TOXICOLOGICAL SCIENCES, 178(1), 2020, 159-172

| SOC'}ety of doi: 10.1093/toxsci/kfaa139
TOXICOIOgy Advance Access Publication Date: 7 September 2020
. . R h Articl
2SIl academic.oup.com/toxsci esearch Article

Ryanodine Receptor Type 2: A Molecular Target for
Dichlorodiphenyltrichloroethane- and
Dichlorodiphenyldichloroethylene-Mediated

Cardiotoxicity

Kim M. Truong,* Wei Feng,* Isaac N. Pessah @**

*Department of Molecular Biosciences, School of Veterinary Medicine, University of California, Davis,
California 95616-5270

1To whom correspondence should be addressed at Department of Molecular Biosciences, School of Veterinary Medicine, University of California, 1089
Veterinary Medicine Drive, Davis, CA 95616. E-mail: inpessah@ucdavis.edu

ABSTRACT

Dichlorodiphenyltrichloroethane (DDT) and its metabolite dichlorodiphenyl-dichloroethylene (DDE) are ubiquitously found
in the environment and linked to cardiovascular diseases—with a majority of the work focused on hypertension. Studies
investigating whether DDx can interact with molecular targets on cardiac tissue to directly affect cardiac function are
lacking. Therefore, we investigated whether o,p’-DDT, p,p’-DDT, 0,p’-DDE, or p,p’-DDE (DDx, collectively) can directly alter
the function of human-induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) by assessing their effect(s) on
hiPSC-CMs Ca?* dynamics. DDx (0.1-10 uM) affected hiPSC-CMs synchronous Ca®>* oscillation frequency in a concentration-
dependent manner, with p,p’-DDT and p,p’-DDE also decreasing Ca®>" stores. HEK-RyR2 cells cultured under antibiotic
selection to induce expression of wild-type mouse ryanodine receptor type 2 (RyR2) are used to further investigate whether
DDx alters hiPSC-CMs Ca?" dynamics through engagement with RyR2, a protein critical for cardiac muscle excitation-
contraction coupling (ECC). Acute treatment with 10 uM DDx failed to induce Ca®" release in HEK293-RyR2, whereas
pretreatment with DDx (0.1-10 uM) for 12- or 24-h significantly decreased sarcoplasmic reticulum Ca®" stores in HEK-RyR2
cells challenged with caffeine (1 mM), an RyR agonist. [*H]ryanodine-binding analysis using murine cardiac RyR2
homogenates further confirmed that all DDx isomers (10 uM) can directly engage with RyR2 to favor an open (leaky)
confirmation, whereas only the DDT isomers (10 uM) modestly (<10%) inhibited SERCA2a activity. The data demonstrate
that DDx increases heart rate and depletes Ca®" stores in human cardiomyocytes through a mechanism that impairs RyR2
function and Ca®* dynamics.

Impact Statement: DDT/DDE interactions with RyR2 alter cardiomyocyte Ca?" dynamics that may contribute to adverse
cardiovascular outcomes associated with exposures.
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The production and use of the organochlorine pesticide dichlor- human tissue and serum samples (EPA, 2017; van den Berget al.,
odiphenyltrichloroethane (DDT) have been banned globally 2017; Wattigney et al., 2019; Zhu et al., 2019). Epidemiological evi-
since the early 1970s, except in geographical areas where dence links exposure to DDT and its metabolite dichlorodiphe-
vector-borne disease(s) pose a significant threat. DDT and its nyldichloroethylene (DDE) to an increased risk for development
metabolites remain detectable in the environment and in of cardiovascular diseases (CVDs) (La Merrill et al., 2013; Teixeira
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et al., 2015; Vafeiadi et al., 2015), which is accountable for ap-
proximately 31% of all deaths worldwide (WHO, 2017). Several
studies have identified positive associations between exposure
to DDT and DDE and hypertension (Donat-Vargas et al., 2018; La
Merrill et al., 2013, 2016; Vafeiadi et al., 2015).

Although studies investigating the potential mechanism of
action (MOA) by which DDT mediates CVDs and/or hyperten-
sion are scarce (La Merrill et al., 2016), studies investigating
whether DDT and/or DDE can engage with molecular targets
found within cardiac tissue, in particular cardiomyocytes, to af-
fect cardiac function, are lacking. To bridge this gap in knowl-
edge, we investigated whether DDT isomers and/or DDE
isomers (o,p’-DDT, p,p’-DDT, o,p’-DDE, and p,p’-DDE; collectively
referred to as DDx) (Supplementary Figure 1) affect human-
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-
CMs) and to determine the relative contribution of the sarco-
plasmic reticulum (SR) Ca®" release channel, ryanodine receptor
type 2 (RyR2), and the Ca?"/Mg”" dependent SR/ER Ca®" ATPase
(SERCA2a). These 2 proteins work in a dynamic but opposing
manner to tightly regulate the release and re-uptake of SR Ca®*
in the cardiomyocyte. Impairment of either or both processes
not only disrupts excitation-contraction coupling (ECC) but
impacts the long-term health of the cardiovascular system and
its resilience to stress (Denniss et al., 2020). hiPSC-CMs are
widely used as a screening tool against cardiotoxic effects be-
cause they recapitulate the genetic, mechanical, and electro-
physiological properties found in human heart tissue
(Csobonyeiova et al., 2016; Grimm et al., 2015; Puppala et al., 2013;
Sirenko et al, 2013b). Similar to cardiac muscle, dynamic
changes in intracellular Ca?" ([Ca®*];) levels generate synchro-
nous Ca?" oscillations (SCOs) in hiPSC-CMs, which have been
extensively used as a model of contraction and relaxation.
Assessment of alterations in hiPSC-CM Ca®" dynamics (ie,
SCOs) is a widely used method to screen for drug-induced cardi-
otoxicity, allowing for the detection of a wide array of cardiac
problems including, but not limited to, arrhythmias, contractile
dysfunction, and cellular toxicity (Burnett et al., 2019; Sinnecker
et al., 2014; Sirenko et al., 2013b; Watanabe et al., 2017).
Therefore, we assessed the effect(s) of DDx on hiPSC-CM Ca**
transients and their Ca®" stores. Our current studies confirmed
that DDx does, indeed, impact both hiPSC-CMs SCO frequency
and Ca®" stores; thus, DDx can directly affect cardiac function.
We, therefore, hypothesized that DDx alters Ca?" dynamics in
cardiomyocytes through engagement with the RyR2 and/or
SERCAZ2a.

