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Abstract
Background

The pervasive nature of plastics has raised concerns about the impact of continuous expo-
sure to plastic additives on human health. Of particular concern is the use of phthalates in
the production of flexible polyvinyl chloride (PVC) products. Di-2-ethylhexyl-phthalate
(DEHP) is a commonly used phthalate ester plasticizer that imparts flexibility and elasticity
to PVC products. Recent epidemiological studies have reported correlations between uri-
nary phthalate concentrations and cardiovascular disease, including an increased risk of
high blood pressure and coronary risk. Yet, there is little direct evidence linking phthalate
exposure to adverse effects in human cells, including cardiomyocytes.

Methods and Results

The effect of DEHP on calcium handling was examined using monolayers of gCAMP3
human embryonic stem cell-derived cardiomyocytes, which contain an endogenous calcium
sensor. Cardiomyocytes were exposed to DEHP (5 — 50 pg/mL), and calcium transients were
recorded using a Zeiss confocal imaging system. DEHP exposure (24 — 72 hr) had a negative
chronotropic and inotropic effect on cardiomyocytes, increased the minimum threshold volt-
age required for external pacing, and modified connexin-43 expression. Application of Wy-
14,643 (100 uM), an agonist for the peroxisome proliferator-activated receptor alpha, did not
replicate DEHP’s effects on calcium transient morphology or spontaneous beating rate.

Conclusions

Phthalates can affect the normal physiology of human cardiomyocytes, including DEHP elic-
ited perturbations in cardiac calcium handling and intercellular connectivity. Our findings call

for additional studies to clarify the extent by which phthalate exposure can alter cardiac func-
tion, particularly in vulnerable patient populations who are at risk for high phthalate exposure.
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Introduction

Di(2-ethylhexyl)phthalate (DEHP) is a commonly used phthalate plasticizer employed to im-
part flexibility to polyvinyl chloride (PVC) products (reviewed in [1]). Human exposure to
DEHP can occur through contact with consumer products, food packaging, medical devices,
water, air and dust [2]. Since DEHP is hydrophobic and not covalently bound to PVC, it is
highly susceptible to leaching when in contact with lipophilic fluids. Indeed, human biomoni-
toring studies suggest that a large proportion of the population is routinely exposed to DEHP,
including both children and adults [3-5]. As such, phthalate leaching is a source of concern for
human health, particularly in the medical setting where multiple medical interventions can
dramatically increase a patient’s level of exposure (reviewed in [6]).

We previously reported that DEHP exposure affects conduction in neonatal rat cardiomyo-
cytes. Specifically, delays in conduction velocity became more severe with increasing DEHP
concentrations and exposure time, ultimately resulting in a loss of cardiac network synchronici-
ty [7,8]. 72 hr exposure to DEHP [50 pg/mL] led to uncoupling between cardiomyocytes, which
caused slow propagation of fractionated wavefronts [7]. This uncoupling was attributed to de-
creased expression of connexin-43, a transmembrane protein that facilitates electrical coupling
between neighboring cells. Using rat cardiomyocytes, we also reported changes in calcium han-
dling following DEHP exposure, including changes in the expression of calcium handling genes
and an increased incidence of calcium transient doublets [8]. These data clearly showed that
DEHP adversely affects cardiac function in rodent cardiomyocytes; yet, the direct applicability
of these findings to humans remains to be established.

Species differences in cardiac physiology hinder direct extrapolation of rodent data to hu-
mans [9-11]. Moreover, DEHP has been reported to exert species-specific effects on metabo-
lism [12] and gap junctions [13], which are mediated via peroxisome proliferator-activated
receptors (PPARs). Importantly, at least one study observed DEHP-induced modifications in
gap junction intercellular communication in rodent hepatocytes, while hamsters or primates
were unaffected [13]. Considering the public health implications of a possible link between
DEHP exposure and cardiac toxicity, it is critical to determine whether phthalates initiate ad-
verse effects on cardiomyocytes of human origin. To the best of our knowledge, our study is
the first to directly examine the effect of DEHP exposure on calcium handling in human stem
cell-derived cardiomyocytes (hESC-CM).

