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Abstract: Bisphenol A (BPA) is a ubiquitous plasticizing agent used in the manufacturing
of polycarbonate plastics and epoxy resins. There is well-documented and broad human
exposure to BPA. The potential risk that BPA poses to the human health has attracted much
attention from regulatory agencies and the general public, and has been extensively studied.
An emerging and rapidly growing area in the study of BPA’s toxicity is its impact on the
cardiovascular (CV) system. Recent epidemiological studies have shown that higher urinary
BPA concentration in humans is associated with various types of CV diseases, including
angina, hypertension, heart attack and coronary and peripheral arterial disease. Experimental
studies have demonstrated that acute BPA exposure promotes the development of
arrhythmias in female rodent hearts. Chronic exposure to BPA has been shown to result in
cardiac remodeling, atherosclerosis, and altered blood pressure in rodents. The underlying
mechanisms may involve alteration of cardiac Ca** handling, ion channel inhibition/activation,
oxidative stress, and genome/transcriptome modifications. In this review, we discuss these
recent findings that point to the potential CV toxicity of BPA, and highlight the knowledge
gaps in this growing research area.
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1. Introduction

Bisphenol A (BPA, CAS# 80-05-7), was first synthesized by Russian chemist Aleksandr Dianin in
1891 [1]. Since the 1950s BPA has been used in the manufacturing of polycarbonate plastics and epoxy
resins. BPA-based products are tough, versatile and water-resistant and are used in various consumer
goods such as food containers, baby bottles, beverage and food can linings, as well as for industrial
purposes such as water pipes. Industrial production of BPA worldwide exceeds 2.2 million metric tons
per year [2].

With the wide usage of BPA-based products, BPA has become a common environmental chemical.
The polymerization reaction of BPA is not complete, leaving some unbound monomer BPA molecules
in the products. BPA can be released into food or beverage over time, especially under heat, acidic or
basic environments [3-5]. BPA exposure also occurs in human through inhalation [6]. It is estimated that
the industrial synthesis process alone releases up to 100 tons of BPA into the atmosphere every year [7].
Multiple human exposure assessment studies have shown that BPA is at detectable levels in over 90% of
individuals examined in various populations. Mean/median urinary BPA concentrations in the low pg/L
(or low nM) range have been reported in various human exposure assessments [8—12].

BPA is an endocrine disrupting chemical (EDC). As early as in the 1930s, BPA was found to have
estrogenic activities [1]. Later its ability to bind estrogen receptors and interfere with endogenous
estrogens was demonstrated in various in vitro cell lines [13-16]. BPA can also bind to androgen
receptors, exhibiting anti-androgenic effects in vitro [17]. Moreover, BPA is also shown to be able to
bind to thyroid receptors, antagonizing thyroid hormones actions [18]. Other than the classic
nuclear-receptor genomic signalings, BPA exerts some of its actions through non-genomic signaling
without involving gene transcription processes [19]. Amplification of cell signaling enables very low
dose ligand to impact final target proteins and alter cell functions in a rapid fashion. Rapid signaling of
BPA has been reported in various systems, including breast cancer, pancreas, pituitary, cerebellar cortex
and heart [20-24]. Extensive studies have suggested potential links between BPA exposure and diseases
including cancer, obesity, diabetes and disorders of the reproductive, neuroendocrine and immune
systems [25,26]. Recent evidence has also identified the CV system as a potential target of BPA.
These findings suggest that BPA exposure may be a risk factor for a range of CV abnormalities such as
vascular diseases and cardiac arrhythmias, and highlight the need for further assessment of the impact of
BPA and other environmental EDCs on the CV system. Here, we provide a comprehensive review of
current knowledge on BPA’s CV impact, with a focus on the underlying molecular mechanisms.

2. Impact of BPA on the CV System—Epidemiological Studies

So far the majority of epidemiological studies on the CV endpoints stems from the data set of the
National Health and Nutrition Examination Survey (NHANES). In this survey, urine samples of
participants were analyzed by Division of Environmental Health Laboratory Sciences using online
solid-phase extraction coupled with high-performance liquid chromatography for total (free and
conjugate) BPA concentration measurements.

The first report of an association between higher urinary BPA level and CV diseases was from
Lang et al. based on the 2003-2004 NHANES data [27]. The health effects of BPA in 1,455 adults were
analyzed. It was found that weighted mean urinary BPA levels adjusted for age and sex were higher in
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those who were diagnosed with CV diseases including coronary artery heart disease, angina and heart
attack. Statistically significant association were found between higher BPA concentrations and CV
diseases (odds ratio, OR = 1.39 per 1-SD increase in BPA concentration) and diabetes, but not with other
studied common diseases. Furthermore, when urinary BPA concentration values were divided into
quartiles in fully adjusted logistic regression model, participants in the highest BPA concentration
quartile had an OR of 2.89 for diagnoses of CV diseases comparing with lowest quartile participants.
Subsequently, the same research group analyzed the data set from 2005 to 2006 NHANES [28].
It was shown that the geometric mean urinary BPA concentrations were lower in 2005-2006 NHANES
than in the 2003—2004 cohorts (1.79 vs. 2.49 ug/L). After adjusting for confounding factors, it was found
that in 2005-2006 NHANES, higher urinary BPA concentrations were still significantly associated with
diagnosis of coronary artery disease (OR = 1.33 per 1-SD increase in BPA concentration), but not angina
or myocardial infarction. It is likely that due to a 30% decrease in BPA concentrations in 2005-2006
NHANES participants, the power to detect associations with certain diagnoses of CV diseases was
decreased. When data from 2003 to 2004 and 2005 to 2006 NHANES were pooled, all three diagnoses
of cardiovascular diseases (coronary artery disease, angina and myocardial infarction) were significantly
associated with higher BPA urine concentrations.

