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Abstract The pathology of cardiovascular disease is multi-
faceted, with links to many modifiable and non-modifiable
risk factors. Epidemiological evidence now implicates expo-
sure to persistent organic pollutants, such as polychlorinated
biphenyls (PCBs), with an increased risk of developing dia-
betes, hypertension, and obesity; all of which are clinically
relevant to the onset and progression of cardiovascular dis-
ease. PCBs exert their cardiovascular toxicity either directly
or indirectly via multiple mechanisms, which are highly de-
pendent on the type and concentration of PCBs present.
However, many PCBs may modulate cellular signaling path-
ways leading to common detrimental outcomes including in-
duction of chronic oxidative stress, inflammation, and endo-
crine disruption. With the abundance of potential toxic pollut-
ants increasing globally, it is critical to identify sensible means
of decreasing associated disease risks. Emerging evidence
now implicates a protective role of lifestyle modifications
such as increased exercise and/or nutritional modulation via
anti-inflammatory foods, which may help to decrease the vas-
cular toxicity of PCBs. This review will outline the current
state of knowledge linking coplanar and non-coplanar PCBs

to cardiovascular disease and describe the possible molecular
mechanism of this association.
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Introduction

Polychlorinated biphenyls (PCBs) are a group of odorless and
generally colorless synthetic chemicals with no known natural
source and are composed of a biphenyl molecule with 2–10
chlorine atoms attached (with a total of 209 possible conge-
ners of the molecule). PCBs were originally manufactured as
dielectric and heat transfer fluids, coolants, lubricants, flame-
retardants, and plasticizers due to their high thermal conduc-
tivity and chemical inertness. These compounds were pro-
duced by the Monsanto Corporation, USA, as congener mix-
tures named Aroclors beginning in 1930 until their production
was banned in the USA in 1979 by the United States Congress
and later under the Stockholm Convention on Persistent
Organic Pollutants in 2001, which aimed to eliminate their
production internationally (Porta and Zumeta 2002). The
Stockholm Convention included PCBs among the original list
of banned persistent organic pollutants (POPs) due to the
growing early data linking PCBs with endocrine disruption,
neurotoxicity, and environmental bioaccumulation (Agency
for Toxic Substances and Disease Registry 2000). Since the
original ban in 1979, data have also implicated PCBs in heart
and liver disease, developmental abnormalities, and certain
cancers (Robertson and Hansen 2001).

Classification of PCBs is primarily based on their stereo-
chemical differences associated with chlorine binding
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positions onto the biphenyl molecule, ultimately impacting
molecular planarity. Non-ortho or mono-ortho substituted
PCBs may assume a planar configuration and are commonly
referred to as planar or coplanar congeners, while other con-
geners are unable to conform to a planar configuration and are
referred to as non-planar or non-coplanar (see Fig. 1) (Agency
for Toxic Substances and Disease Registry 2000). Planarity of
PCB congeners also impacts receptor binding, allowing planar
molecules to act similarly to dioxins, a highly toxic class of
chemicals that exhibit genotoxic and mutagenic properties
(Mandal 2005).

Cardiovascular disease (CVD) is a non-communicable dis-
ease that encompasses a group of disorders of the heart and
blood vessels including coronary heart disease, cerebrovascu-
lar disease, peripheral arterial disease, rheumatic heart disease,
congenital heart disease, deep vein thrombosis, and pulmo-
nary embolism (Labarthe 2011). The World Health
Organization estimates that 17.3 million people died from
CVD in 2008 alone, accounting for 30 % of global deaths
and serving as the number one cause of death globally
(World Health Organization 2011). Several risk factors and
associated diseases including type 2 diabetes, hypertension,
obesity, sedentary lifestyle, and over nutrition can contribute
to the pathology of CVD. Furthermore, environmental pollut-
ants, such as PCBs, can thus contribute to CVD directly or
indirectly via promotion of these and other risk factors and
associated diseases. Considering the significant burden that
CVDs have on global mortality, it is imperative to explore
and assess factors that may promote or exacerbate the patho-
genesis of these diseases (World Health Organization 2011).
The goal of this review, then, is to summarize current epide-
miological and molecular biology findings that link environ-
mental exposures to PCBs with the development of CVD.

It is also important to briefly describe how literature
searches were conducted and the criteria for study selection
(Woodruff and Sutton 2014). Originally, literature searches
were restricted to PCBs and their direct correlation to CVD,
but after reviewing the available literature it became important
to also examine other disease risk factors affected by PCB
exposure, which can indirectly modulate or accelerate the
pathogenesis of CVD. Each paper fitting this criteria was in-
dividually examined for its’ relevance to the review.

