutrition against biological

insults induced by exposure to POPs has been reviewed recently (Petriello et al., 2013), the

remainder of this review will focus on what is known concerning the overall decrease in

body burden of POPs, with a special emphasis on PCBs and related compounds, by nutrients

such as polyphenols. In other words, plant-derived polyphenols are being found to not only

protect against POP-mediated oxidative stress, inflammation, and toxicity but also to bind to

POPs and thus contribute to a decrease in body burden. In fact, if has been proposed that

green tea, containing high levels of polyphenols including EGCG, can inhibit the intestinal

absorption of lipids and highly lipophilic organic compounds and accelerate excretion of

PCBs (Kim et al., 2012; Koo and Noh, 2007; Morita et al., 1997).

Certain foods and polluted air can be major sources of toxicant exposures (Crinnion, 2011).

Thus, altering nutritional choices may prove to effectively modulate risks associated with

exposure to POPs. Making informed dietary decisions such as substituting lower fat versions

of protein sources (e.g. legumes, nuts, or lean meats and dairies) may have multiple health

benefits including decreased exposure to detrimental pollutants such as dioxins and PCBs

(Yaktine et al., 2006). For many populations it may be difficult or cost-prohibitive to change

major dietary protein sources; thus, increasing dietary intake of other bioactive nutrients

may buffer already exposed individuals against the negative ramifications of pollutant

exposures. For example, several laboratories have shown that diets high in fiber can alter the

absorption and excretion rates of pollutants such as PCBs (Aozasa et al., 2001; De Vos and
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De Schrijver, 2005; Sera et al., 2005). Mechanistically, multiple dietary fibers have been

shown to effectively bind pollutants such as dioxins, which may help to explain increased

fecal excretion rates, decrease in body burden, and observed protection (Aozasa et al.,

2001). Increasing excretion of lipophilic toxicants through other nutritional compounds such

as fat substitutes may also effectively decrease risk. For example, much emphasis including

human clinical trials has been placed on the interactions between the non-absorbable fat

substitute olestra and environmental toxicants (Arguin et al., 2010; Geusau et al., 2002;

Geusau et al., 1999; Jandacek et al., 2010; Moser and McLachlan, 1999). Researchers

determined that low levels of olestra supplementation (25 grams/day) increased the

excretion of multiple PCBs and related contaminants upwards of 11 fold compared to

normal diet (Moser and McLachlan, 1999). Interestingly, in a human case study, an olestra-

supplemented diet completely eliminated excessive POP concentrations in adipose tissue

and reversed POP-mediated clinical conditions such as diabetes and hyperlipidemia

(Redgrave et al., 2005). Diet-derived bioactive compounds such as EGCG are attractive

modulators of toxic exposure because they may both help to prime the physiological system

prior to a toxic insult by upregulating protective detoxifying enzymes as well as protect

therapeutically after exposure by increasing the rate of excretion and lowering overall body

burden (Newsome et al., 2013). Altering diets to increase fiber and bioactive nutrients from

fruits and vegetables is an effective and cost-efficient means of modulating POP toxicity,

but interestingly an emerging and growing body of knowledge also implicates the use of

bioactive nutrients such as quercetin and curcumin as effective components of novel

environmentally friendly remediation technologies.

Environmental remediation not only relies on efficient pollutant degradation but initially on

effective pollutant sensing and capture/removal from contaminated settings. Emerging

research suggests that the utilization of polyphenols for capture and sensing of POPs may

provide a technologically efficient and cost effective remediation platform that results in

minimal environmental and health impacts. This work adds to the paradigm that nutrients or

diet-derived bioactive compounds can broadly impact health concerns associated with POP

exposure (see Figure 1).