Materials and Methods
Materials

Cy3 and Cy5 secondary antibodies were purchased from Jackson ImmunoResearch (West
Grove, CA). Roswell Park Memorial Institute (RPMI), B-27 supplement, Versene, G418, and
4,6-diamidino-2-phenylindole (DAPI) were purchased from Life Technologies (Carlsbad, CA).
Activin A, Bone morphogenic protein 4 (BMP4), and human FGF basic (hbFGF) were pur-
chased from R&D systems (Minneapolis, MN). Matrigel was purchased from BD biosciences
(San Jose, CA). Rockefeller University embryonic stem cell line 2 (RUES2) human embryonic
stem cells (hESCs) were kindly provided by Dr. Ali Brivanlou of Rockefeller University [14,15].
All other chemicals were purchased from Sigma Aldrich (St Louis, MO), including DEHP (lot
#112K3730).

Expression of endogenous calcium sensor

RUES2 hESCs were previously modified to express a genetically encoded fluorescent calcium
sensor, GCaMP3 [16,17]. Briefly, a transgene encoding the constitutive expression of GCaMP3
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was inserted into the AAVSI locus in RUES2 hESCs using zinc finger nuclease (ZFN) technolo-
gy. Two targeting vectors were co-electroporated into RUES2 cells: one containing AAVS1 ZFN
and a second containing a CAG promoter driving GCaMP3 expression and a PGK promoter
driving neomycin resistance expression. hESCs were cultured in murine embryonic fibroblast
feeder-conditioned media (MEF-CM) supplemented with 10 uM Y-27632 Rho-associated ki-
nase inhibitor. Fluorescent colonies were expanded and selected with 40-100 pg/mL G418 for
5-10 days. RUES2 cells are an approved cell line on the NTH Human Embryonic Stem Cell Reg-
istry (#: NIHhESC-09-0013).

Differentiation of human stem cell-derived cardiomyocytes

Differentiation of RUES2 hESCs were performed using an established monolayer protocol,
which reliably produces a high yield of cardiomyocytes [18]. Briefly, undifferentiated hESCs
were dispersed into single cells using Versene, and then plated in the presence of MEF-CM
supplemented with 4 ng/mL hbFGF. After reaching confluency, differentiation was induced by
replacing the media with RPMI supplemented with 100 ng/mL Activin A, 1:60 Matrigel, and
2% insulin-free B-27 (day 0). After 24 hr, the media was replaced with RPMI supplemented
with B-27 and 10 ng/mL BMP4 (day 1-4). Thereafter, cells were cultured in RPMI supple-
mented with B-27, which was replaced every 2 days for an additional 20-25 days. Cardiac dif-
ferentiation was identified by the appearance of spontaneous beating activity (~ day 12) via
fluorescent signals with each contraction. Cardiomyocytes were exposed to control media (sup-
plemented with 0.1% DMSO), 5-50 pg/mL DEHP (dissolved in 0.1% DMSO) or 100 uM Wy-
14,643 for 24-72 hrs. Cardiomyocytes were visualized daily to monitor the appearance and
beating behavior of the cell network.

Confocal calcium imaging

Cell culture media was replaced with 37°C Tyrode’s salt solution (supplemented with 0.1%
DMSO with or without 50 ug/mL DEHP or 100 uM Wy-14,643), and spontaneous beating rate
recordings were collected using a Zeiss LSM 510 confocal imaging system (488 nm excitation/
505-550 nm emission filters). Cells were then equilibrated at room temperature for 20 min [19],
and pace-induced calcium transient recordings were measured. In the latter, the cell network
was paced using a stimulation electrode (Harvard Apparatus, Holliston MA) to which mono-
phasic 5 msec pacing pulses were applied (4V minimum threshold, Grass Stimulator). In a sec-
ond set of studies, cardiomyocytes were exposed to 20 mM caffeine in the presence of 20 mM
KCl to monitor total sarcoplasmic reticulum (SR) load. Confocal imaging was accomplished at a
spatial/temporal resolution of ~ 650 pum /36 fps; xt line scan resolution was ~1300 pm/650 fps.

