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Cardiovascular	disease	remains	the	leading	cause	of	mortality	in	the	developed	world.	Over	

the	past	decades,	investigations	have	demonstrated	that	pulmonary	exposure	to	xenobiotic	

particulate	matter	promotes	and	exacerbates	cardiovascular	disease	including	myocardial	

infarction.	 	 The	 impact	 of	 particulate	 matter	 on	 cardiovascular	 health	 has	 served	 as	 a	

backdrop	concern	raising	questions	regarding	the	potential	exposure	risks	to	the	plethora	

of	 naturally	 occurring,	 industrial	 or	 combustion	 by-product,	 and	 engineered	 PM.	 Given	

historical	 trends	 towards	 increased	 human	 exposure	 to	 PM,	 as	 well	 as	 the	 mounting	

prevalence	of	CVD	understanding	the	synergistic	relationship	between	PM	exposures	and	

CVD	 is	 crucial.	 	 As	 a	 result,	 investigations	 of	 PM-induced	 mechanisms	 of	 toxicity	 have	

grown	in	kind.		Despite	this	effort	the	putative	mechanisms	that	underlie	CVD	and	exposure	

to	PM	remain	elusive.			

	

We	 set	 out	 to	 explore	 the	 potential	 mechanisms	 that	 result	 in	 cross-talk	 between	 the	

pulmonary	 and	 cardiovascular	 systems	 whereby	 exposure	 to	 various	 forms	 of	 PM	 is	

capable	 of	 inducing	 expansion	 of	 cardiac	 ischemia-reperfusion	 (I/R)	 injury.	 These	

mechanisms	 include	 mitochondrial	 dysfunction,	 alterations	 in	 vascular	 reactivity,	 and	

increased	 sensitivity	 to	 cytokine	 mediated	 inflammation.	 	 Following	 exposure	 to	 silver	



nanoparticles	(AgNP)	or	multiwalled	carbon	nanotubes	(MWCNT)	we	observed	expansion	

of	cardiac	ischemia	reperfusion	injury,	 increased	mitochondrial	sensitivity	to	Ca++	 leading	

to	mitochondrial	transition,	elevations	in	circulating	cytokines,	including	IL-6,	independent	

of	 gross	 pulmonary	 injury,	 as	 well	 as	 coronary	 vascular	 dysfunction.	 Furthermore,	 we	

uncovered	a	relationship	between	PM	exposures	and	up-regulation	of	IL-6	trans-signaling.	

The	link	between	PM,	cardiac	I/R	injury	and	IL-6	trans-signaling	led	to	investigation	of	the	

potential	role	for	IL-6	and	its	trans-signaling	mechanism	in	the	setting	of	acute	myocardial	

infarction.	We	 conclude	 that	 exposure	 to	PM	primes	organ	 systems	 to	over-respond	 to	 a	

secondary	 insult	 i.e.	cardiac	 I/R	 injury,	however	the	mechanisms	that	drive	this	response	

remain	elusive.		
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CHAPTER	1:	INTRODUCTION	TO	CARDIOVASCULAR	OUTCOMES	FOLLOWING	

XENOBIOTIC	PULMONARY	EXPOSURES	
		

Problem	and	Approach:	

Cardiovascular	disease	(CVD)	remains	the	leading	cause	of	mortality	worldwide.	Over	the	

past	 decades,	 investigations	 have	 demonstrated	 that	 pulmonary	 exposure	 to	 particulate	

matter	can	promote	and	exacerbate	cardiovascular	disease	including	myocardial	infarction	

(MI)(22,	29,	181,	304).		The	impact	of	particulate	matter	(PM)	on	cardiovascular	health	has	

raised	 questions	 regarding	 the	 potential	 exposure	 risks	 to	 the	 plethora	 of	 naturally	

occurring,	industrial	or	combustion	by-product,	and	engineered	PM	(106).	Given	historical	

trends	 towards	 increased	human	exposure	 to	PM,	 as	well	 as	 the	mounting	prevalence	of	

CVD(21)	 understanding	 the	 synergistic	 relationship	 between	 PM	 exposures	 and	 CVD	 is	

crucial.	 	 As	 a	 result,	 investigations	 of	 PM-induced	mechanisms	 of	 toxicity	 have	 grown	 in	

kind.	 	Despite	 this	effort	 the	putative	mechanisms	that	underlie	CVD	and	exposure	to	PM	

remain	elusive.	 	This	 thesis	 sets	out	a	 to	explore	 the	potential	mechanisms	 that	 result	 in	

cross-talk	 between	 the	 pulmonary	 and	 cardiovascular	 systems	 whereby	 exposure	 to	

various	forms	of	PM	is	capable	of	inducing	expansion	of	cardiac	ischemia-reperfusion	(I/R)	

injury.	 In	 the	 process,	 we	 will	 detail	 the	 potential	 role	 for	 IL-6	 and	 its	 trans-signaling	

mechanism	in	PM-induced	CVD	and	expansion	of	cardiac	I/R	injury.	Furthermore,	we	will	

begin	 to	 investigate	 IL-6	 trans-signaling	 in	 the	 setting	 of	 acute	 MI.	 Findings	 from	 these	

studies	promise	to	uncover	the	underlying	mechanism	that	drive	the	association	between	

CVD	and	PM	exposures,	allowing	for	the	development	of	therapeutic	targets	to	mitigate	the	

exacerbation	of	CVD.	

	



	 2	

	

Xenobiotic	Particulate	Matter:	

Worldwide	 industrialization	 has	 increased	 overall	 human	 exposure	 to	 xenobiotic	 agents	

including	 particulate	 matter	 (PM)	 which	 form	 a	 significant	 component	 of	 overall	 air	

pollution	 (158).	The	 term	 “xenobiotic”	 refers	 to	 elements,	 i.e.	 PM,	 that	 are	 foreign	 to	 the	

body	under	normal	circumstances;	because	of	the	foreign	nature	of	xenobiotics,	exposure	

may	have	adverse	consequences	on	human	health	(276).		By	and	large,	PM	of	all	size	ranges	

most	 commonly	 results	 from	 the	 combustion	of	biomass	 (173,	258)	or	 fossil	 fuels	 (296).	

Additional	 sources	of	PM	are	naturally	arising	 from	volcanic	eruptions	 (180),	 forest	 fires	

(3),	 or	dust	 storms	 (92)	as	well	 as	 anthropogenic	 sources	 including	 traffic	 (7,	95),	 street	

cleaning	(40),	or	the	manufacture	of	nanomaterials	(216).	Particulate	matter	is	subdivided	

by	particle	 size	distribution	or	 chemical	 composition	 (106).	 	Conventionally,	 the	primary	

classes	 of	 PM	 by	 aerodynamic	 size,	 in	microns,	 include:	 coarse	 (PM10),	 fine	 (PM2.5),	 and	

ultra-fine	(PM0.1).	Ultrafine	PM	 is	 inclusive	of	nano-scale	particulate,	but	nanosized	PM	is	

often	 considered	 as	 a	 catagoriy	 separately.	 Coarse	 PM	 is	 classified	 as	 having	 an	

aerodynamic	diameter	 less	than	10	μm	and	is	the	largest	size	classification	of	PM.	Coarse	

particulate	matter	includes	those	from	aerosolization	of	surface	debris.		Given	the	relatively	

large	size	of	 these	particles,	 inhalation	usually	results	 in	deposition	 in	 the	most	proximal	

portions	of	the	respiratory	tract,	 including	the	nasal	passages,	pharynx,	and	larynx	(216).		

Although,	 a	 component	 of	 PM	 and	 overall,	 air	 pollution	 less	 attention	 is	 paid	 to	 the	

potential	toxicity	associated	with	exposure	to	particles	with	larger	aerodynamic	diameters.			
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Fine	and	ultra-fine	particulate	are	comprised	of	particles	with	an	aerodynamic	diameter	of	

less	than	2.5	μm	and	primarily	result	from	combustion	by-products.	These	particles	carry	

the	 greatest	 concern	 for	 adverse	 human	 health	 impact,	 as	 a	 result	 of	 their	 size,	 which	

allows	them	to	be	deposited	deep	within	the	respiratory	tree	including	alveolar	spaces/gas	

exchanging	 regions	 (212,	 216)	 and	 avoid	 mechanisms	 of	 mucociliary	 clearance.	 The	

avoidance	of	basic	 clearance	mechanisms	as	well	 as	deposition	deep	 into	 the	 respiratory	

tree	(34)	allow	fine	and	ultrafine	PM	to	interact	with	resident	lung	leukocytes	(188)	as	well	

as	cells	at	the	alveolar-capillary	interface	(212).	The	small	size	range	of	these	particles	not	

only	contributes	to	the	ability	to	deposit	deep	within	the	lung	but	also	lend	the	particle	a	

high	surface	area	 to	mass	ratio	allowing	 for	greater	potential	 interactions	with	biological	

systems	once	inhaled.	Pulmonary	exposure	serves	as	a	primary	route	of	human	exposure	to	

PM,	 and	 pulmonary	 disease	 including,	 asthma,	 chronic	 obstructive	 pulmonary,	 disease,	

lung	 cancer,	 and	 respiratory	 infections	 resulting	 from	 exposure	 to	 air	 pollution	 are	well	

known	(96,	142,	330).	Further	concerns	over	the	toxicological	impact	of	fine	and	ultrafine	

particulate	matter	 stem	 from	particulate	 translocation	out	of	 the	 respiratory	 system	 into	

systemic	circulation	whereby	particles	may	then	directly	affect	other	organ	systems	(199,	

212,	216).		

	

Given	 the	 inverse	relationship	between	particulate	size	and	human	health	 impacts	a	new	

class	of	PM	has	 come	under	much	 scrutiny	over	 the	past	decade,	nano-scale	particulates	

(216).	Nanomaterials,	have	an	aerodynamic	diameter	of	fewer	than	0.1	μm	in	at	least	one	

dimension	and	can	be	formed	in	many	of	the	same	ways	as	ultrafine	PM.	However,	nano-

scale	PM	is	also	unique,	as	one	of	the	few	forms	of	intentionally	engineered	xenobiotic	PM.	
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Engineered	nanomaterials	(ENM)	are	one	of	the	newest	advances	in	materials	sciences	but	

have	also	initiated	questions	of	the	inherent	safety	of	exposure	to	such	particles	given	their	

size.		

	

Aerosolization	of	particles	may	occur	at	several	phases	of	ENM	utilization	or	manufacture,	

raising	concerns	regarding	potential	threats	to	human	safety.	Inhalational	exposure	to	ENM	

is	most	likely	to	occur	during	particle	synthesis,	the	handling	of	dry	powders,	as	well	as	the	

manufacture	 and	 machining	 of	 composites	 containing	 ENM.	 	 Exposure	 is	 also	 possible	

outside	of	the	occupational	exposure	realm,	use	of	some	ENM	in	consumer	products	such	

as	 disinfecting	 sprays,	 deodorants,	 or	 sun	 block	 have	 the	 potential	 to	 directly	 aerosolize	

leading	to	a	direct	pulmonary	exposure	to	ENM.		This	dissertation	will	specifically	consider	

two	 classes	 of	 ENMs,	 multi-wall	 carbon	 nanotubes	 (MWCNT)	 and	 silver	 nanoparticles	

(AgNP).	

	

Multi-Walled	Carbon	Nanotubes:	

Carbon	 nanotubes	 are	 comprised	 of	 highly	 structured	 graphene	molecule	 networks	 in	 a	

single	plane	 and	 then	 arranged	 to	 form	a	hollow	 cylinder	 (50)	 known	as	 a	 single-walled	

carbon	 nanotube	 (SWCNT).	 Many	 walls	 of	 SWCNT	 are	 layered	 concentrically	 to	 form	 a	

multi-walled	carbon	nanotube	(MWCNT)(176).	 	These	incredibly	thin	multi-layered	tubes	

typically	 have	 a	 diameter	 of	 between	 1	 and	 100	 nm	 depending	 on	 the	 number	 of	 walls	

(176).	 	 Multi-walled	 carbon	 nanotubes	 are	 amongst	 the	 most	 widely	 used	 forms	 of	

nanomaterials	and	are	being	incorporated	into	cutting	edge	materials	and	are	being	touted	

for	 biomedical	 applications	 such	 as	 imaging	 (88)	 or	 drug	 delivery	 (329).	 	 Investigations	
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into	 the	 potential	 impact	 of	MWCNT	have	 partially	 stemmed	 from	 the	 severe,	 long-term	

and	 initially	 latent	 toxicity	 associated	with	 pulmonary	 exposure	 to	 asbestos	 (222)	 given	

some	 shared	 structural	 attributes.	 In	 vitro	 as	 well	 as	 animal	models	 have	 demonstrated	

potential	 toxicity	 following	 pulmonary	 exposure	 to	 MWCNT	 including	 induction	 of	

oxidative	 stress	 (83),	 inflammation	 (83,	 124),	 fibrotic	 responses	 (112)	 and	 overall	

decreases	in	pulmonary	function	(315).		

	

Silver	Nanoparticles:	

Of	the	various	forms	of	ENM,	silver	nanoparticles	(AgNP)	have	garnered	much	attention	for	

their	potential	commercial	as	well	as	biomedical	uses.		Second	to	carbon	silver	is	the	basis	

for	 the	 most	 prevalent	 forms	 of	 ENM.	 There	 is	 a	 long-standing	 knowledge	 that	 silver	

exhibits	 intrinsic	 antimicrobial	 properties	 (100,	 191),	 which	 makes	 AgNP	 an	 attractive	

particle	for	both	biomedical	and	consumer	applications.		Current	biomedical	uses	of	AgNP	

include	but	are	not	 limited	 to:	 catheters,	wound	dressings,	 surgical	meshes,	and	vascular	

prostheses	 (179,	 260).	 Consumer	 uses	 of	 AgNP	 include	 incorporation	 into	 clothing	 and	

undergarments,	 air	 filters,	 laundry	 detergents,	 toiletries,	 and	 water	 taps	 (46,	 172).	 The	

qualities	 that	 make	 AgNP	 desirable	 in	 commercial	 or	 biomedical	 use	 also	 make	 them	 a	

target	of	investigation	due	to	the	high	reactivity	of	silver	ions	which	capable	of	binding	to	

sulfur	 and	 phosphate	molecules	 (46).	 Silver	 bonding	with	 these	molecules	 is	 capable	 of	

interrupting	healthy	cellular	membrane	function	as	well	as	potentially	disrupting	DNA	and	

RNA	binding	 (191).	 	As	with	MWCNT,	experiments	 into	 the	 toxicity	of	 exposure	 to	AgNP	

have	demonstrated	a	deleterious	impact	on	lung	function	(26,	154,	259).	

	



	 6	

Lung-Heart	Interactions:	

The	 heart	 and	 lungs	 are	 inexorably	 connected	 regarding	 both	 anatomic	 and	 physiologic	

function.	As	a	result	of	this	relationship,	it	stands	to	reason	that	the	pulmonary	system	is	a	

key	interface	for	the	development	of	cardiovascular	toxicity.		For	decades	there	has	been	a	

clear	 relationship	 between	 pulmonary	 exposure	 to	 a	 toxicant	 and	 cardiovascular	

compromise	(279,	324).	The	relationship	between	the	exposure	to	air	pollution	and	disease	

has	 been	 documented	 as	 early	 as	 the	 first	 half	 of	 the	 twentieth	 century.	 Large-scale	

incidents	involving	air	pollution	and	public	health	crisis	can	be	linked	to	a	1930	incident	in	

France	(208)	as	well	as	London	(171).	Since	then	the	body	of	evidence	linking	pulmonary	

exposures	to	toxicants	leading	to	disease,	i.e.	CVD	has	been	mounting,	with	the	associated	

impact	 listed	by	 affected	organ	or	 system	 summarized	 in	Figure	1.1	 (29,	 160,	 304,	 320).		

Long-term	exposure	to	PM	and	air	pollution	drastically	increase	cardiovascular	morbidity	

and	mortality	in	a	time-dependent	manner	(31).	Numerous	particles	and	models	have	been	

utilized	to	delineate	the	putative	mechanisms	linking	pulmonary	exposures	and	CVD.		

	

Pulmonary	 exposure	 to	 diesel	 particles	 has	 been	 shown	 to	 induce	 a	 variety	 of	 cardiac	

effects	 in	animal	models.	 In	one	such	study,	ApoE-/-	mice	were	placed	on	a	Western	diet	

and	 then	exposed	 to	either	diesel	 exhaust	particles	or	 saline.	The	mice	exposed	 to	diesel	

exhaust	particles	had	significantly	greater	vascular	plaque	formation	than	mice	exposed	to	

only	saline	when	fed	western	diet	(283).	Spontaneously	hypertensive	rats	exposed	to	PM	

were	more	susceptible	to	arrhythmogenesis	following	a	challenge	with	aconitine	(110).	In	

an	 experiment	with	heavy	metal	 laden	PM,	 pulmonary	 exposure	 exacerbated	myocardial	

mitochondria	 injury	 (165).	 Intratracheal	 instillation	 of	 PM	 from	 mountain	 top	 removal	
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mining	demonstrated	decreased	mitochondrial	function,	increased	pro-apoptotic	signaling,	

and	 decreased	 overall	 cardiac	 function	 in	 a	 rat	 model	 (213).	 	 Additionally,	 pulmonary	

exposure	 to	multiple	 forms	of	PM	 including	ultrafine	particulate	and	nano-scale	particles	

has	 resulted	 in	 the	 expansion	of	 cardiac	 ischemic	 reperfusion	 (I/R)	 injury	 (56,	 289,	 291,	

303).	

	

Despite	 well-known	 associations	 between	 pulmonary	 exposures	 and	 adverse	 cardiac	

outcomes,	in	both	animal	models	and	human	epidemiologic	data,	the	precise	mechanisms	

remain	 unclear.	 	 However,	 there	 are	 several	 leading	 hypotheses	 regarding	 PM-induced	

exacerbation	of	CVD,	i.e.	expansion	of	cardiac	I/R	injury	including:		

• Pro-inflammatory	responses	(which	is	largely	the	focus	of	this	dissertation)		

• Mitochondrial	dysfunction	(explored	in	chapter	2)		

• Autonomic	dysfunction	(not	explored	in	this	dissertation).		

These	 proposed	 mechanisms	 each	 tie	 an	 initial	 pulmonary	 insult	 by	 xenobiotic	 PM	 to	

induce	a	 systemic	 response	 that	ultimately	 is	 capable	of	 causing	 cardiac	dysfunction,	 the	

promotion	of	heart	disease,	and	expansion	of	cardiac	 I/R	 injury	as	summarized	 in	Figure	

1.2.	

	

Xenobiotic	Exposures	and	Inflammation:	

Animal	 models	 have	 repeatedly	 demonstrated	 xenobiotic	 PM-induced	 inflammatory	

responses	in	both	the	lungs	and	systemically.	Given	the	inflammatory	response	to	PM	in	the	

lungs,	the	proximity,	and	physiologic	relationship	between	cardiopulmonary	circulation;	it	

seems	 likely	 inflammatory	 responses	 in	 the	 lung	may	 lead	 to	 deleterious	 effects	 on	 the	
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heart	and	vasculature	(47).	Localized	cytokine	secretion	and	inflammatory	responses	in	the	

lungs	 is	 one	 hypothesized	 mechanism	 driving	 a	 systemic	 inflammatory	 state	 (209,	 229,	

323).	 Despite	 the	 relationship	 between	 increased	 inflammatory	 responses	 to	 xenobiotic	

exposure	 the	 mechanism	 by	 which	 PM	 may	 induce	 inflammation	 appears	 varied.	 	 One	

proposed	 mechanism	 for	 induction	 of	 inflammation	 by	 PM	 is	 through	 a	 direct	 particle	

interaction	 on	 cells	within	 the	 lung,	 including	 epithelium	 or	 resident	 leukocytes	 such	 as	

macrophages	 (188,	 198),	 which	 then	 may	 initiate	 a	 systemic	 inflammatory	 cascade	

involving	 increasing	 lung	permeability	and	thus	access	to	the	systemic	vasculature	(290).	

Key	inflammatory	mediators	including	the	cytokines:	IL-1β,	IL-6,	and,	TNFα	are	associated	

with	xenobiotic	exposure	and	are	also	strongly	related	to	cardiovascular	disease	(78,	178,	

181,	 188,	 229).	 	 Cellular	 interactions	 with	 PM	 may	 also	 play	 a	 role	 in	 reactive	 oxygen	

species	 (ROS)	 induced	 inflammation.	 Increased	 intracellular	 ROS	 signaling	 induced	 by	

oxidative	 stress	 may	 induce	 redox	 sensing	 mechanisms	 of	 cytokine	 transcription	 (257).	

Exposure	to	many	xenobiotic	PM	have	been	demonstrated	to	cause	oxidative	stress	in	the	

lungs	(18,	314),	vasculature	(159,	166)	and	heart	(143,	178,	213).	

	

Translocation	 may	 be	 another	 means	 for	 particles	 to	 directly	 injure	 cells,	 tissues,	 and	

organs	distal	to	the	lungs	independent	of,	or	in	addition	to,	lung	injury	(202).	Anatomically,	

the	 cardiovascular	 system	 is	 the	 first	 stop	 for	 translocating	 particles	 and	 humoral	

mediators	of	inflammation	released	by	the	lungs.		Unfortunately,	demonstrating	particulate	

translocation	is	difficult,	and	we	have	only	begun	to	fully	understand	the	inherent	kinetics	

of	xenobiotic	PM,	absorption,	biodistribution,	and	elimination	which	are	heavily	influenced	
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by	particle	 size,	 shape,	 elemental	 composition,	 and	 surface	 chemistry	 (59,	113,	119,	140,	

169,	235).		

	

Pulmonary	 exposures	 to	 a	 multitude	 of	 forms	 of	 xenobiotic	 PM	 have	 been	 capable	 of	

inducing	cardiovascular	 injury	even	 in	 the	absence	of	 substantial	pulmonary	 injury	 (118,	

291),	 indicating	 xenobiotic	 PM	 are	 capable	 of	 producing	 cardiovascular	 injury	 without	

observable	elevations	 in	 inflammatory	mediators.	Rather,	exposure	 to	PM	may	prime	 the	

immune	system	to	over-respond	to	a	secondary	insult,	such	as	cardiac	ischemia.		Exposure	

to	 ultrafine	 particles	 had	 been	 shown	 to	 alter	 inflammatory	 responses	 through	 calcium	

signaling	 in	 pulmonary	 monocytes,	 whereby	 the	 impact	 of	 PM	 on	 was	 unseen	 until	

secondary	challenge	with	thapsigargin	resulting	in	a	2.5	fold	increase	in	cytosolic	calcium	

influx	(1).			

		

Xenobiotic	Exposures	and	Mitochondrial	Dysfunction:	

Mitochondria	 are	 crucial	 to	 the	preservation	of	 function	 in	 organs	with	 a	high	metabolic	

demand	 such	 as	 the	 heart.	 	 Furthermore,	 in	 addition	 to	 regulation	 of	 normal	 cardiac	

metabolism	mitochondria	play	a	vital	 role	 in	response	 to	cardiovascular	 injury,	 including	

ischemia-reperfusion	(103,	226).		Encompassing	a	second	hypothesis,	Exposure	to	PM	has	

been	 suggested	 to	 impact	 the	 mitochondria	 in	 some	 ways	 that	 may	 ultimately	 lead	 to	

cardiovascular	impairment.		Exposure	to	PM	has	been	shown	to	induce	oxidative	stress	(5,	

6,	 17,	 143,	 188),	 induction	 of	 oxidative	 stress	 by	 PM	may	 drive	 functional	 impairments	

within	the	mitochondria	that	can	lead	to	overall	organ	system	dysfunction	(165).	Oxidative	

stress	induced	by	PM	has	also	been	linked	to	mitochondrial	DNA	damage	(80,	94,	334)	or	
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epigenetic	modifications	 (38,	 128).	Mechanistically,	 alterations	 in	 calcium	handling	 (143,	

198,	327)	by	the	mitochondrial	induced	by	xenobiotic	PM	may	contribute	to	overall	cardiac	

dysfunction	 (165).	 Particulate	 matter	 exposure	 has	 been	 demonstrated	 to	 impair	 the	

function	of	the	mitochondrial	permeability	pore	(mPTP),	which	may	play	a	significant	role	

in	mediating	cardiac	injury	following	acute	myocardial	infarction	(117,	213).			

	

Xenobiotic	Exposures	and	Autonomic	Dysfunction:	

A	third	hypothesis	regarding	how	pulmonary	exposure	impacts	cardiovascular	end	points	

involves	pulmonary	exposure	leading	to	dysfunctional	feedback	in	the	autonomic	nervous	

system	 (ANS)	 (63).	 While	 not	 a	 direct	 focus	 of	 the	 current	 thesis	 work,	 autonomic	

dysfunction	is	known	to	play	a	role	in	many	forms	of	CVD,	autonomic	responses	modulate	

immunoreactivity,	and	PM	exposure	alters	autonomic	responses.	Xenobiotic	PM	exposure	

has	 been	 linked	 changes	 in	 heart	 rate	 variability,	 indicative	 of	 changes	 in	 autonomic	

balance	 to	 the	 heart	 (38,	 82,	 161).	 Particulate	 matter-induced	 alterations	 in	 autonomic	

function	have	been	demonstrated	in	patrol	officers	exposed	to	ultrafine	particles	during	a	

regular	 work	 shift	 which	 showed	 changes	 in	 heart	 rate	 variability	 as	 well	 as	 increased	

inflammatory	blood	markers	following	exposure	(237).		This	study	is	important	because	it	

not	 only	 demonstrates	 the	 impact	 of	 PM	 on	 healthy	 individuals	 it	 established	 a	 link	

between	 pulmonary	 exposure,	 autonomic	 function,	 inflammation	 and	 the	 cardiovascular	

system.	 The	 role	 of	 autonomic	 reflex	 arcs	 between	 the	 central	 and	 peripheral	 nervous	

system	are	recognized	for	their	ability	to	mediate	immune	responses	(11,	297).	The	exact	

mechanism	by	which	PM	may	modulate	the	autonomic	nervous	system	through	pulmonary	

exposure	is	not	well	understood.	Xenobiotic	PM	in	the	lung	can	trigger	the	activation	of	C-
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fibers	 (32).	 Autonomic	 feedback	 from	 C-fibers	 can	 in	 turn	 impact	 cardiac	 function	 by	

influencing	 vagal	 tone	 and	 this	 may	 be	 a	 key	 component	 of	 the	 relationship	 between	

pulmonary	 exposures	 and	 cardiovascular	 outcomes	 (156).	 Autonomic	 nervous	 system	

mediation	of	inflammation	may	also	be	impacted	by	an	adjustment	to	regulatory	set	points,	

whereby	prolonged	decreased	vagal	outflow	induced	by	PM	exposure	may	promote	a	pro-

inflammatory	phenotype	in	the	face	of	a	secondary	insult	(174,	297).		

	

Myocardial	Infarction:	

Epidemiologic	investigations	indicate	CVD	as	the	leading	cause	of	morbidity	and	mortality	

in	 the	United	States	with	 an	 estimated	1,255,000	new	or	 recurrent	 events	of	myocardial	

infarction	occur	per	year	(242).		Current	medical	opinion	divides	myocardial	infarction	into	

two	distinct	 categories	 separated	by	 their	underlying	etiology,	Type	1	and	Type	2	 (190).	

Type	1MI,	or	spontaneous	MI,	is	considered	the	prototypical	example	of	an	infarction	and	is	

the	most	common	type	of	MI	(35).	 	Ischemia	is	initiated	when	a	vessel	becomes	occluded,	

by	 either	 a	 thrombus	 or	 less	 commonly	 an	 embolus.	 Commonly,	 luminal	 blockages	 of	 a	

coronary	artery	result	paradoxically;	 from	normal	wound	healing	and	clotting	responses.	

Coronary	thrombosis	occurs	when	an	atherosclerotic	plaque	spontaneously	ruptures,	and	

the	initial	recruitment	of	platelets	to	the	site	of	injury	begins	to	block	the	already	narrowed	

arterial	 lumen.	Ultimately,	blood	 flow	to	distal	portions	of	 the	myocardium	is	obstructed.	

Although	the	most	common	pathological	mechanism	for	initiation	of	myocardial	infarction,	

rupture	of	atherosclerotic	plaques	are	not	the	only	means	of	inducing	myocardial	ischemia	

or	 infarction.	 	When	 oxygen	 demand	 outpaces	 oxygen	 supply,	 such	 as	 during	 strenuous	

exercise	(200),	or	during	coronary	vasospasm	(197),	 injury	can	occur.	Myocardial	oxygen	
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supply-demand	mismatch	in	the	absence	of	coronary	thrombosis	is	classified	as	a	type	2	MI	

and	is	another	leading	cause	of	infarct.	 	It	is	important	to	note	that	in	type	1	or	type	2	MI	

total	luminal	occlusion	of	a	coronary	artery	is	not	required	to	induce	ischemia	because	any	

decrease	 in	 coronary	 flow	 resulting	 in	 inadequate	O2	 distribution	will	 result	 in	 ischemia	

and	if	unresolved	ultimately	cardiomyocyte	death	(35).	Although	Type	1	and	2	MI	are	the	

most	 common	 etiologies,	 there	 exist	 several	 classifications	 relevant	 to	 clinical	

discrimination	 of	 MI.	 Type	 3	 MI	 is	 an	 entirely	 clinical	 subdivision	 and	 reflects	 sudden	

cardiac	death	of	unknown	etiology,	but	myocardial	ischemia	is	strongly	suspected	(49).	The	

gold	standard	treatment	for	type	1	and	type	2	infarcts	is	reperfusion	by	PCI,	thrombolysis,	

or	CABG	which	has	 led	 to	 two	new	classifications	of	Type	4	and	5	MI	 indicate	 iatrogenic	

sources	of	MI.	Type	4	MI	 results	 from	percutaneous	coronary	 intervention	 (PCI)	or	 stent	

placement	and	involve	myocardial	ischemia	that	occurs	during	the	procedure	or	secondary	

to	vessel	 restenosis	 (200,	292).	 	Type	5	MI	 is	very	similar	 to	 type	4	except	 that	 ischemic	

complications	are	secondary	to	coronary	artery	bypass	grafting	(CABG).	While	most	Type	4	

and	 5	 infarcts	 are	 due	 to	 technical	 failure	 that	 limits	 resolution	 of	 ischemia,	 some	 are	

associated	 with	 successful	 intervention,	 but	 an	 excessive	 inflammatory	 response	 to	

reperfusion.		

	

Much	of	the	work	in	this	dissertation	relies	on	several	models	of	myocardial	ischemia.	The	

models	utilized	include	a	Langendorff	heart	model	of	global	 ischemia	(117),	a	mouse	and	

rat	model	of	cardiac	ischemia/reperfusion	injury	by	temporary	ligation	of	the	left	anterior	

descending	(LAD)	coronary	artery	(116,	118),	as	well	as	a	model	of	permanent	occlusion	of	

the	 LAD	 (309).	 	 These	models	 each	 induce	myocardial	 ischemia	 by	 restricting	 substrate	
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availability	 to	 the	 distal	myocardium,	 in	 the	 case	 of	 the	 Langendorff	 by	 shutting	 off	 the	

supply	of	perfusate,	and	in	the	others	by	extravascular	compression	to	the	coronary	artery	

restricting	blood	flow	(333).		

	

Ischemia:	

Ischemia	 is	 a	 condition	 whereby	 inadequate	 blood	 flow	 results	 in	 inadequate	 oxygen	

supply	(266).		Mechanisms	that	ultimately	lead	to	cardiomyocyte	death	are	strongly	tied	to	

cellular	 susceptibility	 to	 hypoxia.	 The	 myocardium	 has	 an	 incredibly	 high	 metabolic	

demand;	making	delivery	of	oxygen	by	way	of	 the	coronary	arteries	crucial	 in	 support	of	

normal	 function.	 Occlusion	 of	 one	 or	 more	 coronary	 arteries	 leads	 to	 ischemia	 in	 areas	

distal	 to	 the	 blockage,	 and	 compromising	 the	 tissue	metabolism.	 Thus	 ischemia	 leads	 to	

hypoxic	injury	in	distal	tissue,	which	if	 left	unresolved	results	in	cell/tissue	death,	known	

as	 infarct	 (35).	 Hypoxic	 injury	 to	 the	 myocardium	 results	 from	 inability	 to	 generate	

adenosine	 triphosphate	 (ATP)	 via	 oxidative	phosphorylation	 causing	 a	 shift	 to	 anaerobic	

glycolysis	(35).	Anaerobic	glycolysis	results	 in	 intracellular	acidosis	from	accumulation	of	

intracellular	 hydrogen	 ions	 (H+)	 disturbing	 the	 sodium	 (Na+)/H+	 exchanger	 (136).	

Depletion	 of	 available	 ATP	 inactivates	 Na+/Potassium(K+)	 ATPase	 (135).	 The	 combined	

ionic	 disturbances	 result	 in	 Na+	 overload.	 As	 a	 result,	 Na+-Ca++	 exchanger	 attempts	 to	

compensate	 for	 the	 ionic	disturbance	by	pumping	Ca++	into	 the	cytoplasm	and	Na+	out	of	

the	 cell.	 However	 the	 intracellular	 Ca++	 overload	 induces	 cardiomyocyte	 death	 (35,	 135,	

136,	197).	The	cytosolic	oversaturation	with	Na+	or	Ca++	results	 in	 increased	cytoplasmic	

osmolality	 resulting	 in	 cellular	 edema	 (197).	Excess	Ca++	uptake	by	 cardiac	mitochondria	

induces	 opening	 of	 the	 mitochondrial	 permeability	 transition	 pore	 (mPTP)	 leading	 to	
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mitochondrial	 lysis,	 release	 of	 cytochrome	 C,	 and	 induction	 of	 apoptosis	 (1,	 64,	 219).	

Intracellular	 Ca++	 concentration	 also	 activates	 phospholipases	 degrading	 cardiomyocyte	

cell	membranes	 (135,	 136).	The	 cascade	of	 events	 following	 an	 initial	 ischemic	 insult,	 as	

highlighted	 above,	 contribute	 to	 cell/tissue	 death	 and	 ultimately	 the	 condition	 of	

myocardial	infarction.		

	

Ischemia	leading	to	cell	death	in	the	myocardium	lead	may	result	in	severe	decrements	in	

cardiac	 function.	 There	 are	 several	 factors	 to	 consider	 when	 determining	 the	 effect	 of	

ischemia	on	overall	cardiac	function:	the	duration	of	ischemia,	the	size	of	the	area	at	risk,	

the	 amount	 of	 collateral	 circulation	 to	 the	 ischemic	 region	 during	 occlusion,	 finally	 the	

timing	of	revascularization.	Ischemia	and	the	associated	cellular	hypoxia	not	only	impairs	

myocardial	 function	by	disrupting	ATP	production	 and	Ca++	handling	which	 are	 required	

for	muscle	contraction(35,	197)	but	the	associated	cell	death	results	 in	the	destruction	of	

the	myocardial	contraction	apparatus(129).	 	The	size	of	 infarct	correlates	to	impairments	

in	 cardiac	 function(36)	 including	 decreased	 cardiac	 output	 secondary	 to	 reduced	

myocardial	 inotropy	and	can	lead	to	congestive	heart	failure,	cardiogenic	shock,	or	death.		

To	 salvage	 myocardial	 function	 current	 therapeutic	 modalities	 focus	 on	 decreasing	

ischemic	duration	through	prompt	revascularization(28,	193).		

	

Reperfusion	Injury:	

To	salvage	myocardial	tissue	and	rescue	normal	cardiac	function	it	is	imperative	to	restore	

coronary	blood	flow.	Clinically,	blood	flow	can	be	restored	through	medical	 interventions	

such	as	thrombolytic	therapy,	PCI,	or	CABG	(2,	108).	Although	the	goal	of	treatment	of	MI,	
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the	restoration	of	blood	flow,	can	paradoxically	result	in	further	myocardial	injury,	known	

as	 reperfusion	 injury	 (136).	 	 Reperfusion	 injury	 broadly	 encompasses	 several	 adverse	

events	 including	 arrhythmia,	myocardial	 stunning,	 and	microvascular	 damage	 (135,	 136,	

197,	 206,	 337).	 Although	 the	 manifestations	 of	 reperfusion	 injury	 are	 diverse,	 in	 many	

respects,	the	underlying	mechanisms	mirror	many	of	the	processes	witnessed	in	ischemic	

injury.			

	

Reactive	 oxygen	 species	 (ROS)	 play	 a	 fundamental	 role	 in	mediating	 reperfusion	 injury.	

Surges	of	oxygen	occurring	with	the	restoration	of	blood	flow	generates	superoxide	anion	

or	 	 peroxynitrite	 by	 cardiomyocyte	 mitochondria	 (137,	 197).	 	 The	 impact	 of	 ROS	 on	

reperfusion	 injury	 are	 varied	 and	 involve	 triggering:	 the	 activity	 of	 protein	 kinases	 and	

subsequent	pathways,	peroxidation	of	lipid	membranes,	apoptosis,	and	dysfunction	in	Ca++	

handling	(137,	227,	321).		Calcium	handling	in	reperfusion	injury	is	influenced	by	cytosolic	

influxes	in	Na+.	Exchange	of	Na+	for	Ca++	leads	to	high	cytosolic	Ca++,	the	overload	of	calcium	

leads	 to	 rigor	 type	 contracture	of	 the	myocardium.	Rigor	 type	 contraction	 contributes	 to	

the	 development	 of	myocardial	 dysfunction	 and	 induces	 apoptosis	 (30).	 	 As	 observed	 in	

ischemia,	 fluctuations	 in	 Ca++	 released	 from	 the	 sarcoplasmic	 reticulum	 stimulate	 the	

opening	of	 the	mPTP	(1,	64,	219).	 	Once	 the	mPTP	opens	 the	 ionic	gradient	 required	 for	

synthesis	of	ATP	rapidly	dissipates	and	water	can	flood	into	mitochondria	causing	swelling	

(197)	and	rupture	of	the	mitochondria	which	triggering	apoptosis	(136).		

	

Another	key	component	of	reperfusion	injury	results	from	leukocyte	trafficking	to	the	area	

of	 injury	 which	 occurs	 shortly	 after	 the	 return	 of	 blood	 flow	 (197).	 Initially,	 during	
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reperfusion	neutrophils	move	 to	 areas	 of	 ischemia	 to	 phagocytose	 dead	 tissue,	 releasing	

cytokines	 to	 further	mediate	 the	 immune	 response	 (37,	 197,	 226).	 	 Factors	 secreted	 by	

neutrophils	 may	 damage	 previously	 viable	 tissue	 and	 include	 ROS,	 cytokines,	 and	

chemokines	 which	 promote	 inflammation	 (136).	 	 Neutrophils	 obstruct	 post-capillary	

venules	 contributing	 to	microvascular	 dysfunction	 (37)	which	 is	 thought	 to	mediate	 no-

reflow	phenomenon	associated	with	reperfusion	injury	(37,	131,	136).	Platelets	recruited	

to	sites	of	injury	may	also	contribute	to	reperfusion	injury	and	microvascular	dysfunction	

by	 secreting	 vasoactive	 thromboxane	A2	and	5-HT.	 	 Infiltrating	monocytes	 to	 the	 zone	of	

infarction	 further	 mediate	 the	 inflammatory	 response	 to	 ischemia	 and	 reperfusion	

releasing	 proteases	 capable	 of	 infarct	 expansion	 through	 proteolysis	 (37,	 135,	 136).	

Summary	of	mechanisms	that	contribute	to	cardiac	I/R	injury	are	summarized	in	figure	1.3	

Restoration	of	flow	is	required	to	re-establish	oxygenation,	so	ways	to	reduce	the	attendant	

inflammatory	 response	 are	 a	 major	 are	 of	 interest	 in	 improving	 recovery	 from	 acute	

ischemic	 injury.	 	 To	 the	 extent	 that	 PMs	 might	 “prime”	 the	 underlying	 inflammatory	

response,	it	is	plausible	that	PM	exposure	could	aggravate	an	MI	by	altering	the	reperfusion	

response	 to	 ischemia.	 	 There	 are	 a	number	of	 pro-inflammatory	 cytokine	mediators	 that	

have	been	studied	over	the	years.		Currently,	there	is	intense	interest	in	studying	the	role	of	

IL-6	in	the	reperfusion	response.	

	

Interleukin-6	and	Trans-signaling:	

Increased	levels	of	the	pro-inflammatory	cytokine	IL-6	are	associated	with	both	myocardial	

infarction	(9)	and	heart	 failure	(298).	Despite	 the	apparent	association	between	IL-6	and	

CVD	the	IL-6	receptor	is	only	expressed	on	hepatocytes,	and	certain	leukocytes	(164).	The	
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process	when	IL-6	binds	to	a	membrane-bound	IL-6	receptor	to	induce	signal	transduction	

is	referred	to	as	classical	IL-6	signaling.		Despite	the	limited	expression	of	the	IL-6	receptor	

a	alternative	mechanism	by	which	IL-6	may	act	directly	on	the	cells	of	the	cardiovascular	

system	 is	 known	 as	 IL-6	 trans-signaling.	 A	 schematic	mechanism	 of	 classical	 IL-6	 signal	

transduction	 versus	 IL-6	 trans-signaling	 has	 been	 provided	 (Figure	 1.3).	 Interleukin-6	

trans-signaling	may	serve	 to	override	negative	 feedback	mechanisms	of	 IL-6	signaling,	 in	

addition	 to	allowing	cells	without	 IL-6R	 to	 respond	 to	 IL-6.	 IL-6	 trans-signaling	has	been	

implicated	in	the	pathogenesis	of	conditions	including	atherosclerosis	(256),	hemorrhagic	

trauma	(335),	and	inflammatory	mediated	CVD	(132).	Myocardial	infarction	may	modulate	

the	 balance	 of	 soluble	 (s)	 factors:	 IL-6	 receptor	 (IL-6R)	 or	 glycoprotein	 130	 (gp130)	 to	

promote	 or	 inhibit	 IL-6	 trans-signaling.	 Over-time	 cardiac	 injury	 induces	 aberrant	

increases	in	IL-6	trans-signaling	mediating	adverse	cardiac	remodeling	and	exacerbation	of	

heart	failure.		

	

Previous	studies	regarding	IL-6	biology	have	focused	strongly	on	classical	IL-6	pathways	or	

have	 sought	 to	 attenuate	 the	 effects	 of	 IL-6	 signaling	 indiscriminately	 blocking	 both	

classical	 and	 trans-signaling	 through	 IL-6	 receptor	 blockade.	 Inhibition	 of	 IL-6	 signal	

transduction	 with	 an	 IL-6	 receptor	 antibody	 in	 a	 murine	 model	 has	 been	 shown	 to	

ameliorate	left	ventricular	remodeling	following	MI(149).		

	

The	 balance	 between	 the	 forms	 of	 IL-6	 signaling	 is	 crucial	 to	 physiological	 function,	

whereby	 classical	 and	 trans-signaling	 produce	 differential	 anti	 and	 pro-inflammatory	

effects,	respectively	(245).	Both	mechanisms	of	IL-6	signaling	activate	Janus-Kinase	(JAK)/	
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Signal	Transducer	and	Activator	of	Transcription	(STAT)	pathways,	which	primarily	lead	to	

the	activation	of	STAT3	(122).	STAT3	activation	has	been	shown	to	have	cardioprotective	

effects,	 acutely	 promoting	 cardiomyocyte	 survival	 and	 compensatory	 hypertrophy	 (101).	

However,	prolonged	expression	of	STAT3	has	also	been	demonstrated	negatively	to	impact	

cardiac	function	following	MI	(114).	Increased	levels	of	the	pro-inflammatory	cytokine	IL-6	

are	associated	with	exposure	to	PM	(15,	250).	Exposure	to	PM	may	modulate	the	balance	of	

soluble	 factors:	 IL-6	 receptor	 to	 promoting	 increased	 IL-6	 trans-signaling	 mediating	

adverse	 cardiac	outcomes.	 	Additionally,	 STAT1	activation	by	 IL-6	may	play	a	 role	 in	PM	

exposure	 modulation	 of	 IL-6	 trans-signaling	 and	 exacerbation	 of	 CVD	 (147).	 	 Typically,	

STAT1	is	activated	to	a	far	lesser	degree	than	STAT3	by	IL-6.	However,	it	is	unknown	if	IL-6	

trans-signaling	may	impact	the	ratio	of	STAT1/STAT3	signaling	following	MI.		

	

Thesis	Overview:	

The	rising	potential	for	human	exposure	to	xenobiotic	PM	and	the	observable	deleterious	

impact	on	cardiovascular	health	raises	questions	regarding	the	putative	mechanisms	that	

may	 exacerbate	 CVD.	 Given	 the	 seemingly	 unabated	 prevalence	 and	 incidence	 of	

myocardial	 infarction,	 it	 is	 important	 to	 understand	 the	 mechanism	 that	 may	 worsen	

outcomes	following	a	cardiovascular	or	pulmonary	insult.		In	this	thesis,	we	have	evaluated	

several	species	of	xenobiotic	PM	and	demonstrated	consistently	that	pulmonary	exposures	

might	 drive	 the	 expansion	 of	 myocardial	 I/R	 injury.	 In	 chapter	 two	 we	 describe	 how	

exposure	to	ultrafine	particulate	matter	may	exacerbate	cardiac	I/R	injury	via	the	mPTP.	In	

chapters	 three	 and	 four	we	examine	 exposure	 to	AgNP	 resulting	 in	 I/R	 injury	 expansion	

and	 the	 role	 of	 inflammation.	 	 Chapter	 five	 elucidates	 how	 exposure	 to	 MWCNT	 may	
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promote	systemic	inflammatory	responses	to	PM,	particularly	through	IL-6	trans-signaling,	

and	contribute	 to	 I/R	 injury.	Chapter	 six	 characterizes	 the	 Il-6	 trans-signaling	axis	 in	 the	

setting	of	acute	myocardial	infarction.	Finally,	chapter	seven	discusses	the	findings	of	this	

thesis	and	what	the	may	teach	us	cumulatively	about	xenobiotic	PM	exposure	and	CVD.			 	
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Figure	1.1	Summary	of	cardiovascular	outcomes	associated	with	pulmonary	exposure	to	

xenobiotic	 particulate	 matter,	 including	 effects	 on	 the	 autonomic	 nervous	 system,	

vasculature	and	the	heart.	
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Figure	 1.2	Overview	of	 proposed	mechanisms	 that	 drive	expansion	of	 cardiac	 ischemia-

reperfusion	injury.	This	model	includes	effects	manifested	via	the	lungs	as	well	as	resulting	

from	systemic	responses.	
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Figure	1.3	Overview	of	mechanisms	that	result	in	reperfusion	injury	following	restoration	

of	blood	flow	to	the	ischemic	myocardium	and	how	these	mechanisms	result	in	expansion	

of	myocardial	infarct.	
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Figure	 1.4	 Classical	 versus	 IL-6	 transsignaling.	 (left)	 illustrates	 classical	 IL-6	 signaling	

whereby	 IL-6	 binds	 to	membrane	 bound	 IL-6	 receptor	 initiating	 signal	 transduction	 via	

gp130	 to	 increase	 STAT3	 and	 to	 a	 lesser	 degree	 STAT1	 (A).	 (right)	 illustrates	 IL-6trans	

whereby	 IL-6	 binds	 to	 soluble	 IL-6	 receptor	which	 then	 complexes	 to	membrane	 bound	

GP130	to	initiate	signal	transduction	(B).	Inhibition	of	IL-6trans	by	soluble	GP130	(C).	We	

hypothesize	PM	exposure	promotes	IL6-trans	mechanisms.	



