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Summary
Spleen	tyrosine	kinase	(Syk),	a	non-	receptor	tyrosine	kinase,	plays	an	important	role	in	
allergic	diseases	and	inflammation.	Syk	triggers	several	intracellular	signalling	cascades	
including	 Toll-	like	 receptor	 signalling	 to	 activate	 inflammatory	 responses	 following	
fungal	 infection	 but	 the	 role	 of	 this	 enzyme	 in	 zymosan	 (ZYM)-	induced	 non-	septic	
shock	and	its	impacts	on	hypotension	and	inflammation	in	rats	is	not	well	understood.	
This	study	was	conducted	to	determine	the	effects	of	Syk	inhibition	on	ZYM-	induced	
alterations	in	the	expression	and/or	activities	of	Syk,	inhibitor	ĸB	(IĸB)-	α,	and	nuclear	
factor-	ĸB	(NF-	ĸB)	p65.	We	also	examined	the	effect	of	Syk	inhibition	on	inducible	ni-
tric	 oxide	 synthase	 (iNOS),	 cyclooxygenase	 (COX)-	2,	 and	 tumour	 necrosis	 factor	
(TNF)-	α,	and	activity	of	myeloperoxidase	(MPO)	that	contribute	to	hypotension	and	
inflammation.	Administration	of	ZYM	(500	mg/kg,	 ip)	to	male	Wistar	rats	decreased	
blood	 pressure	 and	 increased	 heart	 rate.	 These	 changes	 were	 associated	 with	 in-
creased	 expression	 and/or	 activities	 of	 Syk,	NF-	κB	p65,	 iNOS	 and	COX-	2	 and	de-
creased	expression	of	IκB-	α	with	enhanced	levels	of	nitrite,	nitrotyrosine,	6-	keto-	PGF1α,	
and	TNF-	α	and	activity	of	MPO	in	renal,	cardiac	and	vascular	tissues.	ZYM	administra-
tion	also	elevated	serum	and	tissue	nitrite	levels.	The	selective	Syk	inhibitor	BAY	61-	
3606	 (3	mg/kg,	 ip)	 given	 1	hour	 after	 ZYM	 injection	 reversed	 all	 of	 these	 changes	
induced	 by	 ZYM.	 These	 results	 suggest	 that	 Syk/IĸB-	α/NF-	ĸB	 pathway	 activation	
contributes	to	hypotension	and	inflammation	caused	by	the	production	of	vasodilator	
and	proinflammatory	mediators	in	the	zymosan-	induced	non-	septic	shock	model.
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1  | INTRODUCTION

Severe	sepsis	and	septic	shock	are	fatal	clinical	syndromes	affecting	
millions	of	patients	around	the	world	and	frequently	occur	as	a	result	

of	bacterial	and	fungal	 infections	 in	vital	organs.1	Zymosan	 (ZYM),	a	
nonbacterial,	non-	endotoxic	substance,	derived	from	the	cell	wall	of	
the	yeast	Saccharomyces cerevisiae	plays	an	important	role	via	mediat-
ing	systemic	inflammation.2-5	When	injected	into	animals,	it	results	in	
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inflammation	by	inducing	a	wide	range	of	inflammatory	mediators	and	
phagocytosis	by	macrophages,	resulting	in	a	prolonged	inflammatory	
response.6	Therefore,	 a	ZYM-	induced	 inflammation	model	has	been	
widely	used	to	study	the	inflammatory	response	to	sepsis.6-9	It	is	now	
well	 recognised	 that	 fungal	 infections	 initiate	 the	 sepsis	 syndrome.	
The	number	of	cases	of	severe	sepsis	or	septic	shock	due	to	 fungal	
infections	 has	 been	 reported	 to	 have	 significantly	 increased.	Multi-	
drug	resistant	bacteria	and	fungi	are	reported	to	cause	25%	of	cases	
of	severe	sepsis	and	septic	shock.10

The	pathophysiology	of	excessive	inflammation	by	ZYM	is	related	
to	cytokine	 formation,	complement	system	activation,	and	overpro-
duction	of	vasoactive	agents	by	inducible	nitric	oxide	synthase	(iNOS)	
or	 eicosanoids	 by	 cyclooxygenase	 (COX)-	2.4,5,11-14	 It	 is	 known	 that	
macrophage-	mediated	 innate	 immune	 response	 is	 the	 body’s	 first	
response	 to	 inflammation,	 which	 occurs	 during	 protection	 of	 the	
body	from	harmful	stimuli,	such	as	ZYM,	found	in	fungal	pathogens.	
ZYM	activates	macrophages	by	binding	to	the	Dectin-	1	receptor	and	
initiates	 stimulatory	 signals.	 This,	 in	 turn,	 stimulates	 downstream	
signalling,	 like	 nuclear	 factor-	ĸB	 (NF-	κB)	 activation,	 resulting	 in	 the	
induction	of	expression	of	proinflammatory	genes	and	the	secretion	
of	inflammatory	mediators	such	as	nitric	oxide	(NO),	reactive	oxygen	
species,	 prostaglandin	 E2	 (PGE2),	 and	 prostacyclin	 (PGI2).

