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Summary
In	this	study,	we	tested	a	novel	synthetic	pyrazole-	containing	compound,	5-	amino-	1-	
phenyl-	1H-	pyrazole-	4-	carbonitrile	 (APPC),	 as	 an	 antioxidant	 in	 both	 in	 vitro	 and	 in	
vivo	models	of	oxidative	stress.	In	addition,	the	utility	of	covalently	combining	APPC	
with	 another	well-	established	 antioxidant,	 lipoic	 acid	 (LA),	 was	 also	 tested	 in	 both	
models.	The	 in	vitro	 results	demonstrated	that	pretreatment	with	APPC	 in	a	mixed	
neuronal-	glial	 culture	 exposed	 to	 oxygen-	glucose	 deprivation	 (OGD)	 followed	 by	
reoxygenation-	refeeding,	resulted	in	significant	neuroprotection	at	concentrations	be-
tween	2.5	to	25	μmol/L.	In	contrast,	LA	was	not	neuroprotective	following	OGD	alone	
or	following	reoxygenation-	refeeding.	However,	the	synthetic	covalent	combination	
of	APPC	with	LA,	named	“UPEI-	800”,	resulted	in	significant	neuroprotection	at	con-
centrations	between	0.027	and	2.7	μmol/L	(100-	fold	more	potent	than	APPC	alone),	
an	effect	shown	to	be	correlated	with	increased	cellular	antioxidant	capacity.	Further,	
in	an	in	vivo	model	of	ischaemia-	reperfusion	injury	following	transient	occlusion	of	the	
middle	 cerebral	 artery	 (tMCAO),	 both	 APPC	 (0.1	 and	 1.0	mg/kg)	 and	 UPEI-	800	
(1×10−3	mg/kg)	provided	significant	neuroprotection.	Consistent	with	the	in	vitro	find-
ings,	the	in	vivo	results	following	tMCAO	also	demonstrated	a	100-	fold	increase	in	the	
potency	of	the	covalently	linked	compound	UPEI-	800	compared	to	APPC	alone.
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1  | INTRODUCTION

Increasingly,	 naturally-	occurring	 or	 synthetic	 chemical	 compounds	
shown	 to	 have	 antioxidant	 and/or	 free	 radical	 scavenging	 activity,	
have	provided	the	most	promise	in	protecting	against	neurodegener-
ative	and	neuro-	inflammatory	diseases.1,2	By	scavenging	free	radicals	
that	are	produced	during	neurodegeneration,	antioxidants	have	been	
shown	 to	provide	neuroprotection	against	 the	cell	 death	associated	
with	ischaemia-	reperfusion	injury.3

Previous	chemical	synthesis	work	in	the	laboratory	of	our	collab-
orator,	has	demonstrated	that	a	novel	pyrazole	compound	has	potent	

anti-	inflammatory	effects,	as	demonstrated	using	both	in	vitro	and	in	
vivo	models	 of	 inflammation,	 as	well	 as	 oxidative	 stress.4	 Synthetic	
pyrazole-	containing	compounds	have	been	used	as	anti-	inflammatory	
and	antioxidants	compounds	for	several	decades.	A	novel	dipyrazole	
ethandiamide	 compound	 was	 synthesized	 and	 derivatized	 through	
the	nucleophilic	displacement	of	 a	 single	pyrazole	group.	The	 resul-
tant	 novel	 ethandiamide	 compound	 (5-	amino-	1-	phenyl-	1H-	pyrazole
-	4-	carbonitrile;	 APPC)	 showed	 anti-	neurotoxic	 and	 neuroprotective	
activity	in	vitro	at	concentrations	below	their	toxic	range,	and	partially	
inhibited	 both	 cyclooxygenase	 (COX-	1	 and	 COX-	2)	 enzymes.4	 The	
authors	noted	that	the	compound,	APPC,	was	notable	 in	that	 it	was	
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more	potent	and	had	a	faster	onset	of	action	in	both	acute	and	sub-	
acute	inflammatory	models	compared	to	the	known	COX-	2	inhibitor,	
Celebrex.4

There	 is	 a	 growing	 trend	 toward	 combining	 two	 or	 more	 com-
pounds	(“hybrid	molecules”)	as	part	of	a	therapeutic	strategy	for	many	
diseases,	and	these	have	been	used	most	successfully	as	chemothera-
peutant	and	antiviral	treatments.5	Previous	work	in	our	laboratory	has	
focused	on	 combinatorial	 chemistry,	 combining	 two	molecules	with	
known	antioxidant	properties,	to	achieve	greater	efficacy	in	scaveng-
ing	free	radicals.	To	that	end,	we	have	found	that	covalent	linkages	be-
tween	several	chemical	entities	with	the	well-	established	and	potent	
antioxidant,	lipoic	acid	(LA),	has	resulted	in	synergistic	neuroprotective	
effects	 in	a	rodent	model	of	 ischaemia–reperfusion	 injury.	Our	find-
ings	to	date	have	provided	additional	evidence	to	the	suggestion	that	
LA	 is	 both	 a	powerful	 antioxidant,	 and	has	 the	 added	advantage	of	
enhancing	the	potency	and	efficacy	of	other	antioxidants	with	which	
it	is	linked.6-9	Several	studies	support	this	theory	and	include	a	potent	
effect	of	LA	on	enhancing	endogenous	antioxidants	such	as	glutathi-
one	as	well	as	enhancing	the	effects	of	vitamins	C	and	E	at	the	tran-
scription	level.10