Cardiac RyR2 located in the SR membrane serves as the ma-
jor Ca®" release channel during systole (Bers, 2002; Wescott
et al., 2016). During ECC, Ca®" entry through L-type Ca®?" chan-
nels causes massive RyR2-mediated Ca®*" release from SR
stores, a phenomenon termed Ca®*-induced Ca?* release, which
leads to activation of myofilaments, and ultimately, contraction
of cardiac muscle (Bers, 2002, 2004). Cardiac contractility
strength and duration are dependent upon both the magnitude
and the duration of the [Ca®*]; rise mediated by RyR2 activation,
whereas the rapid reaccumulation of cytoplasmic Ca*" to re-
store diastolic levels and replenish luminal calcium stores is
mediated by SERCA2a activation (Bers, 2004; Eisner et al., 2017).
It is well established that perturbation of either RyR2 and/or
SERCA2a function can ultimately lead to cardiac dysfunction,
remodeling, and/or heart disease/failure (Belevych et al., 2013;
Sedej et al., 2014; Walweel et al., 2017). In addition, RyR2 dys-
function can further exacerbate pre-existing cardiovascular dys-
function such as hypertension mediated by anthropogenic
pesticide DDT and its metabolite DDE, leading to heart failure

(HF) (Denniss et al., 2020). DDx-RyR2 and/or DDx-SERCA2a inter-
action may be a novel MOA by which DDx, a pesticide still uti-
lized in tropical areas and wubiquitously found in the
environment, can mediate cardiotoxicity.

MATERIALS AND METHODS

Materials. o,p’-DDT (>97.4%), p,p’-DDT (>97.7%), o,p’-DDE
(>99.9%), and p,p’-DDE (100%) were obtained from AccuStandard
(New Haven, Connecticut). [*H]Ryanodine (56.6Ci/mmol)
(PHJRy) was obtained from PerkinElmer (Bellerica,
Massachusetts). Ryanodine (>98.3%) was obtained from Tocris
Bioscience (Minneapolis, Minnesota). Arsenazo III (AsIII; >95%)
was obtained from Santa Cruz Biotechnology (Dallas, Texas).
Dithiothreitol (DTT; >98%) and 0.1M calcium chloride solution
were purchased from  Fisher Scientific (Waltham,
Massachusetts). Non-fluorescent acetoxymethyl ester (Fluo-4
AM; >95%) was purchased from Invitrogen (Waltham,
Massachusetts). Gelatin A from porcine skin (approximately
300g Bloom), thapsigargin (>98%), adenosine 5'-triphosphate
magnesium salt (>95%), phosphocreatine disodium salt hydrate
(>97%), cyclopiazonic acid (CPA; >98%), 1M magnesium chlo-
ride solution, ruthenium red (RR; >85%), caffeine (>99%), phe-
nylmethylsulfonyl  fluoride (PMSF; 98%), leupeptin
hydrochloride (>90%), and type 1 creatine phosphokinase (>150
units/mg protein) were all obtained from Sigma-Aldrich (St.
Louis, Missouri). Dimethyl sulfoxide (DMSO) was obtained from
VWR Life Science (Radnor, Pennsylvania). The EarlyTox
Cardiotoxicity Kit Explorer (Catalog #: R8210) and its 3 included
reference standards (sotalol, propranolol, and isoproterenol)
were purchased from Molecular Devices (Sunnyvale, California).
All chemicals and kits were stored as recommended by the
manufacturer.

Animals. All collections of mouse tissues from wild-type C57BL/
6] mice (origin: The Jackson Laboratory, Bar Harbor, Maine) for
the studies were conducted using protocols approved by the
Institutional Animal Care and Use Committee (IACUC# 18094) at
the University of California at Davis (Davis, California). All ani-
mals were maintained in a vivarium with constant temperature
and humidity with a 12:12h light-dark cycle. Animals were pro-
vided with Mouse Diet 20 (PicoLab) and autoclaved drinking wa-
ter provided by UC Davis animal facility ad libitum.

Crude mouse cardiac RyR2/SERCA2a homogenate preparations.
Cardiac muscle SR membranes enriched in RyR2 and SERCA2a
obtained from 4- to 5-month-old individual male (n=8) and fe-
male (n=7) wild-type C57BL/6] mice were prepared as previ-
ously described (Feng et al., 2017). Whole cardiac tissue was
flash frozen in liquid nitrogen, pulverized into a fine powder us-
ing a mortar and pestle, and suspended in ice-cold aqueous
buffer (pH 7.4) containing (in mM) 300 sucrose, 10 HEPES, 10 pg/
ml leupeptin hydrochloride, 0.1 PMSF, 10 sodium fluoride (NaF),
2 B-glycerophosphate disodium salt, 0.5 sodium orthovanadate
(NazVOy), and 1.5 ethylene glycol tetraacetic acid (EGTA). The
mixture was homogenized with three 15s sequential bursts at
speed 4 using a Cole-Parmer LabGEN 7b series portable homoge-
nizer (Cole-Parmer, Vernon Hills, Illinois), and then centrifuged
at 110 000 x g for 60 min at 4°C. Final pellets were resuspended
in ice-cold aqueous buffer (pH 7.4) containing 300 mM sucrose
and 10 mM HEPES, aliquoted, flash frozen, and stored at —80°C
for [*H]Ry-binding assays.



Protein concentration determination

The Pierce BCA Protein Assay Kit (Catalog #: 23227) purchased
from Thermo Fisher (Waltham, Massachusetts) was used to
quantify protein concentration of all membrane protein
preparations.

[PH]Ry-binding analysis. Specific [*H]Ry binding to mouse cardiac
muscle homogenates were measured as previously described
(Pessah et al., 2009). Briefly, murine RyR2 microsomes (100 pg/
ml) were incubated with ice-cold aqueous binding buffer (pH
7.4) containing (in mM) 140 KCl, 15 Nacl, 20 HEPES, and nominal
free Ca®" without EGTA buffering for binding of 5nM [*HJRy un-
der equilibrium assay conditions (16 h; 25°C) and constant shak-
ing. To investigate if the 4 congeners can stabilize the open
confirmation of RyR2 and to compare efficacy across the 4 con-
geners, microsomes were incubated in the absence or presence
of 10puM o,p’-DDT, p,p’-DDT, o,p’-DDE, or p,p’-DDE. Non-specific
binding was determined by incubating with 1000-fold (5 pM) ad-
ditional unlabeled ryanodine. Bound ligand was separated from
free ligand, and [°H|Ry trapped to the filter was quantified using
a Beckman Coulter LS6500 spectrometer (Beckman Coulter,
Indianapolis, Indiana). Membranes from 8 individual male mice
and 7 individual female mice were tested (n=15) with each
membrane fraction run in triplicates. Specific radioligand bind-
ing in the presence of compound was normalized to percent
DMSO vehicle control.

