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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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1  | INTRODUC TION

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.1-4	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	Ca2+ ([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.1-5

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	(MI)	and	cardiac	arrest.6-8 
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.9,10	Unfortunately,	
results	of	studies	using	these	interventions	have	been	mixed	in	the	
clinical setting.11,12

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.14,15	 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.16-18

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  | MATERIAL S AND METHODS

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

F I G U R E  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	(number	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 | Cell culture

Isolated	cardiomyocytes	from	ventricles	of	adult	male	C57BL/6J	
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% O2:	 5%	CO2:	 74%	N2	 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	
α-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/cm2	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.

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%	O2:	5%	CO2:	94.99%	N2)	
and	placed	in	a	37°C	incubator	for	5	hours.	The	ability	to	maintain	
the	hypoxic	0.01%	O2 level was previously tested with a micropro-
cessor-based	O2	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% O2).	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% O2)	 in	 SGF	media	 followed	by	2	hours	of	 reoxygenation.

19 
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)	

F I G U R E  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 µm in length

(A) (B)
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over	the	linear	segment	of	the	cytotoxicity	response	curve.	It	was	
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%	O2	 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 respiration20	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 µmol/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	µM	P188	was	protec-
tive;21	150	µmol/L	P188	fully	 restored	dystrophic	mouse	myocyte	
stretch compliance;22	and	0.5	mmol/L	P188	“repaired”	cultured	as-
trocytes	 that	 had	been	 exposed	 to	 traumatic	 brain	 injury-induced	
microcavitation.23

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 µmol/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.17

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).24-26	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.24

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	µL	
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 µL	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	µL	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	µL	of	prepared	LDH	reaction	mixture.	After	a	
30-minute	 incubation	 at	 room	 temperature,	 the	 reactions	 were	
terminated	by	the	addition	of	50	µL	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.22,27	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.28

Following	 the	 method	 of	 Yasuda	 et	 al,22	 2.5	 µmol/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 µL	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 [Ca2+]

[Ca2+]i	 was	 assessed	 using	 the	 Fluo-4	 Direct	 Calcium	 Assay	 Kit	
(Molecular	Probes,	Inc).	Fluo-4	is	a	fluorescent	in-cell	Ca2+ 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	µL	of	the	prepared	2x	Fluo-4	Direct	load-
ing solution to the wells containing cells and 100 µL	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	µL/
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	wells4-6 
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).

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	Ca2+,	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	 [Ca2+]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 µmol/L	to	100	µmol/L,	while	con-
centrations from 30 µmol/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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were	 observed	 on	 cell	 number/viability	 under	 either	 C/N	 or	 H/R	
conditions	(Figure	4B).

In	a	subset	of	experiments	with	P188	(N	=	5),	cell	number/viability	
was	also	assessed	by	the	activity	of	dehydrogenase	enzymes	(using	
the	MTS	assay)	to	confirm	the	results	using	the	CyQUANT	assay.	H/R	
significantly	decreased	cell	number/viability	compared	to	C/N	condi-
tions.	The	P188	concentrations	of	100	µmol/L	-	300	µmol/L	present	
during	reoxygenation	significantly	increased	cell	number/viability	in	
H/R	conditions	(Figure	4C).	No	significant	effect	of	any	P188	concen-
tration	was	observed	under	C/N	conditions	(Figure	4C).

In	another	small	 subset	of	experiments	with	P188	 (N	=	3),	cell	
viability	was	assessed	by	the	activity	of	the	apoptosis-initiating	en-
zyme	caspase-3.	These	 three	experiments	showed	a	 trend	 toward	
increased	 caspase-3	 activity	 in	 cells	 exposed	 to	H/R	 compared	 to	

C/N	conditions.	With	P188	present	during	reoxygenation,	concen-
trations of 100 µmol/L	-	1	mmol/L	showed	a	reduction	in	the	amount	
of	caspase-3	activity,	with	100	µmol/L	and	300	µmol/L	causing	the	
greatest	reduction	in	activity	(Figure	4D).	No	effect	of	any	P188	con-
centration	was	observed	under	C/N	conditions	(Figure	4D).

