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Abstract

Many e-cigarette products contain cinnamaldehyde as a primary constituent of cinnamon
flavorings. When used as a food additive, cinnamaldehyde is generally regarded as safe for
ingestion. However, little is known about the effects of cinnamaldehyde or its degradation
products, generated after heating and inhalation, which may lead to elevated circulatory exposure
to the heart. Hence, in this study, we tested the /in vitro cardiac toxicity of cinnamaldehyde and its
thermal degradation products generated by heating at low (200 + 50°C) and high temperatures
(700 £ 50°C) on the contractility, rhythmicity and electrical signaling properties of human induced
pluripotent stem cell derived cardiac myocytes (hiPSC-CMs). Cellular impedance measurements
on spontaneously beating hiPSC-CMs revealed that cinnamaldehyde significantly alters
contraction-dependent signal amplitude, beating rate, and cell morphology. These effects were
attenuated after cinnamaldehyde was subjected to heating at low or high temperatures. Current
clamp analysis of hiPSC-CM action potentials (APs) showed only modest effects of acute
application of 1-100 uM cinnamaldehyde on resting membrane potential, while prolonged (~20
min) application of 100 uM cinnamaldehyde resulted in progressive depolarization and loss of
rhythmic AP spiking activity. Collectively, these results suggest that micromolar levels of
cinnamaldehyde could alter cardiac excitability, in part by impairing the processes that regulate
membrane potential and depolarization. Our results further suggest that heating cinnamaldehyde
by itself does not directly lead to the formation of products with greater cardiotoxicity /in vitro.
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Introduction

Cinnamaldehyde is an aromatic aldehyde that confers the characteristic flavor and odor of
cinnamon. As a primary constituent of cinnamon bark, cinnamaldehyde has been ingested
by people for centuries and it is commonly heated at high temperatures in cooking and
baking. More recently, with the increasing popularity of electronic cigarettes (e-cigarettes),
cinnamaldehyde and its thermal degradation products are now routinely inhaled as this
chemical is a major additive to commercially available e-liquid formulations (Behar et al.,
2016). Chemical analyses of several of these e-liquids have measured cinnamaldehyde
present at a range of concentrations, and as high as >1 M (Behar et al., 2016; Clapp et al.,
2017). Although measurements of cinnamaldehyde and its metabolites in the plasma of e-
cigarette users are lacking, pharmacokinetic analyses in rats suggest that cinnamaldehyde as
well as products of cinnamaldehyde metabolism, cinnamyl alcohol and methyl cinnamate,
persist in the plasma after oral and intravenous administration with a half-life of ~7 h (Zhao
etal., 2014). These observations suggest that cinnamaldehyde enters the systemic circulation
after these routes of exposure and can potentially affect the function of numerous cell types.
Nevertheless, despite the increasing consumption of cinnamaldehyde via electronic nicotine
delivery systems (ENDS), the cellular toxicity of cinnamaldehyde and its thermal
degradation products remains unclear.

Previous work suggests that cardiovascular tissues may be particularly sensitive to chemical
and xenobiotic exposure relative to other tissues, in part because cells of the heart and blood
vessels have a low capacity for xenobiotic detoxification (Bhatnagar, 2004). This is
consistent with studies showing that the heart may be highly vulnerable to cumulative injury
subsequent to exposure of environmental toxins (1zzotti et al., 1999; Ping et al., 2003).
Recently, it was reported that cinnamaldehyde reduces cardiac inflammation and fibrosis in
fructose-fed rats (Kang et al., 2016) and that it attenuates LPS-induced cardiac dysfunction
(Zhao et al., 2016), suggesting that anti-oxidant and anti-inflammatory actions of
cinnamaldehyde can have a beneficial influence on cardiac function in the setting of induced
inflammation. However, the direct effects of cinnamaldehyde on the function of cardiac
myocytes have not been studied.