CHAPTER	 2:	 ULTRAFINE	 PARTICULATE	 MATTER	 INCREASES	 CARDIAC	

ISCHEMIA/REPERFUSION	INJURY	VIA	MITOCHONDRIAL	PERMEABILITY	TRANSITION	

PORE.	
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Abstract:	

Ultrafine	 Particulate	 Matter	 (UFP)	 has	 been	 associated	 with	 increased	 cardiovascular	

morbidity	 and	 mortality.	 However,	 the	 mechanisms	 that	 drive	 PM	 associated	

cardiovascular	 disease	 and	 dysfunction	 remain	 unclear.	 We	 examined	 the	 impact	 of	

oropharyngeal	 aspiration	 of	 100	mg	 UFP	 from	 the	 Chapel	 Hill,	 NC	 air	 shed	 in	 Sprague-

Dawley	rats	on	cardiac	function,	arrhythmogenesis,	and	cardiac	ischemia/reperfusion	(I/R)	

injury	 using	 a	 Langendorff	 working	 heart	 model.	 We	 found	 that	 exposure	 to	 UFP	 was	

capable	of	significantly	exacerbating	cardiac	I/R	injury	without	changes	to	overall	cardiac	

function	 or	major	 changes	 in	 arrhythmogenesis.	 	 Cardiac	 I/R	 injury	was	 attenuable	with	

administration	of	Cyclosporin	A	(CsA),	suggesting	a	role	for	the	mitochondrial	permeability	

transition	 pore	 (mPTP)	 in	 UFP	 associated	 cardiovascular	 toxicity.	 Isolated	 cardiac	
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mitochondria	 displayed	 decreased	 Ca2+	 buffering	 before	 opening	 of	 the	 mPTP.	 	 These	

findings	suggest	that	UFP	induced	expansion	of	cardiac	I/R	injury	may	be	a	result	of	mPTP	

Ca2+	 sensitization	 resulting	 in	 increased	 mitochondrial	 permeability	 transition	 and	

potential	initiation	of	mPTP	associated	cell	death	pathways.	

	

Introduction:	

Cardiovascular	disease	(CVD)	remains	the	 leading	cause	of	mortality	 in	the	United	States,	

with	 acute	 myocardial	 infarction	 being	 a	 primary	 contributor	 to	 death	 (242).	 In	 recent	

years	 a	 strong	 correlation	 between	 exposure	 to	 environmental	 air	 pollutants	 such	 as	

particulate	 matter	 (PM)	 and	 exacerbations	 in	 CVD	 has	 been	 reported	 (29,	 160,	 237).	

Pulmonary	exposures	to	different	size	classes	of	PM	including	fine,	ultrafine,	and	nanoscale	

PM	have	been	shown	to	result	in:	alterations	in	heart	rate	(237)	and	blood	pressure	(20)	in	

human	 studies.	 Additionally,	 animal	 models	 investigating	 the	 effects	 of	 PM	 exposure	 on	

cardiovascular	disease	have	observed	acceleration	of	atherosclerosis	(283)	and	expansion	

of	myocardial	 infarction	 (56,	 116).	 The	 epidemiological	 association	between	 exposure	 to	

PM	 and	 CVD	 has	 been	 subject	 of	 numerous	 studies.	 Despite	 the	 many	 investigations	

codifying	the	associations	between	pulmonary	exposure	to	PM	and	CVD	the	mechanisms	by	

which	 they	 are	 linked	 remains	 unclear.	 There	 are	 several	 popular	 hypotheses	 regarding	

how	pulmonary	 exposure	 to	 environmental	 toxicants	 such	 as	 PM	 can	 induce	 deleterious	

cardiovascular	effects.	These	proposed	mechanisms	explain	the	link	between	air	pollutants	

and	 CVD,	 and	 include:	 systemic	 inflammation,	 direct	 particle	 interactions	 with	 cells	 and	

tissues	 of	 the	 cardiovascular	 system,	 alterations	 in	 the	 autonomic	 nervous	 system,	 and	

mitochondrial	dysfunction	(31).		
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The	 heart	 is	 an	 organ	 with	 high	 metabolic	 demand;	 as	 such,	 delivery	 of	 oxygen	 to	 the	

myocardium	 via	 the	 coronary	 arteries	 in	 support	 of	 normal	 cardiac	 function	 is	 crucial.	

Occlusion	of	one	or	more	coronary	arteries	leads	to	ischemia	in	areas	distal	to	the	blockage,	

whereby	 cardiac	 myocyte	 metabolism	 is	 compromised.	 The	 inability	 of	 the	 myocyte	 to	

generate	 adenosine	 triphosphate	 (ATP)	 via	 oxidative	 phosphorylation	 causes	 a	 shift	 to	

anaerobic	glycolysis	(35).	Anaerobic	glycolysis	increases	intracellular	H+	ion	concentration	

inducing	acidosis	that	then	disturbs	the	Na+/H+	exchanger,	while	ATP	depletion	inactivates	

Na+	/K+	ATPase.	The	combined	effect	results	 in	Na+	overload,	and	the	Na+-Ca2+	exchanger	

attempts	to	compensate	for	the	Na+	overload	by	pumping	Ca2+	into	the	cytoplasm,	however	

the	 Ca2+	 overload	 induces	 myocardial	 stunning,	 contracture,	 and	 ultimately	 cell	 death	

(197).		The	restoration	of	blood	flow,	known	as	reperfusion,	can	inherently	result	in	further	

myocardial	 injury.	 	 Reperfusion	 injury	 can	 encompass	 several	 processes	 including:	

arrhythmogenisis,	myocardial	stunning	and	contracture,	Ca2+	mishandling,	and	induction	of	

apoptotic	or	autophagic	cell	death	pathways	(35,	227,	231).	Fluctuations	in	Ca2+	 from	the	

sarcoplasmic	reticulum	during	reperfusion	stimulate	opening	of	the	mPTP	(1,	64).		Opening	

of	the	mPTP	results	 in	the	rapid	dissipation	of	the	membrane	potential	gradient	required	

for	 synthesis	 of	 ATP,	water	 enters	 via	 the	 open	pore	 resulting	 in	mitochondrial	 swelling	

and	lysis	triggering	apoptosis	and	cell	death	(220).	

	

The	cellular	mechanisms	that	ultimately	lead	to	cardiomyocyte	death	during	ischemia	and	

reperfusion	 injury	 are	 strongly	 tied	 to	 the	 mitochondria.	 	 Mitochondria	 are	 crucial	 in	

regulating	normal	cardiac	metabolism	and	play	a	key	role	in	the	susceptibility	of	the	heart	
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to	 ischemia/reperfusion	 (I/R)	 injury	 (103,	 226).	 It	 is	 hypothesized	 that	 PM	 induced	

changes	 in	 mitochondrial	 function	 may	 be	 driving	 adverse	 cardiovascular	 outcomes	

associated	with	exposure	to	PM.		One	study	has	linked	fine	PM	exposure	to	multiple	forms	

of	 mitochondrial	 dysfunction,	 including	 cardiomyocte	 mitochondrial	 structure	 changes,	

changes	 in	mitochondrial	 fusion/fission	 gene	 expression,	 and	 reduction	 in	 the	 activity	 of	

superoxide	 dismutase	 (86,	 165,	 331).	 Additionally,	 exposure	 to	 PM	 generated	 from	

mountain	 top	 removal	mining	was	associated	with	 increased	 susceptibility	 to	opening	of	

the	 mPTP	 (mitochondrial	 permeability	 transition	 pore)	 and	 thus	 induction	 of	 apoptotic	

pathways	and	cell	death	(213).		

	

We	hypothesize	that	exposure	to	ultrafine	particulate	matter	(UFP)	results	in	expansion	of	

cardiac	ischemia	reperfusion	injury,	resulting	from	mPTP	Ca2+	sensitization.	In	order	to	test	

this	hypothesis	we	instilled	male	Sprague-Dawley	rats	with	ultra-fine	particulate	(UFP)	and	

24	hours	post	instillation	evaluated	the	ex	vivo	heart	for	cardiac	function,	arrythmogenisis	

and	 ischemic	 injury	 via	 a	 Langendorff	 preparation.	 	 To	 more	 directly	 implicate	

mitochondrial	 dysfunction	 and	 increased	 mPTP	 opening	 we	 treated	 the	 isolated	 heart	

preparation	with	cyclosporine	A,	an	inhibitor	of	opening	of	the	mPTP	(219),	to	determine	if	

infarct	 expansion	 could	 be	 attenuated	 by	 preventing	 cell	 death	 associated	 with	 Ca2+-

induced	mPTP	opening.			

	

Methods	and	Materials:	

Animals	
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Male	 Sprague-Dawley	 rats	weighing	 between	270	 -	 300	 grams	were	 housed	 in	 the	 same	

room	on	 a	 12	hour	 light-dark	 cycle	 and	provided	 food	 and	water	ad	 libitum.	 All	 animals	

were	 allowed	 a	 one	week	 acclimatization	 prior	 to	 experiments.	 Aged	matched	 rats	were	

randomly	assigned	 two	 to	 a	 cage	 ,when	 received	 from	 the	 supplier,	 into	 two	groups	 and	

exposed	to	either	100	mg	UFP	in	200	ml	sterile	saline	(UFP)	suspension	or	200	ml	saline	

vehicle	 control.	 	 All	 experiments	 were	 approved	 and	 conducted	 in	 accordance	 with	 the	

Institutional	 Committee	 on	 the	 Care	 and	 Use	 of	 Laboratory	 Animals	 at	 East	 Carolina	

University.	

Ultra-Fine	Particulate	and	Exposure	

The	ultrafine	particulate	matter	utilized	 in	 this	 study	was	 collected	and	characterized	by	

the	 US	 EPA	 facility	 Chapel	 Hill	 NC.	 The	 particle	 characteristics	 have	 been	 previously	

described	(18)	and	were	collected	from	the	October	sampling	date.		All	suspension	aliquots	

were	sonicated	for	2	minutes	after	initial	preparation	and	then	vortexed	immediately	prior	

to	 delivery.	 Rats	were	 anesthetized	 by	 inhalation	 of	 a	 50:50	 isoflurane	 propylene-glycol	

mixture	 in	 an	 induction	 chamber.	 After	 establishment	 of	 deep	 anesthesia	 as	 assessed	 by	

absence	of	limb	withdrawal	from	a	toe	pinch,	the	rat	was	suspended	an	inclined	board	and	

the	 tongue	 was	 anteriorly	 displaced	 using	 padded	 forceps,	 effectively	 closing	 the	

esophageal	opening,	and	a	200	mL	pipette	 tip	containing	 the	UFP	suspension	was	placed	

into	 the	 laryngopharynx,	 just	 superior	 to	 the	 glottis.	 	 The	 animal	 was	 allowed	 to	

spontaneously	aspirate	the	UFP	suspension	or	vehicle	control.	Following	the	aspiration,	the	

animal	was	returned	to	its	cage	and	recovery	was	observed	until	normal	grooming	habits	

resumed.		This	form	of	oropharyngeal	(OP)	aspiration	has	been	adopted	by	the	members	of	

the	National	Institute	of	Environmental	Health	Sciences	Centers	for	Nanotechnology	Health	
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Implications	 Research	 (NCNHIR)	 and	 Nano	 GO	 consortiums	 in	 an	 efforts	 to	 minimize	

variability	 and	 is	 an	 accepted	 and	 previously	 published	 technique	 to	 achieve	 OP	

aspiration(118,	195,	291).			

Myocardial	Excision	

Twenty-four	 hours	 following	 instillation	 of	 either	 saline	 or	 UFP	 animals	 were	 deeply	

anaesthetized	 using	 a	 ketamine/xylazine	mixture	 (90/10	mg/kg,	 respectively).	 After	 the	

elimination	 of	 a	 toe	 pinch	 reflex	 hearts	 were	 removed	 by	 midline	 thoracotomy,	 briefly	

placed	in	ice-cold	saline,	and	rapidly	hung	and	retro-perfused	on	the	cannula	of	a	modified	

Langendorff	apparatus.	

Langendorff	perfusion	protocol	

Following	 the	 removal	 of	 the	 heart	 and	placement	 on	 the	 cannula,	 hearts	were	perfused	

with	a	modified	Krebs	buffer	containing	(mM)	118	NaCl,	24	NaHCO3,	4.8	KCl,	2	CaCl2,	1.2	

MgSO4,	 1.2	 KH2PO4,	 and	 10	 glucose,	 equilibrated	 with	 95	%	 O2-5	 %	 CO2	 at	 37	 °C	 (76).	

Following	 a	 5	minute	 baseline	 period,	 animals	were	 randomly	 selected	 to	 receive	 either	

this	 perfusate	 buffer	 alone	 or	 to	 receive	 the	 control	 buffer	 with	 the	 addition	 of	 0.2	 µM	

cyclosporine	 A	 (Sigma-Aldrich,	 St	 Louis,	 MO)	 administered	 throughout	 Langendorff	

perfusion.		Perfusion	pressure	was	maintained	between	70	and	80	mmHg.	A	latex	balloon	

was	inserted	through	the	 left	atrium	into	the	 left	ventricle	to	monitor	pressure	and	heart	

rate.	 ECG	 leads	 were	 placed	 in	 the	 warming	 bath	 surrounding	 the	 heart	 to	 monitor	

electrical	activity	 in	a	pseudo-lead	 II	 configuration.	After	10	minutes	of	 stable	 recordings	

global	ischemia	was	initiated	by	turning	off	the	perfusate	flow	to	the	heart	for	20	minutes.	

After	 the	20	minute	 ischemic	period	 the	 flow	was	restored	and	reperfusion	ensued	 for	2	

hours.	
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Electrophysiology	and	Arrhythmia	Scoring	

Arhythmogenesis	 data	 was	 collected	 throughout	 the	 Langendorff	 protocol.	 Premature	

ventricular	contractions	were	counted	during	the	10	minute	stable	baseline	period	prior	to	

induction	 of	 ischemia.	 The	 first	 and	 second	 hours	 of	 reperfusion	 were	 scored	 for	

arrhythmia	 severity	 utilizing	 criteria	 set	 forth	 by	 Curtis	 and	 Walker	 (57)	 and	 is	

summarized	in	(Table	2.1).	Time	to	ventricular	tachycardia	(VT)	or	ventricular	fibrillation	

(VF)	was	defined	as	the	duration	of	time	from	initiation	of	reperfusion	and	onset	of	VT/VF.	

Heart	 rate	 (HR)	 was	 recorded	 during	 a	 baseline	 period	 of	 5	 minutes,	 ischemia	 and	

reperfusion.	Heart	rate	data	was	reported	as	the	mean	HR	within	groups	during	baseline,	

ischemia	and	the	1st	and	2nd	hours	of	reperfusion.		

Measures	of	Cardiac	Function	

All	physiological	parameters	of	cardiac	 function	 from	the	 isolated	hearts	of	saline	or	UFP	

exposed	hearts	were	 continuously	monitored	 and	 stored	on	 a	 computer	using	Lab-Chart	

(AD	Instruments,	Colorado	Springs,	CO,	USA).	

Quantification	of	Myocardial	Infarct	 		

Following	reperfusion	the	heart	was	cut	off	the	cannula	just	below	the	atria	and	the	right	

ventricle	 removed.	The	 left	ventricle	was	 then	sliced	 into	4	approximately	equal	 sections	

from	the	base	to	apex	and	weighed	for	the	determination	of	infarct	size	(33).	Each	slice	was	

then	placed	in	a	0.1	%	triphenyltetrazolium	chloride	solution	and	incubated	at	37	°C	for	10	

minutes	 in	 a	 shaking	 water	 bath.	 Following	 incubation	 both	 sides	 of	 each	 slice	 were	

photographed	 with	 a	 digital	 camera	 attached	 to	 a	 dissecting	 microscope.	 Images	 were	

quantified	using	Image	J	software	where	total	area	(TA),	lumen	area	and	infarcted	area	(IA)	

were	measured.	The	area	at	risk	(AAR)	was	considered	to	be	the	entire	 left	ventricle	and	
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was	 calculated	by	 taking	 the	TA	 and	 subtracting	 the	 lumen	 area.	 The	 infarcted	 area	was	

determined	by	measuring	the	white	appearing	tissue	in	the	AAR.	Areas	were	converted	to	

weights	by	multiplying	the	mean	of	the	AAR	and	IA	of	both	sides	of	the	slice	by	the	weight	

of	 each	 slice.	 The	 total	 weight	 of	 the	 IA	 from	 all	 sections	was	 then	 divided	 by	 the	 total	

weight	 of	 the	 AAR	 from	 all	 sections	 to	 obtain	 a	 percentage	 of	 the	 heart	 that	 was	

infarcted(75,	118,	289).		

Isolation	of	Cardiac	Mitochondria	

Left	 ventricular	 cardiac	 mitochondria	 were	 isolated	 as	 described	 in	 Sloan	 et	 al.	 (270).		

Briefly,	hearts	were	excised	and	 immersed	 in	4	°C	 isolation	 solution	 (IS)	 containing:	300	

mM	 sucrose,	 10	 mM	 sodium-hepes	 and	 0.2	 mM	 EDTA.	 The	 left	 ventricle	 was	 excised,	

weighed,	and	rinsed	in	fresh	IS	buffer.	The	ventricular	tissue	was	minced	and	subjected	to	

trypsin	(1.25	mg)	digestion	(2	min)	in	10	ml	of	IS	(pH	=	7.2).	Following	digestion,	10	ml	of	

IS	 buffer	 containing	 6.5	mg	 of	 trypsin	 inhibitor	 and	 BSA	 (1	mg/ml)	 was	 added	 and	 the	

suspension	was	then	homogenized	with	a	teflon	Potter-homogenizer.	The	homogenate	was	

centrifuged	at	600	x	g	for	10	min,	followed	by	centrifugation	of	the	supernatant	at	8000	x	g	

for	 15	min.	 The	 pellet	was	 then	 re-suspended	 in	 IS	 buffer	 +	BSA,	 re-centrifuged	 and	 the	

final	mitochondrial	 fraction	stored	on	 ice	 in	 IS	buffer.	Mitochondrial	protein	content	was	

determined	using	a	BCA	protein	assay.	

Ca2+	Retention	Capacity	

Calcium	retention	protocols	were	modified	from	Sloan	et	al.	(270)	where	

0.5	mg	mitochondria	were	 suspended	 in	 an	 assay	 buffer	 containing:	 125	mM	KCl,	 5	mM	

HEPES,	2	mM	KH2PO4,	1	mM	MgCl2	and	 (25	°C,	pH	=	7.3).	The	 fluorescent	Ca2+	indicator,	

calcium	green	5	N	salt,	was	utilized	to	track	changes	in	extra-mitochondrial	calcium	levels.	
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Fluorescence	was	measured	using	a	 fluorescence	spectrophotometer	(Photon	Technology	

International,	 Birmingham,	 NJ,	 USA),	 with	 excitation	 and	 emission	 wavelengths	 set	 to	

506/532	nm,	 respectively.	 Calcium	 induced	mPTP	opening	 experiments	were	 performed	

under	state	2	respiration	conditions	(5	mM	glutamate/5	mM	malate).	Mitochondria	were	

subject	 to	 sequential	 50	 nmol	 CaCl2	 pulses	 every	 3	 minutes,	 which	 causes	 repeated	

decreases	 in	 the	 fluorescent	 signal	 as	Ca2+	 is	 taken	up	by	 the	mitochondria.	 Induction	of	

mPTP	 was	 denoted	 by	 a	 sharp	 increase	 in	 extra	 mitochondrial	 Ca2+	 fluorescence,	

representing	 the	release	of	 the	accumulated	Ca2+	 from	the	mitochondrial	matrix.	Calcium	

retention	capacity	was	quantified	as	the	amount	of	calcium	needed	to	induce	PTP	opening	

(nmol	CaCl2/mg	mitochondria).	

Statistical	analysis	

Heart	rate	was	analyzed	using	repeated	measures	two-way	ANOVA	followed	by	Tukey	post	

hoc	test.	Values	were	reported	as	mean	±	SEM.	Differences	in:	infarct	size	between	groups,	

hemodynamic	variables,	 and	arrhythmia	data	were	analyzed	using	 two-way	ANOVA	with	

Bonferonni	 post-hoc	 test.	 	 Calcium	 retention	 differences	 were	 calculated	 by	 two-way	

ANOVA	with	Tukey	post	hoc	test.	In	all	cases	a	p	value	of	<0.05	was	considered	to	indicate	

statistical	significance.	All	data	were	analyzed	and	graphed	using	GraphPad	Prism	software	

(La	Jolla,	CA).	

	

Results:	

Cardiac	Electrical	Activity	Following	UFP	Exposure	

Pulmonary	exposure	to	UFP	had	no	impact	on	baseline	HR	compared	to	saline	instillation.	

Likewise,	administration	of	CsA	had	no	impact	on	mean	HR	during	a	baseline	assessment	
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(Table	 2.2).	 Following	 20	minutes	 of	 ischemia	 and	 restoration	 of	 perfusate	 buffer,	 there	

were	no	differences	in	HR	between	groups	during	the	reperfusion	following	stabilization	of	

the	ECG	 (Table	2.2).	Following	OP	aspiration	of	UFP	 there	was	a	modest	 increase	but	no	

statistically	significant	differences	in	the	number	of	PVCs	observed	during	a	baseline	period	

compared	to	saline	control.	Likewise,	although	statistically	insignificant,	there	was	a	minor	

reduction	 in	 baseline	 PVCs	 in	 the	 presence	 of	 CsA	 in	 hearts	 from	 rats	 having	 aspirated	

either	 saline	 or	 UFP	 (Figure	 2.1A).	 	 Aspiration	 of	 UFP	 resulted	 in	 a	 slight	 but	 non-

statistically	 significant	 decrease	 in	 time	 to	VT/VF	 compared	 to	 saline	 controls.	However,	

the	 presence	 of	 CsA	 tended	 to	 lengthen	 the	 time	 before	 reperfusion	 associated	 VT/VF	

(Figure	2.1B).	Overall,	neither	UFP	nor	CsA	had	a	significant	 impact	on	arrhythmogenesis	

as	there	were	no	differences	in	arrhythmia	scores	during	the	first	(Figure	2.1C)	or	second	

(data	not	shown)	hours	of	reperfusion.						

Cardiac	Function	Following	UFP	Exposure	

Baseline	assessment	of	cardiac	function,	defined	as	a	10	minute	period	prior	to	the	onset	of	

ischemia,	 revealed	 no	 statistically	 significant	 differences	 in	 left	 ventricular	 developed	

pressure	(LVDP),	 left	ventricular	contractility	 (LV	+dP/dt),	and	 left	ventricular	relaxation	

(LV	 -dP/dt),	 between	 hearts	 from	 UFP	 and	 saline	 exposed	 rats.	 Likewise,	 CsA	 had	 no	

impact	on	baseline	cardiac	function	(Table	2.2).		Following	twenty	minutes	of	ischemia	and	

during	 the	 first	 hour	 of	 reperfusion,	 there	were	 no	 statistically	 significant	 differences	 in	

cardiac	function	between	groups.	However,	overall	the	administration	of	CsA	resulted	in	a	

moderate	 improvement	 in	mean	LVDP	within	 the	 first	hour	of	 reperfusion,	 regardless	of	

aspirate	exposure	(Table	3).		While	no	statistically	significant	differences	in	mean	LVDP,	LV	

+dP/dt,	 or	 LV	 -dP/dt	 were	 observed	 between	 exposure	 groups	 during	 the	 final	 hour	 of	
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reperfusion,	the	hearts	from	rats	that	had	aspirated	saline	did	exhibit	a	modest	decrease	in	

mean	LVDP,	LV	+dP/dt	and	LV	-dP/dt	(Table	2.4)	relative	to	all	other	treatment	groups.	

Expansion	of	Myocardial	Ischemia/Reperfusion	injury	following	UFP	Exposure	

Exposure	to	UFP	significantly	increased	cardiac	ischemia	reperfusion	injury	by	nearly	20	%	

compared	 to	 saline	 control	 (Figure	 2.2).	 Addition	 of	 cyclosporine	 A	 reduced	 the	 overall	

expansion	 in	 reperfusion	 injury	 associated	 with	 UFP	 exposure	 by	 15	 %	 (Figure	 2.2).		

Cyclosporine	A	only	reduced	expansion	of	ischemia	reperfusion	injury	by	approximately	5	

%	in	hearts	of	rats	that	had	aspirated	saline.	

UFP	and	Ca2+	Retention	in	Isolated	Cardiac	Mitochondria	

Mitochondria	 isolated	 from	the	 left	ventricle	of	rats	24	hours	 following	aspiration	of	UFP	

required	significantly	less	Ca2+	to	induce	mPTP	opening	compared	with	saline	controls,	as	

measured	by	sustained	Ca2+	fluorescence	 (Figure	2.3).	Administration	of	CsA	significantly	

improved	Ca2+	uptake	in	isolated	mitochondria	from	rats	that	had	aspirated	UFP,	resulting	

in	 attenuation	 of	UFP	 associated	 impaired	 Ca2+	retention	 capacity.	 Administration	 of	 CsA	

had	no	statistically	significant	 impact	on	calcium	retention	 in	mitochondria	 isolated	 from	

LV	of	rats	that	had	aspirated	saline.		

	

Discussion:	

The	 rise	 in	 the	 incidence	 and	 prevalence	 of	 CVD	 is	 concerning.	 In	 the	 face	 of	worsening	

worldwide	 air	 quality,	 mechanisms	 linking	 pulmonary	 exposure	 to	 PM	 and	 CVD	 will	

become	 increasingly	 important	 in	 understanding	 that	 interaction	 and	 its	 impact	 on	 the	

severity	and	progression	of	CVD.	Herein,	we	examined	the	impact	of	OP	aspiration	of	UFP	

or	 saline	 on	 multiple	 aspects	 of	 cardiac	 function	 and	 expansion	 of	 myocardial	 injury	
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including:	HR,	arrhythmogenesis,	LVDP,	+LV	dP/dt,	-LV	dP/dt,	and	quantification	of	cardiac	

ischemia	 reperfusion	 injury.	 Given	 the	 multiple	 hypotheses	 regarding	 potential	

mechanisms	that	drive	UFP	to	exacerbate	cardiovascular	disease,	 including	inflammation,	

oxidative	 stress,	 autonomic	 dysfunction,	 or	 mitochondrial	 dysfunction	 (31),	 we	

hypothesized	 that	 UFP	 was	 able	 to	 exacerbate	 cardiac	 ischemia/reperfusion	 injury	 by	

promoting	 the	 opening	 of	 the	 mPTP.	 Our	 study	 supports	 previous	 studies	 linking	

detrimental	cardiovascular	endpoints	with	exposure	to	UFP	(16,	294),	and	demonstrates	a	

novel	target	of	UFP	toxicity	within	the	mitochondria	(86,	178),	the	mPTP.	 	These	findings	

are	important	for	two	reasons:	1)	these	data	demonstrate	the	ability	for	UFP	to	exacerbate	

cardiac	injury	in	the	face	of	a	secondary	stressor,	i.e.	myocardial	ischemia	and	reperfusion,	

2)	administration	of	CsA	abrogates	the	observed	increased	I/R	injury,	indicating	that	UFP	

may	be	influencing	mitochondrial	function	via	the	mPTP.		

	

In	order	to	assess	impact	of	UFP	on	CVD,	we	first	examined	if	OP	aspiration	of	UFP	had	any	

impact	on	basal	 cardiac	 function.	As	 there	were	no	differences	 in	baseline	HR	or	 cardiac	

function	between	saline	and	UFP	exposed	hearts,	it	was	determined	that	a	single	acute	UFP	

exposure	 alone	was	 insufficient	 to	 induce	 gross	 changes	 in	 function	 of	 an	 isolated	 heart	

preparation	or	incidence	of	electrocardiographic	ectopy.	These	observations	are	congruent	

with	previous	experimental	 findings	whereby	exposure	to	PM	alone	 induced	minor	or	no	

observable	 changes	 in	 cardiac	 function.	 However,	 when	 PM	 exposure	 is	 paired	 to	 a	

secondary	 insult	 or	 stressor,	 PM	 is	 capable	 of	 exaggerating	 latent	 electrophysiological	

dysfunction	(110)	or	worsening	cardiac	 injury	(118).	Furthermore,	 it	 is	possible	 that	any	

changes	 associated	 with	 UFP	 induced	 modulation	 of	 ion	 channels	 leading	 to	 increased	
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susceptibility	 to	 arrhythmogenesis	 would	 likely	 need	 greater	 than	 24	 hours	 to	 fully	

manifest	 (206).	 Following	 exposure	 to	 UFP	 and	 the	 additional	 stress	 of	 ischemia	 and	

reperfusion,	we	observed	minor	increased	susceptibility	to	VT/VF,	although	no	significant	

differences	 in	overall	arrhythmia	score	were	quantified,	and	may	simply	reflect	extent	of	

infarct	 induced	 by	 UFP	 in	 a	 global	 model	 of	 ischemia.	We	 recognize	 a	 limitation	 of	 this	

study	was	the	choice	of	a	high	dose	delivered	as	a	mass	unit	and	therefore	does	not	reflect	a	

realistic	 occupational	 exposure.	 However	 the	 results	 provided	 still	 provide	 clues	 to	 the	

mechanism	 through	which	particulate	matter	 exposure	may	 contribute	 to	 cardiovascular	

dysfunction.	

	

Mitochondria	are	critical	for	the	proper	mechanical	and	electrophysiological	function	of	the	

cardiomyocyte,	 playing	 roles	 that	 extend	 beyond	 bioenergetics	 and	metabolism.	 	 Proper	

function	 is	 required	 to	meet	 the	high	 energetic	demand	of	 the	 cardiomyocyte,	 as	well	 as	

playing	an	important	role	in	managing	oxidative	stress	and	Ca2+	handling	(60).	Exposure	to	

UFP	has	been	associated	with	both	oxidative	stress	(5,	17,	143,	166,	188)	and	alterations	in	

Ca2+	 handling	 (91,	 198,	 327).	 Furthermore,	 mitochondria	 play	 a	 significant	 role	 in	

mediating	 the	 extent	 of	 injury	 during	 ischemia	 and	 reperfusion	 (104).	 	 This	 raises	 the	

possibility	 that	 the	 mitochondria	 may	 be	 a	 potential	 target	 for	 attenuating	 some	 of	 the	

toxicological	endpoints	associated	with	UFP	exposure.		

	

This	study	evaluated	the	role	of	UFP	exposure	on	cardiac	mitochondrial	Ca2+	handling,	and	

how	subsequent	alterations	in	tolerance	to	Ca2+	 loading	may	contribute	to	cardiovascular	

dysfunction	and	injury	through	mitochondrial	function.		Using	a	paradigm	of	global	cardiac	
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ischemia	 reperfusion	 injury,	 we	 observed	 expansion	 of	 myocardial	 infarction	 in	 the	

presence	of	UFP.	Administration	of	CsA	was	able	to	attenuate	the	expansion	of	I/R	injury	

associated	with	UFP	 compared	 to	 saline	 in	 the	 isolated	 heart	model.	 	 	 Cyclosporine	 A	 is	

hypothesized	 to	 reduce	 reperfusion	 injury	 by	 preventing	 the	 opening	 of	 the	 mPTP	 and	

inhibition	of	the	resultant	cell	death	pathways	associated	with	mitochondrial	permeability	

transition	during	reperfusion	(84).	Exposure	to	UFP	was	associated	with	a	decrease	in	the	

number	 of	 Ca2+	 pulses	 required	 to	 induce	 opening	 of	 the	 mPTP,	 an	 effect	 that	 was	

prevented	by	CsA.	Given	these	results,	UFP	exposure	appears	to	be	associated	mPTP	Ca2+	

sensitization.		

	

It	 is	 interesting	 to	 note	 that	 the	 inability	 for	 CsA	 to	 completely	 abrogate	 expansion	 of	

reperfusion	injury	associated	with	UFP	exposure	suggests	the	I/R	injury	is	not	solely	tied	to	

mitochondrial	dysfunction	but	may	be	due	to	UFP	associated	oxidative	stress.	Additionally,	

despite	UFP	exposure	being	capable	of	generating	significant	infarct	expansion	there	are	no	

differences	 in	 cardiac	 function	 between	 groups	 during	 reperfusion.	 This,	 however,	 may	

reflect	the	infarct	size	experienced	by	the	myocardium	irrespective	of	treatment	were	large	

enough	to	generate	cardiac	dysfunction.			Although	not	measured	in	this	study,	exposure	to	

UFP	has	been	associated	with	 increased	 levels	of	oxidative	stress	(5,	17,	166,	188)	which	

may	promote	opening	of	the	mPTP	as	a	result	of	reactive	oxygen	species	induced	reactive	

oxygen	 species	 release	 (341).	 This	mechanism	 is	 not	 effectively	 attenuated	 by	 CsA	 (23),	

suggesting	 a	 potential	 additional	 role	 for	 other	 mitochondrial	 ion	 sensitive	 channels.	

Furthermore,	 it	 is	 important	 to	 note	 that	 centrifugation	 of	mitochondria	may	 result	 in	 a	

separation	of	healthy	and	unhealthy	mitochondria.	 If	 this	 is	 the	case,	 then	this	study	may	
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have	 only	 evaluated	 decreased	 calcium	 buffering	 in	 the	 healthy	 mitochondria	 following	

exposure	 to	 you	 UFP.	 It	 is	 possible	 that	 CsA	 is	 only	 capable	 of	 attenuating	 injury	 by	

preventing	mitochondrial	 transition	 in	healthy	mitochondria	 following	UFP	exposure	and	

explaining	why	CsA	was	unable	to	fully	attenuate	UFP	induced	expansion	of	myocardial	I/R	

injury.	

	

As	 the	Langendorff	model	 is	used	only	 to	evaluate	changes	 that	are	 intrinsic	 to	 the	heart	

there	 still	 exist	 alternate	 potential	mechanisms	 for	 the	 exacerbation	 of	 cardiac	 injury	 by	

UFP	 which	 have	 been	 previously	 studied,	 but	 not	 addressed	 in	 this	 study:	 autonomic	

imbalance,	 altered	 vascular	 reactivity,	 and	 increased	 thrombosis	 leading	 to	 vascular	

occlusion	 (31).	 The	 lack	 of	 total	 attenuation	 of	 UFP	 associated	 expansion	 of	 cardiac	 I/R	

injury	suggests	that	despite	the	mPTP	playing	an	important	role	in	UFP	cardiac	toxicity,	it	is	

unlikely	 to	 be	 the	 only	 target	 of	 UFP.	 These	 previously	 investigated	mechanisms	 of	 UFP	

toxicity	may	drive	expansion	of	cardiac	 I/R	 injury	 in	addition	to	 this	new	contribution	of	

impaired	 calcium	 buffering	 and	 mPTP	 activation	 in	 the	 mitochondria.	 The	 precise	

mechanism	 by	which	 UFP	may	 influence	 the	mitochondrial	 permeability	 transition	 pore	

and	influence	ischemia	reperfusion	injury	is	certainly	elusive.		A	direct	action	of	UFP	on	the	

mitochondrial	 permeability	 transition	 pore	 is	 unlikely	 but	 more	 likely	 to	 act	 through	

oxidant	burden	or	modulating	 immune	responses	and	by	which	CsA	may	be	contributing	

and	effect.	This	would	be	predicated	on	the	notion	that	UFP	was	able	to	generate	an	oxidant	

stress	which	may	have	an	additive	effect	in	the	presence	of	reperfusion	zone	where	oxidant	

stress	or	a	strong	 immune	response	element	 to	PM	toxicity	was	present.	 	 In	general,	CsA	

does	 not	 have	 any	 inherent	 antioxidant	 capacity	 but	 through	 it’s	 action	 on	 the	
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mitochondrial	 permeability	 transition	 pore	 can	 reduce	 ischemic	 induce	 free	 radial	

production	in	the	myocardium(109).	

	

Conclusion:	

Air	 pollution,	 particularly	 PM	 has	 been	 strongly	 associated	 with	 increasing	 prevalence,	

incidence,	and	severity	of	CVD.	We	investigated	the	impact	of	OP	aspiration	of	a	UFP	bolus	

on	 cardiac	 function,	 arrhythmogenesis,	 and	 cardiac	 ischemia/reperfusion	 injury,	 using	 a	

Langendorff	 model	 of	 the	 working	 heart.	We	 observed	 no	 differences	 in	 overall	 cardiac	

function;	the	susceptibility	to	arrhythmogenesis	was	marginally	 increased	by	exposure	to	

UFP	 but	 ischemia/reperfusion	 injury	 was	 significantly	 increased	 in	 hearts	 from	 UFP	

exposed	 rats,	 which	 was	 attenuated	 by	 administration	 of	 CsA.	 Furthermore,	 isolated	

mitochondria	 demonstrated	 impaired	 calcium	 buffering	 before	 opening	 of	 the	 mPTP.	

Together	 these	 findings	 suggest	 that	 UFP	 exposure	 is	 associated	 with	 mPTP	 Ca2+	

sensitization	resulting	in	the	promotion	of	mitochondrial	transition	and	contribution	to	an	

expanded	cardiac	reperfusion	injury.		
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Table	2.1	Heart	Rate	

	 Baseline	(bpm)	 Reperfusion	(bpm)	

Saline	

n	=	5	
303.7	±		15.0	 389.2	±	41.5	

Saline	+	CsA	

n	=	6	
271.6	±	9.8	 351.7	±	92.8	

UFP	

n	=	4	
273.3	±	20.5	 403.0	±	66.6	

UFP+CsA	

n	=	8	
269.8	±	16.4	 351.7	±	92.8	

	
Data	presented	as	calculated	mean	heart	rate	recorded	during	baseline	period	and	during	

reperfusion,	 following	 stabilization	 of	 the	 ECG.	 Values	 are	 expressed	 as	 mean	 ±	 SEM.	

Evaluation	for	statistical	significance	(p	<	0.05)	was	calculated	by	repeated	measures	two-

way	ANOVA	with	Tukey	post	hoc	test	within	a	time	period.		
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Table	2.2.	Cardiac	Function	-	Baseline	

	 LVDP	(mmHg)	 LV	+dP/dt	(cm	

H2O/sec)	

LV	-dP/dt	(cm	

H2O/sec)	

Saline	

n	=	4	

77.8	±	2.3	 2953	±	158	 -2023	±	152	

Saline	+	CsA	

n	=	6	

80.9	±	8.1	 2716	±	304	 -2061	±	156	

UFP	

n	=	4	

80.7	±	10.6	 3329	±	595	 -2109	±	467	

UFP+CsA	

n	=	8	

70.5	±	8.1	 2480	±	374	 -1763	±	153	

Calculated	mean	left	ventricular	developed	pressure	(LVDP),	left	ventricular	contractility	

(LV	+dP/dt),	and	left	ventricular	relaxation	(LV	-dP/dt)	recorded	during	baseline.	Values	as	

expressed	as	mean	±	SEM.	Evaluation	of	statistical	significance	(p<0.05)	was	calculated	by	

two-way	ANOVA	with	Bonferroni	post	hoc	test	within	a	time	period.	
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Table	3.	Cardiac	Function	–	1st	Hour	of	Reperfusion	

	 LVDP	(mmHg)	 LV	+dP/dt	(cm	

H2O/sec)	

LV	-dP/dt	(cm	

H2O/sec)	

Saline	

n	=	5	

1.6	±	0.1	 319.6	±	63.3	 -237.1	±	31.2		

Saline	+	CsA	

n	=	6	

3.1	±	0.9	 468.4	±	88.5	 -329.0	±	57.2		

UFP	

n	=	4	

1.8	±	0.1	 413.6	±	118.5	 -317.5	±	86.6		

UFP+CsA	

n	=	8	

2.9	±	1.0	 515.8	±	98.0	 -375.3	±	61.6		

Calculated	mean	left	ventricular	developed	pressure	(LVDP),	left	ventricular	contractility	

(LV	+dP/dt),	and	left	ventricular	relaxation	(LV	-dP/dt)	recorded	during	the	1st	hour	of	

reperfusion.	Values	are	expressed	as	mean	±	SEM.	Evaluation	for	statistical	significance	

(p<0.05)	was	calculated	by	two-way	ANOVA	with	Bonferroni	post	hoc	test	within	a	time	

period.	
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Table	4.	Cardiac	Function	2nd	Hour	of	Reperfusion	

	 LVDP	(mmHg)	 LV	+dP/dt	(cm	

H2O/sec)	

LV	-dP/dt	(cm	

H2O/sec)	

Saline	

n=4	

7.7	±	1.8	 330.1	±	63.4		 -213.4	±	30.0	

Saline	+	CsA	

n=6	

16.4	±	4.6		 587.3	±	113.1		 -409.1	±	83.0	

UFP	

n=4	

13.9	±	6.6		 559.6	±	210.7		 -369.3	±	137.0		

UFP+CsA	

n=8	

16.9	±	3.2		 600.8	±	92.3			 -416.1	±	65.3		

Calculated	mean	left	ventricular	developed	pressure	(LVDP),	left	ventricular	contractility	

(LV	+dP/dt),	and	left	ventricular	relaxation	(LV	-dP/dt)	recorded	during	the	2nd	hour	of	

reperfusion.	Values	are	expressed	as	mean	±	SEM.	Evaluation	for	statistical	significance	

(p<0.05)	was	calculated	by	two-way	ANOVA	with	Bonferroni	post	hoc	test	within	a	time	

period.	
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Figure	 2.1:	 Cardiac	 Electrical	 Activity.	 Ex	 vivo	 electrocardiogram	 recordings	 captured	

throughout	the	duration	of	the	Langendorff	protocol.	Open	bars	represent	values	obtained	

from	control	hearts	and	solid	bars	represent	values	from	age	matched	hearts	treated	with	

0.2	 µM	 CsA.	 Parameters	 measured	 were	 number	 of	 PVCs	 during	 a	 10	 minute	 baseline	

period	 (A),	 Time	 to	 VT/VF	 following	 reperfusion	 (B),	 and	 arrhythmia	 scoring	 for	 the	 1st	

hour	of	reperfusion	(C).	Statistical	significance	considered	as	p	<	0.05	by	two-way	ANOVA	

with	Bonferroni	post-hoc	test.	Data	are	reported	as	mean	±	SEM	with	n	=	4-6.	
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Figure	 2.2:	Myocardial	 Ischemia/Reperfusion	 Injury.	 Following	 a	 baseline	 period	 ex	

vivo	hearts	were	subjected	to	20	minutes	of	 ischemia	 followed	by	2	hours	of	reperfusion.	

Exposure	to	UFP	was	associated	with	expansion	of	cardiac	ischemia/reperfusion	injury	24	

hours	 following	 the	oropharyngeal	 aspiration.	Open	bars	 represent	values	obtained	 from	

control	 hearts	 and	 Solid	 bars	 represent	 values	 from	 hearts	 treated	 with	 0.2	 µM	 CsA.	

Statistical	significance	considered	at	p	<	0.05	vs		saline	and	indicated	by	(*)	as	calculated	by	

two-way	ANOVA	with	Bonferroni	post-hoc	test.	Data	are	reported	as	mean	±	SEM	with	n	=	

6-7.		

	



	 46	

	

	

	
	

	 	

Figure	 2.3:	 Isolated	 Mitochondria	 Ca2+	 Sensitivity.	 Quantification	 of	 calcium	 retention	

capacity	following	50	nmol	pulses	of	CaCl2	in	isolated	mitochondria	from	hearts	of	rats	that	

aspirated	saline	or	UFP	24	hours	prior	to	their	isolation.	Isolated	mitochondria	were	treated	

with	either	0.2	µM	CsA	(solid	bars)	or	control	(open	bars).	Statistical	significance	at	p	<	0.05	

vs	saline	 indicated	by	(*),	or	vs	+CsA	 indicated	by	(#),	were	calculated	by	two-way	ANOVA	

with	Bonferroni	post	hoc	test.	Data	are	reported	as	mean	±	SEM	with	n	=	3-4	experiemental	

groups.
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Abstract:	

Silver	 nanoparticles	 (AgNP)	 have	 garnered	much	 interest	 due	 to	 their	 antimicrobial	 properties,	

becoming	 one	 of	 the	 most	 utilized	 nano-scale	 materials.	 	 However,	 any	 potential	 evocable	

cardiovascular	injury	associated	with	exposure	has	not	been	reported	to	date.		We	have	previously	

demonstrated	 expansion	 of	myocardial	 infarction	 after	 intratracheal	 (IT)	 instillation	 of	 carbon-

based	 nanomaterials.	 	 We	 hypothesized	 pulmonary	 exposure	 to	 Ag	 core	 AgNP	 induces	 a	

measureable	 increase	 in	 circulating	 cytokines,	 expansion	 of	 cardiac	 ischemia-reperfusion	 (I/R)	

injury	 and	 is	 associated	 with	 depressed	 coronary	 constrictor	 and	 relaxation	 responses.	

Secondarily,	we	addressed	the	potential	contribution	of	silver	ion	release	on	AgNP	toxicity.	Male	

Sprague-Dawley	rats	were	exposed	to	200	µl	of	1	mg/ml	of	20	nm	citrate-capped	Ag	core	AgNP,	

0.01,	0.1,	1	mg/mL	Silver	Acetate	(AgAc),	or	a	citrate	vehicle	by	intratracheal	(IT)	instillation.		One	

and	7	days	following	IT	instillation	the	lungs	were	evaluated	for	inflammation	and	the	presence	of	

silver;	 serum	 was	 analyzed	 for	 concentrations	 of	 selected	 cytokines;	 cardiac	 I/R	 injury	 and	
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coronary	 artery	 reactivity	 were	 assessed.	 AgNP	 instillation	 resulted	 in	 modest	 pulmonary	

inflammation	with	detection	of	silver	in	lung	tissue	and	alveolar	macrophages,	elevation	of	serum	

cytokines:	 G-CSF,	 MIP-1α,	 IL-1β,	 IL-2,	 IL-6,	 IL-13,	 IL-10,	 IL-18,	 IL-17α,	 TNFα,	 and	 RANTES,	

expansion	of	I/R	injury	and	depression	of	the	coronary	vessel	reactivity	at	1	day	post	IT	compared	

to	vehicle	treated	rats.	 	Silver	within	lung	tissue	was	persistent	at	7	days	post	IT	instillation	and	

was	associated	with	an	elevation	in	cytokines:	IL-2,	IL-13,	and	TNFα	and	expansion	of	I/R	injury.	