3.3 | P188 reduces cell membrane damage during 
reoxygenation

In	 the	 first	 measure	 of	 cell	 membrane	 damage/repair,	 there	 was	
a	 significant,	 approximately	 4-fold	 increase	 in	 LDH	 release	 from	
cells	exposed	to	H/R	compared	to	C/N.	While	all	concentrations	of	
P188	present	during	reoxygenation	decreased	LDH	release	to	some	

F I G U R E  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,	Ɨ	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,	Ɨ	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,	Ɨ	vs	H	only),	and	(D)	[Ca2+]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,	Ɨ	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	µm in length
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extent	in	H/R	conditions,	a	dose-dependent	decrease	was	observed	
with	 P188	 concentrations	 from	 10	 µmol/L	 to	 100	 µmol/L,	 and	 in	
the	majority	of	experiments	100	µmol/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 µmol/L	 to	300	µmol/L	dose-dependently	decreased	
FM1-43	 incorporation	when	present	during	 reoxygenation	 follow-
ing	 hypoxia,	 and	 concentrations	 of	 30	 µmol/L	 -	 1	mmol/L	 signifi-
cantly	decreased	FM1-43	incorporation.	In	most	experiments,	P188	

concentrations of 100 µmol/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).

3.4 | P188 reduces [Ca2+]i during reoxygenation

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 µmol/L	 to	 300	 µmol/L	 dose-dependently	
decreased	the	influx	of	Ca2+,	while	100	µmol/L	and	300	µmol/L	sig-
nificantly decreased [Ca2+]i	 under	 H/R	 conditions.	 Additionally,	 in	

F I G U R E  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	µmol/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,	Ɨ	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	µmol/L	and	300	µmol/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,	Ɨ	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	µmol/L	and	300	µmol/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,	Ɨ	vs	H/R	media	only
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most	experiments	conducted,	these	two	P188	concentrations	also	
brought [Ca2+]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	[Ca2+]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 µmol/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;3,29-35	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,	

F I G U R E  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	µmol/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,	Ɨ	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 µmol/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,	Ɨ	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
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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.

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.36 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.37	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	 [Ca2+]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	 µmol/L	 P188.	 In	 fact,	 con-
centrations of 30 µmol/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	 µmol/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 µmol/L	and	300	µmol/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.16-18 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	µmol/L,	30	µmol/L)	were	used.	With	1	mmol/L	

F I G U R E  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	µmol/L	
and 300 µmol/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,	Ɨ	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
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P188,	 increased	micelle	 formation	may	have	been	the	cause	of	 its	
lower protective ability.16

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 µmol/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,36 
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	µmol/L	to	150	µmol/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.21,38	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.39 Several 
types	of	stressors,	such	as	oxidative	stress	occurring	during	I/R,	can	

F I G U R E  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 µm in length
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lead	to	the	disruption	of	lipid	rafts,	which	exposes	the	cell	to	even	
higher [Ca2+]i	 and	 apoptotic	 signaling,

39-42 as was observed in our 
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.21,43 Proving this potential 
for	higher	molecular	weight	PEG	to	be	cardioprotective,	studies	have	
used	PEG	(MW	15	000-20	000	g/mol)	in	isolated	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.41,42	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.44-49	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.

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	[Ca2+]i was also 
conducted,	 since	Ca2+ is an essential signaling molecule in cardio-
myocytes. Changes in [Ca2+]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.21-23	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.

ACKNOWLEDG MENTS
This	 work	 was	 supported	 by	 a	 Merit	 Review	 Award	 [Grant	 I01	
BX003482]	from	the	US	Department	of	Veterans	Affairs	Biomedical	
Laboratory	 R&D	 Service;	 a	 National	 Institutes	 of	 Health	 National	
Heart,	 Lung,	 and	 Blood	 Institute	 [Grant	 R01	HL123227];	 and	 de-
partmental	funds	awarded	to	Matthias	L.	Riess,	MD,	PhD,	FASA.	The	
authors	 thank	 Joey	V.	 Barnett,	 PhD	 (Vanderbilt	University),	 Jerod	
S.	 Denton,	 PhD	 (Vanderbilt	 University	 Medical	 Center),	 Janis	 T.	
Eells,	PhD	(University	of	Wisconsin-Milwaukee),	as	well	as	Frank	S.	
Bates,	PhD,	and	Benjamin	J.	Hackel,	PhD	(University	of	Minnesota-
Minneapolis)	for	their	advice	on	this	project.