Epidemiological studies linking PCBs
and cardiovascular disease risk factors

Hypertension

Of the 17.3 million deaths attributed to CVD in 2008, com-
plications associated with hypertension, or high blood pres-
sure, accounted for roughly half (9.4 million) of those deaths.
Even more significant, these 2008 data indicated that 40 % of
all adults worldwide (aged 25 and above) had been diagnosed
with hypertension, an increase from 600 million reported
cases in 1980 to 1 billion cases in 2008. This drastic rise in
rates of hypertension has been attributed to a number of fac-
tors including poor nutrition, lack of physical activity, and
exposure to persistent chemical stressors (World Health
Organization 2013).

Growing epidemiological evidence is substantiating a link
between exposure to PCBs and increased risk of hypertension.
The National Health and Nutrition Examination Survey
(NHANES) data set has been a significant source of informa-
tion on the association between hypertension and PCB expo-
sure. Two recent studies showed that serum PCB levels were
significantly associated with hypertension (Peters et al. 2014;
Yorita Christensen and White 2011) and that serum PCB
levels were, on average, higher among individuals with hy-
pertension (Yorita Christensen and White 2011). Additional
studies of NHANES data have indicated that dioxin-like PCB
put a person at a higher risk for hypertension than non-dioxin-
like PCBs, but that the arrangement of chlorines may also be
an important factor (Everett et al. 2007; Ha et al. 2009).

While the NHANES data set has provided a wealth of
information, a variety of epidemiological studies involving
different cohorts have also found similar associations between
PCB exposure and an increased risk of hypertension. Two
studies of the Anniston, Alabama cohort, a group of 758 par-
ticipants residing near the original Monsanto Corporation
PCB manufacturing site, showed a correlation between rates
of hypertension and serum PCB concentration (Goncharov
et al. 2010), and that other than age, total serum PCBs were
the strongest determinant of blood pressure level in 394 par-
ticipants (Goncharov et al. 2011). Additionally, a study of 1,
374 Japanese residents is consistent with these findings with

Fig. 1 a General structure of a
polychlorinated biphenyl with
relevant nomenclature
highlighted. b Structure of
3,3′,4,4′,5-pentachlorobiphenyl
(PCB 126), a coplanar, non-ortho
substituted PCB, c Structure of
2,2′,4,4′,5,5′-hexachlorobiphenyl
(PCB 153), a non-coplanar, di-
ortho substituted PCB
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their own data indicating that serum levels of dioxin-like
PCBs are directly correlated with high blood pressure
(Uemura et al. 2009). Finally, hospital discharge rates for hy-
pertension for residents living in upstate New York in zip
codes with POP-contaminated sites were increased by
19.2 %, although it is worth noting that these POP sites
contained PCBs in addition to other pollutants (Huang et al.
2006).

Studies analyzing the correlation between PCB exposure
and rates of hypertension have been performed on a wide
array of sample sizes (Akagi and Okumura 1985;
Goncharov et al. 2011; Peters et al. 2014; Stehr-Green et al.
1986). Of all the epidemiological studies examined, all but
one of the studies found a positive relationship. An important
observation is that the studies that found a positive relation-
ship had higher sample sizes, ranging from 394 to 12,200
participants, than the study in disagreement, which had a sam-
ple size of 59 participants (Akagi and Okumura 1985), sug-
gesting sample size may have influenced these findings.

Type 2 diabetes

In 2000, an estimated 171 million people were diagnosed with
diabetes; this estimate is expected to increase to 366 million
by the year 2030 (Wild et al. 2004). Diabetes mellitus is char-
acterized by poorly regulated high blood glucose levels and is
primarily categorized into two groups, types 1 and 2.
Although most epidemiological studies do not distinguish be-
tween types 1 and 2 diabetes, it is estimated that type 2 diabe-
tes accounts for 90–95 % of all diabetes cases (Tang et al.
2014). Among patients with type 2 diabetes, CVD is the major
cause of death, with more than 60 % of patient deaths associ-
atedwithmyocardial infarction and stroke (Fox et al. 2007). In
addition, adults with diabetes have a 2- to 4-fold increased risk
of CVD-related events compared to those without diabetes
(Fox et al. 2004) and are at a substantially higher risk for
developing CVD (European Association for Cardiovascular
et al. 2011).

Increasingly, data and an expanding body of literature are
associating PCB exposure with heightened risk and incidence
of type 2 diabetes development (Airaksinen et al. 2011; Codru
et al. 2007; Everett et al. 2007; Gasull et al. 2012; Grandjean
et al. 2011; Hofe et al. 2014; Lee et al. 2006; Persky et al.
2012; Rylander et al. 2005; Silverstone et al. 2012; Tang et al.
2014; Vasiliu et al. 2006). These studies involve a variety of
cohorts and subject ages, suggesting that PCB exposure in-
creases the risk of type 2 diabetes development regardless of
age or cohort. In addition to type 2 diabetes, PCBs also have
been implicated in the development of gestational diabetes.
Serum concentrations of PCB 138 and PCB 180 were associ-
ated with increased 2-h glucose levels and PCB 180 with
increased immunoreactive insulin levels, suggesting that
PCBs can contribute to insulin resistance in expectingmothers

(Arrebola et al. 2015). Gestational diabetes, characterized by
the development of any degree of glucose intolerance in
mothers during pregnancy, occurs during approximately 7 %
of pregnancies, or 200,000 cases annually. Women who de-
velop gestational diabetes are at an increased risk for the de-
velopment of type 2 diabetes after pregnancy (American
Diabetes 2004).