Analysis of SERCA2a activity. Specific activity of SERCA2a ATPase
was measured using mouse (male and female combined) car-
diac membranes enriched in RyR2 and SERCA2a, as described
above, in the absence of vanadate. The rate of ATP hydrolysis
was measured spectrophotometrically using a multienzyme as-
say that monitored NADH oxidation at 340nm coupled to ATP
hydrolysis/regeneration in the presence of pyruvate kinase II
and lactate dehydrogenase (Feng et al., 2012). The SERCA2a-
specific ATPase was defined by inclusion of specific SERCA
inhibitors, thapsigargin (TG) and CPA. In detail, cardiac mem-
brane preparation (50pg/ml) was incubated in a cuvette con-
taining 1500 pl buffer (143 mM KCl, 430 uM Sucrose, 7 mM MgCl,,
85uM EGTA, 143uM Ca®', 1mM phosphoenolpyruvate 7 mM
HEPES pH, 7.0 (KOH), 1mM Na,ATP, 100nM rotenone
(Cherednichenko et al., 2004), 30l coupling enzyme mixture
(600-1000 units/ml pyruvate kinase, 900-1400 units/ml lactic de-
hydrogenase). The sample cuvettes contained vehicle (DMSO,
0.1%), or 10uM of either o,p’-DDT, p,p’-DDT, o,p’-DDE, or p,p'-
DDE, or 10 uM TG/100nM CPA in the presence of cardiac mem-
branes preincubated for 5min at 32°C in a temperature con-
trolled multi-sample wunit on the photodiode array
spectrophotometer (Agilent 8453; Agilent Technologies,
California). Baselines were established for an additional 2 min
prior to addition of NADH to the cuvette to initiate ATPase
measurements. Three different concentrations of NADH, 300,
500, or 600 uM were tested in the replicated assay (total n=6-9
with 2 independent cardiac membrane preparations) to assure
coupling of NADH oxidation to ATP hydrolysis.

Human embryonic kidney 293T (HEK293) cell lines. HEK293 cells
with stable, inducible expression of wild-type mouse RyR2
(HEK-RyR2) were kindly gifted to us from Dr. S.R. Wayne Chen
(University of Calgary; Alberta, Canada) (Jiang et al. 2005). The
HEK-RyR2 cells and wild-type HEK cells (HEK-Null) were main-
tained in Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 2mM glutamine, 100 ug/ml streptomycin, 100 U/ml
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penicillin, 1 mM sodium pyruvate, and 10% fetal bovine serum,;
all purchased from Thermo Fisher, and grown at 37°C under 5%
CO,. HEK-RyR2 expressed RyR2 in a stable manner when main-
tained under antibiotic selection pressure (Jiang et al., 2005).
Null cells were grown under the same conditions except no an-
tibiotic was supplemented. Full media changes were performed
every 48, and cells were passaged when they reached approxi-
mately 75% confluency. Western blot analysis and Ca®" imaging
of HEK293 cell lines were performed with cells that were pas-
saged no more than 15 times.

Western blot analysis of HEK293 cell lines. To verify that the HEK-
RyR2 inducible cell line expressed RyR2 protein in a stable man-
ner and the lack of the protein in the HEK-Null cell line, western
blotting was performed on both cells lines as previously de-
scribed (Truong et al., 2019). Cell samples were harvested, dena-
tured, and ran on a precast 4%-15% gradient Mini-PROTEAN
TGX gel (Bio-Rad). Proteins were transferred onto methanol-
activated polyvinylidene difluoride (PVDF) membranes (0.45 um
pore size; Bio-Rad), blocked, and then incubated in primary anti-
bodies diluted in blocking buffer containing 0.2% Tween-20 (vol/
vol) overnight. Total RyR2 was detected using the C3-33 anti-
body (Abcam, Cambridge, England) at 1:200. The housekeeping
protein glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Millipore, Billerica, Massachusetts) was detected using an anti-
GAPDH antibody diluted at 1:2500.

Primary antibodies were detected using secondary antibod-
ies diluted in blocking buffer and 0.2% Tween 20 (vol/vol) at a di-
lution of 1:10 000 using either an 800 nm fluorescent-conjugated
goat anti-mouse secondary (LI-COR), or a 700nm fluorescent-
conjugated goat anti-rabbit secondary (LI-COR). Membranes
were imaged using an Odyssey Infrared Imager (Li-COR).

Preparation and maintenance of hiPSC-CMs. Cryopreserved hiPSC-
CMs (iCell Cardiomyocytes? Catalog #: CMC-100-012-001 and
Lot #: CMC123321) derived from fibroblasts obtained from a 0- to
18-year-old female Caucasian donor with no known disease
phenotype were purchased from Cellular Dynamics
International (CDI; Madison, Wisconsin). The cells were pre-
pared and maintained according to the protocol provided by the
manufacturer and maintained at 37°C under 5% CO,. Briefly, the
cells were thawed in proprietary CDI seeding medium, seeded
(100 pl) onto sterile aqueous 0.1% gelatin-coated clear bottomed
black-walled Falcon 96-well plates (Fisher Scientific; Waltham,
Massachusetts) at a density of 5 x 10° cells/ml, incubated at
37°C under 5% CO, for 4h before all media were replaced with
proprietary CDI plating medium, and maintained in the incuba-
tor until ready to use. The entire media were changed every
other day with fresh CDI maintenance medium and the syncy-
tium of hiPSC-CMs was used for Ca®" imaging assays on days-
in vitro 8 (DIV 8) as recommended by the manufacturer. All work
with human cells were performed under a BUA protocol ap-
proved by UC Davis Environmental and Health Safety.

