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Julian	Crump	Lombana	

	

THE	EFFECT	OF	NITRIC	OXIDE	SUPPLEMENTATION	THERAPIES	IN	THE	HEMODYNAMIC	

RESPONSE	AND	OUTCOME	DURING	HEMORRHAGIC	SHOCK	IN	AN	ANIMAL	MODEL	

	

Nitric	oxide	(NO)	production	is	impaired	after	hemorrhagic	shock	(HS)	due	to	reduced	

vascular	endothelial	shear	stress	(SS);	uncoupling	of	endothelial	NO	synthase	(eNOS)	and	

hypoxia.	 	 We	 propose	 to	 supplement	 NO	 during	 resuscitation,	 using	 NO	 releasing	

nanoparticles	(NO-np)	and	inhaled	NO.		

Preliminary	 hemorrhagic	 shock	 and	 resuscitation	 studies,	 using	 Golden	 Syrian	

hamsters	showed	that	NO	therapies	(NO-np	at	5	mg/kg,	10	mg/kg,	15	mg/kg,	20	mg/kg	

and	 40	 mg/kg	 and	 inhaled	 NO	 at	 89	 ppm	 and	 189	 ppm)	 improved	 systemic	 and	

microcirculatory	hemodynamic	parameters,	being	the	15	mg/kg	NO-np	therapy	superior.	

Subsequent	8-day	survival	tests	where	developed	showing	superior	decisive	results	when	

compared	to	conventional	fluid	resuscitation	therapies.		

Afterwards,	 an	 animal	 scale	 up	 swine	model	was	 instrumented	with	 a	 Swan	Ganz	

catheter	to	monitor	systemic	hemodynamics	as	mean	arterial	pressure	(MAP),	heart	rate	

(HR),	cardiac	output	(CO),	and	pulmonary	artery	pressures	and	blood	chemistry.		HS	was	

induced	in	the	swine	model	by	withdrawing	50%	of	the	animal’s	blood	volume	(BV)	in	10	

mins,	HS	was	maintained	for	60	mins,	and	then	animals	were	resuscitated	with	50%	of	

the	shed	volume	of	VoluvenÒ	(HES)	containing	15	mg/kg	of	NO-np.		

Resuscitation	with	NO-np	 showed	pH	 restoration,	 reduced	 lactate,	 indicating	 acid-
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base	correction	post	 resuscitation	 from	HS.	 	 In	addition,	NO-np	treated	swine	showed	

higher	PAP	resuscitation	with	only	HES.	pulmonary	capillary	wedge	pressure	(PCWP)	was	

within	 normal	 physiological	 values	 indicating	 that	 BV	 was	 adequately	 corrected	 by	

resuscitation	 with	 HES	 and	 NO-np.	 In	 conclusion,	 NO	 supplementation	 during	

resuscitation	from	HS	improves	blood	flow,	oxygen	delivery,	organ	perfusion,	and	reverts	

HS-induced	cardiovascular	collapse.	These	findings	suggest	that	resuscitation	with	NO-np	

could	potentially	restore	cardiovascular	function	and	oxygen	balance	after	resuscitation	

from	HS.	

	

KEYWORDS:	nitric	oxide,	blood	substitutes,	nanotechnology,	nanoparticles,	resuscitation,	

hemorrhagic	shock,	murine	model,	microcirculation,	microhemodynamics,	8-day	survival,	

swine	model,	hemodynamics.	
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1. INTRODUCTION	

	

	 Hemorrhagic	 Shock	 (HS)	 is	 a	 life-threatening	 condition	 and	 occurs	 in	

emergency	medicine,	after	invasive	surgical	procedures	and	trauma;	it	contributes	to	

both	 short-term	 and	 long-term	 morbidity	 and	 mortality	 [1].	 It	 also	 accounts	 for	

about	50	%	of	battlefield	deaths	in	conventional	warfare	[2].	HS	victims	exhibit	low	

blood	pressure	(hypotension),	inadequate	blood	flow	(perfusion)	to	vital	organs	and	

diminished	 metabolic	 activity.	 In	 the	 microcirculation,	 hypovolemia	 produces	 a	

significant	 decrease	 in	 Functional	 Capillary	 Density	 (FCD)	 that	 induces	 capillary	

collapse,	due	to	the	decrease	in	arterial	pressure,	and	cardiac	output	paired	with	a	

decrease	 in	 microvascular	 perfusion,	 and	 tissue	 pO2.	 The	 condition	 of	 “collapse”	

becomes	established	when	interventions	aimed	at	re-establishing	circulatory	volume	

do	not	translate	into	the	recovery	of	systemic	and	microvascular	parameters,	while	

decreased	 FCD	 and	 increased	 leukocyte	 endothelial	 interactions	 (rolling	 and	

sticking),	and	increased	microvascular	permeability	become	instituted.	

	 HS	 results	 in	 an	 oxidative	 stress	 to	 cells	 and	 in	 the	 induction	 of	 the	

inflammatory	 response,	with	 and	 increased	 expression	 of	 several	 proinflammatory	

mediators	and	cytokines	 [3].	Hemorrhage	thus	results	 in	a	combined	oxidative	and	

inflammatory	 insult	 to	 tissues	 that	 can	 contribute	 to	 cellular	 dysfunction,	 produce	

tissue	injury,	and	profoundly	alter	organ	function.		

	 Early,	 aggressive,	 high	 volume	 resuscitation	was	widely	 accepted	 and	most	

practiced	during	the	Vietnam	War	[4].	However,	metabolic	benefits	of	this	approach	

were	 only	 demonstrated	 in	 controlled	 hemorrhage	 animal	 models,	 and	 when	
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implemented	 in	 humans,	 showed	 severe	 deleterious	 effects	 including	 pulmonary	

failure	and	re-bleeding	[5,	6].	Small	volume	resuscitation	can	be	considered	a	model	

to	improve	the	efficiency	of	fluid	therapy	by	changing	the	composition	and	infusion	

regimens	 [7].	 Even	 following	 trauma,	 blood	 transfusion	 produces	 inflammatory	

responses,	potentially	causing	more	morbidity	than	the	original	insult	[8].	

Adequate	 capillary	 blood	 flow	 is	 necessary	 to	 overcome	 deficits	 in	 oxygen	

delivery	and	 to	 remove	metabolic	waste	products,	which	 if	 allowed	 to	accumulate	

exert	 toxic	 effects	 [1].	 It	 has	 been	 shown	 that	 FCD	 is	 the	 key	 parameter	 in	

determining	 the	 functionality	 of	 the	 microcirculation	 and	 is	 compromised	 in	

different	 organs	 during	 shock	 conditions	 [9].	 Cabrales,	 Intaglietta	 and	 Tsai	 have	

extensively	showed,	that	from	the	microvascular	point	of	view,	survival	from	shock	

correlates	 with	 the	 recovery	 of	 FCD	 rather	 than	 restoration	 of	 oxygen	 transport	

capacity	[10-12].	

When	 blood	 is	 unavailable,	 Plasma	 Expanders	 (PE)	 are	 commonly	 used	 to	

treat	 patients	 with	 significant	 blood	 loss	 by	 restoring	 their	 circulatory	 volume.	

Additionally,	 colloidal	 PEs	 typically	 restore	 plasma	 colloid	 osmotic	 pressure	 (COP).	

The	 resulting	 increase	 in	 blood	 volume	 and	 the	 recovery	 of	 plasma	 COP	 stabilizes	

hydrostatic	capillary	pressure	and	perfusion	[13].	PEs	enhance	oxygen	delivery	of	the	

remaining	 red	 blood	 cells	 (RBCs)	 by	 maintaining	 blood	 volume	 and	 sustaining	

adequate	blood	flow,	rather	than	attempting	to	restore	the	oxygen	carrying	capacity	

of	blood	as	in	the	case	of	RBC	transfusion.		

Current	PEs	are	designed	to	only	restore	blood	volume	after	acute	blood	loss,	

without	 consideration	 of	 how	 the	 microcirculation	 responds	 to	 changes	 in	 the	

biophysical	 properties	 of	 blood.	 Lowering	 the	 systemic	 hematocrit	 (Hct)	 via	
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hemodilution	with	PEs	decreases	the	blood	oxygen	carrying	capacity	and	alters	the	

rheological	properties	of	blood.	The	compensatory	mechanisms	that	respond	to	the	

acute	decrease	in	Hct	involve	the	increase	of	cardiac	output	(due	to	the	reduction	in	

vascular	resistance),	which	also	partially	recovers	tissue	oxygenation	[14-17].	Blood	

and	 plasma	 viscosity	 also	 affects	 blood	 vessel	 wall	 shear	 stress	 in	 the	

microcirculation	and	alters	the	synthesis	of	endothelial-derived	vasodilators,	such	as	

Nitric	Oxide	(NO)	and	prostacyclin	[18,	19].	

Prior	 to	1987,	NO	was	mainly	known	as	an	atmospheric	pollutant	produced	

from	 industrial	 processes,	 automobile	 exhausts	 and	 electrical	 storms.	 Ignarro,	

Furchgott	 and	Murad´s	Nobel	 Prize-winning	discovery	 that	 the	 endothelial	 derived	

relaxation	factor	(EDRF)	was	in	fact	NO,	inaugurated	and	extensive	swell	of	research	

into	the	pivotal	role	of	NO	in	numerous	other	physiological	systems	[20].	

Nitric	 oxide	 (NO)	 plays	 several	 major	 roles	 in	 human	 physiology.	 NO	 is	 a	

neurotransmitter,	 macrophage-derived	 host-defense	 molecule,	 an	 inhibitor	 of	

platelet	aggregation	and	endothelium	adhesion	molecule	expression,	an	antioxidant,	

cardiac	chronotropic,	and	a	potent	vasodilator	[21].	All	these	physiological	roles	are	

involved	 in	 the	 HS	 genesis	 and	 reperfusion	 injury,	 and	 are	 closely	 related	 to	 NO	

bioequilibrium.		

Since	 endothelial	 synthesized	 NO	 is	 the	 major	 source	 of	 NO	 for	 the	

vasculature	 [22],	 it	 is	 proposed	 that	 an	 intraluminal	 source,	 such	 as:	 continuously	

inhaled	NO,	NO	carrier	particles	 (NO-np)	and	NO	Perfluorocarbon	carrier	emulsion	

(PFC-NO)	 to	 serve	 as	 NO	 supplementation	 therapies	 during	 hemorrhagic	 shock	

resuscitation.	 It	 is	proposed	 to	 study	 these	 therapies	 in	animal	models	undergoing	

hemorrhagic	shock	procedure	protocol.	
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The	 hypotheses	 to	 explain	 that	 hemorrhagic	 shock	 induces	 cardiovascular	

collapse	 are	 that	 the	 production	 of	 NO	 is	 impaired	 by:	 (1)	 drastic	 reduction	 on	

endothelial	 shear	 stress	 (due	 to	 low	 blood	 pressure,	 cardiac	 output,	 circulating	

volume	and	blood	viscosity)	 [19]	which	 inhibits	endothelial	NO	production;	 (2)	 free	

radical	formation/accumulation,	uncoupling	the	endothelial	NO	synthase	(NOS)	[23];	

and	 (3)	 hypoxia,	 as	 oxygen	 is	 a	 substrate	 for	 NO	 production	 [24].	 In	 this	

pathophysiological	 situation,	 nitric	 oxide	 synthase	 (NOS)	pathways	 cannot	 respond	

to	the	metabolic	demands	of	the	tissue,	since	tissues	are	hypoxic	and	oxygen	is	a	co-

substrate	for	NO	production.	Thus,	restoration	of	NO	bioavailability	impaired	during	

HS	will	reduce	many	HS	induced	complications.	Since	endothelial	synthesized	NO	is	

the	major	 source	of	NO	 for	 the	vasculature	 [4],	 it	 is	proposed	 that	an	 intraluminal	

source	 of	 NO,	 to	 test	 the	 hypothesis	 that	 exogenous	 nitric	 oxide	 (NO)	 has	 a	

protective	effect	during	HS,	and	to	define	the	basic	mechanisms	for	 its	therapeutic	

applications,	 as	 an	 alternative	 to	 maintain/restore	 microvascular	 perfusion	 during	

resuscitation,	 by	 changing	 vascular	 reactivity	 during	 HS,	 that	 may	 represent	 an	

important	 factor	 preventing	 the	 development	 of	 a	 multiple	 organ	 dysfunction	

syndrome,	maintaining	systemic	hemodynamics	and	microvascular	function	in	such	a	

fashion	 that	 whole	 organism	 survivability	 is	 ensured,	 and	 local	 tissue	 viability	 is	

maintained	to	reduce	HS	sequel.		

Despite	significant	advances	 in	the	clinical	setting	for	treating	trauma,	there	

remains	a	tremendous	need	for	efficacious	volume	interventions	for	first	responders	

to	rapidly	stabilize	single	or	mass	casualties.	Therefore,	the	development	of	a	novel	

therapy	that	can	greatly	reduce	logistical	burdens	is	expected	to	provide	life-saving	

treatments	that	would	be	broadly	applicable.		
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The	 currently	 available	NO	delivery	 systems	have	 significant	 limitations	and	

drawbacks	especially	with	respect	to	post-administration	and	efficacy.	Our	plan	is	to	

test	 the	 hypothesis	 that	 exogenous	 NO	 supplementation	 has	 protective	 effects	

during	HS,	and	to	define	the	basic	mechanisms	for	its	therapeutic	administration,	as	

an	 alternative	 to	 restore	 microvascular	 perfusion	 during	 resuscitation,	 in	 such	 a	

fashion	 that	 whole	 organism	 survivability	 is	 ensured,	 and	 local	 tissue	 viability	 is	

maintained	to	reduce	HS	sequel.		

In	this	work,	 it	 is	demonstrated	that	higher	 levels	of	cardiovascular	function	

and	 tissue	 viability	 are	 principally	 linked	 to	 NO	 supplementation	 therapeutic	

administration	attained	during	reperfusion.	Optimal	 recovery	of	FCD	and	 improved	

blood	 flow,	 affecting	 positively	 microcirculation	 was	 attained.	 Accomplishment	 of	

this	helped	us	 identify	NO	supplementation	therapies	that	maximize	recovery	from	

hemorrhage	 in	 terms	 of	 recovery	 of	 microvascular	 function,	 which	 are	 strongly	

associated	 with	 the	 overall	 improvement	 of	 systemic	 cardiovascular	 and	 tissue	

parameters.	 NO	 supplementation	 maximizes	 perfusion,	 oxygenation,	 and	 reduce	

oxidative	 damage	 on	 the	 basis	 of	 preserving	 cardiovascular	 function.	 An	 effective	

and	safer	resuscitation	procedure	has	a	direct	impact	on	transfusion	practices,	and	in	

principle,	 it	 reduces	 the	 need	 for	 RBC	 transfusion.	 The	 research	 was	 focused	 on	

transforming	 the	 process	 of	 intravascular	 volume	 maintenance	 into	 an	 active	

recovery	mechanism	 that	 targets	microvascular	 perfusion,	 tissue	 oxygenation,	 and	

restores	intravascular	oxidative	stress	balance,	as	well	as	the	prevention	of	ischemia,	

hypoxia	and	inflammation.	
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2. BACKGROUND	

	

2.1. CIRCULATORY	SYSTEM	OVERVIEW	[25]		

	

The	 three	 principal	 components	 that	 make	 the	 circulatory	 system	 are	 the	

heart,	blood	vessels,	and	the	blood	itself.	

Blood	 is	 composed	 of	 formed	 elements	 (cells	 which	 are	 erythrocytes	 and	

leukocytes	 and	 cell	 fragments	 which	 are	 platelets)	 suspended	 in	 a	 liquid	 called	

plasma.	Dissolved	in	the	plasma	are	a	large	amount	of	proteins,	nutrients,	metabolic	

wastes,	 and	 other	 molecules	 being	 transported	 between	 organ	 systems.	

Erythrocytes,	which	 carry	 oxygen,	 account	 for	more	 than	 99	%	of	 blood	 cells.	 The	

leukocytes	protect	against	 infection	and	cancer,	and	the	platelets	 function	 is	blood	

clotting.	 The	 constant	 motion	 of	 the	 blood	 keeps	 cells	 dispersed	 throughout	 the	

plasma.		

The	rapid	flow	of	blood	throughout	the	body	is	produced	by	pressure	created	

by	the	pumping	action	of	the	blood.	The	extraordinary	degree	of	branching	of	blood	

vessels	ensures	that	almost	all	cells	in	the	body	are	within	a	few	cell	diameters	of	at	

least	 one	 of	 the	 smallest	 branches,	 the	 capillaries.	 Nutrients	 and	 metabolic	 end	

products	move	between	capillary	blood	and	the	interstitial	fluid	by	diffusion.	

At	 any	 given	 moment,	 5	 %	 of	 the	 total	 circulating	 blood	 is	 actually	 in	 the	

capillaries,	 performing	 the	 ultimate	 functions	 of	 the	 entire	 cardiovascular	 system:	

the	 supplying	 of	 nutrients	 and	 the	 removal	 of	metabolic	 waste	 end	 products	 and	

other	cell	secretions.	
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The	 smallest	 arteries	 branch	 into	 arterioles,	 which	 branch	 into	 a	 huge	

number	 of	 very	 small	 vessels,	 the	 capillaries,	which	 unite	 to	 form	 larger	 diameter	

vessels,	the	venules.	These	three	entities	are	called	the	microcirculation.	

	

2.2. HEMORRHAGIC	SHOCK	

	

2.2.1. Estimating	blood	loss	[26]	

	

Life-threatening	decreases	in	blood	pressure	often	are	associated	with	a	state	

of	shock	–	a	condition	in	which	tissue	perfusion	is	not	capable	of	sustaining	aerobic	

metabolism.	

The	average	adult	estimated	blood	volume	(EBV)	represents	7	%	of	the	body	

weight	[27].	Estimating	blood	loss	is	complicated	by	several	factors,	including	urinary	

losses	and	the	development	of	tissue	edema.	Massive	hemorrhage	can	be	defined	as	

loss	of	total	EBV	within	24-hour	period,	or	loss	of	half	of	the	EBV	in	a	3-hour	period	

[28].	

	

2.2.2. Alterations	in	systemic	O2	delivery	during	hemorrhagic	shock	[26]		

	

Decreases	in	circulating	blood	volume	during	severe	hemorrhage	can	depress	

cardiac	output	and	lower	organ	perfusion	pressure.	Severe	hemorrhage	impairs	the	

delivery	of	oxygen	and	nutrients	to	the	tissues	and	produces	a	state	of	shock.		

Rapid	 decreases	 in	 blood	 volume	may	 lead	 to	 decreases	 in	 cardiac	 output	

(CO)	and	 in	oxygen	delivery	 (DO2)	with	 little	 change	 in	oxygen	 consumption	 (VO2),	
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because	 blood	 flow	 is	 preferentially	 distributed	 to	 tissues	 with	 greater	 metabolic	

requirements.	 Increased	 efficiency	 in	 oxygen	utilization	during	 hypoxia	 is	 reflected	

by	 a	 rise	 in	 oxygen	 extraction	 ratio	 [29].	 Lowering	 regional	 vascular	 resistance	 by	

adenosine,	prostaglandins,	 and	nitric	oxide	 induces	hypoxic	 redistribution	of	blood	

flow	[30,	31].	In	spite	of	this	organ	specific	microvascular	response,	all	organs,	with	

the	 possible	 exception	 of	 the	 heart,	 experience	 decreases	 in	 blood	 flow	 during	

severe	hypovolemia	[32].	

Another	 targeted	 response	 to	 hemorrhage	 is	 an	 increase	 in	 the	 number	 of	

open	capillaries	 in	organs	 that	are	 capable	of	 this.	 For	example,	 in	 skeletal	muscle	

only	 a	 fraction	 of	 capillaries	 are	 usually	 open	 to	 accommodate	 the	 passage	 of	

erythrocytes	whereas	 the	 remaining	 capillaries	 allow	 only	 passage	 of	 plasma	 [33].	

During	 hemorrhage	 the	 number	 of	 open	 capillaries	 increases	 in	 proportion	 to	 the	

degree	of	 tissue	hypoxia	 [34].	Capillary	recruitment	shortens	the	diffusion	distance	

from	 red	 blood	 cells	 to	 the	 surrounding	 tissue	 [35]	 and	 increases	 the	 capillary	

surface	 area	 available	 for	 oxygen	 diffusion	 [36].	 The	 overall	 effect	 of	 capillary	

recruitment	 is	 the	 maintenance	 of	 tissue	 oxygen	 flux	 at	 a	 lower	 capillary	 oxygen	

tension,	which	is	a	vital	response	in	organs	on	the	edge	of	hypoxia.	

Severe	 and	 sustained	 decreases	 in	 DO2	 eventually	 overwhelm	 the	

microvascular	 responses	 to	 hypoxia.	 As	 tissue	 oxygen	 flux	 falters,	 mitochondria	

cannot	 sustain	aerobic	metabolism	and	VO2	decreases.	The	 rate	of	DO2	associated	

with	 the	 initial	 decline	 in	 VO2	 is	 defined	 as	 the	 critical	 DO2	 (DO2crit)	 [37].	 Animal	

experiments	show	that	DO2crit	is	a	remarkably	constant	parameter	regardless	of	the	

method	used	to	decrease	DO2,	be	it	anemia,	hypoxemia,	or	hypovolemia	[38].	
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2.2.3. Hypovolemia	and	isovolemic	anemia	[26]	

	

Hypovolemia	 occurs	 in	 rapidly	 bleeding	 individuals	 who	 are	 not	 receiving	

intravenous	 fluids.	 The	 importance	 of	 circulating	 blood	 volume	 has	 been	

demonstrated	in	animals	subjected	to	the	sequential	removal	of	blood	aliquots	from	

a	 central	 vein	 [39].	 These	 experiments	 show	 that	 VO2	 remains	 constant	 as	 the	

circulating	blood	volume	decreases.	VO2	falls	precipitously	and	death	rapidly	ensues	

below	a	DO2crit	of	8–10	mlO2/min	per	kg.	At	this	critical	juncture,	decreases	in	blood	

volume	approach	50	%	with	no	changes	in	hemoglobin	concentration.	Hypovolemia	

is	associated	with	substantial	decreases	in	cardiac	output	and	mixed	venous	oxygen	

tension.	

Aggressive	 fluid	 replacement	 may	 produce	 the	 condition	 of	 isovolemic	

anemia,	 which	 is	 characterized	 by	 adequate	 blood	 volume	 but	 decreased	

hemoglobin	 concentration	 and	 low	 oxygen	 carrying	 capacity.	 Isovolemic	 anemia	

occurs	when	blood	for	transfusion	 is	not	readily	available	or	 in	 individuals	who	are	

bleeding	 but	 refuse	 to	 accept	 blood	 products.	 Experimental	 isovolemic	 anemia	 is	

produced	 by	 drawing	 blood	 aliquots	 from	 a	 central	 vein	 and	 replacing	 the	 exact	

amount	 of	 blood	 removed	 with	 a	 colloidal	 solution	 such	 as	 albumin.	 Animals	

subjected	to	progressive	isovolemic	anemia	also	exhibit	a	DO2crit	in	the	neighborhood	

of	 10	 mlO2/min	 per	 kg	 [40].	 DO2crit	 is	 reached	 at	 a	 hemoglobin	 concentration	 of	

approximately	4.0	g/dl	(corresponding	to	a	hematocrit	<	8	%).	Isovolemic	anemia	is	

associated	with	increased	cardiac	output	and	greater	mixed	venous	oxygen	tensions	

than	those	noted	for	hypovolemia	or	hypoxemia	[41].	
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2.2.4. Cellular	response	to	acute	blood	loss	[26]		

	

Compensated	 shock	occurs	when	systemic	DO2	decreases	below	DO2crit	 and	

the	 tissues	 turn	 to	 anaerobic	 sources	 of	 energy.	 Under	 these	 conditions,	 cellular	

function	 is	 maintained	 as	 long	 as	 the	 combined	 yield	 of	 aerobic	 and	 anaerobic	

sources	 of	 energy	 provides	 sufficient	 ATP	 for	 protein	 synthesis	 and	 contractile	

processes.	 Some	 tissues	 are	 more	 resistant	 to	 hypoxia	 than	 others.	 Skeletal	 and	

smooth	 muscles	 are	 highly	 resistant	 to	 hypoxia	 [42,	 43] and	 irreversible	 damage	

does	not	occur	in	isolated	hepatocytes	until	2.5	hours	of	ischemia	[44].	Conversely,	

brain	cells	sustain	permanent	damage	after	only	a	few	minutes	of	hypoxia	[45].	The	

gut	appears	to	be	particularly	sensitive	to	decreases	in	perfusion.	The	intestinal	and	

gastric	 mucosa	 shows	 evidence	 of	 anaerobic	 metabolism	 before	 decreases	 in	

systemic	VO2	are	detected	[46].	