AgAc	resulted	 in	a	concentration	dependent	 infarct	expansion	and	depressed	vascular	reactivity	

without	marked	 pulmonary	 inflammation	 or	 serum	 cytokine	 response.	 Based	 on	 these	 data,	 IT	

instillation	of	AgNP	increases	circulating	levels	of	several	key	cytokines,	which	may	contribute	to	

persistent	expansion	of	I/R	injury	possibly	through	an	impaired	vascular	responsiveness.	

	

Introduction:	

In	 recent	 decades,	 advances	 in	 material	 sciences	 and	 engineering	 have	 yielded	 new	 classes	 of	

nano-sized	materials.	 	These	nanomaterials	have	a	size	range	of	between	1	nm	and	100	nm	in	at	

least	 one	 dimension	 and	 are	 characterized	 by	 a	 high	 surface	 to	mass	 ratio	 (191,	 216).	 	 Of	 the	

various	 forms	 of	 engineered	 nanomaterials	 (ENM),	 silver	 nanoparticles	 (AgNP)	 have	 garnered	

much	attention	for	potential	uses	in	commercial	applications.		Silver	exhibits	innate	antimicrobial	

properties	 (234)	which	 have	made	 AgNP	 	 attractive	 for	 biomedical	 and	 consumer	 applications	

including	but	not	limited	to:	wound	dressings,	silver	impregnated	catheters,	vascular	prosthetics,	

clothing	and	undergarments,	air	filters,	laundry	detergents,	toiletries,	and	water	taps	(152,	191).	

However,	despite	the	seemingly	ubiquitous	use	of	AgNP,	the	toxicity	of	these	ENM,	particularly	the	

cardiovascular	 toxicity,	 is	 poorly	 understood.	 	 Furthermore,	 mechanisms	 by	 which	 AgNP	 may	

interact	with	biological	interfaces	are	only	beginning	to	be	elucidated	(268,	313).		Silver	ions	bind	

to	 both	 sulfur	 and	 phosphate	molecules	 (191),	which	may	 interrupt	 normal	 cellular	membrane	
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function	as	well	as	disrupt	DNA	and	RNA	binding	(336).		In	metal	derived	nanomaterials	[8]	and	

the	interactions	of	ENM	in	vivo,	nanoparticle	size	and	chemical	composition	may	be	an	important	

factor	in	determining	toxicological	impact	of	AgNP	exposure.		Surface	oxidation	of	AgNP	may	lead	

to	 oxidative	 stress	 and	 interactions	 with	 macromolecules	 that	 alter	 signaling	 processes,	

contributing	to	cardiovascular	dysfunction	following	pulmonary	exposure	to	AgNP	(184,	240).	

Inhalation	exposure	to	aerosolized	particles	is	a	chief	concern	regarding	the	safety	of	engineered	

nanomaterials.		Aerosolization	of	particles	may	occur	at	several	phases	of	AgNP	manufacture	and	

utilization.		Inhalation	exposure	to	AgNP	is	most	likely	to	occur	during	particle	synthesis,	handling	

of	dry	powders,	aerosolization	of	liquid	suspensions,	as	well	as	the	manufacture	and	machining	of	

composites	containing	AgNP	(232).		Exposure	is	also	possible	outside	of	the	realm	of	occupational	

exposure,	 through	 the	 use	 of	 AgNP	 in	 consumer	 products	 such	 as	 disinfecting	 sprays	 or	

deodorants	 that	 have	 the	 potential	 to	 directly	 aerosolize	 AgNP,	 which	 could	 lead	 to	 a	 direct	

pulmonary	exposure	to	AgNP	(232).		

In	 order	 to	 address	 potential	 concerns	 regarding	 the	 human	 health	 effects	 of	 exposure	 to	

nanomaterials	 the	 National	 Institute	 of	 Environmental	 Health	 Sciences	 Centers	 for	

Nanotechnology	 Health	 Implications	 Research	 (NCNHIR)	 Consortium	 was	 organized	 to	 gain	 a	

comprehensive	 and	 systematic	 understanding	 of	 ENM’s	 biological	 interactions	 as	 influence	 by	

their	 physiochemical	 properties.	 	 The	 underlying	 mechanisms	 by	 which	 ENM	 may	 impact	 the	

cardiovascular	 system	 are	 unclear.	 Proposed	 mechanisms	 of	 ENM	 cardiovascular	 toxicity	 may	

include	 systemic	 inflammation,	 metabolic	 derangement,	 autonomic	 dysregulation	 or	 oxidative	

stress	 (98,	 225).	 	 Previous	 investigations	 have	 demonstrated	 that	 exposure	 to	 various	 other	

particulate	 and	 ENM	 was	 associated	 with	 an	 increased	 inflammatory	 response	 as	 well	 as	

cardiovascular	dysfunction	(139,	301,	303,	327).		Here	we	investigated	the	cardiovascular	impact	

of	an	acute	pulmonary	exposure	to	a	silver	salt	and	pure	silver	core	nanoparticle	formulated	with	
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citrate-capping	(AgNP)	at	1	day	and	7	days	following	exposure.		We	hypothesized	that	pulmonary	

exposure	 to	 AgNP	 results	 in	 a	 pro-inflammatory	 state	 originating	 in	 the	 lungs	 that	 drives	 the	

expansion	of	cardiac	ischemia-reperfusion	(I/R)	injury	associated	with	increased	serum	cytokines	

not	 seen	 with	 the	 silver	 salt.	 	 To	 test	 this	 hypothesis	 male	 Sprague-Dawley	 (SD)	 rats	 were	

examined	 following	 intratracheal	 (IT)	 instillation	 of	 200	 μg	 of	 AgNP	 at	 1	 or	 7	 days	 following	

instillation.	Lungs	and	BAL	cells	were	collected	for	assessment	of	injury,	inflammation	and	silver	

persistence.	 In	 addition,	 serum	 was	 collected	 and	 measured	 for	 selected	 circulating	 cytokines.		

Rats	 underwent	 a	 temporary	 occlusion	 of	 the	 left	 anterior	 coronary	 artery	 to	 determine	 the	

impact	 of	AgNP	on	 expansion	 of	myocardial	 infarction.	 	 To	 further	 elucidate	 the	 cardiovascular	

impact	of	pulmonary	exposure	to	AgNP,	ex	vivo	small	vessel	wire	myography	was	utilized	to	assess	

the	reactivity	of	the	left	anterior	descending	coronary	artery.		Additionally,	to	test	the	contribution	

of	 ionic	 silver	 released	 from	 AgNP	 on	 the	 cardiovascular	 toxicology	 associated	 with	 AgNP	

exposure,	cohorts	of	animals	were	instilled	with	silver	acetate	(2	mg-	200	mg	silver	as	AgAc)	and	

cardiovascular	injury	endpoints	and	circulating	cytokine	profile	were	evaluated.		

	

Materials	and	Methods:	

Animals	

Male	Sprague	Dawley	rats	51-54	days	of	age	and	weighing	201-225	grams	were	purchased	from	

Charles	River	 Laboratory	 (Raleigh,	NC,	USA).	 	 Rats	were	 housed	 two	per	 cage	 under	 a	 12	 hour	

light/dark	 cycle.	 	 Standard	 rat	 chow	 and	 water	 were	 provided	 ad	 libidum.	 	 All	 animals	 were	

allowed	 a	 1	 week	 acclimatization	 period	 before	 beginning	 experimentation.	 	 Animals	 were	

randomly	 assigned	 to	 the	 following	 experimental	 groups	 for	 1	 day	 and	 7	 days	 post-instillation	

analysis:		Naïve,	Citrate,	20	nm	AgNP/Citrate.	Additional	experimental	groups	included	a	24	hour	
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exposure	 to:	 0.01,	 0.1,	 and	1	mg/mL	AgAc.	 	 	 ECU	 Institutional	Animal	 Care	 and	Use	Committee	

approved	all	animal	handling	and	experimental	procedures.	

Nanomaterials,	AgAc,	Vehicles,	and	Characterization	

Twenty	nm	AgNP	were	procured	from	NanoComposix	(San	Diego,	CA)	though	the	NIEHS	Centers	

for	 Nanotechnology	 Health	 Implications	 Research	 (NCNHIR)	 Consortium.	 	 Particle	

characterization	as	reported	by	the	manufacturer	included:	A.)	Diameter	(TEM)	21.3	±	3.2	nm;	B.)	

Surface	Area	(TEM)	25.6	m2/g;	C.)	Hydrodynamic	Diameter	(DLS)	26.2	nm;	D.)	Zeta	Potential	-34.4	

mV;	 and	endotoxin	 concentration	<5	EU/mL.	 	The	vehicle	 control	 for	 citrate	AgNP	was	a	2	mM	

solution	of	sodium	citrate	dissolved	 in	deionized	water.	 	The	citrate	capped	silver	nanoparticles	

stocks	 were	 independently	 characterized	 by	 Pacific	 Northwest	 National	 Laboratory’s	

Environmental	 Molecular	 Sciences	 Laboratory.	 	 Effective	 particle	 size	 (29.5	 ±	 0.5	 nm)	

Polydispersity	Index	(0.180)	and	Zeta	Potential	(-38	±	1	mV)	were	assessed	using	a	Brookhaven	

ZetaPALS	 Instrument	 (Brookhaven	 Instruments	 Corporation,	 Holtsville,	 NY).	 	 Scanning	

Transmission	Electron	Microscopy	(S/TEM)	was	also	performed	(Figure	3.8).		Stock	samples	were	

provided	at	concentration	1	mg/mL,	stock	particle	suspension	was	stored	in	the	dark	at	2	-	8	°C.		

Instillate	Preparation,	Dosing,	and	Intratracheal	Instillation	

AgNP	 aliquots	were	 cup-horn	 sonicated	 (Misonix	Model	 1510r-MTH,	 Branson	Ultrasonics	 Corp.	

Danbury,	 CT)	 for	 30	 seconds	 at	 50%	 amplitude.	 	 Sonicated	 aliquots	were	 then	 vortexed	 for	 30	

seconds	 prior	 to	 instillation.	 	 Rats	 were	 anesthetized	 by	 inhalation	 of	 a	 50:50	 isoflurane	

propylene-glycol	mixture	 in	 an	 induction	 chamber.	 	 Once	 an	 adequate	 plane	 of	 anesthesia	 had	

been	achieved	the	rat	was	vertically	suspended	by	the	frontal	incisors.		The	tongue	of	the	rat	was	

anteriorly	displaced			and	200	uL	of	AgNP,	AgAc	or	vehicle	was	dispensed	into	the	glottal	opening	

during	inspiration	to	ensure	pulmonary	aspiration.		.	

Cardiac	Ischemia/Reperfusion	and	Quantification	Of	Infarct	Size	
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One	or	7	days	following	IT	instillation	rats	were	anesthetized	with	an	intramuscular	 injection	of	

ketamine/xylazine	(90/10	mg/kg,	respectively).				Body	temperature	was	maintained	at	37°C	with	

a	heating	pad	and	feedback	control	using	a	rectal	temperature	probe	and	TC-1000	Temperature	

Controller	(CWE,	Inc.,	Ardmore,	PA).		Once	anesthetized	the	rats	were	intubated	via	tracheostomy	

with	a	16	gauge	angiocatheter.		Rats	were	ventilated	with	fraction	of	inspired	oxygen	(FiO2)	of	1	

via	an	 Inspira	Advanced	Safety	Ventilator	 (Harvard	Apparatus,	Holliston,	MA)	with	a	3	mL	 tidal	

volume	at	81	breaths	per	minute.	 	Each	animal	was	allowed	at	 least	15	minutes	of	equilibration	

prior	to	any	baseline	data	collection	prior	to	ischemic	manipulation.	

	

The	 heart	 was	 expsosed	 by	 an	 anterolateral	 partial	 sternotomy.	 	 The	 LAD	 was	 visualized	 and	

occluded	with	 6-0	 prolene	 suture	 and	 PE	 90	with	 a	 flared	 end	 as	 a	 reversible	 tourniquet.	 	 The	

tourniquet	was	secured	 in	place	 for	a	20	minute	period	of	 ischemia.	 	Successful	occlusion	of	 the	

LAD	was	 confirmed	by:	A.)	 blanching	of	 the	myocardium	distal	 to	 the	occlusion,	B.)	myocardial	

dyskinesia,	and	C.)	ECG	changes.		Following	20	minutes	of	ischemia	the	reversible	tourniquet	was	

released	allowing	two	hours	of	reperfusion.	

	

Following	 the	 reperfusion	period	 the	 rat	was	 exsanguinated	by	 transection	 of	 the	 inferior	 vena	

cava.	 	 The	 descending	 thoracic	 aorta	 was	 then	 cannulated	 with	 PE	 90	 and	 advanced	 to	 the	

coronary	ostia.		The	heart	was	flushed	with	approximately	5	mL	0.09%	normal	saline	and	the	LAD	

was	 re-occluded	 and	 infused	 with	 1%	 Evans	 blue	 dye	 for	 demarcation	 of	 the	 non	 at	 risk	

myocardium.		The	heart	was	then	excised	and	sliced	into	approximate	1mm	sections	distal	to	the	

occlusion.		The	slices	were	incubated	in	0.25%	TTC	(Sigma-Aldrich,	St.	Louis,	MO)	for	10	minutes	

to	 determine	 viable	 from	 infarcted	 tissue.	 	 Both	 sides	 of	 each	 heart	 slices	 were	 were	 digitally	
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photographed	and	Image	J	(National	Institutes	of	Health)	was	used	to	quantify	the	area	of	the	left	

ventricle,	area	at	risk,	and	area	of	infarction.	

Coronary	Artery	Isolation	and	Pharmacology	

Coronary	artery	isolation	and	vessel	viability	assessment	were	performed	1	or	7	days	following	IT	

exposure	 to	 AgNP	 or	 1	 day	 following	 IT	 exposure	 to	 citrate	 vehicle	 or	 AgAc.	 	 Isolation	 of	 the	

coronary	artery	was	performed	as	previously	described	(291).	The	heart	was	excised	and	placed	

in	ice-cold	physiological	saline	solution	(PSS);	[mM]	140.0	NaCl,	5.0	KCl,	1.6	CaCl2,	1.2	MgSO4,	1.2	

3-[N-morpholino]-propane	sulfonic	acid,	5.6	D-glucose,	and	0.02	EDTA	(pH	7.4	@	37	°C).	Pairs	of	

~2	mm	segments	of	 left	 anterior	descending	 coronary	 artery	 (LAD)	were	 excised	 and	mounted	

into	 the	 chambers	 of	 a	 610M	 multichannel	 myograph	 (DMT,	 Ann	 Arbor,	 MI)	 Vessel	 lumen	

diameter	was	adjusted	 so	 that	 resting	 tension	was	90%	of	 the	wall	 tension	at	13.3	kPa.	 	Tissue	

viability	was	assessed	with	a	potassium	depolarization	using	109	mM	K+PSS	(Na+	substituted	with	

K+	 in	 an	equal	molar	 fashion).	 	 Segments	were	washed	with	 fresh	PSS	and	endothelial	 integrity	

was	assessed	using	a	1.0	µM	serotonin	(5-HT)	stimulation	followed	3.0	µM	acetylcholine	(ACh).	A	

relaxation	response	of		>	50%	loss	of	the	serotonin	stress	was	considered	acceptable	endothelial	

integrity.		Segments	were	washed	every	10	minutes	with	fresh	PSS	for	30	minutes	and	subject	to	

pharmacologic	 assessments	 (289).	 	 Paired	 LAD	 segments	 were	 subjected	 to	 cumulative	

concentrations	of	serotonin	(10	nM–3.0	µM).		The	coronary	artery	stress	(mN/mm2)	generated	in	

response	to	5-HT	of	paired	segments	was	averaged	at	each	concentration	for	data	reporting.		Upon	

establishing	stable	tension	after	addition	of	 the	highest	concentration	of	5-HT,	one	of	 the	paired	

segments	 was	 subject	 to	 endothelial-dependent	 relaxation	 with	 ACh	 (1.0	 nM–1.0	 µM)	 and	 the	

other	 segment	 was	 subjected	 to	 endothelial-independent	 relaxation	 with	 sodium	 nitroprusside	

(SNP,	1.0	nM–1.0	µM).	

Serum	Collection	
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Following	anesthesia	cardiac	puncture	of	the	right	ventricle	was	performed	to	collect	whole	blood.	

Approximately	1	mL	of	whole	blood	was	collected	from	citrate,	AgNP	and	AgAc	exposed	groups	at	

1	 and/or	 7	 day	 time	points.	 	 All	 samples	were	held	 at	 room	 temperature	 for	 approximately	 30	

minutes	before	being	 centrifuged	at	20,800	 rcf	 for	30	minutes	at	4	 °C.	 	 Serum	supernatant	was	

removed	from	the	sample,	snap	frozen	in	liquid	N2	and	stored	at	-80	°C.	

Quantification	of	Serum	Cytokines	

Concentrations	of	serum:	G-CSF,	GM-CSF,	MIP-1α,	IL	-1β,	IL-2,	 IL-5,	 IL-6,	 IL-10,	IL-13,	IL-17α,	IL-

18,	IFNγ,	RANTES,	and	TNFα	were	measured	at	1	or	7	days	post-instillation	using	Milliplex	MAP	

Cytokine/Chemokine	 Panels(EMD	 Millipore,	 Billerica,	 MA)	 according	 to	 the	 manufacturer’s	

instructions.	The	multiplex	cytokine	assays	were	run	on	a	MagPix	system	(Luminex,	Austin,	TX)	

and	 all	 results	 were	 reported	 and	 analyzed	 by	 Milliplex	 Analyst	 version	 5.1	 (EMD	 Millipore,	

Billerica,	MA).	

Bronchoalveolar	Lavage	and	Cell	Differential	

Sprague	Dawley	rats	were	euthanized	and	bronchoalveolar	lavage	was	performed	with	a	modified	

procedure	as	described	by	Katwa	et	al.	(139).		Rats	were	deeply	anesthetized	with	isoflurane	and	

euthanized	 by	 pneumothorax.	 	 The	 thoracic	 cage	 was	 removed	 and	 the	 connective	 tissue	

surrounding	 the	 lung	 was	 resected.	 	 The	 left	 main	 bronchus	 was	 ligated.	 	 A	 tracheotomy	 was	

performed	with	a	14	gauge	angiocatheter	and	secured	with	2–0	suture.		A	bolus	of	Hanks	balanced	

saline	 solution	 (23.1	 ml/kg)	 was	 slowly	 lavaged	 into	 the	 right	 lung	 three	 successive	 times.		

Recovered	BAL	 fluid	was	 centrifuged	 at	 1,000	 ×	 g	 for	 10	min	 at	 4°C.	 	 The	 cell	 pellets	were	 re-

suspended	 in	 1	 mL	 of	 fresh	 cold	 Hanks	 balanced	 saline	 solution.	 	 Total	 cell	 counts	 were	

determined	 with	 a	 Cellometer	 Auto	 X4	 (Nexcelom	 Biosciences,	 LLC,	 Lawrence,	 MA).	 BAL	 fluid	

volumes	containing	20,000	cells	were	centrifuged	onto	glass	slides	using	a	Cytospin	III	(Shandon	

Scientific	 Ltd,	 Cheshire,	 UK)	 and	 stained	 via	 a	 three-step	 hematology	 stain	 (Richard	 Allan	
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Scientific,	 Kalamazoo,	 MI).	 	 Cell	 differential	 counts	 were	 determined	 by	 microscopy	 based	 on	

hematologic	stain	and	cellular	morphology	counting	300	cells	per	slide.	

Total	Protein	Quantification	of	Bronchoalveolar	Lavage	Fluid		

Recovered	BAL	supernatant	was	used	for	protein	quantification	using	a	standard	Bradford	protein	

assay.	 	Protein	concentration	was	quantified	using	5	μL	of	BAL	supernatant	diluted	in	250	μL	of	

Bradford	 reagent.	 	 Samples	were	 plated	 in	 duplicate	 using	 a	 96-well	 plate.	 	 Absorbance	 values	

were	 read	 at	 562	 nm	 using	 a	 BIO-TEK	 Synergy	HT	 plate	 reader	 (Winooski,	 VT)	 and	 data	were	

analyzed	with	Gen5	software	(BIO-TEK).		Absorbance	values	for	each	sample	were	compared	with	

a	standard	curve	produced	using	2.0–0.0625	mg/mL	of	bovine	serum	albumin.	

Lung	Histology	

The	unlavaged	 left	 lungs	of	 instilled	 rats	were	perfused	with	unbuffered	 zinc	 formalin	 (Richard	

Allan	Scientific)	at	30	cm	H2O	via	an	18	gauge	angiocatheter	 inserted	 into	 the	 tracheal	opening.		

The	 cannulated	 trachea	 and	 left	 lung	 were	 excised	 intact	 and	 submerged	 in	 zinc	 formalin	 and	

allowed	 to	 fix	 for	24–72	hours	before	being	processed	and	embedded	 in	paraffin.	 	 Longitudinal	

lung	 sections	 (5	 μm)	were	 cut	 and	mounted	 on	 glass	 slides	 and	 stained	with	 hematoxylin	 and	

eosin	(H&E)	for	gross	pathologic	and	morphologic	analysis	using	light	microscopy.	

Darkfield	Microscopy	

Silver	 nanoparticle	 deposition	was	 qualitatively	 evaluated	 in	 H	 &	 E	 stained	 paraffin	 embedded	

lung	 sections	 and	 broncholveolar	 lavage	 (BAL)	 cells	 using	 a	 Cytoviva	 enhanced	 dark	 field	

microscope	 (Cytoviva,	 Auburn,	 AL).	 	 Lung	 sections	 and	 BAL	 cells	 were	 evaluated,	 at	 a	

magnification	of	60x	by	imaging	of	the	cells	in	the	focal	plane	of	the	nuclei,	for	presence	of	AgNP	

and	qualitative	assessment	of	AgNP	deposition	at	1	and	7	days	following	exposure.	

Autometallography	
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Silver	was	visualized	using	a	variation	of	a	published	method	for	autometallography	(58,	99).	 	A	

silver	 enhancement	 kit	 for	 light	 and	 electron	microscopy	 (Ted	Pella	 Inc,	 Redding	CA)	was	used	

(313)	 and	 all	 slides	were	 developed	 under	 identical	 conditions	 to	 facilitate	 comparisons	 across	

groups	and	time-points.		Paraffin	embedded	samples	were	de-paraffinized	rehydrated	and	stained	

with	 equal	 volumes	 of	 enhancer	 and	 developer	 for	 15	 minutes.	 	 Slides	 were	 imaged	 using	 an	

Olympus	BH-2	light	microscope.	

Statistical	Analysis	

All	data	are	presented	as	mean	values	±	SEM	unless	otherwise	noted.	 	GraphPad	Prism	software	

version	 6	 (LaJolla,	 CA)	was	 used	 for	 the	 purposes	 of	 statistical	 analysis	 and	 graphing	with	 a	 P-

value	 of	 <	 0.05	 indicated	 statistical	 significance	unless	 otherwise	 noted.	 	 Cardiac	 I/R,	BALF	 cell	

differentials,	 and	 BALF	 protein	 quantification	 data	 were	 compared	 by	 one-way	 ANOVA	 with	

Tukey’s	post-hoc	test	for	multiple	comparisons.		Time	point	differences	between	vehicle	and	AgNP	

exposure	was	conducted	with	a	Student’s	 t-test.	 	Cytokines	were	compared	by	One-way	ANOVA	

with	Tukey’s	post-hoc	test	for	multiple	comparisons.	 	Group	size	was	calculated	based	on	power	

analysis	 of	 cardiac	 I/R	 experiments.	 	 Coronary	 artery	 vascular	 response	 curves	were	 generated	

using	nonlinear	regression	analysis	of	the	f-pair	parameter	best-fit	values.		Curves	were	compared	

using	 ANOVA	with	 Tukey’s	 post-test	 for	multiple	 comparisons.	 	 EC50	 and	Hillslope	 values	were	

generated	 by	 averaging	 normalized	 concentration-response	 curves	 (0-100%)	 of	 individual	

subjects	within	a	cohort.		Results	were	compared	using	ANOVA	and	Tukey’s	post-test	for	multiple	

comparisons.			

Results:	

Pulmonary	Responses	to	Instillation	of	AgNP	or	AgAc	

One	 and	 7	 days	 following	 IT	 instillation	 of	 citrate	 vehicle	 or	 20	 nm	 AgNP,	 examination	 of	

hematoxylin	 and	 eosin	 stained	 lung	 sections	 of	 male	 SD	 rats	 revealed	 minimal	 acute	 injury	
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associated	 with	 20	 nm	 AgNP.	 	 One	 day	 post	 instillation	 (Figure	 3.1D)	 AgNP-instilled	 lungs	

displayed	a	lack	of	inflammation,	cellular	infiltrate,	and	alveolar	wall	thickening	when	compared	

to	the	lungs	of	naïve	(Figure	3.1A)	or	citrate	vehicle	controls	(Figure	3.1B).		However,	seven	days	

following	IT	instillation	of	20	nm	AgNP	a	modest	alveolar	wall	thickening	was	noted	(Figure	3.1E)	

compared	to	naïve	(Figure	3.1A)	or	citrate	vehicle	control	lungs	(Figure	3.1C).	 	No	other	signs	of	

cellular	infiltrate	or	inflammation	were	noted	in	the	lungs	at	7	days	following	instillation.			

	

Cell	differentials	within	recovered	bronchoalveolar	fluid	(BALF)	demonstrated	increased	numbers	

of	 epithelial	 cells	 in	 the	 citrate	 vehicle	 instilled	 group	 compared	 to	 naïve.	 	 The	 numbers	 of	

macrophages,	neutrophils,	lymphocytes,	or	eosinophils	did	not	differ	between	the	naïve,	citrate	or	

20	 nm	 AgNP	 instilled	 groups.	 However,	 the	 AgAc	 group	 had	 lower	 macrophages,	 increased	

neutrophil	and	lymphocyte	numbers	than	all	other	groups.	(Table	3.1).	 	Protein	concentration	in	

recovered	 BALF	 also	 did	 not	 differ	 significantly	 between	 naïve,	 citrate	 control,	 or	 20	 nm	AgNP	

groups	 1	 day	 and	 7	 days	 following	 instillation	 while	 the	 AgAc	 group	 had	 a	 greater	 amount	 of	

lavage	protein	(Table	3.2).	

	

Autometalography	staining	of	lung	tissue	revealed	an	absence	of	silver	in	alveolar	spaces	in	naïve	

samples	 and	 samples	 from	 rats	 exposed	 to	 citrate	 vehicle	 at	 1	 and	 7	 days	 (Figure	 3.2	 A-C).		

Intratracheal	 instillation	 of	 AgNP	 resulted	 in	 positive	 silver	 staining	 localized	 to	 small	 blood	

vessels,	 type	 I	 alveolar	 cells	 in	 bronchiole-alveolar	 duct	 regions	 and	 macrophages	 in	 proximal	

airways	1	day	post	exposure	(Figure	3.2D).		Seven	days	post	exposure,	silver	staining	was	present	

in	terminal	bronchial	epithelial	tissue,	surrounding	alveolar	tissue	as	well	as	macrophages	(Figure	

3.2E).		
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Enhanced	dark	field	microscopy	also	revealed	the	presence	of	silver	nanoparticles	in	the	alveoli	of	

20	 nm	 AgNP	 instilled	 SD	 rats.	 	 The	 observed	 nanoparticles	 appear	 to	 be	 localized	 to	 alveolar	

macrophages	 rather	 than	 to	 epithelial	 cells	 of	 the	 alveoli	 at	 1	 day	 (Figure	 3.3D)	 compared	 to	

vehicle	 (Figure	 3.3B)	 or	 naïve	 (Figure	 3.3A).	 	 Seven	 days	 following	 instillation,	 the	 AgNP	 still	

appeared	localized	to	macrophages	within	the	alveoli	(Figure	3.3E),	no	AgNP	were	noted	in	citrate	

control	lungs	(Figure	3.3C).	 	Examination	of	cells	recovered	from	BALF	with	enhanced	dark	field	

microscopy	 shows	 AgNP	 in	 macrophages	 at	 1	 day	 and	 7	 days	 (Figure	 3.4C,	 D)	 but	 not	 in	

macrophages	recovered	from	citrate-instilled	rats	(Figure	3.4A,	B).	

Serum	Cytokine	Concentations	Following	It	Instillation	of	AgNP	

Analysis	 by	multi-plex	 assay	 of	 serum	 collected	 from	 rats	 exposed	 to	 citrate	 vehicle	 or	 20	 nm	

AgNP	 revealed	 an	 increase	 in	 several	 cytokines	 and	 chemokines	 at	 both	 1	 and	 7	 days	 post	

instillation	 compared	 to	 citrate	 vehicle.	 	 Notably,	 serum	 concentrations	 of	 pro-inflammatory	

cytokines:	 IL-1β	(Figure	3.5A),	 IL-6	(Figure	3.5C),	 IL-18	(Figure	3.5E),	TNFα	(Figure	3.5G),	were	

significantly	 elevated	 at	 1	 day	 compared	 to	 citrate	 control.	 	 Several	 other	 cytokines	 and	

chemokines	were	also	elevated	compared	to	control	 including:	G-CSF,	MIP-1α,	 IL-2,	 IL-13,	 IL-10,	

IL-17α,	 and	RANTES	 (Table	3.3).	 	 Seven	days	 following	 IT	 instillation	of	 20	nm	AgNP	or	 citrate	

vehicle	 resulted	 in	a	 significant	elevation	of	 cytokines:	 IL-2,	 IL-13	 (Table	3.3)	and	TNFα	(Figure	

3.5H).		AgAc	instillation	did	not	result	in	any	significant	release	of	circulating	cytokines	1	day	post	

exposure	(Table	3.3).	Serum	levels	of:	IL-1β	(Figure	3.5A),	IL-6	(Figure	3.5C),	IL-18	(Figure	3.5E),	

TNFα	(Figure	3.5G)	were	not	detectable	in	serum	or	significantly	lower	when	compared	to	citrate	

vehicle	and	AgNP	results.		

Cardiovascular	Responses	to	IT	Instillation	of	AgNP	or	AgAC	

Exposure	to	AgNP	altered	coronary	artery	responses	at	1	day	and	7	days	post	IT	instillation	and	in	

general	any	changes	associated	with	exposure	waned	between	1	and	7	days.	 	One	day	following	
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instillation	coronary	arteries	isolated	from	AgNP	instilled	SD	rats	did	not	have	differences	in	the	

serotonin	(5-HT)	maximal	stress	generation	or	EC50	value	when	compared	to	naïve	(Fig.	3.6A	and	

Table	3.4).		Instillation	of	the	citrate	vehicle	depressed	coronary	artery	stress	generation	capacity	

in	 response	 to	 5-HT	when	 compared	 to	 naïve	 (Fig.	 3.6A).	 	 In	 contrast,	 at	 seven	 days	 following	

exposure	 to	 AgNP	 there	 was	 a	 decrease	 in	 5-HT	 stimulated	 response	 compared	 to	 naïve,	

manifested	as	a	reductions	in	EC50	and	Hill	slope	values	(Table	3.4	and	Fig.	3.6A).			

	

Instillation	of	AgNP	as	well	as	citrate	vehicle	decreased	the	magnitude	of	the	relaxation	response	

to	acetylcholine	(ACh)	both	1	and	7	days	 following	exposure	(Fig.	3.6C).	 	However,	7	days	post-

exposure	 to	 AgNP	 increased	 the	 sensitivity	 (diminished	 EC50	 value)	 to	 ACh	 compared	 to	 either	

naïve	 or	 1	 day	 post	 AgNP	 exposure	 (Fig.	 3.6D	 and	 Table	 3.4).	 	 The	 magnitude	 of	 relaxation	

responses	 to	 sodium	 nitroprusside	 (SNP)	 was	 unaltered	 across	 all	 groups	 or	 time	 points	 (Fig.	

3.6E).	 	 However,	 both	 citrate	 vehicle	 and	 7	 day	 post-AgNP	 exposure	 displayed	 increased	

sensitivity	(diminished	EC50	value)	to	SNP	compared	to	1	day	post	exposure	AgNP	or	naïve	control	

(Fig.	3.6F	and	Table	3.4).	

	

Exposure	to	intratracheal	 instillation	of	1	mg/mL	(200	mg)	AgAc	did	show	a	modest	diminution	

but	 non	 statistical	 changes	 in	 magnitude	 of	 stress	 response,	 EC50	 or	 Hillslope	 values	 with	 5-

HTstimulation	when	compared	to	naïve	at	1	day	following	exposure	(Table	3.4	and	Supplemental	

Fig.	 3.2A,	 B).	 	 	 Intratracheal	 instillation	 of	 AgAc	 also	 resulted	 in	 a	 modest	 but	 non	 statistical	

reduction	in	the	ACh	relaxation	without	differences	in	the	EC50	or	Hillslope	values	(Table	3.4	and	

Supplemental	 Figure	3.2C,	D).	 	 	 Exposure	 to	AgAc	did	not	 change	 the	 relaxation	 characteristics,	

EC50,	or	Hill	slope	induced	by	SNP	concentration-response	(Table	3.4	and	Supplemental	Fig.	3.2E,	
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F).	Overall,	 instillation	of	AgAc	stress	generation	and	stress	relaxation	responses	were	similar	to	

those	observed	for	the	citrate	vehicle	control.		

	

Induction	of	cardiac	I/R	injury	1	day	following	instillation	of	20	nm	AgNP	resulted	in	an	increase	

in	infarcted	myocardium.		The	area	of	infarcted	myocardium	when	normalized	to	the	area	at	risk	

and	was	increased	by	12%	compared	to	naïve	control	(Figure	3.7A)	and	by	9%	compared	to	the	

infarcted	myocardium	 of	 the	 vehicle	 control	 (Figure	 3.7A).	 	 The	 area	 of	myocardium	 infarcted,	

within	an	area	of	risk,	did	not	differ	significantly	between	naïve	and	citrate	controls	at	1	day	post	

instillation	(Figure	3.7A).	 	The	single	instillation	of	AgNP	resulted	in	an	expansion	of	cardiac	I/R	

injury	7	days	post	instillation	(Figure	3.7B).		Although	the	size	of	the	I/R	injury		following		AgNP	

instillation	appeared	to	be	waning	between	the	1	and	7	day	time	points,	they	were	not	statistically	

different	from	each	other.		The	naïve	and	citrate	controls	did	not	differ	significantly	in	the	area	of	

myocardial	infarction	between	the	same	time	points.		

	

Exposure	 to	 AgAc	 instillation	 also	 resulted	 in	 expansion	 of	 I/R	 injury	 in	 a	 concentration-

dependent	manner.	 	 Intratracheal	exposure	to	1	mg/ml	of	AgAc	(200	mg)	as	well	as	0.1	mg/mL	

(20	mg)	 resulted	 in	 an	expansion	of	 I/R	 injury	by	21	and	11%	respectively,	 compared	 to	naïve	

(Figure	7C).	 	The	 lowest	concentration	of	AgAc	 instilled,	(0.01mg/mL	or	2	mg),	did	not	result	 in	

expansion	of	cardiac	I/R	injury	compared	to	naïve	(Figure	3.7C).	

	

Discussion:	

This	 study	 is	unique	as	 it	demonstrates	 that	 IT	exposure	 to	20	nm	AgNP	results	 in	exaggerated	

cardiovascular	 injury	 1	 and	 7	 days	 following	 a	 single	 bolus	 instillation.	 	 These	 findings	 are	

congruent	with	 other	 studies	 that	 have	 investigated	 the	 potential	 for	 a	 negative	 cardiovascular	
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impact	following	pulmonary	exposures	to	various	nanomaterials	(263,	291,	303).		One	hypothesis	

proposes	 that	 the	 pulmonary	 instillation	 of	 a	 nanomaterial	 establishes	 a	 pro-inflammatory	

condition	 that	 primes	 the	 target	 organ	 for	 exacerbation	 of	 an	 evoked	 injury	 response	 such	 as	

cardiac	 I/R.	 	 We	 provide	 evidence	 in	 support	 of	 such	 a	 hypothesis.	 With	 this	 model	 of	 IT	

instillation	 of	 AgNP	 increased	 serum	 concentrations	 of	 several	 cytokines	 and	 chemokines,	

associated	 with	 the	 expansion	 of	 cardiac	 I/R	 injury	 and	 an	 altered	 agonist	 sensitivity	 or	 (10)	

constrictor	response	of	the	coronary	artery.	We	also	demonstrated	a	cardiac	ischemic	reperfusion	

injury	 response	 to	a	pulmonary	 instillation	of	 ionic	 silver	 in	 the	 form	of	AgAc	but	 contrasts	 the	

results	of	the	AgNp	data	as	there	was	no	apparent	association	with	systemic	cytokine	elevation	or	

corresponding	 vascular	 tissue	 response	 changes	 suggestive	 of	 an	 alternative	 mechanism	 of	

toxicity	with	silver	ions	instillation.	

	

The	 link	between	cardiovascular	disease	or	dysfunction	and	 inflammation	are	well	documented	

(74,	 185,	 310).	 	 In	 this	 study	we	 observed	 an	 elevation	 in	 serum	 concentrations,	 at	 1	 day	 post	

AgNP	 instillation,	 of	 pro-inflammatory	 cytokines:	 IL-1β,	 IL-6,	 IL-18,	 TNFα,	 in	 concentrations	

higher	than	in	serum	from	the	citrate	vehicle	control	rats.		These	cytokines	are	well	documented	

to	 have	 key	 roles	 in	 the	 exacerbation	 of	 cardiac	 injury	 (293,	 310)	 and	 increased	 serum	

concentrations	have	been	correlated	with	worsening	cardiac	function	and	heart	failure	(284,	310).		

IL-1β	and	TNFα,	in	addition	to	IL-18	are	responsible	for	enhanced	surface	expression	of	selectins,	

VCAM-1	 and	 ICAM-1	 (145,	 168),	 which	 indicate	 endothelial	 activation	 due	 to	 inflammation.		

Inflammatory	induction	of	the	endothelium	may	play	a	role	in	influencing	those	vascular	response	

as	changes	seen	in	this	study	and	reported	to	be	associated	with	particle	exposure	and	no-reflow	

phenomenon	 (168,	 185)	underlying	 an	 expansion	of	 cardiac	 I/R	 injury.	 	 The	profile	 of	 elevated	

cytokines	may	contribute	to	the	observed	coronary	vascular	dysfunction.		Elevations	in	cytokines	
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such	as	IL-2	and	TNFα	have	been	linked	to	increased	endothelial	damage	and	impaired	vascular	

function	 (141).	 	 Furthermore,	 inflammation	 and	 increased	 perivascular	 infiltration	 of	

macrophages	and	T-lymphocytes	has	been	linked	to	endothelial	dysfunction	 leading	to	 impaired	

vascular	relaxation	and	hypertension	via	increased	circulating	levels	of	IL-6,	TNFα,	IL-1β,	and	IL-

17	(87).	 	Elevations	 in	 the	pro-inflammatory	cytokine	 IL-6	have	been	demonstrated	 to	decrease	

levels	 and	 activity	 of	 eNOS,	 which	 is	 crucial	 for	 endothelial	 dependent	 relaxation	 (48).	 	 The	

vascular	 dysfunction	 following	 elevated	 inflammatory	 responses	 to	 AgNP	may	 contribute	 to	 an	

altered	coronary	flow	and	the	observed	expansion	of	cardiac	injury.	The	cardiovascular	impact	of	

the	 instillation	of	AgNP	 seems	 to	wane	over	 time,	 as	 alterations	 in	 vascular	 responses	 and	 to	 a	

lesser,	non-statistically	significant,	degree	expansion	of	cardiac	I/R	were	both	diminished	from	1	

to	7	days.		Despite	the	diminished	impact	of	AgNP	on	cardiac	end-points,	over	time	the	profile	of	

serum	 cytokines	 in	 response	 to	 IT	 instillation	 of	 AgNP	 did	 change	 from	 1	 to	 7	 days	 following	

exposure.	 	Elevations	 in	circulating	cytokines	may	result	 from	continued	AgNP	interactions	with	

cells	in	the	lung,	stimulating	cytokine	release	and	providing	an	underlying	systemic	inflammatory	

condition	(225).	

	

Of	 interest,	 there	 appears	 to	 minimal	 inflammation	 in	 the	 lung	 in	 terms	 of	 gross	 histologic	

morphology,	 cell	 differentials	 and	 bronchoalveolar	 lavage	 protein,	 conforming	 the	 reports	 from	

other	studies	 that	do	not	report	acute	overt	 lung	toxicity	 following	exposure	to	AgNPs	(10,	154,	

240,	278).	However,	we	report	an	 increase	 in	serum	cytokine	concentrations	and	cardiac	 injury	

following	exposure	to	AgNP.		This	may	suggest	an	inflammatory	response	to	IT	instillation	of	AgNP	

that	does	not	remain	localized	to	the	lungs.		The	apparent	interactions	of	AgNP	with	macrophages	

observed	 in	 this	 study	 and	 reported	 elsewhere	 (10,	 204,	 225,	 261,	 269)	may	promote	 cytokine	

release	in	the	lungs	resulting	in	a	systemic	inflammatory	response	through	these	cytokines.		AgNP	
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have	been	demonstrated	to	 interact	with	mast	cells	and	 induce	degranulation	(4).	 	 It	 is	possible	

that	 a	 similar	 mechanism	 results	 in	 activation	 of	 macrophages	 and	 resulting	 cytokine	 release.		

Furthermore,	 interaction	 of	 AgNP	 with	 immune	 cells	 including	 macrophages	 via	 scavenger	

receptors	may	 result	 in	 apoptosis	 and	 associated	 initiation	 of	 inflammatory	 cascades	 (67,	 269).	

The	persistent	elevation	of	 cytokines	observed	 in	AgNP	exposed	rats	may	be	related	 to	 the	bio-

persistence	 of	 AgNP	 and	 continuing	 interaction	 with	 alveolar	 macrophages	 which	 has	 been	

observed	in	gold-core	citrate	capped	AgNP	(10).	

	

The	 heart	 and	 lungs	 are	 interconnected	 in	 terms	 of	 anatomy	 and	 physiological	 function	 and	

suggest	 a	 potential	 for	 a	 close	 relationship	 between	 pulmonary	 toxicant	 exposure	 and	

cardiovascular	compromise	(22,	304).		In	this	study,	we	have	demonstrated	pulmonary	exposure	

to	AgNP	results	in	an	expansion	of	cardiac	I/R	injury	1	day	and	7	days	following	IT	instillation.		We	

suggest	that	exposure	to	AgNP	results	in	elevations	of	several	pro-inflammatory	cytokines,	which	

may	act	 to	prime	 the	 cardiovascular	 system	 to	 respond	 to	 the	 evocable	 ischemic	 insult	with	 an	

exaggerated	injury.		While	the	assessment	of	cytokine	concentrations	of	recovered	BALF	was	not	

performed	 for	 this	 study;	 however	 the	 degree	 of	 inflammatory	 cytokine	 in	 the	 lungs	 has	 been	

investigated.	 	 Halberl	 and	 co-workers	 published	 results	 that	 found	 elevations	 in	 macrophage	

stimulating	cytokines	in	BALF	of	AgNP	1	day	following	IT	instillation	of	70	nm	AgNP	(98).		At	1	day	

following	 IT	 instillation	 we	 have	 found	 a	 significant	 elevation	 in	 serum	 levels	 of	 several	 pro-

inflammatory	cytokines.	In	general	in	our	model	at	7	days	post	instillation,	serum	concentrations	

of	most	cytokines	levels	remained	elevated.		We	also	observed	a	small	but	significant	expansion	of	

cardiac	I/R	injury	at	7	days	versus	1	day,	which	may	suggest	that	extent	of	cardiac	injury	cannot	

simply	be	accounted	for	solely	by	discreet	measures	of	 the	serum	cytokine	profile	or	tied	to	the	

presence	 of	 a	 single	 cytokine.	 Interestingly,	 serum	 cytokine	 concentrations	 increased	 in	 citrate	
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exposed	 animals	 from	 1	 and	 7	 days	 post	 exposure,	 which	 may	 indicate	 a	 vehicle	 effect	 of	

pulmonary	 instillation	of	citrate	that	has	not	previously	described.	 	This	 increase	 in	background	

cytokine	 concentrations	 may	 be	 associated	 with	 the	 slight,	 but	 non-statistically	 significant,	

increase	in	cardiac	I/R	injury	in	citrate-exposed	animals	from	1	to	7	days.			

	

We	 investigated	 alterations	 in	 coronary	 artery	 responses	 following	 AgNP	 instillation	 to	

understand	 if	 the	 expansion	 of	 the	 ischemic	 damage	 in	 the	 cardiac	 tissue	might	 be	 related	 to	 a	

change	in	the	perfusion	of	the	tissue	post	ischemia	via	this	artery.		Interestingly,	we	found	that	IT	

exposure	 to	 AgNP	 resulted	 in	 a	 depressed	 serotonin	 constrictor	 stress	 response.	 	 This	 finding	

contrasts	 other	 reports	 of	 IT	 exposure	 to	 various	 nanomaterials	 associated	 with	 augmented	

vascular	 constrictor	 responses	 (291,	 307,	 308)	 and	 elevated	mean	 arterial	 pressure	 (240).	 	We	

observed	that	IT	instillation	of	citrate	may	also	have	vasoactive	properties	as	stress	generation	to	

5-HT	was	 further	reduced	compared	to	coronary	artery	segment	responses	 from	naïve	or	AgNP	

instilled	 rats.	 	 This	 unexpected	 vehicle	 effect	may	mask	 a	 pro-constrictor	 effect	 of	 exposure	 to	

AgNP	as	the	comparison	between	vehicle	and	AgNP	coronary	response	shows	a	partially	reversal	

of	the	attenuation	of	the	citrate	response.		The	observed	suppression	of	the	segments	response	to	

5-HT	 suggest	 a	 possible	 influence	 of	 capping	 or	 vehicle	 on	 vascular	 reactivity.	 	 The	 role	 of	 the	

capping	 agents	 used	 to	 disperse	 nanomaterials	 has	 been	 subject	 of	 great	 interest	 and	 there	 is	

strong	 evidence	 that	 capping	 agent	 can	 impact	 a	 toxicity	 of	 the	material	 on	 various	 cells	 types	

(261,	 316)	 raising	 the	 question	 would	 IT	 instillation	 of	 AgNP	 in	 a	 different	 vehicle	 result	 in	 a	

greater	 stress	 generation	 to	 5-HT	 if	 not	 for	 the	presence	 of	 a	 vehicle	 effect?	 	We	did	 observe	 a	

depressed	 maximal	 relaxation	 to	 the	 endothelial	 dependent	 relaxation	 agent	 acetylcholine	

corroborating	 the	 reports	 of	 impaired	 endothelial	 relaxation	 following	 other	 particle	 exposures	

(307,	 308).	 In	 aggregate	 our	 results	 appear	 to	 reflect	 a	 poor	 vaso-reactivity	 of	 the	 coronary	



	 65	

vascular	 segments	 but	 does	 not	 indicate	 an	 enhanced	 vaso-constrictive	 state	 of	 	 the	 coronary	

vasculature	 during	 reperfusion	 	 after	 ischemia	 that	 would	 contribute	 to	 the	 infract	 expansion.		