Compound preparation for Ca®>* imaging of HEK293 cells or hiPSC-
CMs. Dry DMSO was added to each DDT and DDE congener to
create stock solution of 10 mM, which was further diluted to cre-
ate secondary stock solutions. Ca?"-imaging assays of the acute
effects of DDT or DDE on HEK-Null and HEK-RyR2 cells were per-
formed similar to previously described (Truong et al., 2019).
Stock concentrations of DDT or DDE were diluted in either
DMEM supplemented with 2mM glutamine, 100 pg/ml strepto-
myecin, 100 U/ml penicillin, and 1 mM sodium pyruvate or DMEM
containing no glucose and supplemented with 1mM sodium
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pyruvate and 10 mM galactose for imaging with HEK293 cells or
hiPSC-CMs, respectively, for Ca?"-imaging assays of 12- or 24-h
subchronic effects. HEK293 cell lines and hiPSC-CMs were
incubated with the diluted chemical at 37°C under 5% CO, for
12- or 24-h depending on the assay. Final DMSO concentration
was maintained at 0.1% (vol/vol) for all chemicals and across all
treatments.

Calcium imaging of HEK293 cells. HEK-Null and inducible HEK-RyR2
cells (Jiang et al., 2005) were used for Ca®" imaging to determine the
effect of o,p’-DDT, p,p’-DDT, o,p’-DDE, or p,p’-DDE (collectively, DDx)
on RyR2, similar to previously described for RyR1 (Truong et al.,
2019). Briefly, untreated or DDx pretreated cells were loaded with
5uM Fluo-4 AM dissolved in warm Tyrode solution supplemented
with 0.5mg/ml bovine serum albumin (BSA) for 1h at 37°C under
5% CO,. Following, the plate of cells was washed and then trans-
ferred into the Fluorescent Imaging Plate Reader (FLIPR TETRA)
platform (Molecular Devices, San Jose, California) where the cells
were excited at 488nm and Ca”'-bound Fluo-4 emission in the
500 nm range was recorded. A 2min baseline recording was estab-
lished prior to addition of compound and an additional 8-10 min of
readings were performed following the addition of compound. For
acute DDx exposure studies, 2min of baseline was recorded prior
to exposing the cells to 10 uM of either DDT or DDE in the absence
or presence of 1mM caffeine, and RyR agonist. For select experi-
ments, 1 mM caffeine was added to the cells following either base-
line recording or 100s after addition of 10pM DDT or DDE. For
subchronic DDx exposure studies, 2min of baseline was recorded
before addition of 1 mM caffeine.

Calcium imaging of hiPSC-CMs. Calcium flux in hiPSC-CMs was
assessed using the no wash EarlyTox Cardiotoxicity Kit. After
subchronic exposure (12 and 24 h) to DDT or DDE concentra-
tions ranging from 0.1 to 10uM (approximately 33.6-3360ng/g
aqueous medium), all media were removed and the cells were
then loaded with an equal volume of prewarmed calcium dye
reagent and maintenance medium (1:1; 200 ul final volume per
well) and incubated at 37°C under 5% CO, for approximately 2 h.
Following, the plate of cells was transferred into the FLIPR
TETRA platform where calcium flux was recorded at 515-
575nm following excitation of the cells at 470-495 nm. Readings
were taken once every second for 10min to determine the
effect(s) of sub-chronic DDx exposure on hiPSC-CMs calcium
flux. The cells were then challenged with 10 mM caffeine to de-
termine the effect(s) of sub-chronic DDx exposure on calcium
stores.

Statistical analysis. ScreenWorks® Peak Pro software version
3.2.0.14 (Molecular Devices) was used to analyze cellular imag-
ing of Ca?" transients to quantify (1) the amplitude and the area
under the curve (AUC) mediated by caffeine in HEK293 cell lines,
and (2) the frequency of calcium oscillations, the width at 10%
amplitude, and the AUC mediated by caffeine in hiPSC-CMs.
GraphPad Prism 8 software (La Jolla, California) was used to
make comparisons using a one-way ANOVA with either a
Tukey’s post hoc test or a Dunnett’s post hoc test (p<.05;
*p <.01; ™p <.001), where appropriate. All error bars represent
standard deviation (SD) unless stated otherwise. Data analysis
of SERCA2a ATPase activity was performed using OriginLab 9.0
(OriginLab, Massachusetts). One-way ANOVA, Tukey’s post hoc
test was used for mean comparisons; in cases where the p-value
is <.05, the difference is regarded as significant. Statistical anal-
yses used for each data set are described in the figure legends.

ROLE FOR RYR2 IN DDT/DDE MEDIATED CARDIOTOXICITY

RESULTS

DDT Isomers and DDE Isomers Alter hiPSC-CMs SCO Frequency, but
Only p,p’-DDT and p,p’-DDE Decrease the SR Calcium Stores
Although the raw values for each parameter per plate were con-
sistent amongst the replicates, they were highly variable from
plate to plate as exemplified with DMSO vehicle control
(Figure 1A). Three positive controls included in the kit were
used: (1) Sotalol (25uM), a racemic mixture that acts as a non-
selective competitive B-adrenergic receptor blocker and a hu-
man ether-a-go-go-related gene (hERG) potassium channel
blocker that slows heart rate and induces arrhythmia, (2) pro-
pranolol (1 uM), a non-selective beta-blocker that induces brady-
cardia, and (3) isoproterenol (0.5 uM), a beta-adrenergic agonist
that produces tachycardia. Although the controls induced the
expected effects on hiPSC-CMs SCO frequency, as observed with
the traces, the statistical significance was diluted or completely
removed if the measured parameter was not initially normalized to
vehicle control from their respective plate before subsequent analy-
sis for the respective drug effects (Figure 1B). Hence, all Ca®" flux
parameters measured in hiPSC-CMs were normalized to vehicle
control in their respective plate before undergoing any statistical
analysis. hiPSC-CMs were exposed to 0.1-10uM of DDx to deter-
mine which of the four isomers directly affect Ca®" dynamics in
cardiomyocytes. SCOs generated by the spontaneously beating
hiPSC-CMs were monitored using a fluorescent imaging plate
reader platform, the FLIPR TETRA, in combination with the no
wash EarlyTox Cardiotoxicity Kit, which provides a Ca*>" sensitive
indicator in combination with a proprietary masking agent that
allows for mix-and-read procedures using hiPSC-CMs. Acute expo-
sure to 10 pM DDx did not affect hiPSC-CMs SCO (data not shown).
Therefore, hiPSC-CMs were pre-exposed to DDx for 12 h before they
were imaged to investigate if DDx requires time to penetrate the
cell membrane to reach an intracellular target.