Despite potential beneficial effects of cinnamaldehyde on the heart, attributable to anti-
inflammatory properties, cinnamaldehyde has been shown to affect ion channel activities
(Alvarez-Collazo et al., 2014; Bandell et al., 2004) and the generation of reactive oxygen
species (Ka et al., 2003; Noh et al., 2015). Hence, we tested the hypothesis that direct
exposure of cardiac myocytes to cinnamaldehyde can acutely impact their function,
independent of any potential chronic anti-inflammatory or anti-fibrotic effects. We also
postulated that heating cinnamaldehyde, as during e-cigarette use and in cooking, could alter
cinnamaldehyde toxicity and/or lead to the formation of new products that have their own
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unique cardiotoxicity profile. To test these hypotheses, we examined the effects of
cinnamaldehyde and its thermal degradation products using spontaneously beating human
induced pluripotent stem cell-derived cardiac myocytes (hiPSC-CM) as a model /n vitro
platform. These cells are stable and readily accessible for in vitro pharmacological and
toxicological screening for potential cardiotoxic effects (Sharma et al., 2013). By using an
integrated approach that combines cellular impedance measurements with
electrophysiological evaluation of cellular action potential properties, we found that without
heating, cinnamaldehyde impairs normal beating rhythmicity and contractility in hiPSC-
CMs, before the onset of overt cytotoxicity, i.e., cell death. Significantly, we found that cells
that were treated with an equivalent concentration of cinnamaldehyde, subjected to heating,
did not exhibit the pattern of dysfunction seen with the parent cinnamaldehyde, suggesting
that the cardiotoxicity of cinnamaldehyde may depend upon heating conditions used prior to
exposure.

Chemical reagents and heating protocol:

Cinnamaldehyde was purchased from Sigma Aldrich (cat no. W228613; =95%). For some
experiments, cinnamaldehyde was heated using a drop-tube furnace consisting of a quartz
tube (Quartz Scientific, Inc.) configured in a vertical position and set at 200°C or 700°C (+/-
50°C), as previously described (Fetterman et al., 2018). The furnace (Thermocraft Inc.) was
operated with a suspension air flow rate of 1.5 L/min to ensure suspension of the combustion
products. Cinnamaldehyde was then added drop-wise into the heated area of the furnace,
where it rapidly vaporized, which likely had a modest variable effect on the temperature of
the quartz tube. The entire aerosol was then collected within a glass impinger (SKC Inc.)
and subsequently eluted in an ethanol solution (55% in PBS). Stock concentrations of
thermal product solutions that were used for experiments were determined by molar
equivalents of cinnamaldehyde initially added to the furnace prior to heating and collection.

Use of human induced pluripotent stem cell-derived cardiac myocytes (hiPSC-CMs):

For in vitrotesting, we used commercially-sourced human induced pluripotent stem cell-
derived cardiac myocytes (hiPSC-CMs) obtained from NCardia (formerly Axiogenesis;
Cor.4U.; Ax-C-HCO2-4M, lot CB458CIl_4M; used in impedance analyses) and Cellular
Dynamics International (CDI; iCell Cardiomyocytes?; CMC-100-012-000.5, lot
CMCO031519; used for manual patch clamp and viability experiments). The Cor.4U hiPSC-
CMs, obtained as differentiated cells from the manufacturer, underwent directed
differentiation to cardiac myocytes involving intermediate cardiac gene-specific antibiotic
selection using human iPSCs from a female donor. iCells? hiPSC-CMs were also obtained as
differentiated cells. These underwent retroviral transduction using fibroblast tissue from a
female Caucasian donor source (#01434). Both cell sources were karyotyped and tested by
gPCR for mycoplasma prior to use in experiments. hiPSC-CM differentiation is
heterogeneous with respect to stage of development with genetic signatures of cardiac ion
channels and cardiac markers that are common to both fetal and adult cardiomyocytes
(Gelinas et al., 2017; Huo et al., 2017; Karakikes et al., 2015). Previous work has shown that
iCells and Cor.4U cells have similar purity levels (91.4 + 4.4% versus 89.2 + 7.6% troponin-
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t positive cells, respectively) (Huo et al., 2017). These cells have been shown to consist of a
mixed population of atrial-, nodal-, and ventricular-like cardiac myocytes (Koci et al., 2017,
Ma et al., 2011).

Cellular impedance:

Cellular impedance was measured as previously described (Scott et al., 2014). Cells were
seeded at 3 x 104 cells/well of a fibronectin-coated E-plate Cardio 96 well device (ACEA
Biosciences). Prior to plating, background impedance was measured. On Day 2 after
seeding, the medium was changed twice, ~8 h apart, by exchanging half of the well volume
(90 ul) 4 times. Starting on Day 3 after seeding and throughout the remainder of the
experiment, the medium was changed once per day and 2 h prior to test compound addition
following the same regimen. All measurements were performed at 37°C/5% CO, in a cell
culture incubator using an ACEA XCELLigence RTCA Cardio Instrument. At the seeding
density used, a monolayer syncytium of hiPSC-CMs is formed in each well where all cells
spontaneously beat in unison. Any well in the 96 well plate that did not meet baseline
beating stability/threshold amplitudes was excluded from analyses. Over a period of 48 h
after addition of test compounds, we monitored changes in cell index (measure of electrical
impedance; reduction relative to baseline is indicative of cardiomyocyte cytotoxicity)
(Kustermann et al., 2013), beating frequency (number of positive or negative peaks in a time
period of 20 s), and signal amplitude (difference in positive to negative cell index peaks). All
hiPSC-CM impedance data are expressed as the vehicle (EtOH)-subtracted mean £ SEM
change from well-matched baseline values for each condition.