Obesity

While atherosclerosis and hypertension are commonly associ-
ated with the development of CVD, obesity serves as a prima-
ry modulator of these conditions and has been implicated
heavily in CVD development (Kenchaiah et al. 2002; Poirier
et al. 2006; Van Gaal et al. 2006). A limited amount of liter-
ature has focused on PCB exposure and its implications on the
etiology of obesity development, with primary correlations
drawn from laboratory studies (Arsenescu et al. 2008;
Ferrante et al. 2014; Kim et al. 2012; Myre and Imbeault
2014) as well as from multiple epidemiological studies that
have shown an association that warrants further examination
(Donat-Vargas et al. 2014; Gladen et al. 2000; Lee et al. 2012;
Verhulst et al. 2009).

Epidemiological studies into the association of PCB expo-
sure and the development of obesity primarily have relied
upon the comparison of serum PCB levels and body mass
index (BMI) or birth weight, although studies have yielded
mixed results. An interesting prospective study of 12,313
non-obese participants in the Seguimiento Universidad de
Navarra (SUN) cohort showed that after a median 8.1 years,
there were 621 new incidences of obesity among these partic-
ipants, with a direct correlation seen between increased dietary
PCB intake (estimated from an earlier study of dioxin-like
PCB concentrations in food) and incidences of obesity
(Donat-Vargas et al. 2014). Additional studies of adolescent
and adult patients have reported total PCB (Gladen et al. 2000;
Lee et al. 2011; Lignell et al. 2013; Valvi et al. 2012; Verhulst
et al. 2009) and congener-specific (Dhooge et al. 2010; Glynn
et al. 2003; Lee et al. 2012) obesity modulation, while others
have found no correlation (Ben Hassine et al. 2014; Karmaus
et al. 2009) or even an inverse association (Blanck et al. 2002;
Dirinck et al. 2011, 2014; Wu et al. 2011), indicating the
complexity of this relationship.

These discrepancies in findings may be related to
congener-specific effects of individual PBCs. Studies that
did find congener-specific effects (Dhooge et al. 2010;
Glynn et al. 2003; Lee et al. 2012) demonstrated that the
degree of chlorination of each PCB determined it’s affect on
obesity risk. Less chlorinated PCBs were found to be associ-
ated with an increased risk of obesity, while more chlorinated
PCBs demonstrated a decreased risk. These findings suggest
that chlorination, in addition to concentration and planarity,
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may have a significant impact on the obesity-inducing effects
of individual PCBs.

Another explanation for the inconsistencies may also be
caused by the apparent protective effects that increased adi-
posity may have in certain situations, a concept known as the
obesity paradox (Lavie et al. 2015). While obesity remains a
thoroughly researched and proven risk factor for many chron-
ic conditions, some studies have shown that patients who are
obese or overweight have a better or similar prognosis than
those with a traditionally healthy weight (Hong et al. 2012;
Janssen and Mark 2007; Lavie et al. 2009; Oreopoulos et al.
2009; Romero-Corral et al. 2006). These findingsmay suggest
a protective role of increased adipose deposition in certain
situations, which may explain the confusing relationship be-
tween PCBs and obesity in the development of CVD.

The protective role of increased adiposity can likely be
attributed to the highly lipophilic characteristic of PCBs,
which can result in the bioaccumulation of these chemicals
in both human and animal fat tissue (Imbeault et al. 2001;
Mullerova and Kopecky 2007; Yu et al. 2011). The storage
of POPs, such as PCBs, in adipose tissues has been shown to
increase the half-life of these chemicals (Longnecker 2006).
Although the POPs may be present for a longer period of time,
the sequestering of these chemicals into adipose tissues could
be less harmful to the individual when comparing the effects
of potential exposure to more sensitive target tissues (Hong
et al. 2012; La Merrill et al. 2013). Obese and overweight
patients have a larger reservoir for POP, and therefore PCB,
sequestration, than patients with more ideal body weights,
which could help negate some of the harmful effects of PCB
exposure. This concept is supported by studies showing that
an increase in serum POP levels, which include PCBs, had
adverse health effects (Imbeault et al. 2002a, b; Pelletier et al.
2002). Weight loss has also been shown to increase the con-
centration of PCBs in plasma (Chevrier et al. 2000; Imbeault
et al. 2002a). This further illustrates the complexity of obesity
and PCB exposure, as weight loss causes a release of toxicants
and a temporary increase in plasma toxicant concentration.