Pre-exposure of hiPSC-CMs to an increasing concentration of
DDx (0.1-10 uM) for 12 h prior to SCO measurement significantly
increased hiPSC-CM SCO frequency in a concentration-
dependent manner. At the lowest concentration (0.1pM), all
DDx, with the exception of p,p’-DDE, significantly increased SCO
frequency (>10%) compared with DMSO vehicle control
(Figs. 2A-E). Although DDx typically increased hiPSC-CMs SCO
frequency in a concentration-dependent manner, 10uM p,p’-
DDT or p,p-DDE had the same effect as vehicle control
(Figs. 2A-E). All of the DDx congeners tested tended to decrease
the width of SCO, measured at 10% amplitude compared with
the DMSO vehicle control, but this effect was not statistically
significant (Figs. 2A-E).

The syncytium of hiPSC-CMs was also challenged with
10mM caffeine and the AUC post-activation was analyzed to
determine whether DDx affected SR calcium stores (Figs. 3A-E).
SR Ca’" stores in hiPSC-CMs pretreated with o,p’-DDT or o,p'-
DDE were insignificantly lower than DMSO control-treated cells
across all concentrations (Figs. 3A, 3B, and 3D). Although 0.1 pM
p,p'-DDT significantly decreased SR Ca®" stores (11% lower than
DMSO vehicle control), increasing the concentration of p,p’-DDT
restored SR Ca®" concentration, with 10uM p,p’-DDT re-
establishing SR Ca®" concentration back to the same level as
DMSO vehicle control (Figure 3C). In contrast, at low pM-concen-
trations p,p’-DDE had no effect on Ca®" release from SR stores
compared with DMSO vehicle control, but diminished SR Ca**
stores in a concentration-dependent fashion, with 5 and 10 uM
significantly decreasing SR Ca?" stores approximately 10%
below DMSO vehicle control (Figure 3E). Overall, the
2 para-chloro-substituted DDx derivatives affected SR Ca®"
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Figure 1. Validation and normalization of hiPSC-CMs calcium flux measurements to their respective DMSO vehicle control to correct for plate-to-plate variability. (A)
Calcium transient traces of hiPSC-CMs pre-exposed to DMSO for 12 h were assessed and the frequency or beats per minute (BPM) were quantified per plate. Each indi-
vidual point (n=3) represents a replicate within the plate, whereas, each of the 4 points plotted for plate 1-4 represents the average value per individual plate.
Statistical comparison of BPM amongst the different plates was performed using a one-way ANOVA with Tukey’s post hoc test. Note on left panel: All values between
plates were significantly different from one another except where denoted ns. (B) Calcium transient traces of hiPSC-CMs treated with either sotalol (Sot; beta-adrener-
gic blocker and hERG blocker), propranolol (Prop; non-selective beta-blocker), or isoproterenol (Iso; beta-adrenergic agonist)—all three serving as positive controls—
were assessed and the BPM was quantified by either comparing the raw BPM value to DMSO control across all four plates, or by normalizing values to their respective
DMSO control. Statistical comparison of BPM (raw value or value obtained by normalization to vehicle control) mediated by the positive controls compared with DMSO
vehicle control was performed using a one-way ANOVA with a Dunnett’s post hoc test (*p <.05; *p <.01; **p <.001). All experiments were performed in triplicate and

repeated four times (n=4).

stores more significantly than their ortho-chloro-substituted
counterparts.

DDT and DDE Isomers Deplete Calcium Stores in HEK-RyR2 Cells

To determine whether the DDx-mediated effects on hiPSC-CMs
were facilitated by interaction of DDx with RyR2, we exposed
HEK?293 with stable, inducible expression of mouse wild-type
RyR2 receptors (HEK-RyR?2) (Jiang et al., 2005) and control HEK293
cells that do not endogenously express RyR2 (HEK-Null) to DDx
in the range of 0.1-10puM (approximately 33.6-3360ng/g aque-
ous) in the absence or presence of RyR2 agonist caffeine.
Western blot analysis confirmed the expression of RyR2 protein
on HEK-RyR2 cells and lack, thereof, on HEK-Null cells (Figure 4).

As observed with hiPSC-CMs, acute DDx (10pM) exposure,
alone, did not trigger Ca®* release from endoplasmic reticulum
(ER) stores from either HEK-RyR2 cells or HEK-Null cells (data
not shown).

To determine whether DDx sensitizes RyR2 to activation by
a known agonist, HEK-RyR2 cells and HEK-Null cells were ex-
posed to either DMSO or 10 M DDx in combination with 1 mM
caffeine. As expected, addition of caffeine, an RyR2 agonist, me-
diated Ca®" release from HEK-RyR2 but not HEK-Null ER stores,
further confirming the expression of functional RyR2 protein on
HEK-RyR2 cells and lack, thereof, on HEK-Null cells (Figs. 5A and
5B). Simultaneous addition of the 2 compounds triggered Ca®*
release from HEK-RyR2 ER stores and the amplitude and the
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Figure 2. DDT and DDE isomers alter synchronous calcium oscillation (SCO) frequency in hiPSC-CMs. The BPM and the width of the calcium transients at 10% ampli-
tude were analyzed for each hiPSC-CMs calcium transient trace pre-exposed for 12h to (A) 0.1% DMSO (vol/vol) vehicle control (pink trace), (B) o,p’-DDT (black traces/tri-
angles), (C) p,p’-DDT (blue traces/inverted triangles), (D) o,p’-DDE (red traces/circles), or (E) p,p’-DDE (green traces/squares). All experiments were performed in triplicate
and repeated four times (n=4). Statistical comparison of the effect of the different concentrations of DDT isomers or DDE isomers to DMSO vehicle control was per-

formed using a one-way ANOVA with a Dunnett’s post hoc test (*p < .05; *p < .01).

AUC of the caffeine-mediated Ca?* transient in DDx-exposed
cells were comparable to that of cells pretreated with DMSO
(Figs. 5A, 5C, and 5E). Addition of 10uM DDx 100s prior to the
caffeine challenge also did not further sensitize RyR2 (Figs. 5B,
5D, and 5F).