Utilizing polyphenols for pollutant sensing, binding, and remediation

efforts

Persistent organics, and especially PCBs, have proven difficult to remove from

contaminated sources and subsequently remediate due to their poor aqueous solubility and

low volatility, which makes extraction from soil and water especially challenging (Gomes et

al., 2013). Further, sensing of these pollutants is both difficult and cost prohibitive, relying

heavily on GC-MS methods and complicated extraction techniques (Avino et al., 2011;

Awawdeh and Harmon, 2005; Oshita et al., 2010). POP remediation to date often involves

dredging and subsequent deposition in landfills or further pollutant degradation through

incineration or various chemical dehalogenation techniques (NCR, 2001). Studies have

shown, though, that dredging and deposition results in substantial leaching into the

surrounding environment, incineration can produce even more harmful byproducts if

insufficient temperatures are reached, and organic solvents used for chemical
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dehalogenation are often as toxic as the pollutants being remediated (Ham et al., 2008;

Hutzinger et al., 1985). There is a clear need for more effective pollutant remediation

involving inexpensive, environmentally friendly, stable systems for the capture/sensing of

PCBs and other POPs, as well as environmentally-conscious pollutant degradation. In fact,

as of 2011, the Ecologic Institute of the European Union’s Screening methods for the Water

Framework Directive (SWIFT-WFD) has continued to focus on this need for discovery and

translation of low-cost screening tools for environmental contaminants (Castro-Jimenez and

Gonzalez, 2011).

As a result, much research has been performed to determine novel technologies and methods

to capture, sense, and remediate POPs. One such example includes engineered antibodies

that contain binding domains that can specifically associate with PCBs and other POPs,

which can be utilized for specific binding and sensing applications (Pellequer et al., 2005).

Due to inherent cost barriers and stability issues of these antibodies, though, other low-cost,

stable engineered materials have been sought as an alternative platform to mimic this

specific binding interaction; growing data are implicating the use of nutrient polyphenols as

effective components of engineered POP capture/sensing platforms both due to their

fluorescent detection characteristics and affinity for chlorinated organics (Newsome et al.,

2013). It has been reported that the binding domains of PCB-specific antibodies (e.g., the

monoclonal antibody S2B1) form sterically constrained, highly aromatic pockets, which

allow for pi-pi bond stacking interactions (Pellequer et al., 2005). Researchers have

successfully mimicked these interactions in the development of synthetic materials,

including those composed of polyphenolic moieties, for capture and sensing applications

(Haupt and Mosbach, 2000; Hilt, 2004; Hilt and Byrne, 2004; Hilt et al., 2006). For

instance, by exploiting their biomimetic binding properties, researchers have developed

porphyrin-containing compounds (highly aromatic compounds with similar molecular

geometries to polymeric polyphenols) for the detection of environmental contaminants

(Awawdeh and Harmon, 2005; Johnson et al., 2010).

There is emerging evidence that biomimetic PCB binding domains can be synthesized by

incorporating phenolic and related moieties into polymeric coatings, which will greatly

enhance the ability to detect and remove/remediate PCB contamination (Newsome et al.,

2013). Polyphenols such as quercetin and curcumin are of special interest not only because

of their beneficial health effects and environmentally benign nature but also because of their

highly aromatic structures, which may enable effective and/or specific binding and sensing

of aromatic pollutants (Ramadass et al., 2003). Recently, we developed a novel strategy to

synthesize polymeric networks that incorporate these polyphenols as both stable coating

materials and biodegradable hydrogels for use as a pollutant binding platform and an

antioxidant release platform to combat localized cellular oxidative stress, respectively

(Biswal et al., 2011; Wattamwar et al., 2012; Wattamwar et al., 2010b). These materials can

have enhanced biocompatibility over their free compound form (Wattamwar et al., 2010a)

and in preliminary studies, we have shown that PCB binding is increased through the

incorporation of phenolic moieties in a polymeric matrix (Newsome et al., 2014).

Additionally, the characteristic fluorescence peaks associated with these flavonoids

effectively have been used preliminarily to sense PCB congeners in a concentration-

dependent fashion (Newsome et al., 2014).
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Although, biomimetic polymeric networks have been utilized for rapid binding of relevant

pollutants (Zhao et al., 2011), these pollutant-bound materials must be easily removed from

contaminated environments in order to be effective remediation systems. Combining

polyphenolic polymers with magnetic nanoparticles in nanocomposite microparticle

systems, then, allows for rapid binding of aromatic pollutants followed by high-throughput

magnetic separation from contaminated samples. Magnetic nanoparticles (MNPs) have

found widespread applications in magnetic fluids, catalysis, and bioseparation, and are being

utilized increasingly in environmental remediation, either as uncoated particles or polymer-

functionalized particles for increased pollutant adsorption, sensing and degradation (Qu et

al., 2013; Tang and Lo, 2013; Zhao et al., 2011; Zhu et al., 2013). Although nanoparticles in

general have been studied for some time to elucidate their potential toxicity, magnetic iron

oxide nanoparticles have shown minimal cytotoxicity and additionally have been used

successfully in biomedical applications for many years in areas such as magnetic resonance

imaging, targeted drug delivery, and hyperthermia (Mahmoudi et al., 2012; Frimpong et al.,