Uncompensated	 shock	 resulting	 in	 irreversible	 tissue	 damage	 occurs	 when	

the	combined	aerobic	and	anaerobic	supplies	of	ATP	are	not	sufficient	 to	maintain	

cellular	function	(Figure	1).	Failure	of	membrane-associated	ion	transport	pumps,	in	

particular	those	associated	with	the	regulation	of	calcium	and	sodium,	results	in	the	

loss	 of	 membrane	 integrity	 and	 in	 cellular	 swelling	 [47,	 48].	 Among	 other	

mechanisms	that	 lead	to	 irreversible	cellular	 injury	during	hypoxia	are	depletion	of	

cellular	energy,	cellular	acidosis,	oxygen	free	radical	generation,	and	loss	of	adenine	

nucleotides	from	the	cell	[49].	
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Figure	1.	Changes	in	oxygen	consumption	shown	as	a	function	of	oxygen	delivery.	Also	shown	are	the	

hypothetical	relationships	of	these	parameters	to	the	stages	of	hemorrhage	and	changes	in	cellular	

membrane	integrity.	DO2crit,	critical	oxygen	delivery.	[26]		

	

2.2.5. Systemic	response	to	acute	blood	loss	[26]		

	

The	first	response	to	blood	loss	is	an	attempt	to	form	a	clot	at	the	local	site	of	

hemorrhage.	As	hemorrhage	progresses,	catecholamines,	antidiuretic	hormone,	and	

atrial	 natriuretic	 receptors	 respond	 to	 the	 perceived	 loss	 of	 volume	 by	

vasoconstriction	of	arterioles	and	muscular	arteries	and	by	increasing	the	heart	rate.	

The	 aim	 of	 these	 compensatory	 mechanisms	 is	 to	 increase	 cardiac	 output	 and	

maintain	perfusion	pressure.	Urine	output	drops	somewhat	and	thirst	 is	stimulated	
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to	maintain	circulating	blood	volume.	

Anxiety	 may	 be	 related	 to	 the	 release	 of	 catecholamines	 and	 to	 mild	

decreases	in	cerebral	blood	flow.	A	person	who	is	bleeding	briskly	also	may	develop	

tachypnea	 and	 hypotension.	 As	 hypovolemia	 worsens	 and	 tissue	 hypoxia	 ensues,	

increases	 in	 ventilation	 compensate	 for	 the	 metabolic	 acidosis	 produced	 by	

increased	 carbon	 dioxide	 production.	 Compensatory	 mechanisms	 are	 eventually	

overwhelmed	 by	 volume	 losses,	 and	 blood	 flow	 to	 the	 renal	 and	 splanchnic	

vasculature	 decreases	 and	 systolic	 blood	 pressure	 declines.	 The	 loss	 of	 coronary	

perfusion	 pressure	 adversely	 affects	 myocardial	 contractility;	 cerebral	 blood	 flow	

decreases,	resulting	in	the	loss	of	consciousness,	coma,	and	eventually	death.	

	

2.3. TREATMENT	OF	HEMORRHAGIC	SHOCK	[26]	

	

The	therapeutic	goals	for	hemorrhagic	shock	are	to	stop	the	bleeding	and	to	

restore	 intravascular	 volume.	 Actively	 bleeding	 patients	 should	 have	 their	

intravascular	 fluid	 replaced	 because	 tissue	 oxygenation	 will	 not	 be	 compromised,	

even	at	low	hemoglobin	concentrations,	as	long	as	circulating	volume	is	maintained.	

Hemoglobin	concentration	 in	an	actively	bleeding	 individual	has	dubious	diagnostic	

value	 because	 it	 takes	 time	 for	 the	 various	 intravascular	 compartments	 to	

equilibrate.	Rather,	therapy	should	be	guided	by	the	rate	of	bleeding	and	changes	in	

hemodynamic	 parameters,	 such	 as	 blood	 pressure,	 heart	 rate,	 cardiac	 output,	

central	 venous	 pressure,	 pulmonary	 artery	 wedge	 pressure,	 and	 mixed	 venous	

saturation.	
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2.3.1. Restoration	of	intravascular	fluid	volume	[26]	

	

Since	the	time	of	World	War	II,	the	accepted	therapeutic	dogma	has	been	to	

restore	volume	rapidly	and	achieve	normal	physiologic	parameters.	Generations	of	

physicians	have	been	trained	to	reverse	shock	within	the	“golden	hour”	in	order	to	

preserve	organ	function	and	prevent	death.	

As	 early	 as	 1918,	 however,	 Cannon	 and	 coworkers	 [50]	 questioned	 the	

feasibility	 of	 restoring	 blood	 pressure	 back	 to	 normal	 in	 the	 face	 of	 active	

hemorrhage.	Wiggers	[51]	proposed	the	concept	of	‘irreversible	shock’	after	showing	

that	reinfusing	blood	into	a	profoundly	shocked	animal	was	not	sufficient	to	prevent	

mortality	and	morbidity.	Subsequently,	Shires	and	coworkers	 [52]	demonstrated	 in	

experimental	preparations	that	crystalloid	fluids	were	needed	in	addition	to	blood	to	

restore	perfusion.	They	were	able	to	demonstrate	failure	of	the	sodium–potassium	

pump,	resulting	in	the	ingress	of	sodium	and	water	into	the	cells.	The	awareness	of	

‘third	 space	 losses’	 into	 the	 interstitium	 and	 tissues	 resulted	 in	 the	 ‘three-to-one’	

rule	for	resuscitation:	that	is,	3	ml	of	crystalloid	(Ringers	lactate	or	normal	saline)	for	

every	1	ml	of	blood	loss	replaced.	

Four	 issues	should	be	considered	when	treating	hemorrhagic	shock:	 type	of	

fluid	 to	 give,	 how	much,	 how	 fast,	 and	 what	 the	 therapeutic	 end-points	 are.	 The	

ideal	fluid	for	resuscitation	has	not	been	established.	The	three-to-one	rule	has	been	

applied	 to	 the	 classification	 of	 hemorrhage	 to	 establish	 a	 baseline	 for	 guiding	

therapy	 [53],	 and	use	of	 crystalloid	 (Lactated	Ringer´s	 solution	or	normal	 saline)	 is	

recommended	 by	 the	 American	 College	 of	 Surgeons.	 Although	 resuscitative	 end-

points	 are	 similar	 when	 using	 Ringers	 lactate	 or	 normal	 saline,	 metabolic	
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hyperchloremic	acidosis	has	been	 reported	when	 infusing	 large	volumes	of	normal	

saline	(>10	l)	[52].	

The	 primary	 goal	 of	 fluid	 resuscitation	 is	 to	 reinstate	 intravascular	 volume	

and	perfusion	without	compromising	oxygen	transport	due	to	excessive	dilution	of	

the	remaining	RBCs,	 limiting	hypoperfusion	and	lactic	acidosis	[54].	Hence,	an	ideal	

volume	restoration	strategy	after	hemorrhage	should	not	only	correct	intravascular	

volume	(cardiac	output),	but	also	should	also	restore	perfusion	at	all	levels	(i.e.	vital	

organs	 and	 microvascular	 system),	 support	 oxygenation	 and	 remove	 metabolic	

byproducts	accumulated	during	ischemia.		

Colloidal	solutions,	such	as	albumin	and	hetastarch	(6	%	hydroxyethyl	starch	

in	0.9	%	NaCl),	can	be	administered	to	increase	circulatory	volume	rapidly.	The	use	of	

albumin	 solutions	 in	 the	 initial	 resuscitation	 stages	 has	 not	 proven	 to	 be	 more	

effective	 than	 crystalloid	 [55-57].	 A	 meta-analysis	 of	 26	 prospective	 randomized	

trials	 (including	 a	 total	 of	 1622	 patients)	 revealed	 an	 increased	 absolute	 risk	 for	

death	of	4	%	when	colloids	were	used	for	resuscitation	[58].	The	results	of	this	meta-

analysis	sparked	a	great	deal	of	controversy	on	the	use	of	albumin	as	a	replacement	

fluid.	The	conclusions	of	these	analyses	should	be	viewed	with	caution	because	the	

inclusion	 criteria	 for	 the	 various	 studies	 included	 in	 the	Meta	 analyses	 differed.	 It	

should	be	noted,	however,	that	the	American	College	of	Surgeons	does	recommend	

the	use	of	albumin	as	a	resuscitative	fluid.	
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2.3.2. Hypertonic	saline	[26]		

	

There	 is	 continuing	 interest	 in	 the	 role	 of	 hypertonic	 saline	 during	

resuscitation	 from	 hypovolemic	 shock.	 There	 is	 some	 evidence	 that	 the	 use	 of	

hypertonic	saline	in	traumatized	patients	with	closed	head	injury	may	be	efficacious	

[59],	but	this	is	controversial	and	the	US	Food	and	Drug	Administration	has	not	given	

approval	for	 its	use	during	the	resuscitation	of	patients.	A	prospective,	randomized	

study	 comparing	 hypertonic	 saline	 with	 dextran	 found	 no	 difference	 in	 survival	

between	 the	 hypertonic	 saline	 group	 and	 the	 dextran-treated	 group	 [60].	 Small	

volume	 hypertonic	 saline	 does	 hold	 some	 promise	 in	 cases	 of	 penetrating	 trauma	

[61].	

	

2.3.3. Blood	substitutes	[26]	

	

Blood	substitutes	have	been	tried	in	many	forms	[62].	A	report	by	Gould	and	

colleagues	 [63]	 on	 the	 effect	 of	 massive	 doses	 of	 hemoglobin	 solutions	 in	

hemorrhagic	trauma	patients	demonstrated	a	possible	benefit	when	compared	with	

infusion	of	 crystalloids.	 In	 that	 study,	 171	patients	 received	 rapid	 infusion	of	 1–20	

units	of	poly-HEME	(Sigma,	St.	Louis,	MO,	USA;	human	polymerized	hemoglobin)	 in	

lieu	 of	 human	 blood.	 Mortality	 was	 25	 %,	 as	 compared	 with	 64	 %	 for	 historical	

matched	 control	 individuals.	 On	 the	 other	 hand,	 the	 sobering	 results	 of	 a	

randomized,	prospective,	multicenter	study	conducted	by	Sloan	and	coworkers	[64],	

in	 which	 traumatic	 hemorrhagic	 shock	 patients	 were	 treated	 with	 diaspirin	 cross-

linked	hemoglobin,	will	 remain	 an	 impediment	 to	 further	 research	 in	 this	 area	 for	
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many	years	to	come.	At	28	days,	24	(46	%)	of	the	52	patients	infused	with	diaspirin	

cross-linked	hemoglobin	died	compared	with	eight	(17	%)	of	the	46	patients	infused	

with	a	saline	solution	(P	=	0.003).	

	

2.3.4. End-points	in	resuscitation	[26]		

	

Defining	the	end-points	of	resuscitation	is	also	a	difficult	area	of	study.	Up	to	

85	%	of	patients	are	under-resuscitated	when	using	blood	pressure	and	urine	output	

as	 the	 sole	 guides	 to	 fluid	 replacement	 [65].	 The	 problem	may	 be	 ‘compensated	

shock’,	 in	which	cellular	perfusion	 lags	behind	gross	physiologic	parameters.	Other	

end-points,	such	as	oxygen	transport	variables,	DO2,	cardiac	index,	VO2,	lactate,	base	

deficit,	 and	 mucosal	 gastric	 pH,	 are	 all	 more	 sensitive	 endpoints	 of	 cellular	

resuscitation	[49].	Recent	data	on	tissue	oxygen	parameters	also	suggest	that	these	

measures	are	promising	markers	of	adequate	restoration	of	perfusion	[66].	The	use	

of	 super	 normal	 delivery	 of	 oxygen	 has	 been	 proposed	 but	 a	 study	 conducted	 by	

McKinley	 and	 coworkers	 [67]	 demonstrated	 that	 levels	 of	 DO2	 greater	 than	 600	

ml/min	per	m2	are	not	warranted.	

	

2.4. PLASMA	EXPANDERS	

	

PEs	 are	 used	 to	 increase	 or	 maintain	 blood	 volume.	 When	 blood	 is	

unavailable,	PEs	are	commonly	used	to	treat	patients	with	significant	blood	loss	by	

restoring	their	circulatory	volume.	Additionally,	colloidal	PEs	typically	restore	plasma	

COP,	 in	 some	 cases	 to	 the	 point	 of	 drawing	 interstitial	 fluid	 into	 the	 intravascular	
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compartment.	 The	 resulting	 increase	 in	 blood	 volume	 and	 the	 recovery	 of	 plasma	

COP	stabilizes	hydrostatic	capillary	pressure	and	perfusion	[13].	PEs	enhance	oxygen	

delivery	 of	 the	 remaining	 red	blood	 cells	 (RBCs)	 by	maintaining	blood	 volume	and	

sustaining	 adequate	 blood	 flow,	 rather	 than	 attempting	 to	 restore	 the	 oxygen	

carrying	capacity	of	blood	as	in	the	case	of	RBC	transfusion.		

Various	PEs	are	currently	in	clinical	use,	including	crystalloids	based	on	saline	

(0.9	wt.	%)	and	colloids	 like	gelatin,	dextran,	hydroxyethyl	starch	 (HES)	and	human	

serum	albumin	 (HAS)	 [68].	 The	use	of	each	of	 these	materials	has	advantages	and	

disadvantages.	 Saline-based	 solutions	 are	 inexpensive,	 but	 their	 effects	 are	 short-

lived	 and	 must	 be	 continually	 supplied	 or	 eventually	 supplemented	 with	 another	

colloidal	PE	[10].	Cross-linked	gelatin	is	a	readily	available	colloid,	but	it	exhibits	poor	

volume	 expansion	 and	 is	 frequently	 associated	 with	 allergic	 reactions	 and	 edema	

[69].	 Synthetic	 colloids,	 such	 as	 dextran	 polymers	 and	HES,	 are	 able	 to	 effectively	

restore	 circulatory	 volume	 and	 microvascular	 perfusion	 [70,	 71].	 Unfortunately,	

dextran	 and	HES	 have	 both	 been	 shown	 to	 inhibit	 coagulation	 [54,	 72],	 aggregate	

RBCs	[73]	and	lead	to	renal	failure	[74].		

Additionally,	 current	 PEs	were	designed	 to	only	 restore	blood	 volume	after	

acute	 blood	 loss,	 without	 consideration	 of	 how	 the	 microcirculation	 responds	 to	

changes	in	the	biophysical	properties	of	blood.	These	solutions	were	developed	prior	

to	the	discovery	of	NO	and	the	role	of	endothelial	shear	stress	dependent	mediators	

in	blood	flow	regulation.		

Despite	 improvements	 in	 monitoring	 systems	 and	 supportive	 care,	

progressive	organ	dysfunction	occurs	in	a	large	segment	of	patients	with	acute,	life-

threatening	illnesses	and	those	undergoing	major	volume	expansion	[75].	It	has	been	
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proposed	that	multi-organ	dysfunction	syndrome	of	the	critically	ill	is	a	consequence	

of	inappropriate	fluid	management	resulting	in	tissue	hypoxia,	often	exacerbated	by	

microcirculatory	 injury	 and	 increased	 tissue	 metabolic	 demands	 [76].	 Emerging	

clinical	 data	 suggest	 that	 volume	 resuscitation	 may	 limit	 and/or	 reverse	 tissue	

hypoxia	and	its	progression	to	organ	failure	and	improve	patient	outcome	[14].		

Lowering	the	systemic	hematocrit	(Hct)	via	Hemodilution	with	PEs	decreases	

the	 blood	 oxygen	 carrying	 capacity	 and	 alters	 the	 rheological	 properties	 of	 blood.	

The	 compensatory	mechanisms	 that	 respond	 to	 the	 acute	 decrease	 in	Hct	 involve	

the	 increase	of	 cardiac	output	 (due	 to	 the	 reduction	 in	 vascular	 resistance),	which	

also	 partially	 recovers	 tissue	 oxygenation	 [15-17,	 77].	 Blood	 and	 plasma	 viscosity	

also	affects	blood	vessel	wall	 shear	stress	 in	 the	microcirculation	and	activates	 the	

synthesis	 of	 endothelial	 derived	 vasodilators,	 such	 as	NO	and	prostacyclin	 [18,	 19,	

78].	 Hence,	 shear	 stress-induced	 production	 of	 vasodilators	 is	 associated	 with	

increased	microvascular	flow	and	capillary	pressure	[19].		

 

 

2.5. NITRIC	OXIDE	[79]		

	

NO	 is	 a	 heterodiatomic	 free	 radical	 that	 can	 participate	 in	 a	wide	 range	 of	

biochemically	 relevant	 reactions	 to	 evoke	 innumerable	 biological	 responses.	NO	 is	

surprisingly	stable	and	soluble	in	aqueous	solutions	when	compared	to	other	radical	

species	 [80].	NO	can	diffuse	over	distances	as	great	as	 several	microns	 in	aqueous	

solvent	before	engaging	in	collision-dependent	reactions.	Superoxide	anion	radicals	

and	hydroxyl	 radicals,	 in	comparison,	are	much	more	reactive,	diffusing	over	much	
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shorter	 reaction	 distances.	 The	 chemistry	 of	 NO	 is	 quite	 varied	 in	 physiological	

environments,	 which	 accounts	 for	 the	 rich	 and	 complex	 array	 of	 reactions,	 and	

serves	 as	 the	 basis	 for	 its	 broad	 range	 of	 biological	 effects.	 NO	 is	 an	 important	

intracellular	 messenger;	 it	 diffuses	 through	 most	 cells	 and	 tissues	 with	 little	

consumption	 or	 direct	 reaction.	 NO	 encodes	 information	 not	 by	 its	 shape	 but	 by	

changes	 in	 its	 local	concentration.	For	example,	micromolar	NO	concentrations	are	

required	 to	 inhibit	 the	 growth	 of	 tumor	 cells,	 while	 picomolar	 NO	 concentrations	

have	an	angiogenic	effect	leading	to	cell	proliferation	[20,	81].	

In	the	vascular	endothelium,	NO	is	generated	to	maintain	proper	blood	flow	

and	pressure	[82].	When	NO	is	produced	from	vascular	endothelial	cells,	it	influences	

the	cellular	activities	of	 smooth	muscle	cells,	platelets	and	 immune	cells	 (Figure	2)	

[20].	

	

Figure	2.	Nitric	oxide’s	role	in	the	vascular	endothelium	and	its	effects	on	cellular	activities.	[79]		
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After	 generation,	 NO	 diffuses	 into	 vascular	 smooth	muscle	 cells	 and	 reacts	

with	 the	 iron	 of	 soluble	 guanylate	 cyclase,	 resulting	 in	 the	 production	 of	 cyclic	

guanosine	monophosphate	(cGMP),	leading	to	relaxation	of	the	smooth	muscle	cells	

and	an	overall	 dilatation	of	blood	vessels	 [20].	A	decrease	 in	NO	 levels	may	 result	

from	an	overall	decrease	in	NO	production,	an	impaired	availability	of	bioactive	NO	

or	an	increase	in	NO	inactivation	by	reactive	oxygen	species	(ROS)	[20].		

	

2.5.1. NO	Synthesis	[83]		

	

NO	 formation	 via	 the	 five-electron	 oxidation	 of	 the	 terminal	 guanidine	

nitrogen	atom	of	L-arginine	is	a	reaction	catalyzed	by	the	dimeric	heme	NOS	[84-86].		

NOS	 contain	 both	 flavin	 adenine	 dinucleotide	 and	 flavin	 mononucleotide	

cofactors	 [87-89].	 NOS-mediated	 production	 of	 NO	 requires	 nicotinamide	 adenine	

dinucleotide	phosphate	(NADPH)	and	molecular	oxygen	as	cosubstrates,	and	utilizes	

a	 heme	 complex,	 reduced	 glutathione,	 and	 tetrahydrobiopterin	 (H4Bip),	 (Figure	 3)	

[90-92].		
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Figure	3.		NO	synthase	(NOS)	reaction	and	mechanism.	Oxygen	(O2)	is	reductively	activated	by	NADPH	

and	NOS	to	oxidize	arginine,	resulting	in	NO	release.	A	fraction	of	total	NADPH	consumption	and	O2	

activation	is	uncoupled	from	Arg	turnover	in	the	absence	of	H4Bip,	resulting	in	substantial	superoxide	

anion	 (O2
-)	 formation	 (NADPH	 oxidase	 activity	 of	 NOS).	 O2

-	 limits	 detection	 of	 NO	 by	 a	 diffusion-

limited	reaction	to	ONOO−,	which	breaks	down	to	NO3
−.	Addition	of	H4Bip	will	further	stimulate	NOS	

activity	and	prevent	uncoupling	of	NADPH	consumption	and	O2	activation,	but	due	to	its	autoxidation	

in	aerobic	solutions,	also	provides	an	alternative	source	for	O2.	Superoxide	dismutase	(SOD)	enables	

NO	 detection,	 in	 the	 absence	 and	 presence	 of	 H4Bip,	 by	 dismutating	 O2	 to	 H2O2,	 which	 does	 not	

interfere	with	NO	detection.	In	the	absence	of	O2,	NO	decays	in	a	third-order	reaction	with	O2	to	yield	

NO2
−.	 Tetrahydrobiopterin	 (H4Bip)	 is	 assumed	 to	 activate	 NOS	 allosterically,	 but	 not	 to	 donate	

reducing	equivalents.	[79]		

	

NOS	 exists	 as	 two	 main	 isoforms,	 the	 constitutive	 enzyme	 identified	 in	

endothelial	 (eNOS)	 and	 neuronal	 cells	 (nNOS),	 and	 the	 inducible	 enzyme	 (iNOS)	

present	in	smooth	muscle	cells,	neutrophils,	and	macrophages,	(Figure	4)	[93-96]. 	
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Figure	 4.	Nitric	oxide	 (NO)	 signals	and	 regulates	physiological	 and	pathophysiological	 functions.	NO	

utilizes	 its	 unique	 physicochemical	 properties	 to	 exert	 all	 these	 functions.	 This	 figure	 outlines	 the	

basic	 biochemistry	 of	 NO,	 summarized	 through	 its	 chemical	 reactivity,	 biological	 sources,	

physiological,	 and	 pathophysiological	 levels.	 The	 complexity	 of	 the	 interactions	 of	 NO	with	 various	

targets	 to	 form	 nonreactive	 and	 reactive	 nitrosyl	 complexes	 (stable	 and	 unstable)	 determines	 the	

consequences.	 These	 targets	 are	 soluble	 guanylate	 cyclase	 (sCG),	 oxyhemoglobin/hemoglobin	

(HbO2/Hb)	and	cytochrome	c	oxidase	(CcOx),	as	well	as	many	other	ferrous	heme	proteins.	Similarly,	

the	superoxide	radical	(O2
–)	is	responsible	for	the	most	pathophysiological	actions	of	NO.	There	have	

been	 few	 studies	 of	 the	 reactions	of	NO	with	proteins	 containing	 iron–sulfur	 clusters	 and	 iron	 and	

sulfur	cofactors,	thus	the	interactions	of	proteins	containing	iron–sulfur	with	NO	remain	ambiguous.	