DISCLOSURE
None	of	the	authors	has	any	potential	conflicts	of	interest.

AUTHOR CONTRIBUTIONS
MMS	and	MLR	participated	in	research	design;	MMS	conducted	ex-
periments;	MMS	and	MLR	performed	data	analysis;	MMS,	JAB,	DY,	
and	MLR	wrote	or	contributed	to	writing	the	manuscript.

ORCID
Matthias L. Riess  https://orcid.org/0000-0001-8748-5757 

R E FE R E N C E S
	 1.	 Gottlieb	RA.	Cell	death	pathways	in	acute	ischemia/reperfusion	in-

jury. J Cardiovasc Pharmacol Ther.	2011;16:233-238.
	 2.	 Kalogeris	 T,	 Baines	 CP,	 Krenz	 M,	 Korthuis	 RJ.	 Cell	 biology	 of		 

ischemia/reperfusion injury. Int Rev Cell Mol Biol.	 2012;298:	
229-317.

	 3.	 Martindale	JJ,	Metzger	JM.	Uncoupling	of	increased	cellular	oxida-
tive stress and myocardial ischemia reperfusion injury by directed 
sarcolemma	stabilization.	J Mol Cell Cardiol.	2014;67:26-37.

	 4.	 Maneechote	C,	Palee	S,	Chattipakorn	SC,	Chattipakorn	N.	Roles	of	
mitochondrial dynamics modulators in cardiac ischemia/reperfu-
sion injury. J Cell Mol Med.	2017;21:2643-2653.

	 5.	 Garcia-Dorado	D,	Ruiz-Meana	M,	 Inserte	 J,	Rodriguez-Sinovas	A,	
Piper	HM.	Calcium-mediated	cell	death	during	myocardial	reperfu-
sion. Cardiovasc Research.	2012;94:168-180.

	 6.	 Vinten-Johansen	J,	Zhao	ZQ,	Jiang	R,	Zatta	AJ.	Myocardial	protec-
tion in reperfusion with postconditioning. Expert Rev Cardiovasc 
Ther.	2005;3:1035-1045.

	 7.	 Segal	N,	Matsuura	T,	Caldwell	E,	et	al.	Ischemic	postconditioning	at	
the initiation of cardiopulmonary resuscitation facilitates functional 
cardiac and cerebral recovery after prolonged untreated ventricular 
fibrillation. Resuscitation.	2012;83:1397-1403.

	 8.	 Dongworth	RK,	Hall	AR,	Burke	N,	Hausenloy	DJ.	Targeting	mito-
chondria	for	cardioprotection:	examining	the	benefit	 for	patients.	
Future Cardiol.	2014;10:255-272.

	 9.	 Weber	 NC,	 Preckel	 B,	 Schlack	W.	 The	 effect	 of	 anaesthetics	 on	
the myocardium–new insights into myocardial protection. Eur J 
Anaesthesiol.	2005;22:647-657.

	10.	 Riess	ML,	Matsuura	TR,	Bartos	JA,	et	al.	Anaesthetic	postcondition-
ing at the initiation of CPR improves myocardial and mitochondrial 
function in a pig model of prolonged untreated ventricular fibrilla-
tion. Resuscitation.	2014;85:1745-1751.

	11.	 Hausenloy	DJ,	Baxter	G,	Bell	R,	et	al.	Translating	novel	strategies	for	
cardioprotection:	 The	 Hatter	Workshop	 recommendations.	 Basic 
Res Cardiol.	2010;105:677-686.

	12.	 Hausenloy	DJ,	Bøtker	HE,	Condorelli	G,	 et	 al.	 Translating	 cardio-
protection	 for	 patient	 benefit:	 Position	 paper	 from	 the	Working	
Group	of	Cellular	Biology	of	the	Heart	of	the	European	Society	of	
Cardiology. Cardiovasc Res.	2013;98:7-27.