The bioaccumulation of PCBs into adipose tissues and dif-
ferences in recent weight loss may also leave low and/or in-
consistent levels of PCB remaining in serum samples for anal-
ysis. This suggests that serum PCB concentration measure-
ment may not provide an accurate estimate of a subject’s
PCB exposure or body burden. Biomarkers that mirror PCB
exposure levels are currently lacking. In a laboratory setting it
is routine to compare induction of certain enzymes to PCB
exposures, but epidemiological studies do not typically record
this information. Ideal analysis of PCB concentrations in hu-
man populations would include the measurement of all PCB
congeners, in both serum and adipose tissue, while utilizing a
common method of normalization between studies. While
there are still many questions about the role of PCBs in mod-
ulating obesity risk factors, growing epidemiological evidence

along with in vitro and in vivo findings have implicated PCBs
as a part of a much larger group of environmental pollutants
that act as obesogens, or chemicals capable of inappropriately
activating molecular pathways that may lead to a predisposi-
tion to obesity through dysfunctional weight-control (Baillie-
Hamilton 2002; Grun and Blumberg 2006).

Dyslipidemia

Dyslipidemia refers to a wide array of lipid abnormalities that
can be causative in the development of CVD. Efforts to pre-
vent CVD have focused significant effort on addressing dys-
lipidemia because it is readily modifiable by lifestyle changes
and drug therapies, most notably statins (Huffman et al. 2013;
Martin et al. 2014; Riche and McClendon 2007), which work
to prevent cholesterol synthesis by altering the active site of
the HMG-CoA reductase enzyme that converts HMG-CoA to
mevalonic acid, a cholesterol precursor (Rodriguez-Yanez
et al. 2008; Stancu and Sima 2001). There is compelling ev-
idence that decreasing total cholesterol (TC), triglycerides
(TG), and low-density lipoproteins (LDL) can help markedly
reduce a patient’s risk of CVD (European Association for
Cardiovascular et al. 2011; Tenenbaum et al. 2014). Similar
to findings on the association between obesity and PCB ex-
posure, the most compelling and complete evidence comes
from laboratory studies (Bell et al. 1994; Hitomi and
Yoshida 1989; Nagaoka et al. 1986, 1990; Oda et al. 1990).
For instance, ApoE (−/−) mice injected with PCB 77 exhibited
increased serum cholesterol and atherosclerosis (Arsenescu
et al. 2008).

There is a small volume of epidemiological literature di-
rectly examining a potential causal relationship between dys-
lipidemia and PCB exposure is certainly a limiting factor. The
difficulty of finding literature examining this is further
compounded by the fact that serum lipid measurements are
often published within much larger analyses and are often not
a point of emphasis, meaning that searching for appropriate
PCB literature is complicated. Despite these limitations,
though, there is epidemiological evidence suggesting PCB
exposure may contribute to dyslipidemia (Goncharov et al.
2008; Lee et al. 2011; Uemura et al. 2009). Among the con-
tributors to dyslipidemia, elevated TG levels has been most
consistently associated with PCB exposure (Baker et al. 1980;
Chase et al. 1982; Lee et al. 2007; Smith et al. 1982;
Stehrgreen et al. 1986; Tokunaga and Kataoka 2003;
Uemura et al. 2009). Increases in both LDL (Aminov et al.
2013; Penell et al. 2014) and total cholesterol (Aminov et al.
2013; Stehr-Green et al. 1986; Tokunaga and Kataoka 2003)
have also been reported, although there are studies that have
shown no correlation (Chase et al. 1982). An inverse relation-
ship between PCB exposure and high-density lipoproteins
(HDL) has also been shown (Penell et al. 2014; Smith et al.
1982), which is significant considering that increasing levels
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of HDL are associated with a decrease in CVD risk (Linsel-
Nitschke and Tall 2005).

Limitations of epidemiological study analysis

It should be noted that while epidemiological findings are very
useful for determining associations between risk factors, such
as PCB exposure, and outcomes, such as hypertension, it is
not possible to derive direct causality. The majority of studies
presented here is cross-sectional, and simply provide a snap-
shot of a population and may not adequately describe the
complete nature of the association (Levin 2006). The large
number of PCB congeners and the variety of molecular mech-
anism through which PCBs elicit toxicological effects adds
additional complexity to these analyses and inhibits direct
correlation of a specific risk factor with a more complex out-
come. Statistical analysis of PCB concentrations also varied
between studies, which is to be expected, but is still a potential
source of observed divergence between studies. While most
studies used serum levels of lipids to normalize PCB concen-
trations, the specific method of normalization using serum
lipids varied between those studies that did normalize their
data.