Immunohistochemistry

Cardiomyocyte monolayers were fixed using 4% paraformaldehyde and permeabilized with
0.1% Triton. Samples were blocked with 1% bovine serum albumin and incubated overnight at
4°C with mouse sarcomeric o-actinin (1:800) or rabbit connexin-43 (1:500). Samples were in-
cubated with secondary antibodies, anti-mouse Cy5 or anti-mouse Cy3 (1:1000), for 1 hr at
room temperature. Nuclei were counterstained with DAPI (1:300). Images were acquired and
analyzed with a Zeiss LSM 510 confocal imaging system using dye-specific filter settings.

Calcium transient analysis

The following parameters were determined from calcium transient signals: amplitude (F1/F0),
50% duration time (duration from activation time to 50% relaxation time), tau/decay time
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constant (time for the fluorescence signal to recover 63%) and 50% upstroke time (duration
from activation to 50% upstroke time). The beginning of the upstroke was defined by the initial
deflection from baseline.

Statistical Analysis

All values are expressed as mean + SE, with p < 0.05 considered statistically significant. Mean
values are expressed as a percentage of vehicle control. Statistical analyses were performed
using Student’s t-test (Prism, GraphPad Software Inc., La Jolla CA). All results were computed
from n = 5-25 individual experiments. Representative traces and images are shown.

Results

Human stem cell-derived cardiomyocytes expressing an endogenous
calcium sensor

To verify that our directed differentiation protocol (Fig. 1A) produced a highly purified cardio-
myocyte population, we performed immunostaining to assess the expression of cardiac specific
proteins and sarcomere organization. Immunofluorescence revealed striated staining for sarco-
meric o-actinin, a protein located at the Z-line of sarcomeres in >90% of the cells (Fig. 1B).
Striated labeling was observed in hESC-CMs that co-expressed the endogenous fluorescent cal-
cium indicator, GCaMP3. GCaMP3-expressing hESC-CMs displayed robust cyclic changes in
fluorescent intensity, which coincided with each contraction (Fig. 1B). hRESC-CM were also

do d1 d5 d33 d36
A ¥ \d
Control, DEHP,
A hESC |Act BMP-4 RPMI + B-27 or Wy-14.643

Fig 1. GCaMP3 expressing RUES2 hESC-CM. A) Experimental protocol for hESC differentiation to
cardiomyocytes. Confluent cardiomyocyte layers were exposed to vehicle control, 5-50 pg/mL DEHP, or
100 uM Wy-14,643 for 72hrs. B) Left: Monolayers of hESC-CM stain positively for sarcomeric a-actinin
(white), nuclei (blue), and GCaMP3 (green). Right: hESC-CM exhibit robust fluorescent with each contraction
cycle (top—quiescent cells, bottom—calcium release).

doi:10.1371/journal.pone.0121927.g001
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loaded with Fluo-4, a exogenous calcium indicator. The outcome of the Fluo-4 experiments
was identical to the gCaMP3-based studies (data not shown).

Effect of DEHP treatment on spontaneous beating rate

Individually plated hESC-CMs display variable spontaneous beating rates (SBR) that are de-
pendent upon the specialized cell type (i.e., atrial, ventricular, nodal) [20-22]. However, when
hESC-CM are grown in confluent monolayers, cells undergo phase synchronization and form
an analogue of a cardiac syncytium that exhibits a more consistent, synchronized beating fre-
quency. A number of ion channels have been shown to contribute to the balance between depo-
larizing and repolarizing currents in stem cell-derived cardiomyocytes [23-25]. Therefore,
changes in SBR can serve as a sensitive, albeit cumulative, index of compound cardiotoxicity
[26-28]. We recorded changes in the SBR of confluent, synchronously beating hESC-CM
monolayers prior to treatment and again after 24-72 hr exposure to either vehicle control or
DEHP-supplemented media (Fig. 1A). No significant changes in SBR were observed in vehicle
control cardiomyocytes over the 72 hr time frame (data not shown, p = 0.4). However, during
the same time period, DEHP exposure had a profound influence on spontaneous activity

(Fig. 2), with the average SBR falling to 11% of control (p < 0.001). Infrequent spontaneous
contractions in DEHP-treated samples were also characterized by diminished calcium tran-
sient amplitudes (F1/F0) in DEHP samples (-42%, p < 0.05) compared with control samples.