Thus,	the	current	study	was	conducted	to	determine	if	the	novel	
pyrozole	 compound	 described	 above	 (APPC)	 could	 be	 covalently	
linked	to	LA	and	tested	for	neuroprotective	bioactivity	in	both	in	vitro	
and	in	vivo	models	of	ischaemia–reperfusion	injury	(oxidative	stress).	
The	resulting	compound	named	UPEI-	800,	will	be	tested	for	neuro-
protective	potential	 against	 reperfusion	 injury-	induced	neuronal	 cell	
death	and	we	will	determine	if	the	observed	neuroprotection	involves	
enhanced	antioxidant	capacity.

2  | RESULTS

2.1 | Effect of APPC, LA and UPEI- 800 on OGD- 
induced cell death in vitro

The	effect	of	pre-	incubation	of	drugs	on	cell	death	(%	LDH	release)	
following	 ischaemia/reoxygenation-	refeeding	 (I/r)	 was	 examined	
using	in	vitro	cell	culture.	Cells	treated	with	APPC	at	concentrations	
between	 2.5-	25	μmol/L	 protected	 cells	 from	 I/r-	induced	 cell	 death	
(P≤.05;	 n=3/dose;	 Figure	1A).	 In	 contrast,	 there	 was	 no	 significant	
protection	 against	 I/r-	induced	 cell	 death	 observed	 following	 pre-	
incubation	 of	 cells	with	 lipoic	 acid	 (LA)	 at	 all	 concentrations	 tested	
(P≥.05	 compared	 to	 vehicle;	 Figure	1B).	 However,	 pre-	incubation	
of	 cell	 with	 UPEI-	800	 resulted	 in	 significant	 neuroprotection	 from	
I/r-	induced	 cell	 death	 at	 concentrations	 between	 0.025-	2.5	μmol/L	
(P≤.05;	n=3/dose;	Figure	1C).

2.2 | The effect of pre- administration of drugs on 
intracellular antioxidant capacity

The	effect	of	pre-	incubation	of	drugs	on	the	total	 intracellular	anti-
oxidant	 capacity	 following	 I/r	was	 examined	 using	 in	 vitro	 cell	 cul-
ture.	APPC	at	a	concentration	range	from	0.025-	1250	μmol/L	did	not	

F IGURE  1 Effect	on	the	%	lactate	dehydrogenase	(LDH)	released	
from	cells	cultured	in	vitro	following	ischaemia/reoxygenation-	
refeeding	that	were	treated	with	(A)	5-	amino-	1-	phenyl-	1H-	pyrazole-	
4-	carbonitrile	(APPC),	(B)	lipoic	acid	(LA)	or	(C)	UPEI-	800.	Asterisks	
(*)	indicates	significance	from	the	vehicle	(0.1%	DMSO	for	APPC	and	
UPEI-	800;	ethanol	for	lipoic	acid)	as	analyzed	by	one-	way	ANOVA	
(P≤.05)
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result	 in	 a	 change	 in	 intracellular	 antioxidant	 capacity	 compared	 to	
the	vehicle	control	(0.1%	DMSO;	P≥.05;	n=3/concentration;	Figure	2).	
Similarly,	 pre-	incubation	 with	 LA	 at	 concentrations	 of	 0.025	 and	
125 μmol/L	had	no	effect	(P≥.05	compared	to	ethanol	vehicle;	n=3/
dose;	 Figure	2),	while	 a	 concentration	of	1250	μmol/L	 resulted	 in	 a	
significant	rise	in	intracellular	antioxidant	capacity	(P≤.05	compared	to	
ethanol	vehicle;	n=3/concentration;	Figure	2).	Several	concentrations	
of	UPEI-	800,	from	12.5-	1250	μmol/L	significantly	increased	intracel-
lular	 antioxidant	 capacity	 (P≤.05	 compared	 to	 0.1%	DMSO	 vehicle;	
n=3/concentration;	Figure	2).	For	ease	of	readability,	an	abbreviated	
concentration-	response	curve	is	shown	in	Figure	2.

