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Abstract

Reperfusion injury is a complex pathological event involving processes that can lead
to further disruption of the cell membrane and function following an ischemic event.
Return of blood flow allows for the needed reperfusion; however, for a period of time
before remaining viable cells stabilize, reperfusion results in additional cellular injury.
In cardiomyocytes, loss of membrane integrity allows abnormal influx of extracellular
calcium, leading to hyper-contracture and cell death. Methods to improve the mem-
brane integrity of cardiomyocytes overwhelmed by pathological disruptions, such as
reperfusion injury, are needed to prevent cell death, because of the myocardium's
limited ability to regenerate. Research has shown administration of the copolymer
P(oloxamer) 188 before ischemia/reperfusion can protect cardiomyocytes through
membrane stabilization. This study sought to determine whether the administration of
P188 at the beginning of the clinically more relevant time of reperfusion after ischemia
will attenuate any additional damage to cardiomyocytes by stabilizing membrane in-
tegrity to allow the cells to maintain function. Using an in-vitro cardiomyocyte model
subjected to hypoxia/reoxygenation to simulate ischemia/reperfusion injury, we show
that reoxygenation significantly potentiates the injury caused by hypoxia itself. P188,
with its unique combination of hydrophobic and hydrophilic chemical properties, and
only delivered at the beginning of reoxygenation, dose-dependently protected cardio-
myocytes from injury due to reoxygenation by repairing cell membranes, decreasing
calcium influx, and maintaining cellular morphology. Our study also shows the hydro-
phobic portion of P188 is necessary for the stabilization of cell membrane integrity in

providing protection to cardiomyocytes against reoxygenation injury.
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copolymer
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Reperfusion injury is an unavoidable consequence of planned car-
diac procedures, including coronary artery bypass graft surgeries,
and unplanned cardiac events, including primary coronary interven-
tions for acute coronary syndromes and cardiac arrests with car-
diopulmonary resuscitation (CPR). It follows an ischemic period, a
disruption of blood flow that limits the availability of oxygen and
nutrients, causing cellular consequences such as hypoxia, decreased
intracellular pH, altered ion exchange/transport (eg, excessive influx
of calcium [Ca2+] ions), cell swelling, membrane disruptions, and cell
death.r* Reperfusion is the needed return of blood flow, oxygen,
and nutrients. However, reperfusion itself, for a brief period before
the remaining viable cells can stabilize, results in additional cellular
dysfunctions, including production of reactive oxygen species, fur-
ther membrane damage, increased intracellular Ca?* ([Ca2+]i), altered
redox state, hyper-contracture, mitochondrial dysfunction, and cell
death, all of which have been observed in several cardiac-related cell
types, including cardiomyocytes.*

A critical focus of clinical interventions is to improve survival
rates and quality of life for thousands of patients each year by
attenuating the reperfusion injury that can occur when organs
and tissues are knowingly reperfused after an ischemic event.
Unfortunately, there is no current therapy available for combating
reperfusion injury. A variety of interventions have been investi-
gated to limit reperfusion injury following ischemia, but the major-
ity of this research aims to develop therapies to be provided before
the ischemia occurs. Few studies are focusing strictly on strategies
to be given at the clinically more relevant reperfusion phase after
ischemia, to target any salvageable cells. Ischemic post-condition-
ing, for example, the intentional use of “stuttered” reperfusion,
during the first minutes of reperfusion, has been successfully em-
ployed in models of myocardial infarction (Ml) and cardiac arrest.®®
Reperfusion injury can also be attenuated by pharmacological
post-conditioning; volatile anesthetics, such as sevoflurane, when
given immediately upon reperfusion for several minutes, have been
shown to improve functional recovery in hearts.”1° Unfortunately,
results of studies using these interventions have been mixed in the
clinical setting.**12

Another therapeutic option may involve methods to improve
the membrane integrity and resealing ability of cells that are over-
whelmed due to pathological disruptions, especially since the myo-
cardium has a limited ability to regenerate.13 Copolymer-based
cell membrane stabilizers (CCMS) have this potential. CCMS, or
Poloxamers, are synthetic non-ionic block copolymer molecules
available in varying molecular weights (MW) and ratios of hydro-
phobic polypropylene oxide (PPO) to hydrophilic polyethylene oxide
(PEO) chains. Poloxamer 188 (P188) is a flexible tri-block CCMS
composed of single bonds and a central hydrophobic 30 PPO unit
chain that covalently connects two hydrophilic 75 PEO unit chains
(Figure 1A), making P188 ~20% hydrophobic with an average MW
of 8400 g/mol. > Through work using X-ray scattering, atomic

force microscopy, and computer simulations, it is thought that P188

directly seals and stabilizes cell membranes by inserting the hy-
drophobic portion into damaged areas of the membrane while the
hydrophilic chains interact with the lipid headgroups of the bilayer
and remain at the surface of the membrane, ultimately closing the
tear.1618

Thus, our study was based on the hypothesis that P188, with
its unique hydrophobic/hydrophilic chemical properties, and given
only on reoxygenation, can protect cardiomyocytes against fur-
ther injury from reoxygenation following hypoxia by stabilizing
the damaged cell membrane, and allowing remaining viable cells to
maintain function. Our study's objectives were to (a) perform dose
response experiments to determine the protective concentration
of P188 when administered to isolated cardiomyocytes at the start
of reoxygenation following hypoxia (simulated ischemia/reperfu-
sion [I/R] injury) and (b) determine potential protective mechanisms
of P188 when provided to isolated cardiomyocytes only during
reoxygenation.