Measures	 of	 coronary	 perfusion	 itself	 would	 need	 to	 be	 conducted	 in	 other	 future	 studies	 to	

support	that	hypothesis.		

	

The	 persistence	 of	 AgNP	 in	 vivo	 has	 been	 reported	 to	 exist	 for	 up	 to	 56	 days	 (10)	 our	 results	

appear	 to	 confirm	 a	 bio-persistence	 of	 silver	 in	 pulmonary	 associated	 tissues/cells	 for	 7	 days.		

This	 may	 result	 from	 slowed	 pulmonary	 clearance	 of	 particles	 administered	 by	 instillation	

compared	to	inhalation	(230)	or	the	dissolution	and	formulation	of	other	NP	or	salt	participates	

(204,	 271,	 310)	 The	 contribution	 of	 silver	 ions	 to	 the	 observed	 toxicity	 observed	 remains	 a	

possible	mechanism.	 It	has	been	reported	 that	20	nm	citrate	capped	AgNP	quickly	dissolutes	 in	

water	however,	this	dissolution	can	be	slowed	in	the	presence	of	dipalmitoylphosphatidylcholine	

a	componenet	of	surfactant	(10,	259).	The	combination	of	slowed	Ag+	ion	dissolution	paired	with	

delayed	lung	clearance	may	contribute	to	the	persistent	toxicity	observed	in	this	study.		

A	secondary	question	can	be	raised	regarding	AgNP	and	potential	cardiovascular	toxicity:		What,	if	

any,	contribution	do	silver	ions	have	in	the	exacerbated	myocardial	I/R	injury?	In	order	to	address	

that	question,	male	SD	rats	were	instilled	with	200	mL	of	a	1	mg/mL,	0.1	mg/mL,	or	0.01	mg/mL	

concentrations	 of	 AgAc,	 a	 silver	 salt	 that	 dissociated	 to	 form	 Ag+	 in	 an	 aqueous	 solution.	 	 The	

concentrations	 selected	 represent	 a	 range	 of	 potential	 silver	 ion	 dissolution	 from	 the	

nanoparticles	in	the	lungs	ranging	from	100%	dissolution	to	1%.			Reports	from	the	NIH	Centers	

for	 Nanotechnology	 Health	 Implications	 Research	 Consortium	 meetings	 suggest	 that	 the	

dissolution	rate	from	theses	nanomaterials	in	in	vitro	settings	can	range	from	1-	30%	dependent	

on	 the	 particle	 size	 and	 the	 initial	 suspension	 concentration	 (10).	 Studies	 regarding	 the	

dissolution	of	silver	ions	from	AgNP	are	difficult	to	conduct,	however	studies	have	evaluated	the	
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Ag	 dissolution	 rates	 of	 species	 of	 AgNP	 in	 culture	 media	 (204).	 Our	 assessment	 of	 the	

cardiovascular	 impact	 of	 the	 IT	 of	 silver	 acetate	 at	 least	 for	 1	 day	 post	 exposure,	 was	 not	

equivalent	 in	 its	 impact	on	cytokine	and	vascular	reactivity	as	 that	observed	 for	AgNP	exposure	

and	may	suggest	other	mechanisms	for	ionic	silver	related	CV	toxicity	than	those	associated	with	

AgNP.		Comparing	I/R	injury	expansion	from	AgAc	to	AgNP	we	observe	similar	extent	of	injury	at	

the	 highest	 concentration	 of	 AgAc	 as	 induced	 by	 AgNP.	 However,	 1	mg/mL	 AgAc	 represents	 a	

complete	in	vivo	dissolution	and	higher	than	expected	based	on	in	vitro	studies.	Instillation	of	0.1	

mg/mL	AgAc	also	induced	I/R	injury	equivalent	to	AgNP.	These	data	allow	us	to	suggest,	based	on	

comparisons	of	AgNP	 to	AgAc	concentration	dependent	 I/R	 injury,	 if	 silver	 ion	dissolution	 from	

the	AgNP	was	responsible	for	the	establishment	of	condition	for	the	I/R	injury	it	would	be	close	to	

particle	dissolution	of	greater	than	10%	within	the	first	24	hours.		The	lack	of	toxicity	associated	

with	the	lowest	concentration	of	silver	acetate	instillation	is	congruent	with	findings	in	other	cell	

types	whereby	low	concentrations	of	 ionic	silver	were	not	associated	with	cytotoxicity,	however	

high	concentrations	of	silver	may	contribute	to	cytotoxicity	(72,	281).		The	in	vitro	dissolution	rate	

is	dependent	on	concentration,	so	it	may	be	the	expansion	of	I/R	injury	at	24	hours	post	exposure	

is	associated	with	processes	effected	by	the	rate	of	dissolution	of	Ag+.		It	is	likely	that	Ag+	ions	are	

at	 least	 partially	 responsible	 for	 the	 cardiovascular	 toxicity	 of	 AgNP	 due	 their	 concentration	

dependent	ability	to	expand	I/R	injury	24	hours	post	IT	instillation.	The	contribution	ionic	silver	

toxicity	 may	 be	 tempered	 by	 decreased	 silver	 dissolution	 rates	 from	 AgNP	 in	 the	 presence	 of	

pulmonary	surfactant,	as	well	as	particle	size	dependent	dissolution	rates	(163).	 	Exposure	 to	1	

mg/mL	 AgAc	 also	 resulted	 in	 depressed	 coronary	 artery	 segment	 relaxation	 responses	 to	 ACh,	

which	 could	 explain	 the	 expansion	 of	 cardiac	 infarct	 expansion,	 however	 the	 mechanism	 why	

which	 silver	 ions	 directly	 contribute	 to	 impaired	 vascular	 reactivity	 in	 the	 absence	 of	 a	 strong	

inflammatory	 response	 remains	 unclear.	 The	 lower	 concentrations	 of	 AgAc,	 which	 likely	
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correspond	to	real	world	dissolution	rates	did	not	result	in	a	marked	increase	in	infarct	expansion	

suggesting	that	mechanisms	of	toxicity	may	differ	between	AgNP	and	AgAc.	

	

Conclusion:		

Given	the	prevalence	of	AgNP	in	commercial	applications,	it	is	crucial	to	understand	the	potential	

impact	 of	 AgNP	 on	 cardiovascular	 function,	 inflammation	 and	 injury.	 	 Pulmonary	 exposure	 to	

AgNP	is	a	likely	exposure	route	for	individuals	involved	in	manufacturing	processes	involving	both	

synthesis	 of	 AgNP	 or	 its	 incorporation	 into	 consumer	 goods.	 	 Additionally,	 consumers	 may	 be	

subject	 to	 pulmonary	 exposure	 to	 AgNP	 through	 products	 such	 as	 disinfecting	 sprays	 or	

deodorants.	 	 We	 have	 found	 that	 IT	 instillation	 of	 20	 nm	 AgNP	 results	 in	 a	 serum	 pro-

inflammatory	cytokine	profile	without	apparent	lung	injury.		The	elevation	in	circulating	cytokines	

can	 be	 associated	with	 the	 expansion	 of	 cardiac	 ischemia/reperfusion	 injury	 observed	 at	 1	 day	

and	7	days	post	exposure	and	can	be	correlated	with	known	cardiac	injury.		The	potential	role	of	

circulating	 cytokine	 to	 enhance	 coronary	 vascular	 tone	 contributing	 to	 the	 ischemic	 injury	may	

not	 be	 likely	 associated	 with	 anyone	 cytokine.	 	 Despite	 evidence	 that	 AgNP	 may	 elicit	 an	

inflammatory	response	that	may	contribute	to	cardiovascular	toxicity,	the	mechanisms	by	which	

AgNP	induces	an	inflammatory	response	or	vascular	dysfunction	remain	elusive.		Herein	we	found	

cardiovascular	 toxicity	 resulting	 from	 a	 single	 exposure	 to	 AgNP	 out	 to	 7	 days	 post	 exposure.		

Further	 studies	 utilizing	 multiple	 AgNP	 exposures	 and	 smaller	 concentrations	 are	 required	 to	

determine	the	lower	limit	of	adverse	impact	on	the	cardiovascular	system.	Additionally,	although	

exposure	to	high	concentrations	of	AgAc	resulted	in	expansion	of	cardiac	I/R	injury,	exposure	to	

AgAc	did	not	result	in	the	same	elevations	of	circulating	cytokines	or	changes	in	vascular	reactivity	

associated	with	exposure	to	AgNP,	suggesting	that	the	toxicity	of	AgNP	is	not	entirely	associated	

with	the	dissolution	of	silver	from	the	nanomaterials.		
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Table	3.1:	Bronchoalveolar	Lavage	Cell	Differentials	

	 Total	 Cells	

(x105)	

Macrophages	

(%	of	Total	 cell	

count)	

Neutrophils	

(%	 of	 Total	

cell	count)	

Eosinophils	

(%	 of	 Total	

cell	count)	

Lympocytes	

(%	 of	 Total	

cell	count)	

Epitheila	 Cells	

(%	 of	 Total	

cell	count)	

Naive	 3.2	±	0.6	 99.1	±	0.2	 0.1	±	0.1	 0.0	±	0.0	 0.0	±	0.0	 0.8	±	0.2	

Citrate	

Vehicle	

2.7	±	0.5	 95.9±	0.7	 0.1	±	0.1	 0.1	±	0.1	 0.2	±	0.1	 3.8	±	0.7a	

Ag	 NP	

(1day)	

4.1	±	0.6	 90.8	±	7.7	 7.8	±	7.7	 0.0	±	0.0	 0.7	±	0.7	 0.7	±	0.4b	

AgNP	

(7day)	

3.7	±	0.7	 89.1	±	5.1	 8.9	±	5.1	 0.4	±	0.2	 0.8	±	0.3	 0.8	±	0.4b	

AgAc	

(1day)	

6.1	±	1.1a,b,c,d	 57.6	±	10.8	 37.8	±	10.2	a,b,c	 0.2	±	0.2	 3.9	±	1.1	 0.5	±	0.4	

Total	 cells	 and	 reletive	 percentage	 of	 macrophages,	 neutrophils,	 eosinophils,	 lyphocytes,	 and	

epithelial	cells	present	in	BAL	fluid	following	IT	instillation	of	citrate	vehicle	or	200	mg	in	200	ml	

installation	 blous	 of	 	 20	 nm	 silver	 naoparticle	 	 (AgNP)	 or	 silver	 acetate	 (AgAc).	 	 Statistical	

significance	p	<	0.05	compared	to	naïve	a,		Citrate	vehicle	b,	1	day	AgNP	c,	determined	by	one	way	

ANOVA	with	Tukey	post	hoc	test.		Data	displayed	as	mean	±	SEM,	n	=	4-5.	
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Table	3.2:	Bronchoalveolar	Lavage	Protein	Quantification	

	 Total	Protein	(mg/ml)	

Naive	 0.15	±	0.01	

Citrate	Vehicle	 	

1	d	 0.31	±	0.09	

7	d	 0.22	±	0.02	

AgNP	 	

1	d	 0.33	±	0.02	

7	d	 0.18	±	0.03	

AgAc		 3.88	±	2.25	

	

Protein	concentration	measured	by	Bradford	assay	from	recovered	BAL	Fluid.	Silver	nanoparticle	

(AgNP)	or	silver	acetate	(AgAc)	was	deliverd	as	a		200	mg	in	200	ml	installation	blous.		Statistical	

significance	p	<	0.05	compared	to	naïve	a	or	Citrate	vehicle	b	determined	by	one	way	ANOVA	with	

Tukey	post	hoc	test.		n	=	4-5.		Data	displayed	as	mean	±	SEM.	
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Table	3.3:	Serum	Cytokines	and	Chemokines	

Cytokine/Chemokine	

(pg/ml)	

Citrate	 AgNP	 AgAc	

1	day	 7	days	 1	day	 7	days	 1	day	

G-CSF	 11.1	±	3.93	 53.0	±	38.1	 90.6	±	21.1b,c	 119.0	±	14.5	 0.0	±	0.0	

GM-CSF	 0.0	±	0.0	 10.9	±	10.9	 0.0	±	0.0	 0.0	±	0.0	 0.0	±	0.0	

MIP-1a	 20.9	±	3.7	c	 28.2	±	8.9	 41.5	±	1.53	b,c	 40.4	±	1.49	 0.0	±	0.0	

IL-2	 110.0	±	29.3	c	 175.0	±	65.3	 312.0	±	10.1	b,c	 328	±	23.3	b	 0.0	±	0.0	

IL-13	 0.0	±	0.0	 20.7	±	20.7	 422.0	±	155.0	b,c	 792	±	224	b	 0.0	±	0.0	

IL-10	 23.9	±	8.1	c	 51.3	±	31.2	 101.0	±	5.4	b,c	 99.8	±	9.51	 0.0	±	0.0	

INFγ	 0.0	±	0.0	 187.0	±	187.0	 126.0	±	126.0	 305.0	±	39.6	 0.0	±	0.0	

IL-5	 243	±	43.6	 351.0	±	79.6	 331.0	±	7.8	 324.0	±	7.82	 8.74	±	8.74	

IL-17α	 54.6	±	18.3	c	 94.7	±	37.9	 155.0	±	7.8	b,c	 167	±	8.32	 0.0	±	0.0	

RANTES	 721.0	±	26.8	c	 663.0	±130.0	 1138.0	±	52.1	b,c	 924.0	±	60.4	 143	±13.7	

Serum	cytokine	concentrations	1	day	and	7	days	 following	200	ml	 instillation	of	Citrate	vehicle	or	200	mg	20	nm	AgNP	or	silver	

acetate	 (AgAc).	 	 Statistical	 significance	 p	 <	 0.05	 compared	 to	Citrate	 vehicle	 at	 matched	 time-point	 b	 or	 compaired	 to	 AgAc	 c		

determined	by	one-way	ANOVA	and	Tukey’s	post-hoc	test	for	multiple	compairisions.		Data	displayed	as	mean	±	SEM,	n	=	4-5.	
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Table	3.4:	Pharmacology	of	the	Isolated	Coronary	Artery	Segments	

	 EC50	(nM)	 Hillslo	

pe	

Maximum	

Stress	

Withdrawl	

(mN/mm2)	

Maximu	

m	Stress	

Constriction	

(mN/mm2)	

5-HT	 Naïve	 5623	±	1304	 1.67	±	0.18	 	 4.01	±	0.53	

	 Citrate	 4805	±	859	 1.91	±	0.20	 2.44	±	0.59	

	 AgNP	 	 	 	

	 1d	 7769	±	908	 3.49	±	0.50ab	 3.70	±	0.27	

	 7d	 6142	±	980	 2.65	±	0.38	 2.94	±	0.35	

	 AgAc	 4472	±	819	 1.75	±0.12	 2.38	±	0.52	

	 	 	 	 	

ACh	 Naïve	 184	±	39	 1.17	±	0.13	 4.46	±	0.46	

	 Citrate	 190	±	149	 1.06	±	0.20	 2.30	±	0.97	

	 AgNP	 	 	 	

	 1d	 261	±	65	 0.82	±	0.07	 2.47	±	0.49	

	 7d	 94	±	31	 1.00	±	0.34	 2.76	±	0.49	

	 AgAc	 136	±	199	 1.08	±	0.06	 1.56	±	0.45a	

	 	 	 	 	

SNP	 Naïve	 98	±	29	 1.94	±	0.32	 4.14	±	0.58	

	 Citrate	 9	±	3a	 1.28	±	0.09	 2.40	±	0.76	

	 AgNP	 	 	 	

	 1	d	 51	±	23	 1.68	±	0.32	 3.83	±	0.39	

	 7d	 14	±	4a	 1.49	±	0.19	 3.33	±	0.73	

	 AgAc	 60	±	15	 1.64	±	0.14	 2.85	±	0.86		

Calculated	 EC50,	 Hillslope,	 Minimum	 Stress,	 and	 Maximum	 stress	 responses	 of	 LAD	 coronary	

artery	 segment	 to	 serotonin	 (5-HT),	 acetylcholine	 (ACh),	 and	sodium	nitroprusside	 (SNP)	1	day	

and	7	days	 following	200	ml	 instillation	of	Citrate	vehicle	or	200	mg	20	nm	AgNP	or	1	day	post		

silver	acetate	(AgAc)	instillation.		Values	reported	as	Mean	±	SEM.	Statistical	significance	p	<	0.05	

compared	 to	naïve	 a,		Citrate	vehicle	b,	1	day	AgNP	 c	 	determined	by	one	way	ANOVA	with	Tukey	

post	hoc	test.		Data	displayed	as	mean	±	SEM,	n	=	4-6.	
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Figure	 3.1:	H&E	 Lung	 Histology	 Representative	 hematoxylin	 and	 eosin	 stained	 lung	 histology.		

Naïve	 Sprague	 Dawley	 Rat	 (A),	 1	 day	 following	 citrate	 vehicle	 instillation	 (B),	 7	 days	 following	

instillation	of	citrate	vehicle	(C),	1	day	 following	 instillation	of	20	nm	AgNP	(D),	7	days	 following	

instillation	 of	 20	 nm	AgNP	 (E).	 	 No	 gross	 pathology	was	 noted	 in	 the	 naïve	 cohort	 or	within	 the	

citrate	vehicle	or	20	nm	AgNP	at	1	day.	 	The	citrate	vehicle	had	some	erythrocytes	within	the	lung	

tissue	while	 the	 20	 nm	 AgNP	 showed	modset	 increased	 alveolar	wall	 thickening	 at	 7	 days	 post	

instillation.	
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Figure	3.2:	Autometalography	Silver	Staining	of	Lungs.	Silver	localization	in	lung	tissue	at	the	

terminal	bronchiole	alveolar	duct	junction	using	autometallography	with	no	background	staining.	

Arrows	show	localization	of	silver	to	 the	terminal	bronchiole	alveolar	duct	 junction	7	days	post	

instillation.	Silver	is	particularly	associated	with	bifurcations,	and	the	subepithelial	extracellular	

matrix	 and	 adjacent	 vasculature.	 Panel	 A)	 Naïve;	 B)	 Citrate	 vehicle	 1	 day;	 C)	 Citrate	 vehicle	 7	

days;	D)	AgNP	1	day	and	E)	AgNP	7	days	post	instillation.	
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Figure	 3.3:	 Darkfield	 Microscopy	 of	 Lung	 Histology. Representive images of enchanced darkfield 

microsopy of lung tissue.  Naïve male Sprague-Dawley Rat (A),  1 day following citrate vehicle instillation 

(B), 7 days following instillation of citrate vehicle (C), 1 day following instillation of 20 nm AgNP (D), 7 days 

following instillation of 20 nm AgNP (E).  White arrows indicate punctate formations of AgNP visible in 

sections. 
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Figure	 3.4:	 Darkfield	 Microscopy	 of	 Isolated	 BAL	 Cells.	 Representive	 images	 of	 enchanced	

darkfield	 microsopy	 of	 cells	 recovered	 from	 bronchoalveolar	 lavage	 fluid.	 	 One	 day	 following	

citrate	vehicle	 instillation	(A),	7	days	 following	 instillation	of	citrate	vehicle	(B),	1	day	 following	

instillation	of	20	nm	AgNP	(C),	7	days	following	instillation	of	20	nm	AgNP	(D).   
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Figure	 3.5:	 Serum	 Proinflammatory	 Cytokine	 Concentrations	 Following	 IT	

instillation	of	AgNP.	Serum	concentration	of	proinflammatory	cytokines	1	day	and	7	

days	after	IT	instillation.	 	Cytokines	 IL-1β	(A),	 IL-6	(C),	 IL-18	(D),	and	TNFα	(E)	were	

elevated	compared	to	citrate	vehicle	1	day	following	IT	instillation.		At	7	days	following	

instillation	 only	 TNFα	 (H)	 remained	 elevated	 above	 vehicle.	 b	 denotes	 statistical	

significance	from	vehicle	p<	0.05	by	t-test,		Data	are	reported	as	mean	±	SEM	with	n	=	

4-5.	
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Figure	 3.6.	 Ex	 Vivo	 Coronary	 Artery	 Myography	 Responses.	 Pharmacologic	 responses	 of	

coronary	artery	 segments	 including:	maximal	 stress	 response	 to	5-HT	 (A),	 and	percent	maximal	

constrictor	 response	 to	 5-HT	 (B),	 maximal	 stress	 withdrawl	 to	 ACh	 (C)	 and	 SNP	 (E),	 Percent	

relaxation	of	maximal	stress	to	ACh	(D)	and	SNP	(F).		Significance	expressed	as	p<0.05	as	follows:	

(a)	Naïve	vs	Citrate	vehicle,	(b)	Naïve	vs.	1	day,	(c)	Citrate	vehicle	vs	1	day	AgNP,	(d)	 	1	day	vs	7	

day	AgNP,	(e)	Naïve	vs	7	day	AgNP.		Data	are	reported	as	mean	±	SEM	with	n	=	4-6,	Lines	represent	

the	nonliner	Hill	fit	to	the	mean	values.	
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Figure	3.7:	Cardiac	Ischemia/Reperfusion	Injury	Following	IT	instillation	of	AgNP.	Cardiac	

I/R	 injury	 in	male	SD	 rats	exposed	to	citrate	vehicle	or	AgNP	following	20	minutes	of	 ischemia	

and	2	hours	of	reperfusion.		Ischemia-reperfusion	injury	is	expanded	1	day	following	IT	exposure	

to	AgNP	compared	 to	vehicle	or	naïve	 (A).	Expansion	of	 I/R	 injury	persists	7	days	 following	 IT	

instillation	(B).		Statistical	significance,	P	<	0.05	determined	by	one-way	ANOVA	with	Tukey’s	post	

hoc	 test.	 	a	 significant	versus	naïve,	b	 significant	vs	vehicle.	 	Data	are	 reported	as	mean	±	SEM	

with	n	=	4.	
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Figure	 3.8.	 S/TEM	 Images	 of	 AgNP.	 S/TEM	 imaging	 FEI-Titan	 80-300	 microscope	

equipped	with	a	probe	forming	lens	corrector	and	operated	at	an	accelerating	voltage	of	

300	keV.	 	The	high	annular	dark-field	(HAADF)	 image	collection	angle	 is	50-200	mrad.		

Samples	were	prepared	by	drop	casting	a	drop	of	stock	suspension	on	a	200	mesh	lacey	

carbon	TEM	grid.	
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Abstract:	

The	 uses	 of	 engineered	 nanomaterials	 have	 expanded	 in	 biomedical	 technology	 and	 consumer	

manufacturing.	 Furthermore,	 pulmonary	 exposure	 to	 various	 engineered	 nanomaterials	 has,	

likewise,	 demonstrated	 the	 ability	 to	 exacerbate	 cardiac	 ischemia	 reperfusion	 (I/R)	 injury.	

However,	the	influence	of	particle	size	or	capping	agent	remains	unclear.	 	In	an	effort	to	address	

these	 influences	we	explored	 response	 to	2	different	 size	 gold	 core	nanosilver	particles	 (AgNP)	

with	 two	different	capping	agents	at	2	different	 time	points.	We	hypothesized	that	a	pulmonary	

exposure	 to	 AgNP	 induces	 cardiovascular	 toxicity	 influenced	 by	 inflammation	 and	 vascular	

dysfunction	resulting	 in	expansion	of	cardiac	 I/R	 Injury	 that	 is	 sensitive	 to	particle	size	and	 the	

capping	 agent.	 Male	 Sprague-Dawley	 rats	 were	 exposed	 to	 200	 µg	 of	 20	 or	 110	 nm	

polyvinylprryolidone	 (PVP)	 or	 citrate	 capped	 AgNP.	 One	 and	 7	 days	 following	 intratracheal	

instillation	 serum	was	analyzed	 for	 concentrations	of	 selected	 cytokines;	 cardiac	 I/R	 injury	and	

isolated	 coronary	 artery	 and	 aorta	 segment	 were	 assessed	 for	 constrictor	 responses	 and	
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endothelial	dependent	relaxation	and	endothelial	independent	nitric	oxide	dependent	relaxation.	

AgNP	instillation	resulted	in	modest	increase	in	selected	serum	cytokines	with	elevations	in	IL-2,	

IL-18,	 and	 IL-6.	 	 Instillation	 resulted	 in	 a	 derangement	 of	 vascular	 responses	 to	 constrictors	

serotonin	 or	 phenylephrine,	 as	well	 as	 endothelial	 dependent	 relaxations	with	 acetylcholine	 or	

endothelial	 independent	 relaxations	 by	 sodium	 nitroprusside	 in	 a	 capping	 and	 size	 dependent	

manner.	Exposure	to	both	20	and	110	nm	AgNP	resulted	in	exacerbation	cardiac	I/R	injury	1	day	

following	 IT	 instillation	 independent	 of	 capping	 agent	 with	 20	 nm	 AgNP	 inducing	 marginally	

greater	 injury.	Seven	days	 following	 IT	 instillation	 the	expansion	of	 I/R	 injury	persisted	but	 the	

greatest	 injury	was	 associated	with	 exposure	 to	110	nm	PVP	 capped	AgNP	 resulted	 in	nearly	 a	

two-fold	 larger	 infarct	 size	 compared	 to	 naïve.	 Exposure	 to	 AgNP	 may	 result	 in	 vascular	

dysfunction,	 a	 potentially	 maladaptive	 sensitization	 of	 the	 immune	 system	 to	 respond	 to	 a	

secondary	 insult	 (e.g.,	 cardiac	 I/R),	 which	 may	 drive	 expansion	 of	 I/R	 injury	 at	 1	 and	 7	 days	

following	 IT	 instillation	where	 the	extent	of	 injury	 could	be	 correlated	with	 capping	agents	and	

AgNP	size.	

	

Introduction:	

	

The	 field	 of	 materials	 engineering	 has	 in	 recent	 decades	 yielded	 a	 new	 class	 of	 nano-sized	

materials.	 Engineered	nanomaterials	 (ENM)	 are	 characterized	by	 a	 size	 range	of	 between	1	nm	

and	100	nm	 in	at	 least	one	dimension,	and	a	high	surface	 to	mass	ratio	 (212,	216).	The	diverse	

physiochemical	properties	of	ENM	have	been	utilized	in	a	multitude	of	industrial,	commercial	and	

consumer	 applications	 and	 have	 raised	 concerns	 over	 potential	 human	 or	 animal	 toxicity.	 	 One	

particular	class	ENM	of	great	interest	include	the	nano-silver	(AgNP)	species.	Nano-silver	particles	

have	 innate	 antimicrobial	 properties	 (184)	 and	 as	 a	 result	 have	 been	 utilized	 in	 biomedical	
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applications:	wound	dressings,	 silver	 impregnated	catheters,	vascular	prosthetics,	 surgical	mesh	

(152,	 191);	 and	 consumer	 applications:	 clothing	 and	 undergarments,	 air	 filters,	 laundry	

detergents,	 toiletries,	 and	 water	 taps	 (232).	 The	 likelihood	 of	 human	 exposure	 has	 generated	

much	 interest	 in	 the	 potential	 toxicity	 of	 AgNP	 (100,	 203).	 Addressing	 concerns	 regarding	 the	

health	impact	of	exposure	to	ENM	the	National	Institute	of	Environmental	Health	Sciences	Centers	

for	 Nanotechnology	 Health	 Implications	 Research	 (NCNHIR)	 Consortium	 was	 instituted	 to	

understand	ENM’s	biological	 interactions.	Pulmonary	 responses	 to	ENMs	have	been	a	key	 focus	

regarding	investigation	routes	(27,	216,	319),	and	a	large	body	of	evidence	describing	AgNP	and	

pulmonary	interactions	(10,	26,	154,	259,	267).		

Despite	 the	 many	 investigations	 into	 the	 how	 pulmonary	 exposure	 to	 ENMs	 may	 impact	

pulmonary	toxicity,	there	are	far	fewer	investigations	on	the	impact	of	pulmonary	exposures	and	

cardiovascular	 toxicity	 (240).	 There	 is	 a	 strong	 relationship	 between	 pulmonary	 exposure	 to	

particulate	matter	 and	 cardiovascular	 toxicity	 (29,	 91,	 93,	 170,	 181,	 207,	 212).	 It	 has	 also	been	

demonstrated	 that	 pulmonary	 exposure	 to	 other	 forms	 of	 ENMs	 are	 capable	 of	 inducing	 or	

exacerbating	 cardiovascular	 injury	 (195,	 276,	 291,	 303).	 We	 have	 recently	 demonstrated	 that	

pulmonary	exposure	to	20	nm	silver-core	citrate	capped	AgNP	is	capable	of	 inducing	a	systemic	

inflammatory	 response,	 coronary	 artery	 dysfunction,	 and	 expansion	 of	 cardiac	

ischemia/reperfusion	 injury	 (116).	 Despite	 these	 findings,	 the	 mechanisms	 which	 pulmonary	

exposure	 to	 AgNP	 may	 drive	 cardiovascular	 injury	 remain	 unknown.	 	 Recent	 studies	 have	

described	toxicological	responses	associated	with	AgNP	that	may	be	strongly	influenced	by	both	

particle	 size	 (10,	 225)	 and	 capping	 agents	 (267,	 313).	 Understanding	 the	 interactions	 of	 AgNP	

capping	 as	well	 as	 the	 influence	 of	 particle	 size	 on	 cardiovascular	 toxicity	 is	 an	 important,	 yet	

under	investigated,	step	in	understanding	mechanisms	of	AgNP	toxicity.	
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We	 hypothesize	 that	 intratracheal	 (IT)	 instillation	 of	 AgNP	 induces	 a	 systemic	 inflammatory	

response	resulting	in	vascular	dysfunction	and	expansion	of	cardiac	I/R	injury	which	is	strongly	

dependent	on	particle	size	as	well	as	capping	agent.	In	order	to	test	this	hypothesis	Male	Sprague-

Dawley	(SD)	rats	were	exposed	to	200	μg	of	either	20	nm	or	110	nm	gold	core	AgNP	capped	with	

either	citrate	or	polyvinylprryolidione	(PVP)	by	intratracheal	instillation.	One	or	7	days	following	

AgNP	 instillation	 serum	 was	 analyzed	 for	 changes	 in	 cytokines	 as	 a	 marker	 of	 inflammation,	

subjected	 to	 cardiac	 ischemia/reperfusion	 injury	 and	 small	 vessel	myography,	 evaluating	 aortic	

and	coronary	artery	reactivity.	

	

Materials	and	Methods:	

Animals	

Male	Sprague-Dawley	(SD)	rats	were	purchased	from	Charles	River	Laboratory	(Raleigh,	NC,	USA)	

at	51-54	days	of	age	and	weighed	between	201-225	grams.		Rats	were	housed	two	per	cage	under	

a	12	hour	light/dark	cycle.		Standard	rat	chow	and	water	were	provided	ad	libidum.	Animals	were	

randomly	 assigned	 to	 the	 following	 experimental	 groups	 for	 1	 day	 or	 7	 days	 post-instillation	

analysis:	 	 Naïve,	 Citrate	 Vehicle,	 20	 nm	 Au-AgNp/Citrate,	 100	 nm	 Au-AgNP/Citrate,	

polyvinylprryolidone	(PVP)	Vehicle,	20	Au-AgNP/PVP,	and	110	nm	Au-AgNP/PVP.	Animals	were	

allowed	 a	 1	 week	 acclimatization	 period	 in	 the	 East	 Carolina	 University	 Department	 of	

Comparative	 Medicine	 vivarium	 before	 beginning	 experimentation.	 	 East	 Carolina	 University’s	

Institutional	 Animal	 Care	 and	 Use	 Committee	 approved	 all	 animal	 handling	 and	 experimental	

procedures.	

Nanomaterial	and	Vehicles	

For	 the	 purposes	 of	 investigation	 both	 PVP	 and	 Citrate	 coated	 gold-core	 silver	 nanoparticles	

(AgNP)	were	used	for	instillation.	The	20	nm	and	110	nm	AgNP	were	manufactured	and	provided	
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to	 the	 investigators	 by	 nanoComposix	 (San	 Diego,	 CA)	 through	 the	 National	 Institute	 of	

Environmental	 Health	 Sciences	 Centers	 for	 Nanotechnology	 Health	 Implications	 Research	

(NCNHIR)	Consortium	funded	through	NIEHS.	 	The	prepared	nanomaterials	were	independently	

characterized	 by	 the	 Nanotechnology	 Characterization	 Laboratory	 associated	with	 the	 National	

Cancer	 Institute	 (Fredrick,	 MD)	 as	 well	 as	 independently	 characterized	 by	 consortium	

investigators	(204,	259).	A	summary	of	the	nanoparticle	suspension	characteristics	can	be	found	

in	Table	1.	The	vehicle	 for	PVP	control	groups	was	created	by	adding	sterile	saline	to	a	PVP	dry	

powder	(10	and	40	Kda,	Sigma-Aldrich,	St.	Louis,	MO)	 to	yield	a	1.4%	PVP/saline	solution.	 	The	

vehicle	control	for	citrate	AgNP	was	created	as	a	2	mM	solution	of	sodium	citrate	(Sigma-Aldrich,	

St.	Louis,	MO)	dissolved	in	deionized	water.		

AgNP	Suspension	Preparation,	Dosing,	and	Intratracheal	Instillation	(IT)	

AgNP	aliquots	were	cup-horn	sonicated	for	30	seconds	at	65%	amplitude	(Misonix	Model	1510r-

MTH,	 Branson	 Ultrasonics	 Corp.	 Danbury,	 CT).	 Silver	 nanoparticle	 and	 vehicle	 aliquots	 were	

vortexed	for	30	seconds	immediately	prior	to	instillation.	Rats	were	anesthetized	by	inhalation	of	

a	50:50	isoflurane	propylene-glycol	mixture	in	an	induction	chamber.	After	establishment	of	deep	

anesthesia	as	assessed	by	lack	of	hind	limb	withdrawal	from	a	toe	pinch,	the	rat	was	suspended	by	

the	 frontal	 incisors	 on	 an	 inclined	 board.	 The	 tongue	was	withdrawn	 from	 the	 oral	 cavity	 and	

anteriorly	 displaced	 using	 padded	 forceps	 and	 a	 200	 μL	 pipette	 tip	 containing	 the	 AgNP	

suspension	 was	 placed	 into	 the	 laryngopharynx,	 just	 superior	 to	 the	 glottis.	 Two	 hundred	

microliters	 of	 AgNP	 suspension	 containing	 200	 μg	 of	 AgNP	 or	 vehicle	 was	 dispensed	 into	 the	

glottal	 opening	 and	 the	 rat	 was	 stimulated	 to	 inhale	 while	 securing	 the	 tongue	 with	 forceps,	

ensuring	pulmonary	aspiration.	The	dose	selected	was	set	as	a	proof	of	concept	dose	agreed	upon	

by	 the	NCNHIR	 consortium	members	 for	 AgNP	 in	 vivo	 toxicity	 and	 at	 this	 dosing	 could	 induce	

potential	 toxicological	 effects	 but	 not	 mortality	 or	 morbidity	 to	 the	 animal,	 and	 represents	
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approximately	720	times	the	permissible	exposure	limit	to	all	forms	of	silver	at	0.01	mg/m3	for	an	

8	hour	work	day	as	established	by	NIOSH	and	OSHA	(66)	based	on	rat	minute	ventilation	rate	and	

alveolar	 surface	area	 (81).	Following	 instillation	 the	 rats	were	 returned	 to	 their	home	cage	and	

monitored	until	they	resumed	normal	grooming	behavior.		

Bronchoalveolar	Lavage,	Cell	Differential,	and	Protein	Quantification	

Sprague	 Dawley	 rats	 were	 euthanized	 and	 bronchoalveolar	 lavage	 (BAL)	 was	 performed	

employing	a	modified	procedure	as	described	by	Katwa	et	al.	(139).		Rats	were	anesthetized	with	

isoflurane	 and	 euthanized	 by	 pneumothorax.	 The	 left	 main	 bronchus	 was	 ligated	 and	 a	

tracheotomy	was	performed.	A	14	gauge	angiocatheter	was	inserted	into	the	trachea	and	secured	

with	2–0	suture.		A	bolus	of	Hanks	balanced	saline	solution	(23.1	ml/kg)	was	lavaged	into	the	right	

lung	three	times	successively.		Recovered	BAL	fluid	was	centrifuged	at	1000	×	g	for	10	min	at	4°C.		

Cell	pellets	were	suspended	in	1	mL	of	cold	Hanks	balanced	saline	solution.		Total	cell	counts	were	

determined	 with	 a	 Cellometer	 Auto	 X4	 (Nexcelom	 Biosciences,	 LLC,	 Lawrence,	 MA).	 BAL	 fluid	

volumes	containing	20,000	cells	were	centrifuged	onto	glass	slides	using	a	Cytospin	III	(Shandon	

Scientific	 Ltd,	 Cheshire,	 UK)	 and	 stained	 with	 three-step	 hematology	 stain	 (Richard	 Allan	

Scientific,	Kalamazoo,	MI).	 	Cell	differentials	were	determined	by	microscopy	counting	300	cells	

per	 slide	 to	 estimate	 percentage	 of	 recovered	 cell	 types.	 BAL	 supernatant	was	used	 for	 protein	

quantification	using	a	standard	Bradford	protein	assay.	Samples	were	plated	in	duplicate	using	a	

96-well	plate.		Absorbance	values	were	read	at	562	nm	using	a	BIO-TEK	Synergy	HT	plate	reader	

(BIO-TEK,	Winooski,	VT)	and	data	were	analyzed	with	Gen5	software	(BIO-TEK,	Winooski,	VT).	

Serum	Collection	

Following	anesthesia	by	isoflurane	inhalation	a	cardiac	puncture	of	the	right	ventricle	at	time	of	

animal	 sacrifice	 was	 performed.	 Serum	was	 separated	 from	whole	 blood	 sample	 as	 previously	

described	(291).	
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Quantification	of	Serum	Cytokines	

Serum	concentrations	of	 IL	 -1β,	 IL-2,	 IL-5,	 IL-6,	 IL-10,	 IL-13,	 IL-18,	MCP-1,	G-CSF,	GM-CSF,	 IFNγ,	

MCP-1,	MIP-1α,	 RANTES,	 and	 TNFα	were	measured	 at	 selected	 time	 points	 utilizing	 a	Milliplex	

MAP	Cytokine/Chemokine	Panel	 (EMD	Millipore,	Billerica,	MA)	 according	 to	 the	manufacturer’s	

instructions.	Serum	samples	from	the	PVP	capped	AgNP	and	respective	vehicle	group	were	run	on	

a	Luminex	200	(Luminex,	Austin,	TX),	while	serum	samples	from	Citrate	capped	AgNP	and	vehicle	

group	were	run	on	a	MagPix	system	(Luminex,	Austin,	TX).		All	results	were	reported	and	analyzed	

using	the	Milliplex	Analyst	software	(vVersion	5.1,	EMD	Millipore,	Billerica,	MA).	

Lung	and	Heart	Protein	Oxidation	

Heart	 and	 lavaged	 lung	 tissue	was	 homogenized	 in	 a	 RIPA	Buffer	with	 50	mM	DTT	 and	HaltTM	

Protease	 Inhibitor	 (Thermo	 Fisher	 Scientific,	 Waltham,	 MA).	 Protein	 concentration	 was	

determined	with	a	Bradford	Protein	Assay	(Bio-Rad	Laboratories,	Hercules,	CA).	Determination	of	

protein	oxidation	was	performed	utilizing	an	OxyBlotTM	(EMD	Millipore,	Billerica,	MA)	according	

to	 manufacturer’s	 instruction.	 Following	 derivatization,	 between	 10-15	 μg	 protein	 from	 each	

sample	 were	 loaded	 onto	 a	 Criterion	 Stain-Free	 Gel	 (Bio-Rad	 Laboratories,	 Hercules,	 CA)	 and	

electrophoresed	at	200V	for	60	minutes.	Gels	were	activated	for	45	seconds	with	UV	light	using	a	

ChemiDoc™	 Touch	 (Bio-Rad	 Laboratories,	 Hercules,	 CA).	 	 Proteins	 were	 transferred	 utilizing	 a	

tank	 transfer	 with	 Towbin’s	 Buffer	 at	 100V	 for	 60	 minutes	 on	 to	 low	 fluorescence	 PVDF	

membranes	 (EMD	Millipore,	Billerica,	MA).	Membrane	was	 imaged	with	a	ChemiDoc™	 following	

transfer	to	detect	and	quantify	total	protein.	The	membrane	was	then	blocked	in	1%	BSA/TBS-T	

for	 60	 minutes	 followed	 by	 incubated,	 at	 room	 temperature,	 with	 1°	 antibody	 (1:150)	 for	 60	

minutes.	The	membrane	was	then	washed	with	TBS-T	and	incubated	with	2°	antibody	(1:300)	for	

1	 hour.	 The	 membrane	 was	 then	 washed	 with	 TBS-T	 and	 then	 incubated	 for	 5	 minutes	 in	

SuperSignal™	West	 Pico	 Chemiluminescent	 Substrate	 (Thermo	 Fisher	 Scientific,	Waltham,	MA).	
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The	 membrane	 was	 imaged	 on	 a	 ChemiDoc™	 and	 analyzed	 with	 Image	 Lab™	 5.2	 (Bio-Rad	

Laboratories,	 Hercules,	 CA).	 For	 determination	 of	 protein	 oxidation	 analyzed	 density	 of	 non-

derivative	control	lanes	were	subtracted	from	derivitized	lanes,	and	all	lanes	were	normalized	to	

total	protein.			

Coronary	Artery	Isolation	and	Pharmacology	

Coronary	artery	isolation	and	aorta	vessel	segment	pharmacological	response	assessments	were	

performed	 1	 or	 7	 days	 following	 IT	 exposure	 to	 AgNP	 or	 vehicle	 from	 animals	 not	 subject	 to	

cardiac	 I/R	 injury	 protocol.	 	 Isolation	 of	 the	 coronary	 artery	 was	 performed	 as	 previously	

described	 (291).	 The	 heart	 and	 thoracic	 aorta	was	 excised	 and	 placed	 in	 ice-cold	 physiological	

saline	 solution	 (PSS);	 [mM]	 140.0	 NaCl,	 5.0	 KCl,	 1.6	 CaCl2,	 1.2	 MgSO4,	 1.2	 3-[N-morpholino]-

propane	sulfonic	acid,	5.6	D-glucose,	and	0.02	EDTA	(pH	7.4	@	37	°C).	Pairs	of	~2	mm	segments	of	

the	 left	 anterior	 descending	 coronary	 artery	 (LAD)	 and	 aorta	 were	 excised	 and	 mounted	 into	

chambers	 of	 a	 610M	multichannel	 myograph	 (DMT,	 Ann	 Arbor,	 MI).	 Coronary	 artery	 segment	

lumen	 diameter	was	 adjusted	 so	 that	 resting	 tension	was	 90%	 of	 the	wall	 tension	 at	 13.3	 kPa	

while	 the	passive	 force	of	20	mN	established	 for	 aorta	 segments.	 	Tissue	viability	was	assessed	

with	a	potassium	depolarization	using	109	mM	K+PSS	(Na+	substituted	with	K+	in	an	equal	molar	

fashion).	Stress	generation	of	greater	than	1	mN/mm2	following	K+PSS	stimulation	was	considered	

adequate	 for	 vessel	 viability.	 	 Vessel	 segments	 were	 subsequently	 washed	 with	 PSS	 and	

endothelial	 integrity	 was	 assessed	 using	 a	 1	 µM	 serotonin	 (5-HT)	 or	 phenylephrine	 (PE)	

stimulation	followed	by	3	µM	acetylcholine	(ACh).	An	ACh	relaxation	response	of	>	50%	loss	of	the	

agonist	stress	was	considered	acceptable	endothelial	integrity.	 	Segments	were	washed	every	10	

minutes	 with	 fresh	 PSS	 for	 a	 minimum	 of	 3	 times	 and	 then	 subject	 cumulative	 dose-response	

assessments	 (289,	291).	 	Paired	segments	were	 subjected	 to	 cumulative	 concentrations	of	5-HT	

(10	nM	–	3	µM)	or	PE	 (1	nM	–	10	µM).	 	 The	 active	 stress	 (mN/mm2)	 generated	 in	 response	 to	
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stimulation	 of	 paired	 segments	 was	 averaged	 at	 each	 concentration	 for	 data	 reporting.	 	 Upon	

establishing	stable	 tension	after	addition	of	 the	highest	agonist	concentration,	one	of	 the	paired	

segments	 was	 subject	 to	 endothelial-dependent	 relaxation	 with	 addition	 of	 increasing	

concentrations	 of	 ACh	 (1	 nM	 –	 1	 µM)	 and	 the	 other	 segment	 was	 subjected	 to	 endothelial-

independent	relaxation	with	addition	of	increasing	concentrations	of	sodium	nitroprusside	(SNP,	

1	nM	–	1	µM).	

Cardiac	Ischemia/Reperfusion		

One	or	7	days	following	AgNP	or	vehicle	intratracheal	(IT)	instillation	rats	were	anesthetized	with	

an	 intramuscular	 injection	 of	 ketamine/xylazine	 (90/10	 mg/kg,	 respectively)	 and	 subject	 to	 a	

cardiac	ischemia/reperfusion	(I/R)	injury	(116,	303).	Anesthesia	was	maintained	throughout	the	

procedure	with	supplemental	injections	of	ketamine/xylazine.	Body	temperature	was	maintained	

at	37°C	with	a	heating	pad	and	TC-1000	Temperature	Controller	(CWE,	Inc.,	Ardmore,	PA).		Once	

an	adequate	plane	of	anesthesia	was	achieved,	as	assessed	by	lack	of	hind	limb	withdrawal	from	a	

toe	 pinch,	 the	 rats	were	 intubated	 via	 tracheostomy	with	 a	 16	 gauge	 angiocatheter.	 	 Rats	were	

then	ventilated	with	100%	oxygen	via	an	Inspira	Advanced	Safety	Ventilator	(Harvard	Apparatus,	

Holliston,	 MA)	 with	 setting	 of	 3	 mL	 tidal	 volume	 at	 81	 breaths	 per	 minute.	 Following	 a	 left	

parasternal	 thoracotomy,	 a	 temporary	 ligature	 of	 6-0	 vicryl	 suture	 was	 placed	 around	 the	 left	

anterior	 descending	 (LAD)	 coronary	 artery	 to	 induce	 20	 minutes	 of	 ischemia	 and	 removed	 to	

allow	reperfusion	as	previously	described	(303).		