Potential mechanisms of PCB-induced
cardiovascular disease

Coplanar PCBs

The toxicity of coplanar PCBs, such as PCBs 77 and 126, is
primarily induced through constant basal activation of the aryl
hydrocarbon receptor (AhR), a transcription factor involved in
xenobiotic metabolism. As a so-called orphan receptor, AhR
has no associated high-affinity endogenous ligand, but rather
binds to a wide array of ligands that includes PCBs (Beischlag
et al. 2008). Without a ligand present, AhR exists in the cyto-
plasm of cells as an inactive complex with a heat-shock pro-
tein (Hsp90) as well as other co-chaperone proteins such as
the p23 protein (Cox and Miller 2004). Once bound to a li-
gand, AhR translocates into the nucleus, dissociates from both
Hsp90s and its co-chaperone proteins, and forms a heterodi-
mer with the aryl hydrocarbon receptor nuclear translocator
(ARNT). The AhR-ARNTcomplex then binds to a xenobiotic
responsive element (XRE) in the promoter region of the target
genes (Korashy and El-Kadi 2006).

A large number of drug-metabolizing enzymes are induced
as a result of AhR activation, including the phase I (oxidation),
phase II (conjugation), and transporters of the phase III
(excretion) metabolic pathways. The activation of these en-
zymes results in AhR ligands inducing their own metabolism
and clearance from the body (Beischlag et al. 2008). This,
combined with the fact that AhR is a relatively ubiquitous

protein that is expressed in most bodily tissues, has resulted
in AhR being recognized as the body’s primary molecular
defense when presented with an environmental toxin (Xiao
et al. 2014).

Previous work has demonstrated that coplanar PCBs are
capable of acting as AhR agonists (Han et al. 2012; Hennig
et al. 2002; Lim et al. 2008; Xiao et al. 2014). The toxicity that
is then caused by these coplanar PCBs while stimulating AhR
is often attributed to the release of reactive oxygen species
(ROS) and the subsequent increase in oxidative stress
(Schlezinger et al. 2006). It has been suggested that ROS-
induced oxidative stress in conjunction with coplanar PCB
exposure is the result of increased expression of, and eventual
uncoupling of cytochrome P450 1A subfamily (CYP1A1)
(Hennig et al. 2002; Schlezinger et al. 1999, 2006). The me-
tabolism of PCBs by cytochrome P450 enzymes involves a
catalytic cycle of reactions that produce metabolites of the
parent compound (Guengerich 2008). The metabolism of
PCBs depends on the number and position of the chlorines,
with the metabolism having an inverse relationship with the
number of chlorines on the molecule (Grimm et al. 2015).
Although previous literature describes PCB metabolites as
being relatively harmless (Schlezinger et al. 2006), emerging
evidence suggests that these metabolites may exhibit their
own toxicity (Grimm et al. 2015). The relatively slow rate of
oxidation of certain PCBs causes the uncoupling of the
CYP1A1 catalytic cycle and allows ROS to leak out of the
active site, causing oxidative stress. Increased amounts of ox-
idative stress and inflammation have been shown to be heavily
involved in many of the risk factors for CVD (Ceriello and
Motz 2004; Marseglia et al. 2014; Ward and Croft 2006),
including the development of atherosclerosis (Dhalla et al.
2000). In addition to increasing oxidative stress, ROS also
accelerate the degradation of nitric oxide, which impairs va-
sorelaxation by the endothelium and is often referred to as
endothelial dysfunction (Cai and Harrison 2000). Patients
with coronary heart disease and increased endothelial dys-
function were shown to have an increased risk of cardiovas-
cular events, demonstrating the importance of oxidative stress
in CVD (Heitzer et al. 2001).

In addition to increasing oxidative stress, coplanar PCBs
acting as AhR agonists also induce cellular inflammation that
is largely mediated by nuclear factor κB (NF-κB) (Hennig
et al. 2002; Wu et al. 2014). Previous research has shown that
activation of NF-κB drives expression of target genes that
activate immune response mechanisms, ultimately resulting
in the release of proinflammatory cytokines and adhesionmol-
ecules that attract immune cells to modulate pollutant-induced
toxicity (Baker et al. 2011). These effects, combined with
oxidative stress associated with ROS, have been shown to
be atherogenic (Collins and Cybulsky 2001; Mangge et al.
2014). The compensatorymechanism intended to help combat
these effects, known as the nuclear factor (erythroid-derived
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2)-like 2 (Nrf2) antioxidant response pathway, regulates the
response to oxidative stress and, once activated by ROS, Nrf2
protein binds to antioxidant response elements on target
genes, leading to their upregulated expression. These target
genes include xenobiotic metabolizing enzymes, such as glu-
tathione S-transferases (GSTs), and many cytochrome P450s
(CYPs), as well as antioxidant enzymes, NAD(P)H: quinine
oxidoreductase-1 (NQO1) (Baird and Dinkova-Kostova 2011;
Kansanen et al. 2012; Wakabayashi et al. 2010).