The study results in our in-vitro adult mouse cardiomyocyte
model show that reoxygenation potentiates the injury caused
by hypoxia itself, that P188 given only at the start of reoxygen-
ation dose-dependently protects the isolated cells against fur-
ther injury following hypoxia, and that the hydrophobic portion
of P188 is necessary for the protection provided to the cells. This
information may assist in better defining P188’s mechanism of
action and the importance of its hydrophobic component when
the molecule is administered as a protective compound against

I/R injuries.

2 | MATERIALS AND METHODS

An ethical statement is not required as no human or animal research

was conducted.
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FIGURE 1 A, Diagram showing the general structure of a
tri-block copolymer. P188 (MW 8400 g/mol) has a central portion
containing 30 PPO units (represented by y in the diagram) flanked
by two side chains consisting of 75 PEO units each (represented
by n in the diagram). B, Diagram showing the general structure of a
PEG molecule. PEG is a polymer consisting of varying numbers of
PEO units (humber of units represented by n in the diagram) that
make up varying MWs. PEG (MW 8000 g/mol) was used as the
control molecule to P188 in our study
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2.1 | Cellculture

Isolated cardiomyocytes from ventricles of adult male C57BL/6)J
mouse hearts, as well as the culture media, passaging solutions,
and flasks and plates precoated with a proprietary laminin-
based extracellular matrix for cell adherence, were obtained
from Celprogen (Torrance, CA, USA). The cardiomyocytes were
maintained under Celprogen-specified culture conditions, such
as regular cardiomyocyte growth media containing 10% fetal bo-
vine serum (FBS), 5 mmol/L glucose, and antibiotics, and incuba-
tion of the cells in a standard culture environment of humidified
21% O,: 5% CO,: 74% N, at 37°C. Under these conditions, the
cardiomyocytes retain the majority of biochemical and molecu-
lar properties of in-vivo cardiomyocytes, such as expression of
«-adrenoreceptors and troponin, and morphologically show the
expected rod shape (Figure 2A) until the cells begin to spread
to create cell-cell contacts and generate a confluent layer with
cells becoming more rounded in shape (Figure 2B). Confluent cul-
tures of cardiomyocytes were used to better mimic the normal
in-vivo state of these cells in the heart, and cells from adult mice
were chosen to better represent cardiomyocytes in adult human
hearts.

For experiments, cardiomyocytes between passages 5 and 10,
and from three different lots of cells, were plated in regular media
at a density of 50 000 cells/cm? into 96-well black-walled, clear-bot-
tom plates, then placed in a standard culture environment. Four to
six replicate wells for each control and treatment group were plated
in each experiment. After ~72 hours, when the cardiomyocytes
reached confluency, the plates of cells for each experiment were
randomized to control/normoxia (C/N) or hypoxia/reoxygenation
(H/R) conditions.

ﬁ_ ..‘K S P E T— Eﬁz\}:%mmmmjﬂ

2.2 | In-vitro H/R injury

To simulate I/R, the cardiomyocytes were exposed to serum- and
glucose-free (SGF) media in a humidified Billups-Rosenthal plexiglass
hypoxia chamber (Stemcell Technologies; Vancouver, BC, Canada)
filled with the hypoxic gas mixture (0.01% O,: 5% CO,: 94.99% N,)
and placed in a 37°C incubator for 5 hours. The ability to maintain
the hypoxic 0.01% O, level was previously tested with a micropro-
cessor-based O, sensor. The 2 hours of reoxygenation began when
the cells were removed from the hypoxic chamber, the media re-
placed with regular serum- and glucose-containing media, and the
experimental plates returned to a standard culture environment
(21% O,). To control for any effects of media replacement, the media
of the corresponding plates of C/N cells was changed at the same
times the media of the H/R cells was changed; from normal media to
SGF media for the hypoxic period and back to normal media for the

reoxygenation phase.

2.3 | Optimization of H/R conditions for confluent
cultures of mouse cardiomyocytes

Previous studies with adult human cardiomyocytes at 80% conflu-
ency showed 40%-60% damage in cell number and viability, as well
as lactate dehydrogenase (LDH) release, after 3 hours of hypoxia
(0.1% O,) in SGF media followed by 2 hours of reoxygenation.”
To optimize the H/R protocol for the confluent cultures of adult
mouse cardiomyocytes, we performed a series of experiments
to replicate the damage observed in the non-confluent cultures
of human cardiomyocytes. This amount of damage would allow
examination of the protective actions of a given agent (eg, P188)

FIGURE 2 A, Representative photo of the general appearance of the isolated adult mouse cardiomyocytes 6 h after plating. At least

50% of the cells show the expected rod-shaped morphology of cardiomyocytes. B, Representative photo of the typical appearance of the
cardiomyocytes ~72 h after plating. A confluent layer has formed, with the cells becoming more rounded due to increased cell-cell contact
and limited growth area. Scale bars are 100 um in length
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determined that the optimal parameters to replicate the same
cytotoxicity response observed in the non-confluent human car-
diomyocytes was 5 hours of hypoxia at 0.01% O, in SGF media
followed by 2 hours of reoxygenation with regular media for the
confluent mouse cardiomyocytes. We speculate that the require-
ment of a significantly greater and longer hypoxia challenge is
due to two factors: (1) confluent cardiomyocyte cultures rely on
glycolysis rather than aerobic respiration?® and (2) these isolated
mouse cardiomyocytes are not consuming adenosine triphosphate

by contracting and relaxing.