2.3 | The effect of pre- administration of APPC vs 
UPEI- 800 in tMCAO in vivo

Pre-	administration	 of	 APPC	 in	 animals	 following	 30	minutes	 of	
vascular	 occlusion	 and	5.5	hours	of	 reperfusion	 (I/R)	 resulted	 in	 a	
dose-	dependent	 neuroprotection,	 with	 doses	 of	 ≥0.1	mg/kg	 sig-
nificantly	decreasing	infarct	volume	compared	to	the	administration	
of	vehicle	 (P≤.05;	n=5/dose;	Figure	3A).	By	comparison,	 the	novel	
compound	 UPEI-	800	 also	 resulted	 in	 dose-	dependent	 decreases	
in	 infarct	 volume,	 but	 at	 100-	fold	 lower	 dose	 compared	 to	APPC	
(P≤.05;	Figure	3B).

2.4 | The effect of delaying UPEI- 800 administration 
until after re- establishment of vascular flow

Thus,	 we	 next	 assessed	 the	 impact	 of	 UPEI-	800	 administration	 in	
the	tMCAO	model	that	was	delayed	until	either	1	or	3	hours	into	the	
reperfusion	 period.	 This	mimics	more	 closely	 the	 clinically	 relevant	

scenario	for	neuroprotective	therapy	in	which	treatment	would	begin	
at	the	time	of,	or	after,	reperfusion	of	the	ischaemic	site	is	initiated.	
Statistical	 comparisons	 were	 made	 between	 the	 infarct	 volumes	
measured	following	UPEI-	800	administration	at	each	time	point,	and	
the	infarct	volume	measured	following	vehicle	(saline)	administration	
30	minutes	prior	to	MCAO.	We	have	previously	shown	that	vehicle	
administration	 at	 various	 time-	points	 post-	reperfusion	 have	 no	 ef-
fect	 on	 infarct	 volume.7-9	 Administration	 of	 UPEI-	800	 (1×10−3	mg/
kg)	at	either	1	or	3	hours	following	the	start	of	vascular	reperfusion	

F IGURE  2 Effect	on	intracellular	antioxidant	capacity	(mm	Trolox	
equivalent)	of	cells	treated	in	vitro	with	UPEI-	800,	5-	amino-	1-	phenyl-	
1H-	pyrazole-	4-	carbonitrile	(APPC)	or	lipoic	acid	(LA).	Asterisks	(*)	
indicates	significance	from	the	vehicle	control	(0.1%	DMSO	for	
UPEI-	800	and	APPC;	ethanol	for	lipoic	acid)	as	analyzed	by	one-	way	
ANOVA	(P≤.05)

FIGURE  3 Representative	images	from	animals	treated	with	
vehicle	(Veh),	5-	amino-	1-	phenyl-	1H-	pyrazole-	4-	carbonitrile	(APPC;	
1	mg/kg)	or	UPEI-	800	(1×10−3	mg/kg)	following	transient	occlusion	
of	the	middle	cerebral	artery	(tMCAO).	(A)	Dose-	dependent	change	in	
infarct	volume	in	animals	following	tMCAO	treated	with	APPC	(mg/kg)	
or	(B)	UPEI-	800	(mg/kg).	Asterisks	(*)	indicates	significance	from	the	
vehicle	(veh;	15%	DMSO)	as	analyzed	by	one-	way	ANOVA	(P≤.05)
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resulted	 in	 approximately	 73-	62%	 reduction	 respectively	 in	 infarct	
volume	compared	to	vehicle	administration	(P≤.05	at	each	time	point;	
Figure	4A).

2.5 | The effect of pre- administration of APPC vs 
UPEI- 800 in pMCAO in vivo

Administration	of	UPEI-	800	30	minutes	prior	to	permanent	vascular	
occlusion	did	not	demonstrate	a	significant	effect	on	infarct	volume	
following	6	hours	of	pMCAO,	using	a	dose	shown	to	be	protective	in	
the	tMCAO	model	(P≥.05	compared	to	vehicle;	Figure	4B).	Similarly,	
pre-	administration	of	APPC	at	 a	 dose	 shown	 to	be	 effective	 in	 the	
tMCAO	model,	was	not	neuroprotective	following	6	hours	of	pMCAO	
(P≥.05	compared	to	vehicle;	Figure	4B).

3  | DISCUSSION

The	 results	 presented	 here	 support	 our	 hypothesis	 that	 synthetic	
combination	of	an	anti-	inflammatory	compound	with	an	antioxidant	
can	 result	 in	 synergistic	neuroprotection.	While	APPC	and	LA	have	
been	shown	to	have	significant	neuroprotective	effects	on	their	own,	
our	results	suggest	that	an	equivalent	level	of	neuroprotection	can	be	
achieved	with	 synthetic	 combination	 (UPEI-	800),	 at	 a	 dose	of	100-	
fold	less	compared	to	the	parent	compounds.