Electrophysiology:

For electrophysiological measurements, cells were seeded at a density of 20,000 cells/cm?
on round glass coverslips (8 mm diameter) that were coated with 0.1% gelatin (Stem Cell
Technologies). After seeding, maintenance medium (Cellular Dynamics International) was
changed every other day and cells were maintained in culture for 7-10 days prior to patch
clamp recordings. Whole cell recordings were performed in the current clamp mode using
an AxoPatch 200B amplifier with a DigiData 1440A acquisition board and pClamp 10
software (Axon Instruments). Spontaneous rhythmic action potentials were recorded in gap-
free mode using the perforated patch technique with a pipette solution containing (in mM): 5
NaCl, 5 MgATP, 150 KCI, 10 HEPES, 5 EGTA, 2 CaCl,, pH 7.2 adjusted with KOH. For
membrane perforation, gramicidin (200 ng/mL) was added fresh to the pipette solution on
the day of recording. Prior to, and during recording, the cells were continuously perfused
(~1 mL/min in 0.25 mL recording chamber) at 35-37°C with saline solution containing (in
mM): 150 NaCl, 5.4 KCI, 1 MgCls, 1.8 CaCl,, 1 Na-Pyruvate, 15 glucose, 15 HEPES, pH
7.4 with NaOH. Data were acquired at 10 kHz and low pass filtered at 2 kHz. All action
potential data were analyzed using Clampfit software.

Cell viability assays:

Relative viability was assessed using a 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) reduction assay as
previously described (Leipnitz et al., 2018). Briefly, cells were plated, as described above for
cellular impedance measurements, in a 96-well culture plate and allowed to equilibrate to
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culture conditions for a period of 7 days. The maintenance medium was changed every other
day. After equilibration, the cells were treated with cinnamaldehyde (1-100 pM) or 0.1%
ethanol in maintenance medium for a period of 6, 24, or 48 h. Cell viability was assessed
using an MTS assay kit (Abcam) following the manufacturer’s instructions. Cells were
incubated for 4 h in MTS prior to gentle shaking and measurement of absorbance (490 nm)
using a BioTek Synergy microplate reader. Viability data for cells treated with
cinnamaldehyde are expressed as background (medium control)-subtracted ODygq relative to
cells treated with 0.1% ethanol for the same period (cell control).

Immunofluorescent staining and imaging:

Statistics:

Results

Cells were plated as above for viability assays and fixed with 4% paraformaldehyde in PBS
(10 min, room temp), permeabilized with 0.1% Triton-X 100, and washed (3x) with PBS.
Non-specific binding was blocked using 1% bovine serum albumin (30 min) with 0.1%
Tween-20 in PBS. Cells were then labeled with a rabbit polyclonal primary antibody raised
against troponin-I (Santa Cruz Biotechnology; sc-15368; 1:200) overnight in blocking
solution at 4°C. Cells were then washed and incubated in Alexa Fluor 488-conjugated anti-
rabbit 1gG secondary antibody (1:400; 1 hr, room temperature). Cells were imaged at 20x
magnification using a Keyence BZX fluorescent microscopy system.

Data are mean + SEM relative to baseline values for each condition. For impedance and AP
measurements, data were analyzed using GraphPad Prism software using repeated measures
comparisons between groups using the Friedman non-parametric test. P<0.05 was
considered statistically significant.

Response of hiPSC-CMs to known modulators of cardiac myocyte function.