Due to the cross-sectional nature of NHANES, it is possible that CV disease patients in the study
altered their behaviors which resulted in increased BPA exposure and an apparent association between
higher BPA and CV diseases. To strengthen their findings, in 2012, Melzer et al. analyzed a longitudinal
study and assessed the effects of BPA on the development of coronary artery disease [29]. Included in
the study were 861 controls and 758 incidents of coronary artery disease (CAD) followed for 10.8 years
from the European Perspective Investigation of Cancer (EPIC)-Norfolk UK cohort. Using adjusted
logistic regression model, it was demonstrated that higher urinary BPA concentrations were associated
with incident CAD diagnosis (OR = 1.14 per 1-SD increase in BPA concentration). A later study by
Melzer et al. published in 2012 addressed the possible mechanistic association between BPA exposure
and CAD [30]. In this Metabonomics and Genomics in Coronary Artery Disease (MaGiCAD) study,
patients underwent angiography carried out at Papworth Hospital NHS Trust, Cambridgeshire UK.
It was found that higher urinary BPA was associated with angiography defined coronary atherosclerosis
(OR =2.09). It was suggest that coronary artery stenosis might be the causal link between high urinary
BPA levels and CAD. In addition to CAD, higher BPA exposure has also been shown to be associated
with peripheral arterial disease (PAD). PAD is known as a subclinical evaluation of vascular
atherosclerosis and has strong association with development of CV diseases. In a study by Shankar et al.,
PAD in 2003-2004 NHANES participants was defined according to American Diabetes Association
2003 guidelines, and an association between urinary BPA levels and incidence of PAD was found with
a multi-variable adjusted OR of 1.38 [31].

The potential association between BPA exposure levels and CV disease risk factors has been
examined. Shankar et al. studied 2003-2004 NHANES data and analyzed participants’ systolic and
diastolic blood pressure [32]. As a major public health problem, hypertension is recognized as a
significant risk factor for CV diseases. After adjusting for confounding factors, Shankar et al. found a
positive association between higher levels of urinary BPA concentrations in participants and diagnoses
of hypertension (OR = 1.50). The potential association between urinary BPA levels and heart rate
variability was investigated in Korea elderly populations [33]. Heart rate variability (HRV) is a fine
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tuning mechanism of heart to adjust to constant changes in blood supply demand; decreased HRV is a
risk factor for cardiac diseases. Consistent with the study by Shankar and Teppala [32], the study
reported a positive association between higher urinary BPA concentrations and HRV as well as high
blood pressure.

It should be noted that a study by LaKind et al. pointed out that NHANES data may not be
sufficient to draw the conclusion that BPA exposure was associated with CV diseases [34].
They noticed inconsistencies in previous NHANES studies in terms of methods and definitions,
and applied consistent a priori chosen methods in their analysis of four NHANES data sets.
Their results showed that urinary BPA was not associated with heart attack, coronary artery disease or
diabetes in NHANES participants. The fact that different methodologies can result in inconsistent
outcomes raised questions on how reliable the NHANES data is for establishing associations or
cause-and-effect relationship between urinary BPA levels and CV diseases. It was suggested that
conclusions should be made with caution using the NHANES surveys [35]. Further, in a
cross-sectional study from the Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS),
Olsen et al. found no connections between BPA levels and CV diseases risk factors [36]. Here,
a Framingham Risk Score (FRS) system was used to predict the risk of CV diseases in elderly participants.
The FRS system includes age, gender, history, blood pressure, blood lipid and glucose levels, and gives
estimation of general CV disease risks. No association between serum BPA concentrations and FRS
scores was identified. The usage of a broad CV risk estimate versus specific CV endpoints (e.g., CAD,
hypertension) may contribute to the contrasting findings by Olsen et al. and other studies.

In summary, multiple cross-sectional and longitudinal epidemiological studies have showed that in
adults, BPA exposure levels are associated with CV diseases or CV disease risk factors. These include
several independent analyses of NHANES demonstrating that participants’ reported CV diagnoses were
associated with higher urinary BPA concentrations. No other diseases except diabetes reported by
participants were associated with BPA urine levels in these studies, which may suggest a potential causal
role of BPA in CV disease. On the other hand, no association between BPA exposure and CV disease
was found in other studies, including one also using NHANES. Different methodologies used in the
studies such as exclusion criteria, definitions and scoring systems may contribute to the inconsistency.
The conflicting findings of the epidemiological results highlight the need for epidemiological studies
with greater power and better design.

3. Impact of BPA on the CV System—Experimental Studies

Various experimental studies have used animal models, ex vivo hearts, and in vitro cell systems to
examine the CV impact and underlying mechanisms of BPA. These experimental studies can be divided
into two categories: 1, “low-dose” BPA studies that focus on environmentally relevant doses, i.e.,
common human exposure relevant doses and 2, studies using supra-physiological higher doses of BPA
to identify its pharmacological and toxicological actions which may be relevant to specific poisoning
conditions or occupational exposures.



Int. J. Environ. Res. Public Health 2014, 11 8403

3.1. Definition of “Low-Dose” BPA in Experimental Studies

For EDCs, low-dose effects refer to the effects that occur in the range of human exposures or at doses
lower than those used in traditional risk assessment toxicological studies [37,38]. Low-dose studies
address environmental exposure levels of EDCs, and are more physiologically relevant to the impact of
EDCs on the general population. For BPA, US National Toxicology Program (NTP) defined “low-dose”
as doses lower than 50 mg/kg/day, which is the lowest observed adverse effect level (LOAEL) in
traditional toxicological studies. Majority of in vivo laboratory animal studies use oral route to deliver
BPA <50 mg/kg animal weight/day. For in vitro tissue and cell studies, “low-dose” cut-off was defined
as <1 =10 " M by the Chapel Hill expert panel [19] and has been widely adopted.