15-19	After	
intraperitoneal	 injection	 of	 ZYM,	 systemic	 hypotension,	 high	 peri-
toneal	 and	 plasma	 levels	 of	NO,	 increased	myeloperoxidase	 (MPO)	
activity,	nitrite/nitrate	production,	COX	activity,	 and	enhanced	pro-
duction	of	proinflammatory	cytokines	in	plasma	and/or	tissues	were	
reported.9,20-22

Spleen	 tyrosine	 kinase	 (Syk),	 an	 intracellular	 signalling	molecule,	
belongs	to	the	receptor	tyrosine	kinase	families,	has	been	considered	
to	 orchestrate	 many	 signalling	 molecules,	 and	 amplifies	 inflamma-
tory	signals.23	Therefore,	Syk	could	be	an	attractive	target	for	sepsis	
because	of	its	profound	effects	in	allergic,	inflammatory,	and	autoim-
mune	diseases	through	activation	of	intracellular	signalling	pathways,	
including	NF-	κB.23-25	A	number	of	studies	support	the	possibility	that	

activation	of	the	Syk/IĸB-	α/NF-	ĸB	pathway	might	mediate	hypoten-
sion	and	inflammation	due	to	increased	generation	of	vasodilator	and	
proinflammatory	mediators	 in	a	non-	septic	 shock	model	 induced	by	
ZYM.

We	have	previously	demonstrated	 that	 activation	of	 the	mTOR/
IĸB-	α/NF-	ĸB	 pathway	 contributes	 to	 systemic	 inflammation	 with	
associated	hypotension	resulting	 in	vasodilator	and	proinflammatory	
mediator	 formation	 in	 a	 rat	model	 of	 septic	 shock	 induced	 by	 lipo-
polysaccharide	(LPS).26	Moreover,	we	recently	showed	that	zymosan-	
induced	inflammation	associated	with	oxidative	and	nitrosative	stress,	
presumably	due	to	enhanced	activity	of	NADPH	oxidase,	expression	
of	 NADPH	 oxidase	 subunits,	 and	 production	 of	 peroxynitrite,	 was	
mediated	by	mTOR.27	On	 the	other	 hand,	 there	has	been	no	previ-
ous	attempt	to	demonstrate	the	role	of	Syk	activation	related	to	NF-	
ĸB	signalling	pathway	in	a	non-	septic	shock	model	induced	by	ZYM.	
These	observations	led	us	to	hypothesise	that	Syk/IĸB-	α/NF-	ĸB	path-
way	activation	associated	with	changes	in	the	expression	and/or	activ-
ities	of	the	inflammatory	and	vasodilator	mediators	might	contribute	
to	hypotension	and	 inflammation	 in	ZYM-	induced	non-	septic	shock.	
Therefore,	our	study	was	conducted	to	determine	whether	the	selec-
tive	 Syk	 inhibitor	 BAY	61-	3606	 reverses	 the	 systemic	 inflammation	
and	the	associated	hypotension	in	ZYM-	induced	non-	septic	shock,	via	
the	 changes	 in	 expressions	 and	 activities	 of	 Syk,	 IκB-	α,	NF-	κB	p65,	
iNOS	and	COX-	2	as	well	as	production	of	NO,	nitrotyrosine,	PGI2 and 
TNF-	α	in	addition	to	activity	of	MPO	in	rats.

2  | RESULTS

2.1 | BAY 61- 3606 reversed ZYM- induced decrease 
in mean arterial pressure (MAP) and increase in heart 
rate (HR)

ZYM	induced	a	gradual	decline	in	MAP	(Figure	1A)	and	an	increase	in	
HR	(Figure	1B)	during	the	4	hours	of	the	experiment	(P	<	.05).	These	

F IGURE  1 Time	course	of	changes	in	A,	MAP	and	B,	HR	in	conscious	rats	treated	with	( )	vehicle	(saline)	(4	mL/kg,	ip),	( )	ZYM	(500	mg/
kg,	ip),	( )	BAY	61-	3606,	and	( )	ZYM+BAY	61-	3606.	BAY	61-	3606	(3	mg/kg,	ip)	was	given	1	h	after	ZYM	administration	to	rats.	MAP	and	
HR	were	measured	by	a	tail-	cuff	method.	Data	are	means	±	S.E.M.	(n	=	4-	8).	*(P	<	.05)	compared	with	vehicle;	#	(P	<	.05)	compared	with	ZYM;	 
§(P	<	.05)	compared	with	the	time	0	h	value	within	a	group;	+	(P < .05)	compared	with	the	time	1	h	value	within	a	group
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changes	 reached	 the	 minimum	 or	 maximum	 levels,	 respectively,	 at	
4	hours	following	ZYM	administration.	BAY	61-	3606	reversed	ZYM-	
induced	hypotension	and	tachycardia	to	control	levels	in	rats	(P < .05; 
Figure	1).	BAY	61-	3606	alone	or	its	vehicle	(saline	with	5%	ethanol;	
data	not	shown)	had	no	effect	on	MAP	or	HR	among	the	treatment	
groups	(Figure	1;	P > .05).