To investigate the effects of cinnamaldehyde and its thermal degradation products, we
examined changes in the contractility and rhythmicity of hiPSC-CMs using a cellular
impedance assay (Koci et al., 2017). Initially, we performed tests to verify the responses of
spontaneously beating hiPSC-CMs to known modulators of cardiomyocyte function. Table 1
summarizes the inotropic and chronotropic responses of hiPSC-CMs to these compounds.
As indicated, the hERG Kv11.1 K* channel inhibitor E4031 (30 nM), significantly reduced
impedance signal amplitude and increased the beat rate (BR), yet did not significantly alter
cell index (Cl), a measure reflective of attachment quality, cell morphology and physiology
of the cell membrane. The B-adrenergic agonist isoproterenol (ISO; 100 nM) caused a
marked increase in beating rate and produced a small, yet significant reduction in signal
amplitude. The oxidant hydrogen peroxide (H,O5; 50 uM) reduced the amplitude, BR and
Cl, consistent with well-known cytotoxic effects. The voltage-gated Na* channel inhibitor
tetrodotoxin (TTX) significantly lowered amplitude and BR, but did not alter Cl. These data
are consistent with previous reports (Khan et al., 2013) indicating that hiPSC-CMs respond
in an expected manner to cardioactive agents. Our results are also in agreement with
previous reports indicating that continuous measurement of hiPSC-CM impedance provides
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a useful /n vitro model system for accurate identification and evaluation of distinct
cardiotoxic effects of test compounds (Blinova et al., 2017; Millard et al., 2018).

Cinnamaldehyde disrupts hiPSC-CM rhythmicity and contractility.

We next performed a series of experiments to test the functional impact of cinnamaldehyde
in its native (i.e., parent) form. We monitored changes in impedance amplitude, BR, and CI
in the presence of 1, 10, and 100 uM cinnamaldehyde over a period of 48 h. While
concentrations of cinnamaldehyde or its metabolites have not been reported in the blood
after e-cig use, this concentration range is within expected values. Previous measurements
made by others have shown that cinnamaldehyde is present in commercial e-liquid refills at
levels exceeding 1 M (Behar et al., 2018; Clapp et al., 2017). For the most extreme case -
assuming 100% transfer efficiency and minimal loss during inhalation - a 90 ml puff volume
of 0.293 mg cinnamaldehyde, (Behar et al., 2018) following a 4-s puff spanning 4 heart
beats (60 bpm), and a 400 ml volume of dilution (4 beats*100 ml/beat) would deliver ~6 uM
cinnamaldehyde directly to the left heart cavities and myocardial tissue via the pulmonary
venous blood. Thus, considering that the heart is the first downstream organ after completion
of the pulmonary blood cycle, we reasoned that the heart is likely exposed to micromolar
concentrations of cinnamaldehyde and/or it’s thermal products when inhaled. Depending on
cinnamaldehyde metabolism and half-life, these levels likely accumulate with continued
vaping (Zhao et al., 2014).

As shown in Figure 1, we found that parent cinnamaldehyde produced a concentration-
dependent reduction in impedance amplitude when applied at 10 and 100 uM. At these
concentrations, BR was also significantly reduced, and spontaneous beating activity was
abolished after ~24 h in the presence of 100 pM cinnamaldehyde. At 1, 10, and 100 pM
concentrations, we observed significant concentration-dependent effects of cinnamaldehyde
on CI, with the greatest effect magnitude (>20%) at 100 uM cinnamaldehyde. Taken
together, these results suggest that at micromolar concentrations, parent cinnamaldehyde
induces time- and concentration-dependent deleterious effects on hiPSC-CM rhythmicity
and contractility.

Cinnamaldehyde causes time-dependent impairment of membrane potential regulation in

hiPSC-CMs.

Cinnamaldehyde is known to possess cytotoxic properties and it can reduce the viability of a
number of different cell types (Behar et al., 2016; Wani et al., 2014). Therefore, we assessed
the cell viability of hiPSC-CMs treated with cinnamaldehyde using the MTS reduction
assay. A fluorescence micrograph of hiPSC-CMs plated and separately labelled for the
cardiac marker troponin-1 is shown in Figure 2A. We found that incubation of cells with 1,
10, and 100 pM cinnamaldehyde for up to 6 h did not significantly reduce cell viability
relative to vehicle-treated cells (Figure 2B). However, incubation of hiPSC-CMs for longer
periods (24-48 h) in 100 uM cinnamaldehyde resulted in a modest but significant reduction
(~30%) in cell viability, indicating that hiPSC-CM viability is sensitive to cinnamaldehyde
only after prolonged incubation and therefore its observed functional effects (within <6 h) on
rhythmicity and contractility may arise from cellular processes that are independent of acute
cell death. Considering this, together with observed effects of parent cinnamaldehyde, in
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cellular impedance assays, we next tested whether acute application of cinnamaldehyde
would alter the hiPSC-CM action potential (AP), as predicted if this compound alters
cardiac ion channel activity. For this test, we performed current clamp recordings of
spontaneous APs in individual hiPSC-CMs in the absence and presence of 1-100 uM
cinnamaldehyde, applied for 2 min. As shown in Figure 2C-I, we found that, within the
tested range of concentrations, cinnamaldehyde produced only modest effects on the AP of
hiPSC-CMs. The primary effect of the 2 min exposure to 100 uM cinnamaldehyde was a
small, but significant, depolarization of resting membrane potential, identified as a reduction
in maximum diastolic potential. No significant effects were observed at any of the
concentrations of cinnamaldehyde tested on AP amplitude, upstroke velocity (dV/dTmax) or
AP duration at 10, 50, or 90% repolarization (APD1g_go, respectively). As a positive control,
we applied 100 nM E4031 in the presence of 100 pM cinnamaldehyde at the end of each
experiment. As expected, application of E4031 significantly increased the APDgg and
reduced AP amplitude and MDP (Figure 2C, I, D and F, respectively).