In	summary,	the	biological	action	of	NO	has	to	be	related	to	NO	and	its	targets	because	NO	reactivity	

to	these	target	molecules	are	only	one	of	the	factors	that	contribute	to	NO-mediated	responses.	[79]	

	

Constitutive	 NOS	 activity	 is	 under	 the	 regulatory	 control	 of	 Ca2+	 and	

calmodulin	 [97,	 98].	 Once	 activated,	 constitutive	 NOS	 generates	 low	 levels	 of	 NO	

until	Ca2+	levels	decrease.	This	way,	NOS	can	rapidly	affect	vascular	tone	via	NO,	and	
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regulate	the	release	of	neurotransmitters	by	causing	the	influx	of	Ca2+	into	the	cells	

[98-100].  

Inducible	NOS	 is	 regulated	at	 the	transcriptional	 level;	 therefore,	 it	 requires	

several	hours	to	exert	a	physiological	response	[101,	102].	In	terms	of	NO	generation	

(per	mole	of	enzyme	per	minute),	the	inducible	NOS	is	substantially	more	effective	

than	constitutive	NOS,	producing	potentially	cytotoxic	levels	of	NO	[82,	103].  

In	 summary,	 eNOS	 and	 nNOS	 enzyme	 activity	 is	 primarily	 regulated	 by	

intracellular	 calcium	 concentration,	 while	 iNOS	 is	 not	 dependent	 on	 intracellular	

calcium.	 The	 enzymatic	 activity	 of	 iNOS	 is	 primarily	 regulated	 by	 transcriptional	

regulation	of	 its	expression.	 	Consequently,	nNOS	and	eNOS	constitutively	produce	

minute	amounts	of	NO	in	the	nanomolar	range,	in	contrast	to	iNOS,	which	following	

an	inducible	latent	period	can	produce	NO	in	the	µM	range	for	an	extended	period	

of	time	[104]. 

	

2.5.2. Properties	of	NO	[83]		

	

NO,	as	a	free	radical	gas,	has	a	short	half-life	in	physiological	conditions	[105,	

106].	Once	formed,	the	free	radical	NO	rapidly	diffuses	across	biological	membranes	

where	 it	 may	 react	 with	 oxygen,	 hemoglobin	 (Hb),	 redox	 metals,	 and	 superoxide	

anion	 [107].	 Thus,	 protection	 of	 the	 NO	 molecule	 by	 mechanisms	 to	 store	 and	

transport	 NO	 are	 required	 to	 accomplish	 its	 biological	 effects	 far	 from	 its	 source	

[108,	 109].	 Reaction	 products	 of	 unprotected	 NO	 include	 higher	 nitrogen	 oxides,	

tyrosine	 nitrations,	 heme	 oxidation	 or	 reduction,	 and	 various	 S-nitrosations	 (S-
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nitroso,	 SNO).	 	 Although	NO	 does	 not	 directly	 react	with	 the	 functional	 groups	 of	

biological	molecules,	oxidized	derivatives	of	NO	have	a	nitrosating	capacity.			

Specifically,	NO	reacts	with	NO2	to	form	the	nitrosating	species	N2O3	with	a	

rate	 constant	 that	 is	 near	 diffusion-limited	 [110].	 	 N2O3	 can	 undergo	 hydrolysis	 to	

nitrite	 and	 the	 nitrosating	 agent	 NO+	 at	 a	 slow	 rate;	 therefore	 N2O3	 becomes	

important	for	nitrosation	of	thiols	under	physiological	conditions	[111].	N2O3	reacts	

with	thiols	in	the	intracellular	milieu	where	glutathione	(GSH)	concentrations	are	in	

the	millimolar	range.		

The	formation	of	SNOs	also	occurs	out	of	cells	under	physiological	conditions.	

The	 parent	 thiol	 can	 either	 be	 a	 low-molecular-weight	 species	 such	 as	 GSH	 or	 a	

cysteinyl	side	chain	of	a	protein[111,	112].	 	SNOs	exist	as	the	predominant	form	of	

NO	 in	plasma	and	 further	 serve	as	a	 circulating	pool	of	bioavailable	NO	 [113-115].	

The	 formation	of	SNOs	 from	direct	 reaction	of	NO	with	thiols	 in	biological	systems	

requires	the	presence	of	oxygen,	as	their	reaction	produces	a	radical	 intermediate,	

R-S-N·-O-H,	 that	 in	 the	 presence	 of	 an	 electron	 acceptor,	 such	 as	 oxygen,	 is	

converted	 to	 SNO	 by	 the	 reduction	 of	 the	 acceptor	 [114,	 116]. The	 formation	 of	

SNOs	 in	 biological	 systems	 is	 influenced	 by	 the	 relative	 concentrations	 of	 NO	 and	

thiols,	 as	 well	 as	 transition	 metal	 ions	 and	 oxygen-derived	 free	 radicals	 in	 the	

surrounding	milieu	[117,	118].	Moreover,	SNO	formation	in	many	cases	is	ultimately	

due	 to	 the	 interaction	 of	 a	 thiol	 moiety	 with	 an	 oxidized	 derivative	 of	 NO	 with	

nitrosating	capability,	such	as	NO+	derived	from	the	dissociation	of	N2O3	[119-121].		
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2.5.2.1. Endothelial	signal	transduction	by	NO	[83]		

	

Over	 20	 years	 of	 research	 strongly	 implicates	 a	 major	 role	 for	 NO	 in	

endothelial	 signaling	 [122].	 NO	 is	 clearly	 an	 important	 regulatory	 determinant	 of	

vascular	tissue	homeostasis	[123].	Traditionally,	NO	was	thought	to	signal	exclusively	

via	 its	 stimulation	 of	 guanylyl	 cyclase,	 inducing	 an	 increase	 in	 intracellular	 cGMP	

levels	[124,	125]. However,	the	effects	of	cGMP	occur	through	three	main	groups	of	

cellular	 targets:	 cGMP-dependent	 protein	 kinases	 (PKGs),	 cGMP-gated	 cation	

channels,	 and	phosphodiesterase	 (PDEs)	 [126].	 cGMP	binding	activates	PKG,	which	

phosphorylates	 serines	 and	 threonines	 on	 many	 cellular	 proteins,	 frequently	

resulting	 in	 changes	 in	 activity	 or	 function,	 subcellular	 localization,	 or	 regulatory	

features.	 The	 proteins	 that	 are	 so	 modified	 by	 PKG	 commonly	 regulate	 calcium	

homeostasis,	 calcium	 sensitivity	 of	 cellular	 proteins,	 platelet	 activation	 and	

adhesion,	smooth	muscle	contraction,	cardiac	function,	gene	expression,	feedback	of	

the	 NO-signaling	 pathway,	 and	 other	 processes.	 cGMP-dependent	 effects	 are	

mediated	 by	 other	 proteins	 whose	 activities	 are	 allosterically	 modified	 by	 cGMP,	

such	 as	 PDE	 and	 ion	 channels,	 and	 via	 cross-activation	 of	 cAMP-dependent	 kinase	

(protein	kinase	A)	[126,	127].	

	

2.5.2.2. S-nitrosation	and	tyrosine	nitrosation	signaling	[83]		

	

Recent	 work	 has	 revealed	 that	 some	 of	 NOs	 signaling	 effects	 can	 also	 be	

transduced	by	S-nitrosation	and	tyrosine	nitrosation	 [128-130]. Smooth	muscle	has	

been	 considered	 to	 be	 the	 prototypical	 NO	 target	 tissue,	 since	 NO	 lowers	 basal	
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calcium	levels	and	counters	agonist-mediated	increases	in	intracellular	calcium	[131,	

132].	 This	 NO-mediated	 lowering	 of	 calcium	 promotes	 relaxation	 by	 changes	 in	

cytosolic	calcium	 levels	and	 in	 the	net	 flux	of	calcium	between	the	cytosol,	plasma	

membrane,	and	endoplasmic	reticulum	L-type	voltage	gated	calcium	channels,	which	

permit	the	inward	flow	of	calcium	when	cells	become	depolarized	[133,	134].	Based	

on	 these	 arguments,	 increases	 in	NO	promote	 vasorelaxation,	 but	 the	 lowering	 of	

NO	 levels	 does	 not	 directly	 induce	 constriction.	 The	 low	 levels	 of	 NO	 limits	 the	

inhibition	of	physiological	vasoconstrictors	(e.g.,	inhibits	angiotensin	II,	endothelin-1	

and	 sympathetic	 vasoconstriction),	 which	 in	 parallel	 with	 NO	 vasorelaxing	 effects	

determine	vascular	tone. 

	

2.5.2.3. NO	and	immune	activation	[83]	

	

Activation	 of	 the	 immune	 system	 is	 important	 for	 defense	 against	 invading	

organisms	as	well	as	 tumor	cells,	but	can	also	 lead	to	damage	of	host	 tissues	after	

prolonged	stimulation	[135].	NO	belongs	to	the	nonspecific	immune	defense	system	

[136,	137]. It	 induces	the	killing	of	invading	microorganisms	and	also	contributes	to	

tumor	cell	destruction	by	inducing	apoptotic	cell	death	of	tumor	cells	[138-140].	NO-

mediated	cytotoxicity	seems	to	be	mainly	caused	by	inhibition	of	energy	metabolism	

via	 interaction	 with	 mitochondrial	 respiration,	 and	 further	 interference	 with	

glycolysis	and	the	citric	acid	cycle	[141]. NO	has	been	shown	to	inhibit	mitochondrial	

respiration	 in	 bacteria	 and	 eukaryotic	 cells	 reversibly	 by	 binding	 to	 the	 oxygen-

binding	 site	 of	 cytochrome	 oxidase	 in	 competition	 with	 oxygen	 [142,	 143].	 In	
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addition,	 several	 studies	 suggest	 that	 the	effects	of	NO	on	energy	metabolism	are	

mainly	due	to	the	formation	of	peroxynitrite	[144].  

Thus,	 the	 reaction	 of	 NO	 with	 superoxide	 leading	 to	 the	 generation	 of	

peroxynitrite	may	enhance	the	cytotoxic	potential	of	NO.		Peroxynitrite	reacts	with	a	

variety	of	biomolecules	including	proteins,	lipids	and	DNA.	Peroxynitrite	cytotoxicity	

includes	multiple	pathways	from	lipid	peroxidation,	direct	inhibition	of	mitochondrial	

respiratory	 chain	 enzymes,	 inactivation	 of	 glyceroldehyde-3-phosphate	

dehydrogenase,	 inhibition	 of	 membrane	 Na/K	 ATP-ase	 activity,	 inactivation	 of	

membrane	Na	 channels,	 and	other	protein	modifications.	 Long	 term,	peroxynitrite	

breaks	 DNA	 strands,	 with	 subsequent	 activation	 of	 the	 nuclear	 enzymes	 and	

eventually	resulting	in	necrosis	[145].		

However,	 under	 conditions	 where	 there	 is	 excessive	 production	 of	 NO	

through	 the	 prolonged	 induction	 of	 iNOS,	 there	 is	 the	 prospect	 for	 clinically	

deleterious	 consequences	 in	 part	 due	 to	 NO-initiated	 apoptosis	 of	 immune-

competent	 cells,	 resulting	 in	 a	 reduced	 immune	 response.	 Both	 exogenous	 and	

endogenous	 NO	 has	 also	 been	 shown	 to	 be	 capable	 of	 pro-	 and	 anti-apoptotic	

activity	[146,	147].	These	seemingly	opposing	effects	of	NO	are	a	clear	biphasic	dose-

dependent	phenomenon.	Thus,	under	physiological	conditions,	low	levels	of	NO	may	

inhibit	 apoptosis	 of	 immune-competent	 cells,	 thereby	 supporting	 the	 immune	

defense,	whereas	high	 levels	may	 induce	cell	death,	thus	 limiting	the	 inflammatory	

process	with	different	 thresholds	 for	different	 tissues	 [148-151]. In	practical	 terms,	

for	 the	 immune	 defense	 system,	 the	 beneficial	 effects	 are	 typically	 overwhelmed	

when	 the	mediator	 is	 released	 for	 prolonged	 time	 periods	 in	 high	 concentrations,	
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and	apoptosis	 is	produced	by	long-lasting,	high	NO	levels	or	synthesis	that	 leads	to	

tissue	destruction	[151-153].	

Low-grade	 inflammation	 of	 the	 vascular	 endothelium	 as	 in	 endothelial	

dysfunction	 is	 associated	with	 decreased	 production	 of	NO	 via	 the	 eNOS	 pathway	

[135,	 154]. In	 vivo	 studies	 have	 yet	 to	 determine	 the	 actual	 role	 of	 NO	 in	 the	

progression	of	vascular	endothelial	dysfunction	[155,	156]. The	impaired	endothelial	

NO	synthesis	and	signaling	associated	with	endothelial	dysfunction	 is	 implicated	 in	

atherosclerosis,	 hypertension,	 reperfusion	 injury,	 and	 diabetic	 angiopathy	 [157]. 

Paradoxically,	 high	 levels	 of	 NO	 produced	 by	 iNOS	 have	 been	 implicated	 in	 viral	

myocarditis,	 myocardial	 infarction,	 and	 cardiac	 allograft	 rejection	 [158]. It	 also	

appears	 that	 the	massive	 iNOS-associated	 inflammatory	 cascade	 resulting	 in	 shock	

secondary	 to	 hemorrhage	 can	 be	 abrogated	 by	 low	 levels	 of	 NO	 if	 generated	 or	

introduced	 in	 the	 circulation	 at	 the	 start	 of	 the	 process	 [159-161].	 NO	 as	 a	

therapeutic	 agent,	 offers	much	 promise,	 but	 obviously,	 much	 work	 is	 required	 to	

better	understand	how	to	navigate	between	the	differing	NO-induced	responses.	 

	

2.5.2.4. The	concept	of	bioactive	forms	of	NO	[83]	

	

Once	formed,	NO	rapidly	diffuses	across	biological	membranes	where	 it	can	

react	 with	 oxygen,	 hemoglobin,	 redox	 metals,	 and	 superoxide	 anions	 [139,	 162,	

163]. As	a	result,	NO	itself	is	relatively	short-lived	and	hence	likely	to	be	biologically	

active	only	near	 its	 site	of	production	 [106].	There	are,	however,	other	NO-related	

molecular	species	that	are	longer	lived	than	free	NO	but	are	still	capable	of	evoking	

many	 if	not	all	of	 the	physiological	 responses	associated	with	 free	NO	[102].	Along	
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with	 free	 NO,	 these	 other	 NO-related	 species	 that	 are	 either	 derived	 from	NO	 or	

capable	of	generating	free	NO	are	termed	bioactive	NO	[136,	164,	165]. These	long-

lived	species	represent	forms	of	NO	that	can	be	transported	through	the	circulation	

with	 retention	 of	 the	 biological	 functioning	 of	 free	 NO.	 SNO	 -nitroso	 thiol	 (SNO)	

containing	 molecules	 and	 the	 nitrite	 anion	 are	 the	 two	 most	 thoroughly	 studied	

members	 of	 the	 bioactive	 NO	 family	 besides	 free	 NO	 (Figure	 5)	 [166-168].	 In	

addition,	 there	 are	 synthetic	 strategies	 for	 producing	 therapeutically	 useful	

molecules	that	can	release	NO	or	other	forms	of	bioactive	NO	when	introduced	into	

the	circulation	[169,	170].	These	include	organic	nitrates,	which	are	extensively	used	

to	 ameliorate	 transient	 ischemic	 cardiac	 events.	 These	 drugs	 are	 relatively	 short	

lived	 and	 require	 enzymatic	 activity	 for	 activation,	 which	 accounts	 for	 the	

progressive	 onset	 of	 the	 so-called	 nitroglycerin	 tolerance	 phenomenon	 [137,	 171,	

172].	 Recent	 development	 of	 nanoparticle	 formulations	 capable	 of	 sustained	 slow	

release	of	 therapeutically	effective	 levels	of	either	NO	[173,	174]	or	S-nitrosothiols	

[160]	 in	 the	 circulation	offer	 promise	 of	 new	 clinical	 strategies	 based	on	bioactive	

forms	of	NO.	

	

Figure	5.	Bioactive	NO	forms.		In	plasma,	NO	may	react	with	molecular	oxygen	to	form	nitrite	(NO2
−)	

or	 with	 superoxide	 (O2
−)	 to	 form	 peroxynitrite	 (OONO−),	 which	 subsequently	 decomposes	 to	 yield	
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nitrate	(NO3
−).	Alternatively,	the	nitrosonium	moiety	of	NO	may	react	with	thiols	to	form	nitrosothiols	

(RSNO).	Furthermore,	NO	may	reach	the	erythrocytes	 (RBCs)	 to	react	with	either	oxyhemoglobin	to	

form	methemoglobin	(metHb)	and	NO2
−,	with	deoxyhemoglobin	to	form	nitrosylhemoglobin	(NOHb),	

or	with	the	Cys93	residue	of	the	β-subunit	to	form	S-nitrosohemoglobin	(SNOHb).	In	addition,	plasma	

NO2
−	 could	 be	 taken	 up	 by	 RBCs,	 where	 it	 is	 oxidized	 in	 an	 Hb-dependent	 manner	 to	 NO3

−.	

Autoxidation	of	NO	in	an	aqueous	environment	leads	to	the	formation	of	dinitrogen	trioxide	(N2O3).	

This	 intermediate	 can	 nitrosate	 and	 oxidize	 different	 substrates	 to	 yield	 either	 nitrosamines	 or	 S-

nitrosothiol	adducts	(RSNO).	Some	well-documented	RSNO	in	plasma	are:	SNOAlb,	S-nitrosoalbumin;	

GSNO,	S-nitrosoglutathione;	CysNO,	S-nitrosocysteine.		

	

2.5.3. NO	effects	in	Cardiovascular	Physiology	

	

2.5.3.1. Shear	stress	effect	[19]	

	

The	 circulation	 does	 not	 respond	 passively	 to	 changes	 in	 blood	 viscosity,	

exhibiting	a	remarkable	ability	to	compensate	for	its	increase.	It	is	now	evident	that	

this	is	due	to	the	properties	of	endothelial	cells	and	their	ability	to	detect	changes	in	

the	mechanical	environment	 to	which	 they	are	exposed	 [175-177],	particularly	 the	

fluid	 shear	 stress,	 which	 stimulates	 the	 production	 of	 vasoactive	 materials,	

modulates	gene	expression,	cell	metabolism	and	cell	morphology	[178].	Shear	stress	

is	 determined	 by	 blood	 flow	 shear	 rate	 and	 blood	 viscosity.	 The	 underlying	

mechanism	 of	 these	 phenomena	 is	 the	 shear	 stress	mediated	 production	 of	 nitric	

oxide	(NO),	generated	from	the	conversion	of	L-arginine	to	L-citrulline	by	the	enzyme	

nitric	oxide	synthase	(NOS)	[179].		
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The	involvement	of	NO	production	in	setting	microvascular	tone	and	varying	

vascular	 hindrance	 should	 result	 in	 changes	 in	 the	 plasma	 concentration	 of	 nitrite	

and	nitrate.		

	

2.5.3.2. NO-Hemoglobin	interaction	[79]		

	

NO's	ability	to	be	transported	by	blood	is	limited	by	NO	reactions	with	oxygen,	

including	 NO	 deoxygenating	 reaction	 with	 oxy-hemoglobin	 (oxy-Hb),	 which	 forms	

nitrate	(NO3	inert)	and	methemoglobin	(met-Hb)	[180].	Despite	the	rapid	kinetics	of	

the	 NO	 deoxygenating	 reaction,	 the	 longer	 intravascular	 half-life	 at	 physiological	

concentrations	 has	 been	 explained	 by	 the	 compartmentalization	 of	 Hb	within	 the	

erythrocyte.	 This	 compartmentalization	 reduces	 NO	 inactivation	 reaction	 rate	 by	

oxy-Hb	 by	 1000-fold,	 thus	 allowing	 for	 NO	 to	 regulate	 vascular	 tone	 despite	 the	

presence	of	red	blood	cells	(RBC)	in	the	intravascular	space	[22].	On	the	other	hand,	

hemolysis	will	 disrupt	NO	physiology	 signaling,	 as	NO	will	 be	 rapidly	 scavenged	by	

acellular	Hb,	producing	vasoconstriction	[180].		

Current	 models	 for	 NO	 transport	 predict	 that	 a	 decrease	 in	 hemoglobin	

concentration	 due	 to	 Hemodilution	 lowers	 NO	 scavenging	 [181],	 but	 at	 the	 same	

time,	low	shear	stress	followed	by	Hemodilution,	lowers	NO	production	induced	by	

shear	stress	effect,	as	explained	earlier	[182].	

The	prominent	role	of	the	arterioles	as	suppliers	of	NO	has	been	shown	[183]	

who	found	that	arterioles	constitute	a	source	of	NO	that	 is	not	present	 in	venules.	

An	alternative	explanation	is	that	NO	produced	in	the	arterioles	can	be	transported	

downstream	 by	 the	 blood	 [184,	 185].	 According	 to	 this	 hypothesis,	 SON	 is	
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transported	in	the	vasculature	by	reacting	with	Cys	93	on	the	hemoglobin	molecule,	

with	 an	 affinity	 that	 is	 governed	 by	 the	 local	 oxygen	 concentration.	 Hemodilution	

can	lower	these	transport	phenomena	to	the	venules.	NO	concentration	is	to	some	

extent	dependent	on	oxygen	concentration	because	NO	synthase	produces	NO	using	

arginine	and	O2	and	 finally	NO	converts	 to	NO2	by	the	reaction	with	O2,	 therefore,	

hypoxia	lowers	NO	production	[182].	

	

2.5.3.3. Ischemia/reperfusion	Injury	and	mitochondrial	dysfunction	

	

When	 proper	 circulation	 is	 restored	 following	 a	 period	 of	 restricted	 blood	

flow,	 oxidative	 stress	 leads	 to	 inflammation	 and	 tissue	 damage.	 This	 condition	

referred	 to	 as	 ischemia/reperfusion	 injury.	 Due	 to	 its	 antioxidant	 and	 anti-

inflammatory	properties,	endogenous	NO	is	known	to	be	a	mediator/protector	of	I/R	

injury	and	may	therefore	serve	to	treat	this	cardiovascular	dysfunction.	[20]	

On	 a	 cellular	 level,	 several	 processes	 contribute	 to	 the	 progression	 of	 I/R	

injury.	Within	 the	endothelium,	 I/R	 is	associated	with	 the	biosynthesis	of	adhesion	

molecules	 that	 mediate	 leukocyte	 adhesion	 and	 migration	 to	 the	 ischemic	 zone,	

which	initiates	and	propagates	tissue	injury	[186].	Oxidation	of	protein	and	lipids	and	

a	 dysregulated	 inflammatory	 response	 eventually	 progress	 to	 cellular	 apoptosis	

and/or	 necrosis.	 On	 sub-cellular	 level	 mitochondria	 are	 particularly	 susceptible	 to	

ischemia	and	contribute	to	the	progression	of	IR	injury.	Under	normoxic	conditions,	

about	90	%	of	metabolism	in	the	heart	and	liver	is	aerobic,	and	fatty	acids	supply	the	

major	part	of	the	energy	requirements	[187].	During	ischemia,	the	shift	from	aerobic	

to	 anaerobic	 metabolism	 is	 energetically	 inefficient	 as	 oxidation	 of	 one	 mole	 of	
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glucose	 to	 lactate	 yields	 only	 7	 %	 of	 the	 ATP	 that	 is	 synthesized	 under	 aerobic	

conditions.	 Furthermore,	 products	 formed	 during	 anaerobic	 glycolysis,	 including	

lactic	 acid,	 protons	 and	 NADH,	 decrease	 intracellular	 pH	 [188,	 189].	 Persistent	

ischemia	 or	 complete	 lack	 of	 oxygen	 and	 nutrients	 leads	 to	 discontinued	 ATP	

production,	the	consumption	of	high	phosphate	energy	reserves,	and	ultimately	the	

termination	of	ATP-	dependent	cellular	functions.		