Recently,	LA	has	been	in	the	spotlight	due	to	its	antioxidant	action,	
and	that	has	resulted	 in	the	main	focus	for	the	activity	of	this	com-
pound.	Although	lipoic	acid	is	mentioned	in	the	literature	as	a	potent	
antioxidant,	we,	as	well	as	others,	have	found	that	LA	is	only	effective	
at	high	doses.	Lipoic	acid	has	been	shown	to	have	a	direct	antioxidant	
effect	as	described	above,11,12	and	is	best	known	for	its	ability	to	bind	
acyl	groups.	During	this	process,	LA	is	reduced	to	dihydrolipoic	acid,	
which	is	subsequently	re-	oxidized	by	lipoamide	dehydrogenase.13	LA	
and	dihydrolipoic	acid	can	carry	electrons	 from	the	substrate	of	 the	
dehydrogenase	 to	NAD+.	 However,	 it	 is	 now	 evident	 that	 both	 the	
reduced	(dihydrolipoic	acid)	and	the	oxidized	forms	of	LA	can	act	as	
antioxidants.	The	reduced	form	has	an	antioxidant	function	due	to	the	
two	SH-	moieties	that	may	result	in	the	1,2-	thiolane	group	upon	oxi-
dation.12	It	was	also	shown	that	the	oral	administration	of	LA	resulted	
in	metabolites	that,	according	to	their	structural	characteristics,	sug-
gest	they	also	behave	as	antioxidants.	These	metabolites,	3	ketolipoic	
acid	 and	 bisnorlipoic	 acid,	were	 likely	 formed	 during	 beta-	oxidation	
of	lipoic	acid.14	This	may	be	the	reason	why	combining	LA	with	other	
antioxidants	 is	 an	 effective	 strategy,	 as	 LA	 (or	 its	metabolites),	may	
provide	a	potential	mechanism	for	the	synergistic	action.

In	contrast	 to	 its	antioxidant	action,	both	LA	and	 its	metabolites	
(particularly	 dihydrolipoic	 acid)	 can	 also	 function	 as	 pro-	oxidants.	
Similar	to	the	extensive	literature	on	pro-	oxidant	activity	of	high	doses	

F IGURE  4 Representative	images	from	animals	treated	with	
vehicle	(Veh),	5-	amino-	1-	phenyl-	1H-	pyrazole-	4-	carbonitrile	(APPC;	
1	mg/kg)	or	UPEI-	800	(1×10−3	mg/kg)	following	permanent	occlusion	
of	the	middle	cerebral	artery	(pMCAO).	(A)	Effect	on	infarct	volume	
in	animals	treated	with	UPEI-	800	(1×10−3	mg/kg)	either	1	or	3	hours	
post-	MCAO	(during	the	reperfusion	period).	Asterisks	(*)	indicates	
significance	from	the	vehicle	(veh;	15%	DMSO)	as	analyzed	by	one-	
way	ANOVA	(P≤.05).	(B)	Lack	of	effect	of	both	UPEI-	800	and	APPC	
(doses	in	mg/kg)	following	6	hours	of	pMCAO	(P≥.05)
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of	vitamin	E	and	vitamin	C,	this	pro-	oxidant	action	of	LA	is	likely	me-
diated	by	 the	 reduction	of	 transition	metals.15	Due	 to	 the	potential	
for	adverse	pro-	oxidant	activities	at	high	doses,	 the	 inherent	design	
of	 combinatorial	 therapeutic	 strategies	 includes	 the	 achievement	of	
equivalent	efficacy	 relative	 to	 the	 individual	parent	compounds,	but	
at	much	lower	doses.	Thus	potentially	harmful	adverse	drug	reactions	
may be avoided.

The	finding	presented	in	Figure	2	is	quite	interesting.	As	can	be	seen	
in	the	figure,	APPC	does	not	significantly	elevate	intracellular	antiox-
idant	capacity	at	the	concentration	range	tested	(12.5-	1250	μmol/L).	
Also,	 at	 concentrations	between	12.5	 and	125	μmol/L,	 LA	was	 also	
ineffective	 (Figure	2).	 The	 covalent	 combination	 of	 these	 two	 com-
pounds	 (UPEI-	800)	 resulted	 in	 a	 significant	 antioxidant	 capacity	 at	
concentrations	 as	 low	 as	 12.5	μmol/L.	This	 result	 seems	 to	 suggest	
that	UPEI-	800	has	 antioxidant	 capabilities	 at	 concentrations	 as	 low	
as	12.5	μmol/L,	but	according	to	the	results,	this	antioxidant	capacity	
shows	signs	of	diminishing	at	higher	concentrations	(ie	1250	μmol/L).	
This	suggests	that	there	 is	a	shift	 in	the	effective	concentration	fol-
lowing	covalent	combination	of	APPC	with	LA	(UPEI-	800).	This	100-	
fold	lower	effective	concentration	observed	with	UPEI-	800	may	assist	
in	avoiding	the	adverse	reactions	that	have	been	previously	reported	
with	high	doses	of	antioxidants.

Also	 of	 interest	 is	 the	 fact	 that	 UPEI-	800	 only	 prevented	 LDH	
	release	at	concentrations	between	0.025-	2.5	μmol/L	 (Figure	1),	con-
centrations	well	below	those	required	to	prevent	cell	death.	Therefore,	
taken	together,	these	results	suggest	that	in	addition	to	providing	po-
tential	antioxidant	activity,	additional	mechanisms	may	be	responsible	
for	preventing	the	cell	death	observed	following	I/r.