Based on our results of impedance assays and our electrophysiological data, we postulated
that parent cinnamaldehyde might affect the resting membrane potential of hiPSC-CMs after
more prolonged exposures. To test this, we performed additional current clamp
measurements of APs in the absence and presence of either 100 uM cinnamaldehyde or
EtOH (0.2%) applied for =20 min in the perfusate. In contrast to findings of experiments in
which cinnamaldehyde was applied acutely, perfusion of 100 uM cinnamaldehyde for this
longer period of time lead to loss of rhythmic AP generation and irregular patterns of AP
triggering and repolarization. After ~15 min of perfusion, 100 pM cinnamaldehyde caused
progressive depolarization of the resting membrane potential, indicated by a significant
reduction in MDP when compared with measurements made at similar time points in EtOH-
perfused cells (Figure 3). Collectively, these data suggest that parent cinnamaldehyde causes
time-dependent dysregulation of hiPSC-CM membrane potential that may ultimately impair
the physiological regulation of cardiac myocyte rhythmicity and contractility.

Heating cinnamaldehyde attenuates its acute effects on hiPSC-CMs.

Considering that cinnamaldehyde is commonly heated in e-cigarette devices prior to its
inhalation, we next tested whether heating cinnamaldehyde (see Methods for details) at 200
+ 50°C (i.e., “low temperature™) or 700 + 50°C (i.e., “high temperature”) modifies its
cardiotoxicity. Cinnamaldehyde is variably heated in a number of unique e-cigarette devices
in combination with humectants (i.e., propylene glycol, vegetable glycerin), nicotine, and
variable combinations of other flavorants that may modify aerosol compositions and
biological effects. Thus, our primary objective here was to test the hypothesis that the
temperature sensitivity of cinnamaldehyde itself may alter its biological effects. Figure 4
shows the results of impedance assays with cinnamaldehyde (100 uM) after heating at low
or high temperatures. Consistent with this hypothesis, and in contrast to changes in
impedance amplitude, BR, and CI, observed with parent cinnamaldehyde (Figure 1, shown
as dashed lines in Figure 4), the degradation products, generated upon heating at low or high
temperatures, elicited only modest changes in these parameters. Moreover, when compared
with the effects of parent cinnamaldehyde on impedance amplitude, BR and CI (Figure 1),
the change in each of these parameters was abolished for both low and high temperature
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heating products of cinnamaldehyde when applied at concentrations equivalent to 100 uM
parent cinnamaldehyde. Taken together these observations suggest that elevated
temperatures, such as those achieved in ENDS products containing commercially available
e-liquids, may alter the bioactive properties of cinnamaldehyde and may attenuate or abolish
any direct cardioactive effects of cinnamaldehyde.

Discussion

In this study, we provide evidence that the aromatic aldehyde cinnamaldehyde directly and
adversely impacts the function of human iPSC-CMs /n vitro, yet these effects are largely
attenuated after the compound is heated. Consistent with this notion, we report the following
novel findings: (1) cinnamaldehyde applied at micromolar concentrations caused a
progressive reduction in impedance signal amplitude and beat rate after several hours of
exposure; (2) treatment of hiPSC-CMs with cinnamaldehyde significantly altered cell
morphology and attachment quality, and caused cessation of spontaneous hiPSC-CM beating
activity (at 100 uM); (3) acute application (< 2 min) of 1-100 uM cinnamaldehyde did not
significantly change the hiPSC-CM action potential waveform, although it caused a modest
depolarization of resting membrane potential; (4) prolonged exposure (=15 min) of hiPSC-
CMs to 100 uM cinnamaldehyde impairs membrane potential regulation and leads to
arrhythmic action potential firing; and, (5) heating of cinnamaldehyde at 200 + 50°C and
700 + 50°C attenuated its impact on hiPSC-CM function. Taken together, these results
suggest that cinnamaldehyde in its parent form may adversely impact hiPSC-CM function as
a result of direct effects on the electrical activity and contractility of cardiac myocytes, but
that these effects may be modified by subjecting the compound to elevated temperatures
prior to exposure.