During	I/R	mitochondria	are	both	a	source	of	oxygen	radicals	and	a	target	of	

ROS-induced	 damage.	 Under	 basal	 conditions,	 it	 is	 estimated	 that	 1-2	 %	 of	 the	

electron	 flow	 though	 the	 electron	 transport	 chain	 contributes	 to	 the	 formation	 of	

superoxide	 (O2
-*)	 [190,	 191].	 Superoxide	 is	 readily	 removed	 by	 an	 efficient	

antioxidant	 network	 that	 includes	 manganese	 superoxide	 dismutases	 (MnSOD),	

glutathione	 peroxidase	 and	 peroxideroxins	 [192,	 193].	 However,	 at	 the	 time	 of	

reperfusion,	 excess	 ROS	 production	 overwhelms	 cellular	 antioxidant	 defenses,	

leading	 to	 protein	 damage	 within	 and	 outside	 the	 mitochondrion.	 It	 is	 now	

recognized	 that	 increased	 ROS	 production	 during	 reperfusion	 is	 one	 of	 the	major	

mechanisms	underlying	I/R	injury.	The	formation	of	oxygen-derived	species	has	been	

detected	at	 less	than	10	seconds	into	reperfusion	[194].	Paradoxically,	there	is	also	

evidence	for	the	formation	of	ROS	during	ischemia,	even	though	minimal	oxygen	is	

present	[195-197].	This	is	due	to	the	accumulation	of	electrons	along	the	respiratory	

chain	 as	 oxygen	 concentration	 drops.	 The	 reduced	 state	 of	 the	 mitochondrial	

complexes	 promotes	 the	 acceptance	 of	 electrons	 by	 the	 low	 concentrations	 of	

oxygen	 present,	 resulting	 in	 O2
-*	 formation	 [198,	 199].	 The	 main	 sites	 of	 ROS	

generation	 are	mitochondrial	 complexes	 I	 and	 III,	 and	 several	 studies	 suggest	 that	

temporal	O2
-*	formation	exists	during	ischemia,	which	begins	at	complex	I	and	later	
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continues	at	complex	III	[200,	201].		

The	 mitochondrion	 is	 also	 a	 major	 instigator	 of	 post-ischemic	 cell	 death	

through	not	only	increased	ROS	production,	but	also	via	opening	of	the	permeability	

transition	 pore	 (mPTP)	 and	 subsequent	 release	 of	 pro-apoptotic	 proteins	 such	 as	

cytochrome	 c	 in	 response	 of	 Ca2+	 overload	 [202,	 203].	 The	 influx	 of	 Ca2+	 into	 the	

mitochondrion	 at	 reperfusion	 activates	 Ca2+/Calmodulin-dependent	 proteolytic	

enzymes,	and	triggers	the	opening	of	the	mitochondrial	permeability	transition	pore	

(mPTP)	 [202,	 204].	 The	 opening	 of	 the	 mPTP	 increases	 mitochondrial	 swelling	 as	

solutes	 equilibrate	 between	 the	 mitochondrial	 matrix	 and	 the	 cytoplasm.	 This	

swelling	results	in	the	disruption	of	the	outer	mitochondrial	membrane	and	the	exit	

of	 pro-apoptotic	 factors	 into	 the	 cytosol,	 including	 cytochrome	 c	 and	 apoptosis-	

inducing	 factor	 (AIF)	 initiating	 the	 mechanism	 of	 ATP-dependent	 apoptosis	 [202,	

205,	206].	In	the	absence	of	ATP,	cell	death	occurs	via	necrosis.	In	addition,	adenine	

produced	 by	 ATP	 catabolism	 is	 transformed	 into	 hypoxanthine,	 which	 promotes	

xanthine	 oxidoreductase	 catalyzed	 ROS	 generation,	 further	 contributing	 to	

reperfusion	 injury.	 In	 the	 following	 section,	 it	 is	 considered	 that	 the	 putative	

mechanisms	that	have	been	described	for	NO-mediated	cytoprotection	[207].	

	

2.5.3.3.1. Regulation	of	ROS	through	complex	I	and	III	

	

Post-translational	modification	of	respiratory	complexes	account	for	some	of	

both	 the	 acute	 and	 delayed	 protective	 effects	 of	 NO.	 Complex	 I	 is	 particularly	

susceptible	 to	 ischemic	 damage	 and	 is	 a	major	 target	 for	 NO	 and	 its	metabolites.	

Several	studies	demonstrate	that	S-nitrosation	of	critical	 thiols	on	the	complex	can	
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inhibit	 the	enzyme,	 resulting	 in	cytoprotection	 [208,	209].	Such	modifications	have	

been	 shown	 to	 be	 cardioprotective.	 Inhibition	 of	 complex	 I	 activity	 appears	 to	 be	

cytoprotective	due	to	its	inhibitory	effect	on	ROS	generation,	particularly	at	the	time	

of	 reperfusion	when	 rapid	 entrance	 of	 oxygen	 into	 the	 electron	 chain	 results	 in	 a	

burst	 of	 ROS	 formation.	 Given	 that	 S-nitrosation	 is	 a	 reversible	 modification,	 this	

complex	 I	 inhibition	 is	 slowly	 alleviated	 over	 time,	 allowing	 for	 normal	 electron	

transport	 chain	 activity	 to	 resume	 slowly	 without	 the	 deleterious	 instigation	 of	

oxidative	 damage.	 This	 concept	 has	 been	 termed	 the	 “Metabolic	 Shutdown	 and	

Gradual	 Wake	 Up”	 phenomenon	 and	 has	 been	 attributed	 to	 the	 cytoprotective	

effects	of	NO.		

	

2.5.3.3.2. Post-translational	modification	of	ATP	synthase	

	

The	 ATP	 synthase	 plays	 a	 vital	 role	 in	 cellular	 energetics	 as	 it	 is	 the	

predominant	site	of	ATP	formation	in	the	cell.	Conversely,	this	enzyme	can	work	in	

reverse	 to	 catalyze	 the	 hydrolysis	 of	 ATP.	 Several	 studies	 have	 now	 reported	 that	

increased	 ATP	 hydrolysis	 by	 the	 ATP	 synthase	 during	 ischemia	 contributes	 to	 the	

depletion	of	the	ATP	pool	[210,	211].	Thus,	down	regulation	of	the	enzymatic	activity	

of	 the	 ATP	 synthase	 may	 be	 beneficial	 through	 the	 preservation	 of	 cellular	 ATP.	

Consistent	 with	 this	 mechanism,	 NO	 has	 demonstrated	 to	 regulate	 ATP	 synthase	

activity	through	the	post-translational	modification	of	the	protein	complex	[212-214].	

Several	types	of	modifications	have	been	reported	to	modulate	the	ATP	synthase	in	

different	conditions	including	phosphorylation,	acetylation,	and	trimethylation	[215].	

With	 regard	 to	NO	 signaling,	 it	 has	 recently	 been	 reported	 that	 the	 ATP	 synthase	
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alpha	 subunit	 shows	 increased	 nitration	 after	 IR	 [216].	 However,	 it	 is	 unclear	

whether	nitration	plays	a	 regulatory	 role	or	 is	 an	 indicator	of	oxidative	damage	 to	

the	enzyme	in	this	case.	These	data	are	consistent	with	the	protective	effect	of	NO	

and	 suggest	 that	 the	NO	or	 nitrite	 dependent	 preservation	of	ATP	 in	 the	 ischemic	

tissue	may	contribute	to	the	cytoprotective	mechanism.	

	

2.5.3.3.3. S-nitrosation	of	other	mitochondrial	proteins	

	

Accumulating	 evidence	 demonstrates	 that	 S-nitrosation	 plays	 a	 critical	

regulatory	role	 in	the	modulation	of	enzymatic	 function.	While	both	complex	 I	and	

the	ATP	synthase	have	been	 identified	and	 investigated	as	targets	 for	S-nitrosation	

within	 the	mitochondria,	 it	 is	 likely	 that	 S-nitrosation	 of	 other	 proteins	within	 the	

organelle	contributes	cytoprotection.	Several	 sites	of	S-nitrosation	beyond	 the	ATP	

synthase	 including	 aconitase,	 alpha-ketoglutarate	 dehydrogenase,	 creatine	 kinase,	

malate	 dehydrogenase,	 heat	 shock	 protein	 60	 and	 aldehyde	 dehydrogenase	 have	

been	identified.		

	

2.5.3.3.4. NO	induced	glutathionylation	

	

While	 much	 focus	 has	 been	 centered	 on	 S-nitrosation	 as	 a	 mediator	 of	

cytoprotection,	the	role	of	glutathionylation,	the	covalent	modification	of	a	cysteine	

residue	with	 glutathione,	 in	 ischemic	 signaling	has	 recently	 come	 to	 the	 forefront.	

While	 several	 oxidative	mechanisms	 lead	 to	 glutathionylation,	 it	 is	 now	 clear	 that	

nitrosative	 species,	 in	 the	 presence	 of	 GSH	 also	 mediate	 this	 modification.	
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Mechanistically,	 GSNO	 may	 react	 directly	 with	 a	 reduced	 protein	 yielding	 a	

glutathionylated	protein	[217]:	

𝑅 − 𝑆𝐻 + 	𝐺𝑆𝑁𝑂 → 𝑅𝑆 − 𝑆𝐺 + 𝐻𝑁𝑂	

Additionally,	 it	has	been	suggested	that	GSH	may	react	with	an	S-nitrosated	

protein	to	form	a	protein	mixed	disulfide	[217]:	

𝑅𝑆 − 𝑁𝑂 + 𝐺𝑆𝐻 → 𝑅𝑆 − 𝑆𝐺 + 𝐻𝑁𝑂	

Many	 protein	 targets	 within	 the	mitochondria,	 including	 complexes	 I	 [218]	

and	II	[219],	and	aldehyde	dehydrogenase	[217],	are	known	to	be	glutathionylated.	

While	 multiple	 labs	 have	 demonstrated	 that	 glutathionylation	 of	 specific	 protein	

sites	 modulate	 mitochondrial	 function,	 the	 role	 of	 this	 modification	 in	 IR	 and	

cytoprotection	 remains	 unclear.	 It	 has	 been	 posited	 that	 glutathionylation,	 a	

reversible	modification,	may	serve	to	temporarily	protect	susceptible	protein	thiols	

from	 irreversible	 oxidation	 (formation	 of	 sulfenic,	 sulfinic	 or	 sulfonic	 derivatives).	

Other	 studies	 demonstrate	 that	 glutathionylation	 may	 mediate	 more	 site	 specific	

signaling.	 For	 example,	 Chen	 and	 colleagues	 have	 shown	 that	 glutathionylation	 of	

complex	II	is	decreased	after	myocardial	infarction	and	this	decrease	is	accompanied	

by	a	loss	of	enzymatic	activity	[219].	These	data	suggest	that	glutathionylation	may	

be	requisite	for	normal	complex	II	function	and	also	support	a	protective	role	for	the	

modification.	 Notably,	 many	 thiols	 are	 targets	 for	 both	 S-nitrosation	 and	

glutathionylation	 such	 as	 the	 75kD	 subunit	 of	 complex	 I	 [220,	 221].	 While	 both	

modifications	 inhibit	 complex	 I	 activity,	 recent	 studies	 suggest	 that	 they	 may	

differentially	modulate	ROS	production	by	the	complex	and	have	differing	extents	of	

reversibility	[220,	221].		
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2.5.3.3.5. Nitrosylation	of	complex	IV	

	

Cytochrome	c	oxidase	is	known	to	be	the	predominant	target	for	NO	within	

the	 mitochondria.	 Nanomolar	 concentrations	 of	 NO	 bind	 both	 the	 reduced	 and	

oxidized	forms	of	the	enzyme	in	competition	with	oxygen,	leading	to	the	reversible	

inhibition	of	oxygen	consumption	[222].	 Inhibition	of	complex	IV	has	consequences	

for	both	ROS	generation	as	well	as	 the	production	of	ATP.	While	binding	of	NO	 to	

complex	 IV	 has	 been	 demonstrated	 to	 increase	 ROS	 generation	 due	 to	 electron	

accumulation	 at	 complexes	 I-III	 in	 the	 electron	 transport	 chain	 [223],	 this	 small	

increase	 in	 ROS	 generation	may	 not	 play	 a	 large	 role	 in	 the	 progression	 of	 injury	

during	 ischemia.	 On	 the	 other	 hand,	 several	 investigators	 have	 hypothesized	 that	

inhibition	 of	 complex	 IV	 may	 have	 major	 cytoprotective	 consequences	 for	 the	

preservation	 of	 high-energy	 phosphate	 stores	 during	 IR	 and	 may	 underlie	 the	

phenomenon	of	“myocardial	hibernation”.	In	this	phenomenon,	metabolic	activity	of	

the	heart	is	temporarily	shut	down	during	ischemia	in	order	to	preserve	high-energy	

phosphate	 reserves	 [224].	 Indeed,	 studies	 have	 demonstrated	 that	 NO	 mediates	

complex	 IV	 inhibition	 in	the	heart	through	the	myoglobin	dependent	generation	of	

NO.	However,	the	protective	effect	of	is	lost	in	the	absence	of	myoglobin,	suggesting	

that	inhibition	of	complex	IV	may	be	a	dominant	mechanism	in	this	model	[224,	225].	

	

2.5.3.3.6. NO	reaction	With	Ubiquinol	

	

Other	mitochondrial	respiratory	chain	proteins	that	have	been	found	to	react	

with	 NO	 include	 Ubiquinol	 (UQH2)	 [226].	Within	 the	 cell,	 ubiquinone	 (UQ),	 which	
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predominantly	exists	in	its	reduced	form	UQH2,	is	present	in	the	inner	mitochondrial	

membrane,	 but	 is	 also	 found	 in	 plasma	 membranes,	 and	 in	 the	 cytosol	 [227].	

Extramitochondrial	 UQH2	 exerts	 a	 strong	 antioxidant	 effect	 by	 reacting	 with	 high	

concentrations	 of	 ONOO-	 and	 NO2
-	 [228]	 UQ	 formed	 from	 this	 reaction	 is	 then	

reduced	back	to	UQH2	by	NADPH-ubiquinone	reductase	[227].	Biologically,	while	the	

reactions	 of	 UQH2	 with	 ONOO-	 and	 NO2
-	 effectively	 decrease	 the	 propagation	 of	

oxidative	 damage	 caused	 by	 nitrogen	 free	 radicals,	 NO	 scavenging	 by	 UQH2	 may	

decrease	NO	bioavailability.	The	effects	of	NO	on	mitochondrial	UQH2	are	dependent	

on	the	O2	and	NO	concentration	gradients.	In	normoxia,	steady	state	levels	of	UQH2	

and	 NO	 are	 estimated	 as	 1.08	 ×	 10-4	M	 and	 1	 ×	 10-7	M,	 respectively	 [226].	 The	

reaction	 between	 both	 free	 radicals	 (1.73	 ×	 10-7	 M.s-1)	 is	 favored	 at	 high	

concentrations	 of	 UQH2,	 such	 as	 those	 elicited	 when	 NO	 inhibits	 cytochrome	 c	

oxidase	 [229]	 or	 binds	 to	 the	 cytochrome	 b	 region	 [226].	 Binding	 of	 NO	 to	

cytochromes	aa3	and	b	increase	H2O2	formation	in	an	antimycin-like	manner.	

	

2.5.3.3.7. The	Mitochondrial	K+
ATP	channel	

	

The	mitochondrial	 K+ATP	 channel	 (mito-	 K+ATP)	 is	 a	 putative	 ATP-sensitive	 K+	

channel	 that	has	been	 implicated	 in	NO-mediated	 cytoprotection	against	 IR	 injury.	

Several	mechanisms	are	thought	to	mediate	this	process.	

It	 has	previously	been	 reported	 that	NO	can	 selectively	 activate	mito-	 K+ATP	

channels	 and	 a	 recent	 study	 demonstrates	 that	 other	 reactive	 nitrogen	 species,	

including	the	nitrated	lipid	nitrolinoleate,	nitroxyl	(HNO/NO-),	and	S-nitrosothiols	can	

also	 activate	 these	 channels	 [230].	 Both	 cGMP-independent	 and	 dependent	
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mechanisms	 have	 been	 reported	 for	 NO-dependent	 opening	 of	 the	 mito-	 K+ATP	

channels	 [231].	 It	 has	been	proposed	 that	 cGMP	activates	Protein	Kinase	G	 (PKG),	

causing	 the	phosphorylation	of	an	unknown	target	protein,	which	 in	 turn	activates	

Protein	Kinase	C,	ε(PKCε)	and	leads	to	the	phosphorylation	of	the	mito-	K+ATP	channel	

[232].	Interestingly,	similarly	to	diazoxide,	nitrolinoleate	and	nitroxyl	have	both	been	

shown	 to	 inhibit	 complex	 II,	 suggesting	 that	 inhibition	 of	 this	 complex	may	 play	 a	

role	 in	 activation	of	mito-K+ATP	 channels	 [230].	Opening	 of	mito-K+ATP	 channels	 has	

also	been	associated	with	mild	membrane	depolarization,	increased	respiration	rates,	

decreased	ATP	production,	 release	of	 accumulated	Ca2+	 and	matrix	 swelling,	 all	 of	

which	play	a	role	in	preventing	apoptosis	[233].	

	

2.5.3.3.8. Cytochrome	c	release	

	

A	great	deal	of	attention	has	been	focused	on	the	role	of	NO	in	regulating	the	

mitochondrial	 apoptotic	 pathway,	which	 is	 initiated	by	 the	oxidation	of	 cardiolipin	

and	release	of	cytochrome	c,	during	IR.	It	is	now	established	that	low	concentrations	

of	 NO	 can	 inhibit	 cytochrome	 c	 release	 from	 the	 mitochondria.	 The	 electron	

transport	protein	cytochrome	c	exists	 in	the	mitochondria	with	 its	heme	in	a	hexa-

coordinate	 arrangement	 which	 enables	 the	 protein	 to	 shuttle	 electrons	 between	

complex	III	and	IV	[234].	However,	in	select	situations,	cytochrome	c	can	undergo	a	

shift	 to	a	penta-coordinate	arrangement,	which	 initiates	peroxidase	activity	by	 this	

protein.	 This	 peroxidase	 activity	 is	 able	 to	 oxidize	 the	 polyunsaturated	 lipid	

cardiolipin	 (CL),	which	 normally	 anchors	 cytochrome	 c	 to	 the	 outer	 surface	 of	 the	

inner	 mitochondrial	 membrane	 [235].	 Oxidation	 of	 cardiolipin	 (ox	 CL)	 allows	 the	
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dissociation	 of	 CL	 from	 cytochrome	 c	 [236],	 leaving	 cytochrome	 c	 freely	 soluble	

within	the	intermembrane	space	and	able	to	be	released.	One	known	mechanism	by	

which	NO	abrogates	cytochrome	c	release	is	through	its	nitrosylation	of	the	heme	in	

cytochrome	 c,	 resulting	 in	 the	 inhibition	 of	 its	 peroxidase	 activity	 and	 subsequent	

oxidation	 of	 CL	 [237].	 The	 release	 of	 cytochrome	 c	 (and	 of	 other	 pro-apoptotic	

factors)	into	the	cytosol	requires	outer	membrane	permeabilization	[238],	which	also	

appears	 to	 be	 facilitated	 by	 oxCL	 [239].	 Therefore,	 nitrosylation	 of	 CL-bound	

cytochrome	c	represents	a	mechanism	through	which	NO	prevents	the	initiation	of	

the	intrinsic	apoptotic	pathway.		

	

2.5.3.3.9. Assembly	of	the	permeability	transition	pore	

	

The	mitochondrial	permeability	 transition	pore	 (mPTP),	 a	non-specific	 inner	

mitochondrial	membrane	channel	of	unknown	identity,	contributes	to	the	sequence	

of	 events	 that	 leads	 to	 IR-induced	 cell	 death	 [203,	 240].	 While	 elevated	 matrix	

calcium	 levels	 are	 major	 triggers	 of	 the	 mPTP	 opening,	 other	 conditions	 such	 as	

oxidative	 stress	 and	 the	 depletion	 of	 adenine	 nucleotides	 have	 been	 shown	 to	

promote	pore	opening,	and	 subsequent	ATP	depletion	and	mitochondrial	 swelling,	

and	 the	 release	of	 cytochrome	 c	 and	other	pro-apoptotic	 factors	 [203].	 In	 view	of	

this	 essential	 role	 in	 apoptosis,	 the	 mPTP	 has	 been	 explored	 as	 a	 potential	

therapeutic	 target	 for	 preventing	 IR	 injury	 [202].	 Post-conditioning-mediated	

cardioprotection	is	also	believed	to	occur	through	prevention	of	the	mPTP	formation	

[241].	
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It	has	been	proposed	that	the	NO-mediated	gradual	wake-up	of	the	electron	

transport	 chain	 could	 indirectly	 prevent	 mPTP	 formation	 by	 attenuating	

mitochondrial	 Ca2+	 overload	 and	 ROS	 overproduction	 [240].	 Additional	 potential	

mechanisms	 by	 which	 NO	 may	 avert	 mPTP	 opening	 include	 the	 prevention	 of	

apoptosis	 by	 inactivation	 of	 caspase-3	 via	 S-nitrosation,	 caspase	 3-dependent	

inhibition	of	Bcl-2	cleavage	[242].		

	

2.5.3.4. Thrombosis	[20]		

	

In	healthy	vasculature,	endothelial	cells	generate	NO	to	prevent	thrombosis	

and	 platelet	 activation/adhesion.	 When	 damage	 or	 removal	 of	 endothelial	 cells	

occur,	 low	 shear	 stress	 is	 presents	 or	 hypoxia,	 normal	 NO	 production	 from	 the	

endothelium	 required	 for	 homeostasis	 is	 disrupted	 with	 thrombosis	 resulting	 as	

activated	platelets	aggregate	and	adhere	along	with	proteins	like	fibrin.	Thrombosis	

may	 also	 prove	 problematic	 by	 initiating	 excessive	 platelet	 activation	 and	

aggregation.	