Quantification	of	Infarct	Size	

Following	 the	 ischemia	 reperfusion	 protocol	 the	 vena	 cava	 was	 severed	 and	 the	 descending	

thoracic	 aorta	 was	 cannulated	 with	 polyethelene	 90	 and	 advanced	 to	 the	 coronary	 ostia.	 	 The	

heart	was	retrograde	perfused	with	5	mL	0.09%	saline	solution	followed	by	5	mL	of	0.25%	TTC	

(Sigma-Aldrich,	St.	Louis,	MO)	to	determine	viable	from	infarcted	tissue	(69).	Following	infusion	of	
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TTC	the	LAD	was	re-occluded	and	the	heart	 infused	with	1%	Evans	blue	dye	for	demarcation	of	

remote	myocardium	(i.e.,	myocardium	not	subjected	 to	 the	 induced	 ischemic	 injury).	 	Following	

Evans	blue	infusion,	the	heart	was	excised	and	sliced	into	approximate	1	mm	thick	sections	distal	

to	the	occlusion.	The	slices	were	gently	sandwiched	between	two	glass	slides	and	both	sides	and	

digitally	photographed.		Image	J	(National	Institutes	of	Health)	was	used	to	quantify	the	area	of	the	

left	ventricle,	area	at	risk,	and	area	of	infarction.			

Statistical	Analysis	

All	data	are	presented	as	mean	value	±	SEM.		A	p-value	of	<	0.05	indicates	statistical	significance	

unless	 otherwise	 noted.	 GraphPad	 Prism	 software	 (Version	 6,	 LaJolla,	 CA)	 was	 used	 for	 the	

purposes	 of	 statistical	 analysis	 and	 graphing.	 Coronary	 artery	 vascular	 response	 curves	 were	

generated	using	nonlinear	regression	analysis	of	the	f-pair	parameter	best-fit	values.		Curves	were	

compared	using	ANOVA	with	Tukey’s	post-test	for	multiple	comparisons.		Calculated	EC50	and	Hill	

slope	 values	 were	 generated	 by	 averaging	 the	 normalized	 concentration-response	 curves	 (0	 -	

100%)	of	individual	subjects	within	a	cohort.	 	Results	were	compared	using	ANOVA	and	Tukey’s	

post-test	 for	 multiple	 comparisons.	 	 Differences	 between	 time	 and	 particle	 capping	 were	

performed	 by	 t-test.	 	 Group	 size	 was	 calculated	 based	 on	 power	 analysis	 of	 cardiac	 I/R	

experiments.	

	

Results:	

Broncheolar	Alveolar	Lavage	Cell	Differentials	and	Protein	Quantification	

Summary	 of	 the	 bronchiolar	 alveolar	 lavage	 (BAL)	 data	 can	 be	 found	 in	 Table	 4.2.	 One	 day	

following	 instillation	 of	 20	 nm	 of	 110	 nm	 citrate	 capped	 AgNP	 the	 total	 percentage	 of	 BAL	

macrophages	 was	 significantly	 smaller	 compared	 to	 the	 citrate	 control.	 Concurrently,	 a	 larger	

number	of	recovered	epithelial	cells	was	observed	for	both	20	nm	of	110	nm	citrate	capped	AgNP.	
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There	 were	 no	 differences	 in	 percentage	 of	 neutrophils,	 eosinophils,	 or	 lymphocytes	 1	 day	

following	exposure	to	20	nm	of	110	nm	citrate	capped	AgNP.	Additionally,	there	was	no	difference	

in	BAL	total	protein	concentration	following	instillation	of	citrate	vehicle	or	citrate	capped	AgNP.		

The	instillation	of	20	nm	or	110	nm	PVP	capped	AgNP	also	resulted	in	a	smaller	percentage	of	BAL	

macrophages	 compared	 to	 vehicle	 control,	 with	 an	 increased	 number	 of	 BAL	 epithelial	 cells.	

Instillation	 of	 20	 nm	 and	 110	 nm	 PVP	 capped	 AgNP	 resulted	 in	 increased	 BAL	 protein	

concentration	 1	 day	 following	 exposure	 with	 no	 differences	 in	 percentage	 of	 neutrophils,	

eosinophils,	or	lymphocytes.	

	

Seven	 days	 following	 instillation	 of	 20	 nm	 of	 110	 nm	 citrate	 capped	 AgNP	 percentage	 of	 BAL	

macrophages	 had	 significantly	 increased	 compared	 to	 the	 citrate	 control,	 and	 percentage	 of	

recovered	 epithelial	 cells	 had	 decreased	 compared	 to	 citrate	 control.	 Seven	 days	 following	

instillation	 of	 citrate	 capped	 AgNP	 resulted	 in	 no	 differences	 in	 percentage	 of	 neutrophils,	

eosinophils,	 lymphocytes	or	BAL	total	protein	compared	to	vehicle	control.	 Instillation	of	20	nm	

and	110	nm	PVP	capped	AgNP	resulted	in	no	changes	in	percentages	of	macrophages,	neutrophils,	

eosinophils,	or	lymphocytes	compared	to	vehicle	control	7	days	following	instillation.	Instillation	

of	 PVP	 capped	 110	 nm	 AgNP	 resulted	 in	 a	 lower	 BAL	 protein	 concentration	 compared	 to	 PVP	

vehicle	PVP	capped	AgNP.	

Serum	Cytokine	Concentrations	Following	Exposure	to	Au-AgNP	

Following	 intratracheal	 instillation	 of	 PVP	 or	 citrate	 capped	 20	 or	 110	 nm	 AgNP	 serum	 was	

collected	and	analyzed	 for	 concentrations	of	 selected	cytokines.	 	The	 results	are	 summarized	 in	

Figures	4.1	and	4.2	and	Supplemental	Tables	4.1	and	4.2.	
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One	day	following	IT	instillation	serum	concentrations	of	IL-2	were	increased	by	approximately	2-

fold	 in	 rats	 instilled	 with	 110	 nm	 citrate	 capped	 AgNP	 compared	 to	 vehicle	 control,	 whereas	

instillation	 of	 20	 nm	 AgNP	 elicited	 a	moderate,	 and	 nonstatistically	 significant	 increase	 in	 IL-2	

(Figure	4.1A).	Additionally,	 although	not	 statistically	 significant,	 exposure	 to	 either	 sized	 citrate	

capped	AgNPs,	appears	to	induce	equivalent	yet	modest	increases	in	serum	concentrations	of:	IL-6	

(Figure	 4.1C),	 IL-18	 (Figure	 4.1E),	 and	 G-CSF	 (Figure	 4.1G).	 	 Seven	 days	 following	 AgNP	 all	

elevations	in	serum	cytokines	present	at	1	day	were	no	longer	evident	and	levels	of	IL-2	(Figure	

4.1B),	 IL-6	(Figure	4.1D),	 IL-18	(Figure	1F),	and	G-CSF	(Figure	4.1H)	were	comparable	or	below	

the	mean	values	for	their	vehicle	control.		A	list	of	all	measured	serum	cytokines	associated	with	

the	citrated	capped	AgNP	instillation	and	their	mean	concentrations	can	be	found	in	Supplemental	

Table	1.	

	

Exposure	 to	 PVP	 capped	 AgNP	 also	 induced	 limited	 changes	 in	 serum	 cytokine	 concentrations.	

Pulmonary	instillation	of	PVP	capped	20	nm	AgNP	resulted	in	significant	elevations	in	IL-18	one	

day	 following	 exposure,	while	 exposure	 to	 110	 nm	PVP	 capped	 AgNP	 did	 not	 induce	 increases	

serum	concentrations	of	IL-18	(Figure	4.2E).	In	contrast	to	the	citrate	capped	AgNP	data,	7	days	

post	exposure	PVP	capped	AgNP	did	not	have	a	reduction	in	elevated	cytokines	at	7	days	but	an	

increase	in	mean	values	across	all	cytokines.	Seven	days	post	exposure	to	PVP	capped	20	nm	AgNP	

revealed	increases	in	IL-2	(Figure	4.2B),	IL-6	(Figure	4.2D),	and	IL-18	(Figure	4.2F)	compared	to	

levels	 1	 day	 post	 exposure.	 Exposure	 to	 110	 nm	 AgNP	 did	 not	 result	 in	 values	 in	most	 serum	

cytokines	at	1	or	7	days	post	instillation	compared	to	vehicle,	with	the	exception	of	IL-6	that	had	

higher	 value	 at	 7	 day	 post	 instillation.	 	 	 A	 list	 of	 all	measured	 serum	 cytokines	 and	 their	mean	

concentrations	 associated	with	 the	PVP	 capped	AgNP	 instillation	 can	be	 found	 in	 Supplemental	

Table	4.2.	
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Lung	and	Heart	Protein	Oxidation	

One	 day	 following	 instillation	 of	 20	 nm	 citrate	 capped	 AgNP	 there	 was	 a	 modest,	 but	 non-

statistically	 significant	 increase	 in	 total	 lung	 protein	 oxidation	 compared	 to	 vehicle	 control	 as	

determined	by	OxyBlotTM	assay	whereas,	exposure	 to	110	nm	citrate	capped	AgNP	resulted	 in	a	

modest	decrease	in	lung	protein	oxidation	(Figures	4.3A	and	B).	Instillation	of	PVP	capped	20	nm	

AgNP	also	resulted	in	a	modest	increase	in	lung	protein	oxidation	compared	to	PVP	vehicle,	110	

nm	PVP	capped	AgNP	appeared	to	have	no	impact	on	overall	lung	protein	oxidation	(Figure	4.3C	

and	D).	

	

One	day	following	instillation	of	20	nm	citrate	capped	AgNP	also	resulted	in	a	minor	increase	in	

total	 heart	 protein	 oxidation,	 and	 exposure	 to	 110	 nm	AgNP	 resulted	 in	 a	modest	 reduction	 of	

heart	protein	oxidation	compared	to	citrate	control	(Figure	4.4A	and	B).	Exposure	to	PVP	capped	

20	 nm	 AgNP	 resulted	 in	 a	 decrease	 in	 total	 heart	 protein	 concentration	 compared	 to	 vehicle	

control	and	110	nm	PVP	capped	AgNP	had	no	impact	of	heart	protein	oxidation	(Figure	4.4C	and	

D).	

Au-AgNP	Induced	Alterations	In	Vascular	Responses	

One	day	or	7	days	following	IT	exposure	to	AgNP	or	vehicle	LAD	coronary	artery	and	aorta	were	

harvested	and	subjected	 to	 cumulative	 concentration	additions	of	 the	constrictors	 serotonin	 (5-

HT)	or	phenylephrine	(PE),	followed	by	the	endothelial	dependent	vasodilator	acetylcholine	(ACh)	

or	Nitric	oxide	generator	sodium	nitroprusside	(SNP).		

	

One	day	following	IT	instillation,	exposure	to	citrate	capped	20	nm	AgNP	resulted	in	moderate	and	

statistically	significant,	leftward	shift	in	the	concentration	response	curve	to	5-HT	for	the	coronary	

artery	compared	to	naive,	but	not	the	vehicle	control	or	110	nm	AgNP	(Figure	4.5A).	Exposure	to	
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PVP	capped	AgNP	1	day	post	IT	instillation	did	not	result	in	a	shift	in	the	concentration	response	

compared	 to	 vehicle	 or	 naïve	 controls	 (Figure	 4.7B).	 Exposure	 to	 110	 nm	 PVP	 capped	 AgNP	

resulted	in	a	statistically	significant	reduction	in	calculated	EC50	value.	However	instillation	of	all	

other	AgNP	or	vehicle	control,	1	day	post	 IT	exposure,	resulted	 in	no	changes	 in	maximal	stress	

generation,	calculated	EC50,	or	Hill	slope	values	in	response	to	5-HT	in	the	coronary	artery	(Table	

4.3).		

		

One	 day	 post	 exposure	 to	 both	 citrate	 capped	 20	 and	 110	 nm	 Ag	 resulted	 in	 a	 statistically	

significant	 leftward	 shift	 in	 concentration	 response	 curve	 to	 phenylephrine	 in	 aortic	 segments	

compared	to	vehicle	or	naïve	controls	 (Figure	4.5C).	Despite	 the	shift	 in	concentration	response	

curve	 however,	 there	 were	 no	 significant	 changes	 in	 aortic	 mean	 maximal	 stress	 generation,	

calculated	EC50,	or	Hill	slope	values	in	response	to	PE	(Table	4.4).	Instillation	of	PVP	capped	AgNP	

did	 not	 alter	 concentration	 response	 curves	 to	 either	 5-HT	 or	 PE	 in	 coronary	 artery	 or	 aorta	

segments,	respectively,	one	day	following	exposure	(Figure	4.5B	and	D).		

	

Seven	days	following	IT	instillation	of	20	nm	citrate	and	110	nm	PVP	capped	AgNP	resulted	in	a	

leftward	shift	 in	concentration	response	curve	to	5-HT	in	coronary	arteries	(Figure	4.6A	and	B).		

Interestingly,	7	days	post	IT	instillation	of	citrate	and	PVP	capped	AgNP	aortic	segments	exhibited	

a	 rightward	 shift	 in	 concentration	 response	 curves	 in	 response	 to	 PE	 (Figure	 4.6C	 and	 D).	

Exposure	to	AgNP	or	vehicle	resulted	in	increases	in	mean	calculated	EC50	of	aorta	segments	and	

decreases	in	maximal	stress	generation	from	both	coronary	(Table	4.3)	and	aorta	segments	(Table	

4).	No	overall	significant	changes	in	Hill	slope	values	with	5-HT	or	PE	stimulations	were	observed	

at	1	or	7	days	in	either	coronary	or	aorta	segments	(Tables	4.3	and	4.4).	
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Endothelial	 dependent	 relaxation	 responses	 were	 evaluated	 by	 cumulative	 additions	 of	

acetylcholine	 (ACh).	 One	 day	 post	 IT	 exposure	 to	 110	 nm	 citrate	 capped	 AgNP	 resulted	 in	 a	

statistically	significant	leftward	shift	in	the	ACh	concentration	response	curve	of	coronary	arteries	

(Figure	 4.7A).	 Conversely,	 following	 IT	 exposure	 to	 citrate	 capped	 110	 nm	 AgNP	 there	 was	 a	

rightward	 shift	 in	 the	 concentration	 response	 curve	 to	 ACh	 in	 aortic	 rings	 (Figure	 4.7C).		

Intratracheal	instillation	of	PVP	AgNP	did	not	result	in	significant	changes	to	the	response	profiles	

(Figure	 4.7B	 and	 D)	 nor	 to	 the	 remaining	 stress	 following	 maximal	 concentration	 of	 ACh,	

calculated	 EC50,	 or	 Hill	 slope	 values	 for	 coronary	 arteries	 (Tables	 4.3	 and	 4.5)	 or	 aortic	 rings	

(Tables	4.4	and	4.5)	1	day	following	exposure.		

	

Seven	days	post	IT	exposure	changes	in	response	to	ACh	associated	with	Citrate	capped	AgNP	in	

coronary	 arteries	 had	 resolved	 (Figure	 4.8A).	 However,	 exposure	 to	 20	 nm	 and	 110	 nm	 PVP	

capped	 AgNP	 resulted	 in	 a	 leftward	 shift	 in	 the	 concentration	 response	 curve	 to	 ACh	 and	

rightward	shift	to	the	concentration	response	curve	to	PVP	vehicle	following	exposure	in	coronary	

arteries	(Figure	4.8B).	 	No	differences	in	calculated	EC50,	or	Hill	slope	values	were	observed	at	7	

days	 following	 exposure	when	 compared	 to	 naïve	 coronary	 arteries	 (Table	 4.3)	 or	 aortic	 rings	

(Table	4.4).		

	

Aorta	and	coronary	artery	segments	from	animals	exposed	to	AgNP	or	vehicle	were	treated	with	

cumulative	 addition	 of	 SNP	 to	 assess	 an	 endothelial	 independent	 nitric	 oxide	 (NO)	 dependent	

relaxation.		IT	exposure	to	both	citrate	and	PVP	capped	AgNP	resulted	in	alterations	in	cumulative	

concentration	responses	 to	SNP	 in	coronary	arteries,	one	day	 following	 instillation	 (Figure	4.9A	

and	 B).	 The	 110	 nm	 capped	 AgNP	 were	 capable	 of	 inducing	 the	 largest	 leftward	 shift	 in	 the	

concentration	response	curve	followed	by	the	20	nm	AgNP;	however	both	were	shifted	leftward	
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compared	to	vehicle	or	naïve	in	coronary	arteries	(Figure	4.9A	and	B).	Additionally,	IT	instillation	

of	PVP	vehicle	was	capable	of	inducing	a	small	leftward	shift	in	the	concentration	response	to	SNP	

in	 coronary	 arteries	 itself	 (Figure	 4.9B).	 The	 left	 shift	 in	 relaxation	 response	 profiles	 was	

accompanied	 by	 a	 reduction	 in	 calculated	 EC50	 values	for	 aortic	 rings	 (Table	 4.4).	 However,	 no	

differences	 in	EC50,	Hill	 slope	values	or	mean	remaining	stress	 following	maximal	concentration	

were	observed	in	coronary	artery	segments	1	day	following	exposure	(Table	4.3).	

	

The	sensitization	effect	to	SNP	on	normalized	relaxation	response	was	only	observed	at	1	day	post	

exposure	 post	 instillation	 of	 citrate	 capped	 AgNP	 in	 aortic	 rings	 (Figure	 4.9C	 and	 D).	 This	 is	

despite	a	significant	decrease	 in	calculated	EC50	values	of	aortic	 rings	 (Table	4.4).	However,	Hill	

slope	values,	(Table	4)	or	remaining	stress	following	cumulative	addition	of	SNP	(Table	4.5)	were	

not	different.		

	

Seven	days	following	exposure	to	AgNP	only	exposure	to	citrate	20	nm	AgNP	exhibited	sensitized	

relaxation	responses	to	SNP	in	coronary	arteries.	However,	IT	instillation	of	both	citrate	and	PVP	

vehicle	were	able	 to	 induce	a	marked	 leftward	 shift	 in	 relaxation	 responses	 to	SNP	 in	 coronary	

arteries	 (Figure	 4.10A	 and	 B).	 	 Coronary	 segments	 from	 AgNP	 or	 vehicle	 exposed	 rats	

demonstrated	a	moderate	decrease	in	calculated	EC50	value,	with	no	differences	in	Hill	slope	value	

(Table	3),	or	remaining	stress	following	maximal	addition	of	SNP	(Table	4.5).	

		

Aortic	rings	demonstrated	impaired	endothelial	independent	NO	dependent	relaxation	seven	days	

post	 IT	 instillation	 of	 AgNP	 or	 vehicle	 compared	 to	 naïve	 controls	 (Figure	 4.10C	 and	 D).	 As	

observed	 in	 coronary	 arteries	 exposure	 to	 the	 vehicle	 had	 a	 marked	 effect	 on	 SNP	 stress	

withdrawal	 in	 aortic	 rings	 at	 seven	 days	 post	 exposure.	 Post	 exposure	 aortic	 rings	 exhibited	
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increased	EC50	value	 	but	no	differences	 in	Hill	 slope	value	(Table	4.4),	and	a	greater	remaining	

amount	of	stress	following	maximal	SNP	addition	as	compared	to	naïve	(Table	4.5).	

Au-AgNP	Expands	Cardiac	I/R	Injury	Following	IT	Instillation	

One	or	7	days	 following	 IT	exposure	of	AgNP	or	vehicle	 instillation	 rats	underwent	a	 surgically	

induced	 cardiac	 ischemia	 reperfusion	 (I/R)	 injury,	 in	 a	 protocol	 that	 included	 a	 20	 minute	

ischemia	period	followed	by	120	minutes	of	reperfusion,	and	were	then	analyzed	for	the	extent	of	

myocardial	infarction.			There	was	no	effect	of	vehicle	capping	agents	on	the	cardiac	I/R	injury	1	or	

7	days	post	instillation	(Figure	4.11).		One	day	post	IT	instillation	both	sizes	of	the	citrate	and	PVP	

capped	AgNP	 induced	 expansion	of	 cardiac	 I/R	 injury	 compared	 to	 naïve	 control	 (Figure	4.11A	

and	 B).	 Exposure	 to	 20	 nm	 AgNP	 induced	 expansion	 of	 cardiac	 I/R	 injury	 at	 one-day	 post	

instillation	in	both	capping	groups	compared	to	both	vehicle	and	naïve.	However,	for	the	110	nm	

particles	only	the	PVP	capped	AgNP	was	significantly	expanded	compared	to	vehicle	one	day	post	

instillation	(Figure	4.11B).		

	

Seven	 days	 following	 IT	 instillation	 of	 AgNP	 or	 vehicle	 both	 PVP	 and	 citrate	 capped	 AgNP	

continued	to	elicit	expansion	of	the	cardiac	I/R	injury.	Both	citrate	and	PVP	capped	20	nm	AgNP	

induced	greater	expansion	of	cardiac	 I/R	 injury	compared	to	vehicle	or	naïve	(Figure	4.11C	and	

D).	 PVP	 capped	 110	 nm	 AgNP	 was	 also	 capable	 of	 expanding	 cardiac	 I/R	 injury	 compared	 to	

vehicle	and	naïve,	but	citrate	capped	110	nm	AgNP	only	expanded	cardiac	I/R	injury	compared	to	

vehicle.	Additionally,	 at	7	days	post	 IT	exposure	 to	 citrate	 capped	20	nm	AgNP	 induced	greater	

expansion	of	cardiac	I/R	injury	that	citrate	capped	110	nm	AgNP.	

	

Discussion:	
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The	 rapidly	 expanding	 uses	 of	 ENMs	 have	 raised	 questions	 regarding	 their	 safety	 following	

exposure	 to	such	materials.	To	date,	 there	 is	 little	consensus	regarding	 the	safety	of	engineered	

nanomaterials,	 the	 mechanisms	 by	 which	 they	 may	 induce	 a	 toxic	 response,	 or	 how	 these	

mechanisms	 may	 be	 influenced	 by	 particle	 size	 or	 modifications	 such	 as	 addition	 of	 capping	

agents.	There	is	current	literature	evidence	that	pulmonary	exposure	to	PM	and	ENMs	can	alter	to	

progression	 of	 or	 to	 cardiovascular	 disease	 (CVD)	 and	 dysfunction	 through	multiple	 pathways,	

including	inflammation	(26,	98,	139),	autonomic	dysfunction	(30,	177,	276),	oxidative	stress	(189,	

264,	 269)	 or	 mitochondrial	 dysfunction	 (55,	 67).	 We	 evaluated	 the	 impact	 of	 a	 pulmonary	

exposure	 to	 2	 different	 sized	 silver	 nanoparticles	 (AgNP)	 with	 different	 capping	 agents	 on	

pulmonary	 BAL	 cells	 and	 protein,	 serum	 cytokine	 (as	 a	 surrogate	 for	 systemic	 inflammation),	

protein	oxidation	in	lung	and	heart,	vascular	function,	and	myocardial	ischemia	reperfusion	(I/R)	

injury.	Using	a	dose	of	200	μg	of	AgNP	which	was	selected	by	the	NCNHIR	consortium	as	a	high	

exposure	range	and	proof	of	 concept	dose	 in	 line	with	similar	dosing	used	by	other	consortium	

investigators	(313)	capable	of		potential	toxicological	effects	but	not	mortality	or	morbidity	to	the	

animals.	This	dose	may	not	reflect	a	viable	paradigm	of	human	exposure,	however	this	dosage	is	

estimated	 to	 be	 approximately	 720	 times	 	 that	 of	 the	 limit	 for	 human	 exposure(66).	 	 We	

hypothesized	 that	 intratracheal	 (IT)	 instillation	 of	 AgNP	 would	 result	 expansion	 of	 I/R	 injury,	

possibly	mediated	through	a	circulating	inflammation	signal	and	resulting	in	vascular	dysfunction	

which	 is	 sensitive	 to	 particle	 size	 as	 well	 as	 capping	 agent.	 This	 hypothesis	 was	 based	 on	 the	

interpretation	of	effects	of	previously	 investigated	ENMs	 including	but	not	 limited	 to:	 fullerenes	

(291),	Multiwall	Carbon	Nanotubes	(MWCNTs)	(303)	and	most	recently	another	species	of	AgNP	

(116).		
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In	order	to	assess	the	 inflammatory	response,	we	evaluated	BAL	immune	cells	and	total	protein	

levels,	 serum	 levels	 of	 several	 cytokines	 and	 chemokines	 that	 are	 known	 to	 be	 associated	with	

either	particulate	matter	 (PM)	exposure	or	cardiovascular	disease,	as	well	as	examining	protein	

oxidation	of	lung	and	heart	tissue.	Exposure	to	AgNP	had	very	little	impact	on	increasing	numbers	

of	 neutrophils,	 lymphocytes	 or	 eosinophils,	 only	decreases	 in	 total	 percentages	 of	macrophages	

were	impacted	at	1	day,	leading	to	a	rise	in	total	percentage	of	recovered	epithelial	cells.	However,	

in	the	absence	of	major	changes	 in	BAL	total	protein	 it	 is	 likely	these	epithelial	cells	reflect	BAL	

technique	 rather	 than	AgNP	 associated	 epithelial	 damage	 or	 increase	 in	 lung	 permeability.	 It	 is	

interesting	to	note	that	despite	utilization	of	the	same	particles	and	a	roughly	equivalent	dose	our	

investigation	demonstrated	 lower	percentages	of	 inflammatory	 cells	 at	1	and	7	days	 than	other	

investigations	(259,	267).	

	

Collected	 serum	 samples	 revealed	 no	 observed	 temporal	 relationship	 between	 IT	 instillation	 of	

AgNP	 and	 circulating	 levels	 of	 cytokines.	 Although,	 cardiovascular	 disease	 and	 dysfunction	 are	

associated	with	increases	in	inflammatory	cytokines	such	as	IL-6	(63,	79)	and	IL-18	(153,	228)	the	

large	 extent	 of	 cardiac	 I/R	 injury	 reported	 here	 does	 not	 correlate	 with	 the	 small	 changes	 in	

circulating	cytokines.	Although	not	directly	related	to	cardiac	I/R	injury,	IL-2	may	mediate	organ	

specific	 pro-inflammatory	 response	 through	 control	 of	 T-cell	 differentiation	 and	 control	 of	 Th2	

cytokine	 production	 (121,	 134).	 The	 lack	 of	 correlation	 between	 circulating	 cytokines	 and	 the	

extent	of	I/R	injury	we	report	here	suggests	that	the	observed	cytokine	response	is	not	likely	the	

primary	underlying	mechanism	for	driving	the	expansion	of	cardiac	injury.	Increases	in	serum	IL-

2,	 IL-6,	 and	 IL-18	 that	 were	 only	 observed	 in	 rats	 exposed	 to	 20	 nm	 AgNP,	 may	 indicate	 the	

influence	 of	 particle	 size	 and	 capping	 agent.	 Overall,	 we	 found	 that	 exposure	 to	 PVP	 or	 citrate	

capped	 20	 nm	 or	 110	 nm	 AgNP	 had	 minimal	 impact	 on	 lung	 and	 heart	 protein	 oxidation	
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suggesting	that	the	source	of	inflammation	by	not	be	related	to	metal	induced	oxidative	stress,	as	

previously	observed	in	other	studies	(55,	192,	264,	338).	It	is	interesting	that	there	lack	of	reports	

examining	general	protein	oxidation	 in	response	 to	silver	exposures	 in	cardiac	 tissues.	 	We	also	

recognize	 the	potential	 importance	of	 lipid	oxidation	that	may	occur	and	the	close	 to	 ties	 to	 the	

oxidant/antioxidant	balance	that	was	not	examined	in	this	study	but	likely	underlie	the	reports	of	

oxidative	stress	 following	exposure.	 	Our	 findings	may	support	an	alternative	hypothesis	 for	the	

general	 effect	of	 a	pulmonary	exposure	 to	EM,	one	 in	which	 the	EM	may	not	directly	 induce	an	

significant	initial	inflammatory	response	but	exacerbate	an	inflammatory	response	to	a	secondary	

insult,	 such	 as	 been	 described	 following	 inoculation	 with	 lipopolysaccharide	 (LPS)	 (125)	 or	

immune	sensitization	in	asthma	models	associated	with	both	vascular	dysfunction	and	expansion	

of	myocardial	 infarction	(111).	Previous	studies	 investigating	the	EMN	exposure	and	pulmonary	

fibrosis	 in	 rats	 demonstrated	 that	 exposure	 to	 nanomaterials	 alone	were	 insufficient	 to	 induce	

fibrosis.	However,	 inoculation	with	 LPS	 following	MWCNT	exposure	was	 able	 to	 induce	 greater	

fibrotic	changes	than	LPS	or	MWCNT	alone	(25).		Our	data	may	provide	evidence	for	the	ability	for	

AgNP	to	exacerbate	inflammatory	responses	within	I/R	injury	and	ultimately	expand	myocardial	

I/R	 injury.	 Although	we	were	 unable	 to	 demonstrate	 a	 strong	 inflammatory	 response	 (through	

serum	cytokine	levels)	following	instillation	of	AgNP,	analysis	of	cytokines	localized	to	tissues	of	

interest,	 such	 as	 myocardium	 or	 the	 vasculature	 could	 be	 a	 more	 enlightening	 target	 of	

investigation.			

	

Overall,	 the	 limited	 changes	 in	 circulating	 cytokine	 concentrations	 post	 exposure	 to	 AgNP	may	

result	in	priming	of	elements	of	the	immune	system	for	a	secondary	insult	response	and	correlate	

with	capping	agents	and	particle	size.	 Instillation	of	20	nm	PVP	capped	AgNP	 induced	a	greater	

rise	in	concentrations	of	select	cytokines	(i.e.,	IL-2,	IL-6,	IL-18)	compared	to	citrate	capped	AgNP	
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or	 their	 vehicle	 controls;	 while	 PVP	 and	 citrate	 capped	 AgNP	 110	 nm	 particles	 resulted	 in	 no	

significant	 differences	 from	 vehicle	 controls	 and	 in	 general	 the	 cardiac	 I/R	 injury	 was	 slightly	

greater	 and	prolonged.	These	 results	 allow	us	 to	 suggest	 that	 a	 combination	 capping	 agent	 and	

particle	size	may	be	an	important	factor	when	evaluating	the	toxicity	associated	with	exposure	to	

AgNP	(123).			

	

The	differential	response	to	various	particle	sizes	and	capping	agents	on	particles	may	be	related	

to	 the	 content	 of	 protein	 coronas	 formed	 on	 the	 particles	 and	 reflect	 differing	 biological	

interactions	 (261).	The	 formation	of	 unique	protein	 coronas	based	on	 the	 capping	material	 has	

been	 reported	 to	 influence	 the	 inflammatory	 response	 to	 AgNP	 by	 modulating	 the	 way	

nanomaterials	 interact	 with	 cells	 or	 tissues	 (54,	 151,	 233).	 One	 study	 of	 gold	 nanoparticles	

revealed	different	capping	agents	have	the	ability	to	elicit	differential	effects	on	both	in	vitro	and	

in	vivo	toxicity	(59).	The	results	of	this	study	allow	us	to	suggest	that	different	capping	agents	may	

have	the	ability	to	change	the	manner	in	which	capped	AgNP	may	impact	toxicity	(4,	54,	262)	or	

contribute	to	the	observed	vehicle	effects	in	our	model	of	a	cardiovascular	injury	response.		

	

An	additional	aspect	of	the	toxicological	 impact	of	AgNP	on	the	cardiovascular	system	evaluated	

by	 this	 study	was	 the	duration	of	 effect.	 In	 this	 study	we	observed	changes	 in	 serum	cytokines,	

vascular	reactivity,	and	I/R	injury	that	varied	between	particle	size	and	capping	agents	as	well	as	

days	post	 instillation.	These	observations	may	suggest	a	 time-dependent	aspect	of	particle	 size-

capping	interactions.			

	

It	 should	 be	 noted	 that	 the	 impact	 of	 AgNP	 seems	 highly	 dependent	 upon	 the	 vascular	 bed	

examined,	 as	well	 as	 being	 influenced	by	 the	duration	of	 time	 following	 exposure,	whereby	 the	
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smaller	diameter	coronary	vessels	seem	more	susceptible	to	changes	associated	with	exposure	to	

AgNP	at	earlier	 time	points	 than	the	aorta.	 	This	observation	 in	 itself	 is	not	unexpected	and	has	

been	 reported	 in	 a	 variety	 of	 studies	 following	 exposure	 to	 other	 materials	 (195,	 244,	 306).			

Despite	 the	 smaller	 20	 nm	 particle	 seeming	 to	 have	 a	 stronger	 impact	 on	 inducing	 an	

inflammatory	 response	 or	 overall	 expansion	 of	 cardiac	 I/R	 injury,	 the	 larger	 110	 nm	 particle	

seems	to	impart	the	greatest	influence	of	vascular	reactivity.	Whether	or	not	moderate	changes	in	

vascular	reactivity	are	driven	by	inflammation	or	may	in	fact	drive	expansion	of	cardiac	I/R	injury	

remain	unresolved.	It	should	also	be	noted	that	we	observed	vascular	changes	associated	with	IT	

instillation	 of	 both	PVP	 and	Citrate	 vehicles.	 This	 vehicle	 effect	 suggests	 that	 the	 capping	 agent	

may	strongly	influence	observed	endpoints.	However,	this	study	adds	to	a	body	of	evidence	that	

exposure	to	nanoscale	particles	can	influence	normal	vascular	function	(89,	116,	291,	307,	308).	

	

A	 fundamental	question	 regarding	 the	 toxicity	of	AgNP	 is	whether	or	not	differences	 in	particle	

number	or	mass	dosing	influences	our	toxicological	end	points.		Given	the	different	sizes	of	AgNP	

but	an	equivalent	mass	delivered	in	these	studies	it	is	reasonable	to	assume	that	there	are	higher	

numbers	of	particles	 in	a	 fixed	200	µL	sample	of	20	nm	AgNP	than	110	nm	AgNP.	However,	we	

demonstrated	that	there	is	no	significant	difference	in	I/R	injury	24	hours	following	IT	instillation	

of	all	AgNP	thus	at	24	hours	it	seems	that	particle	number	may	not	be	strongly	associated	with	the	

extent	 of	 I/R	 injury.	 Furthermore,	 7	 days	 following	 IT	 exposure	 a	 differential	 response	 is	 seen	

between	 the	 citrate	 and	 PVP	 capped	 AgNP	 of	 the	 same	 size,	 suggestive	 of	 influence	 of	 capping	

agent	on	the	cardiac	I/R	injury	response	and	not	presumed	differences	in	particle	number.		 	It	is	

possible	 that	 the	 cardiac	 I/R	 endpoint	 may	 simply	 be	 insensitive	 to	 particle	 number	 induced	

toxicity.	Results	 from	 the	 cytokine	 concentrations	may	 indicate	 that	 surface	area	of	AgNP	along	

with	 capping	 agent	play	 the	more	prominent	 roles	 in	 inducing	 cardiovascular	 toxicity.	 Particles	
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enveloped	 by	 a	 protein	 corona	 which	 is	 influenced	 by	 capping	 agent	 have	 demonstrated	

differential	granulation	 influencing	potentially	modulating	cytokine	release	and	 in	 turn	evolving	

immunological	 responses	 (262).	 The	 capping	 agents	 of	 AgNP	 may	 further	 modulate	 the	 way	

particles	interact	with	aforementioned	biological	interfaces	leading	to	increased	toxicity	(59).		The	

influence	 of	 capping	 agent	 on	 cardiovascular	 toxicity	 may	 result	 from	 differences	 in	 surface	

charge,	which	can	impact	particle	adsorption	affinity	for	cellular	surfaces	(332)	as	well	as	cellular	

uptake	(85).	Additionally,	ionic	dissolution	in	vivo	may	be	a	source	of	toxicity,	although	dissolution	

rate	of	silver	was	not	measured	in	this	study	in	vitro	studies	have	examined	the	contribution	of	ion	

dissolution	to	overall	toxicology	(204,	313).		We	have	previously	investigated	the	role	of	silver	ion		

and	found	that	within	a	range	of	ionic	dissolution	congruent	with	in	vitro	studies,	it	is	unlikely	that	

free	silver	ions	play	a	large	role	in	the	cardiovascular	toxicity	observed	in	this	current	study	(116).	

The	contribution	of	the	species	of	silver	nanomaterial	to	cardiovascular	injury	has	yet	to	be	fully	

evaluated,	 despite	 pure	 silver	 core	 species	 being	 capable	 of	 inducing	 expansion	 of	 cardiac	

ischemia-reperfusion	 injury	 (116)	 the	magnitude	of	 the	 injury	was	 less	 than	 reported	herewith	

gold	core	silver	particles,	raising	questions	of	core	stability	contributing	to	in	vivo	ion	dissolution	

or	particle	charge.	

	

Although	 it	 does	 not	 appear	 citrate	 or	 PVP	 capped	 110	 nm	 AgNP	 has	 a	 strong	 influence	 on	

systemic	inflammatory	response	or	protein	oxidation,	there	is	a	strong	effect	on	the	expansion	of	

I/R	 injury.	 	We	 suggest	 that	 AgNP	mediated	 systemic	 inflammation	 is	 not	 the	 only	mechanism	

contributing	 to	 expansion	 of	 I/R	 injury.	 	 A	 potential	 alternative	 mechanism	 of	 AgNP	 toxicity	

include	induction	of	vascular	dysfunction	(30,	41,	207)	which	leads	to	an	expansion	of	I/R	injury	

following	IT	exposure	to	AgNP.		
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Conclusion:	

The	ubiquitous	use	of	engineered	nanomaterials	makes	understanding	the	potential	toxicological	

outcomes	of	exposure	to	such	materials	a	chief	public	health	concern.	We	investigated	the	unique	

cardiovascular	 toxicity	 associated	 with	 pulmonary	 exposure	 to	 AgNP.	 In	 order	 to	 evaluate	 the	

cardiovascular	toxicity	endpoints	following	pulmonary	instillation	of	AgNP	we	evaluated	vascular	

responses	in	the	aorta	and	coronary	artery,	as	well	as	investigated	the	impact	of	AgNP	on	cardiac	

I/R	injury.	 	In	an	attempt	to	elucidate	mechanisms	of	AgNP	toxicity	we	also	evaluated	the	serum	

inflammatory	 profile,	 which	 we	 hypothesized	 particle	 size	 and	 capping	 agents	 may	 drive	

processes	leading	to	expansion	of	cardiac	I/R	injury.	Our	data	reveals	that	IT	instillation	of	AgNP	

results	in	expansion	of	cardiac	I/R	injury	1	day	and	7	days	post	IT	when	compared	to	I/R	injury	

from	naïve	and	vehicle	controls.	Instillation	of	AgNP	did	not	elicit	a	strong	inflammatory	response	

as	measured	by	circulating	serum	cytokines,	but	I/R	injury	following	IT	instillation	did	result	in	a	

greater	 inflammatory	 response	 in	 PVP	 capped	 20nm	 AgNP	 compared	 to	 vehicle	 controls.	 The	

cardiovascular	 toxicity	 of	 AgNP	 seems	 to	 be	 complex,	 dependent	 on	 several	 factors	 including	

particle	size	and	capping	agent.	The	determination	of	the	persistence	of	cardiac	I/R	injury	beyond	

the	 7	 day	 time	 point	may	 be	 important	 in	 understanding	 the	 potential	 public	 health	 impact	 of	

pulmonary	exposures	to	AgNP.			
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Table	4.1.	Characterization	of	Au-AgNP	
	
	

	

	

	

	

	

	

	

	

Particle	characterization	data	for	citrate	and	PVP	capped	AgNP.	Hydrodynamic	size	reported	was	determined	from	Z-average.	Data	

are	as	presented	as	a	mean	±	SEM	of	replicates.	

	 	

	 Citrate	Capped	AgNP	 PVP	Capped	AgNP	

20	nm	 110	nm	 20	nm	 110	nm	

Hydrodynamic	Size	(nm)	 23.98	±	0.0477	 104.2	±	0.120	 26.00	±	0.089	 112.3	±	0.149	

Core	Diameter	(nm)	 20.28	±	0.229	 111.3	±	1.970	 20.95	±	0.311	 114.2	±	1.421	

Zeta	Potential	(mV)	 -	48.50	±	2.059	 -	43.02	±	1.472	 -	37.12	±	1.136	 -	25.92	±	1.237	

Silver	Concentration	(mg/g)	 1.105	±	0.007	 0.980	±	0.014	 1.090	±	0.001	 1.101	±	0.003	

Endotoxin	Concentration	(EU/mL)	 <0.5	±	0	 <0.5	±	0	 1.133	±	.291	 <0.5	±	0	



	

	 105	

	
Table	4.2.	Lung	BAL	Cell	Differentials	and	Protein	
	

	 %	Macrophages	 %	Neutrophils	 %	Eosinophils	 %	Lymphocytes	 %	Epithelial	
Cells	

Protein	
(mg/mL)	

1	Day	
Citrate	 96.0	±	0.7	 0.1	±	0.1	 0.1	±	0.1	 0.1	±	0.1	 3.8	±	0.7	 0.2	±	0.1	

20	nm	AgNP	 91.8	±	1.2b	 1.4	±	1.3	 0.4	±	0.3	 1.1	±	0.3	 5.3	±	0.5	 0.4	±	0.1	
110	nm	AgNP	 91.1	±	0.5b	 0.6	±	0.6	 0.8	±	0.4	 0.3	±	0.1	 7.0	±	0.3b	 0.4	±	0.0	

PVP	 95.2	±	0.9	 0.1	±	0.1	 0.4	±	0.3	 0.8	±	0.6	 3.5	±	0.5	 0.6	±	0.1	
20	nm	AgNP	 92.3	±	0.9b	 0.6	±	0.1	 0.3	±	0.2	 0.3	±	0.2		 6.4	±	1.0	 0.8	±	0.1b	
110	nm	AgNP	 91.9	±	0.8b	 0.0	±	0.0	 0.4	±	0.4	 0.7	±	0.2	 7.0	±	0.9	 0.8	±	0.1b	

	 7	Day	
Citrate	 88.8	±	4.7	 0.4	±	0.2	 0.1	±	0.1	 1.1	±	0.6	 9.6	±	4.3	 0.2	±	0.0	

20	nm	AgNP	 96.9	±	0.9b	 1.3	±	1.0	 0.2	±	0.2	 0.9	±	0.4	 0.7	±	0.1b	 0.3	±	0.2	
110	nm	AgNP	 96.8	±	1.4b	 0.6	±	0.3	 0.1	±	0.1	 2.0	±	0.9	 0.5	±	0.3b	 0.2	±	0.1	

PVP	 95.3	±	1.0	 0.6	±	0.3	 0.1	±	0.1	 1.5	±	0.6	 2.5	±	1.1	 0.2	±	0.0	
20	nm	AgNP	 90.7	±	3.9	 3.6	±	2.7	 0.2	±	0.2	 3.1	±	2.3	 2.5	±	0.9	 0.2	±	0.0	
110	nm	AgNP	 94.2	±	1.5	 1.0	±	0.5	 0.3	±	0.2	 1.2	±	0.6	 3.3	±	2.0	 0.1	±	0.0b,c	
	
Calculated	percentage	of	total	cell	BALF	pellet	and	protein	quantification.	(b)	denotes	significant	(p<0.05)	versus	vehicle,	(c)	denotes	

significance	from	other	AgNP	particle	size	within	a	capping	agent,	calculated	by	one-way	ANOVA	with	Tukey	Post	Hoc	test	Values	

expressed	mean	±	SEM,	n	=	4-8.	
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Table	4.3.	Calculated	Pharmacological	values	for	Coronary	Artery	Ring	Constrictor	and	Relaxation	Response	

Treatment	
Group	

EC50	(nM)	 Hill	slope	
5-HT	 ACh	 SNP	 5-HT	 ACh	 SNP	

Naive	 87.7	±	26.7	 103.3	±	28.7	 20.0	±	4.3	 1.3	±	0.1	 1.8	±	0.2	 1.1	±	0.1	
	 	 	 	 	 	 	

1	Day	Post	IT	Exposure	
Citrate	 105.9	±	17.1	 75.6	±	7.4	 31.0	±	5.3	 1.3	±	0.1	 1.7	±	0.1	 1.2	±	0.1	

20	nm	AgNP	 60.2	±	8.4	 132.8	±	56.8	 22.0	±	3.4	 1.5	±	0.1	 1.5	±	0.1	 1.1	±	0.1	
110	nm	AgNP	 75.5	±	16.3	 147.6	±	51.0	 28.1	±	4.8	 1.4	±	0.1	 1.6	±	0.1	 1.1	±	0.1	

	 	 	 	 	 	 	
PVP	 79.5	±	11.5	 115.7	±	30.5	 20.9	±	3.4	 1.4	±	0.1	 1.7	±	0.2	 1.2	±	0.1	

20	nm	AgNP	 95.1	±	20.1	 95.3	±	3.0	 18.9	±	3.2	 1.4	±	0.1	 1.5	±	0.0	 1.2	±	0.1	
110	nm	AgNP	 70.0	±	10.2	a	 147.6	±	51.0	 23.0	±	2.4	 1.3	±	0.1	 1.8	±	0.2	 1.1	±	0.1	

	 	 	 	 	 	 	
7	Day	Post	IT	Exposure	

Citrate	 799.6	±	395.9	 57.4	±	1.2	 67.1	±	33.9	 1.2	±	0.4	 1.5	±	0.0	 1.0	±	0.1	
20	nm	AgNP	 264.2	±	74.9	 112.9	±	29.0	 55.7	±	8.2	 1.1	±	0.2	 1.6	±	0.2	 1.1	±	0.1	
110	nm	AgNP	 954.6	±	80.8	 98.3	±	11.6	 59.3	±	12.5	 1.1	±	0.2	 1.9	±	0.1	 1.3	±	0.3	

	 	 	 	 	 	 	
PVP	 237.7	±	61.1	 89.2	±	25.9	 48.8	±	3.6	 1.1	±	0.2	 1.6	±	0.3	 1.2	±	0.1	

20	nm	AgNP	 140.8	±	31.3	 117.5	±	26.3	 41.0	±	3.6		 1.2	±	0.2	 1.5	±	0.1	 1.0	±	0.1	
110	nm	AgNP	 306.0	±	70.3	a	 110.2	±	39.4	 50.7	±	13.3	 1.1	±	0.2	 1.6	±	0.2	 1.2	±	0.1	

	 	 	 	 	 	 	
	

The	calculated	mean	EC50	and	Hill	slope,	responses	of	LAD	coronary	artery	segment	to	serotonin	(5-HT),	acetylcholine	(ACh),	and	

sodium	nitroprusside	(SNP)	1	day	and	7	days	following	200	μl	instillation	of	Citrate	or	PVP	vehicle	or	200	μg	20	or	110	nm	AgNP.		