We then posited that, similar to hiPSC-CMS, DDx requires
time to penetrate the cell membrane of HEK293 cells in order to
access the intracellular target. To test our hypothesis, we pre-
exposed HEK293 cells with an increasing concentration of DDx
(0.1-10 uM) for 12 or 24 h before stimulating them with 1 mM caf-
feine. Pre-exposure of HEK-RyR2 cells with DDx for 12 h reduced
Ca’" release in a concentration-dependent manner. Cells ex-
posed to DDT isomers or DDE isomers released significantly less
Ca?* from ER stores compared with DMSO vehicle control cells
beginning at 5 and 10 uM, respectively (Figs. 6A-E). Pre-exposure
of HEK-RyR2 cells for 24 h produced the same trend of diminish-
ing Ca®" release from HEK-RyR2 ER stores when exposed to caf-
feine, similar to what was observed with 12h pretreatment
(Figs. 7A-E).

o,p’-DDE, p,p'-DDE, and o,p’-DDT Significantly Enhance [*H]Ry-
Binding to RyR2
Nanomolar [°H]Ry binds to the open conformation of RyRs, and
thus, is widely used as a probe to determine (1) whether a com-
pound directly engages with RyR, and (2) to investigate the ef-
fect of the compound on RyR conformation (Pessah and
Zimanyi, 1991; Truong and Pessah, 2018; Truong et al., 2019;
Zhang and Pessah, 2017). To determine which of the 4 DDx iso-
mers directly engage with RyR2 to modulate its conformation,
10 uM of each isomer in combination with mouse cardiac mus-
cle preparations were used in our [*H]Ry-binding assay. Cardiac
preparations from individual male mice (n=8) and individual
female mice (n=7) were used to increase statistical power and
to investigate possible differences between sexes. No sex differ-
ences were observed (data not shown), thus all data were
pooled.

Both DDE isomers and o,p’-DDT significantly enhanced
[*H]Ry-binding to RyR2 (approximately 1.5 fold) compared with
DMSO vehicle control, whereas p,p’-DDT had no significant
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release from SR stores in hiPSC-CMs. A 2 min baseline was recorded for hiPSC-CMs pre-exposed for 12 h to (A) 0.1% DMSO

(vol/vol) vehicle control (pink trace), (B) o,p’-DDT (black traces/triangles), (C) p,p’-DDT (blue traces/inverted triangles), (D) o,p’-DDE (red traces/circles), or (E) p,p’-DDE
(green traces/squares) before they were challenged with 10 mM caffeine, an RyR2 agonist. The AUC of the caffeine-mediated calcium transient was quantified, normal-

ized to the respective vehicle control, and graphed. Experiments were performed in triplicate and repeated four times (n=

4). Statistical comparison of the different

concentrations of DDT isomers or DDE isomers to DMSO vehicle control was performed using a one-way ANOVA with Dunnett’s post hoc test (*p <.05; *p <.01).

HEK-RyR2 HEK-Null Cardiac

—_ —_—

Figure 4. HEK-RyR2 cells express mouse wild-type RyR2, whereas HEK-Null cells
do not. Western blot analysis was performed with 15 pg mouse cardiac muscle
(positive control), HEK-Null cells (40 pg), and HEK-RyR2 cells (40 ug). GAPDH, the
major housekeeping protein, was used to verify the presence of HEK-Null cells.

RyR2:

effect on [*HJRy-binding (Figure 8). Overall, the efficacy ranking
for the 4 compounds is: o,p’-DDE > o,p’-DDT > p,p’-DDE > p,p’-
DDT with efficacy values significantly different between all
isomers except p,p’-DDT and p,p’-DDE, which are statistically
insignificant from one another (Figure 8).

p,p’-DDT and o,p’-DDT, But Not p,p’-DDE, or o,p’-DDE Modestly
Inhibit SERCA2a

The differential influence among DDT isomers and their respec-
tive metabolites on luminal SR Ca®" stores detected in cellular
experiments may be the result of additional actions on
SERCA2a activity. This possibility was tested using a coupled-
enzyme assay to measure TG/CPA-sensitive rates of ATP hydro-
lysis indirectly by measuring NADH oxidation as described in
Materials and Methods section. DDx (< 10 uM) had no measur-
able influence on the coupling enzymes used to measure SERCA
(data not shown). Figure 9 shows that preincubation of cardiac
SR membranes with either 10 uM o,p’-DDT or p,p’-DDT produced
a modest (approximately 10% inhibition) of SERCA2a activity
compared with vehicle control, although not statistically differ-
ent from each other. In contrast, neither o,p’-DDE nor p,p’-DDE
significantly depressed ATPase activity under identical assay
conditions (Figure 9A). The great majority of ATPase activity
measured in the cardiac membranes assayed (>90%) are inhibit-
able by the presence of TG/CPA (Figs. 9B and 9C, compare black
and green rate lines) consistent with SERCA2a activity.
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Figure 5. Acute DDT or DDE exposure does not sensitize RyR2 receptors in HEK-RyR2 cells to Ca®" release . (A and B) Fluo-4 fluorescence emission traces showing Ca®"
transient responses of HEK-RyR2 cells and HEK-Null cells. (A) Addition of 1mM caffeine, an RyR agonist, simultaneously with 10 uM o,p’-DDT (black traces/triangles),
p,p’-DDT (blue traces/inverted triangles), o,p’-DDE (red traces/circles), or p,p’-DDE (green traces/squares) does not sensitize RyR2 more than addition of 1mM caffeine
with 0.1% (vol/vol) DMSO vehicle (pink traces/hexagons) as assessed by the (C) amplitude and (E) AUC post-activation. (B) Addition of 10 uM of either DDT or DDE conge-
ner 100s before addition of 1 mM caffeine also mediated a response similar to DMSO control as assessed by the (D) amplitude and (F) AUC post-caffeine stimulation.
Experiments were performed in triplicate and repeated four times (n =4). Statistical comparison of the effect of DDT and DDE congeners to DMSO vehicle control was

performed with a one-way ANOVA with Dunnett’s post hoc test.