	

2.5.4. Strategies	for	intravascular	NO	supplementation	[20]		

	

The	roles	of	NO	in	physiology	and	pathophysiology	merit	the	use	of	NO	as	a	

therapeutic	 for	 certain	 biomedical	 applications,	 although	NO	 supplementation	 has	

many	complications,	due	to	its	reactivity,	limited	NO	payloads,	too	rapid	release,	and	

lack	of	targeted	NO	delivery.	Different	strategies	have	been	developed	to	overpass	

these	limitations,	developing	different	strategies	for	its	transport	and	delivery.		
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The	therapeutic	consequence	of	any	NO-based	drug	depends	strongly	on	the	

concentration	 and	 duration	 NO	 delivered.	 For	 example,	 micromolar	 NO	

concentrations	are	required	to	inhibit	the	growth	of	tumor	cells,	while	picomolar	NO	

concentrations	have	an	angiogenic	effect	leading	to	cell	proliferation	[81].	As	a	result,	

effective	 NO-based	 therapies	 must	 store	 and	 deliver	 only	 relevant	 NO	 doses	 for	

specific	 durations.	 In	 addition,	 NO	 delivery	 should	 be	 selective	 due	 to	 NO´s	 short	

half-life	(seconds)	limiting	its	sphere	of	influence	to	approximately	100	µm	from	its	

source	[243].	Control	of	these	parameters	(delivery	site,	NO	concentration,	and	rate	

of	 release)	 remains	 key	 for	 developing	 useful	 therapeutics.	 Tolerance	 and	 toxicity	

issues	arise	when	drugs	cannot	be	applied	specifically	to	the	diseased	area.	

	

2.5.4.1. NO	donors	

	

The	 term	“nitrovasodilator”	was	used	 for	chemical	 compounds	 that	contain	

at	 least	one	biologically	active	NO	moiety,	which	 is	potentially	released	as	NO,	and	

whose	pharmacological	effects	include	dilation	of	vascular	smooth	muscle	[79,	244].	

Many	 classes	 of	 donors	 exist,	 including	 organic	 nitrates,	 nitrites,	 metal-NO	

complexes,	 nitrosamines,	 NONOates,	 RSNOs,	 being	 these	 two	 last	 ones	 the	 most	

widely	 used	 based	 on	 their	 ability	 to	 spontaneously	 release	 NO	 in	 physiological	

media	[245].	

These	 are	 widely	 used	 to	 treat	 angina,	 anal	 fissures,	 heart	 failure,	 and	

pulmonary	 hypertension,	 but	 are	 disadvantaged	 by	 the	 risk	 of	 hypotension,	

headaches,	evolving	nitrate	tolerance	 loosing	clinical	efficacy	and	some	require	co-

administration	with	other	drugs	to	prevent	poisoning	by	other	derivatives	[20,	246].	
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This	tolerance	and	toxicity	issues	arise	when	drugs	cannot	be	applied	specifically	to	

the	 diseased	 area,	 and	 they	 disperse	 rapidly	 and	 are	 not	 easily	 manipulated	 for	

targeting	[20].	

Thus,	overall,	it	is	clear	that	multiple	enzyme	systems	are	involved	in	nitrate	

biotransformation,	 with	 regional	 and	 efficiency	 variability	 on	 the	 resultant	 NO	

supplementation	[79,	244,	247]		

	

2.5.4.2. Inhaled	NO	[79]		

	

Currently,	the	clinical	therapeutic	potential	of	NO	has	been	exploited	only	via	

inhaled	NO	gas	from	pressurized	tanks	[248].	The	nature	of	NO	makes	it	an	appealing	

therapeutic	target	to	treat	or	prevent	disorders	characterized	by	NO	deficiency	such	

as	 vasospasm	 and	 thrombosis.	 Inhaled	 NO	 gas	 produces	 selective	 pulmonary	

vasodilation	 and	 thus	 can	 be	 used	 to	 treat	 disorders,	 such	 as	 adult	 respiratory	

distress	 syndrome	 [249].	 Administration	 of	 exogenous	 NO	 by	 inhalation	 can	 be	 a	

successful	way	of	reducing	pulmonary	vascular	resistance	in	children	with	persistent	

pulmonary	hypertension	 [250].	At	 lung	 temperature	and	pressure,	NO	 is	a	gas	and	

behaves	 as	 such;	 therefore,	 inhalation	 therapy	 is	 viable.	 However,	 because	 the	

lifetime	of	this	compound	is	extremely	short	in	vivo,	a	continuous	delivery	of	the	gas	

is	necessary	[248].	When	administered	by	inhalation	NO	diffuses	into	the	pulmonary	

vasculature	 of	 ventilated	 lung	 regions	 and	 reduces	 the	 pulmonary	 vasoconstrictor	

response	 to	 a	 variety	 of	 stimuli,	 including	 hypoxia.	 However,	 rebound	 hypoxemia	

may	occur	if	treatment	is	stopped;	this	poses	some	serious	limitations	in	inhalation	

therapy.	While	this	approach	is	inconvenient	and	costly	[249],	inhaled	NO	gas	is	still	
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the	preferred	and	only	 approved	NO	 treatment	 for	 acute	pulmonary	hypertension	

[248].	

	

2.5.4.3. NO	nanoparticles	[79]		

	

Novel	 redox	 chemistry	 in	 solid	 matrices	 can	 be	 used	 as	 the	 basis	 for	 new	

platforms	 to	generate	powder	 formulations	 that	not	only	are	capable	of	delivering	

NO	 in	 a	 sustained	 fashion,	 but	 also	 are	 straightforward	 to	 store	 and	 apply.	 The	

general	platform	for	preparing	the	NO-releasing	materials	is	based	on	sugar-derived	

glassy	 matrices	 that	 support	 redox	 reactions,	 initiated	 using	 thermally	 generated	

electrons	 from	 glucose	 [251].	 This	matrix	 supports	 the	 reduction	 of	 nitrite	 to	 NO.	

Additionally,	 it	 is	 a	 composite	 material	 having	 both	 sol	 gel	 and	 glassy	 properties.	

Therefore,	the	NO	generated	remains	trapped	and	stable	within	the	dry	matrix	until	

the	matrix	 is	exposed	to	moisture	[252].	They	also	 include	a	more	robust	material,	

tetramethoxysilane	 or	 tetraethoxysilane,	 as	 a	 backbone	 to	 create	 a	 nanoporous	

substrate	 suitable	 to	 trap	 all	 the	molecules	 including	 sugar,	water,	 nitrite,	 and	NO	

[253].	Additionally,	both	polyethylene	glycol	 (PEG)	and	chitosan	can	be	 introduced	

into	the	porous	matrix	to	control	the	hydration	rate	and	NO	release	rate	[254].	The	

resulting	material	is	conveniently	converted	into	nanoparticles	capable	of	delivering	

therapeutic	amounts	of	NO,	over	extended	time	periods	(Figure	6).	
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Figure	 6.	 NO-releasing	 nanoparticle	 synthesis	 and	 morphology.	 (a)	 Schematic	 of	 NO-releasing	

nanoparticle	 synthesis.	 The	 various	 components	 are	 prepared	 and	 combined	 to	 form	 a	 block	 gel	

consisting	of	a	silica	hydrogel	matrix	encompassing	the	other	 ingredients.	The	block	gel	 is	dried	and	

the	 nitrite	 precursor	 converted	 to	 NO	 via	 thermal	 reduction,	 resulting	 in	 the	 formation	 of	 the	

nanoparticles.	 (b)	 NO-releasing	 nanoparticles.	 The	 scale	 bars	 represent	 100	 nm,	 the	 bottom	 one	

representing	the	lower	left	and	right	panes	and	the	upper	one	the	upper	left	image.	(c)	NO	gas	levels	

were	 measured	 using	 a	 chemiluminescent	 NO	 analyzer	 at	 7.4	 pH,	 1	 mg	 of	 NO-np.	 Control	

nanoparticles	are	prepared	identically,	but	without	nitrite.		

	

The	release	pattern	of	NO	from	the	matrices	is	dependent	on	the	preparation	

protocol,	 in	all	cases	the	release	of	NO	initiated	through	exposure	to	moisture.	The	

NO-containing	dry	powder	remains	stable	for	months.	The	pattern	of	NO	release	can	

be	dramatically	tuned	by	varying	the	composition	of	the	constituents,	especially	PEG.	

The	inclusion	of	 large	PEG	molecules	results	 in	rapid	release,	whereas	the	inclusion	

of	smaller	PEGs	results	in	slow,	sustained	release.	All	the	materials	comprising	these	

particles	 are	 being	 used	 in	 drug	 delivery	 formulations,	with	 no	 reported	 toxicities.	

The	 likely	 predominant	 product	 arising	 from	 the	 reduction	 of	 nitrite	 by	 glucose	 is	

gluconic	acid,	which	 is	non-toxic	and	biocompatible.	The	potential	of	this	NO-np	to	

deliver	pure	NO	is	further	enhanced	by	the	nano-scale	size	of	the	particles.		
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2.5.4.4. Preloaded	NO	PFC	

	

Perfluorocarbons	 (PFC)	 are	 colorless	 liquids,	 and	 chemically	 inert	 synthetic	

molecules	 that	 consist	 primarily	 of	 carbon	 and	 fluorine	 atoms	 [255].	 They	 can	

dissolve	 gases	 including	 oxygen,	 carbon	 dioxide,	 nitric	 oxide	 (NO),	 etc.	 [256].	 PFCs	

are	hydrophobic	and	not	miscible	with	water.	Thus,	 they	have	to	be	emulsified	 for	

intravenous	 use	 by	 using	 a	 surface-active	 lipid.	 Stable	 perfluorocarbon	 emulsions	

with	 small	 droplet	 size	 (0.2	 μm)	 and	 stability	 can	 be	 generated	 with	 a	 simple	

technology.	 Their	 intravascular	 half-life	 depends	 on	 their	molecular	 weight	 (MW),	

varying	 from	 hours	 for	 low	MW	 to	 days	 for	 high	MW	 [257].	 They	 are	 eliminated	

unchanged	by	the	lungs	after	passing	through	the	reticuloendothelial	system	[257].		

NO	preferential	partitioning	 into	 lipid	membranes	 is	an	 important	 regulator	

of	its	effects	[258].	NO	solubility	in	lipid	membranes	is	8-fold	that	in	water,	whereas	

that	of	oxygen	is	only	3.	Therefore,	NO	gas	can	be	preloaded	in	PFC	emulsions	and	

injected	 to	deliver	NO	throughout	 the	cardiovascular	 system.	Additionally,	 infusion	

of	 NO	 loaded	 PFC	 can	 accelerate	 the	 formation	 of	 bioactive	 (nitrite	 and	 S-

nitrosothiols)	 and	bioinactive	 (nitrate)	NO	 forms	within	 the	PFC	micelle,	 as	oxygen	

concentration	 in	 the	micelle	 equilibrates	with	 intravascular	 oxygen	 concentrations	

[259].		

PFC	 micelles	 are	 approximately	 30	 times	 smaller	 than	 erythrocytes,	 NO	

preloaded	 micelles	 will	 reach	 critically	 ischemic	 tissue	 flowing	 through	 stenotic	

vessels	where	only	plasma	flow	is	maintained	and	promoting	local	vasodilation	and	

increased	blood	flow.		
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3. THE	EFFECT	OF	NITRIC	OXIDE	SUPPLEMENTATION	THERAPIES	ADMINISTRATION	

IN	 THE	 HEMODYNAMIC	 AND	MICROCIRCULATORY	 RESPONSE	 IN	 AN	 ANIMAL	

MODEL:	 INHALED	 NO,	 NO	 NANOPARTICLES	 (NO-NP)	 AND	 PFC-NO	 LOADED	

EMULSION	IN	ISOVOLEMIC	HAMSTERS	WITH	SKIN	FOLD	CHAMBER	WINDOW.	

	

In	 this	 experimental	 part,	 no	 shock	 was	 induced	 hence	 no	 blood	 was	

extracted	from	the	animals.	The	procedure	was	performed	to	observe	the	effect	 in	

the	 microcirculation,	 microhemodynamic	 and	 physiological	 parameters	 of	 the	

proposed	 NO	 supplementation	 therapies:	 inhaled	 NO,	 NO-np	 and	 PFC-NO,	 and	

determine	the	feasibility,	practicality	and	usefulness	of	each	therapy	independently.	

This	 chapter	 is	 composed	 by	 the	 following	 section:	 section	 3.1	 Materials	 and	

methods,	which	is	used	throughout	the	experimentation	procedure	in	the	following	

chapters;	 section	3.2	Preloaded	PFC-NO	Emulsion	and	 section	3.3	NO-np,	 in	which	

this	 author	 did	 not	 participate,	 and	 experiments	 were	 performed	 by	 the	 authors	

described	 in	 each	 section;	 from	 section	 3.3	 and	 throughout	 the	 document,	

experiments	were	done	by	the	author.	

	

3.1. MATERIALS	AND	METHODS	

	

3.1.1. Animal	Preparation	

	

The	methods	described	herein	are	 routine	methods	 for	 the	 investigation	of	

microcirculatory	and	systemic	physiology	in	the	Hamster	Window	Model.	

The	 hamster	 window	 preparation	 presents	 the	 complete	 microvascular	
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network	 for	 both	 acute	 and	 chronic	 studies	 of	 an	 intact	 tissue	without	 anesthesia	

[260].	 It	 lacks	 complications	 related	 to	 surgery	 and	 tissue	 exposure,	 which	 affect	

acute	 models.	 The	 tissues	 to	 be	 studied	 are	 comprised	 of	 skeletal	 muscle	 and	

subcutaneous	 connective	 tissue,	 and	 have	 been	 thoroughly	 described	 in	 the	

literature	[260,	261].	Investigations	were	performed	in	55	-	65	g	male	Golden	Syrian	

Hamsters	 (Charles	 River	 Laboratories,	 Boston,	 MA)	 fitted	 with	 a	 dorsal	 skinfold	

chamber	window.	Animal	handling	and	care	followed	the	NIH	Guide	for	the	Care	and	

Use	of	Laboratory	Animals.	The	experimental	protocols	were	approved	by	the	local	

animal	care	committee.	Briefly,	the	animal	was	prepared	for	chamber	 implantation	

with	 5	mg/kg	 IP	 injection	 of	 pentobarbital	 sodium	 anesthesia.	 After	 hair	 removal,	

sutures	were	 used	 to	 lift	 the	 dorsal	 skin	 away	 from	animal,	 and	one	 frame	of	 the	

chamber	was	positioned	on	the	animal´s	back.	A	chamber	consisted	of	two	identical	

titanium	frames	with	a	15	mm	circular	window.	With	 the	aid	of	backlighting	and	a	

stereomicroscope,	one	side	of	the	skinfold	was	removed	following	the	outline	of	the	

window	until	only	a	thin	layer	of	retractor	muscle	and	the	intact	subcutaneous	skin	

of	 the	 opposing	 side	 remained.	 Saline	 and	 then	 a	 cover	 glass	were	 placed	 on	 the	

exposed	skin	held	in	place	by	another	frame	of	the	chamber.	The	intact	skin	of	the	

other	 side	 was	 exposed	 to	 the	 ambient	 environment.	 The	 animal	 was	 allowed	 at	

least	2	days	for	recovery;	then	its	chamber	was	assessed	under	the	microscope	for	

any	 signs	 of	 edema,	 bleeding	 or	 unusual	 neovascularization.	 Barring	 these	

complications,	 the	 animal	 was	 anesthetized	 again	 with	 pentobarbital	 sodium.	

Arterial	and	venous	catheters	were	implanted	in	the	carotid	artery	and	jugular	vein	

(PE-50).	 The	 catheters	 were	 filled	 with	 heparinized	 saline	 solution	 (30	 IU/ml)	 to	

ensure	their	patency	at	the	time	of	experiment.	Catheters	were	tunneled	under	skin	
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and	 exteriorized	 at	 the	 dorsal	 side	 of	 the	 neck	 where	 they	 were	 attached	 to	 the	

chamber	frame	with	tape.		

	

	

Figure	 6.	 Hamster	 window	 model.	 Left:	 Implanted	 titanium	 frames	 on	 the	 dorsal	 skinfold,	 for	

microvascular	 studies	 (12	mm	window).	 Catheters	 are	 implanted	 in	 the	 carotid	 artery	 and	 jugular	

vein,	exteriorized	at	the	dorsal	side	and	secured	to	the	frames.	Right:	 	 Intact	tissue	is	studied	in	the	

absence	of	surgical	trauma	or	anesthesia.	

	

The	microvasculature	was	examined	3	to	4	days	after	window	implantation,	

and	 only	 animals	 passing	 an	 established	 systemic	 and	 microcirculatory	 inclusion	

criterion	 were	 used.	 Animals	 were	 considered	 suitable	 for	 experiments	 if:	 1)	

systemic	 parameters	 are	 within	 normal	 range,	 namely:	 heart	 rate	 (HR)	 >	 340	

beats/min,	mean	 arterial	 blood	 pressure	 (MAP)	 >	 80	mmHg,	 systemic	Hct	 >	 45	%,	

and	arterial	O2	partial	pressure	(pO2)	>	50	mmHg;	and	2)	microscopic	examination	of	

the	tissue	in	the	chamber	observed	under	40´	magnification	did	not	reveal	signs	of	

low	perfusion,	inflammation,	edema	or	bleeding.			

The	awake	animal	was	placed	 in	a	restraining	tube.	The	animals	were	given	

10	 min	 to	 become	 accustomed	 to	 the	 tube	 before	 measuring	 control	 systemic	

parameters	 (MAP,	 HR,	 blood	 gases,	 Hct,	 Hb).	 The	 tube	 was	 then	 fixed	 to	 the	

intravital	 microscope	 stage.	 The	 tissue	 image	 was	 projected	 onto	 a	 CCD	 camera	
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connected	to	a	PC	and	video	was	recorded	with	a	high-speed	video	camera	at	1000	

fps.	Microvascular	 fields	 and	 blood	 vessels	were	 chosen	 for	 study	 by	 visual	 acuity	

and	were	monitored	throughout	the	experiment	so	that	comparisons	could	be	made	

directly	to	baseline	levels.	

	

3.1.2. Inclusion	Criteria	

	

Animals	 were	 considered	 suitable	 for	 the	 experiments	 if:	 1)	 systemic	

parameters	 were	 within	 normal	 range,	 namely,	 heart	 rate	 (HR)	 >	 340	 beat/min,	

mean	arterial	blood	pressure	(MAP)	>	80	mmHg,	systemic	hematocrit	(Hct)	>	45	%,	

and	 arterial	 oxygen	 partial	 pressure	 (PaO2)	 >	 50	 mmHg13;	 and,	 2)	 microscopic	

examination	 of	 the	 tissue	 in	 the	 window	 chamber	 observed	 under	 ×650	

magnification	did	not	reveal	signs	of	edema	or	bleeding.	

	

3.1.3. Systemic	Parameters	and	Blood	Chemistry	

	

MAP	 was	 measured	 via	 a	 carotid	 artery	 catheter	 and	 HR	 was	 determined	

from	the	pressure	trace.	MAP	and	HR	were	monitored	throughout	the	experiments	

(Biopac,	MP100,	Santa	Barbara,	CA).	Blood	samples	were	collected	using	the	arterial	

catheter.	These	parameters	were	recorded	at	baseline,	hemorrhagic	shock	(15	min,	

30	min	and	50	min)	and	resuscitation	(30	min,	60	min	and	90	min).	

Microhematocrit	tubes	(50	µL)	were	used	to	determine:		1)	Hct	(centrifuge);	

and	2)	Arteriolar	blood	gases	 (pO2	and	pCO2),	pH	and	BE	 (Blood	Gas	Analyzer	248,	

Bayer	Medford,	MA).	Hemoglobin	 content	was	determined	 spectrophotometrically	
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with	 a	 single	 drop	 of	 fluid	 (b-Hemoglobin,	 HemoCue,	 Stockholm,	 Sweden).	 The	

comparatively	low	arterial	pO2	and	high	pCO2	of	these	animals	is	a	consequence	of	

their	 adaptation	 to	 a	 fossorial	 environment.	 These	 parameters	 were	measured	 at	

baseline,	hemorrhagic	shock	(50	min)	and	at	the	end	of	the	resuscitation	(90	min).	

	

3.1.4. Microvascular	Hemodynamics	and	Functional	Capillary	Density	(FCD)	

	

The	 duration	 of	 each	 experiment	 was	 4	 hours.	 Standard	 microcirculatory	

parameters	 that	were	measured	 include	 FCD,	 blood	 vessel	 diameter,	 RBC	 velocity	

and	 calculated	 blood	 flow.	 Detailed	 mappings	 were	 made	 of	 the	 chamber	

vasculature	 so	 that	 the	 same	 blood	 vessels	 studied	 in	 the	 control	 were	 followed	

throughout	the	experiment	so	that	direct	comparisons	to	their	baseline	levels	were	

performed	 allowing	 for	 more	 robust	 statistics	 for	 small	 sample	 populations.	

Arteriolar	 and	 venular	 blood	 flow	 velocity,	 as	 well	 as	 blood	 vessel	 diameter	 were	

measured	 by	 a	 simple	 and	 robust	 cross-correlation	 algorithm	 for	 the	 automatic	

analysis	of	high-speed	video	 recordings	of	microcirculatory	blood	 flow,	based	on	a	

2D	cross	correlation	with	the	help	of	ImageJ	[262].	Blood	flow	rates	were	calculated	

from	measured	blood	vessel	diameters	and	RBC	velocities	using	a	correction	factor	

depending	on	blood	vessel	size	[263]	following	the	formula	Q	=	V	x	p	x	(D/2)2.	These	

parameters	 were	 measured	 during	 baseline,	 hemorrhagic	 shock	 (50	 min)	 and	

resuscitation	time	points	(30	min,	60	min	and	90	min).	

Capillary	segments	were	considered	functional	if	RBCs	are	observed	to	transit	

over	 a	 30	 second	 period.	 FCD	 was	 assessed	 in	 10	 successive	 microscopic	 fields,	

totaling	a	region	of	0.46	mm2.	Observation	of	these	fields	was	done	systematically	by	
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displacing	the	microscopic	field	of	view	by	a	field	width	in	10	successive	steps	in	the	

lateral	direction	(relative	to	the	observer).	Each	step	was	viewed	on	the	monitor	and	

was	200	µm	long	when	referred	to	the	tissue.	The	fields	were	chosen	by	a	distinctive	

anatomic	 landmark	 (i.e.	 large	vascular	bifurcation)	 to	easily	and	quickly	 reestablish	

the	same	fields	and	vessels	at	each	observation	time	point.	Each	field	had	a	least	two	

capillary	 segments	 with	 RBC	 flow.	 FCD	 (total	 length	 of	 RBC	 perfused	 capillaries	

divided	by	the	area	of	the	microscopic	field	of	view)	was	evaluated	by	measuring	and	

adding	 the	 length	 of	 the	 capillaries	 that	 had	 RBC	 transit	 in	 the	 field	 of	 view.	 The	

relative	 change	 in	 FCD	 from	baseline	 levels	 after	 each	 intervention	 is	 indicative	 of	

the	 extent	 of	 capillary	 perfusion.	 This	 parameter	 was	 measured	 during	 baseline,	

hemorrhagic	 shock	 (50	min)	 and	 resuscitation	 time	points	 (30	min,	 60	min	and	90	

min).	

	

Figure	7.	Functional	Capillary	Density	FCD.	To	the	left	baseline	FCD	with	a	relative	value	of	1.	To	the	

right	FCD	during	resuscitation	being	0.71	relative	to	baseline.	
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3.1.5. Plasma	nitrite,	Nitrate	and	S-nitrosothiols	

	

Blood	samples	were	collected	from	carotid	artery	and	centrifuged	to	separate	

RBCs	 and	 plasma.	 Plasma	 proteins	 were	 removed	 by	 adding	 equal	 volume	 of	

methanol,	and	centrifuged	at	15,000rpm	 for	10	min.	Concentrations	of	NOx	 in	 the	

supernatant	was	measured	with	a	NOx	analyzer	(ENO-20;	Eicom,	Kyoto,	Japan).	This	

analyzer	 combines	 Griess	 method	 and	 high-performance	 liquid	 chromatography.	