3.2. “Low-Dose ” Experimental Studies—Rapid Impacts of BPA on the Heart

Our laboratory investigated the acute effect of exposure to low-dose BPA on cardiac electrical
rhythm in adult rat hearts [39]. Surface electrocardiogram (ECG) analysis of ex vivo rat hearts
demonstrated that under catecholamine-induced stress condition, rapid exposure to 10° M BPA
markedly increased the frequency of ectopic ventricular beats in a female-specific manner (Figure 1A).
At the cardiac myocyte level, acute exposure (minutes) to 10 ° M BPA promoted the development of
“triggered activities” in ventricular myocytes from female, but not male rat hearts. Triggered activities
are aberrant spontaneous excitation of cardiac myocytes, and are recognized as one of the key
mechanisms of cardiac arrhythmogenesis [40]. In another study, we examined the effect of acute BPA
exposure on the development of cardiac arrhythmias following ischemia injury [41]. Ischemic
reperfusion injury occurs during myocardial infarction (i.e., heart attack), and can lead to irreversible
cell damage, ventricular dysfunction, and ultimately heart failure. It also results in electrophysiological
perturbation of the heart and acute arrhythmias, which can lead to sudden cardiac death [42,43]. It was
shown that in female, but not male hearts, acute exposure to 10~ M BPA during reperfusion resulted in
a marked increase in the duration of sustained ventricular arrhythmias. These studies demonstrate that
acute exposure to low-dose BPA has female-specific pro-arrhythmic actions in rodent hearts;
the arrhythmogenic effect of BPA is particular pronounced under pathophysiological conditions such as
stress or ischemic injury.

These initial findings were followed by a series of studies to elucidate the underlying mechanisms of
the rapid actions of BPA in the heart. We showed that BPA’s pro-arrhythmic effects in female rat cardiac
cells were mediated at least in part by rapid alteration of myocyte Ca?* handling [24,39]. Ca** handling is
at the core of cardiac physiology, linking electrical excitation of the heart with mechanical contraction of
the myocardium. Abnormalities in Ca?* handling play a key role in cardiac arrhythmogenesis [40,44].
It was demonstrated that in female rat cardiac myocytes, 10° M BPA rapidly increased sarcoplasmic
reticulum (SR) Ca®* reuptake, Ca’* release and SR Ca’* load on a beat-to-beat basis. More importantly,
diastolic spontaneous SR Ca*" release, or SR Ca”* “leak” was significantly increased by BPA treatment
and suppression of aberrant SR Ca?* release abolished the pro-arrhythmic effect of BPA.

Of importance to the assessment of the potential toxicity of BPA and other EDCs are the
non-monotonic dose responses of these chemicals [38,45]. A non-monotonic dose response curve is
one that has a point of inflection where the curve slope switches sign from positive to negative or vice
versa. We demonstrated that over the dose range of 107*? to 10°° M, the dose-responses of BPA in
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female rat ventricular myocytes were inverted-U shaped, or non-monotonic, as measured by multiple
endpoints including myocyte mechanics, Ca** transient amplitude, and frequency of triggered
activities [46]. The most efficacious dose of BPA’s cardiac actions was around 10 ° to 10°® M,
overlapping with the reported human exposure levels. Further, it was demonstrated that the
non-monotonicity of BPA’s cardiac impact was produced by monotonic actions of BPA on individual
myocyte Ca®* handling processes. Over the examined dose range, BPA progressively increased SR
Ca®* release/leak and SR Ca** reuptake with monotonic dose responses, producing a stimulatory effect
on myocyte mechanics and triggered activity development. Opposing this stimulatory effect,
BPA progressively suppressed the L-type Ca*" current, also with monotonic dose response; the
resulting reduction in Ca®* influx at high (micromolar) doses could account for the decline phase of the
inverted-U shaped dose response. Thus, the non-monotonic dose response of BPA in rodent cardiac
myocytes was produced by monotonic effects on multiple cellular Ca** handling processes.
This represents a distinct mechanism of the non-monotonicity of BPA’s actions.

The mechanism underlying the gender specificity of BPA’s rapid cardiac effects involved the
counterbalancing actions of estrogen receptor (ER) o and ERP [24,39,47]. Using mechanical
contraction as an index of myocyte Ca®* cycling, we showed that activation of ER was stimulatory in
both female and male rats, while activation of ERa was inhibitory in both genders. The responsiveness
of cardiac myocytes to rapid BPA exposure was determined by the combined effects of ERa and ER[
signaling. Thus, the response of female cardiac myocytes to BPA was dominated by the stimulatory
ERp signaling, while in male cardiac myocytes the stimulatory effect of ER} was counterbalanced and
masked by the inhibitory ERa signaling, resulting in no observable response. The arrhythmogenic
effects of BPA in female rodent cardiac myocytes were abolished by pharmacological blockade of ER[
and ablation of ERp in knockout mice. Pharmacological blockade of ERa revealed the stimulatory
effects of ERp signaling in male myocytes, producing a female-like response to BPA in male cells.
These results are the first to demonstrate that the opposing actions of ERs determine the sex specificity
of BPA sensitivity.

The cardiac-specific molecular mechanism of BPA’s arrhythmogenic rapid action was elucidated in
a recent study by our laboratory [24]. It was shown that in female rat cardiac myocytes, low-dose BPA
exposure activated distinct signaling pathways including the Protein Kinase A (PKA) and
Ca**/CaM-dependent protein kinase 11 (CAMKI1) signaling pathways. Acute BPA exposure resulted in
increased production of cAMP, activation of PKA and phosphorylation of the ryanodine receptor
(RyR); BPA also resulted in activation of phospholipase C (PLC), production of triphosphoinositol
(IP3), IP3 receptor-mediated Ca’* release, likely from the endoplasmic reticulum Ca** storage, and
activation of CAMKII, which phosphorylated phospholamban (PLN). RyR phosphorylation led to
enhanced channel opening and elevated SR Ca?* leak, while PLN phosphorylation could release the
inhibition of PLN on Sarco/Endoplasmic Reticulum Ca?*-ATPase (SERCA) and enhance SR Ca**
reuptake. These two pathways were localized and only impacted their specific protein targets. Both
pathways contributed to BPA-induced triggered activities and arrhythmogenesis in cardiac myocytes
(Figure 1B). ERK1/2, which are commonly implicated in the rapid signaling cascade of BPA, were not
involved in the cardiac effects of BPA in the heart.