2.2 | BAY 61- 3606 reversed ZYM- induced 
changes in Syk, IκB- α, and NF- κB protein 
expression and activity

Following	ZYM	administration,	 phosphorylation	of	 Syk	 at	Tyr525/526 
(P	<	.05)	but	not	its	expression,	phosphorylation	of	IκB-	α,	NF-	κB	p65,	

F IGURE  2 Effect	of	BAY	61-	3606	on	Syk,	IκB-	α,	and	NF-	κB	p65	protein	expression	and	phosphorylation	in	(A)	kidney,	(B)	heart,	(C)	thoracic	
aorta,	and	(D)	superior	mesenteric	artery	of	rats	measured	4	hours	after	treatment	with	vehicle	(saline)	(4	mL/kg,	ip),	ZYM	(500	mg/kg,	ip),	
BAY	61-	3606,	and	ZYM+BAY	61-	3606.	BAY	61-	3606	(3	mg/kg,	ip)	was	given	1	h	after	ZYM	administration	to	rats.	Representative	blots	were	
detected	by	immunoblotting.	Data	are	means	±	S.E.M.	(n	=	4).	*(P < .05)	compared	with	vehicle;	#	(P	<	.05)	compared	with	ZYM
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and	 expression	 of	NF-	κB	 p65	 (P < .05)	were	 increased,	while	 IκB-	α 
expression	was	decreased	(P	<	.05),	and	all	these	effects	of	ZYM	were	
reversed	 by	 BAY	 61-	3606	 administration	 (P	<	.05)	 (Figure	2)	 in	 the	
kidney	 (Figure	2A),	heart	 (Figure	2B),	 thoracic	aorta	 (Figure	2C),	 and	
superior	mesenteric	 artery	 (Figure	2D).	 BAY	61-	3606	 alone	 had	 no	
significant	effect	on	both	phosphorylation	or	expression	of	these	pro-
teins	in	any	of	the	tissues	(Figure	2;	P > .05).

2.3 | BAY 61- 3606 reversed ZYM- induced 
enhancement in iNOS expression and levels of 
nitrite and nitrotyrosine

ZYM	administration	caused	a	marked	increase	in	expression	of	iNOS	
(Figure	3A)	(P	<	.05)	and	levels	of	nitrite	(Figure	3B)	and	nitrotyrosine	
(Figure	3C)	 in	 the	kidney,	heart,	 thoracic	aorta	and	superior	mesen-
teric	artery	as	well	as	an	 increase	 in	 serum	nitrite	 levels	 (Figure	3E)	
(P	<	.05).	The	ZYM-	induced	enhancement	of	iNOS	protein	expression	
and	nitrite	 and	nitrotyrosine	 levels	were	 reversed	by	BAY	61-	3606	
(P	<	.05)	 (Figure	3).	BAY	61-	3606	alone	had	no	significant	effect	on	
iNOS	expression,	nitrite,	and	nitrotyrosine	levels	in	any	of	the	tissues	
(Figure	3;	P > .05).

2.4 | BAY 61- 3606 reversed ZYM- induced increase 
in COX- 2 activity and the levels of 6- keto- PGF1α

ZYM	 increased	both	expression	of	COX-	2	 (Figure	4A)	 and	 levels	of	
6-	keto-	PGF1α	(Figure	4B;	P < .05)	in	the	kidney,	heart,	thoracic	aorta	
and	superior	mesenteric	artery.	The	ZYM-	induced	increase	in	COX-	2	
protein	expression	and	6-	keto-	PGF1α	levels	were	reversed	by	BAY	61-	
3606	(P	<	.05;	Figure	4).	BAY	61-	3606	alone	had	no	significant	effect	
on	 COX-	2	 activity	 and	 6-	keto-	PGF1α	 levels	 in	 any	 of	 these	 tissues	
(Figure	4;	P > .05).

2.5 | BAY61- 3606 reversed ZYM- induced increase 
in TNF- α levels and MPO activity

ZYM	administration	increased	the	levels	of	TNF-	α	(Figure	5A)	and	the	
activity	of	MPO	(Figure	5B;	P < .05)	in	the	kidney,	heart,	thoracic	aorta	
and	superior	mesenteric	artery.	The	ZYM-	induced	increase	in	the	lev-
els	of	TNF-	α	and	MPO	activity	was	reversed	by	BAY	61-	3606	(P < .05; 
Figure	5).	BAY	61-	3606	alone	had	no	effect	on	TNF-	α	levels	and	MPO	
activity	in	any	of	the	tissues	(Figure	5;	P > .05).