2.4 | P188 dose-response curves

The therapeutic potential of P188 administered at the start of re-
oxygenation was tested at five logarithmic concentrations ranging
from 10 pmol/L to 1 mmol/L. This range was chosen based on other
studies that have investigated the cellular protective potential of
P188; in mouse muscle myoblast cultures (~80% confluent) exposed
to hypo-osmotic stress/isotonic recovery, 14 uM P188 was protec-
tive;?! 150 umol/L P188 fully restored dystrophic mouse myocyte
stretch compliance;?? and 0.5 mmol/L P188 “repaired” cultured as-
trocytes that had been exposed to traumatic brain injury-induced
microcavitation.?

Polyethylene glycol (PEG) with a MW of 8000 g/mol was used
as a control molecule. This PEG is considered the optimal control
for P188 since it has a MW close to that of P188, produces similar
osmolarity, but is purely hydrophilic (Figure 1B).

P188 and PEG were purchased from Millipore Sigma (St. Louis,
MO, USA). They were dissolved in regular cardiomyocyte media to
achieve the desired concentrations (10 umol/L - 1 mmol/L). At these
concentrations, both are = 96% soluble, do not affect the pH of the
media, and exist as a dynamic solution of single molecules, as well as

grouped micelles.”’

2.5 | Assessment of cell number and viability

As done in other studies, cell number and viability were assessed in
all experiments using the CyQUANT Direct Cell Proliferation Assay
Kit (Molecular Probes, Inc, Eugene, OR, USA).?42¢ The kit fluores-
cently measures the DNA content only in healthy cells while blocking
the staining of dead cells and cells with compromised membranes.
Since DNA content is highly regulated, cell number estimates, as well
as cytotoxicity assessments, are very accurate.?

At the end of each experiment (ie, the 2-hour reoxygenation pe-
riod; except for H only experimental groups), the cardiomyocytes
were washed with 1x phosphate-buffered saline (PBS) before 100 uL
of fresh regular media was added back to the wells. An equal volume
of prepared 2x CyQUANT detection buffer was added, and the cells
incubated for 60 minutes at 37°C. The fluorescence of each well was

read from the bottom at an excitation (Ex) of 480 nm and emission
(Em) of 535 nm using a plate reader (Synergy H1; BioTek Instruments
Inc, Winooski, VT, USA).

In a subset of experiments using P188, cell number and viability
were also assessed using the CellTiter 96® Aqueous One Solution
Cell Proliferation Assay (MTS; Promega, Madison, WI, USA). The
tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] in this assay
is reduced into a colored formazan product by dehydrogenase en-
zymes in metabolically active cells. At the end of each experiment,
20 pl of assay reagent was added to each well and the plates incu-
bated at 37°C for 2 hours. Absorbance of each well was measured
from the top at 490 nm using the plate reader.

The viability of the cardiomyocytes in relation to apoptotic
cell death was assessed in another subset of P188 experiments
using the Caspase-3 Assay Kit (BioVision Research Products,
Mountain View, CA, USA). In viable cells, caspase-3 activity is
very low, but increases with processes associated with apopto-
sis. At the end of each experiment, following the assay proto-
col, the cells were lysed, the cell lysates combined with the kit
reagent and DEVD substrate, and incubated at 37°C for 1 hour.
Absorbance of each well was measured from the top at 405 nm

using the plate reader.

2.6 | Assessment of cell membrane injury and repair

Cell membrane injury and repair were assessed two ways in all ex-
periments. The first method was the measurement of the intra-
cellular enzyme LDH released from damaged cells into the culture
media using the LDH Cytotoxicity Assay Kit (Pierce Biotechnology,
Rockford, IL, USA). The leakage of LDH is widely used as an indica-
tor of reduced cell membrane integrity and cytotoxicity.

At the end of each experiment, 50 uL of media from each well
to be used to assess cell number/viability by the CyQUANT assay
was transferred to a corresponding well of a new 96-well plate
and mixed with 50 uL of prepared LDH reaction mixture. After a
30-minute incubation at room temperature, the reactions were
terminated by the addition of 50 uL of stop solution, which halts
the reduction of the tetrazolium salt to the formazan product.
Absorbance of each well was measured from the top at 490 nm
using the plate reader.

The membrane impermeant styryl dye FM1-43 (Molecular
Probes, Inc) was utilized as an additional measure of cell mem-
brane damage, as well as repair, since it has been used for these
assessments in a range of other cell systems.???” FM1-43 remains
extracellular unless damage to the membrane allows it to become
incorporated into the lipid bilayer of the cell membrane, where it
specifically fluoresces.?®

Following the method of Yasuda et al,?? 2.5 umol/L FM1-43
was added to the media at the start of the reoxygenation period.

At the end of the experiment, the cells were washed with 1x PBS
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to remove any remaining extracellular, non-incorporated dye, then
100 plL of 1x PBS was added to the wells and the fluorescence at
Ex =488 nm and Em = 568 nm was read from the bottom using the

plate reader.

2.7 | Measurement of intracellular [Ca®']

[Ca2+]i was assessed using the Fluo-4 Direct Calcium Assay Kit
(Molecular Probes, Inc). Fluo-4 is a fluorescent in-cell Ca%" indicator.
The kit also utilizes a suppression dye to reduce background fluores-
cence, and probenecid to inhibit transport of the internalized Fluo-4
outside the cells.

Prior to the start of each experiment, cells were loaded with
Fluo-4 by adding 100 puL of the prepared 2x Fluo-4 Direct load-
ing solution to the wells containing cells and 100 pL of regular
culture media. Following a 60-minute incubation at 37°C, the
cells were washed with 1x PBS to remove any remaining non-in-
ternalized Fluo-4. The appropriate experimental media (100 uL/
well), regular culture media for C/N plates and SGF media for
H/R plates, was then added and the experiment conducted. At
the end of each experiment, the fluorescence of each well was
read from the bottom at Ex = 494 nm and Em = 576 nm using the
plate reader.