Control (72 hr) 50 DEHP (72 hr)
. 1
1] &
T L S ——
o L
%5 sec 5 sec
150' 150_
0 Q
5 e
8 & 1004
* g2
— cC =
28 50 )
»nam
Control 50 DEHP Control 50 DEHP

Fig 2. Effects of 72 hr exposure to 50 uyg/mL DEHP on spontaneous calcium transients. Calcium
transient recording from spontaneously beating human cardiomyocytes after 72 hr exposure to vehicle
control or DEHP. DEHP treatment reduced the intrinsic beating frequency by 89% (n > 9, p < 0.007), and
reduced calcium transient amplitude (F1/F0) by 42% (n > 9, p < 0.05) compared with control.

doi:10.1371/journal.pone.0121927.g002
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DEHP exposure perturbs intracellular calcium handling during pacing

Calcium transient morphology can point to changes in sarcoplasmic reticulum (SR) load and re-
lease, as well as the functional state of key calcium handling proteins such as ryanodine recep-
tors (RyR), calcium ATPase (SERCA) and calsequestrin [29-31]. Since cardiomyocyte beating
rate can have a profound effect on calcium transient morphology, including transient amplitude
and duration, we investigated the impact of DEHP-treatment on paced calcium transients.
hESC-CM were externally paced and the action potential-driven calcium transients were re-
corded and analyzed (Fig. 3A). After 72 hr exposure, calcium transient amplitudes (F1/F0 ratio)
decreased by 49% in DEHP-treated cells compared with control (p < 0.001). DEHP-treated cells
displayed shortened calcium transient durations (-16%, p < 0.001) and faster calcium reuptake
time (-40%, p < 0.01). The latter can be seen as a decrease in the decay constant, tau, which is
proportional to time. No significant changes in transient upstroke time were observed.

DEHP exposure promotes aftercontractions

Triggered arrhythmias are commonly attributed to alterations in calcium handling [32-34].
Triggered arrhythmias can arise from either reactivation of calcium current caused by pro-
longed action potential durations, or from spontaneous SR calcium release which results in
aftercontractions [33]. After 24hr exposure, 19% of DEHP-treated samples displayed after con-
tractions in response to external pacing, compared with 1% of control monolayers (p < 0.001;
Fig. 3B). This phenomenon continued throughout the 72 hr observed treatment period although
to a lesser extent (6.5% of DEHP-treated vs 0.5% control, p < 0.05); the latter was primarily due
to the increasing difficulty to externally pace DEHP-treated cells after 72 hr exposure, an effect
that is described below in more detail.

DEHP-treatment inhibits frequency potentiation

Frequency potentiation is an important inotropic mechanism in normal cardiomyocytes. At
faster pacing frequencies, increases in diastolic calcium and SR calcium load are observed [35].
The latter increases calcium transient amplitudes and cardiac contractility, as more calcium is
available for release with the next contraction [36]. In control samples, increasing the pacing
frequency resulted in an elevation of diastolic calcium levels and an increase in the amplitude
of subsequent calcium transients (+12%, Fig. 4A, B). In contrast, in DEHP-treated samples, in-
creases in pacing frequency did not augment the amplitude of calcium transients yielding a
“flat response” (Fig. 4A). Moreover, higher pacing frequencies often failed to elicit calcium
transients (Fig. 4A, C). At 0.4 Hz pacing frequency, 63% of DEHP-treated samples failed to
capture, compared with 100% control samples.