3  | DISCUSSION

This	study	provides	the	first	evidence	that	Syk	contributes	to	hypo-
tension	 and	 tachycardia	 in	 ZYM-	induced	 non-	septic	 shock	 and	 the	
associated	increase	in	the	formation	of	both	proinflammatory	and	vas-
odilator	mediators	as	a	result	of	Syk/IĸB-	α/NF-	ĸB	pathway	activation.	
This	conclusion	is	based	on	our	demonstration	that	BAY	61-	3606,	a	
selective	Syk	 inhibitor,	 in	doses	that	normalised	MAP	and	tachycar-
dia,	prevented	 inflammation	which	was	associated	with	attenuation	

of	 Syk/IĸB-	α/NF-	ĸB	 pathway	 activation.	 Moreover,	 it	 decreased	
iNOS	 and	 COX-	2	 expression	 leading	 to	 reduced	 NO,	 peroxynitrite	
and	PGI2	production	as	well	as	TNF-	α	levels	and	neutrophil	infiltration	
(Figure	6).

It	is	now	widely	recognised,	as	an	experimental	model,	that	non-	
septic	 shock	 or	 ZYM-	induced	 generalised	 inflammation	 mimics	 the	
sign	of	MODS	and	produces	acute	inflammation	in	several	organs.11 
Therefore,	Syk	 inhibition	has	gained	attention	for	acute	and	chronic	
inflammation.23,28,29	Syk	activation	leads	to	activation	of	downstream	
signalling	molecules,	like	IκB-	α	and	NF-	κB,	resulting	in	the	induction	of	
inflammatory	mediators	TNF-	α	and	COX-	2	and	iNOS	expression,	with	
NO	and	PGE2	production.

30,31	ZYM	has	been	shown	to	induce	proin-
flammatory	mediator	formation	through	a	Syk-	dependent	pathway	by	
Dectin-	1	or	Toll-	like	(TLR)	receptor.32-34	In	the	present	study,	NF-	Κb 
activation	was	similar	 to	 these	results	and	Syk	activation	which	was	
found	to	play	a	key	role	in	hypotension	and	inflammation	associated	
with	ZYM-	induced	non-	septic	 shock	seems	most	 likely	mediated	by	
decreased	IκB-	α/NF-	Κb	complex	formation	with	enhanced	vasodila-
tor	and	proinflammatory	mediator	expression.	In	consistent	with	our	
results,	 inhibition	of	Syk	has	demonstrated	 to	decrease	 the	 amount	
of	a	potent	bronchoconstrictor	and	proinflammatory	mediator	leukot-
riene	(LT)C4	production	and	activate	TLRs	in	response	to	zymosan	and	
peptidoglycan.35	Based	on	the	literature	and	the	present	study,	ZYM	
seems	to	be	responsible	for	increased	activation	of	Syk	and	contrib-
utes	to	an	effective	cytokine	response	to	pathogen	challenge.17,36,37 
Moreover,	 inhibition	 of	 Syk	 by	 BAY	 61-	3606,	 a	 highly	 potent	 and	
selective	 inhibitor	of	 this	kinase,	was	 reported	 to	 inhibit	 the	 release	
of	various	inflammatory	mediators.38	The	anti-	inflammatory	profile	of	
BAY-	61-	3606	was	consistent	with	results	using	Syk	antisense	or	cells	
derived	from	knockout	mice.39