DISCUSSION

Cross-sectional and longitudinal studies have established a pos-
itive correlation between DDx exposure and increased risk for
hypertension and/or CVDs in middle-aged men and women
(Cocco et al., 1997; Donat-Vargas et al., 2018; La Merrill et al., 2013;

Ljunggren et al., 2014; Vafeiadi et al., 2015). The association be-
tween DDx levels and measures of cardiac disease (eg, left ven-
tricular mass) has been mainly attributed to obesity (La Merrill
et al., 2018) rather than direct influences of DDx accumulation
within heart tissues, in particular cardiac muscle. However, DDx
congeners have been shown to accumulate in heart tissue of
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Figure 6. Subchronic (12h) DDT or DDE exposure decreases HEK-RyR2 Ca®* release in a concentration-dependent manner. (A) Ca®" transient response mediated by ad-
dition of 1mM caffeine to HEK-RyR2 cells (pink trace/hexagons) or HEK-Null cells (orange trace) pretreated with DMSO. HEK-RyR2 cells were pretreated for 12h with

0.1-10uM (B) o,p'-DDT (black traces/triangles), (C) p,p’-DDT (blue traces/inverted triangles), (D) o,p’-DDE (red traces/circles),

or (E) p,p’-DDE (green traces/squares) and

challenged with 1 mM caffeine. The amplitude of the caffeine response was quantified and graphed for each concentration tested. Experiments were performed in trip-
licate and repeated four times (n=4). Statistical comparison of the effect of the different concentrations of DDT isomers or DDE isomers to DMSO vehicle control was

performed using a one-way ANOVA with Dunnett’s post hoc test (*p < .01; **p <.001).

wildlife, including sea turtles (Wafo et al., 2005) and vultures (van
Wyk et al,, 2001). Studies investigating the MOA by which DDx
mediates hypertension or CVDs are lacking. In particular, to our
knowledge, there are currently no studies investigating
whether DDx can directly cause cardiac dysfunction through
engagement with molecular targets expressed by cardiac mus-
cle itself. Therefore, we bridged this gap in knowledge by firstly
assessing the impact of DDx on hiPSC-CMs. hiPSC-CMs pre-ex-
posed to DDx typically showed a concentration-dependent in-
crease in SCO frequency. Since Ca" transients synchronize
with cell beating, assessment of SCO frequency is utilized to
determine whether a compound(s) affects heart rate (Sirenko
et al., 2013a). However, it should be emphasized that interpreta-
tion of the potential in vivo impact of SCO frequency and their
modification measured in hiPSC-CMs needs to be cautiously
interpreted since these oscillations are not under control of
membrane voltage. Future studies incorporating multiplexed
optical sensors of membrane voltage, Ca?" dynamics, and

redox status will likely further refine the observations reported
here with hiPSC-CMs (Werley et al., 2020).

All four DDx isomers also decreased hiPSC-CMs SR Ca®"
stores, with 0.1 uM p,p’-DDT and 5- and 10-uM p,p’-DDE reducing
Ca®* stores significantly below those observed in DMSO control
cells. These aforementioned actions of DDx isomers occur at
concentrations well below those that inhibit SERCA2a. In fact,
10uM of either DDT isomer was needed to modestly inhibit
(<10%) SERCA2a, whereas the same high concentration of either
DDE isomers failed to significantly depress SERCA2a activity. SR
stores supply the majority of Ca®" required for muscle force
generation, therefore a significant depression in SR Ca”>" con-
tent is thought to underlie insufficient muscle force during sys-
tole, which is a contributing factor of cardiac dysfunction
(Shannon et al., 2003; Walweel et al., 2017). Since DDx affected
both SCO frequency and SR Ca®" stores without appreciable in-
hibition of SERCA2a, we hypothesize that these effects are pri-
marily mediated by DDx isomers engaging with RyR2. RyR2 is
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Figure 7. Pretreatment of HEK-RyR2 cells for 24 h with an increasing concentration of DDT or DDE has a similar effect as 12h pretreatment. (A) Ca®* transient response
mediated by addition of 1 mM caffeine to HEK-RyR2 cells (pink trace) or HEK-Null cells (orange trace) pretreated with DMSO. HEK-RyR2 cells pretreated with 0.1-10 uM
(B) o,p’-DDT (black traces/triangles), (C) p,p’-DDT (blue traces/inverted triangles), (D) o,p’-DDE (red traces/circles), or (E) p,p’-DDE (green traces/squares) for 24h and then
exposed to 1 mM caffeine. The amplitude of the caffeine response was quantified and graphed for each concentration. Experiments were performed in triplicate and re-
peated four times (n=4). Statistical comparison of the effect of the different concentrations of DDT isomers or DDE isomers to DMSO vehicle control was performed us-

ing a one-way ANOVA with Dunnett’s post hoc test ("p <.05; **p <.01; **p < .001).

known to play a pivotal role in determining heart rate in mam-
mals and it is the major intracellular Ca®" release channel re-
sponsible for maintaining SR Ca®" stores (Bround et al., 2012;
Yang et al., 2002). The hiPSC-CMs express RYR2 gene transcrip-
tion (Puppala et al., 2013), and we observed that they respond to
a caffeine challenge, confirming the presence of RyR2 and fur-
ther supporting the explanation that DDx engages with RyR2 to
mediate the observed alterations in hiPSC-CMs function.

Using a HEK293 cell model that expresses recombinant wild-
type mouse RyR2 protein (HEK-RyR2), we demonstrated that
DDx can engage with RyR2 in intact cells, although the isomers
required time to penetrate the cell membrane to reach the in-
tracellular target. HEK-RyR2 cells challenged with 1 mM caffeine
after pretreatment with >5uM of o,p’-DDT or p,p’-DDT or 10 pM
of o,p’-DDE or p,p’-DDE exhibited no Ca®" release or significantly
reduced Ca?* release compared with DMSO controls. The
concentration-dependent decrease in Ca®" release suggests that
DDx interacts with RyR2 to diminish Ca®* stores. Whereas DDx