Effect of PPAR agonist WY-14,643 on cardiac calcium handling

Previous studies in rodent models indicated that DEHP’s toxic effects are predominately medi-
ated by activation of PPARa, which in turn, induces peroxisome proliferation and causes he-
patic toxicity[37]. Since this effect is not observed in humans, it was suggested that DEHP
toxicity may be exclusive to rodents [38-40]. To decipher whether DEHP’s adverse cardiac ef-
fects were mediated by PPARo activation, hRESC-CM were treated with the PPARo agonist,
Wy-14,643 [7,41]. No significant effects of Wy-14,643 on frequency potentiation, or efficiency
to initiate contractions with external pacing (Fig. 4A-C), calcium transient amplitude, duration
or upstroke were observed (data not shown).
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Fig 3. Effects of 24-72 hr exposure to 50 pg/mL DEHP on paced calcium transients. A) Action potential-driven calcium transients (| denotes external
stimulus) from 72hr exposed control (left) or DEHP-treated cells (right). B) DEHP-treated cells display calcium transients with 49% smaller amplitudes

(p <0.001), 16% shorter duration times (p < 0.007), and 40% faster decay (p < 0.07), compared with control. No significant changes in upstroke time were
observed. C) DEHP-treated cells had a greater propensity for after contractions following 24—72hrs exposure (6.5-19% of samples), and were more difficult
to pace externally (1 stimulus does not elicit calcium transient). n > 13.

doi:10.1371/journal.pone.0121927.9003

Effect of DEHP on SR load

One possible explanation for the diminished calcium transient amplitudes in DEHP-treated
cells is a reduction in SR calcium load. To address this possible mechanism, hESC-CM were
paced with a train of stimuli to achieve a steady state level of SR calcium load, then caffeine was
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Fig 4. Effects of 24-72 hr exposure to 5-50 pg/mL DEHP or 100 uM Wy-14,643 on frequency
potentiation. A, B) hESC-CM exhibited a positive frequency potentiation response in the presence of control
(+12%), whereas DEHP-treated cells exhibited a relatively flat response (+4%). No significant differences
between control and Wy-14,643 treatment were observed. C) DEHP-treated samples became increasingly
more difficult to stimulate at higher pacing frequencies (1 stimulus does not elicit calcium transient). n > 4.

doi:10.1371/journal.pone.0121927.g004

applied to cell monolayers to synchronize opening of ryanodine receptors (RyR) [42]. The net
result is a maximum release of calcium into the cytosol, which can be used to estimate SR calci-
um load. Application of caffeine produced an immediate increase in calcium transient ampli-
tudes in both control and DEHP-treated samples. However, caffeine-induced calcium transient
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amplitudes were reduced by 46% and duration was increased by 160% in DEHP-treated sam-
ples compared with control (Fig. 5, p < 0.01). Lengthening of calcium transient duration time
was attributed to both an increase in calcium release time (+106%, p < 0.05) and calcium reup-
take time (+38%, p < 0.05). No significant differences were observed between control and Wy-
14,643-treated samples.

DEHP exposure diminishes intercellular connectivity

As exposure time increased, DEHP-treated cells became progressively more difficult to excite
via external stimulation (Figs. 4 and 6). At 24 hr, the minimum stimulus amplitude (threshold
voltage) required to consistently achieve depolarization was 35% greater in 50 pg/mL DEHP-
treated cells compared with control (Fig. 6A, p < 0.05). This effect became more pronounced
with time; a minimum threshold voltage was 42% greater in 5 pg/mL DEHP-treated samples
(p < 0.05) and 107% greater in 50 ug/mL DEHP-treated samples (p < 0.0001) after 72 hr expo-
sure. Deviations in threshold voltage following 100 uM Wy-14,643 72 hr treatment did not
reach significance (p = 0.053). Despite increasing the stimulus voltage, propagation across the
cell monolayer failed, with only cells in close proximity to the pacing electrode being excited.
x-t linescan recordings indicated a 63% decrease in conduction velocity of DEHP-treated cells
compared with control (p < 0.05, Fig. 6B).