In	the	present	study,	ZYM	produced	a	gradual	decline	in	MAP	and	
an	 increase	 in	HR	starting	at	1	hour	that	was	maintained	during	the	
4	hours	of	 the	experiment.	 Inhibition	of	Syk	by	 the	 selective	 inhibi-
tor,	 BAY	 61-	3606,	 prevented	 the	 fall	 in	 the	 MAP	 and	 increase	 in	
HR	caused	by	ZYM,	suggesting	 that	Syk	contributes	 to	 these	ZYM-	
induced	 cardiovascular	 rearrangements.	BAY	61-	3606	 alone	had	no	
effect	on	MAP	and	HR,	indicating	that	it	has	no	direct	effect	on	blood	
pressure.	Activation	of	inflammatory	enzymes	NOS	and	COX	lead	to	
the	formation	of	proinflammatory	and	vasodilator	mediators	NO	and	
PGI2,	respectively,	which	have	synergistic	effects	on	maintaining	vas-
cular	 activity	 in	 normal	 circumstances,	 and	 both	 have	 a	 crucial	 role	
in	vasodilatory	effects.21,40-43	Therefore,	 the	effect	of	ZYM	on	MAP	
and	HR	are	possibly	related	to	the	overproduction	of	proinflammatory	
and	vasodilator	mediators.42-44	Our	 data	 are	 in	 agreement	with	 the	
findings	showing	significant	 increases	 in	nitrite	 levels	with	 inducible	
NOS	mRNA	expression	approximately	2-	4	hours	after	ZYM	adminis-
tration.16,45	It	has	been	demonstrated	that	NO-	dependent	acute	per-
oxynitrite	formation	has	an	important	role	in	vascular	hyporeactivity	
to	vasopressor	 agents	 in	 septic	 shock.43,44	 Since	ZYM	 is	 capable	 of	
triggering	 the	 production	 of	 oxygen-	derived	 free	 radicals	 in	various	
cell	types,46	it	is	not	unexpected	that	ZYM	administration	causes	per-
oxynitrite	 formation.	 In	 the	 present	 study,	 nitrotyrosine	 and	 nitrite	
levels,	together	with	iNOS	expression,	were	increased	in	all	tissues	or	
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sera.	Moreover,	as	observed	in	the	present	study,	the	activity	of	MPO	
was	increased.	In	fact,	besides	NO,	several	proinflammatory	mediators	
as	COX	metabolites	have	also	been	proposed	as	responsible	for	ZYM-	
induced	non-	septic	shock.18	Administration	of	ZYM	also	triggers	the	
release	of	TNF-	α,	interleukin	(IL)-	1β,	IL-	6	and	IL-	8	from	macrophages.6 
In	the	current	study,	COX-	2	expression	and	PGI2	levels	were	in	all	tis-
sues	4	hours	after	zymosan	administration,	indicating	the	contribution	

of	prostanoids	in	ZYM-	induced	inflammatory	responses.	Overall,	the	
ZYM-	induced	 fall	 in	 MAP	 and	 increased	 HR	 were	 associated	 with	
increased	expression	of	iNOS	and	COX-	2	proteins,	levels	of	nitrite	and	
formation	of	nitrotyrosine	and	PGI2.	Syk	 inhibitors	 indicate	a	signifi-
cant	anti-	inflammatory	property	due	 to	decreased	NO	and	cytokine	
production	as	well	as	iNOS	expression	stimulated	by	LPS	or	proinflam-
matory	cytokines.47,48	Additionally,	an	LPS-	triggered	proinflammatory	

F IGURE  3 Effect	of	BAY	61-	3606	on	iNOS	protein	expression	(A),	nitrite,	(B)	and	nitrotyrosine	levels	(C)	in	kidney,	heart,	thoracic	aorta,	and	
superior	mesenteric	artery	and/or	serum	of	rats	measured	4	h	after	treatment	with	vehicle	(saline)	(4	mL/kg,	ip),	ZYM	(500	mg/kg,	ip),	BAY	61-	
3606,	and	ZYM+BAY	61-	3606.	BAY	61-	3606	(3	mg/kg,	ip)	was	given	1	h	after	ZYM	administration	to	rats.	Representative	blots	were	detected	
by	immunoblotting.	Data	are	means	±	S.E.M.	(n	=	4).	*(P < .05)	compared	with	vehicle;	#	(P	<	.05)	compared	with	zymosan.	Nitrotyrosine	levels	
were	measured	by	ELISA.	Nitrite	levels	were	detected	by	Griess	reaction.	Data	are	means	±	S.E.M.	(n	=	5).	*(P < .05)	compared	with	vehicle;	 
#	(P <	.05)	compared	with	ZYM
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gene	up-	regulation,	like	iNOS,	COX-	2,	and	TNF-	α,	were	attenuated	by	
a	Syk	inhibitor.49	In	the	present	study,	BAY	61-	3606,	a	selective	Syk	
inhibitor,	reduced	iNOS	and	COX-	2	activity	associated	with	enhanced	
formation	of	NO	and	PGI2.

The	 underlying	 mechanism	 of	 organ	 failure	 could	 be	 activation	
of	 NFκB	 signalling	 that	 has	 been	 implicated	 in	 several	 pathologies,	
including	 inflammation	 and	 non-	septic	 shock.	 Studies	 have	 demon-
strated	enhancement	of	the	phosphorylation	and	degradation	of	IκB-	α 
by	 ZYM.50,51	 Despite	 the	 role	 of	 vasodilatory	 and	 proinflammatory	
mediators	regulated	via	NF-	κB,	TNF-	α	was	released	following	activa-
tion	of	macrophages,	monocytes	and	leukocytes	by	ZYM.52,53	 In	the	
present	study,	ZYM-	induced	enhancement	of	NF-	κB	expression	and	
TNF-	α	 levels	correlated	with	 the	activation	of	 the	 IκB-	α/NF-	κB	p65	
complex	and	subsequently	increased	the	formation	of	nitrite,	nitroty-
rosine	and	PGI2	via	iNOS	and	COX-	2	activity,	respectively.	MAP	and	
HR	 and	 changes	 in	 the	 cardiovascular	 system	were	 associated	with	
Syk/IκB-	α/NF-	κB	signalling	pathway	activation.	Reversal	of	these	car-
diovascular	changes	by	BAY	61-	3606	seems	to	be	most	likely	due	to	

decreased	activation	of	the	Syk/IκB-	α/NF-	κB	pathway	in	ZYMinduced	
shock	via	normalisation	of	MAP	and	HR.