2.8 | Cellular morphology assessment

Cellular morphology images were captured for the experimental
groups using differential interference contrast microscopy (Leica
DM IL LED) and Leica Application Suite X (LAS X), version 2.0,
software (Leica Microsystems, Inc, Buffalo Grove, IL).

2.9 | Statistics

All experiments were repeated at least three times (N = 3; where
each N represents the average of each set of treatment wells*¢
per experiment). Results are shown as dot plots, with individual
experiment data points represented together with the average
of all replicates + the standard error of the mean (SEM) bars.
Statistical analyses were performed using Prism 6 software
(GraphPad Software, San Diego, CA, USA). Normal distribution of
data was assessed by the Kolmogorov-Smirnov test. Statistical dif-
ferences between normally distributed data groups were analyzed
by one-way analysis of variance followed by Student-Newman-
Keuls post-hoc comparisons. Data groups found to be not normally
distributed were analyzed by the nonparametric Kruskal-Wallis
with Dunn's post-hoc Dunn's test. Logarithmic regression analy-
ses were performed to determine dose-dependency of P188 con-
centration effects using Excel (Microsoft Office 2019). A P value
of <.05 was considered to indicate statistically significant differ-

ences (two-tailed).
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3 | RESULTS

As per data sharing guidelines, original data are kept with the corre-
sponding author and will be made available on a case-by-case basis

upon request.

3.1 | Reoxygenation potentiates cardiomyocyte
injury caused during hypoxia

Two hours of reoxygenation following 5 hours of hypoxia resulted
in a significant increase in cytotoxicity compared to hypoxia alone.
Hypoxia significantly reduced cell number/viability by ~40%, and
reoxygenation further reduced cell number/viability an additional
23%, or by nearly 63%, compared to C/N (Figure 3A). Corresponding
results were obtained in studies assessing cell membrane damage/
repair, influx of Ca?*, and cellular morphology. Hypoxia significantly
increased LDH release by 65% over C/N levels, while reoxygenation
further increased LDH release to 76% compared to C/N (Figure 3B).
Cell membrane damage, assessed by FM1-43 dye incorporation,
was significantly increased by ~42% due to hypoxia, and an increase
of ~58% was observed following reoxygenation, compared to C/N
(Figure 3C). Measurement of [C:a2"]i revealed a significant increase
by ~54% with hypoxia, and an ~67% increase with reoxygenation,
compared to C/N (Figure 3D). Finally, representative photos of each
group (C/N, H only, and H/R) show what was consistently observed
in the experiments conducted (Figure 3E). In the C/N group, the
cells are confluent and show normal cellular morphology at the end
of an experiment. The H only group shows irregularly shrunk and
rounded cells, as well as larger areas where no cells are present.
Reoxygenation caused even larger areas without cells, and more
cells became irregularly shrunk, rounded, and even disintegrated.
These data confirm that reoxygenation following hypoxia in our
model produces further significant increases in cellular damage rela-
tive to hypoxia alone. This reoxygenation injury is the focus of our
studies with P188.

3.2 | P188 protects cell number/viability from
reoxygenation injury

Hypoxia itself significantly decreases cell number/viability (as as-
sessed by the CyQUANT assay) compared to C/N conditions, and re-
oxygenation causes a further significant decrease in our model. With
P188 present during reoxygenation, a dose-dependent increase was
seen with concentrations from 10 umol/L to 100 umol/L, while con-
centrations from 30 umol/L to 1 mmol/L significantly increased cell
number/viability in H/R conditions. In fact, these concentrations im-
proved cell number/viability to above the average hypoxia only level
of ~72 000 cells/well (indicated by the dashed line in Figure 4A and
B), thus abolishing reoxygenation injury (Figure 4A). No significant
effect of any P188 concentration was observed under C/N condi-

tions (Figure 4A). In experiments with PEG, no protective effects
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FIGURE 3 Potentiation of injury by reoxygenation following hypoxia in the five main indices of cellular function/dysfunction assessed.
Reoxygenation following hypoxia significantly decreases (A) cell number/viability as assessed by the CyQUANT Direct Cell Proliferation
Assay Kit (data expressed as dot plots of individual experiment data points together with the average number of cells per well + the standard
error of the mean [SEM] bars, number of experiments [N] = 6, 4-6 replicate wells per treatment per experiment, *vs C/N, t vs H only), and
significantly increases (B) LDH release (data expressed as dot plots of individual data points together with the average absorbance units [AU]
per well + SEM bars, N = 6, 4-6 replicate wells per treatment per experiment, *vs C/N, t vs H only), (C) membrane damage as assessed by
FM1-43 incorporation (data expressed as dot plots of individual data points together with the average relative fluorescent units [RFU] per
well + SEM bars, N = 6, 4-6 replicate wells per treatment per experiment, *vs C/N, 1 vs H only), and (D) [Caz)']i (data expressed as dot plots
of individual data points together with the average RFU + SEM bars, N = 6, 4-6 replicate wells per treatment per experiment, *vs C/N, t+ vs H
only. (E) Representative photos of each group (C/N, H only, H/R) show what was consistently observed in the experiments conducted; C/N
group shows the normal condition and morphology of the cells at the end of the experiment, the H only group shows irregularly shrunk and
rounded cells (small black arrows) and larger areas with no cells present (large black arrows), the H/R group shows more areas with no cells
present, irregularly shrunk and rounded cells, as well as disintegrated cells (small white arrows). Scale bars are 100 um in length

were observed on cell number/viability under either C/N or H/R C/N conditions. With P188 present during reoxygenation, concen-
conditions (Figure 4B). trations of 100 umol/L - 1 mmol/L showed a reduction in the amount

In a subset of experiments with P188 (N = 5), cell number/viability of caspase-3 activity, with 100 umol/L and 300 pmol/L causing the
was also assessed by the activity of dehydrogenase enzymes (using greatest reduction in activity (Figure 4D). No effect of any P188 con-

the MTS assay) to confirm the results using the CyQUANT assay. H/R centration was observed under C/N conditions (Figure 4D).
significantly decreased cell number/viability compared to C/N condi-

tions. The P188 concentrations of 100 umol/L - 300 pmol/L present

during reoxygenation significantly increased cell number/viability in 3.3 | P188 reduces cell membrane damage during
H/R conditions (Figure 4C). No significant effect of any P188 concen- reoxygenation

tration was observed under C/N conditions (Figure 4C).