2010; Frimpong and Hilt, 2010; Gao et al., 2009; Mornet et al., 2004)). Further, recent

studies in our group have shown that polyphenolic polymers can enhance the

biocompatibility of metal nanoparticles like iron oxide (Cochran et al., 2013), thus forming

the basis for a safe, environmentally-sound remediation platform. MNPs have found great

utility in biomedical applications due to their superparamagnetic properties (conferred by

their nanoscale size), which allow for easy manipulation with a magnetic field (e.g., for

effective magnetic separation of captured molecules or for transport and immobilization at

target sites) and heat generation in response to an alternating magnetic field (AMF) for local

heating to modify properties (e.g. reaction rates, binding properties, thermal treatment)

(Meenach et al., 2010). By utilizing diet-derived polymeric polyphenol coatings of defined

thickness and matrix structure, our work has shown that pollutants can be very quickly

removed from contaminated water samples (Newsome et al., 2014). Further, heating of the

material can result in thermal destabilization of the polymer matrix and subsequent release

of bound pollutants for potential reuse. This combined system, incorporating the binding

potential of nutrient polyphenols with the separation and remote heating potential of

magnetic nanoparticles potentially could be used for rapid removal of pollutants from

environmental samples. The addition and implementation of bioactive nutrients into

engineered polymers and nanoparticles allows for efficient remediation of contaminated

sites and is worthy of increased investigation due to the high efficiency and specificity

potential as well as the environmentally responsible makeup of the technology.

Summary and Conclusions

Nutrition is being further substantiated as an important modulator of inflammatory and

antioxidant pathways, especially associated with environmental insult, and is also emerging

as a tool to address exposure toxicity of persistent organic pollutants as both a sensing and

remediation platform (Figure 1). Evidence now shows that a person’s nutritional status can

play a key role in determining the severity of environmental toxicant-induced pathologies

such as diabetes and cardiovascular diseases. People with subprime nutrition may be more

susceptible to the toxicity of environmentally persistent pollutants whereas individuals that

make healthy nutritional decisions and emphasize the importance of foods high in bioactive
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nutrients such as flavonoids may be less vulnerable to environmental insults by being able to

buffer against the toxicity of pro-inflammatory pollutants. Although augmenting the

nutritional profiles of at-risk populations may prove to be an effective modulator of toxicant-

induced disease in the long term, it is critical to discover and design novel sensing and

remediation technologies that are effective, sustainable and environmentally friendly to

address immediate needs. Therefore, the novel and emerging evidence that bioactive

nutrients may be incorporated into sensing and remediation components may lead to viable

technologies that circumvent many of the issues concerning current-day decontamination

platforms. Ultimately, further research into nutrient polyphenols, such as EGCG, quercetin,

and curcumin, will highlight their potential as sustainable, inexpensive components both that

can decrease health concerns associated with environmental pollutants in the short term and

remediate these concerns in the long term.
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Highlights

• Nutrition modulates vulnerability to disease risks associated with exposure to

environmental pollutants.

• Healthful nutrient polyphenols are protective by upregulating antioxidant and

anti-inflammatory pathways.

• Polyphenols can be used in sensing, capture, and remediation technologies.

• Healthy nutrition may provide a cost-effective and environmentally friendly

means of modulating environmental toxicity.
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Figure 1.
Illustration of nutrition as 1) a modulator of health risks associated with environmental

exposure and toxicity of persistent organic pollutants (POPs) and as 2) an environmentally

sustainable tool to capture, sense and remediate POPs. We propose that nutrition, and in

particular diet-derived bioactive compounds such as polyphenols, can protect against POP

toxicity through their antioxidant and anti-inflammatory properties. Polyphenols also can

participate in a remediation platform that includes their roles in POP capture and sensing

technologies, thus allowing for environmentally friendly and sustainable remediation of

POPs.
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