Cinnamaldehyde is classically known for its potent anti-inflammatory activity and is
generally thought to be beneficial for cardiovascular health, as it has been found to reduce
inflammation in the heart and to induce vasodilation of blood vessels (Kang et al., 2016;
Ranasinghe et al., 2017; Yanaga et al., 2006; Yang et al., 2015). However, in contrast, a
recent study has shown that high doses of cinnamon extract (2000 mg/kg oral, daily for 2
weeks) increases heart weights in female rats (Yun et al., 2018), although cardiac function
was not examined in the study. In our current work, using hiPSC-CMs as an /n vitro model
for cardiotoxicity screening, we found that prolonged exposure to elevated levels of parent
cinnamaldehyde could negatively impact the heart by impairing cellular processes involved
in the maintenance of resting membrane potential - changes which could potentially
contribute to arrhythmia or electrical remodeling of the heart. However, further
investigations are required to elucidate the cellular mechanisms that mediate the functional
effects of cinnamaldehyde on hiPSC-CMs and whether these are reproducible in adult
human cardiac myocytes.

Acute cinnamaldehyde exposure may impair cardiac myocyte function by changing levels of
superoxide and other reactive oxygen species, or by affecting the production of myocyte-
derived inflammatory cytokines (e.g., TNFa, IL-6) (Aoyagi and Matsui, 2011; Atefi et al.,
2011). Nonetheless, it remains plausible that effects of cinnamaldehyde on other cell types
may mitigate long-term effects of exposure on cardiac electrical remodeling and/or fibrosis
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(YYang et al., 2015). Our current results together with those of previous studies also suggest
that these effects may be critically dependent upon: 1) the route of cinnamaldehyde
administration, 2) for inhalation, the chemical constituents of e-cigarette liquids containing
cinnamaldehyde, and 3) the temperature generated by the device and transfer efficiency of
native compound in the inhaled aerosols.

The delayed onset of the effects of cinnamaldehyde on the resting membrane potential, as
well as the time course of the effects on impedance parameters in synchronously beating
hiPSC-CM monolayers, suggest that the cinnamaldehyde-induced dysfunction may be
mediated by its metabolites, or it could be a consequence of other indirect, rather than direct,
processes involving the modulation of ion channels involved in the generation and the
repolarization of the cardiac action potential. Previous work has shown that cinnamaldehyde
is a high affinity ligand for the chemosensory cation channel, TRPAL in nociceptive neurons
(Alpizar et al., 2013) and in isolated superior mesenteric arteries (Jin et al., 2019). In
addition, cinnamaldehyde has also been shown to directly inhibit the L-type calcium channel
in smooth muscle cells; an effect that has been linked to the well-known vasodilatory effects
of cinnamaldehyde (Alvarez-Collazo et al., 2014; Harada and Yano, 1975). However, in
view of our data, obtained from current clamp recordings of isolated hiPSC-CMs, it is
plausible that the effects of parent cinnamaldehyde observed in the current study may be due
to activation of TRPAL, as these channels appear to mediate deleterious effects of acrolein in
cardiac tissue (Conklin et al., 2019). Moreover, the inability of cinnamaldehyde to decrease
action potential duration suggests little or no significant functional contribution by inhibition
of the L-type calcium channel. In contrast, the decrease in maximal diastolic potential
(MDP) after treatment with cinnamaldehyde suggests that the aldehyde can inhibit one or
several K* conductances that regulate the resting membrane potential of cardiac myocytes.
Although it is possible that K* currents affected in hiPSC-CMs are not completely reflective
of those that mediate repolarization and resting potential in human adult cardiac myocytes
(for example, see (Goversen et al., 2018)), our observations provide new insights into the
toxicity of this aldehyde and can inform future analyses of its specific effects in the presence
of other e-cigarette constituents or products of their heating or metabolism. In particular, our
observation that exposure to unheated cinnamaldehyde induced abnormal automaticity of
hiPSC-CMs raises the possibility that flavoring chemicals could potentially modulate K*-
selective channels.