Int. J. Environ. Res. Public Health 2014, 11 8405

Figure 1. (A). Acute exposure to low-dose BPA promoted the development of ventricular
arrhythmias under catecholamine-induced stress in female rat hearts. Shown are example
surface ECG traces from female rat hearts under 10" M isoproterenol (1SO) alone or in the
presence of 10° M BPA and 1SO. Red asterisks indicate premature ventricular beats.
Experimental methods are as described in [39]. Unpublished data by X Gao and H-S Wang.
(B). Schematic illustration of the rapid signaling mechanism of BPA in female rat
ventricular myocytes. Adopted from [24] with license permission.
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3.3. “Low-Dose ” Experimental Studies—Effects of Chronic BPA Exposure

Several animal studies have been carried out to investigate the effects of long-term BPA exposure on
the CV system. Patel et al. demonstrated BPA lifelong exposure altered cardiac function and structure in
C57BL/6n mice in a sex-specific manner [48]. It was shown that low-dose BPA (5 pg/kg body
weight/day) lifelong exposure induced cardiac concentric remodeling in male but not female mice, and
increased systolic, diastolic and mean arterial pressures in female but not in male mice. Also,
BPA exposure resulted in sex-specific alterations in the expression levels of Ca** handling proteins
including SERCA, sodium-calcium exchanger (NCX), calsequestrin (CASQ2) and PLN, and in DNA
methyltransferase expression and global DNA methylation in the heart. In males, SERCA2A, NCX1 and
CASQ?2 expressions were increased with BPA treatment, corresponding to increased intracellular Ca*
removal and SR Ca®* storage; while in females, the most significant change was increased PLN
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expression which likely led to reduced SR Ca®* reuptake and Ca®* load. These results were different
from previous in vitro studies in isolated rat ventricular myocytes [24,39], likely reflecting the different
impact of long-term and acute exposure and potential compensatory effects under long-term exposure.

Kim et al. showed that low-dose BPA (50 ug/kg body weight/day) accelerated atherosclerosis
progress in a genetic mouse model prone to endothelial dysfunction and vascular inflammation [49].
An apolipoprotein E knockout (ApoE ") mice were fed BPA via drinking water for 12 weeks, which
resulted in a significantly higher number of atherosclerosis lesions in the aorta compared with control.
Non-HDL (non-high density lipoprotein) and total cholesterol levels in the mice were found to be
correlated with aorta atherosclerosis lesion numbers. This finding is consistent with epidemiological
human data and demonstrated an association between low-dose, chronic BPA exposure and
atherosclerosis, although the underlying mechanisms are not yet understood.

To investigate the underlying mechanisms of the potential BPA cardiotoxicity, Aboul Ezz et al.
administered BPA orally to adult male rats for 6 to 10 weeks (25 or 10 mg/kg/day) and examined
oxidative stress parameters in the heart [50]. They found increased lipid peroxidation, decreased reduced
glutathione (GSH) level as well as decreased catalase activity, indicating that BPA exposure induced
reactive oxygen species (ROS) production and compromised the function of mitochondria in the hearts
of male rats. BPA exposure also resulted in a decrease in nitric oxide (NO) which may cause
vasoconstriction and decreased blood supply to the heart. The activity of acetylcholinesterase was lower
in the BPA-treated group, which may lead to reductions in heart rate and cardiac contraction. These
results suggested that increased oxidative stress may play a role in the BPA’s potential adverse impact
on the CV system.

A recent work by Chapalamadugu et al. performed low-dose BPA exposure experiment on pregnant
female rhesus monkeys, and investigated the impact of maternal BPA exposure on the CV system in the
offspring [51]. Pregnant female rhesus monkeys were delivered 400 pg/kg body weight/day BPA either
in early gestational or late gestational period. The fetal hearts were harvested after delivery and used for
whole transcriptome analysis via microarray. It was found that maternal BPA exposure significantly
altered fetal transcript expression profile in the fetal heart. They identified significant down-regulation
of gene Myh6 and up-regulation of Adam12 in fetal ventricles, which were both shown to be related to
CV pathology such as cardiac hypertrophy. This study provided evidences that maternal dietary
exposure to BPA may have adverse impact on the offspring CV system. It was the first such study using
primate as experimental subjects, and is of high relevance to humans. Follow-up studies are needed to
determine the functional significance of the altered cardiac transcriptome profile, which would further
elucidate the mechanistic link between BPA exposure and CV risks.

3.4. “High-Dose ” Experimental Studies

Though not reflecting common environmentally-relevant exposure in the general population,
these “high-dose” studies are of pharmacological interests and may provide understanding of BPA’s
possible targets and signaling pathways involved in its CV toxicity. In addition, these studies may be of
relevance to poison conditions, exposure under specific conditions, and occupational exposures.
For instance, it is known that neonates in intensive care units, who have reduced metabolic capacities
and are under constant exposure to medical devices, can have urinary BPA concentration in the
micromolar range [52]. Because of chronic exposure to BPA containing products, 24 nM to 8.5 uM of
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BPA have been reported in urine samples from industrial workers [53]. Hospitalized patients who are
under medical intervention and constant exposure to plastic medical tubing and equipment probably also
have higher BPA concentration in their bodies [54].

Some studies that involved primarily high-dose but also examined low-dose are also discussed in
this section. Using spontaneous beating atrial tissue isolated from rats, Pant et al. showed that BPA
decreased atrial contraction rate and force at 10°° to 10* M [55]. They showed that 10™* M BPA
depressed spontaneous atrial contraction force and rate by 90%, and these effects of BPA were mediated
by NO-cGMP system. It was suggested that increased concentrations of NO or cGMP was likely the
cause of depression of both pacemaker functioning and myocardial contractility. This result contrasts
with that of Aboul Ezz et al. [50] showing decreased NO levels in rat hearts under low-dose BPA
exposure, demonstrating the importance of BPA dose in experimental design. It has been shown that
17B-estradiol (E2) exhibited vasculoprotective effects in both animal models and in vitro cell systems,
by attenuating migration and proliferation of vascular smooth muscle cells [56-58]. The effects of BPA
on both female and male rat vascular smooth muscle cells were examined [59]. It was shown that 107> M
BPA acted as an antagonist to E2’s inhibitory effects on migration of aorta vascular smooth muscle cells.
The antagonism was likely mediated through ER receptors.