Nitrite,	nitrate	and	S-nitrosothiols	levels	were	compared	relative	to	baseline	values.	

These	parameters	were	measured	during	baseline	and	at	the	end	of	resuscitation	(90	

min).	

Gas	phase	NO	release	from	S-nitrosothiols	was	measured	using	a	Sievers	280i	

Chemiluminescence	 NO	 Analyzer	 (GE	 Healthcare,	 Boulder,	 CO).	 Calibration	 was	

performed	with	air	passed	through	a	Sievers	NO	zero	filter	and	25	ppm	NO	(balance	

N2)	 gas.	 Arterial	 blood	 samples	were	 centrifuged	 to	 separate	 RBCs	 and	 plasma.	 A	

Copper(I)	 and	 cysteine	 (Cu(I)/Cys)	 solution	 (1	 mM	 l-cysteine;	 100	 μM	 cuprous	

chloride	in	400	ml	distilled	water),	prepared	the	day	of	the	experiment	and	adjusted	

to	pH	6.5	with	sodium	hydroxide,	was	used	to	chelate	S-nitroso	groups.	The	solution	

was	 placed	 in	 a	 water-jacketed	 purge	 vessel	 and	 maintained	 at	 50°C	 using	 a	

circulating	 water	 bath.	 Then,	 200	 μL	 of	 plasma	 were	 injected	 sparged	 with	 50	

mL/min	of	nitrogen.	Additional,	pure	nitrogen	was	supplied	to	the	reaction	vessel	to	

match	the	instrument	collection	rate	(200	mL/min).	Plasma	S-nitrosothiols	were	only	

measured	at	the	end	of	the	experimental	protocol.	
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3.1.6. Experimental	Setup	

	

The	unanesthetized	animal	was	placed	in	the	tube	that	restricted	movement	

but	did	not	impede	respiration,	and	given	30	min	to	adjust	to	the	tube	environment	

before	 the	 control	 systemic	parameters	 (MAP,	HR,	 blood	 gases,	Hct	 and	Hb)	were	

measured.	The	conscious	animal	in	the	tube	was	then	fixed	to	the	microscope	stage	

of	a	transilumination	intravital	microscope	(BX51WI,	Olympus,	New	Hyde	Park,	NY).	

The	 tissue	 was	 projected	 onto	 a	 charge	 couple	 device	 camera	 (Hamamatsu	 Orca	

Flash	2.0,	Hamamatsu,	 Japan)	 connected	 to	a	PC	and	viewed	on	 the	monitor	 (Dell	

Computer	 Company,	 Round	 Rock,	 TX).	 Measurements	 were	 made	 using	 a	 40X	

(LUMPFL-WIR,	NA	0.8,	Olympus)	water	immerse	object.	For	easier	detection	of	RBC	

passage,	the	contrast	between	RBC´s	and	tissue	was	enhanced	with	a	BG12	(420	nm)	

bypass	filter.	

Fields	 of	 observation	 and	 vessel	 were	 chosen	 for	 study	 at	 locations	 in	 the	

tissue	 where	 the	 vessels	 were	 sharp	 in	 focus.	 The	 same	 fields	 and	 vessels	 were	

investigated	throughout	the	experiment	so	that	comparisons	are	related	directly	to	

baseline	levels.	

NO	 supplementation	 therapy	 was	 administered	 as	 proposed	 within	 each	

specific	NO	therapy.	Animals	were	followed	over	90	min	after	supplementation.	

	

3.1.7. Statistical	Analysis	

	

Results	 are	 presented	 as	 mean	 ± standard	 deviation.	 The	 population	 of	

animals	 and	 blood	 vessels	 obtained	 for	 each	 group	 at	 baseline	 was	 analyzed	 to	



 56 

ensure	that	 they	are	statistically	derived	 from	the	same	pool.	The	Grubbs'	method	

was	 used	 to	 assess	 closeness	 for	 all	measured	 parameter	 values	 at	 baseline.	 Data	

within	 each	 group	 was	 analyzed	 using	 analysis	 of	 variance	 for	 repeated	

measurements	 (ANOVA,	 Kruskal-Wallis	 test).	 Data	 between	 groups	 was	 analyzed	

using	 two-way	 ANOVA	 nonparametric	 repeated	 measurements,	 and,	 when	

appropriate,	post	hoc	analyses	were	performed	using	Bonferroni	tests.	All	statistics	

were	calculated	using	GraphPad	Prism	7.0	(GraphPad	Software,	Inc.,	San	Diego,	CA).	

Changes	were	 considered	 statistically	 significant	 if	 P	 <	 0.05.	 Randomization	 of	 the	

animals	to	the	study	solutions	was	implemented	if	needed	per	the	protocol.	

	

3.2. PRELOADED	PFC-NO	EMULSION	

	

3.2.1. Methods	

	

Daniel	 Ortiz	 (UCSD),	 Pedro	 Cabrales	 (UCSD)	 and	 Juan	 Carlos	 Briceño	

(Universidad	 de	 Los	 Andes)	 previously	 developed	 this	 part	 of	 the	 research	 work	

[264].	 Animal	 preparation,	 systemic	 parameters	 and	 blood	 chemistry,	

microhemodynamics,	 FCD,	 plasma	 nitrite/nitrate,	 and	 microvascular	 setup	 as	

described	in	3.1,	different	procedures	described	below.	

	

3.2.1.1. PFC	Emulsion	

	

The	PFC	emulsion	 is	50	%	weight/volume	 (%w/v)	of	perfluorooctyl	bromide	

(CF3(CF2)7Br)	 (Exfluor	 Research	 Corporation,	 Round	 Rock,	 TX),	 soybean	 lecithin	
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Epikuron	 170	 (Cargill	 Company,	 Hamburg,	 Germany)	 as	 an	 emulsifying	 surfactant,	

+a-tocopherol	 (Sigma	 Aldrich,	 St.	 Louis,	 MO)	 as	 antioxidant.	 Dextrose	 50	 %	 for	

osmolality	equilibrium,	and	alginic	acid	sodium	salt	solution	(Sigma	Aldrich,	St.	Louis,	

MO)	as	viscosity	agent	were	used.	

Briefly,	 PFC,	 soybean	 lecithin	 and	 the	 continuous	 phase	 were	 first	

homogenized	(Heidolph	SilentCrusher	M,	Schwabach,	Germany)	and	then	emulsified	

(Microfluidizer	 M-110Y,	 Microfluidics	 Corp,	 Newton,	 MA)	 until	 mean	 particle	 size	

below	250	nm.	The	PFC	emulsion	was	heat	sterilized	at	100°C	for	40	min	and	then	

stored	 at	 4°C.	 Some	 physicochemical	 properties	 of	 the	 PFC	 emulsion	 are:	 1)	

Osmolality	252±7	mOsm/kg	H2O;	2)	Mean	particle	size	of	234±14	nm;	and	3)	pH	of	

7.34±0.03.	

	

3.2.1.2. NO	equilibrated	PFC	

	

	 PFC	 emulsion	 was	 degassed	 by	 bubbling	 pure	 nitrogen	 for	 4	 hours	 at	 room	

temperature,	cold	on	ice	for	20	min	(∼0	°C),	and	then	equilibrated	with	NO	gas	(300	

ppm,	583	10-9	molar	at	25°C,	purified	from	higher	oxides	by	passing	it	through	a	1	M	

KOH	solution)	for	15	min.	All	solutions	were	equilibrated	immediately	before	in	vivo	

use.	
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3.2.1.3. NO	and	O2	partitioning	coefficient	

	

Water	 (Milli-Q	 grade)	was	deoxygenated	by	boiling	 and	 cooling	under	pure	

nitrogen.	NO	 equilibrated	water	 solution	was	 prepared	 in	 an	 airtight	 container	 by	

bubbling	NO	gas	(300	ppm;	AIRGAS,	San	Diego,	CA),	purified	from	higher	oxides	by	

passage	through	a	1	M	KOH	solution	until	the	concentration	reached	equilibrium.	NO	

partition	coefficient	for	PFC	was	measured	using	the	changes	 in	NO	concentrations	

in	 the	 NO	 equilibrated	 water	 (10	 mL)	 after	 adding	 different	 volumes	 of	

deoxygenated	 PFC	 in	 the	 presence	 of	 nitrogen	 in	 the	 headspace.	 The	 NO	

concentration	 was	 measured	 continuously	 using	 an	 ISO-NO	Mark	 II	 NO	 electrode	

(World	Precision	Instruments,	Sarasota,	FL).	Oxygen	partition	coefficient	for	PFC	was	

measured	 by	 adding	 different	 volumes	 of	 deoxygenated	 PFC	 to	 10	 mL	 of	 water	

equilibrated	at	atmospheric	O2.	The	O2	concentrations	were	measured	with	a	5331-

oxygen	electrode	(YSI,	Yellow	Springs,	OH).	

	

3.2.1.4. Total	NO	in	the	PFC	

	

Gaseous	NO	 levels	were	measured	using	a	Sievers	280i	Chemiluminescence	

NO	Analyzer.	Briefly,	200	mL	of	PFC-NO	were	added	to	Milli-Q	grade	water	(5	ml),	pH	

was	 balanced	 using	 Trizma	 Base	 and	 Trizma	 HCI	 (Sigma-Aldrich).	 Solutions	 were	

continuously	bubbled	with	pure	nitrogen	(200	mL/min)	and	gas	phase	was	analyzed	

by	the	NO	analyzer. 
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3.2.1.5. Experimental	groups	

	

Animals	were	randomly	divided	into	three	experimental	groups.	Groups	were	

labeled	based	on	 the	 test	material:	PFC-NO	 (PFC	equilibrated	with	300	ppm	of	NO	

gas	balanced	nitrogen),	PFC	(PFC	equilibrated	with	room	air),	and	Saline	(0.9	%	NaCl,	

equilibrated	with	room	air).	

	

3.2.1.6. Experimental	protocol	

	

Animals	were	characterized	at	baseline.	Then,	they	were	infused	a	volume	of	

3	mL/kg	(equivalent	to	5	%	of	the	animal's	blood	volume)	of	test	solution	(defined	in	

the	 experimental	 groups)	 via	 the	 jugular	 vein	 catheter	 at	 a	 rate	 of	 0.1	 mL/min.	

Animals	were	observed	for	90	min	after	infusion	of	test	solution.	At	the	end	of	this	

observation	 time,	 blood	 was	 collected	 for	 viscosity	 and	 plasma	 S-nitrosothiols	

measurements.	 Experiments	 were	 revised	 and	 approved	 by	 the	 IACUC	 of	 the	

University	of	California,	San	Diego.	

	

3.2.2. Results	

	

3.2.2.1. PFC	Partition	Coefficient	

	

The	 NO	 partition	 coefficient	 for	 PFCs	 was	 calculated	 by	 the	 change	 in	 NO	

concentration	in	the	aqueous	phase	(563	±	22	nM)	after	addition	of	0.1,	0.5	and	1	mL	

of	 deoxygenated	 PFC	 (558	 ±	 24;	 487	 ±	 19;	 454	 ±	 11	 nM)	 or	 0.1,	 0.5	 and	 1	mL	 of	
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deoxygenated	water	(548	±	10;	553	±	17;	533	±	8	nM).	PFC	NO	partition	coefficient	

was	calculated	as	the	ratio	of	the	equilibrium	concentrations	between	the	aqueous	

and	PFC	phases.	PFC	NO	partition	coefficient	indicates	that	NO	concentration	in	the	

PFC	micelle	 is	2.4	±	0.3	times	higher	than	 in	an	aqueous	solution.	Oxygen	partition	

coefficient	 for	 PFCs	was	 calculated,	 based	 on	 the	 changes	 in	 concentration	 in	 the	

aqueous	phase	(224	±	14	μM)	after	addition	of	0.1,	0.5	and	1	mL	of	deoxygenated	

PFC	(223	±	6;	210	±	9;	189	±	5	μM)	or	0.1,	0.5	and	1	mL	of	deoxygenated	water	(222	

±	4;	213	±	7;	206	±	8	μM).	PFC	oxygen	partition	coefficient	is	1.6	±	0.2	times	higher	

than	 in	 an	 aqueous	 solution.	 NO	 solubility	 in	 PFC	was	 11.6	 times	 the	 solubility	 of	

oxygen	in	PFC.	

	

3.2.2.2. In	Vivo	Results	

	

All	animals	 tolerated	 the	hypervolemic	 infusion	and	entire	protocol	without	

visible	signs	of	discomfort.	The	animals	were	randomly	assigned	to	the	experimental	

groups	as	follows:	Saline	(n	=	5;	68	±	5	g);	PFC	(n	=	5;	66	±	7	g);	PFC-NO	(n	=	5;	63	±	6	

g).	Six	additional	animals	(66	±	5	g)	were	used	to	obtain	reference	values	for	plasma	

NO	forms	(nitrite,	nitrate,	S-nitrosothiols),	plasma	COP	and	blood	rheology.	

	

3.2.2.3. Systemic	Parameters	

	

The	 infusion	 of	 any	 solution	 did	 not	 significantly	 reduce	 Hct	 or	 Hb.	 All	

systemic	 parameters	 remained	 in	 the	 physiological	 ranges.	 MAP	 was	 statistically	
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significantly	 increased	 from	 baseline	 10	min	 after	 the	 infusion	 for	 the	 PFC	 group,	

whereas	infusion	of	PFC-NO	decreased	MAP	(Figure	8).		

	

Figure	8.	Changes	 in	mean	arterial	blood	pressure	and	heart	 rate.	PFC-NO,	PFC	preloaded	with	NO;	

(solid	square);	PFC,	PFC	without	NO	(hollow	square);	and	Saline,	volume	control	without	NO	(hollow	

circle).	†,	P<0.05	compared	to	saline.	‡,	P<0.05	compared	to	PFC.	[264]		

	

Systemic	parameters	before	and	after	infusion	are	presented	in	Table	1.	
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Table	 1.	 Systemic	 hemodynamics	 and	 blood	 chemistry.	 Values	 are	means	 +-	 SD.	 Baseline	 included	

three	experimental	groups.	No	significant	differences	were	detected	between	the	baseline	values	of	

each	group.	[264]		

 

3.2.2.4. Microhemodynamics	

The	changes	in	diameter	and	blood	flow	velocity	for	large	feeding	and	small	

arterioles	(range	45	-	75	μm)	and	small	collecting	venules	(range	50	-	76	μm)	were	

measured.	 The	 arteriolar	 and	 venular	 microhemodynamics	 parameters,	 including	

calculated	volumetric	blood	flow	rate	are	presented	in	Figure	9,	for	all	the	groups.		
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Figure	9.	Microvascular	vessel	diameter	and	blood	flow	after	infusion	of	PFC	preloaded	with	NO.	PFC-

NO,	PFC	preloaded	with	NO;	(solid	square);	PFC,	PFC	without	NO	(hollow	square);	and	Saline,	volume	

control	 without	 NO	 (hollow	 circle).	 †,	 P<0.05	 compared	 to	 saline.	 ‡,	 P<0.05	 compared	 to	 PFC.	

Diameters	(μm,	mean	±	SD)	at	baseline	(BL)	in	each	animal	group	were	as	follows:	PFC	(arterioles	(A):	

59.2	±	6.3,	n	=	34;	venules	(V):	62.5	±	7.3,	n	=	28).	PFC-NO	(A:	57.6	±	5.8,	n	=	32;	V:	62.6	±	6.5,	n	=	38).	

Saline	(A:	56.4	±	7.1,	n	=	33,	V:	65.0	±	7.3,	n	=	32).	n	=	number	of	vessels	studied.	RBC	velocities	(mm/s,	

mean	±	SD)	at	baseline	in	each	animal	group	were	as	follows:	PFC	(A:	4.4	±	1.2;	V:	2.3	±	0.8);	PFC-NO	

(A:	4.2	±	0.9;	V:	2.4	±	0.9);	Saline	(A:	4.5	±	0.7;	V:	2.1	±	0.8).	Flow	(nl/s,	mean	±	SD)	at	baseline	in	each	

animal	group	were	as	follows:	PFC	 (A:	12.2	±	2.8;	V:	6.7	±	2.4);	PFC-NO	 (A:	11.7	±	3.0,	V:	7.3	±	2.6);	

Saline	(A:	11.4	±	3.2;	V:	7.1	±	2.8).	[264]	

	 The	 arteriolar	 diameter	 increased	 after	 infusion	 of	 PFC-NO,	 however,	 the	

vasodilation	 disappeared	 over	 time.	 Infusion	 of	 PFC,	 initially	 produced	

vasoconstriction	 and	 then	 produced	 vasodilation	 especially	 in	 arterioles.	 Saline	

infusion	did	not	produce	any	significant	changes	 in	blood	vessel	diameter.	Changes	

in	the	venular	side	were	only	significant	30	min	after	infusion	for	the	PFC-NO	group	

relative	to	baseline	but	not	to	the	other	groups.	Arterioles	have	significant	amounts	
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of	smooth	muscle	and	rapidly	responded	to	the	changes	in	NO	availability	produced	

by	 the	 PFC,	 thus	 supporting	 the	 idea	 that	 the	 systemic	 and	 microvascular	

hemodynamics	responses	observed	are	due	to	release	or	uptake	of	NO	by	the	PFC	in	

circulation. 

	

3.2.2.5. Capillary	Perfusion	

	

FCD	for	all	groups	is	presented	in	Figure	10.	FCD	increased	from	baseline	for	

the	PFC-NO	group	at	10,	30	and	60	min	after	 infusion.	The	PFC	group	showed	and	

initial	decrease	in	capillary	perfusion	and	then	it	presented	an	increase	compared	to	

baseline	 at	 60	min	 after	 infusion.	 Saline	 did	 not	 significantly	 change	 FCD	 over	 the	

entire	observation	time.	

	

Figure	 10.	 Functional	 capillary	 density	 (FCD)	 after	 infusion	 of	 PFC	 preloaded	with	NO	PFC-NO,	 PFC	

preloaded	with	NO;	(solid	square);	PFC,	PFC	without	NO	(hollow	square);	and	Saline,	volume	control	

without	NO	(hollow	circle).	†,	P<0.05	compared	to	saline.	‡,	P<0.05	compared	to	PFC.	FCD	(cm-1)	at	

baseline	for	each	group	were	as	follows:	PFC	(107	±	11);	PFC-NO	(112	±	10);	and	Saline	(102	±	7).	[264]	
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3.2.2.6. Plasma	NO	Forms	

	

Plasma	 bioactive	 (nitrite	 and	 S-nitrosothiols)	 and	 bioinactive	 (nitrate)	 NO	

forms	 concentration	 are	presented	 in	 Figure	11.	Untreated	hamster	 plasma	nitrite	

and	 nitrate	 concentrations	 were	 477	 ±	 63	 nM	 and	 1.52	 ±	 0.24	 μM,	 respectively.	

Plasma	 nitrite	 and	 nitrate	 significantly	 increased	 15	 min	 after	 infusion	 of	 PFC-NO	

compared	to	PFC	and	Saline,	and	then	they	decreased	over	time.	Plasma	nitrite	and	

nitrate	slowly	increased	in	the	PFC	group,	to	be	no	different	compared	to	Saline	or	

baseline.	 Plasma	 S-nitrosothiols	 concentration	 measured	 at	 the	 end	 of	 the	

experiment	were	higher	for	PFC-NO	and	PFC	compared	to	Saline.	Untreated	hamster	

plasma	S-nitrosothiols	was	determined	to	be	107	±	25	nM.	

	

Figure	11.	Plasma	levels	of	nitrite,	nitrate	and	S-nitrosothiols	Baseline	(BL)	levels	values	were	obtained	

from	a	different	group	of	animals	(n	=	6).	PFC-	NO,	PFC	preloaded	with	NO;	(solid	square);	PFC,	PFC	

without	 NO	 (hollow	 square);	 and	 Saline,	 volume	 control	 without	 NO	 (hollow	 circle).	 †,	 P<0.05	

compared	to	saline.	‡,	P<0.05	compared	to	PFC.	S-nitrosothiols	were	only	measured	at	the	end	of	the	

experiments.	†,	P<0.05	compared	to	saline.	‡,	P<0.05	compared	to	PFC.	[264]	
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3.2.3. Discussion	

	

The	 principal	 finding	 of	 the	 study	 is	 that	 the	 infusion	 of	 a	 PFC	 emulsion	 (3	

mL/kg,	 1	 g/kg)	 equilibrated	 with	 NO	 at	 atmospheric	 pressure	 causes	 vascular	

relaxation,	 increased	blood	flow	and	decreased	vascular	hindrance	for	30	min	after	

administration.	Whereas	 infusion	 of	 a	 PFC	 emulsion	 alone	 (without	NO)	 produced	

acute	vasoconstriction	and	decreased	blood	flow	in	the	short	term.	However,	these	

changes	 were	 transient	 and	 both	 groups	 infused	 with	 PFC	 (with	 or	 without	 NO)	

presented	 similar	 hemodynamics	 90	 min	 after	 infusion.	 PFC-	 induced	

vasoconstriction	was	not	due	to	osmotic	changes	or	volume	effects	(hypervolemia)	

since	 PFC	 had	 physiological	 osmolarity	 and	 the	 rate	 of	 infusion	 was	 slow.	 PFC	

infusion	 during	 NO	 synthase	 inhibition	 did	 not	 affect	 blood	 pressure	 or	 arteriolar	

diameter,	 confirming	 that	 initial	 vasoactive	 effects	 of	 PFC	 are	 related	 to	 NO.	

Bioactive	forms	of	NO	(nitrite	and	S-nitrosothiols)	are	part	of	long	term	PFC	induced	

vascular	 changes.	 Plasma	 nitrite	 increased	 after	 infusion	 of	 PFC-NO	 and	 S-

nitrosothiols	 increased	 in	 all	 animals	 treated	 with	 PFC.	 In	 summary,	 the	 initial	

vasoactivity	 (relaxation)	 of	 PFC-NO	 is	 due	 to	 NO	 release	 or	 an	 increase	 in	 plasma	

nitrite	concentrations,	while	the	PFC	vasoactivity	(constriction)	is	due	to	capturing	of	

NO	by	PFC	micelles.	Then,	the	initial	NO	release	and	capture	processes,	are	followed	

by	hemodynamic	 responses	due	 to	NO	bioactive	 forms	 (nitrite	and	S-nitrosothiols)	

redistributing	 the	 effects	 of	NO	 throughout	 different	 regions	 of	 the	 cardiovascular	

system.		

PFCs	 are	 well	 tolerated	 in	 animals	 and	 humans,	 but	 their	 pulmonary	 and	

systemic	hemodynamic	effects	have	 limited	 their	 clinical	use.	 [265].	At	high	doses,	
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PFC	use	has	been	associated	with	hypertension	and	decreased	heart	 rate	 [266];	 in	

addition	 to	 beneficial	 anti-inflammatory	 and	 antithrombotic	 effects	 [267,	 268],	

which	were	solely	associated	to	the	PFC	ability	to	transport	oxygen.	This	study	shows	

that	 PFC	 are	 vasoactive	 in	 a	 bimodal	 way	 (Figure	 12),	 and	 initial	 vasoconstriction	

attributed	 to	 NO	 sequestering	 by	 the	 PFC	 followed	 by	 vasodilation	 caused	 by	 NO	

redistribution,	and	that	PFC	can	transport	NO	from	zones	with	high	NO	to	zones	low	

NO,	as	well	as	to	promote	the	generation	of	nitrite	and	S-nitrosothiols.	