As	mentioned	in	the	Introduction,	APPC,	at	the	same	concentra-
tion	used	in	the	current	study,	was	more	potent	and	had	a	faster	onset	
of	action	in	both	acute	and	sub-	acute	inflammatory	models	compared	
to	the	positive	control	Celecoxib	(Celebrex).4	APPC	was	also	compared	
to	Celecoxib	 for	 cytotoxicity	 in	 that	 study,	 and	 the	authors	 showed	
that	APPC	had	a	similar	LD50	 (500	μmol/L)	compared	to	Celecoxib.

4 
A	 similar	 safety	 profile	 was	 shown	 for	 LA,	 in	 that	 it	 has	 not	 been	
shown	to	result	in	any	mutagenic	or	acute	toxic	effects	in	vitro	or	in	
vivo	(LD50>2000	mg/kg).

16	Although	not	tested	directly	in	our	study,	
based	on	this	toxicity	information	for	APPC	and	LA,	we	can	speculate	
that	the	new	compound,	UPEI-	800,	may	have	a	similar	safe,	nontoxic,	
profile.

In	our	 in	vivo	 ischaemia–reperfusion	model,	UPEI-	800	was	100-	
fold	more	potent	compared	to	APPC.	As	we	have	shown	previously,	
this	transient	model	of	reperfusion	injury	involves	significant	oxidative	
stress	within	neurons	in	the	penumbra,	and	thus	cell	death	our	model	is	
predominantly	apoptotic.17,18	The	fact	that	UPEI-	800	was	ineffective	
in	the	permanent	model	of	ischaemia	in	vivo	suggests	that	this	acute	
ischaemic	model	results	 in	oxidative	stress	 leading	to	a	combination	
of	apoptotic	as	well	as	necrotic	cell	death.18,19	Thus,	UPEI-	800	may	
not	be	effective	against	the	cascade	of	events	involved	in	preventing	
necrotic	cell	death,	thus	limiting	its	neuroprotective	potential.	More	in	
vivo	testing	such	as	measurement	of	endogenous	antioxidant	enzyme	
activity,	 apoptotic	 markers	 and	 signalling	 pathways	 are	 required	 to	
confirm	our	suggestion	that	the	novel	compound,	UPEI-	800	is	acting	

as	an	antioxidant,	or	that	free	radical	scavenging	is	the	primary	mech-
anism	 responsible	 for	 the	 neuroprotection	 observed	with	UPEI-	800	
following	reperfusion	injury.

The	finding	that	delayed	treatment	with	low-	dose	UPEI-	800	for	
up	to	3	hours	following	initiation	of	reperfusion	continued	to	provide	
significant	neuroprotection	is	of	important	clinical	value.	It	has	been	
well	established	that	reperfusion	of	ischaemic	brain	tissue	can	result	
in	breakdown	of	the	blood–brain	barrier,	which	can	lead	to	cerebral	
oedema	and/or	brain	haemorrhage	as	well	as	continued	expansion	
of	neuronal	cell	death.	The	main	cause	of	this	reperfusion-	induced	
injury	 is	due	in	 large	part	to	oxidative	stress,	which	is	the	result	of	
overproduction	 of	 reactive	 oxygen	 species.	 Oxidative	 stress	 is	 re-
sponsible	 for	DNA	damage,	 as	well	 as	 lipid	 and	 protein	 oxidation,	
all	 of	 which	 contribute	 to	 neuronal	 cell	 death.20–22	 Due	 to	 these	
complications	 arising	 from	 reperfusion	 injury,	 the	 effective	 use	 of	
thrombolytic	 therapies	 has	 been	 limited	 to	 a	very	 narrow	window	
of	 opportunity,	 most	 commonly	 2-	4	hours	 following	 the	 onset	 of	
clinical	 signs.23,24	This	 has	 led	 to	 a	 search	 for	 the	 development	 of	
antioxidant	neuroprotective	drugs	that	will	prevent	the	build-	up	of	
oxidative	stress	in	cells,	both	immediately	following	and	during	the	
course	of	 intravenous	thrombolytic	therapy	following	an	 ischaemic	
attack.	Hybrid	compounds	such	as	UPEI-	800	could	be	used	prophy-
lactically,	 prior	 to	 or	 in	 combination	with	 traditional	 thrombolytic	
therapy,	 in	order	 to	potentially	 extend	 the	window	of	opportunity	
for	successful	stroke	intervention.

Clinical	strategies	 in	stroke	treatment	have	remained	unchanged	
for	many	years	due	 to	 the	challenges	of	providing	 timely	and	effec-
tive	thrombolytic	therapy	to	patients	presenting	in	hospital	emergency	
rooms.	 This	 fact	 frustrates	 both	 clinicians	 and	 patient	 families,	 and	
continues	to	provide	a	challenge	for	research	and	drug	development	in	
this	field.	The	novel	combination	of	an	anti-	inflammatory	(APPC)	with	
an	antioxidant	(LA)	in	the	form	of	UPEI-	800	would	appear	to	present	
an	opportunity	to	expand	current	treatment	options.	Future	research	
will	 support	 the	 potential	 application	 of	 this	 novel	 therapy	 through	
	further	toxicity	screening	and	mechanistic	discovery.