lon channels are fundamental for heart excitability and electrical conduction, and for physiological
function of the vasculature. Several studies have shown that high-dose BPA affects the functioning of
ion channels in the CV system. Asano et al. reported that at 10> to 10 * M, BPA activated the large
conductance Ca?*/voltage-sensitive K channels (Maxi-K) in canine and human coronary artery smooth
muscle cells [60]. The activation by high-dose BPA of Maxi-K channels was dependent on 1 regulatory
subunit and in a reversible, dose-dependent, non-genomic manner. O’Reilly et al. examined the effects
of BPA on human heart sodium channels (hNa,1.5) transiently expressing in a heterologous cell
system [61]. It was demonstrated that BPA blocked hNa,1.5 current with a Kq of 2.5 < 107> M. Also,
the steady state inactivation of hNa,1.5 was shifted to more hyperpolarized potentials under 10 M BPA
treatment, indicating its binding to inactivated state of the channels. The blockade of hNa,1.5 by BPA had
similar properties as that by local anesthetics; the two share a common binding site on hNa, 1.5 involving
amino acid F1760. Later, Deutschmann et al. reported that BPA inhibited the L-type Ca®* channels in
isolated mouse ventricular myocytes in a dose-dependent manner with an 1Csp of 2.5 x 10> M [62].
The blockade was fully reversible, and BPA likely exerted its action by binding to channels at the resting
state. The binding site was probably located at the extracellular region of pore-forming subunit because
no effects were observed when BPA was applied intracellularly. This study also tested a variety of other
voltage-gated Ca®* channels in native cells, and found that the N-, P/Q-, and T-type Ca** channels were
inhibited by BPA with similar ECso at pM range. A recent study demonstrated that BPA inhibited three
subtypes of T-type Ca”* channels expressed in HEK293 cells with different potency, and the inhibition
showed different properties at low-dose (nM) and high-dose (uM) [63]. Low-dose BPA at nM range
inhibited the channels with an order of potency Ca,3.2 > Ca,3.1 > Ca,3.3 without affecting channel
gating properties; while high-dose of BPA at uM accelerated current decay and shifted steady-state
inactivation voltage dependence, and the inhibition potency was Ca,3.3 > Ca,3.2 > Ca,3.1.

A new study by Posnack et al. systematically investigated the rapid effects of BPA on
electrophysiological function of ex vivo heart [54]. Excised adult female rat hearts were treated with
BPA for 15 min and electrical activities of the hearts were recorded via both ECG electrodes and optical
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mapping. It was demonstrated that 10° to 10* M BPA prolonged ECG PR segment, decreased
ventricular conduction velocity and increased action potential duration in ex vivo female rat hearts.
At the highest dose of 10 M, BPA led to 3rd degree atrioventricular block. At low-dose (107" M),
a modest but statistically significant reduction in ventricular conduction velocity was observed.
Although direct evidence on the underlying mechanism of the observed electrical alteration was not
provided, it was suggested that previously reported effects of BPA on cardiac sodium channels, Maxi-K
channels, L-type Ca** channels and NO-cGMP signaling could all contribute to the observed
dysfunction in myocardial electrical conduction.

4. Conclusions

CV disease is a significant health problem worldwide and one of the major contributors to mortality
and morbidity. The genetic, physiological and pathophysiological contributors to CV disease have been
intensively studied; however, much less is known about the potential impact of environmental
chemicals, including EDCs. Several epidemiological studies indicate that BPA exposure in adult
populations is associated with increased risk for CV diseases, including coronary artery heart disease,
angina, heart attack, hypertension, and peripheral artery disease. Experimental studies suggest that both
acute and chronic BPA exposure at environmentally-relevant “low-dose” could affect the physiological
functioning of CV system and promote abnormal CV activities such as arrhythmias, cardiac remodeling,
atherosclerosis, and altered blood pressure. The underlying molecular mechanisms may involve
estrogen receptor rapid signaling and alteration of cardiac Ca®* handling through phosphorylation of
Ca®* handling proteins, alteration of cardiac Ca®* handling protein expressions, ion channel
inhibition/activation, oxidative stress, and genome/transcriptome modifications. Although the current
evidence is still limited, it suggests that environmental exposure to BPA may be a contributing risk
factor for CV disease, and points to the need for further assessment of the potential CV toxicity of BPA
as well as other estrogenic EDCs.

Significant gaps remain in our understanding of the CV impact of BPA. Future epidemiological
studies should include additional CV endpoints such as arrhythmias and failure. Systematic and
integrated experimental studies using animal models and in vitro systems are needed to further address
the mechanistic link between BPA exposure, including acute, developmental and adult exposures, and
abnormalities in specific CV endpoints. Knowledge on the cellular and molecular mechanisms of the
biological/toxic impact of BPA is not only necessary for developing effective therapeutic treatment and
protective measures, but also informative for epidemiological study design and methodologies by
providing new markers and endpoints. While several epidemiological studies point to an association
between BPA exposure and vascular diseases in humans, the impact of BPA on the vasculature as well
as its underlying mechanism remain poorly understood and should be addressed. Further, BPA exposure
alone at typical environmental levels may not result in clinically significant CV events in healthy
individuals, but may be relevant in subpopulations with existing CV pathophysiological conditions.
Consistent with this notion, it was shown that low-dose BPA did not result in detectable arrhythmia
events in normal female rat hearts, but significantly exacerbated ventricular arrhythmias under stress
condition or following ischemia injury [39,41]. Therefore, the impact of BPA exposure should be
examined in the general population as well as in subpopulations with existing CV disease risk factors
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and susceptibility. This can also be addressed using CV disease animal models including large animals
which share similar CV physiology with humans.

Acknowledgements

This work was supported by National Institute of Health grant RO1-ES017262 and University of

Cincinnati Center for Environmental Genetics (P30-ES006096).