Values	expressed	mean	±	SEM.	(a)	denotes	significant	versus	Naïve	(p<0.05)	calculated	by	one-way	ANOVA	with	Tukey	Post	Hoc	

test,	n	=	3-8.	
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Table	4.4.	Calculated	Pharmacological	values	for	Aortic	Ring	Constrictor	and	Relaxation	Response	

Treatment	
Group	

EC50	(nM)	 Hill	slope	
PE	 ACh	 SNP	 PE	 ACh	 SNP	

Naive	 565.9	±	129.8	 127.4	±	19.4	 104.1	±	25.3	 1.7	±	0.2	 1.8	±	0.3	 2.1	±	0.4	
	 	 	 	 	 	 	

1	Day	Post	IT	Exposure	
Citrate	 501.9	±	125.4	 108.8	±	47.0	 74.3	±	29.5	 1.8	±	0.2	 1.4	±	0.3	 1.8	±	0.2	

20	nm	AgNP	 311.4	±	58.1	 97.79	±	17.9	 28.6	±	8.0	 1.7	±	0.1	 1.5	±	0.1	 1.8	±	0.2	
110	nm	AgNP	 558.5	±	122.2	 58.45	±	18.1	 20.9	±	4.2	 1.7	±	0.2	 1.8	±	0.5	 1.8	±	0.3	

	 	 	 	 	 	 	
PVP	 450.2	±	60.3	 101.9	±	20.7	 44.8	±	4.8a	 1.5	±	0.0	 1.7	±	0.1	 1.7	±	0.1	

20	nm	AgNP	 593.0	±	161.8	 121.6	±	31.9	 40.5	±	10.6a	 1.9	±	0.4	 1.6	±	0.1	 1.8	±	0.2	
110	nm	AgNP	 490.8	±	156.2	 119.3	±	20.1	 20.9	±	4.2a	 1.7	±	0.2	 1.7	±	0.4	 1.9	±	0.4	

	 	 	 	 	 	 	
7	Day	Post	IT	Exposure	

Citrate	 497.6	±	11.8	 106.1	±	57.9	 26.4	±	6.6	a	 1.8	±	0.2	 1.8	±	0.2	 1.7	±	0.2	
20	nm	AgNP	 256.2	±	58.0	 63.4	±	7.4	 45.1	±	1.0	a	 1.6	±	0.1	 1.6	±	0.1	 1.6	±	0.2	
110	nm	AgNP	 540.4	±	18.0	 84.2	±	26.3	 66.3	±	29.3	 1.6	±	0.1	 1.6	±	0.1	 1.8	±	0.1	

	 	 	 	 	 	 	
PVP	 215.0	±	15.0	 196.6	±	82.2	 40.1	±	18.8	 1.1	±	0.1	 1.5	±	0.4	 1.7	±	0.4	

20	nm	AgNP	 122.9	±	14.1	a	 120.0	±	13.2	 66.6	±	14.9	 1.1	±	0.1	 1.1	±	0.2	 1.5	±	0.2	
110	nm	AgNP	 260.3	±	50.0	 66.2	±	17.7	 66.4	±	10.6	 1.1	±	0.0	 2.0	±	0.3	 1.5	±	0.4	

	 	 	 	 	 	 	
	

The	 calculated	 mean	 EC50,	 and	 Hill	 slope,	 responses	 of	 aorta	 segment	 to	 phenylephrine	 (PE),	 acetylcholine	 (ACh),	 and	 sodium	

nitroprusside	 (SNP)	 1	 day	 and	 7	 days	 post	 200	 μl	 instillation	 of	 Citrate	 or	 PVP	 vehicle	 or	 200	 μg	 20	 or	 110	 nm	AgNP.	 	 Values	

expressed	mean	±	SEM.	(a)	denotes	significant	versus	Naïve	(p<0.05)	calculated	by	one-way	ANOVA	with	Tukey	Post	Hoc	test,	n	=	3-

8.	
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Table	4.5.	Calculated	Vascular	Stress	Values	for	Coronary	Arteries	and	Aortic	Rings	

Treatment	
Group	

Coronary	Artery	 Aorta	
Maximal	
Stress	

Generation	
(mN/mm2)	

Remaining	Stress	
(mN/mm2)	

Maximal	
Stress	

Generation	
(mN/mm2)	

Remaining	Stress	
(mN/mm2)	

	 5-HT	 ACh	 SNP	 5-HT	 ACh	 SNP	
Naive	 4.0	±	0.5	 0.1	±	0.1	 0.0	±	0.1	 4.0	±	0.5			 0.1	±	0.1	 0.0	±	0.1	
	 	 	 	 	 	 	

1	Day	Post	IT	Exposure	
Citrate	 3.5	±	0.4	 1.2	±	0.9	 0.0	±	0.1	 3.5	±	0.4	 1.2	±	0.9	 0.0	±	0.1	

20	nm	AgNP	 4.3	±	0.5	 0.3	±	0.2	 0.0	±	0.1	 4.3	±	0.5	 0.3	±	0.2	 0.0	±	0.1	
110	nm	AgNP	 3.2	±	0.4	 0.8	±	0.5	 0.0	±	0.1	 3.2	±	0.4	 0.8	±	0.5	 0.0	±	0.1	

	 	 	 	 	 	 	
PVP	 3.4	±	0.3	 0.4	±	0.3	 0.1	±	0.1	 3.4	±	0.3	 0.4	±	0.3	 0.1	±	0.1	

20	nm	AgNP	 2.7	±	0.4	 0.3	±	0.2	 0.0	±	0.1	 2.7	±	0.4	 0.3	±	0.2	 0.0	±	0.1	
110	nm	AgNP	 3.0	±	0.5	 0.4	±	0.1	 0.0	±	0.1	 3.0	±	0.5	 0.4	±	0.1	 0.0	±	0.1	

	 	 	 	 	 	 	
7	Day	Post	IT	Exposure	

Citrate	 2.4	±	0.9	 0.4	±	0.4	 -0.1	±	0.1	 2.4	±	0.9	 0.0	±	0.1	 0.6	±	0.2	
20	nm	AgNP	 3.6	±	0.4	 -0.1	±	0.4	 0.1	±	0.5	 3.6	±	0.4	 0.3	±	0.1	 0.4	±	0.2	
110	nm	AgNP	 2.8	±	0.8	 0.1	±	0.1	 -0.2	±	0.1	 2.8	±	0.8	 0.3	±	0.3	 0.0	±	0.1	

	 	 	 	 	 	 	
PVP	 1.7	±	0.7	 0.1	±	0.0	 -0.3	±	0.1	 1.7	±	0.7	 0.5	±	0.4	 0.5	±	0.2	

20	nm	AgNP	 1.6	±	0.5	 0.6	±	0.5	 -0.4	±	0.1	 1.6	±	0.5	 0.6	±	0.6	 0.4	±	0.1	
110	nm	AgNP	 3.0	±	0.6	 0.1	±	0.2	 -0.1	±	0.2	 3.0	±	0.6	 0.5	±	0.3	 0.2	±	0.3	

	 	 	 	 	 	 	
The	calculated	mean	maximum	stress	generated	to	serotonin	(5-HT)	or	phenylephrine	(PE)	in	coronary	arteries	and	aortic	rings	

respectively.	Calculated	remaining	stress	values	following	acetylcholine	(ACh)	or	sodium	nitroprusside	(SNP)	withdrawal.	Values	

expressed	mean	±	SEM	n	=	3-8.	
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Figure	 4.1:	 Serum	 Cytokine	 Concentrations	 Following	 IT	 instillation	 of	 Citrate	

Capped	AgNP.	Graphs	presenenting	mean	serum	concentration	of	selected	cytokines	1	

day	and	7	days	after	IT	instillation.	 	Cytokines	IL-2	(A),	IL-6	(C),	IL-18	(D),	and	G-CSF	

(E)	were	modestly	elevated	compared	to	citrate	vehicle	1	day	following	IT	instillation.		

At	7	days	following	instillation	cytokine	concentration	was	not	elevated	above	vehicle.	

(a)	denotes	statistical	significance	from	vehicle.	p<	0.05	by	one-way	ANOVA,		Data	are	

reported	as	mean	±	SEM	with	n	=	4.	
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Figure	 4.2:	 Serum	 Cytokine	 Concentrations	 Following	 IT	 instillation	 of	 PVP	 Capped	

AgNP.	Graphs	presenting	mean	serum	concentration	of	selected	cytokines	1	day	and	7	days	

after	 IT	 instillation.	 	 Cytokines	 IL-2	 (A),	 IL-6	 (C),	 IL-18	 (D),	 and	G-CSF	 (E)	were	modestly	

elevated	 compared	 to	 citrate	 vehicle	 1	 day	 following	 IT	 instillation.	 	 At	 7	 days	 following	

instillation	 cytokine	 concentration	was	 not	 elevated	 above	 vehicle.	 (b)	 denotes	 statistical	

significance	 from	 vehicle,	 (c)	 denotes	 significance	 from	 other	 AgNP	 particle	 size	within	 a	

capping	agent.	p<	0.05	by	one-way	ANOVA,		Data	are	reported	as	mean	±	SEM	with	n	=	4-8.	
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Figure	 4.3:	 Total	 Lung	 Protein	 Oxidation.	 Representivie	 Oxyblot™	 of	 citrate	 capped	 AgNP	

exposed	lung	tissue	(A).	Semiquantitative	densitomitry	of	citrate	capped	AgNP	Oxyblot™	exposed	

lung	 tissue	 (B).	 Representivie	 Oxyblot™	 of	 PVP	 capped	 AgNP	 exposed	 lung	 tissue	 (C).	

Semiquantitative	densitomitry	of	PVP	capped	AgNP	Oxyblot™	exposed	lung	tissue	(D).	Statistical	

significance	p<	0.05	by	one-way	ANOVA,		Data	are	reported	as	mean	±	SEM	with	n	=	3-4.	
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Figure	 4.4:	 Total	 Heart	 Protein	 Oxidation.	 Representivie	 Oxyblot™	 of	 citrate	 capped	 AgNP	

exposed	heart	tissue	(A).	Semiquantitative	densitomitry	of	citrate	capped	AgNP	Oxyblot™	exposed	

heart	 tissue	 (B).	 Representivie	 Oxyblot™	 of	 PVP	 capped	 AgNP	 exposed	 heart	 tissue	 (C).	

Semiquantitative	densitomitry	of	PVP	capped	AgNP	Oxyblot™	exposed	heart	tissue	(D).	Statistical	

significance	p<	0.05	by	one-way	ANOVA,		Data	are	reported	as	mean	±	SEM	with	n	=	3-4.	
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Figure	4.5:	Isolated	Vessel	Myography	Constrictor	Responses	1	Day	post	Exposure.	Graphs	

presenting	 the	 normalized	 stress	 responses	 from	 aorta	 and	 coronary	 artery	 segments	 1	 day	

following	 IT	 exposure	 including:	 coronary	 responses	 to	 citrate	 capped	 AgNP	 (A),	 coronary	

responses	 to	 PVP	 capped	 AgNP	 (B),	 aortic	 responses	 to	 citrate	 capped	 AgNP(C),	 and	 aortic	

responses	to	PVP	capped	AgNP	(D).	Statistical	significance	(p	<	0.05)		between:	naïve	and	20	nm	

AgNP	indicated	by	(b),	vehicle	and	20	nm	AgNP	by	(d),	vehicle	and	110	nm	AgNP	(e),	calculated	by	

two-way	ANOVA	with	Tukey	post	hoc	test.		Lines	represent	the	nonliner	fit	to	the	mean	data.	Data	

are	reported	as	mean	±	SEM	with	n	=	3-8.		
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Figure	4.6:	Isolated	Vessel	Myography	Constrictor	Responses	7	Days	post	Exposure.	Graphs	

presenting	 the	 normalized	 stress	 responses	 of	 aorta	 and	 coronary	 artery	 segments	 7	 days	

following	 IT	 exposure	 including:	 coronary	 responses	 to	 citrate	 capped	 AgNP	 (A),	 coronary	

responses	 to	 PVP	 capped	 AgNP	 (B),	 aortic	 responses	 to	 citrate	 capped	 AgNP(C),	 and	 aortic	

responses	to	PVP	capped	AgNP	(D).	Statistical	significance	(p	<	0.05)		between:	naïve	and	vehicle	

indicated	by	(a),	naïve	and	20	nm	AgNP	indicated	by	(b),	naïve	and	110	nm	AgNP	indicated	by	(c),	

vehicle	and	20	 nm	AgNP,	 vehicle	and	 110	nm	AgNP	 (e),	 20	nm	AgNP	and	 110	nm	AgNP	by	 (f),	

calculated	 by	 two-way	ANOVA	with	Tukey	 post	 hoc	 test	 Lines	 represent	 the	 nonliner	 fit	 to	 the	

mean	data.	Data	are	reported	as	mean	±	SEM	with	n	=	3-4.	
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Figure	 4.7:	 Isolated	 Vessel	 Myography	 ACh	 Responses	 1	 Day	 post	 Exposure.	 Graphs	

presenting	 the	 normalized	 stress	 responses	 of	 aorta	 and	 coronary	 artery	 segments	 1	 day	

following	 IT	 exposure	 including:	 coronary	 responses	 to	 citrate	 capped	 AgNP	 (A),	 coronary	

responses	 to	 PVP	 capped	 AgNP	 (B),	 aortic	 responses	 to	 citrate	 capped	 AgNP(C),	 and	 aortic	

responses	to	PVP	capped	AgNP	(D).	Statistical	significance	between	naïve	and	110	nm	AgNP	(p	<	

0.05)	 indicated	by	(c),	 vehicle	and	20	nm	AgNP	 indicated	by	(d),	 calculated	by	two-way	ANOVA	

with	Tukey	post	hoc	test.	Lines	represent	the	nonliner	fit	to	the	mean	data.	Data	are	reported	as	

mean	±	SEM	with	n	=	3-8.		



	

	 116	

	 	

Figure	 4.8:	 Isolated	 Vessel	 Myography	 ACh	 Responses	 7	 Days	 post	 Exposure.	 Graphs	

presenting	 the	 normalized	 stress	 responses	 of	 aorta	 and	 coronary	 artery	 segments	 7	 days	

following	 IT	 exposure	 including:	 coronary	 responses	 to	 citrate	 capped	 AgNP	 (A),	 coronary	

responses	 to	 PVP	 capped	 AgNP	 (B),	 aortic	 responses	 to	 citrate	 capped	 AgNP(C),	 and	 aortic	

responses	to	PVP	capped	AgNP	(D).	Statistical	significance	(p	<	0.05)		between:	naïve	and	vehicle	

indicated	by	(a),	naïve	and	20	nm	AgNP	indicated	by	(b),	naïve	and	110	nm	AgNP	indicated	by	(c),	

vehicle	and	20	 nm	AgNP,	 vehicle	and	 110	nm	AgNP	 (e),	 20	nm	AgNP	and	 110	nm	AgNP	by	 (f),	

calculated	by	 two-way	ANOVA	with	Tukey	post	hoc	 test.	 Lines	 represent	 the	 nonliner	 fit	 to	 the	

mean	values.	Data	are	reported	as	mean	±	SEM	with	n	=	3-4.		



	

	 117	

	 	

Figure	4.9:	Isolated	Vessel	Myography	SNP	Responses	1	Day	post	Exposure.	Graphs	presenting	the	

normalized	 stress	 responses	 of	 aorta	 and	 coronary	 artery	 segments	 1	 day	 following	 IT	 exposure	

including:	 coronary	 responses	 to	 citrate	 capped	AgNP	 (A),	 coronary	 responses	 to	PVP	 capped	AgNP	

(B),	 aortic	 responses	 to	 citrate	 capped	 AgNP(C),	 and	 aortic	 responses	 to	 PVP	 capped	 AgNP	 (D).	

Statistical	significance	(p	<	0.05)		between:	naïve	and	vehicle	indicated	by	(a),	naïve	and	20	nm	AgNP	

indicated	by	(b),	naïve	and	110	nm	AgNP	indicated	by	(c),	vehicle	and	20	nm	AgNP,	vehicle	and	20	nm	

AgNP	by	(d),	vehicle	and	110	nm	AgNP	(e),	20	nm	AgNP	and	110	nm	AgNP	by	(f),	calculated	by	two-

way	ANOVA	with	Tukey	post	 hoc	 test.	 Lines	 represent	 the	nonliner	 fit	 to	 the	mean	 values.	Data	are	

reported	as	mean	±	SEM	with	n	=	3-8.		
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Figure	4.10:	Isolated	Vessel	Myography	SNP	Responses	7	Days	post	Exposure.	Graphs	

presenting	the	normalized	stress	responses	of	aorta	and	coronary	artery	segments	7	days	

following	IT	exposure	 including:	coronary	responses	to	citrate	capped	AgNP	(A),	coronary	

responses	to	PVP	capped	AgNP	(B),	aortic	responses	to	citrate	capped	AgNP(C),	and	aortic	

responses	 to	PVP	capped	AgNP	(D).	 Statistical	 significance	 (p	<	0.05)	 	between:	naïve	and	

vehicle	 indicated	by	 (a),	naïve	and	20	nm	AgNP	 indicated	by	(b),	 naïve	and	110	nm	AgNP	

indicated	by	 (c),	 calculated	by	 two-way	ANOVA	with	Tukey	post	hoc	 test.	 Lines	 represent	

the	nonliner	fit	to	the	mean	values.	Data	are	reported	as	mean	±	SEM	with	n	=	3-4.	
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Figure	 4.11:	 Cardiac	 Ischemia/Reperfusion	 Injury	 Following	 IT	 instillation	 of	 AgNP.	

Graphs	of	cardiac	I/R	injury	in	male	SD	rats	exposed	by	IT	instillation	of	200	μl		of	citrate	or	PVP	

vehicle	or	200	μg	AgNP	for	1	or	7	days.	Cardiac	I/R	injury	was	induced	by	occlusion	of	the	LAD	

for	 20	 minutes	 of	 ischemia	 and	 2	 hours	 of	 reperfusion.	 	 Ischemia-reperfusion	 injury	 was	

expanded	1	day	following	IT	exposure	to	AgNP	compared	to	vehicle	or	naïve	(A).	Expansion	of	

I/R	 injury	 persists	 7	 days	 following	 IT	 instillation	 (B).	 (a)	 denotes	 significance,	 (p<0.05)	

calculated	by	one-way	ANOVA	with	Tukey	post	hoc	test,	versus	naïve,	(b)	denotes	significant	vs	

vehicle,	(c)	denotes	significant	vs	capping	agent.	Data	are	reported	as	mean	±	SEM	with	n	=	4.	
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Abstract:	

Pulmonary	 instillation	 of	 multi-walled	 carbon	 nanotubes	 (MWCNT)	 has	 the	 potential	 to	

promote	 cardiovascular	 derangements	 but	 the	 mechanisms	 responsible	 are	 currently	

unclear.	 	We	hypothesized	 that	 exposure	 to	MWCNT	would	 result	 in	 increased	 epithelial	

barrier	permeability	by	24	hours	post-exposure	and	initiate	a	signaling	process	 involving	

IL-6	 /gp130	 transsignaling	 in	 peripheral	 vascular	 tissue.	 	 To	 test	 this	 hypothesis	 we	

assessed	 the	 impact	 of	 1	 µg/cm2	 and	 10	 µg/cm2	 MWCNT	 on	 transepithelial	 electrical	

resistance	 (TEER)	 and	 expression	 of	 barrier	 protein	 and	 cell	 activation	 in	 vitro	 using	

normal	 -	 human	 bronchial	 epithelial	 primary	 cells.	 	 Parallel	 studies	 using	male	 Sprague-

Dawley	 rats	 instilled	with	 100	 µg	MWCNT.	 	 Examined	measured	 bronchoalveolar	 lavage	

(BAL)	differential	cell	counts,	BAL	fluid	total	protein,	and	lung	water/tissue	weight	ratios	



	

121	

24	 hours	 post-exposure.and	 quantified	 serum	 concentrations	 of	 IL-6,	 soluble	 IL-6r	 and	

soluble	 gp130.	 	 Aortic	 sections	 were	 examined	 immunohistochemically	 for	 gp130	

expression,	 and	 gp130	 mRNA/protein	 expression	 was	 evaluated	 in	 rat	 lung,	 heart	 and	

aortic	 tissue	 homogenates.	 	 Our	 in	 vitro	 findings	 indicate	 that	 10	 μg/cm2	 MWCNT	

decreased	 the	development	of	TEER	and	ZO-1	expression	 relative	 to	 the	Vehicle.	 	 In	 rats	

MWCNT	 instillation	 increased	 	 BAL	 protein,	 lung	 water,	 and	 induced	 pulmonary	

eosinophilia.	 	 Serum	 concentrations	 of	 soluble	 gp130	 decreased,	 aortic	 endothelial	

expression	of	gp130	increased,	and	expression	of	gp130	in	the	lung	was	downregulated	in	

the	 MWCNT	 exposed	 group.	 	 We	 propose	 that	 pulmonary	 exposure	 to	 MWCNT	 can	

manifest	 as	 a	 reduced	 epithelial	 barrier	 and	 activator	 of	 vascular	 gp130	 associated	

transsignaling	that	may	promote	susceptibility	to	cardiovascular	derangements.	

	

Introduction:	

Multi-walled	 carbon	 nanotubes	 (MWCNT)	 are	 being	 utilized	 in	 commercial	 products	

throughout	 the	 medical,	 military,	 automotive,	 aerospace,	 and	 consumer	 industries.	 	 The	

expanding	 applications	 for	 MWCNT	 increase	 the	 probability	 of	 human	 exposure	 via	

inhalation	 during	 manufacturing	 processes.	 	 MWCNT	 have	 unique	 geometry	 and	 large	

surface	 area/mass	 ratios,	 which	 drive	 potentially	 adverse	 reactions	 with	 physiological	

systems	 (222).	 	 We	 provided	 several	 reports	 that	 intratracheal	 instillation	 of	 MWCNT	

promoted	 the	 expansion	 of	 myocardial	 ischemia/reperfusion	 injury	 and	 other	

cardiovascular	derangements	 in	rodent	models	(139,	289,	303).	 	These	and	other	studies	

(43,	277)	raised	questions	as	to	the	mechanisms	by	which	pulmonary	response	to	MWCNT	

drive	 negative	 systemic	 endpoints.	 	 Acute	 lung	 injury	 is	 characterized	 by	 increased	
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pulmonary	 vascular	 permeability	 and	 can	 result	 in	 adverse	 cardiovascular/systemic	

responses	(236,	282).		Various	forms	of	nano-sized	particles	have	been	shown	to	alter	lung	

permeability	similar	to	acute	lung	injury	models	(44,	138,	196,	272,	340).	 	While	MWCNT	

exposure	has	caused	notable	 inflammatory	responses	 in	an	alveolar-capillary	cell	 culture	

model	 (273),	 in	vivo	 changes	 in	 lung	permeability	caused	by	MWCNT	have	not	been	well	

documented.	

	

Lung	permeability	at	the	alveolocapillary	barrier	is	regulated	by	a	tight	junctions	between		

alveolar	 epithelial	 cells	 and	 capillary	 endothelial	 cells.	 	 The	 barrier	 regulates	 the	 net	

movement	of	fluid,	solutes,	and	circulating	cells	between	the	bloodstream,	interstitium,	and	

alveolar	space	(253).		Several	cell	signaling	cascades	and	proteins	function	to	maintain	the	

barrier’s	 integrity	 through	manipulation	 of	 the	 cytoskeleton,	which	maintains	 cell	 shape,	

cell-cell	interactions,	and	cell	adhesions	with	the	extracellular	matrix	(175).		In	response	to	

inflammatory	 signals,	 some	 of	 these	 cascades	 and	 proteins	 function	 to	 rearrange	 the	

cytoskeleton	 to	 alter	 cell	 shape,	 loosen	 cell-cell	 contact,	 and	 break	 connections	with	 the	

extracellular	matrix	 in	 an	 effort	 to	 increase	barrier	permeability	 (253).	 	 In	 response,	 the	

alveolocapillary	barrier	becomes	leaky,	promoting	the	diffusion	of	inflammatory	mediators	

and	 chemoattractants	 into	 adjacent	 compartments,	 allowing	 for	 the	 recruitment	 of	

circulating	 leukocytes,	 and	 phagocytic	 and	 antigen	 presenting	 cells	 to	 migrate	 into	 the	

lymphatics	 (175).	 	 Since	 pulmonary	 exposure	 to	MWCNT	 can	 result	 in	 an	 interaction	 of	

MWCNT	and	 the	 epithelial	 cells	 of	 the	 lung	 (272),	we	were	 interested	 in	 evaluating	how	

MWCNT	modify	a	the	integrity	of	the	pulmonary	epithelium	leading	to	the	translocation	of	

mediators	outside	of	the	lung.	
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We	 postulated	 that	 changes	 in	 glycoprotein	 130	 (gp130)	 expression	 could	 serve	 as	 a	

marker	of	MWCNT	exposure	and	may	link	any	disrupted	bronchial	epithelial	barrier	to	the	

cardiovascular	detriments	associated	with	MWCNT	exposure.		The	proposed	mechanism	is	

based	on	the	links	between	MWCNT	exposure	and	interleukin-6	(IL-6)	and	nuclear	factor	

kappa	b	(NFkb)	activation	(112,	115).		Gp130	is	a	transmembrane	signal	transducer	for	IL-

6,	 which	 has	 been	 linked	 to	 canonical	 activation	 of	 NFκb	 (77,	 90).	 	We	 have	 previously	

reported	that	cyclooxygenase-2	(COX-2)	may	be	involved	in	vascular	impairments	24	hours	

after	100	μg	MWCNT	instillation	(289)	and	NFκb	has	been	linked	to	the	induction	of	COX-2	

in	 vascular	 endothelial	 cells	 (205,	 255).	 	 Together	 these	 reports	 suggest	 that	 MWCNT	

exposure	could	be	 linked	 to	COX-2	 in	cardiovascular	 tissue	via	 IL-6	and	NFκb.	 	However,	

most	cells	that	comprise	pulmonary	and	cardiovascular	tissues	lack	a	membrane	tethered	

IL-6	receptor	alpha	(IL6rα),	 requiring	 the	presence	of	 soluble	 IL6rα	(sIL6r)	 to	allow	 IL-6	

activation	 of	 gp130,	 a	 nontraditional	 signaling	 process	 termed	 IL-6	 transsignaling.	 	 This	

mechanism	may	be	regulated	antagonistically	by	the	presence	of	a	soluble	form	of	gp130	

(sgp130)(39).		When	IL-6/sIL6r	complex	is	in	excess	of	sgp130,	the	IL-6/sIL6r	complexes	

can	 bind	 transmembrane	 gp130	 at	 the	 cell	 surface.	 	 Once	 bound,	 transmembrane	 gp130	

activates	Janus	kinase/signal	transducer	and	activator	of	transcription	(JAK/STAT)	to	drive	

intracellular	 responses	 (120).	 	 IL-6	 transsignaling	 has	 been	 shown	 to	 upregulate	 gp130	

expression	in	vascular	cells	(146,	248).		Binding	to	gp130	has	been	show	to	induce	NFκb-

mediated	 responses	 in	 vitro	 (77).	 	 We	 postulate	 a	 role	 of	 IL-6	 transsignaling	 and	

gp130/NFκb/COX-2	expression	patterns	following	MWCNT	exposure	that	may	establish	a	

link	to	the	cardiovascular	derangements	we	have	previously	reported	(177,	289,	303).	
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To	date	it	is	unknown	what	the	molecular	mechanism	linking	the	pulmonary	responses	to	

MWCNT	 exposure	 with	 detrimental	 cardiovascular	 endpoints.	 	 We	 hypothesized	 that	

MWCNT	 increases	 alveolar	 barrier	 permeability	 and	 initiates	 IL-6	 transsignaling.	 	 We	

tested	 this	 hypothesis	 by	 1)	 exposing	 airway	 epithelial	 cells	 to	MWCNT	 in	 vitro;	 and	 2)	

assessing	elements	of	the	signaling	pathway	following	pulmonary	instillation	of	MWCNT	in	

rats.	 	 The	 primary	 endpoints	 examined	 were	 lung/airway	 permeability,	 serum	

concentrations	of	IL-6	transsignaling	agents,	and	evidence	of	altered	IL-6	transsignaling	in	

cardiovascular	tissue.	

	

Materials	and	Methods:	

Multi-walled	carbon	nanotube	(MWCNT)	suspensions	

Vehicle	instillate	was	comprised	of	10%	surfactant/saline	by	diluting	Infasurf®	calfactant	

(ONY,	Inc.,	Amherst,	NY,	USA)	to	10%	with	sterile	normal	saline.	Infasurf®	is	comprised	of	

clinical	 grade	 phospholipids,	 neutral	 lipids,	 and	 surfactant	 associated	 proteins	 B	 and	 C.		

MWCNT,	 provided	 by	NanoTechLabs,	 Inc.	 (Yadkinville,	 NC,	 USA),	were	 suspended	 in	 the	

Vehicle	suspension	at	0.5	mg/mL	and	sonicated	using	10,800	Joules	prior	to	intratracheal	

instillations	 to	 minimize	 agglomeration.	 	 The	 MWCNT	 and	 the	 suspensions	 used	 in	 this	

study	have	been	well	characterized	and	previously	reported	(19;	49;	52).	 	These	MWCNT	

contain	~	5%	Fe	catalyst	by	weight.		In	dry	state	the	MWCNT	were	measured	to	be	several	

microns	long,	expressed	bimodal	diameter	distribution	with	peak	mean	diameters	at	12.5	

nm	 and	 25	 nm,	 with	 a	 113.103	 m2/g	 surface	 area	 and	 0.688	 cm3/g	 pore	 volume.	 	 In	
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suspension	the	hydrodynamic	size	also	showed	bimodal	distribution	with	peaks	at	200	±	

50	nm	and	1000	±	150	nm,	the	zeta	potential	was	-44.6	mV	and	the	isoelectric	pH	was	3.5.	

Cell	culture	and	Transepithelial	electrical	resistance	(TEER)	

Normal	human	bronchial	epithelial	primary	cells	(NHBE)	and	growth	media	were	obtained	

from	Lonza	(Allendale,	NJ,	USA)	in	BEGM	BulletKits	at	passage	2	(Lot	#	0000295568)	and	

seeded	at	1.5	x	104	cells/cm2	in	8-chamber	gold-electrode	E10+	arrays	(Applied	Biophysics,	

Troy,	NY,	USA).	 	Arrays	were	precoated	with	a	collagen	solution	(30	µg/mL	collagen	1A1,	

10	µg/mL	fibronectin,	10	µg/mL	bovine	serum	albumin	in	sterile	saline)	and	allowed	to	dry	

prior	to	UV	sterilization.		Cells	were	incubated	at	37°C	in	5%	CO2	and	BEGM	growth	media	

was	refreshed	every	2	days.	 	NHBE	cultures	were	grown	 to	confluent	monolayers	before	

being	treated	with	media	alone,	media	plus	10%	InfaSurf™	(Vehicle),	Vehicle	plus	1	µg/cm2	

MWCNT	 or	 Vehicle	 plus	 10	 µg/cm2	 MWCNT.	 	 Separate	 wells	 containing	 treatment	

suspensions	 in	 the	absence	of	cells	were	also	measured	 to	control	 for	potential	electrical	

interference	 by	 the	 Vehicle	 or	 MWCNT	 suspensions	 alone.	 	 TEER	 across	 exposed	 NHBE	

monolayers	 was	 measured	 on	 an	 electric	 cell-substrate	 impedance	 sensing	 (ECIS™)	

instrument	(1600R	model,	Applied	Biophysics).	 	ECIS™	takes	resistance	measurements	at	

4,000Hz	 continuously,	 providing	 a	 kinetic	 measurement	 of	 resistance	 in	 Ohms	 (Ω)	 over	

time.		TEER	was	measured	for	24	hours	prior	to	nanotube	exposure	to	establish	a	baseline	

resistance,	and	then	for	24	hours	post-exposure.		Measurements	were	taken	under	normal	

incubator	conditions	(37°C	and	5%	CO2)	in	6	replicates	per	treatment.		Changing	of	media	

routinely	causes	aberrant	fluctuations	in	TEER	measurements	for	1-2	hours	until	cells	re-

equilibrate,	 thus	 TEER	was	 not	 reported	 from	 0-2	 hours	 post-exposure	 to	 experimental	

media.	
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In	Cell	Western	

NHBE	were	seed	in	a	Costar	black	clear	bottom	96	well	plates	(Corning	3606)	at	a	seeding	

density	 of	~14	 x	 103	 cell	 per	well	 and	 culture	 to	 >	 80%	monolayer	 confluence.	 Samples	

were	run	in	triplicate.	Cells	were	treated	with	media,	10%	InfaSurf™	(Vehicle)	surfactant	in	

media	 or	MWCNT	with	 10%	 InfaSurf™	 at	 1	 or	 10	 µg/cm2	 for	 24	 hours.	 	 In-Cell	Western	

Assay	 (Li-Cor	 Biosciences,	 Lincoln,	 NE,	 USA)	 was	 performed	 following	 24	 hour	 in	 vitro	

exposure	to	MWCNT/Infasurf	or	Infasurf	to	assess	the	changes	in	target	protein	expression	

(307).	 	Briefly,	 the	treated	cells	were	 immediately	 fixed	with	3.7%	formaldehyde	with	1X	

PBS,	 permeabilized	 with	 0.1%	 Triton-X,	 blocked	 with	 Odyssey	 blocking	 buffer	 (LI-COR	

Biosciences,	 Lincoln,	NE,	USA),	 	 and	 treated	with	 ZO-1	 (1:1000),	 ICAM-1	 (1:50),	 VCAM-1	

(1:100)	 primary	 antibodies	 (Abcam,	 Cambridge,	 MA,	 USA).	 	 IRDye	 800CW	 Secondary	

Antibodies	(LI-COR	Biosciences,	Lincoln,	NE,	USA)	were	used	 in	1:	800	dilution	for	target	

proteins	and	DNA	were	stained	with	CellTag	700	(LiCor	Biosciences,	Lincoln	NE,	USA)	for	

cell	number	normalization.		The	fluorescence	was	detected,	quantified	and	analyzed	using	

Li-Cor	Odyssey	Ci	Infrared	Imaging	System	and	software.	

RNA	isolation	and	qPCR	from	NHBE	cells	

RNA	was	isolated	from	NHBE	cells	after	treatment	by	RNEasy	kit	(Qiagen).	Complementary	

DNAs	 (cDNA)	 were	 generated	 from	 1.0	 µg	 of	 purified	 RNA	 using	 TaqMan	 reverse	

transcription	 reagents	 from	 Applied	 Biosystems	 (Foster	 City,	 CA).	 	 Real-time	 PCR	 was	

performed	 with	 Taqman	 PCR	 Mix	 (Applied	 Biosystems)	 in	 the	 HT7900	 ABI	 sequence	

Detection	 System	 (Applied	 Biosystems).	 Predesigned	 primers	 for	 ZO-1	 (Hs01551861),	

ICAM1	(Hs00164932),	VCAM1	(Hs01003372),	IL-8	(Hs00174103),	IL-6	(Hs00985639),	and	

gp130	 (Hs00174360)	 were	 purchased	 from	 Applied	 Biosystems.	 Gene	 expression	 was	
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normalized	to	18S	gene	(Hs03003631)	and	expression	levels	in	untreated	control	samples	

were	set	as	one	utilizing	the	relative	quantification	calculation	(2-ddCt).	Samples	were	run	in	

triplicate.	

Animals	

Sprague-Dawley	rats	were	purchased	from	Charles	River	at	8-12	weeks	old,	ranging	from	

200-225	 grams.	 	 Rats	 were	 housed	 in	 the	 Department	 of	 Comparative	Medicine	 at	 East	

Carolina	University	and	allowed	one	week	 to	acclimate	before	experiments	started.	 	Rats	

were	housed	in	temperature-controlled	(25	±	1°C)	units	with	12	hour	light-dark	cycles	and	

had	access	to	standard	laboratory	chow	and	water	ad	libitum.		All	animal	use	complied	with	

the	guidelines	of	East	Carolina	University’s	Institutional	Animal	Care	and	Use	Committee.	

Intratracheal	instillation	

Rats	were	anesthetized	with	50%	Isoflurane	 in	propylene	glycol.	 	The	tongue	was	briefly	

exteriorized	 to	 impede	 ingestion	of	 the	 instillate	 and	a	200	µL	droplet	 of	 either	MWCNT	

(100	µg)	or	Vehicle	suspension	was	placed	into	the	opening	of	the	trachea	until	completely	

aspirated.	 	 Animals	 were	 monitored	 until	 normal	 grooming	 habits	 resumed	 and	 were	

returned	to	standard	housing	units	for	the	following	24	hours.	

Pulmonary	injury	assessment	and	tissue	collection		

Twenty-four	 hours	 after	 instillation	 rats	 where	 anesthetized	 with	 an	 intraperitoneal	

injection	of	ketamine/xylazine	(90/10	mg/kg	respectively).	 	After	plain-3	anesthesia	was	

achieved,	 a	 pneumothorax	was	 induced	 and	 rats	were	 exsanguinated	 by	 transecting	 the	

inferior	vena	cava.	 	One	cohort	of	rats	had	the	right	lung	used	for	bronchoalveolar	lavage	

studies	while	the	left	lung	was	fixed	for	histological	analysis.	 	A	second	cohort	of	rats	had	

the	 right	 lung	 used	 for	 protein/mRNA	 expression	 while	 the	 left	 lung	 was	 used	 for	
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water/tissue	weight	assessment.	 	Heart	and	 thoracic	aortic	 segments	were	also	collected	

for	immunohistochemistry	and	protein/mRNA	expression	analysis.	

Bronchoalveolar	lavage	(BAL)	and	differential	cell	counts	

The	ventral	portion	of	the	thoracic	cage	was	removed	and	a	tracheotomy	was	performed.	A	

18	 gauge	 angiocatheter	was	 inserted	 into	 the	 trachea,	 the	 bronchus	 of	 the	 left	 lung	was	

clamped	at	the	hilum,	and	the	right	lung	of	each	animal	was	lavaged	 in	situ.	 	Four	lavages	

were	performed	per	animal	with	ice-cold	Hanks	balanced	salt	solution	(HBSS),	using	26.25	

mL/kg	body	weight.	 	All	4	lavage	samples	were	centrifuged	at	1000	x	g	for	10	minutes	at	

4°C	and	the	pellets	were	pooled	to	determine	total	cell	counts	using	a	Cellometer	(Nexcelon	

Biosciences,	 LLC.,	 Lawrence	 MA,	 USA).	 	 Utilizing	 a	 Cytospin	 IV	 (Shandon	 Scientific	 Ltd.,	

Cheshire,	 UK),	 20,000	 cells	 were	 centrifuged	 per	 slide	 and	 stained	 with	 a	 three-step	

hematologic	 stain	 (Richard-Allan	 Scientific,	 Kalamazoo	MI,	 USA).	 	 Cell	 differential	 counts	

were	 determined	 by	 evaluating	 300	 cells	 per	 slide	 based	 on	 morphology	 to	 establish	

cellular	profile,	using	a	light	microscope	(Jenco	International	Inc.,	Portland	OR,	USA).		The	

percentage	of	each	individual	cell	type	per	slide	was	multiplied	by	the	total	cell	counts	from	

each	animal	for	data	reporting.	

BAL	fluid	(BALF)	protein	concentrations	

BALF	 was	 analyzed	 for	 total	 protein	 concentration	 as	 a	 read	 out	 of	 lung	 permeability.		

Protein	concentrations	were	determined	using	a	BioRad	DC	Microplate	Protein	Assay	Kit	

(Bio-Rad,	Hercules	CA,	USA),	per	instructions	provided	by	the	manufacturer.		BALF	samples	

were	plated	in	duplicate	on	a	96-well	plate,	read	with	a	Biotek	Plate	Reader,	and	analyzed	

with	Gen5	software	(BioTek,	Winooski,	VT,	USA).	

Lung	water/tissue	weight	
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After	excision,	the	left	lung	was	lightly	blotted	to	remove	any	surface	material	following	the	

tissue	 harvest.	 	 The	 lung	 was	 immediately	 weighed	 (wet	 weight)	 and	 then	 placed	 in	 a	

drying	oven	at	50°C	for	48	hours	and	then	re-weighed	for	dry	weight	determination.		The	

difference	in	the	weights	was	used	to	estimate	lung	water	content.	

Left	lung	histology	

Unlavaged	 left	 lungs	were	 infused	with	10%	neutral	buffered	 formalin	and	 fixed	at	 room	

temperature	 for	 24	 -	 72	 hours.	 	 Fixed	 lungs	 were,	 processed,	 embedded	 in	 paraffin,	

sectioned	at	5	µm,	mounted	on	slides,	and	stained	with	hematoxylin	and	eosin.		Slides	were	

examined	with	a	Leica	DM5000	B	upright	light	microscope	(Buffalo	Grove,	IL,	USA),	Leica	

DFC	420	color	camera,	and	Leica	Application	Suite	(LAS)	microscope	software.	

Serum	biochemical	analysis	

Serum	IL-6,	sIl6r,	and	sgp130	concentrations	were	measured	using	commercially	available	

ELISAs.		Whole	blood	was	drawn	from	the	right	ventricle,	24	hours	after	MWCNT	or	Vehicle	

instillation,	placed	in	serum	separator	tubes,	and	centrifuged	at	20,800	x	g	for	30	minutes	

at	 4°C.	 	 Serum	was	 then	 transferred	 into	 clean	 cryo	 tubes,	 frozen	 in	 liquid	nitrogen,	 and	

stored	at	-	80°C.		At	the	time	of	analysis,	serum	was	thawed	and	analyzed	for:		IL-6	using	a	

kit	from	EMD	Millipore	(#EZRIL6,	Billerica,	MA,	USA);		sIl6r	using	a	kit	from	MyBioSource,	

Inc.	 (#MBS260742,	 San	Diego,	CA,	USA);	 and	 	 sgp130	using	 a	 kit	 from	MyBioSource,	 Inc.	

(#MBS267808).		The	ELISAs	were	performed	in	flat-bottom	96-well	plates	according	to	the	

manufacturer’s	 instructions.	 	The	optical	densities	of	all	wells	were	measured	at	405	nm	

using	a	Biotek	Synergy	HT	plate	reader	and	analyzed	with	Gen5	software	(Biotek).	

Immunohistochemistry	



	

130	

Sections	of	aorta	were	mounted	on	slides,	hydrated,	and	immunostained	for	gp130	using	a	

polyclonal	 sheep	 IgG	 antibody	 diluted	 1:10	 (#AF5029,	 R&D	 Systems®,	Minneapolis,	MN,	

USA)	 and	 an	 anti-sheep	 HRP	 DAP	 staining	 kit	 (#CTS019,	 R&D	 Systems®)	 per	 the	

manufacturer’s	 instructions.	 	 During	 the	 primary	 antibody	 incubation	 step	 some	 slides	

were	 incubated	with	PBS	without	 the	primary	antibody	as	a	negative	 control,	 containing	

(mM)	137	NaCl,	2.7	KCl,	4.3	Na2HPO4	x	7H2O,	1.47	KH2PO4	and	pH	=	7.4.	 	Each	slide	was	

lightly	 counterstained	 with	 Harris	 Hematoxylin,	 dehydrated	 with	 ethanol,	 and	 cover-

slipped.		Slides	were	examined	with	a	Leica	DM5000	B	upright	light	microscope,	Leica	DFC	

420	color	camera,	and	Leica	Application	Suite	(LAS)	microscope	software.	

Tissue	Real	Time	PCR	Analysis	

Right	 lung,	 heart	 and	 aortic	 tissues	 from	 rats	 were	 homogenized	 in	 Trizol	 with	 a	 bead	

homogenizer	 for	 RNA	 extraction.	 	 RNA	 was	 isolated	 using	 a	 Qiagen	 RNeasy	 Mini	 Kit	

(Qiagen,	 Valencia	 CA,	 USA).	 	 RNA	 was	 reverse	 transcribed	 using	 a	 QuantiTect	 Reverse	

Transcription	Kit	(Qiagen)	according	the	manufacturer’s	directions.	 	A	Bio-Rad	iCycler	IQ,	

QuantiTect	Primer	Assays,	and	SYBR	Green	Master	Mix	were	used	to	evaluate	expression	of	

gp130	 (Rn_Il6st_2_SG),	 Nfκb	 (Rn_Nfkb1_2_SG)	 and	 Cox-2	 (Rn_Ptgs2_1_SG).	 	 Target	 cDNA	

levels	were	normalized	to	the	internal	reference	Gapdh	(Rn_Gapd_1_SG),	using	the	equation	

2-[ΔCt],	 where	 ΔCt	 is	 defined	 as	 Cttarget	 -	 Ctinternal	 reference.	 	 Four	 to	 five	 independent	

experiments	were	conducted	and	averaged	to	derive	the	reported	values.	

Western	blot	

Lung,	heart	and	aortic	tissue	segments	were	homogenized	in	modified	RIPA	buffer	with	a	

sintered	glass	mortar	and	pestle	set	on	ice	(1	mg	tissue/100	µL	buffer).		The	modified	RIPA	

buffer	contained	(per	100	ml):	790	mg	Tris	Base,	90	mg	NaCl,	pH	to	7.4	with	6N	HCl,	1	ml	
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10%	NP-40,	1	ml	100	mM	EDTA,	1mL	protease	and	1	mL	phosphatase	inhibitors	added	at	

the	 time	 of	 homogenization	 (#P8340	 and	 #P0044	 respectively,	 Sigma-Aldrich	 Corp.,	 St.	

Louis,	MO,	USA),	and	brought	to	volume	with	dH2O.	Tissue	homogenates	were	centrifuged	

at	20,800	rcf	for	20	minutes.		Supernatants	were	analyzed	for	total	protein	content	using	a	

BioRad	 DC	 Microplate	 Protein	 Assay	 Kit	 (Bio-Rad)	 per	 the	 manufacturer’s	 instructions.		

Supernatant	samples	were	plated	in	duplicate	on	a	96-well	plate,	read	with	a	Biotek	Plate	

Reader,	and	analyzed	with	Gen5	software	(BioTek).		Supernatant	samples	were	then	loaded	

into	wells	of	a	15	well	Mini-Protean	TGX,	4-20%	mini	gel	(#4561096,	BioRad)	by	loading	

20	µg	of	total	protein	for	heart	and	lung	samples.		The	supernatant	from	aortic	samples	was	

so	dilute	 that	15	μL	were	 loaded	 in	each	well	 in	order	to	achieve	maximum	protein	 load.		

Two	ng	of	recombinant	rat	gp130/fc	chimera	(~130	kDa	#5029-RG,	R&D	Systems®),	was	

loaded	into	one	well	as	a	positive	control.	 	After	electrophoresis	separated	proteins	were	

transferred	 from	 gels	 to	 Trans-Blot®	 Turbo™	 Mini	 Nitrocellulose	 Transfer	 Pack	

membranes	 (#170-4158)	 using	 a	 Trans-Blot®	 Turbo™	 Transfer	 System	 (BioRad).		