	13.	 Moloughney	 JG,	Weisleder	 N.	 Poloxamer	 188	 (P188)	 as	 a	mem-
brane resealing reagent in biomedical applications. Recent Pat 
Biotechnol.	2012;6:200-211.

	14.	 Bates	 FS,	 Hillmyer	 MA,	 Lodge	 TP,	 Bates	 CM,	 Delaney	 KT,	
Fredrickson	GH.	Multiblock	polymers:	panacea	or	Pandora's	box?	
Science.	2012;336:434-440.

	15.	 Kwiatkowski	 TA,	 Rose	AL,	 Jung	 R,	 et	 al.	Multiple	 poloxamers	 in-
crease	plasma	membrane	repair	capacity	in	muscle	and	non-muscel	
cells. Am J Physiol Heart Cell Physiol.	2020;318:C253-C262.

	16.	 Maskarinec	 SA,	 Hannig	 J,	 Lee	 RC,	 Lee	 KY.	 Direct	 observation	
of	 poloxamer	 188	 insertion	 into	 lipid	 monolayers.	 Biophys J. 
2002;82:1453-1459.

	17.	 Adhikari	 U,	 Goliaei	 A,	 Tsereteli	 L,	 Berkowitz	 ML.	 Properties	 of	
poloxamer	 molecules	 and	 poloxamer	 micelles	 dissolved	 in	 water	
and	next	to	lipid	bilayers:	Results	from	computer	simulations.	J Phys 
Chem B.	2016;120:823-830.

https://orcid.org/0000-0001-8748-5757
https://orcid.org/0000-0001-8748-5757


     |  13 of 13SALZMAN et AL.

	18.	 Goliaei	A,	Lau	EY,	Adhikari	U,	Schwegler	E,	Berkowitz	ML.	Behavior	
of	P85	and	P188	poloxamer	molecules:	computer	simulations	using	
united-atom	force-field.	J Phys Chem B.	2016;12:8631-8641.

	19.	 Salzman	 MM,	 Bates	 FS,	 Hackel	 BJ,	 Bartos	 JA,	 Yannopoulos	 D,	
Riess	 ML.	 Poloxamer	 188	 decreases	 hypoxia-reoxygenation-in-
duced	LDH	release	from	isolated	human	cardiomyocytes.	FASEB J. 
2017;31(1069):11.

	20.	 Piao	 L,	 Fang	 YH,	 Parikh	 K,	 Ryan	 JJ,	 Toth	 PT,	 Archer	 SL.	 Cardiac	
glutaminolysis: a maladaptive cancer metabolism pathway in 
the right ventricle in pumonary hypertention. J Mol Med (Berl). 
2013;91:1185-1197.

	21.	 Kim	M,	Haman	KJ,	Houang	EM,	et	al.	PEO-PPO	diblock	copolymers	
protect	 myoblasts	 from	 hypo-osmotic	 stress	 in-vivo	 dependent	
on	 copolymer	 size,	 composition,	 and	 architecture.	 Biomacromol. 
2017;18:2090-2101.

	22.	 Yasuda	S,	Townsend	D,	Michele	DE,	Favre	EG,	Day	SM,	Metzger	
JM.	Dystrophic	heart	failure	blocked	by	membrane	sealant	polox-
amer. Nature.	2005;436:1025-1029.

	23.	 Kanagaraj	 J,	Chen	B,	Xiao	S,	Cho	M.	Reparative	effects	of	polox-
amer	188	in	astrocytes	exposed	to	controlled	microcavitation.	Ann 
Biomed Engineering.	2018;46:354-364.

	24.	 Jones	 LJ,	Gray	M,	Yue	ST,	Haugland	RP,	 Singer	VL.	 Sensitive	de-
termination	of	 cell	 number	using	 the	CyQUANT	cell	 proliferation	
assay. J Immunol Methods.	2001;254:85-98.

	25.	 Kleine	M,	Riemer	M,	Krech	T,	et	al.	Explanted	diseased	 livers	–	a	
possible source of metabolic competent primary human hepato-
cytes. PLoS One.	2014;9:e101386.