Control 50 DEHP

=0.05
F1/F0 = 0.05
%

o

w

L5 sec caffeine 2880 caffeine

200
= £ 150 =
3 - . 8
L +.100 -
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e = 50
T T 0 - r
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g : § - -
= +
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- "
S —l— = 100
*g S
£ 100 9 s0
2 >
3 =

Control ~ 5DEHP 50 DEHP Wy-14,643 Control  5DEHP 50 DEHP Wy-14,643

Fig 5. Effects of 72 hr exposure to 5-50 ug/mL DEHP or 100 uM Wy-14,643 on SR load. Top: GCaMP3 hESC-CM were paced with a train of stimuli to
load the SR, and caffeine was applied to assess SR calcium load. Bottom: Caffeine-induced calcium transients were shorter (-46%) and longer (+160%) in
50 pg/mL DEHP samples compared with control. n > 4.

doi:10.1371/journal.pone.0121927.9005
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Fig 6. Effects of 72 hr exposure to 5-50 ug/mL DEHP or 100 pM Wy-14,643 on intercellular coupling.
A) The excitation threshold voltage required to elicit a calcium transient was increased by 107% in 72 hr
exposed DEHP hESC-CM monolayers, compared with control (p < 0.007; n = 6). B) Left: Cartoon illustrates
xt linescan methodology across a hESC-CM cell layer. Middle & Right: xt linescan shows conduction slowing
(-63%) in a monolayer of DEHP-treated cardiomyocytes; only cells near the pacing electrode (top) elicit a
robust calcium transient. (p < 0.05; n = 8).

doi:10.1371/journal.pone.0121927.9g006

DEHP modifies connexin-43 expression

Gap junctions are intercellular channels that facilitate electrical communication between cardi-
omyocytes; we previously showed that connexin-43 (cnx-43), a protein that comprises gap
junction channels, was a target of DEHP-treatment in rat cardiomyocytes [7]. Since changes in
conduction velocity and excitation threshold voltage can both be attributed to diminished cell-
to-cell coupling, we investigated the effect of DEHP-treatment on cnx-43 expression using
immunofluorescence. In control samples, cnx-43 was intensely labeled at the cellular mem-
brane, with large gap junctional plaques comprising a sizeable area of the cell (Fig. 7). In com-
parison, in DEHP-treated cells, cnx-43 was predominately perinuclear. Similar to control, Wy-
14643-treated cells expressed cnx-43 largely at the plasmalemma, although less robustly. Total
cnx-43 area was significantly reduced in DEHP-and Wy-14,643-treated cardiomyocytes com-
pared with control when normalized to both total cell area (-70% and -52%, respectively) or
total nuclei (-74% and -33%, respectively). No significant changes in connexin-43 gene expres-
sion was observed between control and DEHP-treated samples (p = 0.2, S1 Fig.), suggesting
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Fig 7. DEHP alters connexin-43 expression. A) Control cardiomyocytes display large plaques of gap
junctional connexin-43 (red) on the cellular membranes; DEHP-treated cells have increased intracellular
connexin-43 (red). White line denotes the region corresponding to the intensity profiles (right panel) for
connexin-43 (red) and nuclear (blue) fluorescence. Wy-14,643-treated samples expressed cnx-43 on the

cellular membrane, but less robustly than control. B) Total connexin-43 staining area is decreased in DEHP
and Wy-14,643-treated samples—normalized to total cell area. n > 4.

doi:10.1371/journal.pone.0121927.g007
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that DEHP’s effect on cnx-43 is not mediated by gene expression changes. This effect was pre-
viously reported for DEHP-treated rat cardiomyocytes [7].

Discussion

DEHP is one of the most widely used phthalate plasticizers in consumer products and FDA-
approved medical devices. As such, DEHP-exposure remains a public health concern, particular-
ly for populations at risk for high exposure. The latter includes patients undergoing multiple
medical procedures, such as bypass, hemodialysis or long-term use of tubing in intensive care
units [1]. Since DEHP is not covalently bound to the PVC polymer and is hydrophobic, it is
highly susceptible to leaching when in contact with blood, plasma, total parental nutrition solu-
tion, formulation aids used to solubilize medications, and other lipophilic fluids [43]. Exposure
levels of DEHP from blood transfusion products can range from 2-83 pg/mL [44], and clinical
exposure during an extracorporeal membrane oxygenation (ECMO) procedure is estimated to
be 14 mg/kg/day [1]. In comparison, measured DEHP blood levels range from non-detectable to
4.71 pg/mL in normal, healthy individuals [45,46], and the median environmental DEHP expo-
sure levels are estimated to range between 2-312 ug/kg/day [47]. The published reference dose
for DEHP is 0.022 mg/kg/day, as determined by the Environmental Protection Agency [48]. Al-
though increased phthalate exposure has been linked to a variety of adverse health outcomes in
both children and adults [49-56], the impact of DEHP on human cardiac function remains
largely unknown. We aimed to investigate the direct effect of DEHP on human cardiomyocytes,
using clinically-relevant concentrations (50 pg/mL) and an exposure duration (24-72 hr) that