Immunostaining	for;	1)	gp130	was	done	with	a	polyclonal	sheep	IgG	antibody	(#AF5029,	

R&D	 Systems®);	 2)	 Nfκb	 was	 done	 with	 a	 monoclonal	 rabbit	 antibody	 (#4764,	 Cell	

Signaling	 Technology®,	 Danvers,	 MA,	 USA);	 3)	 Cox-2	 was	 done	 with	 polyclonal	 rabbit	

antibody	(Cell	Signaling	Technology®);	4)	Gapdh	was	done	with	a	monoclonal	mouse	IgM	

antibody	 (#G8795,	 Sigma-Aldrich,	 St.	 Louis,	MO,	 USA),	 using	 a	 1:1000	 dilution.	 	 Primary	

antibodies	were	probed	with	LI-COR	(Lincoln,	NE,	USA)	 IR	secondary	antibodies:	Donkey	

anti-goat	 800	 (#926-32214),	 Donkey	 anti-mouse	 700	 (#926-68022),	 and	 Donkey	 anti-

rabbit	 680RD	 (#926-68073),	 using	 a	 1:25,000	 dilution.	 	 Blots	 were	 read	 with	 an	

ODYSSEY®	CLx	(LI-COR)	and	analyzed	with	 Image	Studio	software	(LI-COR).	 	Blots	were	
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probed	for	2	targets	and	then	stripped	and	re-probed	for	the	remaining	2	targets.		This	was	

repeated	 on	 3	 separate	 blots	 for	 each	 tissue.	 	 Band	 intensities	 were	 normalized	 to	 the	

Gapdh	band	from	the	same	blot	and	MWCNT	group	ratios	were	reported	as	a	fold	change	

from	Vehicle.		Multiple	banding	patterns	from	90	-	130	kDa	were	included	in	our	analysis	of	

ex	 vivo	 gp130	 from	 tissue	 homogenates	 due	 to	 the	 possible	 multiple	 posttranslational	

conditions	that	influence	the	molecular	weight	of	gp130	(311).	

Statistical	Analysis	

Data	 are	 reported	 as	mean	 ±	 SEM.	 	 TEER	measurements	 (Figure	 2A)	 were	 analyzed	 by	

Repeated	 Measures	 ANOVA	 with	 a	 Bonferroni	 post-test	 (not	 statistically	 different)	 and	

non-linear	 regression	 analysis.	 	 Statistical	 differences	 indicated	 by	 non-linear	 regression	

analysis	were	detected	using	both	a	second-order	polynomial	regression	and	a	segmental	

linear	regression	with	a	constrained	intersection	at	the	10	hour	time-point.		Figure	panels	

1B-1D	 were	 analyzed	 by	 ANOVA	 and	 linear-trend	 analysis	 (not	 statistically	 different).		

Results	from	rat	tissue	studies,	for	serum	IL-6,	sIl6r,	and	sgp130	data	set	a	one-way	ANOVA	

was	employed	with	a	Dunnet’s	post-test	vs.	Vehicle.	 	All	other	data	were	analyzed	with	t-

tests	 to	 determine	 statistical	 significance	 between	 Vehicle	 and	 MWCNT	 groups.	 	 All	

differences	were	considered	to	be	statistically	significant	at	P	<	0.05.	

	

Results:	

TEER	in	vitro	

TEER	 tracings	 for	 the	 last	 24	 hrs	 hours	 of	 recordings	 plus	 experimental	 protocol	 are	

provided	which	includes	positive	and	negative	control	groups	(Figure	1).		Wells	containing	

no	cells	but	had	the	10%	surfactant/	saline	and	10	mg/cm2	MWCNT	measured	consistently	
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between	 200-300	 Ω,	 regardless	 of	 treatment	 (without	 cells),	 verifying	 that	 the	

nanomaterials	 and	 InfaSurf™	 did	 not,	 by	 themselves,	 alter	 the	 resistance	 of	 the	 culture	

medium.	The	 largest	 dose	 of	 10	 µg/cm2	MWCNT	 significantly	 altered	 the	TEER	 in	NHBE	

monolayers	 from	 those	 of	 Vehicle	 treated	 controls	 and	 those	 treated	 with	 1	 µg/cm2	

MWCNT	 (Figure	 5.1A	 and	 B).	 	 Differences	 in	 the	 progression	 of	 electrical	 resistance	

changes	(ΔTEER)	were	determined	using	two	separate	non-linear	regression	analyses.		The	

1	µg/cm2	MWCNT	dose	did	not	alter	changes	in	TEER	compared	to	Vehicle	over	24	hours.		

The	 largest	 differences	 in	TEER	between	 time-points	were	detected	 at	 approximately	16	

hours	post-exposure	(Figure	1B).	 	TEER	of	NHBE	cell	monolayers	treated	with	10	µg/cm2	

MWCNT	was	on	average	35%	lower	than	NHBE	treated	with	Vehicle	and	on	average	27%	

lower	 than	 NHBE	 monolayer	 treated	 with	 1	 µg/cm2	 MWCNT.	 	 We	 have	 presented	 the	

differences	 in	 slope	 1	 (Figure	 5.1C)	 and	 slope	 2	 (Figure	 5.1D)	 that	 were	 derived	 by	

segmental	 linear	 regressions	 used	 to	 analyze	 the	 TEER	 progression	 presented	 in	 Figure	

5.1A	

ZO-1,	ICAM,	VCAM	protein	expression	in	NHBE	cells	

The	 protein	 expression	 of	 Tight	 junction	 protein	 1	 (ZO-1)	 and	 Vascular	 cell	 adhesion	

protein	 1	 (VCAM-1)	 reveled	 a	 small	 but	 non-significant	 trend	 for	 reduction	 following	 24	

hour	treatment	with	1	and	10	mg/cm2	MWCNT	when	compared	to	Vehicle	treated	(Figure	

5.2B&C).		However,	the	Intercellular	adhesion	molecule	1	(ICAM	-1)	protein	expression	was	

unchanged	 24	 hours	 after	 MWCNT	 exposure	 as	 assessed	 by	 the	 In-cell	 Western	 Assay	

(Figure	5.2C).	

Bronchiolar	 epithelial	 cell	 mRNA	 expression	 of	 tight	 junction	 proteins,	 adhesion	

molecules	and	cytokine	production	
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The	influence	of	MWCNT	instillation	on	circulating	levels	of	lung	epithelial	barrier	integrity,	

adhesion	 molecules	 and	 cytokine	 production	 is	 presented	 in	 Figure	 5.3.	 	 ZO-1	 was	

increased	with	24	hour	exposure	to	1	and	10	µg/cm2	MWCNT	when	compared	to	media	or	

vehicle	control	 (Figure	5.3A).	 	 ICAM-1	expression	was	only	enhanced	with	 the	10	µg/cm2	

MWCNT	 dose	 (Figure	 5.3B)	whereas	VCAM-1	 was	 suppressed	when	 compared	 to	media	

and	vehicle	treated	cells	(Figure	5.3C).		Interleukin	8	(IL-8)	expression	was	enhanced	with	

vehicle	exposure	but	was	further	augmented	with	addition	of	1	or	10	µg/cm2	(Figure	5.3D).		

IL-6	expression	in	bronchial	epithelial	cells	was	also	increased	with	vehicle	treatment	but	

was	 decreased	with	 exposure	 to	 either	 dose	 of	MWCNT	 (Figure	 5.3E).	 	 However,	 gp130	

expression	was	increased	with	both	1	and	10	µg/cm2	MWCNT	exposure	when	compared	to	

controls	(Figure	5.3F).			

Lung	cellularity	and	markers	of	lung	permeability	

The	impact	of	MWCNT	instillation	on	BAL	cell	counts	and	markers	of	edema	from	rat	lungs	

24	hours	following	exposure	are	presented	in	Figure	5.4.		Determination	of	differential	cell	

counts	 from	 BAL	 collected	 from	 MWCNT-instilled	 rats	 had	 nearly	 a	 10-fold	 increase	 in	

eosinophils	compared	to	the	number	of	eosinophils	seen	in	the	Vehicle	group	(Figure	5.4A).		

Protein	concentrations	in	BAL	fluid	collected	from	MWCNT-instilled	rats	was	29%	greater	

than	protein	concentration	in	BAL	fluid	collected	from	Vehicle-instilled	rats	(Figure	5.4B).		

Rat	 lungs	 instilled	with	MWCNT	had	47%	more	 lung	water	per	gram	of	 tissue	 than	were	

measured	in	rat	lungs	instilled	with	(Figure	5.4C).	

Pulmonary	histology	–	Hematoxylin	and	Eosin	staining	

Representative	images	from	histological	analysis	of	lung	tissue	collected	24	hours	following	

instillation	of	MWCNT	or	Vehicle	are	provided	in	Figure	5.		Lung	sections	from	rats	instilled	
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with	 Vehicle	 showed	 little	 to	 no	 evidence	 of	wall	 thickening	 or	 cellularity	 (Figure	 5.3A).		

Lung	 sections	 from	 rats	 instilled	 with	 MWCNT	 showed	 evidence	 of	 wall	 thickening	 and	

decreased	alveolar	space	(Figure	5.5B).	

Serum	IL-6,	sIL6r,	and	sgp130	concentrations	

The	 influence	of	MWCNT	 instillation	on	 circulating	 levels	of	 IL-6	 transsignaling	 agents	 is	

presented	 in	 Figure	 6.	 	 We	 sought	 to	 find	 evidence	 for	 changes	 in	 the	 circulating	

concentrations	 of	 IL-6,	 sIL6r,	 or	 sgp130	 consistent	 with	 IL-6	 transsignaling	 following	

MWCNT	instillation.	Serum	IL-6	was	detected	at	>100	pg/mL	in	serum	collected	from	rats	

24	hours	following	exposure	to	MWCNTs	and	was	below	detection	in	serum	collected	from	

Vehicle	exposed	rats..	The	concentration	of	sIL6r	was	detected	at	>1000	pg/mL	in	serum	

collected	from	MWCNT	rats	but	was	undetectable	in	Vehicle	control	serum.		Serum	levels	of	

sgp130	 was	 undetectable	 in	 MWCNT	 exposed	 rats	 and	 was	 >1000	 pg/mL	 in	 serum	

collected	 from	 the	 Vehicle	 group.	 	We	 have	 also	 included	 serum	 concentrations	 of	 IL-6,	

sIL6r,	and	sgp130	from	Naïve	rats	as	controls	for	the	ELISA.	

Immunohistochemistry	for	aortic	gp130	

The	result	of	MWCNT	instillation	on	aortic	gp130	protein	expression	is	illustrated	in	Figure	

5.7.		Immunohistochemistry	has	been	used	to	demonstrate	changes	in	gp130	expression	in	

rat	aorta	(126).		Aortic	sections	collected	from	rats	instilled	with	Vehicle	showed	moderate	

expression	of	gp130	in	the	adventitia	and	smooth	muscle	 layers	but	the	endothelial	 layer	

was	 absent	 of	 any	 staining	 (Figure	 5.7A,	 arrow).	 	 This	 was	 contrasted	 by	 a	 staining	

suggestive	 of	 expression	 of	 gp130	 on	 the	 endothelial	 lining	 of	 aortic	 cross-sections	

collected	 from	 rats	 instilled	with	MWCNT	 (Figure	 5.7B,	 arrow).	 	We	 provided	 images	 of	
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negative	controls	that	were	not	incubated	with	anti-gp130	primary	antibody	in	the	Vehicle	

(Figure	5.7C)	and	MWCNT	groups	(Figure	5.7D).	

mRNA	and	protein	expression	of	gp130,	Nfκb,	and	Cox-2	

The	 impact	 of	 MWCNT	 instillation	 on	 rat	 lung,	 heart,	 and	 aorta	 mRNA	 and	 protein	

expression	profiles	for	gp130,	Nfκb,	and	Cox-2	are	presented	in	Figure	5.6.		We	performed	

these	experiments	to	explore	the	relationship	between	gp130	expression	and	Nfκb/Cox-2	

expression	 in	 cardiopulmonary	 tissues.	 	 Based	 on	 RT-PCR	 experiments,	 gp130	 mRNA	

expression	 in	 lung	 tissue	 homogenates	was	 down-regulated	 by	 2	 fold,	 unchanged	 in	 the	

heart	 tissue	homogenates,	 and	upregulated	by	2.5	 fold	 in	 aortic	 tissue	homogenate	 from	

rats	previously	(24	hours)	instilled	with	100	μg	MWCNT	when	compared	to	the	expression	

in	 tissues	collected	 from	rats	 instilled	with	Vehicle	 (Figure	5.8A).	 	Based	on	western	blot	

experiments,	 gp130	 protein	 expression	 was	 reduced	 in	 lung	 tissue	 homogenates,	

unchanged	 in	 heart	 homogenates,	 and	 unchanged	 in	 aortic	 tissue	 homogenates	 in	 the	

MWCNT	group	compared	to	the	Vehicle	group	(Figure	5.8B).		We	provided	a	representative	

image	of	western	blot	for	gp130	from	lung	tissue	homogenates	in	Figure	5.9.		Using	RT-PCR	

we	found	that	Nfκb	mRNA	expression	was	unchanged	 in	 lung	tissue	homogenates,	down-

regulated	by	3.1	 fold	 in	heart	 tissue	homogenates,	 and	up-regulated	by	2.3	 fold	 in	 aortic	

tissue	homogenates	collected	from	rats	instilled	with	MWCNT	compared	to	tissue	collected	

from	rats	 instilled	with	Vehicle	(Figure	5.8C).	 	Protein	expression	 for	Nfκb	p65,	an	active	

sub-unit	of	Nfκb,	was	not	significantly	different	between	the	MWCNT	and	Vehicle	groups	in	

rat	lung,	heart	and	aortic	tissue	homogenates	when	analyzed	by	western	blot	(Figure	5.8D).		

According	 to	RT-PCR	experiments,	Cox-2	mRNA	expression	was	unchanged	 in	 lung	 tissue	

homogenates,	down-regulated	by	5.6	 fold	 in	heart	 tissue	homogenates,	and	unchanged	 in	
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aortic	 tissue	 homogenates	 collected	 from	 rats	 instilled	with	MWCNT	 compared	 to	 tissue	

collected	from	rats	 instilled	with	Vehicle	(Figure	5.8E).	 	Protein	expression	for	Cox-2	was	

not	significantly	different	between	 the	MWCNT	and	Vehicle	groups	 in	rat	 lung,	heart	and	

aortic	tissue	homogenates	when	analyzed	by	western	blot	(Figure	5.8F).	

	

Discussion:	

We	 have	 demonstrated	 that	 exposure	 to	 MWCNT	 at	 the	 pulmonary	 interface	 can	 1)	

decrease	TEER	within	24	hours	in	vitro;	2)	promote	pulmonary	eosinophilia,	increase	BAL	

protein,	 and	 lung	 water	 24	 hours	 after	 exposure	 in	 vivo;	 and	 3)	 induce	 agents	 of	 IL-6	

transsignaling	 in	 the	 cardiovascular	 system	 24	 hours	 after	 exposure	 in	 vivo.	 	 The	

toxicological	 and	 biomedical	 communities	 are	 well	 aware	 of	 the	 connection	 between	

cardiovascular	 injury	 and	 inhaled	 pollutants,	 including	 particulate	 matter	 and	 diesel	

particles	 (45,	51,	61,	68,	157,	305).	 	Based	on	 those	associations,	 adverse	 cardiovascular	

endpoints	 have	 also	 been	 reported	 following	 pulmonary	 exposure	 to	 engineered	

nanomaterials	 (148,	 159,	 194,	 277,	 289,	 291,	 303).	 	 While	 many	 local	 tissue	 injury	

mechanisms	 have	 been	 identified,	 mechanisms	 that	 link	 pulmonary	 exposures	 and	

cardiovascular	endpoints	are	not	well	understood.		We	proposed	that	exposure	to	MWCNT	

could	 increase	 epithelial	 permeability	 and	 promote	 systemic	 IL-6	 transsignaling,	 which	

exerts	a	negative	impact	on	cardiovascular	tissue	via	IL-6,	NFκB	and	COX-2	signaling.	

	

Results	from	in	vitro	cultures	of	human	primary	NHBE	cells	revealed	decreasing	electrical	

resistance,	 a	 measure	 of	 barrier	 integrity,	 with	 increasing	 MWCNT	 concentration:	

supporting	 our	 hypothesis	 and	 further	 supporting	 another	 recent	 study	 on	 the	 effect	 of	
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MWCNT	 exposure	 on	 TEER	 (246,	 272).	 	 The	 TEER	 of	 NHBE	monolayers	 exposed	 to	 10	

μg/cm2	 MWCNTs	 for	 24	 hours	 was	 significantly	 reduced	 compared	 to	 cells	 exposed	 to	

InfaSurf™	 alone.	 	 However,	 while	 the	 data	 obtained	 from	 the	 TEER	measurements	 does	

appear	 to	 support	 our	 in	 vivo	 findings	 of	 increased	 water	 weight	 and	 BALF	 protein	

concentration,	the	InfaSurf™	surfactant	vehicle	had	an	unexpected	elevating	effect	on	NHBE	

electrical	 resistance	 on	 its	 own.	 	 NHBE	 cells	 treated	 with	 10%	 InfaSurf™	 had	 TEER	

measurements	2	-	4	fold	higher	than	cells	treated	with	only	growth	medium,	however	tight	

junction	 protein	 ZO-1	 expression	 and	 production	was	 unaltered.	 	 This	 cellular	 response	

was	not	observed	in	wells	containing	10%	InfaSurf™	and	10	mg/cm2	MWCNT	without	cells.		

Use	 of	 different	 pulmonary	 surfactants	 has	 been	 reported	 to	 influence	MWCNT-induced	

inflammation	 in	 vitro	 (83).	 	 The	 cellular	 response	 to	 InfaSurf™	 complicates	 the	

interpretation	 of	 the	 ECIS	 instrument	 results	 because	 the	MWCNTs	 consistently	 reduced	

monolayer	TEER	from	InfaSurf™-elevated	level,	we	believe	that	it	is	reasonable	to	conclude	

that	 MWCNT	 are	 capable	 of	 reducing	 TEER	 in	 human	 bronchial	 epithelial	 cells	 when	

exposed	across	a	24	hour	period.	Tight	junction	elements	are	linked	to	actin	cytoskeleton	

by	the	protein	ZO-1	and	are	postulated	to	be	essential	for	stabilizing	tight	junctions	(300).		

We	observed	an	impairment	of	transcellular	electrical	resistance	(TEER)	with	exposure	to	

MWCNT,	in	agreement	with	a	recent	report	by	Rotioli	et	al.,	(247)	with	a	additional	novel	

finding	of	an	acute	 loss	of	proteins	staining	 for	ZO-1	 	and	elevation	 in	 its	mRNA	suggests	

epithelial	cell	 junction	integrity	may	be	disrupted	by	MWCNT	exposure.	 	 	While	these	are	

novel	data	 following	MWCNT	exposure,	 it	 is	a	 finding	that	corroborates	conclusions	 from	

numerous	 other	 studies	 describing	 disruption	 of	 epithelial	 cells	 tight	 junction	 formation	

following	exposure	to	cigarette	smoke	(217,	254)	particulate	mater	(44)	or	cadmium	(42).		
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However,	 the	 data	 presented	 here	 indicate	 that	 exposure	 to	 MWCNT	 can	 initially	 alter	

barrier	function	which	may	influence	tight	junction	protein	expression.		Future	studies	will	

evaluate	 the	 time	 course	 of	 tight	 junction	 proteins	 expression	 in	 the	 airways	 following	

MWCNT	exposure.	

	

We	speculate	 that	 reduced	ZO-1	expression	may	be	solely	responsible	 for	 the	underlying	

reduced	TEER	measurements	at	 the	high	concentration	of	MWCNT,	 similar	 to	 the	results	

seen	 by	 West	 using	 an	 antibody	 distribution	 of	 the	 e	 cadherin	 (325).	 However,	 the	

literature	suggests	that	interactions	between	the	Caludins	and	Occludins	are	critical	for	the	

tight	 junction	 polarization	 and	 establishment	 of	 barrier	 integrity	 (183).	 	 Recent	work	 in	

both	epithelial	and	endothelial	cell	cultures	suggest	that	post-translational	modification	of	

the	 tight	 junction	 proteins	 can	 modulate	 that	 barrier	 integrity	 (42,	 167,	 254,	 312).		

Interestingly,	 a	 recent	 paper	 by	 Rochfort	 and	 Cummins	 reported	 that	 the	 cytokine	 IL-6	

could	dose-dependently	reduce	the	expression	of	ZO-1	in	an	microvascular	endothelial	cell	

culture	 (241).	 It	 is	 currently	 hypothesized	 that	 neither	 endothelial	 or	 epithelial	 cells	

express	the	IL-6	receptor	but	these	data	in	vivo	findings	with	increased	lung	water	would	

support	 the	 hypothesis	 that	 a	 mechanism	 of	 action	 for	 the	 cytokine	 effect	 on	 barrier	

integrity	would	be	through	soluble	IL-6	trans-signaling	process.	

	

Our	results	show	that	eosinophilia	occurred	in	response	to	 in	vivo	pulmonary	exposure	to	

MWCNT.	 	 Eosinophilia	 has	 been	documented	24	hours	 following	pulmonary	 exposure	 to	

C60	fullerenes	(291)	zinc	oxide	nanoparticles	(53)	as	well	as	MWCNT	(124,	214,	243,	249).		

The	 eosinophilia	 we	 have	 observed	 indicates	 a	 local	 inflammatory	 response	 in	 the	 lung	
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following	 exposure	 to	 MWCNT.	 MWCNT	 exposure	 to	 bronchiolar	 epithelial	 cells	

upregulated	 ICAM-1,	IL-8	 and	gp130	 expression	however,	 ICAM-1	protein	expression	was	

unaltered	 at	 this	 time	 point.	 	 	 ICAM-1	 (CD54),	 is	 a	 key	 adhesion	 molecule	 in	 the	

accumulation	of	inflammatory	cells,	 including	neutrophils,	eosinophils	and	T	lymphocytes	

in	 the	 lung	 (285,	 295,	 322)	 .	We	 expected	 alterations	 in	 this	 adhesion	molecule	may	 be	

partially	responsible	for	the	increase	in	eosinophils	seen	in	vivo	after	MWCNT	exposure	but	

the	expression	is	labile	and	we	may	not	have	detected	its	peak	at	a	24	post	exposure	time	

point.	 	 Increases	 in	eosinophils	have	been	noted	 in	other	models	of	MWCNT	exacerbated	

pulmonary	 disease	 (288).	 	 Interestingly,	 VCAM-1	 expression	 and	 production	 by	 NHBEs	

were	 decreased	 with	 MWCNT	 however,	 no	 suppression	 of	 inflammatory	 cells	 into	 the	

airspace	 was	 noted	 in	 vivo.	 VCAM-1	 is	 constitutively	 expressed	 on	 both	 respiratory	

epithelial	 cell	 lines	 and	 primary	 bronchial	 epithelial	 cells	 and	 expression	 is	 induced	 by	

translocation	of	transcription	factors	NF-kB	and	GATA	to	the	nucleus	(224).		The	decrease	

in	 VCAM-1	 expression	 may	 suggest	 that	 MWCNT	 may	 alter	 the	 translocation	 of	

inflammatory	cells	from	the	vasculature,	a	finding	that	was	not	noted	in	our	study	but	has	

been	reported	with	MWCNT	and	allergen	dosing	(265,	288).		Taken	together,	these	results	

indicate	 that	MWCNTs	 can	 alter	 adhesion	molecule	 expression	 on	 the	 epithelium	 of	 the	

lung	which	can	change	the	inflammatory	cell	profile	in	pulmonary	tissue	in	vitro	TEER	data	

together	with	the	BAL	protein	and	lung	water	data	obtained	from	rats	exposed	to	MWCNT	

provides	 support	 for	 the	 hypothesis	 that	 local	 inflammatory	 conditions	 in	 the	 lung	

combined	 with	 alterations	 of	 the	 pulmonary	 epithelial	 barrier	 may	 allow	 inflammatory	

cells,	 cytokines,	 and	 soluble	 receptors	 to	 reach	 the	 systemic	 circulation	 and	 impact	

cardiovascular	 tissues.	 	 To	 date,	 eosinophils	 have	 not	 been	 linked	 directly	 to	 IL-6	
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transsignaling	but	eosinophils	contain	intracellular	stores	of	IL-6	(155)	and	IL6rα	(274).	A	

recent	study	demonstrated	blockade	of	 IL-6r	utilizing	a	monoclonal	antibody	was	able	 to	

attenuate	eosinohilic	lung	infiltration	in	a	cockroach	induced	allergen	model	of	asthma,	but	

not	 in	 a	 house	 dust	 mite	 model	 (299),	 strengthening	 the	 link	 between	 pulmonary	

inflammatory	 responses	 and	 IL-6	 transsignaling.	 	 In	 the	 context	 of	 our	 study	 it	 seems	

plausible	that	eosinophils	could	play	a	role	as	a	source	of	IL-6	transsignaling	events.	

	

IL-6	 transsignaling	 is	 a	 critical	mechanism	 for	 IL-6	 to	 yield	 a	 response	 in	 cardiovascular	

tissue	as	normally	cells	in	the	cardiovascular	system	lack	expression	of	membrane	tethered	

IL6Rα,	necessary	for	classic	IL-6	signaling	(245).		An	increase	in	IL-6	concentration	alone	is	

not	enough	to	initiate	IL-6	transsignaling	because	sgp130	circulates	at	concentrations	that	

antagonize	 the	 activation	 of	 membrane	 gp130	 via	 IL-6/sIL6r	 complex	 (133).	 	 A	

complementary	 rise	 in	 circulating	 IL-6	 and	 sIL6R	 concentrations	 should	 increase	 the	

probability	of	membrane	gp130	activation,	but	a	reduction	in	circulating	sgp130	may	also	

be	sufficient.		Our	evidence	suggests	this	novel	signaling	process	may	underlie	the	systemic	

effects	of	pulmonary	exposure	to	MWCNT.	We	find	confidence	in	the	ELISAs	utilized	in	this	

study	based	on	3	particular	results.		First,	analysis	of	serum	from	naïve	rats	demonstrated	

that	IL-6,	sIl6r,	and	sgp130	were	detected	at	relative	concentrations	of	[sgp130]	>	[sIL-6r]	

>	[IL-6],	thus	preventing	IL-6	signaling	(187).		Second,	analysis	of	serum	collected	from	rats	

instilled	with	Vehicle	is	in	agreement	with	our	in	vitro	data	that	suggested	administration	

of	Vehicle	may	have	protective	properties	on	the	pulmonary	epithelial	barrier.	Exposure	to	

Vehicle	 also	 reduced	 the	 agonistic	 IL-6/sIl6r	 and	 increased	 the	 antagonistic	 sgp130	

compared	 to	 the	 serum	 from	 naïve	 rats.	 	 Third,	 analysis	 of	 serum	 collected	 from	 rats	
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instilled	 with	 MWCNT	 revealed	 sIL6r	 and	 IL-6	 increased,	 while	 sgp130	 significantly	

decreased	 below	 detectable	 levels.	 	 We	 suggest	 levels	 of	 IL-6	 transsignaling	 agents	 in	

serum	from	the	MWCNT	group	would	have	increased	the	probability	that	IL-6	complexes	

with	sIL-6r,	resulting	in	activation	of	membrane	gp130	and	signal	transduction.	

	

Immunohistochemical	analysis	of	rat	aortas	collected	24	hours	after	 instillation	 indicated	

that	 the	MWCNT	 group	 had	 a	 noticeable	 staining	 for	 gp130	 along	 the	 endothelial	 lining.		

Aortas	collected	from	Vehicle-instilled	rats	had	staining	similar	to	what	we	observed	with	

our	negative	control..	It	has	been	documented	that	in	vitro	activation	of	membrane	gp130	

increases	 gp130	 expression	 in	 smooth	muscle	 (146)	 and	 endothelial	 cell	 cultures	 (248).		

While	gp130	staining	differences	in	the	aortic	sections	from	Vehicle	and	MWCNT	exposed	

rats	were	most	dramatic	in	the	endothelial	layer,	staining	was	also	present	throughout	the	

wall	of	the	aorta,	supporting	reports	of	gp130	expression	in	smooth	muscle	(146).	

	

The	 activation	 of	 Nfκb	 by	 IL-6	 is	 established	 (77,	 90)	 and	 we	 sought	 to	 examine	

cardiopulmonary	tissues	for	a		link	between	expression	of	gp130	and	Nfκb/COX-2.	.Linking		

gp130	expression	to	changes	in	expression	of	Nfκb/COX-2	might	elucidate	the	mechanistic	

link	 between	 IL-6	 transsignaling	 and	 the	 reported	 cardiovascular	 detriments	 associated	

with	pulmonary	exposure	to	MWCNT.	Cox-2	has	been	linked	to	airway	remodeling	in	mice	

(252)	and	altered	 coronary	artery	vasocontraction	 in	 rats	 (289).	 	The	downregulation	of	

lung	gp130	did	not	correspond	to	changes	in	expression	patterns	of	Nfκb	and	COX-2.	 	We	

found	no	evidence	of	a	change	in	gp130	mRNA	and	protein	expression	in	the	heart	but	we	

did	 find	 corresponding	 downregulation	 of	 Nfκb	 and	 COX-2	 mRNA	 in	 the	 heart.	 	 In	 the	
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aortas,	only	gp130	and	Nfκb	mRNA	were	upregulated.	 	While	our	data	appears	to	conflict	

with	the	hypothesis	exposure	to	MWCNT	would	result	in	upregulation	of	Nfκb	and	COX-2,	it	

is	likely	that	examination	of	1)	nuclear	fractions	of	Nfκb	p65	and	COX-2	activity;	and	2)	cell	

specific	 expression/activity	 of	 Nfκb	 and	 COX-2,	 would	 reconcile	 these	 findings.	 	 We	

speculate	 that	 downregulation	 of	Nfκb	 and	COX-2	mRNA	 in	 the	 heart	may	 have	 been	 an	

attempt	to	dampen	increased	activity	of	these	proteins,	however	this	was	not	evaluated	in	

our	study.	

	

Of	 the	 tissues	 investigated,	 evidence	 of	 changes	 in	 protein	 expression	 associated	 with	

changes	 in	 mRNA	 expression	 were	 1)	 the	 homogeneous	 aortic	 upregulation	 of	 gp130	

mRNA	 and	 gp130	 protein	 expression	 in	 aortic	 endothelial	 cells;	 	 2)	 the	 homogeneous	

downregulation	 of	 gp130	 mRNA	 and	 protein	 in	 lung	 tissue.	 	 The	 relationship	 of	 these	

findings	 to	 decreased	 serum	 sgp130	 following	 MWCNT	 instillation	 raise	 a	 provoking	

question:	Is	the	decrease	in	gp130	expression	in	the	lung	responsible	for	decreased	serum	

sgp130?	 	 If	 the	 lung	normally	 sheds	 sgp130	 into	 the	blood	 stream	and	pulmonary	 insult	

results	 in	 decreased	 gp130	 expression,	 the	 resulting	 decrease	 in	 sgp130	 could	 be	 an	

important	response	mechanism	that	contributes	to	a	cardiovascular	susceptibility	to	injury	

following	pulmonary	exposures.	

	

Lastly,	 alveolar	 epithelial	 cells	 and	 human	 fibroblasts	 respond	 to	 gp130	 activation	 by	

increasing	gp130	 turnover,	 including	 increased	gp130	protein	degradation	and	 synthesis	

(24).	 	During	these	processes	gp130	is	highly	modified	by	ubiquitination,	truncation	(24),	

and	glycosylation,	yielding	western	blot	banding	from	90-130	kDa	(311).		In	agreement	we	
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report	gp130	antibody	positive	bands	from	90	-	130	kDa	in	our	western	blots	and	we	found	

that	decreased	gp130	protein	expression	 in	 the	 lung	 following	MWCNT	 instillation.	 	This	

coincided	 with	 a	 2-fold	 down	 regulation	 in	 gp130	 mRNA	 in	 homogenized	 lung	 tissue	

collected	 from	 MWCNT-instilled	 rats.	 Conversely,	 although	 lung	 homogenates	 showed	

downregulated	gp130	mRNA,	isolated	epithelial	cells	demonstrated	modest	upregulation	of	

gp130	mRNA,	suggesting	differing	roles	in	cellular	versus	tissue	level	responses	to	MWCNT.		

	

Conclusion:	

In	 conclusion,	 we	 have	 presented	 evidence	 that	 pulmonary	 exposure	 to	 MWCNT	 can	

increase	 lung	 permeability,	 down	 regulate	 expression	 of	 gp130	 in	 the	 lungs,	 decrease	

circulating	 sgp130	 concentration,	 and	 upregulate	 aortic	 endothelial	 cell	 expression	 of	

gp130	 through	 a	 potential	 linkage	 with	 IL-6	 signaling	 (Figure	 10).	 	 These	 findings	

contribute	 to	 a	 novel	 understanding	 how	 lung	 tissue	 responds	 to	 MWCNT.	 	 This	 study	

supports	 the	 rationale	 that	 pulmonary	 exposure	 to	 MWCNT	 can	 drive	 negative	

cardiovascular	 and	 systemic	 endpoints,	 possibly	 via	 IL-6	 transsignaling.	 	 More	 work	 is	

required	to	complete	an	understanding	of	how	pulmonary	exposure	to	MWCNT	contributes	

to	 cardiovascular	 sensitivity	 to	 inflammatory	 signals,	 through	 an	 IL-6	 transsignaling	

mechanism.	 	 As	 the	 list	 of	 potential	 airborne	 toxicants	 that	 contribute	 adverse	

cardiovascular	 events	 grows,	 identifying	 a	 common	 mechanistic	 culprit	 would	 assist	 in	

toxicological	screening	and	assessing	exposure	risk.	
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Figure	5.1:	 Transepithelial	 electrical	 resistance	 (TEER)	 in	vitro.	 	 (A)	TEER	progression	 in	

NHBE	cell	monolayers	from	2	hours	post-exposure	to	24	hours	post-exposure	to	Vehicle,	1,	or	10	

μg/cm2	 MWCNT.	 	 (B)	 Indication	 of	 the	 largest	 relative	 differences	 in	 TEER	 occurring	 at	

approximately	16	hours	post	exposure	to	Vehicle,	1,	or	10	μg/cm2	MWCNT.		(C)	Slope	of	line	1	

derived	by	segmental	linear	regression	analysis.		(D)	Slope	of	line	2	derived	by	segmental	linear	

regression	analysis.	 	 *	 for	P	<	0.05	vs.	Vehicle	when	compared	by	 segmental	 linear	regression	

analysis.	 	 †	 for	 P	 <	 0.05	 vs.	 Vehicle	 when	 compared	 by	 second-order	 polynomial	 regression	

analysis.	
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Figure	5.2:	In	Cell	Western	Protein	Expression	of	ZO-1,	 ICAM-1	and	VCAM-1	in	NHBE	cells.		

(A)	Images	of	in	cell	western	plates	for	fluorescence	staining	intensity	of	protein	targets	of	interest	

(left	 panel,	 for	 DNA	 cell	 staining	 (center	 panel)	 and	 the	 merged	 image	 (right	 panel).	 	 (B)	

Quantification	 of	 fluorescence	 staining	 intensity	 for	 ZO-1	 normalized	 to	 total	 cell	 DNA.	 (C)	

Quantification	 of	 fluorescence	 staining	 intensity	 for	 ICAM-1	 normalized	 to	 total	 cell	 DNA.	 (D)	

Quantification	of	fluorescence	staining	intensity	for	VCAM-1	normalized	to	total	cell	DNA.		Graphs	

report	mean	±	sem	of	normalized	staining	intensities	for	3	replicates.	

	



	

147	

	 	

Med
ia

Veh
icl

e

1 ug
/cm

2

10
ug

/cm
2

0

1

2

3

4

ZO-1 mRNA

ZO
-1

/1
8S

m
R

N
A

Med
ia

Veh
icl

e

1 ug
/cm

2

10
ug

/cm
2

0

5

10

15

20

ICAM-1 mRNA

IC
AM

1/
18

S
m

R
N

A

Meid
a

Veh
icl

e

1 ug
/cm

2

10
ug

/cm
2

0.0000

0.0005

0.0010

0.0015

0.0020

0.0025

VCAM-1 mRNA

V
C

A
M

/1
8S

m
R

N
A

Med
ia

Veh
icl

e

1 ug
/cm

2

10
ug

/cm
2

0

10

20

30

40

IL-8 mRNA

IL
-8

/1
8S

m
R

N
A

Med
ia

Veh
icl

e

1 ug
/cm

2

10
ug

/cm
2

0.00

0.05

0.10

0.15

IL-6 mRNA

IL
-6

/1
8S

m
R

N
A

Med
ia

Veh
icl

e

1 ug
/cm

2

10
ug

/cm
2

0.0

0.1

0.2

0.3

0.4

GP130 mRNA

G
P-

13
0/

18
S

m
R

N
A

A B

C D

E F

PCR Expression Response to MWCNT
in vitro using NHBE Cells

Figure	5.3:	mRNA	Expression	of	ZO-1,	ICAM-1,	VCAM-1	IL-8,	IL-6	and	gp130	in	NHBE	cells.		

Graphical	representations	of	the	normalized	expression	levels	of	target	message	in	NHBE	cells	

harvested	24	hours	after		exposure	to		media,	10%	InfaSurf™	(Vehicle)	surfactant	in	media	or	

MWCNT	with	10%	InfaSurf™	at	1	or	10	µg/cm2	(A)		ZO-1	mRNA	expression.	(B)	ICAM-1	mRNA	

expression.	 (C)	 VCAM-1	 mRNA	 expression.	 (D)	 IL-8	 mRNA	 expression.	 (E)	 IL-6	 mRNA	

expression.	 (F)	 gp130	 mRNA	 expression.	 Graphs	 report	 mean	 ±	 sem	 of	 normalized	 staining	

intensities	for	3	replicates.	
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Figure	 5.4:	 Lung	 cellularity	 and	 markers	 of	 lung	 permeability.	 	 (A)	 Differential	 cell	

counts	from	BAL	fluid	collected	24	hours	following	instillation	of	100	μg	MWCNT	or	Vehicle.		

(B)	Protein	 concentrations	 in	BAL	fluid	collected	24	hours	 following	 instillation	of	100	μg	

MWCNT	 or	 Vehicle.	 	 (C)	 Lung	 water	 measurements	 from	 unlavaged	 left	 lungs	 24	 hours	

following	 instillation	 of	 100	 μg	 MWCNT	 or	 Vehicle.	 	 *	 for	 P	 <	 0.05	 vs.	 Vehicle	 when	

compared	via	t-tests.	



	

149	

	 	

Figure	5.5:	Pulmonary	histology	–	Hematoxylin	and	Eosin	staining.		(A)		Representative	image	

of	a	lung	slice	collected	from	a	rat	24	hours	following	instillation	of	Vehicle	at	10x	magnification.		

Inlays	are	at	40x	magnification.	 	 (B)	Representative	image	of	a	 lung	slice	collected	 from	a	rat	24	

hours	 following	 instillation	 of	 100	 μg	 MWCNT	 at	 10x	 magnification.	 	 Inlays	 are	 at	 40x	

magnification.	
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Figure	5.6:	Circulating	IL-6,	sIL6r,	and	sgp130.		Serum	was	collected	24	hours	after	instillation	

of	Vehicle	 or	 100	μg	MWCNT.	 	We	 have	also	 provided	 serum	 concentrations	 of	 IL-6,	 sIL6r,	 and	

sgp130	from	Naïve	rats	as	controls	for	the	ELISAs.	
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Figure	 5.7:	 Immunohistochemistry	 for	 aortic	 gp130.	 	 Aortic	 tissue	 was	 collected	 24	 hours	

following	 instillation	 of	 Vehicle	 or	MWCNT	 for	 immunohistochemical	 analysis	 of	 gp130	protein	

expression	at	10x	magnification.		Inlays	are	at	40x	magnification.		(A)	Images	from	Vehicle	group	

tested	with	anti-gp130	primary	antibody.		(B)	Images	from	MWCNT	group	tested	with	anti-gp130	

primary	antibody.		(C)	Images	from	Vehicle	group	tested	without	anti-gp130	antibody.		(D)	Images	

from	MWCNT	group	tested	without	anti-gp130	primary	antibody.		Arrows	identifying	endothelial	

layer	in	each	inlay.	
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Figure	5.8:	Expression	of	gp130,	NFκb,	and	COX-2.		These	data	depict	relative	expression	of	mRNA	and	

protein	expression	in	rat	 tissues	collected	24	hours	following	 instillation	of	100	μg	MWCNT	or	Vehicle,	as	

determined	by	RT-PCR	and	western	blot	respectively.	 	 (A)	gp130	mRNA	expression	 in	rat	 lung,	heart,	and	

aortic	tissue	homogenates.		(B)	gp130	protein	expression	in	rat	lung,	heart,	and	aortic	tissue	homogenates.		

(C)	 Nfκb	 mRNA	 expression	 in	 rat	 lung,	 heart,	 and	 aortic	 tissue	 homogenates.	 	 (D)	 Nfκb	 p65	 protein	

expression	in	rat	lung,	heart,	and	aortic	tissue	homogenates.		(E)	COX-2	mRNA	protein	expression	in	rat	lung,	

heart,	 and	 aortic	 tissue	 homogenates.	 	 (F)	 COX-2	 protein	 expression	 in	 rat	 lung,	 heart,	 and	 aortic	 tissue	

homogenates.		*	for	P	<	0.05	vs.	Vehicle	when	compared	by	t-test.	
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Figure	 5.9:	 Representative	 western	 blot	 for	 gp130	 in	 lung	 tissue	 homogenate.	 	 (A)	

Representative	 image	 of	 gp130	 and	 Gapdh	 staining	 from	 the	 same	 blot.	 	 (B)	 Quantification	 of	

gp130/Gapdh	from	the	representative	image	provided.	*	for	P	<	0.05	vs.	Vehicle	as	determined	by	

t-test.	
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Figure	 5.10:	 Hypothesized	mechanism:	 	 IL-6	 transsignalling	mediation	 of	 cardiovascular	

dysfunction	 following	 pulmonary	 exposure	 to	 MWCNT.	 	 Inhalation	 of	 MWCNT	 results	 in	

increased	 lung	 permeability	 and	 release	 of	 IL-6	 and	 sIL-6R	 into	 serum.	 MWCNT	 exposure	 also	

reduces	 the	 serum	pool	of	 sgp130	 impairing	endogenous	 antagonization	of	 IL-6	 transsignalling.		

Simultaneous	 up	 regulation	 of	membrane	 bound	 gp130	 in	 the	 heart	 and	 vasculature	 results	 in	

effector	 tissue	 IL-6	signal	 transduction	resulting	 in	 increased	expression	of	NFKB	and	COX-2	via	

JAK/STAT	pathways.	

	



	

CHAPTER	 6:	 INTERLEUKIN-6	 TRANS-SIGNALING	 IN	 RESPONSE	 TO	 ACUTE	

MYOCARDIAL	INFARCTION	IN	MALE	BALB/C	MICE	

	

Abstract:	

Interleukin-6	 (IL-6)	 is	 a	 pleotropic	 cytokine	with	 both	pro	 and	 anti-inflammatory	 effects	

that	 has	 long	 been	 associated	 with	 cardiovascular	 disease	 (CVD).	 	 Despite	 this	 long-

standing	association	between	IL-6	and	CVD,	the	role	of	IL-6	in	influencing	the	pathogenesis	

or	 severity	 of	 CVD,	 particularly	 acute	 myocardial	 infarction	 (AMI)	 remain	 unclear.	

Classically,	IL-6	has	been	thought	to	mediate	its	effects	directly	through	an	interaction	with	

a	membrane-bound	IL-6	receptor	on	populations	of	leukocytes,	as	well	as	via	induction	of	

acute	phase	response	proteins	via	hepatocytes.	 	Over	the	past	decade	the	identification	of	

an	 IL-6	 soluble	 receptor	 (sIL-6R)	has	 reinvigorated	 investigations	 into	 the	 role	of	 IL-6	 in	

CVD,	particularly	via	the	trans-signaling	axis.		Trans-signaling,	allows	IL-6	to	induce	signal	

transduction	 in	 cells	 that	 do	 not	 natively	 express	 the	 membrane-bound	 IL-6	 receptor.	

Furthermore,	IL-6	trans-signaling	can	be	inhibited	by	a	solubilized	form	of	the	IL-6	signal	

transduction	 unit	 glycoprotein	 130(sGP130).	 	 We	 hypothesize	 that	 IL-6	 trans-signaling	

plays	a	key	role	 in	 the	 inflammatory	response	post-AMI,	by	 increasing	IL-6	secretion	and	

altering	 the	 balance	 between	 sIL-6R,	 and	 sGP130.	 We	 expect	 to	 see	 increases	 in	

concentrations	of	IL-6	with	a	concomitant	increase	in	sIL-6R	and	decrease	in	sGP130.	 	To	

test	 this	 hypothesis	 we	 subjected	 male	 BALB/c	 mice	 to	 an	 ischemia/reperfusion	 (I/R)	

protocol	of	a	10,	20,	or	30	minute	occlusion	of	the	left	anterior	descending	coronary	artery	

followed	by	two	hours	of	reperfusion	or	a	24	hour	permanent	occlusion	(PO).	Following	the	

experimental	 protocol,	mice	were	 sacrificed	 and	 the	 area	 at	 risk	 containing	 the	 ischemic	
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regions	of	 the	 left	ventricle	 (LV)	and	serum	were	collected	and	analyzed	 for	 IL-6,	 sIL-6R,	

and	sGP130	and	compared	to	a	naïve	or	sham	cohort.		AMI	was	associated	with	increased	

concentrations	 of	 IL-6	 in	 both	 serum	 and	 LV	 from	 both	 I/R	 and	 PO	 groups.	 I/R	 was	

associated	with	 ischemic	duration	–	dependent	 increases	 in	 serum	sIL-6R	but	not	within	

the	LV.		Permanent	occlusion	was	associated	with	increases	in	sIL-6R	within	the	LV	but	not	

serum.	AMI	was	not	associated	with	differences	in	serum	sGP130,	however	LV	sGP130	was	

modestly	 elevated	 in	 both	 the	 30	 minute	 I/R	 and	 PO	 cohorts.	 These	 data	 suggest	 an	

ischemic	 injury	 dependent	 increase	 in	 IL-6	 and	 potential	 for	 activation	 of	 IL-6	 trans-

signaling	in	response	to	AMI.	

	

Introduction:	

Cardiovascular	 disease	 (CVD)	 remains	 the	 leading	 cause	 of	 death	 worldwide.	 The	

associated	 cost	 of	 CVD	 in	 the	 United	 States	 was	 297.7	 billion	 dollars	 in	 2008(242).	