	26.	 Szekiova	E,	Slovinska	L,	Blasko	J,	Plsikova	J,	Cizkova	D.	The	neu-
roprotective	 effect	 of	 rat	 adipose	 tissue-derived	 mesenchymal	
stem	cell-conditioned	medium	on	cortical	neurons	using	an	in	vitro	
model of SCI inflammation. Neurol Res.	2018;40:258-267.

	27.	 Townsend	D,	 Turner	 I,	 Yasuda	 S,	 et	 al.	 Chronic	 administration	 of	
membrane sealant prevents severe cardiac injury and ventricular 
dilatation in dystrophic dogs. J Clin Invest.	2010;120:1140-1150.

	28.	 Amaral	E,	Guatimosin	S,	Guatimosin	C.	Using	the	fluorescent	styryl	
dye	FM1-43	to	visualize	synaptic	vescicles	exocytosis	and	endocy-
tosis	 in	motor	nerve	 terminals.	 In	H.	Chiarini-Gracia,	R.C.N.	Melo	
(eds)	 Light	Microscopy,	Methods	 in	Molecular	Biology,	 2011;689,	
Springer Science+Business	Media,	LLC.,	137–148.

	29.	 Serbest	G,	Horwitz	J,	Jost	M,	Barbee	K.	Mechanisms	of	cell	death	
and	neuroprotection	by	poloxamer	188	after	mechanical	 trauma.	
FASEB J.	2006;20:308-310.

	30.	 Murphy	 AD,	McCormack	MC,	 Bichara	 DA,	 et	 al.	 Poloxamer	 188	
protects	against	ischemia-reperfusion	injury	in	a	murine	hind-limb	
model. Plast Reconstr Surg.	2010;125:1651-1660.

	31.	 Walters	 TJ,	 Mase	 VJ	 Jr,	 Roe	 JL,	 Dubick	 MA,	 Christy	 RJ.	
Poloxamer-188	reduces	muscular	edema	after	tourniquet-induced	
ischemia-reperfusion	injury	in	rats.	J Trauma.	2011;70:1192-1197.

	32.	 Bao	HJ,	Wang	 T,	 Zhang	MY,	 et	 al.	 Poloxamer-188	 attenuates	 TBI-
induced	blood-brain	barrier	damage	leading	to	decreased	brain	edema	
and reduced cellular death. Neurochem Res.	2012;37:2856-2867.

	33.	 Gu	 JH,	Ge	 JB,	 Li	M,	 Xu	HD,	Wu	F,	Qin	 ZH.	 Poloxamer	 188	 pro-
tects neurons against ischemia/reperfusion injury through preserv-
ing integrity of cell membranes and blood brain barrier. PLoS One. 
2013;8:e61641-e61648.

	34.	 Houang	EM,	Haman	KJ,	Filareto	A,	et	al.	Membrane-stabilizing	co-
polymers	confer	marked	protection	 to	dystrophic	skeletal	muscle	
in-vivo.	Mol Ther Methods Clin Dev.	2015;2:15042.

	35.	 Wang	T,	Chen	X,	Wang	Z,	et	al.	Poloxamer-188	can	attenuate	blood-
brain	barrier	damage	to	exert	neuroprotective	effect	in	mice	intra-
cerebral hemorrhage model. J Mol Neurosci.	2015;55:240-250.

	36.	 Bartos	 JA,	Matsuura	 TR,	 Tsangaris	 A,	 et	 al.	 Intracoronary	 polox-
amer	 188	 prevents	 reperfusion	 injury	 in	 a	 porcine	 model	 of	 ST-
segment elevation myocardial infarction. JACC Basic Transl Sci. 
2016;1:224-234.

	37.	 Yannopoulos	D,	Cheng	Q,	Matsuura	TR,	Riess	ML.	Cardioprotection	
by	 poloxamer	 one	 eight	 eight	 in	 rat	 isolated	 hearts.	 Anästh 
Intensivmed.	2014;55:S213.

	38.	 Houang	EM,	Haman	KJ,	Kim	M,	et	 al.	Chemical	 end	group	modi-
fied	deblock	copolymers	elucidate	anchor	and	chain	mechanism	of	
membrane	stabilization.	Mol Pharmaceutics.	2017;14:2333-2339.