Author Contributions

Xiaogian Gao and Hong-Sheng Wang wrote the paper.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. Dodds, E.C.; Lawson, W. Synthetic oestrogenic agents without the phenanthrene nucleus. Nature
1936, 137, d0i:10.1038/137996a0.

2. Halden, R.U. Plastics and health risks. Annu. Rev. Public Health 2010, 31, 179-194.

3. Brotons, J.A.; Olea-Serrano, M.F.; Villalobos, M.; Pedraza, V.; Olea, N. Xenoestrogens released
from lacquer coatings in food cans. Environ. Health Perspect. 1995, 103, 608-612.

4. Kang, J.H.; Kito, K.; Kondo, F. Factors influencing the migration of bisphenol a from cans. J. Food
Prot. 2003, 66, 1444-1447.

5. Le, H.H.; Carlson, E.M.; Chua, J.P.; Belcher, S.M. Bisphenol a is released from polycarbonate
drinking bottles and mimics the neurotoxic actions of estrogen in developing cerebellar neurons.
Toxicol. Lett. 2008, 176, 149-156.

6. Wilson, N.K.; Chuang, J.C.; Morgan, M.K.; Lordo, R.A.; Sheldon, L.S. An observational study of
the potential exposures of preschool children to pentachlorophenol, bisphenol-a, and nonylphenol
at home and daycare. Environ. Res. 2007, 103, 9-20.

7. Vandenberg, L.N.; Maffini, M.V.; Sonnenschein, C.; Rubin, B.S.; Soto, A.M. Bisphenol-a and the
great divide: A review of controversies in the field of endocrine disruption. Endocr. Rev. 2009, 30,
75-95.

8. Kim, K.; Park, H. Association between urinary concentrations of bisphenol a and type 2 diabetes in
korean adults: A population-based cross-sectional study. Int. J. Hyg. Environ. Health 2013, 216,
467-471.

9. Cantonwine, D.; Meeker, J.D.; Hu, H.; Sanchez, B.N.; Lamadrid-Figueroa, H.; Mercado-Garcia, A.;
Fortenberry, G.Z.; Calafat, A.M.; Tellez-Rojo, M.M. Bisphenol a exposure in mexico city
and risk of prematurity: A pilot nested case control study. Environ. Health 2010, 9,
doi:10.1186/1476-069X-9-62.

10. Calafat, A.M.; Kuklenyik, Z.; Reidy, J.A.; Caudill, S.P.; Ekong, J.; Needham, L.L. Urinary

concentrations of bisphenol a and 4-nonylphenol in a human reference population. Environ. Health
Perspect. 2005, 113, 391-395.



Int

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

. J. Environ. Res. Public Health 2014, 11 8410

Itoh, H.; Iwasaki, M.; Hanaoka, T.; Sasaki, H.; Tanaka, T.; Tsugane, S. Urinary bisphenol-a
concentration in infertile japanese women and its association with endometriosis: A cross-sectional
study. Environ. Health Prev. Med. 2007, 12, 258-264.

Ning, G.; Bi, Y.; Wang, T.; Xu, M.; Xu, Y.; Huang, Y.; Li, M.; Li, X.; Wang, W.; Chen, Y.; et al.
Relationship of urinary bisphenol a concentration to risk for prevalent type 2 diabetes in chinese
adults: A cross-sectional analysis. Ann. Intern. Med. 2011, 155, 368-374.

Gould, J.C.; Leonard, L.S.; Maness, S.C.; Wagner, B.L.; Conner, K.; Zacharewski, T.; Safe, S.;
McDonnell, D.P.; Gaido, K.W. Bisphenol a interacts with the estrogen receptor alpha in a distinct
manner from estradiol. Mol. Cell. Endocrinol. 1998, 142, 203-214.

Recchia, A.G.; Vivacqua, A.; Gabriele, S.; Carpino, A.; Fasanella, G.; Rago, V.; Bonofiglio, D.;
Maggiolini, M. Xenoestrogens and the induction of proliferative effects in breast cancer cells via
direct activation of oestrogen receptor alpha. Food Addit. Contam. 2004, 21, 134-144.

Vivacqua, A.; Recchia, A.G.; Fasanella, G.; Gabriele, S.; Carpino, A.; Rago, V.; Di Gioia, M.L.;
Leggio, A.; Bonofiglio, D.; Liguori, A.; et al. The food contaminants bisphenol a and
4-nonylphenol act as agonists for estrogen receptor alpha in mcf7 breast cancer cells. Endocrine
2003, 22, 275-284.

Pennie, W.D.; Aldridge, T.C.; Brooks, A.N. Differential activation by xenoestrogens of er alpha
and er beta when linked to different response elements. J. Endocrinol. 1998, 158, R11-R14.
Sohoni, P.; Sumpter, J.P. Several environmental oestrogens are also anti-androgens. J. Endocrinol.
1998, 158, 327-3309.

Moriyama, K.; Tagami, T.; Akamizu, T.; Usui, T.; Saijo, M.; Kanamoto, N.; Hataya, Y.; Shimatsu, A.;
Kuzuya, H.; Nakao, K. Thyroid hormone action is disrupted by bisphenol a as an antagonist. J. Clin.
Endocr. Metab. 2002, 87, 5185-5190.

Wetherill, Y.B.; Akingbemi, B.T.; Kanno, J.; McLachlan, J.A.; Nadal, A.; Sonnenschein, C.;
Watson, C.S.; Zoeller, R.T.; Belcher, S.M. In vitro molecular mechanisms of bisphenol a action.
Reprod. Toxicol. 2007, 24, 178-198.

Quesada, I.; Fuentes, E.; Viso-Leon, M.C.; Soria, B.; Ripoll, C.; Nadal, A. Low doses of the
endocrine disruptor bisphenol-a and the native hormone 17beta-estradiol rapidly activate
transcription factor creb. FASEB J. 2002, 16, 1671-1673.

Wozniak, A.L.; Bulayeva, N.N.; Watson, C.S. Xenoestrogens at picomolar to nanomolar
concentrations trigger membrane estrogen receptor-alpha-mediated ca2+ fluxes and prolactin
release in gh3/b6 pituitary tumor cells. Environ. Health Perspect. 2005, 113, 431-439.