	

	

Figure	12.	Mechanism	of	NO	regulation	by	PFC	emulsion	PFC-NO	transported	NO	in	a	bimodal	way.	1)	

PFC-NO	 releases	 NO	 (relaxing	 smooth	muscle	 and	 produces	 vasodilation)	 and	 2)	 PFC	 traps	 the	NO	

produced	 by	 endothelial	 cells	 throw	 endothelial	 NO	 synthase	 (eNOS)	 (preventing	 relaxation	 of	

smooth	 muscle	 and	 produces	 vasoconstriction).	 Sequestration	 of	 NO	 by	 PFC	 in	 the	 presence	 of	

oxygen,	 facilitates	 the	 reactions	 of	 NO	 with	 oxygen,	 which	 results	 in	 the	 formation	 of	 dinitrogen	

trioxide	(N2O3),	a	strong	thiol	nitrosating	agent	that	increases	S-nitrosothiols.	[264]	
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The	increase	in	S-	nitrosothiols	by	PFC	and	PFC-NO	infusion	can	be	due	to	the	

production	 of	 nitrated	 lipid	 derivatives,	 which	 later	 react	 with	 thiols	 [269].	 In	

addition,	 NO	 reacts	 readily	 with	 oxygen	 forming	 dinitrogen	 trioxide	 (N2O3),	 in	 a	

process	called	as	NO	autoxidation	[270].	N2O3	is	decomposed	rapidly	to	nitrosonium	

ion	(NO+)	and	nitrite,	the	nitrosonium	ion	is	responsible	for	the	nitrosylation	of	thiols	

[270].	 Inside	 the	 perfluorocarbon	micelle	 a	 high	 concentration	 of	 NO	 and	 oxygen	

leads	 to	 NO	 autoxidation	 and	 formation	 of	 N2O3	 (Figure	 6)	 [259].	 The	 rate	 of	

autoxidation	is	mainly	dependent	on	the	concentrations	of	NO	and	oxygen,	and	it	is	

dramatically	 accelerated	within	 lipid	membranes	 [270].	 Therefore,	 oxygen	 and	NO	

levels	 are	 interestingly	 link	 to	 the	mechanisms	associated	with	PFC	vasoactivity,	 in	

terms	of	generation	of	bioactive	NO	and	their	vasoactivity.	The	rate	of	formation	of	

N2O3	 after	 infusion	 of	 PFC	 without	 NO	 is	 high	 at	 the	 site	 of	 NO	 synthesis,	 as	

physiological	concentrations	of	oxygen	are	higher	 than	NO	 in	 the	circulation	while,	

the	 infusion	 of	 NO	 preloaded	 PFC	 favors	 the	 formation	 of	 N2O3	 in	 areas	 different	

than	 those	 of	 high	 enough	NO	 synthesis.	 In	 support	 of	 this	 concept,	 physiological	

levels	of	plasma	S-nitrosothiols	were	increased	by	the	presence	of	PFC	in	circulation	

independent	of	the	NO	preload.	

PFC	 captures	 NO	 and	 oxygen	 from	 the	 aqueous	 phase	 and	 accelerates	 NO	

oxidation	to	nitrite,	nitrate	and	S-nitrosothiols	(Figure	11).	According	to	the	theory	of	

micellar	catalysis,	the	rate	of	NO	oxidation	and	S-nitrosothiols	formation	depends	on	

the	volume	of	the	hydrophobic	phase.	Larger	amounts	of	PFC	could	be	progressively	

less	effective	producing	S-nitrosothiols	[259].	Notably,	the	administration	of	a	large	

dose	of	PFC	caused	extensive	vasoconstriction,	 reduction	of	erythrocyte	velocity	 in	

postcapillary	venules	and	increased	venular	leukocyte	sticking,	which	is	probably	due	
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to	rapid	sequestration	of	NO	[271].	Conversely,	a	small	dose	of	PFCs,	as	used	in	the	

present	study,	induced	long-lasting	vascular	relaxation.	

	

	

3.3. Nitric	oxide	nanoparticles	NO-np	

	

3.3.1. Methods	

	

Pedro	 Cabrales	 (UCSD),	 George	 Han	 (Albert	 Einstein	 College	 of	 Medicine),	

Camille	 Roche	 (Albert	 Einstein	 College	 of	 Medicine),	 Parimala	 Nacharaju	 (Albert	

Einstein	College	of	Medicine),	Adam	Friedman	(Albert	Einstein	College	of	Medicine)	

and	 Joel	 Friedman	 (Albert	 Einstein	 College	 of	Medicine)	 did	 this	 part	 of	 the	work	

[174].	 Animal	 preparation,	 systemic	 parameters	 and	 blood	 chemistry,	

microhemodynamics,	 FCD,	 plasma	 nitrite/nitrate,	 and	 microvascular	 setup	 as	

described	in	3.1,	different	procedures	described	below.	

A	total	of	110	animals	were	entered	into	the	study;	all	animals	tolerated	all	of	

the	 protocols	 without	 visible	 signs	 of	 discomfort.	 Two	 sets	 of	 experiments	 were	

performed:	 i)	 changes	 in	 blood	 gas	 parameters,	 systemic	 hemodynamics	 (blood	

pressure	and	heart	rate)	and	microhemodynamics	(microvessel	diameter	and	blood	

flow);	 ii)	exhaled	NO	and	circulating	time.	Five	animals	per	group	were	assigned	to	

each	set	experiments.	All	groups	were	statistically	similar	(P	>	0.40)	in	systemic	and	

microcirculation	parameters	at	baseline.	
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3.3.1.1. Synthesis	of	NO-np	[272]		

	

The	synthesis	of	a	NO	releasing	material	from	a	nitrite	precursor	depends	on	

successful	reduction	of	nitrite	to	NO,	while	retaining	the	latter	in	the	material.	Since	

NO	is	a	volatile	gas	that	reacts	with	atmospheric	gases	quickly,	storage	of	NO	should	

be	in	a	form	where	it	is	not	able	to	interact	with	atmospheric	gases.	

Traditionally,	 this	 would	 call	 for	 careful	 storage	 protocols	 and	 synthesis	

procedures.	However,	using	the	characteristic	of	a	sol–gel	 to	entrap	and	sequester	

compounds	and	the	ability	of	glasses	 to	 form	robust	materials,	Han,	Friedman	and	

Friedman	have	developed	a	system	to	both	 form	NO	from	nitrite	and	store	 it	over	

extended	 time	 periods.	 The	 only	 requirement	 is	 that	 the	 stored	material	 be	 kept	

away	from	moisture,	in	a	sealed	container.		

The	use	of	silane	precursors	 for	encapsulating	molecules	and	even	cells	has	

been	 well	 studied,	 allowing	 for	 diffusion	 of	 small	 molecules	 through	 pores	 in	 the	

hydrogel.	PEG	can	be	added	to	plug	the	pores	and	use	chitosan	to	endow	glass-like	

properties	to	the	material.	Additionally,	the	ability	of	chitosan	to	facilitate	electron	

transfer,	 open	 gap	 junctions,	 and	 kill	 pathogens	 itself	 has	 proven	 to	 be	 beneficial.	

Chitosan	is	also	advantageous	in	terms	of	forming	NO	and	providing	an	antibacterial	

action.	Glucose	is	used	as	an	electron	donor	to	facilitate	reduction	of	nitrite	to	NO,	

although	its	inclusion	is	not	necessary	for	efficient	reduction	of	nitrite	to	NO.	In	this	

sense,	the	chitosan	itself	may	be	facilitating	reduction	of	nitrite	to	NO,	in	addition	to	

other	mechanisms	of	reduction.	

The	Tetramethyl	Orthosilicate	 (TMOS)	 should	be	 sonicated	 for	hydrolysis	 to	

occur.	For	every	5	mL	TMOS,	add	560	μL	0.2–0.5	mM	HCl	and	605	μL	distilled	H2O.	
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Sonicate	 the	 TMOS	 in	 a	 small	 glass	 bottle	 with	 a	 stopper	 or	 tightly	 sealed	 with	

parafilm	for	1	h	or	until	the	solution	is	fully	hydrolyzed	and	homogenous.	

Prepare	the	nitrite/glucose	solution	in	phosphate	buffer	near	the	time	when	

the	 hydrolysis	 will	 be	 done.	 For	 every	 5	 mL	 of	 stock	 TMOS	 (about	 6	 mL	 after	

hydrolysis,	including	water	and	acid	volume),	60	mL	of	buffer	will	be	needed.	Add	0.9	

M	sodium	nitrite	to	the	buffer	solution	while	stirring	and	when	fully	mixed,	add	the	

glucose.	Set	aside	when	all	components	have	dissolved.		

Once	 the	 hydrolysis	 of	 TMOS	 is	 finished,	 first	 add	 PEG	 to	 the	 solution	 and	

then	chitosan.	PEG	is	added	at	a	ratio	of	1	mL	per	20	mL	of	buffer.	Chitosan	is	also	

added	at	a	ratio	of	1	mL	per	20	mL	of	buffer.	Lastly,	add	the	hydrolyzed	TMOS	at	1	

mL	 per	 10	mL	 of	 buffer.	 Cover	 loosely	 with	 parafilm	 and	 allow	 gelation	 to	 occur,	

which	may	take	minutes	to	hours.		

After	waiting	at	least	several	hours	or	overnight	and	ensuring	that	the	gel	has	

formed	 fully,	press	 the	 solid	gel	between	 layers	of	paper	 towels	 to	 remove	excess	

methanol.	Place	the	resultant	material	in	a	beaker,	flask,	or	tube	and	lyophilize	for	at	

least	24	h	or	until	fully	dried.		

Take	 the	 dry	 powder	material	 and	 roughly	 grind	 with	 a	mortar	 and	 pestle	

both	to	make	the	powder	finer	and	to	make	sure	that	there	are	no	areas	of	moisture	

remaining	 in	the	sample.	Place	the	sample	 in	the	well	of	 the	ball	milling	apparatus	

and	 cover.	 Ball	mill	 for	 60	min	 at	 3.5	 g.	 Remove	 sample	 from	well	 and	 place	 into	

sealable	 container,	 making	 sure	 to	 seal	 tightly	 to	 avoid	 contact	 with	 atmospheric	

moisture.	

Control	 nanoparticles	 were	 produced	 identically,	 but	 without	 nitrite.	 Once	

exposed	to	an	aqueous	environment,	the	hydrogel	properties	of	the	composite	allow	
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for	an	opening	of	the	water	channels	 inside	the	particles,	 facilitating	the	release	of	

the	trapped	NO	over	extended	time	periods.	

	

3.3.1.2. Transmission	Electron	Microscopy	

	

Transmission	 electron	microscopy	 was	 used	 to	 characterize	morphology	 of	

the	 nanoparticles.	 Samples	 were	 mixed	 with	 1	 %	 Uranyl	 Acetate,	 placed	 onto	 a	

freshly	glowed	carbon	coated	grid,	and	blotted	dry.	 Imaging	was	performed	with	a	

JEOL	100CX	II	transmission	electron	microscope	(JEOL	Ltd.,	Tokyo,	Japan)	operating	

at	80kV.	

	

Figure	13.	NO-releasing	nanoparticles	as	viewed	with	TEM.	The	scale	bar	represents	100	nm.	[174]	
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3.3.1.3. NO-np	Infusion	

	

Animals	were	 infused	with	NO	releasing	agents	suspended	 in	deoxygenated	

saline.	Solutions	were	 infused	 in	a	volume	of	50	μL	 (equivalent	 to	 less	 than	2	%	of	

the	animal’s	blood	volume)	via	the	jugular	vein	at	a	rate	of	100	μL/min.		

	

3.3.1.4. Exhaled	NO	

	

Gaseous	 NO	 levels	 were	 measured	 using	 a	 chemiluminescent	 NO	 analyzer	

(Sievers	NO	analyzer,	Model	280i,	Boulder,	CO).	Pure	air	at	1	L/min	was	continuously	

supplied	via	a	modified	sealed	tube	similar	to	that	used	to	secure	the	hamster	to	the	

microscope	 during	 microvascular	 studies.	 0.2	 L/min	 were	 introduced	 into	 the	 NO	

analyzer	 for	 one	 minute	 every	 ten	 minutes,	 while	 excess	 flow	 was	 evacuated	

through	an	underwater	seal	(1	cm	H2O).	NO	calibration	gases	were	introduced	at	the	

location	 where	 the	 animals	 sit	 during	 the	 experiment,	 to	 account	 for	 reactions	

between	oxygen	and	NO.	

	

3.3.1.5. Total	NO	Released	(NO	agent’s	decomposition)	

	

Gaseous	 NO	 levels	 were	 measured	 using	 a	 chemiluminescent	 NO	 analyzer	

(Sievers	NO	analyzer,	Model	280i,	Boulder,	CO).	NO	donors	or	NO-np	were	added	to	

Di	water	(5	ml).	pH	was	balanced	using	Trizma	Base	and	Trizma	HCI	(Sigma-Aldrich,	

Saint	Louis,	Missouri).	Solutions	were	continuously	bubbled	with	pure	nitrogen	(0.2	

L/min).	 The	 gas	 phase	 was	 collected	 into	 the	 NO	 analyzer	 for	 a	minute	 every	 set	
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period	of	time,	and	the	excess	flow	was	evacuated	through	an	underwater	seal	(1	cm	

H2O).	

	

3.3.1.6. Circulating	Time	of	NO-np	

	

NO-np	 were	 incubated	 with	 Rhodamine	 6G	 (20mg/dl,	 Sigma-Aldrich.	 St.	

Louis)	for	30	min,	then	washed	three	times	and	re-suspended	in	saline,	and	infused	

IV	 as	 described	 previously.	 [15]	 Characterization	 of	 the	 nanoparticles	 showed	 that	

they	 could	 be	 synthesized	 in	 the	 nanometer	 range	 with	 high	 photostability	 and	

minimal	dye	 leakage.	A	photometric	assembly	 in	an	Olympus	BX51WI	was	used	 to	

determine	fluorescence	of	particles	in	the	microvascular	window	preparation.	Briefly,	

tissue	 was	 illuminated	 (525	 nm)	 using	 a	 ALPHA	 Vivid	 XF105-2	 (Omega	 Filters,	

Brattleboro,	VT)	and	fluorescence	(555	nm)	was	evaluated	by	using	a	photomultiplier	

(Hamamatsu	R928,	Tokyo,	Japan).	Output	from	the	photomultiplier	was	calibrated	in	

terms	of	the	number	of	detected	photons	per	unit	area	of	emission.	

	

3.3.2. Results	

	

3.3.2.1. Total	NO	Release	from	NONOate	and	NO-np	

	

A	 NONOate	 theoretically	 releases	 2	 moles	 of	 NO	 per	 mole	 of	 parent	

compound,	 although	 experimentally	 at	 37°C	 and	 pH	 7.4,	 DETA	NONOate	 liberates	

10.7	μmols	of	NO/mg	and	DPTA	NONOate	liberates	9.4	μ	mols	of	NO/mg.	In	contrast	

to	 the	 NONOates,	 the	 NO	 releasing	 nanoparticle	 (NO-np)	 utilizes	 a	 novel	 redox	
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chemistry	to	generate	and	capture	electrons,	reducing	nitrite	to	NO	and	retaining	it	

within	the	particles.	NO-np	half-life	in	vitro	was	found	to	be	approximately	4	hours	

at	37°C	and	pH	7.4,	and	one	mg	of	powder	is	capable	of	releasing	0.32	μmols	of	NO	

(Figure	14).	Importantly,	in	vitro	one	mg	of	NONOates	released	more	than	30	times	

more	NO	compare	to	NO-np.	When	suspended	at	lower	pH	levels,	the	total	amount	

of	NO	released	did	not	change,	but	faster	rates	of	release	were	measured	(Figure	1	

4).	

	

	

Figure	14.	NO	release	by	NO-np.	NO	gas	levels	were	measured	using	a	chemiluminescent	NO	analyzer.	

Upper	panel,	1	mg	of	NO-np	or	Control-np	at	7.4	pH.	Lower	panel,	1	mg	of	NO-np	at	6.0,	6.5	and	7.3	

pH.	[174]	
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3.3.2.2. Blood	Gas	Parameters	

	

Table	 2	 presents	 summary	 of	 blood	 gas	 parameters	 at	 baseline	 and	 after	

infusion	of	NO-np	and	Control-np.	No	changes	 in	Hct	and	Hb	were	measured	after	

infusion	of	the	NO-np	or	Control-np.	Infusion	of	NO-np	increased	MetHb	levels	from	

baseline	 after	 2h.	MetHb	 levels	 4	 h	 after	 infusion	 of	 NO-np	were	 9	 ±	 2	 %	 for	 10	

mg/kg	and	14	±	3	%	for	20	mg/kg,	respectively.	Plasma	nitrite	and	nitrate	increased	

from	baseline	after	infusion	of	NO-np	proportional	to	the	dose	of	NO-np	infused	at	

1h	and	2h	after	infusion.	Arterial	blood	pO2	increased	from	baseline	after	infusion	of	

NO-np.	Arterial	blood	pH	decreased	from	baseline	compared	after	infusion	of	NO-np.	

Consequentially,	blood	acid-base	balance	decreased	from	baseline	after	 infusion	of	

NO-np.	 No	 significant	 change	 in	 arterial	 blood	 gas	 parameter	was	measured	 after	

infusion	of	Control-np.	

	

Table	2.	Blood	chemistry.	 Values	are	means	+-	SD.	Baseline	included	three	experimental	groups.	No	

significant	differences	were	detected	between	the	baseline	values	of	each	group.	[174]	

	

3.3.2.3. Systemic	Parameters	

	

MAP	decreased	after	infusion	of	NO-np	in	a	dose	dependent	fashion	(Figure	
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15	A,	B).	Maximal	decrease	in	MAP	in	animals	treated	with	NO-np	was	measured	at	

90	min	 after	 infusion.	MAP	 restored	 to	 baseline	 after	 3h	 after	 infusion	 of	 NO-np.	

MAP	increased	above	baseline	in	animals	treated	with	NO-np	at	3.5h	after	infusion.	

MetHb	levels	4	h	after	infusion	of	NO-np	were	9	±	2	%	for	10	mg/kg	and	14	±	3	%	for	

20	mg/kg,	respectively.	Infusion	of	control	particles	did	not	change	MAP	over	the	4h	

observation	 period.	 HR	 changes	 after	 infusion	 of	 NO-np	were	 inversely	 correlated	

with	the	changes	in	MAP.	

	

	

Figure	 15.	 Effects	 in	 blood	 pressure	 after	 infusion	 of	 NO	 releasing	 nanoparticles	 (NO-np),	 control	

nanoparticles	(Control-np).	a)	Infusion	of	10	mg/kg	(n=5)	NO-np	and	20	mg/kg	(n=5)	NO-np.	Maximal	

decrease	pressure	was	measured	90	min	after	infusion.	MetHb	levels	4	h	after	infusion	of	NO-np	were	

9	±	2	%	for	10	mg/kg	and	14	±	3	%	for	20	mg/kg,	respectively.		b)	Infusion	of	10	mg/kg	(n=5)	Control-

np	 and	 20	mg/kg	 (n=5)	 Control-np.	 No	 changes	 in	 blood	 pressure	 were	measure	 after	 infusion	 of	

Control-np.	[174]	
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3.3.2.4. Exhaled	NO	After	Infusion	of	NO-np	

	

Exhaled	 NO	 increased	 after	 infusion	 of	 NO-np,	 maximal	 exhaled	 NO	 levels	

were	 measured	 1h	 after	 infusion	 (Figure	 16).	 Increased	 exhaled	 NO	 levels	 were	

maintained	over	a	period	of	2h,	after	that	exhaled	NO	decreased.	Exhaled	NO	levels	

in	animals	treated	with	Control-np	did	not	increase.	

	

	

Figure	16.	Exhaled	NO	after	infusion	of	NO	releasing	nanoparticles	(NO-np)	and	control	nanoparticles	

(Control-np).	 Exhaled	NO	after	 infusion	of	 10	mg/kg	 and	20	mg/kg	 (n=5)	 of	NO-np	and	Control-np.	

[174]	

	

3.3.2.5. Circulation	Time	

	

Intravascular	fluorescence	is	proportional	to	the	concentration	of	circulating	

NO-np	(Figure	3B).	Infusion	of	fluorescently	label	nanoparticles	produced	an	increase	

in	intravascular	fluorescence.	Circulating	particles	were	observed	up	to	6	hours	after	

infusion.	Although,	no	evidence	of	 fluorescent	 labeled	NO-np	was	observed	by	 the	
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next	day.	Circulating	 labeled	NO-np	were	observed	up	to	6h	after	 infusion,	but	not	

24	 hours	 following	 intravenous	 introduction.	 However,	 control-np	 were	 not	

observed	in	the	circulation	4	hours	after	infusion.	

	

	

Figure	17.	Circulation	time.	Intravascular	fluorescence	of	NO-np	and	Control-np.	†,	P<0.05	to	Baseline.	

[174]	

	

3.3.2.6. Microhemodynamic	Parameters	

	

Circulating	 NO-np	 produced	 microvascular	 vasodilatation	 and	 increased	

blood	flow	compared	to	baseline	and	Control-np	(Figure	18	A,	B).	Infusion	of	control	

particles	 did	 not	 affect	 arteriolar	 diameter	 or	 blood	 flow.	 In	 the	 venular	 side	 no	

significant	change	in	diameter	was	measured	after	infusion	of	NO-np	or	Control-np.	

Venular	 blood	 flow	was	 reduced	 from	 baseline	 after	 infusion	 of	 20	mg/kg	NO-np.	

Functional	 capillary	density	 (FCD)	was	not	affected	 in	animals	 treated	with	NO-np,	

however	control	nanoparticles	reduced	the	FCD	(Figure	18	C).	
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Figure	 18.	Microvascular	 changes	 and	blood	 chemistry	 after	 infusion	of	NO	 releasing	nanoparticles	

(NO-np)	and	control	nanoparticles	(Control-np).	a)	Changes	in	arteriolar	diameter	after	infusion	of	10	

(white	 bars)	 and	 20	 (gray	 bars)	 mg/kg	 of	 NO-np	 (no	 pattern)	 and	 Control-np	 (pattern	 upward	

diagonal).	 Diameters	 (μm,	mean	 ±	 SD)	 at	 baseline	were	 61.7	 ±	 7.9,	N	 =	 68.	N	 =	 number	 of	 vessels	

studied.	 †,	 P<0.05	 to	 Baseline;	 ‡,	 P<0.05	 to	 Control-np	 at	 same	 concentration.	 	 b)	 Changes	 in	

arteriolar	blood	flow	after	infusion	of	NO-np	and	Control-np.	Flow	(nl/s,	mean	±	SD)	at	baseline	were	

12.6	±	3.8,	N	=68.	†,	P<0.05	to	Baseline;	‡,	P<0.05	to	Control-np	at	same	concentration.		c)	Changes	in	

functional	 capillary	 density	 (FCD)	 after	 infusion	 of	 NO-np	 and	 Control-np.	 FCD	 (perfused	

capillaries/cm-1,	mean	 ±	 SD)	 at	 baseline	 were	 106	 ±	 6,	 n	 =20.	 †,	 P<0.05	 to	 Baseline;	 ‡,	 P<0.05	 to	

Control-np	at	same	concentration.	[174]	
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3.3.3. Discussion	

	

The	principal	finding	is	that	the	physiological	response	to	the	infusion	of	NO-

np	in	the	circulatory	system	is	consistent	with	a	sustained	release	of	physiologically	

relevant	 concentrations	 of	 NO.	 This	 sustained	 release	 is	 reflected	 in	 both	 the	

decrease	in	blood	pressure	and	the	increase	in	vascular	relaxation,	compared	to	the	

absence	 of	 any	 vascular	 response	 following	 the	 infusion	 of	 the	 Control-np.	 The	

efficacy	 and	 potential	 potency	 of	 the	 exogenous	 NO	 released	 by	 the	 NO-np	 is	

evident	 from	 the	 systemic	 hypotension	 and	 increase	 in	 exhaled	 NO	 induced	 by	

infusion	 of	 20	mg/kgbw.	 The	 levels	 of	 exhaled	 NO	 and	modest	 increase	 in	 nitrite	

levels	are	not	compatible	with	a	scenario	 in	which	nitrite	 is	 first	 released	and	then	

converted	to	NO.	Furthermore,	under	the	non-acidic	physiological	conditions	there	

should	be	minimal	NO	formation	from	any	released	nitrite.		