	39.	 Das	M,	Gherghiceanu	M,	Lekli	I,	Mukherjee	S,	Popescu	LM,	Das	DK.	
Essential	 role	of	 lipid	raft	 in	 ischemic	preconditioning.	Cell Physiol 
Biochem.	2008;21:325-334.

	40.	 Janas	 E,	 Priest	 R,	 Wilde	 JI,	 White	 JH,	 Malhotra	 R.	 Rituxan	 (an-
ti-CD20	 antibody)-induced	 translocation	 of	 CD20	 into	 lipid	 rafts	
is	 crucial	 for	 calcium	 influx	 and	 apoptosis.	 Clin Expt Immunol. 
2005;139:439-446.

	41.	 Malhotra	 R,	 Theccanat	 T,	 Akhter	 SA.	 Caveolin-1	 mediates	 cellu-
lar	 protective	 effects	 of	 high-molecular	weight	 polyethylene	 gly-
col-based	copolymer,	PEG	15–20	during	hypoxia-reoxygenation	in	
cardiac myocytes. Circulation.	2011;124:A17095.

	42.	 Malhotra	R,	Valuckaite	V,	Staron	ML,	et	al.	High-molecular-weight	
polyethylene	glycol	protects	cardiac	myocytes	from	hypoxia-	and	
reoxygenation-induced	cell	death	and	preserves	ventricular	 func-
tion. Am J Physiol Heart Circ Physiol.	2011;300:H1733-H1742.

	43.	 Wang	JY,	Marks	J,	Lee	KYC.	Nature	of	interactions	between	PEO-
PPO-PEO	 triblock	 copolymers	 and	 lipid	membranes:	 (I)	 Effect	 of	
polymer hydrophobicity on its ability to protect liposomes from 
peroxidation.	Biomacromol.	2012;13:2616-2623.

	44.	 Xu	X,	Philip	JL,	Razzaque	A,	Lloyd	JW,	Muller	CM,	Akhter	SA.	High-
molecular-weight	 polyethylene	 glycol	 (PEG)	 inhibits	 myocardial	
ischemia-reperfusion	injury	and	improves	ventricular	function	and	
survival. Circulation.	2014;130:A14049.

	45.	 Parrish	D,	Lindell	SL,	Reichstetter	H,	Aboutanos	M,	Mangino	MJ.	
Cell impermeant based low volume resuscitation in hemorrhagic 
shock:	A	biological	basis	for	injury	involving	cell	swelling.	Ann Surg. 
2016;263:565-572.

	46.	 Guo	Q,	Yang	J,	Miao	C,	et	al.	Effects	of	polyethylene	glycol-20k	on	
postresuscitation myocardial function in a rat model of cardiopul-
monary resuscitation. Circulation.	2017;136:A16835.

	47.	 Plant	 V,	 Parrish	 DW,	 Limkemann	 A,	 Ferrada	 P,	 Aboutanos	 M,	
Mangino	 MJ.	 Low-volume	 resuscitation	 for	 hemorrhagic	 shock:	
Understanding	 the	mechanism	of	PEG-20k.	 J Pharmacol Exp Ther. 
2017;361:334-340.

	48.	 Yang	J,	Miao	C,	Xiao	Y,	et	al.	Effects	of	polyethylene	glycol-20k	
on	 post-resuscitation	 survival	 and	 neurological	 function	 in	
a rat model of cardiopulmonary resuscitation. Circulation. 
2017;136:A16699.

	49.	 Yang	J,	Ravindra	N,	Miao	C,	et	al.	Polyethylene	glycol-20k	improves	
microcirculation in a rat model of cardiopulmonary resuscitation. 
Circulation.	2017;136:A18399.

How to cite this article:	Salzman	MM,	Bartos	JA,	
Yannopoulos	D,	Riess	ML.	Poloxamer	188	Protects	Isolated	
Adult	Mouse	Cardiomyocytes	from	Reoxygenation	Injury.	
Pharmacol Res Perspect. 2020;e00639. https://doi.
org/10.1002/prp2.639

https://doi.org/10.1002/prp2.639
https://doi.org/10.1002/prp2.639