4  | MATERIALS AND METHODS

4.1 | UPEI- 800 preparation

All	 chemicals	 used	 for	 synthesis	were	 obtained	 from	 Sigma-	Aldrich	
(St.	Louis,	MO,	USA).	1.2	mmol	ethylcarbodiimide	hydrocholoride	and	
2.5	mmol	N,	N-		diisopropylethylamine	were	added	into	a	stirred	solu-
tion	of	1	mmol	5-	amino-	1-	phenyl-	1H-	pyrazole-	4-	carbonitrile	(APPC),	
1	mmol	lipoic	acid	(LA)	and	1.2	mmol	hydroxybenzotriazole	in	20	mL	
Dimethylformamide.	 The	 solution	 mixture	 was	 stirred	 for	 24	hours	
at	 room	 temperature	 under	 nitrogen.	 The	 solvent	was	 removed	 by	
evaporation	 and	 the	 crude	 compound	 was	 purified	 by	 collecting	
the	 first	 fraction	on	a	 silica	 column	chromatography	 (Rf:0.7,	Eluent,	
Hexanes:Ethylacetate	3:7):yellow	oil,	Yield;	51%.1H	NMR	(300	MHz,	
CDCl3)	δ	7.55	(d,	J=1.5	Hz,	2H),	7.52	(s,	1H),	7.46	(dd,	J=10.4,	5.1	Hz,	
2H),	7.34	(dd,	J=8.3,	6.2	Hz,	1H),	6.11	(s,	1H),	3.59-	3.47	(m,	1H),	3.15	
(ddd,	J=15.1,	9.0,	4.8	Hz,	2H),	2.54	(t,	J=7.3	Hz,	2H),	2.48	(s,	1H),	1.89	
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(dd,	 J=13.6,	 6.9	Hz,	 1H),	 1.75-	1.62	 (m,	 4H),	 1.53-	1.36	 (m,	 2H).	 See	
scheme	1.

4.2 | Ethics statement

All	in	vivo	and	in	vitro	experiments	were	carried	out	at	the	University	of	
Prince	Edward	Island	and	approved	by	the	Animal	Care	and	Biosafety	
Committees,	which	adheres	to	the	guidelines	of	the	Canadian	Council	
on	Animal	Care	(protocol	#14-	041	and	15-	028).

4.3 | In vitro cell cultures

Mixed	neocortical	cultures,	containing	both	neurons	and	glia,	were	pre-
pared	from	fetal	rats	at	17-	18	days	gestation.	Briefly,	embryonic	tissue	
was	extracted	from	untimed	pregnant	Sprague-	Dawley	rats	by	caesar-
ean	section	and	transferred	to	 ice-	cold	Hanks	Balanced	Salt	Solution	
(Gibco,	Invitrogen,	Carlsbad,	CA,	USA).	Cortical	brain	tissue	was	care-
fully	isolated	by	fine	dissection	using	aseptic	techniques.	Cortices	were	
minced	in	cold	HBSS	using	a	sterile	razor	blade	prior	to	digestion	with	
0.0125%	trypsin.	Dissociated	cells	were	plated	in	poly-	L-	lysine	(1	mg/
mL,	Sigma-	Aldrich)	coated	96	well	plates	at	a	seeding	density	of	50	000	
cells/well	in	warm	(37	°C)	Dulbecco’s	Modified	Eagle	Medium	(Gibco)	
containing	 10%	 iron-	supplemented	 bovine	 calf	 serum	 (Hyclone)	 and	
1%	 antibiotic/antimycotic	 (Gibco).	 Cultures	 were	 allowed	 to	 adhere	
overnight	 in	a	humidified	37°C	incubator	having	5%	CO2	and	atmos-
pheric	oxygen.	The	following	day,	the	media	was	replaced	with	warmed	
Neurobasal	 A	 Medium	 (Gibco)	 containing	 0.5	mmol/L	 L-	glutamine	
(Gibco)	and	supplemented	with	1%	B27,	N2	and	antibiotic/antimycotic	
(Gibco).	Half-	volume	media	changes	were	made	every	4	days	thereafter	
with	experiments	being	carried	out	on	14	to	16-	day	old	cultures.