In another small subset of experiments with P188 (N = 3), cell In the first measure of cell membrane damage/repair, there was
viability was assessed by the activity of the apoptosis-initiating en- a significant, approximately 4-fold increase in LDH release from
zyme caspase-3. These three experiments showed a trend toward cells exposed to H/R compared to C/N. While all concentrations of

increased caspase-3 activity in cells exposed to H/R compared to P188 present during reoxygenation decreased LDH release to some
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(A) Cell number / viability (CyQUANT) with P188 (B) Cell number / viability (CyQUANT) with PEG
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FIGURE 4 Assessment of cell number and viability. (A) Using the CyQUANT assay, the significant decrease in cell number/viability during
H/R compared to cells under C/N conditions was significantly attenuated with P188 concentrations of 30 umol/L - 1 mmol/L. The dashed
line represents the average hypoxia only level of ~72 000 cells/well. No significant effect of P188 was observed under C/N conditions.
Data expressed as dot plots of individual data points together with the average number of cells/well + SEM bars, N = 10, 4-6 replicate

wells per treatment per experiment, *vs C/N, t vs H/R media only. (B) No significant effect of PEG on cell number/viability as assessed by
the CyQUANT assay was observed under C/N or H/R conditions. Data expressed as dot plots of individual data points together with the
average number of cells/well + SEM bars; N = 5, 4-6 replicate wells per treatment per experiment, *vs C/N. (C) Using the MTS assay as
another assessment of cell number/viability in a subset of experiments with P188, the significant decrease in cell number/viability during
H/R compared to cells under C/N conditions was significantly attenuated with 100 umol/L and 300 umol/L P188. No significant effect of
P188 was observed under C/N conditions. Data expressed as dot plots of individual data points together with the average AU/well + SEM
bars, N = 5, 4-6 replicate wells per treatment per experiment, *vs C/N, t vs H/R media only. (D) Measurement of caspase-3 activity was used
as an additional assessment of cell viability in another subset of experiments with P188. An increase in caspase-3 activity during H/R was
observed compared to cells in C/N conditions. P188 concentrations of 100 umol/L and 300 umol/L showed a trend in decreasing caspase-3
activity. No effect of P188 was observed under C/N conditions. Data expressed as dot plots of individual data points together with the
average AU/well + SEM bars, N = 3, 4-6 replicate wells per treatment per experiment, *vs C/N, t vs H/R media only

extent in H/R conditions, a dose-dependent decrease was observed
with P188 concentrations from 10 umol/L to 100 umol/L, and in
the majority of experiments 100 umol/L to 1 mmol/L P188 signifi-
cantly decreased LDH levels to below that released during hypoxia
only (~1.7 average absorbance units [AU]/well; indicated by dashed
lines in Figure 5A and B), and so abolished the reoxygenation injury
(Figure 5A). No significant effect of any P188 concentration was
observed under C/N conditions (Figure 5A). With PEG, no protec-
tive effects on LDH release were observed under either C/N or H/R
conditions (Figure 5B).

With the assessment of cell membrane damage/repair by FM1-
43 incorporation, there was a significant ~2.5-fold increase in cell
membrane damage during H/R compared to C/N. P188 concentra-
tions from 10 pumol/L to 300 umol/L dose-dependently decreased
FM1-43 incorporation when present during reoxygenation follow-
ing hypoxia, and concentrations of 30 umol/L - 1 mmol/L signifi-

cantly decreased FM1-43 incorporation. In most experiments, P188

concentrations of 100 umol/L to 1 mmol/L significantly decreased
FM1-43 incorporation to amounts equal to or below that caused by
hypoxia only (~11 900 average relative fluorescence units (RFU]/
well; indicated by the dashed line in Figure 5C and D), thus attenuat-
ing the reoxygenation injury (Figure 5C). No significant effect of any
P188 concentration was observed under C/N conditions (Figure 5C).
Under both C/N and H/R conditions, no protective effects by PEG
on FM1-43 incorporation were observed (Figure 5D).