mediates a monotonic reduction in ER Ca®" stores in the HEK-
RyR2 cell model, a non-monotonic (ie, biphasic) concentration-
effect relationship is observed with hiPSC-CMs with respect to
influences on SCO patterns. This is not unexpected because the
two cell models (excitable vs non-excitable) regulate their intra-
cellular Ca®>" dynamics in fundamentally different ways, and
may exhibit different compensatory mechanisms. For example,
it has been demonstrated that hiPSC-CMs compensate for RyR2
deficiency through an IP3R-mediated mechanism, allowing for
the continual generation of (abnormal) SCOs (Luo et al., 2020).
Recently, DDx isomers have been demonstrated to elicit oxida-
tive stress in myotubes (Park et al., 2020), but the consequences
may be cell-type dependent. RyRs have been shown to be tightly
regulated by cellular redox state in a biphasic manner (Feng
et al., 1999) and could underly the biphasic responses seen of
hiPSC-CMs to DDx because oxidation of RyR2 was shown to in-
fluence the threshold for SR store overload-induced Ca®" re-
lease (Waddell et al, 2016), although this needs further
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Figure 8. o,p’-DDE, p,p’-DDE, o,p’-DDT, but not p,p’-DDT, significantly enhance
[*H]Ry binding to RyR2 compared with DMSO vehicle control. At 10 uM, o,p’-DDT
(black triangles), p,p’-DDT (blue inverted triangles), o,p’-DDE (red circles), but not
p.p'-DDE (green squares) increased [*HJRy binding to mouse RyR2 approximately
1.5-fold greater than 0.1% (vol/vol) DMSO vehicle control. Efficacy was statisti-
cally different amongst all isomers except for p,p’-DDT and p,p’-DDE, which
were similar. Experiments were performed in triplicate using preparations from
eight individual male mice and preparations from seven individual female mice
(n=15). Statistical comparison of efficacy amongst all compounds was per-
formed with a one-way ANOVA with Tukey’s post hoc test (**p <.001).
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investigation. Nevertheless, we cannot discount other possible
explanations for the observed DDx-mediated diminution in
Ca?" release. For example, another potential explanation may
be that DDx is affecting the SERCA pump. However, measure-
ments of SERCA2a ATPase indicated that a high concentration
(10uM) of 0,p’-DDT or p,p’-DDT mildly inhibited SERCA2a activ-
ity, whereas the DDE isomers at the same concentration had no
effect. Considering SERCA2a is expressed at very high density
within the SR of cardiomyocytes, this level of inhibition is un-
likely to contribute appreciably to the net SR Ca®" depletion
observed. This interpretation is supported by results from
HEK-null cells where none of the DDx isomers elicited SR Ca?"
depletion in the absence of RyR expression. Results from [*H]Ry-
binding assay, where nanomolar [*H]Ry binds to the open con-
formation of RyR2, support a direct modulation of DDx isomers
with RyR2. Whether DDx can function as a partial antagonist at
lower concentrations and a full antagonist at higher concentra-
tions to decrease RyR2 sensitivity or to promote a closed
confirmation, respectively, requires further investigation.
Regardless of the exact mechanism by which DDx modulates
RyR2, it is well established that perturbation of RyR2 conforma-
tion and/or function, whether mediated by a compound or due
to an inherent genetic mutation, can result in cardiac dysfunc-
tion or even progression to HF (Belevych et al., 2013; Walweel
and Laver, 2015; Walweel et al., 2017). Conversely, RyR2 dysfunc-
tion can result from hypertension-mediated HF (Messerli et al.,
2017; Skinner et al., 2019). Although the exact MOA by which
DDx facilitates hypertension is unknown, it is recognized that
hypertension whether mediated by a compound or a predispo-
sition due to genetics, can manifest into heart disease and
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Figure 9. 0,p’-DDT and p,p’-DDT, but not o,p’-DDE, or p,p’-DDE mildly inhibit SERCA2a. Specific SERCA2a-mediated ATP hydrolysis was monitored indirectly by measur-
ing NADH oxidation using the coupled-enzyme assay. Thapsigargin (TG, 10 uM) and cyclopiazonic acid (CPA, 100 nM) were used to correct rates from non-SERCA medi-
ated ATP hydrolysis. (A) NADH oxidation rates normalized to vehicle control (mean * SD) from n=6-9 replicate measurements from two independent cardiac
membrane preparations from mouse heart muscles. *p <.05 from one-way ANOVA with Tukey’s post hoc test. The table summarizes statistical parameters. Control
(Vehicle) rate ranged 0.14-0.63 uM NADH/min/pg protein with 300, 500, or 600 uM NADH (see Materials and Methods section). Experimental sequence and representative
raw data traces for (B) DDT and (C) DDE, when 500 uM NADH is added to start the experiment.
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negatively affect cardiac health (Messerli et al., 2017). In a major-
ity of hypertensive patients cardiac remodeling occurs, leading
to cardiac hypertrophy, which is a recognized risk factor for
stroke, HF, and coronary events (Aronow, 2017). RyR2 has been
shown to be required for the development of pressure-overload
triggered cardiac hypertrophy (Zou et al., 2011). Therefore, RyR2
can be seen as both a cause and a consequence of HF and de-
creased cardiac function. Since DDx can mediate hypertension,
which, in turn can affect RyR2, and also directly affect RyR2,
DDx poses a dual threat to cardiovascular health.

It should be noted that while RyR2-mediated Ca*" leak or in-
creased activity is observed during HF, in cases of arrhythmia,
and a cause of cardiac remodeling, it does not always manifest
as an abnormality in either cardiac function or structure unless
challenged by a triggering agent such as exercise or stress as in
the case of catecholaminergic polymorphic ventricular tachy-
cardia (Belevych et al., 2013; Marx and Marks, 2013; Sedej et al.,
2014). Hence, while current studies have linked DDx solely to
hypertension, it is possible that DDx initially causes more subtle
effects such as mediating RyR2 dysregulation and making it
more susceptible to triggering agents, which can lead to a de-
cline in cardiac health over time. Overall, it is critical to consider
how interaction of DDx with RyR2 can weaken the cardiac sys-
tem as a whole and make it more susceptible to development of
a CVD or hypertension.

Additionally, it has been demonstrated that p,p’-DDE,
through its obesogenic properties, can indirectly alter cardiac
function by producing an increase in left ventricular (LV) mass
and hypertrophy (La Merrill et al., 2018) with promotion of obe-
sity also linked to development of CVDs or chronic HF
(Selthofer-Relatic et al.,, 2019). Obesity and/or LV enlargement
can lead to HF with reduced ejection fraction, which can ulti-
mately lead to the development of musculoskeletal consequen-
ces such as cardiac cachexia, typically preceded by sarcopenia
(Selthofer-Relatic et al., 2019; Sisto et al., 2018). Our laboratory
previously published findings demonstrating that DDx can di-
rectly interact with skeletal muscle ryanodine receptor type 1
(RyR1) to contribute to potential long-term impairments in mus-
cle health (Truong et al., 2019). Since DDx can disrupt ECC in
both cardiac and skeletal muscle and cardiac function is not in-
dependent of skeletal muscle health, our data suggest that DDx
can potentially impair muscle health by directly affecting skele-
tal muscle machinery and also indirectly by perturbing cardiac
function.

To our knowledge, we are the first laboratory to demonstrate
that DDx can directly impair calcium dynamics in cardiomyo-
cytes, and may do so through engagement with RyR2. However,
since our study investigates the interaction of DDx solely with
RyR2 and SERCA2a, only two components of the macromolecu-
lar complex that regulates ECC in a normally functioning heart,
future studies are necessary to determine if, and what other
cardiac tissue-specific molecular targets DDx may also affect.
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