In summary, coplanar PCBs exert their primary cardiovas-
cular toxicity through AhR mediated events. A subsequent
increase in cellular ROS results in the upregulation of endog-
enous defenses such as the Nrf2 antioxidant system, but
chronic activation of AhR may overwhelm the body’s natural
means of protection leading to a state of chronic inflammation
and disease. However, Nrf2 can be activated by bioactive
nutrient compounds and certain drugs leading to an increased
availability of antioxidant-related enzymes and mediators.
Therefore, it is hypothesized Nrf2 activators, such as polyphe-
nols, may prime a physiological system to better defend
against the toxicity of PCBs and related environmental pollut-
ants (Newsome et al. 2014).

Non-coplanar PCBs

While a large majority of risk assessment and research into
PCBs focuses on coplanar PCBs, non-planar PCBs, such PCB
138, 153, and 180, still predominate in both environmental
and biological samples at significant concentrations (Safe
1994). Interestingly, recent studies have shown that PCB
153 is one of the largest contributors for total PCB body bur-
den in humans (Agudo et al. 2009; Axelrad et al. 2009; Moon
et al. 2009). Unlike coplanar PCBs, non-coplanar PCBs are
not ligands for AhR, but may act as ligands for other nuclear
receptors in the body (Al-Salman and Plant 2012; Jacobs et al.
2005). There is some evidence that toxicity caused by non-
coplanar PCBs may also be the result of inflammation, medi-
ated by NF-κB (Kwon et al. 2002), but the mechanism of
activation remains unresolved.

There has also been significant evidence suggesting that
non-coplanar PCBs, or their metabolites, are capable of acting
as endocrine disrupting chemicals, which are compounds that
are able to mimic, antagonize, alter, or modify normal hor-
monal activity (Bonefeld-Jorgensen et al. 2001; Connor
et al. 1997; De Coster and van Larebeke 2012; Kester et al.
2000; Kretschmer and Baldwin 2005). For instance, PCB 138,
153, and 180 were shown to compete for binding of both the
estrogen receptor and androgen receptor (Bonefeld-Jorgensen
et al. 2001; Korach et al. 1988). More specifically, lower chlo-
rinated non-coplanar PCBs were shown to be weak estrogen
agonists, while higher chlorinated congeners acted as weak
estrogen receptor antagonists. In addition to their effects on
estrogen receptors, the endocrine disruption of PCBs and their

metabolites may also be a result of the inhibition of estrogen
sulfotransferase, which then elevates the amount of available
estrogen (Diamanti-Kandarakis et al. 2009) and estradiol
(Kester et al. 2000). Although non-coplanar PCBs are often
associated with being estrogenically active, it is difficult to
make a general observation about the structural requirements
for estrogenic activity (Arulmozhiraja et al. 2005). The endo-
crine disruption that non-coplanar PCBs exhibit may have
obesity and diabetic-related consequences, both of which in-
crease susceptibility for CVD, although further research is
required to determine the exact mechanism of action
(Diamanti-Kandarakis et al. 2009). The specific mechanism
of endocrine disruption by PCBs and their metabolites are out
of the scope of this paper, but are reviewed elsewhere (Kester
et al. 2000; Singleton and Khan 2003; Tabb and Blumberg
2006).

Modulation of endocrine levels has been shown to have
effects on the cardiovascular system. Increased levels of es-
trogen can reduce the risk for cardiovascular-related diseases,
such as atherosclerosis, improve vascular function, and have
an overall protective role over the cardiovascular system in
patients with healthy vascular endothelium (Murphy 2011).
In patients with a damaged vascular endothelium though, the
same estrogen effects that protect healthy vascular endotheli-
um may become harmful (Gouva and Tsatsoulis 2004).
Androgens, which include testosterone, have shown similarly
divisive results, demonstrating both protective and harmful
effects of the hormone (Liu et al. 2003; McGrath et al. 2008).

There is a limited body of literature examining the effect of
endocrine disruption by PCBs as it relates to CVD. As dem-
onstrated above, the effect of the endocrine receptors and their
associated ligands on cardiovascular disease still remains elu-
sive. Although non-coplanar PCBs have been implicated as
endocrine disrupting chemicals, current research does not sup-
port a firm conclusion on what the ultimate effect of this dis-
ruption is. The ability of some non-coplanar PCBs to act as
agonists, while others act as antagonists, further complicates
any interpretation. It is important that research studies contin-
ue to examine this potential relationship. Understanding any
association between PCBs and the endocrine system is imper-
ative considering the volume of literature displaying a link
between hormones and their respective receptors, and the de-
velopment of CVD (Deroo and Korach 2006; Liu et al. 2003;
Shearman et al. 2003; Wu and von Eckardstein 2003).

Potential mechanisms of PCB-induced
cardiovascular disease risk factors

Hypertension

Many factors have been implicated in the pathogenesis of
hypertension, but the overall cause is not currently known,
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with only 5–10% of cases having an identifiable cause (Oparil
et al. 2003; Touyz 2012). Hypertension can be influenced by a
number of environmental, genetic, and organ-specific effects,
but renal mechanics likely play a primary role in hypertension
development. The renal mechanisms, specifically the renin–
angiotensin system, may be modulated by PCBs, providing a
link between PCB exposure and hypertension.