34 | P188reduces[Cazﬂiduﬁngreoxygenaﬁon

There was a significant ~3-fold increase in [Ca2*]i in cells during
H/R compared to C/N. When present during reoxygenation, P188
concentrations from 10 umol/L to 300 pumol/L dose-dependently
decreased the influx of Ca2*, while 100 umol/L and 300 umol/L sig-
nificantly decreased [CazJ']i under H/R conditions. Additionally, in
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LDH release with P188
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FIGURE 5 Assessment of cell membrane injury and repair. (A) The significant increase in LDH release during H/R compared to cells
under C/N conditions was significantly decreased with P188 concentrations of 100 umol/L - 1 mmol/L. The dashed line represents the
average hypoxia only level of ~1.7 AU/well. No significant effect of P188 was observed under C/N conditions. Data expressed as dot plots of
individual data points together with the average AU/well + SEM bars, N = 10, 4-6 replicate wells per treatment per experiment, *vs C/N, t vs
H/R media only. (B) No significant effect of PEG on LDH release was observed under C/N or H/R conditions. Data expressed as dot plots of
individual data points together with the average AU/well + SEM bars, N = 5, 4-6 replicate wells per treatment per experiment, *vs C/N. (C)
The significant increase in FM1-43 incorporation during H/R compared to cells under C/N conditions was significantly decreased with P188
concentrations of 30 umol/L - 1 mmol/L. The dashed line represents the average hypoxia only level of ~11 900 RFU/well. No significant
effect of P188 was observed under C/N conditions. Data expressed as dot plots of individual data points together with the average RFU/
well + SEM bars, N = 10, 4-6 replicate wells per treatment per experiment, *vs C/N, t vs H/R media only. (D) No significant effect of PEG on
FM1-43 incorporation was observed under C/N or H/R conditions. Data expressed as dot plots of individual data points together with the
average RFU/well + SEM bars, N = 5, 4-6 replicate wells per treatment per experiment, *vs C/N

most experiments conducted, these two P188 concentrations also
brought [Caz*]i levels below that caused by hypoxia only (~9200 av-
erage RFU/well, indicated by the dashed line in Figure 6A and B),
thus abolishing reoxygenation injury (Figure 6A). No significant ef-
fect of any P188 concentration was observed under C/N conditions
(Figure 6A). Under both C/N and H/R conditions, no protective ef-
fects by PEG on [Ca”]i were observed (Figure 6B).

3.5 | P188 protects cellular morphology from
reoxygenation injury

Representative photos (Figure 7) show that there was a noticeable
decrease in the number of cells with normal cellular morphology in
the H/R groups compared to cells in the C/N groups that was con-
sistently observed in all conducted experiments. Many H/R exposed

cells became irregularly shrunken and rounded, with some becoming

disintegrated. These exposed large areas with no cells present. P188
(predominantly 100 umol/L - 1 mmol/L), delivered at the start of the
reoxygenation, provided the most apparent protection of cellular
morphology, with more cells appearing to have normal morphol-
ogy and fewer cells showing irregular shrinking and rounding. The
presence of P188 in C/N conditions did not significantly change the
overall appearance of the cells. When PEG was used instead of P188,
no improvement in cellular morphology was observed.

4 | DISCUSSION

Various I/R injury models have been used to show that P188 is cell-
protective when administered before and/or during I/R;>?%° yet, its
exact mechanism of protection is not well understood. Considering
that during reperfusion, cardiomyocytes, and other cell types, con-

tinue to become less viable and die until their environment stabilizes,
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FIGURE 6 Measurement of [Ca2+]i. (A) The significant increase
in [Ca2+]i during H/R compared to cells under C/N conditions was
significantly decreased with P188 concentrations of 100 umol/L
and 300 umol/L. The dashed line represents the average hypoxia
only level of ~9200 RFU/well. No significant effect of P188 was
observed under C/N conditions. Data expressed as dot plots of
individual data points together with the average RFU/well + SEM
bars; N = 10, 4-6 replicate wells per treatment per experiment,
*vs C/N, 1 vs H/R media only. (B) No significant effect of PEG on
[Ca2+]i was observed under C/N or H/R conditions. Data expressed
as dot plots of individual data points together with the average
RFU/well + SEM bars, N = 5, 4-6 replicate wells per treatment per
experiment, *vs C/N

this clinically more relevant time point requires more research.
Unfortunately, few studies have examined the effect of P188 when
given only during reperfusion, so even less is known about this as-
pect of its mechanism of action and whether the mechanisms have

any similarities.
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As clinicians, we focus mainly on examining the effect of P188

when administered during reperfusion. In a pig model of ST-segment
elevation MI (STEMI), induced by 45 minutes of endovascular coro-
nary occlusion, we have shown that 250 mg/kg P188 given during
the 4-hour reperfusion led to a significant decrease in infarct size and
protection of mitochondrial function.®¢ Rat isolated hearts receiving
1 mmol/L P188 during the 2 hours of reperfusion following 30 min-
utes of global ischemia had sustained improvement of coronary and
myocardial function, and decreased infarct size.®” However, to best
determine the protective mechanism of action of P188 when given
only upon reperfusion, in-vitro studies using the various cell types
present in a functioning heart are required. Since cardiomyocytes
play a key role in the heart, we chose an in-vitro model of confluent
isolated adult mouse cardiomyocytes designed to better mimic the
status of these cells in ex- and in-vivo models. The cells were then
subjected to an H/R protocol to simulate I/R. This protocol caused
significant damage to the cells, including increased [Caz+]i and al-
tered morphology, especially upon reoxygenation following the hy-
poxia, when compared to cells under C/N conditions.

In this study, P188 treatment during reoxygenation produced
a dose-dependent attenuation of cellular dysfunction parameters
caused by reoxygenation after hypoxia, with optimal effects ob-
served at concentrations of 100-300 umol/L P188. In fact, con-
centrations of 30 umol/L - 1 mmol/L P188 improved cell number/
viability to levels above that of hypoxia only, that is, it completely
abolished the reoxygenation injury. Improved cell number/viability
with P188 present during reoxygenation was also observed with
assays measuring dehydrogenase enzyme function and caspase-3
activity. Additionally, the P188 concentrations of 100 umol/L - 1
mmol/L present during reoxygenation significantly decreased cell
membrane damage after H/R as assessed by two different meth-
ods, abolishing the effect of reoxygenation injury and indicating cell
membrane repair. In most of the experiments performed, reoxygen-
ation caused a significant increase in [Ca2+]i, which was substantially
reduced in the presence of 100 pmol/L and 300 umol/L P188. These
concentrations also brought [Ca2+]i to below that caused by hypoxia
only, completely abolishing the effect of reoxygenation injury again
in the majority of experiments. When P188 was present during the
reoxygenation period, fewer cells appeared shrunken and rounded,
with the majority showing normal morphology as observed in the
C/N groups. This indicates that P188 can also play a role in maintain-
ing functional cell morphology.