Walsh, D.E.; Dockery, P.; Doolan, C.M. Estrogen receptor independent rapid non-genomic effects
of environmental estrogens on [Ca®']; in human breast cancer cells. Mol. Cell. Endocrinol. 2005,
230, 23-30.

Zsarnovszky, A.; Le, H.H.; Wang, H.S.; Belcher, S.M. Ontogeny of rapid estrogen-mediated
extracellular signal-regulated kinase signaling in the rat cerebellar cortex: Potent nongenomic
agonist and endocrine disrupting activity of the xenoestrogen bisphenol a. Endocrinology 2005,
146, 5388-5396.

Gao, X.; Liang, Q.; Chen, Y.; Wang, H.-S. Molecular mechanisms underlying the rapid
arrhythmogenic action of bisphenol a in female rat hearts. Endocrinology 2013, 154, 4607-4617.



Int

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

. J. Environ. Res. Public Health 2014, 11 8411

Zoeller, R.T.; Brown, T.R.; Doan, L.L.; Gore, A.C.; Skakkebaek, N.E.; Soto, A.M.; Woodruff, T.J.;
Vom Saal, F.S. Endocrine-disrupting chemicals and public health protection: A statement of
principles from the endocrine society. Endocrinology 2012, 153, 4097-4110.
Diamanti-Kandarakis, E.; Bourguignon, J.P.; Giudice, L.C.; Hauser, R.; Prins, G.S.; Soto, A.M;
Zoeller, R.T.; Gore, A.C. Endocrine-disrupting chemicals: An endocrine society scientific
statement. Endocr. Rev. 2009, 30, 293-342.

Lang, I.A.; Galloway, T.S.; Scarlett, A.; Henley, W.E.; Depledge, M.; Wallace, R.B.; Melzer, D.
Association of urinary bisphenol a concentration with medical disorders and laboratory
abnormalities in adults. JAMA 2008, 300, 1303-1310.

Melzer, D.; Rice, N.E.; Lewis, C.; Henley, W.E.; Galloway, T.S. Association of urinary bisphenol a
concentration with heart disease: Evidence from nhanes 2003/06. PLoS One 2010, 5,
doi: 10.1371/journal.pone.0008673.

Melzer, D.; Osborne, N.J.; Henley, W.E.; Cipelli, R.; Young, A.; Money, C.; McCormack, P.;
Luben, R.; Khaw, K.T.; Wareham, N.J.; et al. Urinary bisphenol a concentration and risk of future
coronary artery disease in apparently healthy men and women. Circulation 2012, 125, 1482-1490.
Melzer, D.; Gates, P.; Osborn, N.J.; Henley, W.E.; Cipelli, R.; Young, A.; Money, C.; McCormack,
P.; Schofield, P.; Mosedale, D.; et al. Urinary bisphenol a concentration and angiography-defined
coronary artery stenosis. PLoS One 2012, 7, doi: 10.1371/journal.pone.0043378.

Shankar, A.; Teppala, S.; Sabanayagam, C. Bisphenol a and peripheral arterial disease: Results
from the nhanes. Environ. Health Perspect. 2012, 120, 1297-1300.

Shankar, A.; Teppala, S. Urinary bisphenol a and hypertension in a multiethnic sample of us adults.
J. Environ. Public Health 2012, 2012, doi:10.1155/2012/481641.

Bae, S.; Kim, J.H.; Lim, Y.H.; Park, H.Y.; Hong, Y.C. Associations of bisphenol a exposure with
heart rate variability and blood pressure. Hypertension 2012, 60, 786—793.

LaKind, J.S.; Goodman, M.; Naiman, D.Q. Use of nhanes data to link chemical exposures to
chronic diseases: A cautionary tale. PLoS One 2012, 7, doi: 10.1371/journal.pone.0051086.
Lakind, J.S.; Goodman, M.; Mattison, D.R. Bisphenol a and indicators of obesity, glucose
metabolism/type 2 diabetes and cardiovascular disease: A systematic review of epidemiologic
research. Crit. Rev. Toxicol. 2014, 44, 121-150.

Olsen, L.; Lind, L.; Lind, P.M. Associations between circulating levels of bisphenol a and phthalate
metabolites and coronary risk in the elderly. Ecotoxicol. Environ. Saf. 2012, 80, 179-183.

Richter, C.A.; Birnbaum, L.S.; Farabollini, F.; Newbold, R.R.; Rubin, B.S.; Talsness, C.E.;
Vandenbergh, J.G.; Walser-Kuntz, D.R.; vom Saal, F.S. In vivo effects of bisphenol a in laboratory
rodent studies. Reprod. Toxicol. 2007, 24, 199-224.

Vandenberg, L.N.; Colborn, T.; Hayes, T.B.; Heindel, J.J.; Jacobs, D.R., Jr.; Lee, D.H.; Shioda, T.;
Soto, A.M.; vom Saal, F.S.; Welshons, W.V.; et al. Hormones and endocrine-disrupting chemicals:
Low-dose effects and nonmonotonic dose responses. Endocr. Rev. 2012, 33, 378-455.

Yan, S.; Chen, Y.; Dong, M.; Song, W.; Belcher, S.M.; Wang, H.-S. Bisphenol a and 17b-estradiol
promote arrhythmia in the female heart via alteration of calcium handling. PLoS One 2011,
6, doi:10.1371/journal.pone.0025455.

Bers, D.M. Cardiac excitation-contraction coupling. Nature 2002, 415, 198-205.



Int

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

. J. Environ. Res. Public Health 2014, 11 8412

Yan, S.; Song, W.; Chen, Y.; Hong, K.; Rubinstein, J.; Wang, H.-S. Low-dose bisphenol a and
estrogen increase ventricular arrhythmias following ischemia-reperfusion in female rat hearts.
Food Chem. Toxicol. 2013, 56C, 75-80.