Cinnamaldehyde has a flash point of 71°C, which is below the “low temperature” used in
our experiments used to generate the heating product by drop-wise addition to a heated
quartz tube. We predicted that heating may exacerbate its effects on hiPSC-CMs. However,
contrary to this expectation, we observed that effects of the parent aldehyde were attenuated
by heating. The temperatures used in this study reflect a range at or well above that used in
cooking/baking and e-cigarettes, and heating to this temperature nearly abolished the
reduction in signal amplitude, decline in beat rate, and the eventual cessation of beating
observed when cells were treated at high micromolar levels of the native unheated
compound. While the reasons for the loss of the effects of cinnamaldehyde cannot be readily
explained, it is likely that heating cinnamaldehyde at these temperatures leads to pyrolysis of
the native form of the compound such that a substantially lower concentration of this form is
present in the degradation products collected for testing. Consistent with this, a previous
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report demonstrated that heating (up to 210°C) pure trans-cinnamaldehyde at temperatures
resulted in temperature- and time-dependent transformation to benzaldehyde, which has
little cytotoxic effects on cells of the cardiovascular system at micromolar concentrations
(Conklin et al., 1998; Friedman et al., 2000). Moreover, unsaturated aldehydes, such as
cinnamaldehyde, can degrade upon heating due to double bond breakage, leading to the
formation of less reactive products such as formaldehyde and acetaldehyde (Zamora et al.,
2015). However, full chemical characterization of the thermal degradation products of
cinnamaldehyde generated at temperatures relevant to e-cigarette devices requires additional
in-depth investigations, especially given the identification of benzene formation from
benzaldehyde (cherry flavorant) and benzoic acid constituents of e-liquids (Pankow et al.,
2017).

We caution that our current results do not necessarily indicate a reduction in toxicity risk
related to the use of e-cigarettes with liquids consisting of cinnamaldehyde. Although we
assessed only the potential toxicity of cinnamaldehyde when heated by itself, this compound
is currently used as an additive in many unique e-liquid formulations. These formulations
are heated in hundreds of distinct device types at varying coil wattages and, perhaps most
importantly, in the presence of numerous other compounds such as humectants (i.e.,
glycerol, propylene glycol), nicotine and other flavorings (i.e., benzaldehyde). The presence
of other compounds in the heated solutions could also stabilize the parent form of
cinnamaldehyde (Friedman et al., 2000), which we demonstrate in the current study has
functional effects on iPSC-CMs. Currently, many cinnamon-flavored e-liquids of varying
compositions are available and each could give rise to its own profile of degradation
products when heated. Each of these compounds can also react with other compounds
present in the e-liquid as well. Thus, it appears likely that a specific e-liquid formulation
could display a distinct toxicological profile (Tierney et al., 2016) that would depend upon
its constituents, device characteristics and usage conditions. Additionally, the attenuation of
cinnamaldehyde-mediated effects on cardiac myocytes by heating described here could be
modified by the presence of other constituents, and their combustion products collectively
could affect many organ systems, such as the heart or the coronary and peripheral
vasculature (Qasim et al., 2017).

For this study, we used hiPSC-CMs from two different commercial sources. It has been
shown before that cells from these vendors display distinct ion channel expressions and
therefore disparate electrophysiological profiles (Blinova et al., 2017; Huo et al., 2017).
While these differences may influence the magnitude of functional effects observed, our
findings of effects of cinnamaldehyde on both beating activity in impedance assays and
action potential waveform characteristics suggest that these effects likely result via an
impact on pathways that are independent of electrophysiological phenotype of the cell. In
addition, we applied specific compounds with well-established cardiac effects (e.g., Ikr
blocker, E-4031) to cells from both sources in an effort to provide a reference for the
potential effects of cinnamaldehyde and its thermal degradation products applied in parallel
for each assay. Thus, it seems unlikely that the effects observed in the study are specific to a
particular preparation of hiPSC-CM. However, we also acknowledge that hiPSC-CMs are an
artificial model system, and we cannot rule out any potential differences in effects observed
in our study between these cells and native adult human cardiac myocytes.
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In summary, the findings of this study suggest that exposure to cinnamaldehyde could have
adverse effects on cardiac myocyte function and that subjecting cinnamaldehyde to elevated
temperature could alter the compound and consequently its toxicity. The impact of parent
cinnamaldehyde, assessed in our study, may be due to modulation of cell metabolism or
signaling, which ultimately lead to dysregulation of membrane potential and/or contractility.
As these effects were surprisingly dampened upon heating cinnamaldehyde at low or high
temperatures, further characterization of cinnamaldehyde and products of its potential
reactivity with other compounds present in e-cigarette liquids is needed, especially with
respect to cardiovascular toxicity. While acute exposure to cinnamaldehyde may be
beneficial for its anti-inflammatory effects, based on our current data, we suggest that
repeated exposure to high levels of cinnamaldehyde, when it is aerosolized even by
relatively low heat e-cigarette devices, could alter cellular action potential characteristics and
lead to progressive electrical remodeling and cardiac dysfunction, especially in susceptible
populations at risk for arrhythmia.
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Highlights
. Cinnamaldehyde impairs contractility and rhythmicity of human induced
pluripotent stem cell-derived cardiac myocytes (hiPSC-CMs).
. Exposure of hiPSC-CMs to cinnamaldehyde leads to depolarization of resting

membrane potential.