When copolymers like P188 are in solution, they exist as a dy-
namic population of grouped micelles and single molecules. It has
been proposed that the single molecules of P188 in solution are
most likely to confer protection compared to grouped P188 micelles
because the molecule's hydrophobic portion is more readily avail-
able for insertion into, and interaction with, the damaged section of
the membrane, as indicated by X-ray scattering, atomic force micros-
copy, and computer simulations.***® It is possible that there were
insufficient individual molecules available to provide adequate pro-
tection in the assessed cellular parameters when lower concentra-
tions of P188 (eg, 10 umol/L, 30 umol/L) were used. With 1 mmol/L
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FIGURE 7 Cellular morphology. Representative photos of each group (C/N + P188, H/R + P188) show what was consistently observed
in the experiments conducted. C/N group shows the normal condition and morphology of the cells at the end of the experiment, and the
addition of P188 during reoxygenation did not significantly change the appearance of cells in C/N conditions. The H/R group shows large
areas with no cells present (large black arrows), irregularly shrunk and rounded cells, as well as disintegrated cells (small white arrows);
addition of P188 during reoxygenation prevented the majority of cells from shrinking and rounding, and most cells appeared to have nearly
normal morphology. Cells that underwent H/R and given PEG during reoxygenation appeared the same as the H/R only group shown in the

figure. Scale bars are 100 um in length

P188, increased micelle formation may have been the cause of its
lower protective ability.*

Under C/N conditions, where no measurable cellular injury oc-
curred as assessed by our assays, no beneficial, or adverse, effect of
any P188 concentration was observed. This may be because there
were no detectable damaged sections of the membrane for the hy-
drophobic portion of P188 to interact with.

In our experiments with PEG (MW 8000 g/mol), a completely
hydrophilic molecule with a similar MW to P188, concentrations of
10 umol/L - 1 mmol/L PEG administered during reoxygenation had
no protective, or adverse, effect in both C/N and H/R conditions.
Several other studies using this same PEG compared to P188 have
shown the same lack of a protective effect. In the Bartos et al study, 3¢
P188 infused immediately upon reperfusion following a STEMI re-
duced infarct size and preserved mitochondrial integrity and func-

tion; the same dose of PEG provided no protective benefit. In-vitro

studies using C2C12 myoblasts exposed to a hypo-osmotic stress/
isotonic recovery insult showed similar results. Concentrations of
P188 from 14 umol/L to 150 umol/L were protective when added
during the isotonic recovery based on assessments of LDH release;
however, comparable concentrations of PEG added during isotonic
recovery had no effect on decreasing the release of LDH from these
myoblasts.?*3® This may be because PEG does not contain a hydro-
phobic portion, which is proposed to be the component of copoly-
mers needed to insert into, and interact with, the damaged sections
of a cell membrane.

The cell membrane is composed of a double layer of various lip-
ids and proteins that work together to maintain the cell structure
and function. Lipid rafts are specialized sub-compartments of the
cell membrane made up of sphingolipids, cholesterol, and a variety
of proteins that regulate a number of signaling processes.*’ Several

types of stressors, such as oxidative stress occurring during I/R, can
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lead to the disruption of lipid rafts, which exposes the cell to even

3942 a5 was observed in our

higher [Caz"]i and apoptotic signaling,
experiments. With the hydrophobic portion of the lipid raft exposed
due to this stress disruption, we imagine the hydrophobic segment
of a P188 molecule can interact through hydrophobic interactions
and insert into the cell membrane at this location. This then stabi-
lizes the integrity of the membrane and allows for normal cellular
function. P188 had no effect on cells under C/N conditions because
of little to no disruption of lipid rafts, and PEG has no hydrophobic
component. Direct assessment of lipid raft disruption and repair was
outside the scope of this study.

Interestingly, it has been postulated that increasing the length of
hydrophilic PEO chains and/or the concentrations used may increase
the protective ability of PEG, most likely through increased interac-
tions with more lipid head groups and/or other cell membrane com-
ponents, such as liposomes and proteins.?>*® Proving this potential
for higher molecular weight PEG to be cardioprotective, studies have
used PEG (MW 15 000-20 000 g/mol) inisolated cardiomyocytes ex-
posed to H/R and rat models of MI, cardiac arrest, and hemorrhagic
shock. These in-vitro studies showed that this high MW PEG signifi-
cantly inhibited H/R-induced apoptosis and decreased lipid raft co-
alescence, another indicator of cell membrane injury.***? The in-vivo
studies using rat models of MI, cardiac arrest, and shock showed
improved microcirculation, overall cardiac function, and post-resus-
citation survival, as well as decreased infarct sizes and markers of
apoptosis.**? Based on this information, the PEG (MW 8000 g/mol)
used in our experiments most likely did not have enough hydrophilic
PEO chains, or was not used at a high enough concentration, to in-
teract with the damaged membranes in our model.