is comparable to plasticizer presence in the blood of patients with high medical device

usage [57,58].

We previously reported that exposure to clinically-relevant DEHP concentrations impaired
electrical conduction in neonatal rat cardiomyocytes, resulting in an arrhythmogenic pheno-
type [7,8]. Specifically, 72 hr exposure to 50 ug/mL DEHP caused asynchronous cell beating
and markedly decreased conduction velocity. These effects were mainly attributed to a loss of
gap junctional connexin-43, which can impair intercellular communication [59]. Notably,
DEHP, and its main metabolite MEHP, have both been reported to reduce gap junctional con-
nections in other cell types, including testicular cells [60,61] and hepatocytes [13,62]. Impor-
tantly, a few studies have indicated species-specific outcomes related to DEHP’s effects that
appear to be mediated by peroxisome proliferator receptors (PPARs). Specifically, reduced gap
junctional intercellular communication was observed in rodent hepatocytes, but not in ham-
ster, monkey or human cells [13,62]. Additionally, DEHP was shown to modify energy metab-
olism in rodent hepatocytes, but these effects were abolished in a humanized PPARo mouse
model [12]. Of interest, we previously showed that the effects of DEHP on cardiomyocyte me-
tabolism were only partially mimicked with a PPARo agonist [41], suggesting that these spe-
cies-specific effects of DEHP may not be applicable to cardiac cells. However, the direct effect
of DEHP on human cardiac cells has not been examined—and fundamental differences in car-
diac physiology prevent direct extrapolation of rodent findings to humans [63].

In the present study, we examined the effect of DEHP exposure on intracellular calcium han-
dling in hESC-CM expressing the GCaMP3 endogenous calcium sensor. Intracellular calcium is
an important regulator of cardiac function, as it plays a role in cardiac electrophysiology, excita-
tion-contraction coupling and mechanical function [33]. Indeed, this GCaMP3-expressing cell
line has proven to be useful in assessing the activity of transplanted hESC-CM grafts in vivo,
and stem cell coupling with the host myocardium [17]. In mature adult cardiomyocytes, calcium
influx through the L-type calcium channel triggers robust calcium release from the SR via RyR
during systole [33]. This calcium-induced calcium release couples electrical excitation to
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mechanical contraction. During diastole, calcium is removed from the cytosol via the SR calci-
um ATPase (SERCA) and sodium/calcium exchanger [33]. The functional characteristics of
hESC-CM vary by parental cell line and maturation stage, but generally, hESC-CM exhibit
greater spontaneous activity, slower conduction velocities, and less mature calcium handling
properties compared with adult cardiomyocytes [30,31,64]. Our vehicle control hESC-CM dis-
played an SBR of 0.2 Hz and conduction velocity of 1 cm/sec, which are consistent with moni-
toring late-stage hESC-CM [65].