In	conclusion,	this	is	the	first	study	demonstrating	the	contribution	
of	Syk	to	ZYM-	induced	non-	septic	shock	characterised	by	cardiovas-
cular	changes,	such	as	hypotension,	tachycardia	and	inflammation,	due	
to	activation	of	 the	Syk/IκB-	α/NF-	κB	signalling	pathway,	 the	subse-
quent	increase	in	iNOS	and	COX-	2	expression	and	activity,	and	forma-
tion	of	NO,	peroxynitrite,	PGI2	and	TNF-	α,	in	addition	to	MPO	activity.	
These	findings	show	the	 importance	of	Syk	 inhibition	for	therapy	of	
the	inflammatory	conditions	associated	with	ZYM-	induced	non-	septic	
shock.

4  | MATERIALS AND METHODS

4.1 | Materials

BAY	 61-	3606	 (SC-	202351)	 (Bayer;	 (2-	[7-	(3,4-	dimetoksifenil)-	imidaz
o-	[1,2-	c]pirimidin-	5-	ilamino]-	nikotinamit	 dihidroklorit)	 (Syk	 Inhibitor	

F IGURE  4 Effect	of	BAY	61-	3606	on	COX-	2	protein	expression	(A)	and	6-	keto-	PGF1α	levels	(B)	in	kidney,	heart,	thoracic	aorta,	and	superior	
mesenteric	artery	of	rats	measured	4	h	after	treatment	with	vehicle	(saline)	(4	mL/kg,	ip),	ZYM	(500	mg/kg,	ip),	BAY	61-	3606,	and	ZYM+BAY	61-	
3606.	BAY	61-	3606	(3	mg/kg,	ip)	was	given	1	h	after	ZYM	administration	to	rats.	Representative	blots	were	detected	by	immunoblotting.	Data	
are	means	±	S.E.M.	(n	=	4).	*(P	<	.05)	compared	with	vehicle;	#	(P	<	.05)	compared	with	ZYM.	6-	keto-	PGF1α	levels	were	measured	by	ELISA.	Data	
are	means	±	S.E.M.	(n	=	5).	*(P < .05)	compared	with	vehicle;	#	(P < .05)	compared	with	ZYM
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IV)	 was	 obtained	 from	 Santa	 Cruz	 Biotechnology	 (Dallas,	 TX,	 USA)	
and	zymosan	(Saccharomyces cerevisiae	product	zymosan,	Z4250)	was	
obtained	 from	 Sigma	 Chemical	 Company	 (St.	 Louis,	MO,	 USA).	 Rat	
nitrotyrosine,	TNF-	α,	and	6-	keto	PGF1α	enzyme-	linked	 immunosorb-
ent	 assay	 (ELISA)	 kits	were	purchased	 from	Northwest	 Life	 Science	
Specialities	(Vancouver,	WA,	USA),	eBioscience	Company	(San;	Diego,	
CA,	USA),	and	Cayman	Chemical	 (Ann	Arbor,	MI,	USA),	respectively.	
Primary	antibody	against	Syk	and	phosphorylated	Syk	were	purchased	
from	Santa	Cruz	Biotechnology	and	Cell	Signaling	Technology	(Danvers,	
MA,	USA).	NF-	κB,	phosphorylated	NF-	κB,	IκB-	α,	phosphorylated	IκB-	
α,	 and	COX-	2	were	purchased	 from	Santa	Cruz	Biotechnology,	 and	
iNOS	was	purchased	from	BD	Transduction	Lab	(San	Jose,	CA,	USA).	
Secondary	 antibodies	 against	 all	 these	 proteins	 (sheep	 anti-	mouse	
IgG-	horseradish	peroxidase	and	goat	anti-	rabbit	IgG-	horseradish	per-
oxidase)	 and	ECL	Prime	Western	Blotting	Detection	Reagents	were	
purchased	from	Amersham	Life	Sciences	(Cleveland,	OH,	USA).