The renin–angiotensin system is the result of a series of
enzymatic reactions that begins with angiotensinogen, which
is converted to angiotensin I by the renin enzyme (also known
as angiotensinogenase). The angiotensin-converting enzyme
(ACE) then hydrolyzes angiotensin I, resulting in the synthe-
sis of angiotensin II (Oparil et al. 2003). The modulating ef-
fects of angiotensin II are mediated by one of two receptors,
appropriately named angiotensin type 1 receptor and angio-
tensin type 2 receptor. In addition to knowing substantially
more about the signaling pathway, nearly all of regulatory
actions of angiotensin II related to hypertension are attributed
to the type 1 receptor (Unger 2002). Effects of angiotensin
type 1 receptor activation include, among many others, vaso-
constriction as well as aldosterone synthesis and secretion
(Unger 2002). This increase in aldosterone synthesis has also
been shown to increase blood pressure (Calhoun 2006; Freel
and Connell 2004). It has therefore been concluded that an-
giotensin II, the subsequent activation of the angiotensin type
1 receptor, and the increased production of aldosterone are
associated with hypertension (Crowley et al. 2006; Muthalif
et al. 2000; Unger 2002), a point further emphasized by the
use of ACE inhibitors to treat hypertension (Jones and Hall
2004). Despite the limited body of evidence showing a direct
correlation between PCB exposure and the renin–angiotensin
system, it is likely that PCB are able to modulate at least a
portion of this pathway. Literature has demonstrated that ex-
posure to PCBs increases aldosterone production (Kraugerud
et al. 2010; Li and Lin 2007; Li and Wang 2005; Li et al.
2004), which was attributed to increases in CYP11B2 (aldo-
sterone synthase) expression that was independent of AhR
activation (Lin et al. 2006). Evidence examining the effects
of PCBs on other parts of the renin–angiotensin system is
currently lacking.

Another potential mechanism of hypertension develop-
ment as a result of PCB exposure may be mediated through
the AhR. The AhR has been shown to have an important role
in both the development and function of the cardiovascular
system (Zhang 2011) as well as increased expression in pa-
tients with cardiovascular conditions (Huang et al. 2015).
Other dioxin chemicals, such as 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) have been shown to increase blood pressure
through an AhR mediated pathway (Kopf et al. 2008, 2010),
suggesting that coplanar PCBs may be capable of inducing
hypertension in a similar manner. Studies demonstrating a
clear mechanistic link between PCB exposure and hyperten-
sion development are currently lacking. Oxidative stress and

inflammation, which have been previously implicated in the
development of hypertension (Harrison and Gongora 2009;
Savoia and Schiffrin 2006), are increased as a result of PCB
exposure, a process that is at least partially mediated by AhR
activation (Arzuaga et al. 2007; Han et al. 2012; Petriello et al.
2014a).

It is not surprising that the body of literature demonstrating
clear relationships between PCBs and their mechanism of hy-
pertension development is lacking considering the uncertainty
surrounding the pathogenesis of the disease in general. The
epidemiological link between PCB exposure and hyperten-
sion is fairly clear though. This difference in both literature
volume and conclusive strength suggests that additional re-
search examining the molecular interactions that mediate the
process between PCB exposure and hypertension is required.

Type 2 diabetes

The pathogenesis of type 2 diabetes is the result of a either a
decrease in insulin sensitivity or the impairment of the insulin
producingβ-cells in the pancreas. This would suggest that any
chemical associated with this disease acts through these two
mechanisms. Exposure to PCBs has been associated with both
of these conditions, but the specific mechanism of these PCB-
induced augmentations of normal glucose homeostasis re-
mains unclear.

Epidemiological studies have shown an increase in β-cell
toxicity, as opposed to a decrease in insulin sensitivity, as a
result of PCB exposure (Jensen et al. 2014), as well as no
association between exposure and insulin resistance
(Jorgensen et al. 2008; Persky et al. 2011, 2012). This may
suggest that the observed inverse relationship between PCB
exposure and serum insulin (Jensen et al. 2014) is indicative of
β-cell toxicity. This impairment of β-cell functionality by
PCBs may be related to intracellular levels of Ca2+ (Sargis
2014). Glucose-induced insulin secretion by β-cells is initiat-
ed by complex electrochemical interactions between the Ca2+

and K+-channels of the pancreatic β-cells. This information
has been previously reviewed elsewhere (Rorsman et al.
2012). Briefly, increased glucose leads to a concentration-
dependent decrease in K+ channel activity, which creates an
initial action potential firing. This action potential firing acti-
vates the voltage-gated Ca2+ channel and subsequent Ca2+

movement into the β-cell, which then stimulates the release
of insulin via Ca2+-dependent exocytosis (Rorsman et al.
2012). Earlier studies have shown that PCBs are capable of
modulating, and interestingly, increasing intracellular levels of
Ca2+ (Fischer et al. 1999), a phenomena observed in studies
of other dioxin chemicals (De Tata 2014). The increase in
intracellular Ca2+ caused by PCB exposure may cause an
initial increase of insulin secretion, but may become cytotoxic
and lead to β-cell death (Orrenius et al. 2003). Regardless of
the exact mechanism of action, PCBs and similar
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environmental toxins are capable of augmenting Ca2+ signal-
ing which may lead to a disruption of the insulin secretion
pathway of pancreatic β-cells.