Increased	 levels	of	 the	 inflammatory	cytokine	 interleukin	 (IL)-6	are	associated	with	both	

myocardial	 infarction	 (MI)(9)	 and	 heart	 failure(298).	 Despite	 the	 apparent	 association	

between	 IL-6	 and	 CVD	 the	 IL-6	 receptor	 is	 only	 expressed	 on	 hepatocytes,	 and	 certain	

leukocytes(164).	However,	IL-6	may	act	directly	with	the	cells	of	the	cardiovascular	system	

via	a	mechanism	known	as	 IL-6	 transsignaling	(IL-6trans).	 IL-6	 transsignaling	may	act	 to	

override	normal	negative	 feedback	mechanisms	of	 IL-6	signaling,	and	allow	cells	without	

IL-6R	 to	 respond	 to	 IL-6.	 The	 IL-6transsignalling	 axis	 has	 been	 implicated	 in	 the	

pathogenesis	 of	 various	 conditions	 including:	 atherosclerosis(256),	 hemorrhagic	

trauma(335),	 and	 inflammatory	mediated	 CVD(132)	 but	 has	 yet	 to	 be	 strongly	 linked	 to	

acute	 MI.	 Myocardial	 infarction	 may	 be	 modulated	 through	 the	 balance	 of	 soluble	 (s)	



	

157	

factors:	 IL-6	 receptor	 (IL-6R)	 or	 glycoprotein	 130	 (gp130)	 to	 promote	 or	 the	 inhibit	 IL-

6trans	 axis(182,	 239).	 It	 is	 hypothesized	 that	 cardiac	 injury	 induces	 increases	 in	 IL-

6trans(149,	239).	

		

Cardiac	I/R	injury	is	associated	with	increases	in	circulating	IL-6	levels(63),	however,	the	

role	 of	 IL-6trans	 in	 cardiac	 I/R	 injury	 has	 yet	 to	 be	 elucidated.	 Cardiovascular	 cell	 types	

including,	cardiomyocytes,	vascular	smooth	muscle	cells,	endothelial	cells,	and	fibroblasts	

all	 lack	 IL-6α	 receptor	 and	 direct	 interaction	 with	 IL-6,	 suggesting	 a	 crucial	 role	 for	 IL-

6trans.	 IL-6	 has	 been	 described	 as	 an	 important	 activator	 of	 signal	 transducers	 and	

activators	 of	 transcription	 (STAT)3	 signaling	 in	 the	 cardiovascular	 system(25).	 STAT3,	

which	is	predominately	the	downstream	effector	of	IL-6	signaling,	has	been	demonstrated	

to	be	cardioprotective	 in	cardiac	 ischemia-reperfusion	(I/R)	 injury(221,	280).	The	role	of	

classical	 IL-6	 signaling	 versus	 IL-6trans	 as	 a	 dominant	 activator	 of	 STAT3	 and	 their	

downstream	effectors	 in	cardiac	 I/R	 injury	remains	unclear.	Following	cardiac	 I/R	 injury	

increases	in	sIL-6R	and	decreases	in	sgp130	would	suggest	a	preferential	shift	towards	IL-

6trans	as	the	primary	mediator	of	IL-6	–STAT3	activation	in	cardiac	injury.		

	

Our	goal	is	to	investigate	the	novel	role	IL-6trans	plays	in	acute	I/R	injury.	Herein	we	have	

begun	 to	 characterize	 IL-6trans	 in	 the	 setting	 of	 acute	 MI.	 Male	 BALB/c	 mice	 were	

subjected	to	10,	20,	or	minutes	of	cardiac	ischemia	followed	by	two	hours	of	reperfusion.	

An	 additional	 cohort	 underwent	 permanent	 ligation	 of	 the	 left	 anterior	 coronary	 artery.	

Following	the	end	of	reperfusion	or	permanent	occlusion	cardiac	injury	was	measured	by	

levels	serum	levels	of	cardiac	troponin	I	(cTnI);	concentrations	of	IL-6,	sIL-6,	sGP130	were	
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also	 measured	 in	 serum	 and	 left	 ventricle	 (LV)	 homogenate,	 in	 order	 to	 characterize	

elements	 of	 IL-6trans	 axis	 following	 acute	 MI.	 Understanding	 IL-6	 transsignaling	 in	 the	

setting	of	 acute	MI	may	promote	 the	development	of	 innovative-targeted	 therapeutics	 to	

ameliorate	the	consequences	of	ischemia	reperfusion	injury.	

	

Materials	and	Methods:	

Animals	

Male	BALB/c	mice	weighing	between	19-26	grams	were	housed	in	the	same	room	on	a	12	

hour	light-dark	cycle	and	provided	food	and	water	ad	libitum.	All	animals	were	allowed	a	

one	 week	 acclimatization	 prior	 to	 experiments.	 Aged	 matched	 mice	 were	 randomly	

assigned	two	to	a	cage,	when	received	from	the	supplier.	Animals	were	further	randomized	

into	 groups:	 naïve,	 sham,	 10,	 20,	 or	 30	 minutes	 of	 ischemia	 followed	 by	 two	 hours	 of	

reperfusion,	 or	 24	 hour	 permanent	 occlusion.	 	 All	 experiments	 were	 approved	 and	

conducted	 in	 accordance	 with	 the	 Institutional	 Committee	 on	 the	 Care	 and	 Use	 of	

Laboratory	Animals	at	East	Carolina	University.	

Cardiac	Ischemia-Reperfusion	Injury	

Immediately	following	reperfusion	or	permanent	occlusion	whole	blood	was	collected	from	

the	right	ventricle	by	cardiac	puncture.	Serum	was	separated	from	whole	blood	sample	as	

previously	described	(291).	

Cardiac	Ischemia	Reperfusion	Injury	

Mice	 were	 initially	 anesthetized	 by	 inhalation	 of	 a	 50:50	 isoflurane	 propylene-glycol	

mixture	 in	 an	 induction	 chamber.	 After	 establishment	 of	 deep	 anesthesia	 as	 assessed	 by	

lack	of	hind	limb	withdrawal	from	a	toe	pinch.	Anesthesia	was	supplemented	by	nose	only	



	

159	

inhalation	 of	 isolflurane	 while	 mice	 were	 intubated	 via	 tracheostomy	 with	 a	 .24	 gauge	

angiocatheter.	Mice	were	then	ventilated	with	100%	oxygen	via	an	Inspira	Advanced	Safety	

Ventilator	(Harvard	Apparatus,	Holliston,	MA).	Anesthesia	was	maintained	throughout	the	

procedure	 via	 1.5-2%	 isoflourane.	 Body	 temperature	 was	 maintained	 at	 37°C	 with	 a	

heating	pad	and	TC-1000	Temperature	Controller	(CWE,	Inc.,	Ardmore,	PA).	Visualization	

of	 the	 left	 anterior	 descending	 (LAD)	 was	 achieved	 by	 resecting	 the	 diaphragm	 and	

parasternal	 thoracotomies	 then	 reflecting	 the	 thorax	 to	 provide	 visualization	 of	 the	

mediastinum.	 An	 8-0	 vicryl	 suture	 was	 passed	 under	 the	 LAD	 and	 a	 1	 cm	 length	 of	 PE	

tubing	was	secured	on	top	of	the	artery	to	inducing	10,	20,	or	30	minutes	of	ischemia	and	

removed	 to	 allow	 reperfusion	 as	 previously	 described	 (303).	 Passing	 a	 suture	under	 the	

LAD	without	generating	an	occlusion	was	utilized	as	a	sham	cohort.	

Cardiac	Permanent	Occlusion	

In	order	to	induce	myocardial	 infarction	male	BALB/c	mice	were	subjected	to	permanent	

occlusion	 of	 the	 left	 anterior	 descending	 coronary	 artery	 modified	 from	 Salto-Tellez,	 et	

al(251).	 In	summary,	mice	were	anesthetized	with	1–2%	isoflurane	 in	oxygen,	 intubated,	

and	ventilated.	A	thoracotomy	was	performed	at	the	3rd	intercostal	space	with	a	retractor	

to	allow	visualization	of	the	heart.	An	8–0	suture	was	used	to	ligate	the	left	coronary	artery	

at	a	location	approximately	1–2	mm	distal	to	the	left	atrium,	and	MI	was	confirmed	by	LV	

blanching	 and	 ECG	 changes.	 Prior	 to	 surgery,	 buprenorphine	 was	 administered	 to	 ease	

pain.	Animals	were	sacrificed	at	24	hours	post-MI.		

Tissue	Collection	and	Homogenization	

Immediately	following	reperfusion	or	permanent	occlusion	whole	blood	was	collected	from	

the	right	ventricle	by	cardiac	puncture.	Serum	was	separated	from	whole	blood	sample	as	
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previously	described	(291)	and	stored	at	-80°.	Hearts	were	excised	immediately	following	

cardiac	puncture.		Following	excision	hearts	were	immediately	washed	in	ice	cold	PSS	then	

transversely	sliced	with	a	razor	blade	at	the	level	of	occlusion	creating	infarcted	and	non-

infarcted	heart	sections.	Both	halves	of	the	myocardium	were	snap	frozen	and	stored	at	-

80°.	Heart	tissue	was	homogenized	in	a	RIPA	Buffer	with	50	mM	DTT	and	HaltTM	Protease	

Inhibitor	(Thermo	Fisher	Scientific,	Waltham,	MA).	Protein	concentration	was	determined	

with	a	Bradford	Protein	Assay	(Bio-Rad	Laboratories,	Hercules,	CA).	

Quantification	of	IL-6	

Serum	 and	 LV	 homogenate	 samples	were	 analyzed	 for	 concentrations	 of	 IL-6	 utilizing	 a	

Milliplex	MAP	Cytokine/Chemokine	Panel	 (EMD	Millipore,	Billerica,	MA)	according	 to	 the	

manufacturer’s	 instructions.	 samples	 from	 Citrate	 capped	 AgNP	 and	 vehicle	 group	were	

run	 on	 a	MagPix	 system	 (Luminex,	 Austin,	 TX).	 	 All	 results	were	 reported	 and	 analyzed	

using	the	Milliplex	Analyst	software	(Version	5.1,	EMD	Millipore,	Billerica,	MA).	

Quantification	of	cTnI	

Serum	 and	 LV	 homogenate	 samples	were	 analyzed	 for	 concentrations	 of	 cTnI	 utilizing	 a	

Milliplex	MAP	 CVD	 panel	 (EMD	Millipore,	 Billerica,	MA)	 according	 to	 the	manufacturer’s	

instructions.	Samples	were	run	on	a	MagPix	system	(Luminex,	Austin,	TX).		All	results	were	

reported	 and	 analyzed	 using	 the	Milliplex	 Analyst	 software	 (Version	 5.1,	 EMD	Millipore,	

Billerica,	MA).	

Quantification	of	sGP130	and	sIL-6R	

Serum	 and	 LV	 homogenate	 samples	 were	 analyzed	 for	 concentrations	 of	 sIL-6R	 and	

sGP130	utilizing	 a	Milliplex	MAP	Cytokine	Receptor	Panel	 (EMD	Millipore,	Billerica,	MA)	

according	 to	 the	 manufacturer’s	 instructions.	 Samples	 were	 run	 on	 a	 MagPix	 system	
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(Luminex,	Austin,	TX).	 	All	results	were	reported	and	analyzed	using	the	Milliplex	Analyst	

software	(Version	5.1,	EMD	Millipore,	Billerica,	MA).	

Statistics	

All	 data	 are	 presented	 as	 mean	 value	 ±	 SEM.	 	 A	 p-value	 of	 <	 0.05	 indicates	 statistical	

significance	unless	otherwise	noted.	GraphPad	Prism	software	(Version	6,	LaJolla,	CA)	was	

used	 for	 the	 purposes	 of	 statistical	 analysis	 and	 graphing.	 Results	were	 compared	 using	

ANOVA	and	Tukey’s	post-test	for	multiple	comparisons.		Differences	naïve	and	permanent	

occlusion	 performed	 by	 two-tailed	 t-test.	 	 Pearson	 correlation	 coefficient	 was	 used	 to	

determine	the	linear	relationship	between	variables.	

	

Results:	

Cardiac	Ischemia	is	Associated	With	Increases	In	Cardiac	Troponin	I	

Following	ligation	of	LAD	ischemic	injury	resulted	in	increases	of	serum	cTnI.	Although	not	

statistically	 significant,	 after	 two	 hours	 of	 reperfusion	 following	 either	 10,	 20,	 or	 30	

minutes	 of	 ischemia	 cTnI	 was	 elevated	 compared	 to	 naïve	 or	 sham	 cohorts	 (figure	 1A).		

Additionally,	ligation	of	the	LAD	for	24	hours	resulted	in	statistically	significant	elevations	

in	serum	cTnI	compared	 to	naïve	cohorts	 (figure	1B).	Furthermore,	permanent	occlusion	

was	associated	with	statistically	significant	elevations	in	serum	cTnI	when	compared	to	10,	

20,	and	30	minutes	of	ischemia	followed	by	two	hours	of	reperfusion.	

Serum	IL-6trans	Axis	Following	Acute	Myocardial	Infarction	

Following	ligation	of	LAD	ischemic	injury	resulted	in	increases	of	serum	IL-6.		Cardiac	I/R	

injury	was	associated	with	increases	in	serum	IL-6.	Two	hours	following	reperfusion	both	

20	and	30	minute	ischemia	groups	had	statistically	significant	elevations	in	the	serum	IL-6	
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compared	 to	 naïve	 group	 (figure	 2A).	 Likewise,	 24	 hour	 ligation	 of	 the	 LAD	 resulted	 in	

statistically	 significant	 increases	 in	 IL-6	 compared	 to	 naïve	 (figure	 2D),	 although	 overall	

serum	 concentrations	 of	 IL-6	 following	 permanent	 occlusion	 were	 less	 than	 associated	

with	 ischemia	 reperfusion	 injury.	 	 Ischemia	 reperfusion	 injury	 was	 associated	 with	

increases	 in	 serum	 sIL-6R,	 two	 hours	 following	 reperfusion	 both	 20	 and	 30	 minute	

ischemia	groups	had	statistically	significant	elevations	in	the	serum	IL-6	compared	to	naïve	

as	 well	 as	 the	 10	 minute	 ischemia	 groups	 (figure	 2B).	 Permanent	 occlusion	 was	 not	

associated	 with	 increases	 in	 sIL-6R	 (figure	 2E).	 Ischemic	 injury	 was	 not	 associated	 in	

changes	in	sGP130	regardless	of	reperfusion	(figure	2C)	or	permanent	ligation	(figure	2F).	

Left	Ventricle	Homogenate	IL-6trans	Axis	Following	Acute	Myocardial	Infarction	

Cardiac	 I/R	 injury	 was	 associated	 with	 increases	 in	 LV	 homogenate	 IL-6.	 Two	 hours	

following	reperfusion	the	30-minute	ischemia	groups	had	statistically	significant	elevations	

in	the	LV	concentrations	of	IL-6	compared	to	naïve	group	(figure	3A).	Permanent	ligation	of	

the	LAD	resulted	 in	statistically	significant	 increases	 in	LV	homogenate	 IL-6	compared	to	

naïve	 (figure	 3D).	 Ischemia	 reperfusion	 injury	was	 only	 associated	with	 increases	 in	 LV	

homogenate	 sIL-6R	 the	 30	minute	 ischemia	 group	 (figure	 3B).	 Permanent	 occlusion	was	

associated	with	increases	in	LV	homogenate	sIL-6R	(figure	3E).	Ischemia	reperfusion	injury	

was	 associated	with	 increases	 in	 LV	 homogenate	 sGP130	 the	 30	minute	 ischemia	 group	

(figure	3C)	and	a	modest	increase	during	permanent	ligation	(figure	3F).	

Serum	IL-6trans	axis	and	Correlation	with	Cardiac	Injury	

In	 order	 to	 determine	 whether	 or	 not	 elements	 of	 the	 IL-6trans	 axis	 were	 elevated	 in	

response	 to	 myocardial	 injury	 we	 evaluated	 the	 relationship	 between	 serum	 cTnI	 and	

circulating	 IL-6,	 sIL-6	R,	 sGP130.	 	 Following	 cardiac	 I/R	 injury	 serum	 level	 IL-6	 strongly	
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and	 positively	 correlate	 to	 cardiac	 injury	 as	 measured	 by	 cTnI	 (figure	 4A).	 	 Ischemia	

reperfusion	injury	was	associated	with	a	moderate	positive	correlation	between	sIL-6R	and	

cTnI	(figure	4B).	Only	a	very	weak	correlation	existed	between	cardiac	injury	and	sGP130	

(figure	 4C).	 Permanent	 ligation	 of	 the	 LAD	 also	 resulted	 a	 strongly	 positive	 correlation	

between	 IL-6	 and	 cardiac	 injury	 (figure	 4D).	 	 In	 the	 setting	 of	 permanent	 occlusion	 no	

relationship	 existed	 between	 sIL-6R	 and	 cTnI	 (figure	 4E)	 but	 a	 moderately	 positive	

relationship	exists	between	cardiac	injury	and	sGP130	(figure	4F).	

Left	Ventricle	Homogenate	IL-6trans	axis	and	Correlation	with	Cardiac	Injury	

The	between	circulating	marker	of	cardiac	injury	and	left	ventricular	concentrations	of	the	

interleukin-6	transsignaling	axis	also	evaluated	following	cardiac	I/R	injury	as	well	as	after	

a	permanent	occlusion.		As	with	serum	IL-6	following	cardiac	IR	injury	there	was	a	positive	

correlation	 although	 moderate	 between	 LV	 IL-6	 and	 serum	 cTnI	 (figure	 5A).	 	 Left	

ventricular	concentrations	of	sIL-6R	(figure	5B)	and	sGP130	(figure	5C)	were	very	weakly	

and	weakly	correlated	cardiac	injury,	respectively.		24	hours	following	occlusion	of	the	LAD	

LV	 concentrations	 of	 IL-6	 only	 weakly	 correlated	 to	 cardiac	 injury(figure	 5D).	 Left	

ventricular	 concentrations	 of	 sIL-6R	 demonstrated	 a	 strongly	 positive	 correlation	 with	

cardiac	 injury	 following	 occlusion	 (figure	 5E),	 sGP130	 shared	 a	 moderately	 positive	

correlation	with	cTnI	(figure	5F).	

	

Discussion:	

Interleukin-6	has	long	been	a	target	of	interest	in	the	pathogenesis	of	cardiac	injury(12,	63,	

223,	 298).	 	 However	 much	 of	 this	 work	 has	 not	 differentiated	 between	 classical	 IL-6	

signaling,	via	membrane	bound	IL-6	receptors	for	signal	transduction,	and	transsignalling,	
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which	utilizes	soluble	receptors(245).		Therapeutic	targeting	of	IL-6	signaling	has	with	anti	

IL-6	 receptor	 antibodies	 have	 demonstrated	 mixed	 results	 in	 terms	 of	 attenuating	

myocardial	 injury	 and	 repair	 responses(73,	 107,	 186).	 	 Previous	 studies	 have	 largely	

focused	on	the	role	of	IL-6	in	terms	of	classical	signaling	or	utilizing	monoclonal	antibodies	

to	non-specifically	inhibit	IL-6	signal	transduction	via	both	classical	and	trans	mechanisms.		

In	order	 to	begin	elucidating	 the	 role	of	 IL-6trans	 in	 response	 to	acute	cardiac	 injury	we	

have	 characterized	 the	 elements	 of	 IL-6trans	 axis	 in	 response	 to	 both	 cardiac	 ischemia	

reperfusion	injury	as	well	as	a	24-hour	permanent	ligation	of	the	LAD.	We	hypothesize	that	

IL-6	trans-signaling	plays	a	key	role	in	the	inflammatory	response	post-AMI,	by	increasing	

IL-6	secretion	and	altering	the	balance	between	sIL-6R,	and	sGP130.	

	

The	association	between	cardiac	 injury	and	 IL-6	has	been	well	 established	 (62,	79,	150).	

Our	model	 and	 findings	 are	 congruent	 with	 previous	 studies	 whereby	 IL-6	 did	 increase	

with	duration	of	 ischemia	 independent	of	 the	presence	of	 reperfusion	 in	both	serum	and	

the	 left	ventricle.	 Interleukin-6	was	also	strongly	correlated	to	cTnI,	a	marker	 for	cardiac	

injury(71,	215)	following	reperfusion	injury.	In	the	setting	of	reperfusion	there	was	also	an	

increase	 in	 serum	 concentrations	 of	 sIL-6R	 that	 corresponded	 to	 no	 change	 in	 serum	

sGP130.	 Previous	 studies	 have	 also	 evaluated	 circulating	 levels	 of	 sGP130	 finding	 that	

increases	were	associated	with	increased	mortality	in	heart	failure(14)	and	decreased	risk	

of	 MI(201).	 Our	 findings	 demonstrate	 that	 ischemia	 reperfusion	 injury	 or	 permanent	

occlusion	of	the	LAD	is	not	associated	with	changes	in	serum	levels	of	sGP130.	 	This	may	

suggest	 cardiac	 I/R	 injury	 is	 correlated	 with	 a	 stoichiometric	 shift	 towards	 IL-6	

transsignaling.	 It	 is	 important	 to	 note	 that	 despite	 a	 possible	 shift	 towards	 Il-6trans	 in	
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serum	samples	following	reperfusion,	no	such	increase	in	sIL-6r	was	observed	following	a	

24	 hour	 ligation	 of	 the	 LAD.	 	 This	 suggests	 that	 either	 there	 is	 a	 temporal	 relationship	

between	cardiac	 injury	and	increases	 in	sIL-6R	or	reperfusion	is	a	necessary	stimulus	for	

initiation	of	IL-6trans.		

	

Serum	 increases	 in	 sIL-6R	 have	 been	 associated	 with	 ST	 segment	 elevation	 myocardial	

infarction	 as	 well	 as	 increased	 all	 cause	 cardiac	 mortality	 following	 MI	 in	 a	 human	

study(238).	 	Our	study	supports	these	findings	in	the	setting	of	I/R	injury,	however	at	24	

hours	 post	 occlusion	we	 did	 not	 observe	 elevations	 in	 serum	 sIL-6R	 compared	 to	 naïve	

controls.	Despite	 elevations	 in	 serum	 sIL-6R	 associated	with	 I/R	 injury	 there	was	 only	 a	

moderate	 correlation	 with	 cTnI,	 indicating	 that	 elements	 of	 the	 IL-6trans	 axis	 may	 be	

elevated	following	cardiac	injury,	but	there	is	not	a	direct	relationship	between	sIL-6R	and	

degree	of	cardiac	injury.	The	strong	linear	relationship	between	serum	IL-6	and	cTnI	likely	

result	from	a	majority	of	IL-6	being	released	from	injured	cardiomyocytes(8,	63).		Variation	

in	the	relationship	between	cardiac	injury	and	IL-6	may	be	partially	explained	by	immune	

cell	 activation	 and	 secretion	 of	 IL-6	 in	 response	 to	 ischemic	 injury	 or	 reperfusion(318).		

Furthermore,	 this	 could	 explain	 why	 the	 strength	 of	 correlation	 drops	 with	 24	 hour	

occlusion,	as	IL-6	directly	released	from	injured	cardiomyocytes	overtime	is	replaced	by	IL-

6	 secreted	 from	 leukocytes	 activated	 in	 response	 to	 injury(339).	 	The	 lack	of	 strength	of	

correlation	between	serum	cTnI	and	sIL-6R	or	sGP130	indicates	that	neither	would	serve	

as	ideal	surrogate	biomarker	for	cardiac	injury.		
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Previous	human	studies	have	been	limted	to	looking	at	circulating	concentrations	of	IL-6,	

sIL-6R,	and	sGP130	but	have	lacked	the	ability	to	quantify	elements	of	the	IL-6	trans	axis	in	

the	myocardium.	 	Using	 a	murine	models	myocardial	 infarction	we	were	 able	 to	directly	

evaluate	 elements	of	 the	 IL-6trans	 axis	within	 areas	of	 ischemia.	As	with	 serum	samples	

myocardial	 injury	 resulted	 in	 increases	 in	 IL-6	 which	 were	 substantially	 higher	 than	

concentrations	 detectable	 within	 the	 serum	 likely	 due	 injured	 cardiomyocytes	 as	 the	

source	of	IL-6(12,	63).	 	Wthin	the	myocardium	elevations	in	sIL-6R	were	only	observable	

following	 permenant	 ligation	 of	 the	 LAD	 or	 30	 minutes	 of	 ischemia	 followed	 by	

reperfusion,	 but	 both	 had	 roughly	 equivilant	 leves	 of	 sIL-6R.	 This	 may	 speak	 to	 the	

temporal	 nature	 of	 IL-6trans	 only	 being	 stronlgy	 activated	within	 the	myocardium	 after	

sufficeint	duration	of	injury.	It	is	also	possible	that	within	the	initial	phase	of	injury	there	is	

no	 native	 source	 of	 sIL-6R	 within	 the	 myocardium(132).	 Therefore,	 these	 data	 may	

represent	a	time-delay	while	souces	of	sIL-6R	are	traffiked	to	the	myocardium.	Interstingly,	

within	the	LV	sGP130	was	also	marginaly	elevated	following	permenant	ligation	of	the	LAD	

and	30	minutes	of	ischemia	followed	by	reperfusion,	indicating	a	shift	towards	inhibition	of	

IL-6trans(13,	328).		

	

Conclusion:	

We	 aimed	 to	 characterize	 elements	 of	 the	 IL-6trans	 axis	 in	 response	 to	 cardiac	 injury.	

Cardiac	injury	was	associated	with	increased	concentrations	of	IL-6	in	both	serum	and	LV	

from	 both	 I/R	 and	 permanent	 occlusion	 groups.	 Ischemia	 reperfusion	 injury	 was	

associated	with	ischemic	duration	dependent	increases	in	serum	sIL-6R	but	not	within	the	

LV.	 	 Permanent	 occlusion	was	 associated	with	 increases	 in	 sIL-6R	within	 the	 LV	but	 not	
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serum.	AMI	was	not	associated	with	differences	in	serum	sGP130,	however	LV	sGP130	was	

modestly	elevated	in	both	the	30	minute	I/R	and	permanent	occlusion	cohorts.	These	data	

suggest	an	 ischemic	 injury	dependent	 increase	 in	 IL-6	and	potential	 for	activation	of	 IL-6	

trans-signaling	in	response	to	AMI.	Further	work	should	be	done	to	elucidate	the	role	of	IL-

6trans	on	myocardial	injury.		
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Figure	6.1:	Serum	Cardiac	Troponin	I	Following	Acute	Myocardial	 Infarction.	Serum	

concentration	of	cardiac	troponin	I	(cTnI)	following	cardiac	ischemia	reperfusion	injury	(A)	

or	 24	 hour	 ligation	 of	 the	 left	 anterior	 coronary	 artery(B).	 Ischemic	 duration	 was	

associated	 with	 an	 increase	 in	 serum	 concentrations	 of	 cTnI.	 Statistical	 significance	

denoted	by	*,	p<	0.05,		Data	are	reported	as	mean	±	SEM	with	n	=	3-6.	
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Figure	 6.2:	 Serum	 IL-6trans	 Axis	 Following	 Acute	 Myocardial	 Infarction.	 Ischemia	

reperfusion	 injury	 induced	serum	concentrations	of	 Il-6(A),	 sIL-6R(B),	 sGP130(C)	as	well	 as	

concentrations	of	Il-6(D),	sIL-6R(E),	sGP130(F)	following	24	hour	ligation	of	the	 left	anterior	

coronary	artery.	Ischemic	duration	was	associated	with	an	increase	in	serum	concentrations	of	

IL-6	 in	 both	 I/R	 and	 permanent	 ligation.	 Increases	 in	 sIL-6R	were	 only	 associated	with	 I/R	

injury.	Statistical	significance	denoted	by	*,	p<	0.05.		Data	are	reported	as	mean	±	SEM	with	n	=	

3-6.	
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Figure	6.3:	LV	IL-6trans	Axis	Following	Acute	Myocardial	Infarction.	Ischemia	reperfusion	

injury	induced	LV	concentrations	of	Il-6(A),	sIL-6R(B),	sGP130(C)	as	well	as	concentrations	of	

Il-6(D),	 sIL-6R(E),	 sGP130(F)	 following	24	 hour	 ligation	 of	 the	 left	 anterior	 coronary	artery.	

Ischemic	duration	was	associated	with	an	increase	in	LV	concentrations	of	IL-6	in	both	I/R	and	

permanent	 ligation.	 Increases	 in	 sIL-6R	were	 only	 associated	 permanent	 ligation.	 Statistical	

significance	denoted	by	*,	p<	0.05.	Data	are	reported	as	mean	±	SEM	with	n	=	3-6.	
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Figure	 6.4:	 Serum	 IL-6trans	 Axis	 Correlation	 with	 Myocardial	 Injury.	 Correlation	

between	 serum	 levels	 of	 cTnI	 and	 IL-6(A),	 sIL-6R(B),	 and	 sGP130(C)	 following	 I/R	 injury	

(n=22).	IL-6(D),	sIL-6R(E),	and	sGP130(F)	were	also	correlated	to	cTnI	following	permanent	

ligation	(n=11).	Pearson	correlation	coefficient	was	used	to	determine	the	linear	relationship	

between	variables.		
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Figure	6.5:	 LV	 IL-6trans	 Axis	 Correlation	with	Myocardial	 Injury	Correlation	between	

serum	 levels	 of	 cTnI	 and	 LV	 homogenate	 concentrations	 of:	 IL-6(A),	 sIL-6R(B),	 and	

sGP130(C)	 following	 I/R	 injury	 (n=22).	 IL-6(D),	 sIL-6R(E),	 and	 sGP130(F)	 were	 also	

correlated	 to	 cTnI	 following	 permanent	 ligation	 following	 permanent	 ligation	 (n=11).	

Pearson	 correlation	 coefficient	 was	 used	 to	 determine	 the	 linear	 relationship	 between	

variables.			



	

CHAPTER	7:	DISCUSSION	OF	CARDIOVASCULAR	OUTCOMES	FOLLOWING	XENOBIOTIC	

PULMONARY	EXPOSURES	

	

A	wealth	of	data	supported	by	human	and	animal	studies	have	indicated	that	exposure	to	

xenobiotic	 PM	 has	 capacity	 to	 induce	 and/or	 exacerbate	 cardiovascular	 dysfunction	 and	

disease.	 Increasing	 global	 industrialization	 and	 trends	 towards	 weakened	 federal	

environmental	 protection	 suggest	 human	 exposure	 to	 PM	 is	 only	 likely	 to	 rise.		

Determining	 the	 mechanisms	 that	 drive	 the	 cardiovascular	 toxicity	 of	 PM	 exposure	 is	

important	for	two	reasons:	first,	it	provides	potential	targets	that	could	be	used	to	mitigate	

the	 deleterious	 impact	 of	 exposure	 to	 PM;	 and	 second,	 it	may	provide	 insight	 into	 novel	

mechanisms	that	drive	disease	processes	independent	of	PM	exposure	that	may	contribute	

to	the	pathophysiology	of	CVD.		

	

This	 thesis	evaluated	the	 impact	of	pulmonary	exposures	 to	several	species	of	xenobiotic	

PM	 including	 ultra-fine	 PM,	 AgNP,	 and	 MWCNT	 on	 myocardial	 I/R	 injury.	 The	 data	

presented	in	this	thesis	build	on	a	strong	body	of	knowledge	that	pulmonary	exposure	to	

xenobiotic	 PM	 is	 capable	 of	 expanding	 cardiac	 I/R	 injury	 (56,	 289,	 291,	 303).	 We	

hypothesize	 that	 pulmonary	 instillation	 of	 xenobiotic	 PM	 promotes	 sensitization	 of	 pro-

inflammatory	 signaling	 resulting	 in	 expansion	 of	 I/R	 injury.	 	 Herein	 we	 discovered	 that	

pulmonary	 exposure	 to	 all	 forms	 of	 xenobiotic	 PM	 examined	 (UFP,	 AgNP,	 MWCNT)	

exacerbated	the	expansion	of	infarct	size,	although	the	underlying	processes	that	may	drive	

that	infarct	responses	were	highly	heterogeneous.	In	probing	the	cardiovascular	toxicity	of	

xenobiotic	 PM	 we	 identified	 a	 candidate	 signaling	 pathway,	 IL-6	 trans-signaling,	 and	
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hypothesize	 that	 it	 plays	 a	 significant	 role	 in	 IL-6	 induced	 cardioprotection	 during	 early	

ischemia	and	reperfusion		mitigating	adverse	responses	to	acute	myocardial	infarction.		

	

To	 test	 this	 hypothesis,	 we	 evaluated	 the	 inflammatory	 response	 to	 several	 forms	 of	

xenobiotic	 PM	 in	 the	 nano-scale	 aerodynamic	 range.	 	 Nanomaterials	 were	 selected	 for	

several	 reasons.	 First,	 given	 the	 inverse	 relationship	 between	 particle	 size	 and	 toxicity	

(216)	we	 chose	 the	 smallest	 size	 classification	particles	 available.	Additionally,	 given	 the	

behaviors	of	particles	in	vivo	it	is	reasonable	to	assume	that	particulate	agglomeration	may	

result	in	the	formation	of	ultra-fine,	or	fine	scale	particulates	(204,	216).	Second,	given	the	

engineered	 nature	 of	 the	 selected	 nanomaterials,	 we	 were	 able	 to	 ensure	 the	 relatively	

homogeneous	elemental	composition	of	PM	which	allowed	us	to	control	 for	the	effects	of	

exposure	 to	 complex	 mixtures	 (97,	 130,	 218)	 as	 well	 as	 additional	 environmental	

contributions	to	potential	toxicity	such	as	LPS	(19).		It	is	important	to	acknowledge	that	in	

evaluating	 the	 cardiovascular	 toxicity	 of	 each	 form	 of	 xenobiotic	 PM,	 differing	 dosing	

paradigms	exist	so	a	direct	comparison	of	particles	is	not	recommended;	rather,	one	should	

assess	responses	in	totality	as	a	class	of	materials	rather	than	individual	particles.				

	

To	evaluate	the	pulmonary	inflammatory	response,	we	evaluated	bronchial-alveolar	lavage	

(BAL)	samples	 for	 immune	cells	and	 total	protein	 levels	 (from	the	heart?	 lungs?	serum?)	

from	animals	exposed	to	PM.		Serum	levels	of	several	cytokines	and	chemokines	known	to	

be	 associated	 with	 either	 PM	 exposure	 or	 cardiovascular	 disease	 were	 also	 evaluated.	

Exposure	 to	 PM	 across	 all	 instances	 did	 not	 have	 a	 marked	 influence	 of	 BAL	 fluid	 cell	

differentials	 or	 lung	 histology.	However,	 exposure	 to	 both	AgNP	 as	well	 as	MWCNT	was	
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associated	 with	 increased	 BAL	 total	 protein.	 Furthermore,	 exposure	 to	 MWCNT	 was	

associated	 with	 increased	 lung	 permeability	 as	 measured	 by	 trans-epithelial	 resistance	

(290)	supporting	the	increases	in	total	BAL	protein.		Although	our	studies	did	not	indicate	a	

substantial	 degree	 of	 pulmonary	 injury,	 mRNA	 isolated	 from	 epithelial	 cells	 exposed	 to	

MWCNT	did	exhibit	a	dose-dependent	increase	in	expression	of	pro-inflammatory	markers,	

IL-8,	 VCAM-1,	 as	 well	 as	 GP130	 indicating	 the	 potential	 presence	 of	 a	 pulmonary	

inflammatory	response	to	PM	although	latent	or	sub-clinical	presentation	(290).		However,	

it	 is	 important	 to	 note	 that	 the	 increased	 lung	 permeability	 may	 allow	 inflammatory	

mediators	 to	 enter	 cardiovascular	 circulation	 and	 induce	 inflammation	 within	 the	 heart	

and	blood	vessels.	Additionally,	increased	lung	permeability	may	promote	the	translocation	

of	particles	from	the	lungs	to	the	cardiovascular	system	allowing	for	direct	particle	toxicity	

on	 the	heart	 and	blood	 vessels	 (199,	 211).	 	When	 taken	 together,	 these	 findings	 suggest	

that	 increased	 lung	 permeability	 may	 play	 an	 important	 physical	 role	 in	 unlocking	 the	

mechanistic	relationships	between	PM	exposure	and	CVD.			

	

Overall,	 exposure	 to	 xenobiotic	 PM	 resulted	 in	 limited	 changes	 in	 circulating	 cytokine	

concentrations	 post-exposure.	 Instillation	 of	 both	 gold-core	 silver	 and	 silver-core	 silver	

nanoparticles	 induced	similar	profiles	 in	circulating	cytokine	expression.	Although	serum	

levels	 of	 inflammatory	 cytokines	 and	 chemokines	were	 often	 elevated	 over	 baseline,	 the	

magnitude	 of	 elevation	 was	 unremarkable	 when	 compared	 to	 other	 inflammatory	

responses	 such	 as	 that	 observed	 in	 sepsis	 (275).	 	 The	 relatively	 limited	 presentation	 of	

systemic	 inflammation	 as	measured	 by	 circulating	 cytokines	 following	 instillation	 of	 PM	

paired	with	the	dramatic	effect	of	cardiac	I/R	injury	may	suggest	a	primed	immune	system	
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whereby	 a	 secondary	 insult	 results	 in	 a	 greatly	 exaggerated	 injury	 response.	 The	

underlying	 hypothesis	 that	 xenobiotic	 PM	 exposure	 may	 influence	 a	 secondary	 injury	

through	an	increased	injury	sensitization	was	indirectly	demonstrated	by	our	Langendorff	

study	of	UFP.		In	chapter	2	we	observed	increased	I/R	injury	that	could	be	at	least	partially	

explained	 by	 increased	 sensitization	 of	 mPTP	 to	 calcium	 (117).	 	 Although	 hardly	

demonstrative	 of	 immune	 system	 sensitization,	 it	 did	 indicate	 that	 PM	 may	 be	 able	 to	

adjust	 the	 threshold	 for	 response	 to	 a	 stimulus.	 If	 a	 similar	 mechanism	 exists	 in	 the	

immune	 system,	 low	 levels	 of	 inflammation	 induced	 by	 PM	 may	 play	 a	 crucial	 role	 in	

exacerbating	 cardiac	 injury.	 There	 is	 evidence	 that	 cytokine	 signaling	 may	 impact	

mitochondrial	function	by	increasing	oxidative	stress	via	NF-κB	(52,	286),	although	we	did	

not	evaluate	the	inflammatory	response	to	UFP	in	this	study.		Increases	in	iNOS	stimulated	

by	 pro-inflamatory	 cytokines,	 including	 IL-6,	 has	 been	 shown	 to	 depress	 myocardial	

inotropy	(70).	

	

It	 is	 important	 to	 note	 that	 in	 addition	 to	 xenobiotic	 PM	 being	 capable	 of	 producing	

expansion	of	cardiac	I/R	injury,	PM	also	promoted	a	pro-constrictor	phenotype	in	multiple	

vascular	 beds	 including	 coronary	 circulation	 (307,	 308,	 326).	 	 This	 pro-constrictor	

response	 is	a	combination	of	heightened	sensitivity	to	vasoconstrictors	such	as	serotonin	

or	 phenylephrine,	 as	well	 as	 impaired	 endothelial-dependent	 relaxation	 to	 acetylcholine.	

Although	mechanisms	 driving	 this	 constrictive	 phenotype	 are	 unclear,	 it	 is	 possible	 that	

underlying	 inflammatory	 mechanisms	 may	 contribute	 to	 heightened	 constrictor	 and	

impaired	 relaxation	 responses	 in	 vessels	 following	 exposure	 to	 PM	 (65,	 102,	 210,	 302).		

Inflammation	has	been	linked	to	vascular	dysfunction	and	hypertension,	and	it	 is	 feasible	
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that	PM	exposure	drives	vascular	dysfunction	through	inflammatory	sensitization	(48,	87,	

105,	 162,	 287).	 	 Regardless	 of	 the	mechanism	 that	 drives	 the	 observed	 altered	 vascular	

function,	a	pro-constrictor	phenotype	could	contribute	 to	expansion	of	cardiac	 I/R	 injury	

by	impairing	coronary	flow	and	worsening	ischemic	injury	as	well	as	by	promoting	zones	

of	no	reflow	during	reperfusion	(37,	131).		

	

Perhaps	one	of	the	most	interesting	findings	in	this	overall	project	resulted	from	our	study	

of	MWCNT	(discussed	in	chapter	5),	which	support	our	rationale	that	pulmonary	exposure	

to	PM	drives	CVD	via	IL-6	trans-signaling	(290).	Increases	in	lung	permeability	induced	by	

PM	exposure	paired	to	decreased	circulating	sGP130	and	 increased	IL-6	concentration	as	

well	 as	 up-regulation	 of	 cardiovascular	 expression	 of	 membrane-bound	 GP130	 may	

suggest	promotion	of	IL-6	trans-signaling.	However,	further	work	is	required	to	complete	

an	 understanding	 of	 how	 pulmonary	 exposure	 to	MWCNT	 contributes	 to	 cardiovascular	

sensitivity	to	inflammatory	signals	through	IL-6	trans-signaling.		

	

IL-6	 trans-signaling	 may	 be	 a	 critical	 mechanism	 for	 IL-6	 to	 yield	 a	 response	 in	

cardiovascular	 tissue	 due	 to	 the	 lack	 of	 native	 IL-6	 receptors	 (245).	 To	 ascertain	 the	

likelihood	 of	 activation	 of	 IL-6	 trans-signaling	 each	 component	 of	 the	 axis	 must	 be	

evaluated	 as	 an	 increase	 in	 IL-6	 concentration	 alone	 is	not	 enough	 to	 initiate	 IL-6	 trans-

signaling	 because	 the	 decoy	 receptor	 sGP130	 circulates	 at	 levels	 that	 antagonize	 the	

activation	of	membrane	GP130	via	an	IL-6/sIL6r	complex	(133).	 	Complementary	rises	in	

circulating	IL-6	and	sIL6R	concentrations	that	stoichiometrically	surpass	sGP130	should	be	

sufficient	 to	 increase	 the	 probability	 of	 membrane	 GP130	 activation	 and	 IL-6	 signal	
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transduction.	However,	a	reduction	in	circulating	sGP130	may	also	suffice	to	induce	trans-

signaling.	 	 Our	 evidence	 from	MWCNT	 (chapter	 5)	 suggests	 this	 novel	 signaling	 process	

may	underlie	the	systemic	effects	of	pulmonary	exposure	to	xenobiotic	PM.		These	findings	

lead	us	to	further	investigate		

	

The	association	between	cardiac	injury	and	IL-6	has	been	well	established	(62,	79,	150).	To	

better	 parse	 the	 role	 of	 IL-6	 trans-signaling	 in	 contributing	 to	 PM-induced	 expansion	 of	

cardiac	 I/R	 injury,	 we	 needed	 to	 characterize	 IL-6	 trans-signaling	 in	 response	 to	

myocardial	 injury	 without	 a	 PM	 insult.	 For	 this	 purpose	 we	 selected	 a	 model	 of	 acute	

myocardial	 infarction.	 Our	 results	 suggest	 cardiac	 I/R	 injury	 is	 associated	 with	 a	

stoichiometric	 shift	 towards	 IL-6	 trans-signaling,	whereby	 concomitant	 increases	 in	 IL-6	

and	sIL-6R	were	observed	despite	no	observable	changes	in	sGP130.		Despite	our	findings	

regarding	MWCNT	 and	 IL-6	 trans-signaling,	we	 could	 not	 establish	 a	 definitive	model	 of	

how	 PM	 exposure	 affect	 IL-6	 trans-signaling	 during	 acute	 myocardial	 infarction,	 and	

whether	or	not	promotion	of	IL-6	trans-signaling	before	a	secondary	injury	may	negate	the	

proposed	cardioprotective	effects	of	IL-6	trans-signaling	(144,	147).	

	

The	 list	 of	 potential	 airborne	 xenobiotics	 that	 contribute	 to	 or	 provoke	 adverse	

cardiovascular	events	continues	to	grow.	At	the	same	time,	CVD	remains	one	of	the	leading	

causes	of	morbidity	and	mortality	in	the	developed	world.	Given	the	ability	of	PM	exposure	

to	 synergistically	 worsen	 the	 burden	 of	 CVD,	 identifying	 a	 common	 mechanistic	 culprit	

linking	pulmonary	exposures	to	harmful	CV	outcomes	could	assist	 in	developing	targeted	

therapeutics	 to	 treat	 CVD.	 	 Following	 exposure	 to	 silver	 nanoparticles	 (AgNP)	 or	
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multiwalled	 carbon	 nanotubes	 (MWCNT)	 we	 observed	 expansion	 of	 cardiac	 ischemia	

reperfusion	 injury,	 increased	 mitochondrial	 sensitivity	 to	 Ca++	 leading	 to	 mitochondrial	

transition,	 elevations	 in	 circulating	 cytokines,	 including	 IL-6,	 independent	 of	 gross	

pulmonary	injury,	as	well	as	coronary	vascular	dysfunction.	Furthermore,	we	uncovered	a	

relationship	 between	 PM	 exposures	 and	 up-regulation	 of	 IL-6	 trans-signaling.	

The	link	between	PM,	cardiac	I/R	injury	and	IL-6	trans-signaling	led	to	investigation	of	the	

potential	role	for	IL-6	and	its	trans-signaling	mechanism	in	the	setting	of	acute	myocardial	

infarction.	We	 conclude	 that	 exposure	 to	PM	primes	organ	 systems	 to	over-respond	 to	 a	

secondary	insult	i.e.	cardiac	I/R	injury.	

	

This	 thesis	 attempted	 to	 elucidate	 the	 mechanisms	 that	 drive	 adverse	 cardiovascular	

outcomes	following	pulmonary	exposures	to	xenobiotic	PM.	These	findings	contribute	to	a	

unique	understanding	how	lung	tissue	responds	to	xenobiotic	PM,	and	we	have	isolated	a	

potential	pathway,	IL-6	trans-signaling,	for	driving	airborne	PM	toxicity	through	the	lungs.			

Future	directions	should	focus	on	elucidating	the	mechanisms	by	which	Il-6	trans-signaling	

may	 influence	 PM	 exposure	 induced	 exacerbations	 of	 CVD	 as	 well	 as	 it’s	 role	 in	 acute	

myocardial	 infarction.	 	Although	modulation	of	IL-6	signaling	for	treatment	of	myocardial	

infarction	has	had	mixed	outcomes	in	the	past,	specific	targeting	of	trans-signaling	may	be	

key	to	delineating	the	cardioprotective	versus	injurious	role	of	IL-6.	Additionally,	although	

this	 dissertation	 has	 focused	 on	 the	 negative	 impact	 of	 xenobiotic	 PM	 on	 cardiovascular	

health	and	function,	engineered	nanomaterials	may	hold	more	potential	as	a	therapeutic	or	

therapeutic	delivery	device	 (127,	317),	 allowing	engineered	nanomaterials	 to	undermine	

their	 inherent	 toxicity	 for	 a	 beneficial	 effect.
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