The pattern of effects observed in DEHP-treated samples (Figs. 2-7), point to three likely
culprits behind the adverse effects of DEHP in hESC-CM: reduced expression and/or activity
of calsequestrin (CASQ2), SR calcium ATPase (SERCA), and gap junctional cnx-43. CASQ2 is
a high capacity calcium binding protein localized to the SR in the vicinity of RyR [66,67].
CASQ2 acts as an active calcium buffer that modulates local luminal calcium-dependent clo-
sure of RyRs. When intra-SR calcium levels decline, calcium free CASQ2 binds to the luminal
side of RyRs, causing them to close [67,68]. Cardiomyocytes with depleted CASQ?2 levels be-
have similar to DEHP-treated cells—lower calcium transient amplitude, faster decay time, di-
minished SR load and increased spontaneous triggered activity [69]. In CASQ2 null mice,
reduced CASQ2 expression in nodal cells led to decreased SBR and sinoatrial bradycardia [70],
similar to DEHP’s effect on hESC-CM shown here (Fig. 2). When CASQ2 levels are reduced,
the functional recovery of RyR release sites is accelerated making them prone to premature or
spontaneous reactivation, as we often saw in DEHP-treated cells (Fig. 3B). SERCA is a main
pump that transports calcium ions from the cytoplasm into the SR. Diminished SERCA levels
are believed to be the main reason for a lack of frequency potentiation in failing hearts [71]. Re-
duced SERCA activity can also explain longer times to reabsorb caffeine-induced calcium into
the SR (Fig. 5). The latter is common after application of caffeine, which enhances SR leak,
making it harder for the SR to remove calcium from the cytosol, and ultimately resulting in a
decreased rate of decay of calcium transients [72]. Lastly, DEHP exposure clearly impacts the
distribution of cnx-43, resulting in reduced gap junctional expression at the cell membrane. A
reduction in membrane-associated cnx-43 is the most likely explanation for slowed conduction
velocity and a higher activation threshold in DEHP-treated hESC-CM (Fig. 7). The adverse ef-
fects of DEHP are unlikely to be mediated exclusively through gene expression changes (S1 Fig.
and S1 File); additional studies are necessary to pinpoint the mechanisms by which DEHP al-
ters calcium handling and intercellular communication. The latter can include post-transcrip-
tional regulation and alterations in protein expression, trafficking, stabilization and activity.

Conclusions

Our study revealed negative chronotropic and inotropic effects of DEHP exposure, and re-
duced intercellular connectivity of human cardiomyocytes. Exposure to clinically-relevant
DEHP concentrations reduced the spontaneous beating rate, reduced calcium transient ampli-
tudes, shortened calcium transient duration and decreased the decay time constant. The rise
and decay of calcium modulates both the contractile force and the frequency of cardiomyocyte
contraction [73]. Smaller calcium transient amplitudes will result in generation of less contrac-
tile force leading to a poorer cardiac performance [33,73]. DEHP-treated cardiomyocytes also
had an increased incidence of aftercontractions and reduced connexin-43 expression, suggest-
ing that exposure to phthalates may be arrhythmogenic via a higher incidence of delayed after-
depolarization arrhythmias and slowed conduction velocity [74,75].

Our study was limited to the effects of DEHP on human cardiomyocytes, using concentra-
tions and durations that mimic clinical exposure conditions. Oral exposure to DEHP results in
rapid metabolism to MEHP and 2-ethylhexanol, however, the rate of metabolism is
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significantly slower upon intravenous exposure. The latter is the most common route of ad-
ministration in the clinical setting (i.e., blood transfusions, hemodialysis, ECMO), which large-
ly avoids first pass metabolism. Our previously published studies revealed adverse effects of
DEHP on cardiac electrical conduction and an arrhythmogenic phenotype in rat cardiomyo-
cytes [7]. However, additional studies are necessary to fully elucidate the exact pathways be-
hind the adverse effects of phthalates, and their metabolites, on human cardiac muscle
physiology. The latter includes investigating the potential impact of phthalates on PPAR sig-
naling pathways in cardiac myocytes [76].

Supporting Information

S1 Fig. Quantitative real-time RT-PCR analysis. No significant changes in the gene expres-
sion of sarcoplasmic reticulum Ca2+-ATPase, muscle (SERCA2, p = 0.7), calsequestrin-2
(CASQ2, p = 0.7), ryanodine receptor 2 (RYR2, p = 0.8), and connexin-43 (cnx43, p = 0.2) were
observed between control and DEHP-treated samples (n = 3).

(PDF)

S1 File. Materials and methods for quantitative real-time RT-PCR.
(PDF)
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