4.4 | Oxygen- glucose deprivation (OGD)

After	14	days	in	culture,	the	medium	was	replaced	with	deoxygenated	
unsupplemented	glucose-	free	Neurobasal	A	containing	either	vehicle	
(0.1%	DMSO	for	APPC	and	UPEI-	800,	or	EtOH	for	lipoic	acid;	Sigma-	
Aldrich)	or	test	compounds,	UPEI-	800,	APPC	or	LA	(Sigma-	Aldrich)	at	
six	concentrations	in	four	wells	each.	Cultures	were	transferred	to	a	
humidified	37°C	incubator	having	5%	CO2,	1%	O2	and	the	balance	N2 
for	a	period	of	24	hours.	Following	OGD,	an	equal	volume	of	normal	
supplemented	Neurobasal	A	containing	identical	drug	concentrations	

was	added	and	cultures	were	transferred	to	normoxic	conditions	(5%	
CO2	and	atmospheric	oxygen)	for	an	additional	24	hours.	Cell	viability	
was	assessed	by	measuring	LDH	release	from	damaged	cells.

4.5 | Cytotoxicity assay

At	the	end	of	each	experiment,	cell	death	was	assessed	by	measuring	
lactate	dehydrogenase	(LDH)	released	into	the	culture	medium	from	
damaged	cells	(Cytoscan	LDH	Assay,	G-	Biosciences,	MO,	USA).	At	the	
end	of	 the	 experiment,	 plates	were	 centifuged	 at	 250×g	 for	 5	min-
utes.	A	multichannel	pipette	was	used	to	transfer	50	μL	of	superna-
tant	 from	 the	 top	of	 each	well	 of	 the	experimental	 culture	plate	 to	
wells	in	the	assay	plate.	Fifty	microlitres	of	the	substrate	mix	reagent	
was	 then	 added	 to	 each	 of	 the	 assay	wells	 on	 top	 of	 the	 superna-
tant	in	rapid	succession.	The	total	volume	in	each	well	was	100	μL.	A	
treatment	well	containing	culture	medium	and	drug	treatment	but	no	
cells	was	used	as	a	blank.	The	assay	plates	were	gently	tapped	to	mix	
and	 introduced	 into	 a	 pre-	warmed	 spectrophotometer	 set	 at	 37°C.	
The	rate	of	the	reaction	was	monitored	by	measuring	the	absorbance	
at	490	nm	every	minute	for	20	minutes.	The	slope	of	the	 line	 (Vmax)	
was	calculated	using	software	provided	by	the	plate	reader	(SoftMax	
Pro).	Susequently,	10	μL	of	the	10×	lysis	buffer	provided	in	the	kit	was	
added	to	the	remaining	sample.	Cells	were	incubated	in	a	standard	CO2 
incubator	for	45	minutes	and	then	centrifuged	at	250×g	for	5	minutes	
and	assayed	for	LDH	as	descibed	above.	Plates	were	read	at	490	nm	
every	minute	for	10	minutes	and	the	Vmax	measured.	The	per	cent	(%)	
LDH	released	was	calculated	by	subtracting	values	for	blanks	from	ex-
perimental	groups	and	then	normalizing	the	Vmax	of	released	values	to	
Vmax	of	total	values.	LDH	measurements	represent	the	average	of	four	
replicate	treatments/dose	over	three	separate	experiments.

4.6 | Total antioxidant capacity assay

Separate	groups	of	plates	were	exposed	to	OGD	and	reoxygenation-	
refeeding	 as	 described	 above	 and	 subsequently	 processed	 for	 the	
measurement	of	total	antioxidant	capacity	using	a	commercially	avail-
able	kit	 (Antioxidant	Assay	Kit,	Sigma-	Aldrich).	Samples	were	 run	 in	
triplicate	in	four	separate	experiments.	At	the	end	of	the	I/r	protocol,	
the	media	was	carefully	 removed	from	each	well	and	replaced	with	
100 μL	of	1X	Assay	Buffer	provided	 in	the	kit.	Plates	were	covered	
and	wrapped	 in	 parafilm	 prior	 to	 being	 stored	 at	 −80°C	 overnight.	
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Cells	were	then	thawed	at	room	temperature	with	gentle	shaking	on	
an	orbital	shaker	for	30	minutes	to	aid	in	lysing.	A	10	μL	sample	from	
each	well	was	assayed	for	antioxidant	capacity	following	the	proto-
col	provided	 in	 the	kit.	Results	are	expressed	as	a	 fold	change	over	
	corresponding	vehicle.

4.7 | In vivo transient and permanent middle 
cerebral artery occlusions

Our	patented	and	validated	rat	model	of	stroke	has	been	previously	
described	 in	detail.19	Briefly,	male	Sprague-	Dawley	 rats	 (250-	300	g)	
were	anaesthetized	with	sodium	thiobutabarbital	(Inactin;	RBI,	Natick,	
MA,	USA;	100	mg/kg;	 ip).	An	endotracheal	tube	was	 inserted	to	fa-
cilitate	breathing.	Body	temperature	was	monitored	continuously	and	
maintained	at	37±1°C	by	a	digital	rectal	thermometer	and	feedback	
heating	blanket	(Physiotemp	Instruments;	Clifton,	NJ,	USA).