4.2 | Animal experiments

All	procedures	were	performed	on	male	Wistar	rats	weighing	250	to	
350	g	(Research	Center	of	Experimental	Animals,	Mersin	University,	
Mersin,	 Turkey)	 and	 they	 were	 housed	 in	 controlled	 environmen-
tal	 conditions	 in	a	12:12	hour	 light:dark	cycle	with	access	 to	stand-
ard	 rodent	 chow	 and	water	 ad	 libitum	 prior	 to	 the	 experiments	 in	
compliance	 with	 institutional	 guidelines	 according	 to	 the	 National	
Institutes	of	Health	Guide	for	the	Care	and	Use	of	Laboratory	Animals.	
Experimental	 protocols	were	 approved	by	 the	Ethics	Committee	of	
Mersin	University	School	of	Medicine.	Rats	were	randomly	allocated	

into	the	following	groups:	control	(n	=	8),	ZYM	(n	=	8),	BAY	61-	3606	
(n	=	4)	and	ZYM+BAY	61-	3606	(n	=	8).	The	ZYM-	induced	non-	septic	
shock	model	 used	 in	 the	 present	 study	was	 performed	 based	 on	 a	
method	previously	described.11

In	vehicle	and	BAY	61-	3606	groups,	rats	were	treated	with	saline	
(4	mL/kg,	ip).	In	both	ZYM	and	ZYM+BAY	61-	3606	groups,	rats	were	
treated	 with	 ZYM	 (500	mg/kg,	 ip)	 at	 time	 0.	 In	 BAY	 61-	3606	 and	
ZYM+BAY	61-	3606	groups,	BAY	61-	3606	was	administrated	to	rats	
1	hour	after	saline	or	ZYM	injection.	For	the	assessment	of	non-	septic	
shock,	MAP	and	HR	were	measured	using	a	tail-	cuff	device	(MAY	9610	
Indirect	Blood	Pressure	Recorder	System,	Commat	Ltd.,	Ankara,	Turkey)	
for	4	hours	beginning	with	time	0.	At	the	end	of	the	4	hours,	rats	were	
killed	for	the	collection	of	blood	samples,	kidney,	heart,	thoracic	aorta	
and	superior	mesenteric	arteries.	Blood	samples	were	centrifuged	at	
23.910	×	g	for	15	minutes	at	4°C	for	preparation	of	sera	and	stored	at	
−20°C	for	 later	analysis.	The	kidney,	heart,	 thoracic	aorta	and	supe-
rior	mesenteric	arteries	were	isolated,	cleaned	in	saline,	rapidly	frozen	
by	using	liquid	nitrogen	and	stored	at	−80°C.	The	frozen	tissues	were	
ground	into	powder	in	liquid	nitrogen	and	prepared	by	homogenisation	
in	1-	2	mL	of	 ice-	cold	20	mmol/L	HEPES	buffer	 (pH	7.5)	 (20	mmol/L	
β-	glycerophosphate,	 20	mmol/L	 sodium	 pyrophosphate,	 0.2	mmol/L	
sodium	 orthovanadate,	 2	mmol/L	 ethylenediaminetetraacetic	 acid,	
20	mmol/L	sodium	fluoride,	10	mmol/L	benzamidine,	1	mmol/L	dith-
iothreitol,	20	mmol/L	leupeptin,	and	10	mmol/L	aprotinin)	followed	by	
centrifugation	at	23.910	×	g	 for	10	minutes	at	4°C	and	then	sonica-
tion	for	15	s	on	ice	with	50	μL	ice-	cold	Tris	(50	mmol/L,	pH	8.0)	and	
KCl	 (0.5	mol/L).	 Finally,	 samples	were	 centrifuged	 at	 23.910	×	g	 for	
15	minutes	at	4°C	and	then	supernatants	were	extracted	for	removing	

F IGURE  5 Effect	of	BAY	61-	3606	on	TNF-	α	levels	(A)	and	MPO	activity	(B)	in	kidney,	heart,	thoracic	aorta,	and	superior	mesenteric	artery	
of	rats	measured	4	h	after	treatment	with	vehicle	(saline)	(4	mL/kg,	ip),	ZYM	(500	mg/kg,	ip),	BAY	61-	3606,	and	ZYM+BAY	61-	3606.	BAY	
61-	3606	(3	mg/kg,	ip)	was	given	1	h	after	ZYM	administration	to	rats.	TNF-	α	levels	were	measured	by	ELISA.	MPO	activity	was	measured	by	
spectrophotometric	method.	Data	are	means	±	S.E.M.	(n	=	5).	*(P < .05)	compared	with	vehicle;	#	(P < .05)	compared	with	ZYM

F IGURE  6 Schematic	diagram	
illustrating	the	proposed	contribution	of	
Syk	to	ZYM-	induced	hypotension	and	
inflammation	associated	with	increased	
formation	of	proinflammatory	and	
vasodilator	mediators	related	to	Syk/
IκB-	α/NF-	κB	p65	pathway	activation.	(⇑)	
increase;	(⇓)	decrease;	(⇔)	no	change
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cell	debris,	and	stored	at	−80°C.	The	protein	content	of	the	superna-
tant	was	measured	using	the	Coomassie	blue	method.54