The present study does have natural limitations, such as the use
of only an in-vitro model of cardiomyocytes to mimic I/R injury and
assess the cellular protection capability of P188, and the measure-
ment of a limited number of indices to assess cellular function and
membrane integrity. Although the cells used in this study express a
number of cardiomyocyte markers, contain abundant mitochondria,
and possess contractile proteins, they are unable to contract due
to disrupted sarcomeres. This lack of contraction/relaxation most
likely decreased our model's injury response to H/R, leading us to
use a greater and longer hypoxic insult than what likely would be
needed with cultures of beating cardiomyocytes. Another circum-
stance that possibly decreased the cells’ H/R injury response was
the confluency of the cultures. The cardiomyocytes were allowed
to grow into confluent cultures to better mimic the normal in-vivo
status of these cells in the heart, allowing cell contacts and intracel-
lular signaling to occur. Thus, our model did provide more insight into
the effect of H/R on confluent cultures of cardiomyocytes and the
protection provided to these cells by P188 when it is administered
at the start of reoxygenation. However, with in-vitro cultures of one
cell type, there is none of the different cell-cell interaction and orga-
nization that is found in an intact organ or tissue, which could have
the possibility to compensate in abnormal, stressful situations, mak-
ing straight extrapolation of in-vitro outcomes to ex-vivo and in-vivo

models difficult.

rr IRGNCISEI o SRLE

Our study only measured a limited number of indices to assess
cellular viability and membrane integrity; therefore, we tried to en-
sure our conclusions for the different outcome measures using end-
point assay techniques that complemented each other. In addition to
the CyQUANT assay that assesses cell number/viability through the
fluorescent measurement of DNA content only in healthy cells, the
Promega MTS assay was used in a subset of experiments to measure
the amount of formazan product produced by the dehydrogenase
enzymes in metabolically active cells. To assess the viability of these
cells another way, in relation to apoptotic cell death, another subset
of experiments was used to measure caspase-3 activity, which in-
creases in association with apoptotic processes. The photos taken
of the different treatment groups added another dimension to the
assessment of cell number/viability.

Cell membrane injury/repair was assessed two different ways;
measurement of the intracellular enzyme LDH released from dam-
aged cells into the culture media, as well as measurement of the
amount of the styryl dye FM1-43, which remains extracellular un-
less membrane damage allows it to become incorporated into the
lipid bilayer where it then fluoresces. Assessment of [Caz"]i was also
conducted, since Ca®" is an essential signaling molecule in cardio-
myocytes. Changes in [Caz)']i can be caused by a number of factors,
including membrane damage, and can be used to assess cellular via-
bility and function.

Further measurements of cell viability and function, such as
changes in other cell signaling molecules, other cell death markers,
and mitochondrial function, as well as other assessment of mem-
brane integrity, including lipid rafts as discussed earlier, would have
offered more information toward defining the mechanisms of cellu-
lar protections by P188 when it is administered only at the start of
reoxygenation to attenuate H/R injury. Additional studies incorpo-
rating these complementary assessments should be undertaken in
the future.

The risk of bias is inherent in many experimental studies, as it can
be difficult to exclude every possible category of bias. In our study,
the researchers were not blinded to the experimental treatment
groups, nor to the outcome assessments. Additionally, we expected
P188 to have some degree of cellular protection due to its positive
performance detected in other in-vitro studies already published
in the literature.?¥?® These forms of bias, such as performance and
detection, can possibly skew data toward a more positive, favor-
able outcome. To counteract these possible biases, we performed a
number of measures to both decrease bias and strengthen our study
outcomes. Selection bias was minimized using several different lots
of cardiomyocytes and a number of different passages of the cells,
96-well plates of confluent cells were randomized to either the C/N
or H/R experimental exposure, and the location of different treat-
ment well groups was varied across the experimental plates, all while
experimental conditions were kept as identical as possible. Attrition
and reporting bias were eliminated using all the wells in an exper-
imental treatment group to calculate the average for that group in
each experiment. This led to larger standard errors in one or two

treatment groups for several experiments, but had no impact on the
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final cumulative data since averages of each treatment group for
each experiment were used to display the data and perform statis-
tical analyses.

Even though in-vitro studies have numerous intrinsic limita-
tions, their strength lies in the fact that they can provide essential
information into the mechanisms of injuries, as well as therapies,
on specific cells and cellular properties. The results of our study
using confluent cultures of cardiomyocytes suggest that P188 may
also be able to protect other isolated cell types (eg, endothelial
cell, neurons) in similar ways, when the cells are affected by an
injury, such as H/R, that disrupts cell membrane integrity. And,
the protection of a cell type, whether cardiomyocytes, endothelial
cells, or neurons, may then lead to organ protection. Therefore,
studies need to be conducted in other cell types, and more im-
portantly, in ex- and in-vivo models, to validate the results of this
study, as well as gain more information about P188’s mechanism
of action when administered only during reperfusion, which could
lead to P188 being repurposed as a therapy to abolish reperfusion
injury in the future.

In summary, our results demonstrate that (a) reoxygenation po-
tentiates the injury caused by hypoxia alone in our in-vitro mouse
cardiomyocytes model of simulated I/R; (b) P188, at the concen-
trations used in these experiments and administered at the be-
ginning of the clinically relevant time point of reoxygenation, can
protect isolated cardiomyocytes from reoxygenation injury; and
(c) the hydrophobic component of the P188 molecule is needed
to stabilize damaged cell membranes and protect cardiomyocytes
from reoxygenation injury. P188’s protective effect is likely due
to its unique chemical properties; the hydrophobic central por-
tion inserts into the damaged section of the cell membrane and,
through hydrophobic interactions, anchors in place, while the hy-
drophilic ends interact with the lipid head groups of the external
membrane surface, stabilizing both the molecule and membrane,
and ultimately restoring cellular integrity and function. These
findings add to the growing body of literature demonstrating the
protective role P188 has against I/R injury, and improves on the
understanding of the molecule's mechanism of action, especially
when only administered during reperfusion.
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