Animals	were	 subsequently	 placed	 in	 a	 stereotaxic	 frame	 and	 a	
portion	of	the	skull	over	the	tempo-	parietal	region	removed.	The	dura	
was	 removed	 exposing	 the	 middle	 cerebral	 artery.	 Blood	 flow	was	
occluded	at	 three	points	along	this	vessel	as	previously	described.19 
Blood	 flow	 through	 the	middle	 cerebral	 artery	 (MCA)	was	occluded	
for	30	minutes	in	the	transient	model	(tMCAO),	or	the	occlusion	was	
continued	 for	 a	 total	 of	 6	hours	 in	 the	 permanent	model	 (pMCAO).	
Occlusion	of	blood	flow	was	confirmed	using	laser	Doppler	flowmetry	
(OxyFlo,	Oxford-	Optronix,	Oxford,	UK).	For	the	tMCAO	model,	blood	
flow	was	re-	established	(reperfusion)	by	releasing	the	sutures	and	vi-
sually	 confirming	 the	 return	of	 blood	 flow	 through	 the	MCA	 for	 an	
additional	5.5	hours.

4.8 | Drug injection protocol

To	determine	the	optimal	concentration	of	drug	required	to	provide	
neuroprotection	following	reperfusion	injury,	various	doses	of	drugs	
were	injected	and	the	effect	on	infarct	volume	was	measured	follow-
ing	tMCAO.	Drug	treatments	were	administered	 intravenously	via	a	
PE-	10	catheter	 inserted	 into	 the	 right	 femoral	vein.	Drug	 injections	
were	done	30	minutess	prior	to	suture	placement	(occlusion)	and	in-
cluded	vehicle	 (15%	DMSO;	1	mL/kg;	n=5	or	6),	APPC	 (0.01	 to	1.0	
mg/kg;	n=5/dose)	or	UPEI-	800	(1×10−5	to	1×10−3	mg/kg;	n=6/dose).	
The	sutures	were	left	in	place	for	30	minutes,	followed	by	5.5	hours	
of	reperfusion.	Once	an	optimal	dose	of	UPEI-	800	was	identified,	that	
dose	was	used	to	determine	efficacy	when	injected	1	or	3	hours	post-	
reperfusion	 (n=5/group).	Finally,	 the	optimal	dose	of	UPEI-	800	was	
also	tested	in	the	permanent	ischaemia	model	(pMCAO)	to	determine	
efficacy	on	ischaemia	alone	(no	reperfusion	injury;	n=4/group).

4.9 | Histological analysis

Five	 and	 a	 half	 (5.5)	 hours	 following	 MCA	 occlusion,	 all	 animals	
were	 killed	 by	 overdose	 using	 Inactin	 (150	mg/kg)	 and	 underwent	
diaphragmatic	 transection	 followed	 by	 transcardial	 perfusion	 with	
200	mL	phosphate	buffered	saline	(100	mmol/L,	pH	7.4).	The	brains	
were	removed	and	sliced	into	1	mm	coronal	sections	with	the	aid	of	

a	rat	brain	matrix	 (Harvard	Apparatus,	Holliston,	MA,	USA).	Cortical	
sections	were	incubated	in	a	2%	solution	of	2,3,5-	triphenol	tetrazo-
lium	chloride	(TTC)	for	10	minutes	and	stored	overnight	in	10%	for-
malin.	Infarct	area	was	determined	as	described	previously.25	Briefly,	
2-	dimensional	digital	images	of	each	TTC-	stained	brain	section	were	
captured	 using	 a	 flatbed	 scanner	 (Cannon;	 1200	 dpi)	 and	 analyzed	
using	 computer-	assisted	 image	 analysis	 software	 (Image	 J	 by	 Scion	
Image;	NIH,	 Bethesda,	MD,	USA).	 Regions	 of	 infarct	were	 outlined	
and	the	infarct	area	calculated	as	a	percentage	of	the	total	ipsilateral	
hemisphere	by	a	researcher	blinded	to	the	treatment	groups.

4.10 | Statistical analysis

All	data	are	presented	as	a	mean±standard	error	of	the	mean	(SEM).	
For	the	 in	vivo	portion	of	this	study	 (I/R),	data	were	analyzed	using	
a	 statistical	 software	 package	 (SigmaStat	 and	 SigmaPlot;	 Jandel	
Scientific,	Tujunga,	CA,	USA).	Data	was	tested	for	normal	distribution	
and	 homogeneity	 of	 variance	 using	 Komolgorov-	Smirnov	 (K-	S)	 and	
Bartlett’s	tests	respectively.	Differences	were	considered	statistically	
significant	 if	P≤.05	by	an	analysis	of	variance	 (ANOVA)	followed	by	
a	 Bonferroni	 post	 hoc	 analysis.	When	 only	 two	 groups	were	 being	
compared,	the	Student’s	t-	test	was	used.	For	the	 in	vitro	portion	of	
this	study	(I/r),	treatments	were	compared	using	a	one-	way	ANOVA	
followed	by	a	Dunnett	post	hoc	analysis.	Differences	were	considered	
significant	if	P≤.05.
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