Balke, C.W.; Kaplinsky, E.; Michelson, E.L.; Naito, M.; Dreifus, L.S. Reperfusion ventricular
tachyarrhythmias: Correlation with antecedent coronary artery occlusion tachyarrhythmias and
duration of myocardial ischemia. Am. Heart J. 1981, 101, 449-456.

Bernier, M.; Manning, A.S.; Hearse, D.J. Reperfusion arrhythmias: Dose-related protection by
anti-free radical interventions. Am. J. Physiol. 1989, 256, H1344-H1352.

Bers, D.M. Calcium cycling and signaling in cardiac myocytes. Annu. Rev. Physiol. 2008, 70,
23-49.

Myers, J.P.; Zoeller, R.T.; vom Saal, F.S. A clash of old and new scientific concepts in toxicity,
with important implications for public health. Environ. Health Perspect. 2009, 117, 1652-1655.
Liang, Q.; Gao, X.; Chen, Y.; Hong, K.; Wang, H.-S. Cellular mechanism of the nonmonotonic
dose response of bisphenol a in rat cardiac myocytes. Environ. Health Perspect. 2014, 122,
601-608.

Belcher, S.M.; Chen, Y.; Yan, S.; Wang, H.S. Rapid estrogen receptor-mediated mechanisms
determine the sexually dimorphic sensitivity of ventricular myocytes to 17beta-estradiol and the
environmental endocrine disruptor bisphenol a. Endocrinology 2012, 153, 712—-720.

Patel, B.B.; Raad, M.; Sebag, I.A.; Chalifour, L.E. Lifelong exposure to bisphenol a alters cardiac
structure/function, protein expression, and DNA methylation in adult mice. Toxicol. Sci. 2013, 133,
174-185.

Kim, M.J.; Moon, M.K.; Kang, G.H.; Lee, K.J.; Choi, S.H.; Lim, S.; Oh, B.C.; Park, D.J.; Park, K.S.;
Jang, H.C.; et al. Chronic exposure to bisphenol a can accelerate atherosclerosis in high-fat-fed
apolipoprotein e knockout mice. Cardiovasc. Toxicol. 2013, 14, 120-128.

Aboul Ezz, H.S.; Khadrawy, Y.A.; Mourad, I.M. The effect of bisphenol a on some oxidative stress
parameters and acetylcholinesterase activity in the heart of male albino rats. Cytotechnology 2013,
doi: 10.1007/s10616-013-9672-1

Chapalamadugu, K.C.; Vandevoort, C.A.; Settles, M.L.; Robison, B.D.; Murdoch, G.K.
Maternal bisphenol a exposure impacts the fetal heart transcriptome. PLoS One 2014, 9,
doi: 10.1371/journal.pone.0089096.

Calafat, A.M.; Weuve, J.; Ye, X.; Jia, L.T.; Hu, H.; Ringer, S.; Huttner, K.; Hauser, R. Exposure to
bisphenol a and other phenols in neonatal intensive care unit premature infants. Environ. Health
Perspect. 2009, 117, 639-644.

Wang, F.; Hua, J.; Chen, M.; Xia, Y.; Zhang, Q.; Zhao, R.; Zhou, W.; Zhang, Z.; Wang, B. High
urinary bisphenol a concentrations in workers and possible laboratory abnormalities. Occup.
Environ. Med. 2012, 69, 679-684.

Posnack, N.G.; Jaimes, R.; Asfour, H.; Swift, L.M.; Wengrowski, A.M.; Sarvazyan, N.; Kay, M.W.
Bisphenol a exposure and cardiac electrical conduction in excised rat hearts. Environ. Health
Perspect. 2014, 122, 384-390.

Pant, J.; Ranjan, P.; Deshpande, S.B. Bisphenol a decreases atrial contractility involving
no-dependent g-cyclase signaling pathway. J. Appl. Toxicol. 2011, 31, 698-702.



Int

56.

57,

58.

59.

60.

61.

62.

63.

. J. Environ. Res. Public Health 2014, 11 8413

Chen, S.J.; Li, H.; Durand, J.; Oparil, S.; Chen, Y.F. Estrogen reduces myointimal proliferation
after balloon injury of rat carotid artery. Circulation 1996, 93, 577-584.

Li, G.; Chen, Y.F.; Greene, G.L.; Oparil, S.; Thompson, J.A. Estrogen inhibits vascular smooth
muscle cell-dependent adventitial fibroblast migration in vitro. Circulation 1999, 100, 1639-1645.
Dai-Do, D.; Espinosa, E.; Liu, G.; Rabelink, T.J.; Julmy, F.; Yang, Z.; Mahler, F.; Luscher, T.F.
17 beta-estradiol inhibits proliferation and migration of human vascular smooth muscle cells:
Similar effects in cells from postmenopausal females and in males. Cardiovasc. Res. 1996, 32,
980-985.

Pellegrini, M.; Bulzomi, P.; Lecis, M.; Leone, S.; Campesi, I.; Franconi, F.; Marino, M. Endocrine
disruptors differently influence estrogen receptor beta and androgen receptor in male and female rat
vsmc. J. Cell. Physiol. 2013.

Asano, S.; Tune, J.D.; Dick, G.M. Bisphenol a activates maxi-k (k(ca)1.1) channels in coronary
smooth muscle. Br. J. Pharmacol. 2010, 160, 160-170.

O’Reilly, A.O.; Eberhardt, E.; Weidner, C.; Alzheimer, C.; Wallace, B.A.; Lampert, A. Bisphenol a
binds to the local anesthetic receptor site to block the human cardiac sodium channel. PLoS One
2012, 7, doi: 10.1371/journal.pone.0041667.

Deutschmann, A.; Hans, M.; Meyer, R.; Haberlein, H.; Swandulla, D. Bisphenol a inhibits
voltage-activated Ca(2+) channels in vitro: Mechanisms and structural requirements. Mol.
Pharmacol. 2013, 83, 501-511.

Michaela, P.; Maria, K.; Silvia, H.; L’Ubica, L. Bisphenol a differently inhibits Cav3.1, Cav3.2 and
Cav3.3 calcium channels. Naunyn-Schmiedeberg’s Arch. Pharmacol. 2014, 387, 153-163.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