. Heating cinnamaldehyde attenuates effects on hiPSC-CM function.
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Figure 1: Cinnamaldehyde impairs human iPSC-CM function.
A-C. Change in hiPSC-CM impedance signal amplitude (A), beat rate (BR; B) and cell

index (Cl; C) at 0-2.5 h (i.) and 0-48 h (ii.) following application of 1 uM, 10 pM, and 100
UM cinnamaldehyde (n = 5). Media was changed at 24 h after initial treatment (t = 0 h). Data
are expressed as relative change from baseline after subtraction of changes observed in wells
treated with 0.1% ethanol as a vehicle control. Note that some error bars in summary graphs
are masked by mean symbols. *P<0.05. F denotes cessation of spontaneous beating activity.
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Figure 2: Acute application of 1-100 uM cinnamaldehyde has only modest effects on hiPSC-CM
action potential properties.

(A) Fluorescence images of hiPSC-CMs for troponin-1 (green) and dapi (nuclear stain, blue).
The merged image showing troponin-I and dapi labelling together is shown at the bottom.
(B) Summary of viability of hiPSC-CMs treated with 1-100 uM cinnamaldehyde for 6, 24,
and 48 h (n = 3 each). (C) Representative AP waveforms recorded from single hiPSC-CMs
under control conditions (-cinn; gray) and in the presence of cinnamaldehyde (100 uM; red).
Also shown, representative AP in the presence of cinnamaldehyde and the hERG K* channel
inhibitor E4031 (100 nM). (D-1) Summary bar plots showing mean = SEM change in AP
amplitude, upstroke velocity (dV/dTmax), resting maximum diastolic potential (MDP), and
action potential duration at 10, 50, and 90% repolarization from peak potential (APD1g_g0-,
respectively). Data are relative to baseline values obtained before the application of
cinnamaldehyde. n = 5; *P<0.05.
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Figure 3: Prolonged application of cinnamaldehyde impairs hiPSC-CM electrical signaling.
(A) Representative hiPSC-CM AP recordings before (baseline) and after 20 min of perfusion

of bath solution containing either ethanol (EtOH, 0.2%) or cinnamaldehyde (100 uM). (B)
Summary data showing change in membrane potential compared with baseline (positive
value reflects membrane depolarization) values obtained after 5-20 min perfusion of bath
solution containing either cinnamaldehyde or EtOH. *P<0.05 vs. EtOH, n = 4 each.
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Figure 4: Heating and burning cinnamaldehyde attenuates its adverse effects on hiPSC-CMs.

Change in hiPSC-CM impedance signal amplitude (A), BR (B) and CI (C) at 0-2.5 h (i.)

and 0-48 h (ii.) following application of thermal degradation products of cinnamaldehyde
(100 uM) at low and high temperature. n = 3. Dashed lines show effect of unheated

cinnamaldehyde at 100 pM, as in Figure 1.
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Table 1:

Response of hiPSC-CMs to control compounds in cellular impedance measurements.
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1duosnuen Joyiny

Parameter Baseline values
amplitude (a.u.) 0.063 + 0.002
beat rate (bpm) 65.192 + 0.262
cell index (a.u.) 10.528 + 0.563

Test Relative effect
H20; (50 uM)

A amplitude 032+0.19%

A beat rate 0.54+0.32

A cell index 0.48 +0.24
TTX (250 nM)

A amplitude 0.73+0.02%

A beat rate 0.80+0.01%

A cell index 1.04 +£0.02
Iso (100 nM)

A amplitude 0.94+0.01%

A beat rate 1.65+0.04"

A cell index 1.01+0.01
E-4031 (30 nM)

A amplitude 0.70+0.05"

A beat rate 137+0.08"

A cell index 1.00 £ 0.04

Data are mean + SEM percent change from baseline relative to medium controls.

*
P<0.05

fcessation of spontaneous beating activity.
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