Evidence linking PCB exposure to insulin resistance, as
with β-cell toxicity, is suggestive at best, but is supported by
several of the epidemiological studies previously discussed
(Arrebola et al. 2015; Gasull et al. 2012; Lee et al. 2011).
There are several theories about how PCBs induce insulin
resistance. Modulation of adiponectin levels has been shown
to lead to increased rates of type 2 diabetes development (Lim
and Jee 2014; Mullerova et al. 2008). Adiponectin is an
adipokine produced by adipocytes that is significantly reduced
in patients with insulin resistance, and is suggested as a strong
predictor of type 2 diabetes (Lim and Jee 2014). Studies have
shown a negative correlation between plasma levels of
adiponectin and plasma PCB 153 concentrations, which may
explain the role of PCB exposure in the development of type 2
diabetes (Lim and Jee 2014; Mullerova et al. 2008).
Adiponectin has been shown to decrease basal glucose-
levels independent of an increase in insulin levels, suggesting
an ability to be a potent insulin enhancer (Berg et al. 2001).

Obesity

The etiology of obesity is not straightforward with genet-
ic, behavioral, environmental, physiological, social, and
cultural factors all playing a part in the disease progres-
sion. As suggested by the epidemiological evidence,
PCBs may act as obesogens and predispose individuals
to obesity by modulating existing pathways associated
with weight and energy control. Although studies do
show possible connections between PCBs and obesogenic
effects, the specific molecular pathways of PCB-induced
obesity is not clear.

One such connection may be through the regulation pro-
teins secretes by adipocytes, referred to as adipocytokines.
These proteins include, leptin, which controls hunger, and
adiponectin (Chandran et al. 2003). Decreased levels of leptin
or leptin resistance are both possible contributors to obesity
development as both of these conditions lead to an inability to
signal a reduction in food intake, leading to eventual imbal-
ance in food intake and energy expenditure (Ahima 2008).
Exposure to PCBs has been shown to increase leptin levels
and gene expression in the longest exposed groups (Ahmed
2013; Ferrante et al. 2014) as well as a reduction in leptin
receptor expression (Ferrante et al. 2014). Adiponectin, in
addition to type 2 diabetes, has also been implicated in obesity
development. The negative association between PCB expo-
sure and adiponectin levels, which has been previously de-
scribed above, may also contribute to PCB-induced obesity.
The effects of PCBs on other biomarkers has been reviewed
elsewhere (Ghosh et al. 2014).

Conclusions

Chlorinated organic pollutants, such as PCBs, have been
linked to the development or exacerbation of cardiovascular
disease. Causally, laboratory and epidemiological studies have
shown that PCBs can lead to obesity, diabetes, and lipid ab-
normalities; all of which are risk factors for developing car-
diovascular disease. Populations residing near and around
Superfund or related hazardous waste sites, such as the
Anniston population in Alabama, allow for some of strongest
available correlations to be made between environmental ex-
posures and increased risk for human disease. Further studies
of similarly intimately afflicted communities, in the USA and
abroad, are necessary to better understand the impacts of one’s
environment on non-communicable disease risks.

In addition to examining how PCBs are causing cardiovas-
cular disease, it is also important to identify ways to minimize
and hopefully prevent their toxicity. Considering that PCBs
are lipid soluble, and readily accumulate in human tissues,
ways of decreasing the toxicity of PCBs already in human
body is especially important. Recent research has shown that
nutritional intervention that promotes a diet rich in antioxi-
dants as well as a healthy lifestyle can help modulate the toxic
effects of many of the environmental pollutants present in the
human body, including PCBs (Baker et al. 2013; Han et al.
2012; Newsome et al. 2014; Petriello et al. 2014a, b). Also,
certain dietary fats may decrease overall body burdens by
increasing excretion rates (Jandacek et al. 2010, 2014).
Finally, novel evidence now implicates exercise as a mediator
of pro-inflammatory pollutants such as PCBs and deserves
increased investigation as a modulator of environmental
pollutant-induced disease (Murphy et al. 2015). Moving for-
ward, it is imperative that future research continue to critically
analyze the toxic effects of PCBs from a molecular to epide-
miological level while also promoting positive lifestyle chang-
es that can help combat these effects.
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