4.3 | Western blot analysis

Western	blot	analysis	was	performed	according	 to	 the	method	pre-
viously	 described.55	 Equal	 amounts	 of	 protein	 (50-	120	μg)	 were	
resolved	 on	 10%	 SDS-	polyacrylamide	 gels	 and	 detached	 proteins	
were	then	transferred	to	nitrocellulose	membranes.	The	membranes	
were	blocked	with	5%	non-	fat	dry	milk	in	Tris-	buffered	saline	(TBST)	
buffer	 (mmol/l:	 Tris-	HCl	 25	 [pH	 7.4],	NaCl	 137,	 KCl	 27	 and	 0.05%	
Tween	20)	at	room	temperature	for	1	hour	and	incubated	overnight	
with	 appropriate	 primary	 antibodies	 for	 Syk,	 phosphorylated	 Syk,	
IκB-	α,	phosphorylated	IκB-	α,	NF-	κB	p65,	phosphorylated	NF-	κB	p65,	
iNOS,	COX-	2,	and	β-	actin	in	TBST	including	5%	bovine	serum	albumin	
(BSA)	 at	 1:500-	1:5.000	 dilutions.	 Then	 membranes	 were	 incubated	
with	specific	horseradish	peroxidase-	conjugated	secondary	antibodies	
in	TBST	including	0.1%	BSA	at	a	1:1000	dilution	for	1	hour	at	room	
temperature.	Blotting	proteins	were	visualised	by	enhanced	chemilu-
minescence	(ECL	Prime	Western	Blotting	Detection	Reagent	accord-
ing	 to	manufacturer’s	 instructions	 using	 a	 gel	 imaging	 system	 (EC3-	
CHEMI	HR	 imaging	 system;	Ultra-	violet	 products,	UVP,	 Cambridge,	
UK).	Densitometric	analysis	was	performed	with	NIH	image	software	
(ImageJ	1.42r,	Wayne	Rasband,	National	Institute	of	Health,	Bethesda,	
MD,	USA).	 For	 confirmation	 of	 equal	 gel	 loading,	membranes	were	
stripped	with	stripping	buffer	and	reprobed	with	anti-	β-	actin	antibody.

4.4 | Measurement of nitrotyrosine, 6- keto 
PGF1α, and TNF- α levels

Nitrotyrosine,	6-	keto	PGF1α	and	TNF-	α	levels	in	kidney,	heart,	thoracic	
aorta,	and	mesenteric	artery	were	determined	using	the	commercially	
available	ELISA	kit	according	to	the	manufacturer’s	instructions.

4.5 | Measurement of nitrite levels

A	diazotisation	method	based	on	the	Griess	reaction	was	used	to	deter-
mine	nitrite	(a	stable	product	of	NO)	levels	in	sera	and	tissue	samples.56 
Briefly,	96-	well	microtitre	plates	were	filled	up	with	sera	or	kidney,	heart,	
thoracic	aorta,	or	mesenteric	artery	supernatants	(25	μL)	following	the	
addition	of	an	equal	volume	of	Griess	reagent	(1%	sulphanilamide	and	
0.1%	N-	1	naphtyethylenediamine	dihydrochloride	 in	2.5%	phosphoric	
acid)	and	then	plates	were	incubated	for	10	minutes	at	room	tempera-
ture.	Optical	density	was	measured	at	550	nm	with	a	microplate	reader.	
Linear	regression	analysis	was	used	for	the	calculation	of	nitrite	concen-
trations	against	standard	calibration	curves	of	sodium	nitrate.

4.6 | Measurement of MPO activity

The	MPO	activity	was	measured	in	kidney,	heart,	thoracic	aorta	and	
mesenteric	artery	of	rats.	The	principle	of	the	method	is	based	on	the	
fact	that	the	reduction	of	o-	dianisidine	by	oxidised-	hydrogen	perox-
ide	 is	measured	at	410	nm	by	a	spectrophotometer.	One	unit	MPO	

activity	 was	 defined	 as	 degrading	 1	μmol	 of	 hydrogen	 peroxide	 to	
water	per	min	at	25°C.57

4.7 | Statistical analysis

All	data	were	presented	as	means	±	standard	error	of	means	(S.E.M.)	and	
were	analysed	by	one-	way	analysis	of	variance	(ANOVA)	followed	by	
Student-	Newman-	Keuls	test	for	multiple	comparisons,	Kruskal-	Wallis	
test	followed	by	Dunn’s	test	for	multiple	comparisons,	and	Student’s	
t	or	Mann-	Whitney	U	tests	when	appropriate.	Values	of	P < .05 were 
considered	to	be	statistically	significant	(GraphPad	Prism	5.0	Version	
for	Windows;	GraphPad	Software	Inc.,	San	Diego,	CA,	USA).
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