Infusion	 of	 NO-np	 decreased	 blood	 pressure	 in	 a	 dose	 dependent	 fashion,	

and	control-np	did	not	have	effect	on	blood	pressure.	However,	a	sustained	increase	

in	intra-luminal	NO	affects	the	endothelial	NO	diffusion	gradients,	thus	allowing	the	

endothelial	 derived	 NO	 to	 diffuse	 further.	 Reflecting	 sustained	

generation/distribution	of	NO	from	NO-np,	exhaled	NO	 levels	 increased	for	several	

hours	after	infusion	with	maximum	levels	achieved	1h	after	infusion.	Microvascular	

vasodilatation	 data	 suggest	 that	 the	 release	 of	 NO	 accounts	 for	 vasorelaxant	

responses	 produced	 by	 the	 NO-np,	 as	 the	 control	 nanoparticles	 did	 not	 induce	

relaxation	at	 corresponding	concentrations.	Pulmonary	microcirculation	appears	 to	

be	 affected	 by	 the	NO-np,	 as	 the	 arterial	 blood	 pO2	 increased	 from	baseline	 after	

infusion	of	NO-np,	as	compared	to	control	particles.	
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The	 exact	 chemical	 processes	 within	 the	 nanoparticle	 to	 explain	 NO	

formation	 from	 nitrite	 are	 not	 yet	 clearly	 established.	 Initial	 work	 describing	 the	

nanoparticle	 platform	 assumed	 that	 the	 NO	 was	 formed	 in	 the	 sugars,	 such	 as	

trehalose,	 because	 they	 support	 efficient	 electron	 transfer	 over	 macroscopic	

distances	where	 either	 thermal	 or	 photo	 initiated	 processes	 are	 used	 to	 start	 the	

electron	transfer	[253,	254].	It	has	been	clearly	demonstrated	that	thermal	initiation	

of	 electron	 transfer	 generated	 within	 a	 sugar-glass	 can	 be	 used	 to	 bring	 about	

thermal	 reduction	of	either	 ferric	hemeproteins	 [253]	or	nitrite	 [251,	253,	273].	 In	

the	case	of	nitrite	 it	 is	clear	 that	NO	 is	being	 formed	and	trapped	within	the	glass.	

When	 the	glass	 “melts”	upon	exposure	 to	water,	 the	NO	 is	 rapidly	 released	 [253].	

This	 process	 may	 be	 responsible	 for	 the	 formation	 of	 NO	 from	 nitrite	 within	 the	

nanoparticles.	 In	 support	 of	 this	 mechanism	 are	 the	 results	 that	 there	 is	 no	

detectable	release	of	nitrite	from	the	particles	when	they	are	added	to	water	[253].	

However,	if	there	is	any	nitrite	retained	in	the	nanoparticles,	when	they	are	exposed	

to	 an	 aqueous	 solvent,	 protons	 enter	 the	 nanoparticles	 and	 react	 with	 nitrite	 to	

slowly	produce	NO,	which	then	diffuses	out	of	the	particles.	The	protonation	driven	

mechanism	is	supported	by	results	presented	in	Figure	14,	where	it	can	be	seen	that	

at	 low	pH	there	is	a	greater	amount	of	NO	being	released	at	early	times.	Definitive	

determination	 of	 the	mechanism	 is	 currently	 being	 explored	 through	 the	 use	 of	 a	

variety	 of	 spectroscopic	 tools	 to	 probe	 the	 nature	 and	 fate	 of	 nitrite	 within	 the	

nanoparticles	as	a	function	of	exposure	to	water.		

There	 are	 strong	 indications	 that	 activated	 macrophages	 can	 recognize	

nanoparticles	 in	 the	 blood	 [274].	 The	 presence	 of	 exogenous	 NO	 from	 the	

nanoparticles	 prevented	 inflammatory	 reaction	 to	 external	 agents,	 especially	 the	
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number	 of	 immobilized	 and	 rolling	 leukocytes.	 As	 not	 all	 macrophages	 and	

monocytes	 are	 identical	 [275],	macrophages	 found	within	microcirculatory	 regions	

are	more	active	in	cytokine	production	and	have	stronger	phagocytic	receptors	[276].	

NO-np	 technology	 could	prevent	 long-circulating	nanoparticles	 from	being	 trapped	

by	such	macrophage	populations	and	this	action	may	be	even	further	enhanced	with	

human	macrophages.	The	NO-np	technology	seems	to	be	optimal	for	“macrophage-

evasion,”	 providing	 a	 long-circulating	 drug	 reservoir	 from	 which	 the	 drug	 can	 be	

released	into	the	vascular	compartment	in	a	continuous	and	controlled	manner.		

Here,	 the	 physiological	 responses	 to	 intravascular	 infusion	 of	 NO-np	 is	

presented,	 consistent	with	 a	 sustained	 release	 of	 physiologically	 relevant	 levels	 of	

NO,	 reflected	 by	 decreased	 blood	 pressure	 and	 increased	 vascular	 relaxation.	 The	

NO-np	are	effective	 vasorelaxants,	whose	potency	 is	 limited	by	 the	dose	and	 time	

course	 of	 hydration.	 They	 do	 not	 require	 external	 reducing	 agents,	 nor	 do	 they	

generate	 tolerance	 during	 prolonged	 continuous	 use.	 The	 efficacy	 and	 potency	 of	

the	exogenous	NO	released	by	the	NO-np	is	evident	from	the	systemic	hypotension	

and	increase	in	exhaled	concentrations	of	NO.		

	

	

3.4. INHALED	NO	

	

3.4.1. Methods	

	

3.4.1.1. NO	Inhalation	Procedure	
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The	 inhalation	 procedure	 was	 performed	 mixing	 N2,	 O2	 and	 NO	 from	

independent	tanks	with	the	aid	of	a	three-way	flow	tube	rotameter	for	low	flow	rate	

measurement.	The	 final	gas	mixture	of	 the	 three	gases	had	composition	of	≈	21	%	

O2,	79	%	N2	and	90	ppm	NO	(table	3).	

	 	

NO	FINAL	CONCENTRATION	93	ppm	

GAS	 TANK	CONCENTRATION	 UNITS	 L/min	 FRACTION	INSPIRED	 UNITS	

O2	 100	 %	 0.5	 20.8	 %	

N2	 100	 %	 1.8	 79.2	 %	

NO	 2240	 ppm	 0.1	 93	 ppm	

	 	

TOTAL		 2.4	

	 	Table	3.	Gas	mixture	composition	for	90	ppm	NO	inhalation	

	

Gas	mixture	was	made	available	to	the	animal	through	a	tubing	accessing	the	

restraining	tube	in	the	position	closest	to	 its	nose	and	all	possible	air	access	points	

were	covered	with	tape.	

	

3.4.2. Results	

	

3.4.2.1. In	Vivo	Results	

	

	 All	 animals	 tolerated	 the	 gaseous	 treatment	 and	 entire	 protocol	 without	

visible	signs	of	discomfort.	The	animals	were	randomly	assigned	to	the	experimental	

groups	as	follows:		NO	inhalation	(n	=	6;	62	±	6	g)	and	normoxia	(n	=	6;	68	±	5	g).	
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3.4.2.2. Blood	Gas	Parameters	

	

Table	4	presents	summary	of	blood	gas	parameters	at	baseline	and	after	NO	

inhalation.	No	 changes	 in	Hct	 and	Hb	were	measured	after	NO	 inhalation.	Arterial	

blood	pO2	 increased	 from	baseline	after	 inhalation	of	NO.	No	significant	change	 in	

arterial	 blood	 gas	 parameter	 was	 measured	 after	 NO	 inhalation.	 All	 systemic	

parameters	remained	in	the	physiological	ranges.	

	

  

Baseline 

 

Before inhalation 

 

90 min after inhalation 

  

Inhaled NO 90 ppm Normoxia 

 

Inhaled NO 90 ppm Normoxia 

 

Inhaled NO 90 ppm Normoxia 

                    

Systemic 

Hemodynamics 

        MAP mmHg 110 ± 5 101 ± 6 

 

111 ± 11 102 ± 6 

 

110 ± 8 102 ± 5 

HR bpm 434 ± 30 406 ± 26   446 ± 16 412 ± 35   433 ± 43 426 ± 43 

Laboratory Parameters 

        

Arterial pH 

 

7.386 ± 0.037 

7.324 ± 

0.014 

 

7.392 ± 0.022 

7.341 ± 

0.013 

 

7.379 ± 0.027 

7.331 ± 

0.025 

PaO2 mmHg 57.3 ± 6.3 59.2 ± 1.8 

 

62.2 ± 4.1 60.7 ± 1.7 

 

75.8 ± 11.0 60.7 ± 1.8 

PaCO2 mmHg 55.5 ± 3.3 53.2 ± 1.4 

 

51.7 ± 1.9 54.8 ± 1.2 

 

51.4 ± 3.7 54.1 ± 1.5 

BE mmol/L 5.8 ± 1.9 1.6 ± 0.8 

 

4.5 ± 1.8 3.6 ± 1.2 

 

3.3 ± 1.4 2.6 ± 2.2 

Hct % 50 ± 3 49 ± 1 

 

49 ± 3 48 ± 1 

 

48 ± 3 48 ± 1 

Hb g/dL 14.6 ± 1 15.0 ± 0.3   14.6 ± 1 14.7 ± 0.4   14.3 ± 1 14.5 ± 0.2 

Table	 4.	 Blood	 chemistry.	 Values	are	means	± SD.	Baseline	 included	 two	experimental	 groups.	No	

significant	statistical	differences	were	detected	between	the	baseline	values	of	each	group.	

	

3.4.2.3. Systemic	Parameters	

	

	 After	total	adaptation,	MAP	decreased	to	a	maximum	in	animals	treated	with	

inhaled	NO	at	90	min	after	 infusion	with	statistical	 significance	difference,	 this	can	

be	explained	due	to	increased	vascular	volume	caused	by	the	vasorelaxation	effect.	

Inhalation	of	air	did	not	change	MAP	over	the	4	h	observation	period	(Figure	19).	
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Figure	19.	Effects	in	blood	pressure	after	NO	inhalation.	Maximal	decrease	pressure	was	measured	90	

min	 after	 infusion.	 No	 changes	 in	 blood	 pressure	 were	 measured	 in	 control	 group. †, P<0.05 to 

Baseline, R15, R30 and R60; ‡, P<0.05 to Normoxia at the same point.	

	

3.4.2.4. Microhemodynamic	Parameters	

	

Inhaled	NO	produced	microvascular	vasodilatation	and	increased	blood	flow	

both	arterial	and	venous	side,	compared	to	baseline	and	normoxia	(Figure	20).		

	

Figure	 20.	Microvascular	 changes	 after	NO	 inhalation.	 a)	 Changes	 in	 arteriolar	 diameter,	 diameters	

(μm,	mean	±	SD)	at	baseline	were	59.0	±	13.6,	N	=	51.	N	=	number	of	vessels	studied.	†,	P<0.05	to	

Baseline;	‡,	P<0.05	to	Normoxia	at	same	concentration.		b)	Changes	in	arteriolar	blood	flow	after	NO	
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inhalation.	Flow	(nL/s,	mean	±	SD)	at	baseline	were	8.1	±	4.7,	N	=51.	†,	P<0.05	to	Baseline;	‡,	P<0.05	

to	Normoxia	at	same	concentration.	c)	Changes	 in	venular	diameter,	diameters	 (μm,	mean	±	SD)	at	

baseline	were	66.4	±	23.6,	N	=	51.	N	=	number	of	vessels	studied.	†,	P<0.05	to	Baseline;	‡,	P<0.05	to	

Normoxia	at	same	concentration.	 	d)	Changes	 in	venular	blood	flow	after	NO	inhalation.	Flow	(nL/s,	

mean	±	SD)	at	baseline	were	4.5	±	2.5,	N	=51.†,	P<0.05	to	Baseline;	‡,	P<0.05	to	Normoxia	at	same	

concentration.	

	

3.4.2.5. Capillary	Perfusion	

	

Functional	 capillary	 density	 (FCD)	 was	 affected	 in	 animals	 treated	 with	

inhaled	NO,	 indicating	 the	effect	of	NO	 treatment	 in	perfusion.	Normoxia	 reduced	

the	FCD,	this	can	be	explained	because	the	animals	get	used	to	the	restraining	tube	

and	falls	asleep	(Figure	21).	

	

	

Figure	 21.	 Changes	 in	 functional	 capillary	 density	 (FCD)	 after	 NO	 inhalation.	 FCD	 (perfused	

capillaries/cm-1,	mean	 ±	 SD)	 at	 baseline	 were	 86	 ±	 27,	 n	 =12.	 †,	 P<0.05	 to	 Baseline;	 ‡,	 P<0.05	 to	

Normoxia	at	same	concentration.	

	

FCD

BL R 30 R 60 R 90

0.9

1.0

1.1

1.2
Normoxia
NO 90 ppm

Time

FC
D

 † ‡  † ‡
 † ‡

 †
 †



 88 

3.4.2.6. Plasma	NO	Isoforms	

	

	 Plasma	bioactive	(nitrite	and	S-nitrosothiols)	and	bioinactive	(nitrate)	NO	forms	

concentrations	 are	 presented	 in	 Figure	 22.	 Normoxia	 hamster	 plasma	 nitrite	 and	

nitrate	concentrations	were	470	±	17	nM	and	1.85	±	0.21	µM,	respectively.	Plasma	

nitrite	nitrate	and	S-Nitrosothiols	significantly	increased	90	min	after	NO	inhalation.	

Untreated	hamster	plasma	S-nitrosothiols	was	determined	 to	be	122	±	15	nM.	NO	

inhalation	contributes	to	the	formation	of	NO	isoforms.	

	

Figure	 11.	 Plasma	 levels	 of	 nitrite,	 nitrate	 and	 S-nitrosothiols.	 Baseline	 (BL)	 levels	 values	 were	

obtained	from	a	different	group	of	animals	(n	=	24).†,	P<0.05	compared	to	BL.	‡,	P<0.05	compared	to	

Normoxia	at	the	same	time-point.	
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3.4.3. Discussion	

	

The	principal	finding	is	that	the	physiological	response	to	NO	inhalation	in	the	

circulatory	 system	 is	 consistent	 with	 the	 availability	 of	 physiologically	 relevant	

concentrations	 of	 NO.	 This	 availability	 is	 reflected	 in	 both	 the	 decrease	 in	 blood	

pressure	 and	 the	 increase	 in	 vascular	 relaxation,	 compared	 to	 the	 absence	of	 any	

vascular	response	in	Normoxic	animals.		

Microvascular	 vasodilatation	data	 suggest	 that	 the	 inhalation	of	NO	accounts	

for	vasorelaxant	responses,	as	normoxic	conditions	did	not	induce	relaxation.	

Bioactive	forms	of	NO	(nitrite	and	S-nitrosothiols)	are	part	of	long	term	inhaled	

NO	induced	vascular	changes.	Plasma	nitrite	increased	after	inhalation	of	NO	and	S-

nitrosothiols	increased	in	all	animals	treated	with	inhaled	NO.	In	summary,	the	initial	

vasoactivity	 (relaxation)	 of	 inhaled	 NO	 is	 due	 to	 NO	 direct	 bioavailability	 and	 an	

increase	 in	plasma	nitrite	 concentrations	causing	a	hemodynamic	 response	due	 to	

NO	 bioactive	 forms	 (nitrite	 and	 S-nitrosothiols)	 redistributing	 the	 effects	 of	 NO	

throughout	different	regions	of	the	cardiovascular	system.		

The	 use	 of	 inhaled	 NO	 could	 have	 an	 important	 therapeutic	 use	 to	 treat	

temporal	 alterations	 in	 NO	 signaling	 to	 restore	 microvascular	 function,	 prevent	

organ	damage	and	resolve	acute	disruption	vascular	homeostasis.	

	

3.5. CONCLUSIONS	

	

The	 principal	 finding	 in	 this	 chapter,	 is	 that	 the	 three	 different	 NO	

supplementation	 therapies,	 these	 being:	 PCF-NO,	 NO-np	 and	 inhaled	 NO,	 induce	
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vasorelaxation	 and	 decrease	 MAP,	 therefore	 increasing	 perfusion,	 which	 is	

consistent	with	the	NO	effect	in	the	cardiovascular	system,	regardless	of	the	therapy	

used,	 a	 net	 effect	which	 is	 desired	 in	 different	 clinical	 setting,	 as	 i.e.	 hemorrhagic	

shock.	

The	three	NO	therapies	also	accounted	for	the	increase	of	NO	isoforms	present	

in	 the	 circulation.	 Increased	 levels	 of	 nitrite	 and	 S-nitrosothiols	 induced	 systemic	

hemodynamic	 effects	 in	 conduit	 and	 resistance	 vessels	 and	 the	 reduction	 of	

circulating	 nitrite	 to	 NO	 alone	 is	 an	 important	 physiological	 reaction	 aimed	 to	

increase	vasodilation	during	hypoxia	 [277].	Also	 increased	NO	reaction	products	 in	

plasma,	nitrite	and	nitrate,	 can	be	 recycled	 in	blood	and	 tissues	 to	 form	again	NO	

and	 other	 bioactive	 nitrogen	 oxides	 with	 effects	 in	 vascular	 homeostasis	 [278].	 It	

must	be	emphasized	that	the	vasoactivity	of	NO	bioactive	forms	depends	on	oxygen	

levels,	 as	 nitrite	 reductase	 activity	 depends	 on	 erythrocytic	 oxyhemoglobin	

saturation	[279].	The	rate	of	nitrite	reduction	to	NO	by	hemoglobin	is	determined	by	

a	 balance	 between	 hemoglobin	 hemes	 in	 the	 oxygenated	 and	 dexoxygenated	

conformation.	Thus,	resulting	in	a	maximal	nitrite	reduction	rate	when	hemoglobin	

saturation	is	near	50	%	(near	the	Hb	p50),	an	ideal	set	point	for	hypoxia-responsive	

NO	 generation	 [279].	 S-nitrosothiols	 release	 of	 NO	 is	 variable	 and	 dependent	 on	

temperature,	pH,	the	presence	of	transition	metals,	and	the	presence	of	oxygen	and	

reactive	oxygen	species	 [167].	Hypoxia,	 low	temperature,	 low	pH,	and	presence	of	

ROS	are	parameters,	which	are	imbalanced	during	hemorrhagic	shock,	making	these	

NO	therapies	promising	treatments	during	resuscitation	procedures.	

From	 the	physiological	 viewpoint,	 exogenous	NO	 released	 in	 the	 intravascular	

compartment	 by	 these	 NO	 therapies,	 will	 be	 partially	 scavenged	 by	 the	 RBC	
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hemoglobin,	 and	only	a	portion	will	 diffuse	albuminally.	A	minor	 increase	 in	 intra-

luminal	 NO	 concentration	 affects	 the	 endothelial	 NO	 diffusion	 gradients,	 thereby	

allowing	the	endothelial	derived	NO	to	diffuse	further	from	cell	to	cell,	independent	

of	receptors	and	channels.	The	consequence	of	the	high	reactivity	and	short	half-life	

of	 NO	 is	 that	 its	 biological	 action	 and	 impact	 are	 determined	 primarily	 by	 the	

diffusion	gradients	at	 its	site	of	action.	Generation	and	transport	of	NO	 in	vivo	are	

closely	 linked	 to	 endothelial	 cell	 function,	 local	 shear	 stress,	 and	 local	 oxygen	

conditions.	All	of	these	factors	pose	a	major	challenge	for	systemic	NO	delivery.	

Now,	analyzing	the	benefits	and	downsides	of	each	of	the	three	therapies,	the	

most	 appropriate	 can	 be	 adequately	 selected,	 given	 the	 results	 presented	 in	 this	

chapter.	 The	 PFC-NO	 therapy	 has	 several	 drawbacks	 that	makes	 it	 the	most	 ruled	

out	 of	 the	 three	 therapies:	 1)	 Its	 high	 affinity	 for	 NO:	 NO	 uptake	 from	 high	 NO	

concentration	domains	to	then	load	and	transport	to	low	NO	concentration	domains,	

so	 it	 works	 as	 a	 sink	 in	 high	 concentration	 NO	 domains,	 where	 NO	 signaling	 is	

required.	 Although	 this	 effect	 eases	 the	 biodistribution	 of	 NO	 in	 the	 vascular	

compartment,	 this	physiological	biodistribution	process	 is	already	being	taken	care	

of	 by	 the	 naturally	 forming	 NO	 isoforms;	 2)	 The	 NO	 preloading	 procedure	 is	 not	

stable	as	PFC	will	need	to	be	isolated	from	the	environment	to	keep	the	NO	within	

the	PFC	and	then	the	supply	chain	to	make	it	accessible	in	the	field	when	needed	is	

not	cost	effective;	3)	At	high	doses,	which	may	be	required	during	resuscitation	from	

HS,	PFC	use	has	been	associated	with	hypertension	and	decreased	heart	rate	[266].	

Clinically,	NO	gas	from	a	pressurized	tank	is	used	as	an	inhalable	drug	approved	

by	 the	 FDA,	 therefore	 making	 it	 easier	 to	 add/modify	 its	 use	 for	 other	 clinical	

settings,	 making	 it	 an	 appropriate	 option	 to	 be	 analyzed.	 However,	 it	 also	 has	
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important	downsides:	1)	inhaled	NO	increases	MetHb	levels	which	do	not	transport	

oxygen	and	are	potentially	cytotoxic	due	to	heme	and	heme-derived	iron	oxidative	

reaction	 [280];	 2)	 Inhaled	 NO	 therapy	 works	 for	 limited	 periods	 and	 in	 controls	

scenarios;	3)	 Inhaled	nitric	oxide	can	rapidly	 react	with	oxygen	 in	 the	 lung	to	 form	

nitrogen	 dioxide,	which	 is	 a	 potent	 pulmonary	 irritant	 [281].	 The	 overall	 effect	 of	

inhaled	NO	is	dependent	on	the	dose	administered	and	is	potentially	harmful	given	

the	 initial	high	 local	 concentrations	 that	maybe	 required	during	 resuscitation	 from	

HS.	

Conversely,	 NO-np	 1)	 Are	 stable,	 easily	 deployed	materials	 that	 release	 pure,	

biologically	 relevant	 non-toxic	 concentrations	 of	 NO	 in	 a	 controllable	 sustained	

manner;	2)	Do	not	exhibit	many	of	the	shortcomings	of	current	methods	of	applying	

NO	 in	 clinical	 settings,	 suggesting	 that	 it	 may	 be	 a	 conduit	 through	 which	 the	

potential	of	NO	can	be	harnessed	and	translated	into	a	practical	therapeutic	strategy.	

3)	From	the	viewpoint	of	use,	this	is	a	lyophilized	powder	that	must	be	reconstituted	

with	 the	 plasma	 expander	 used	 during	 the	 resuscitation	 Procedure.	 Until	 now,	

studies	 have	 failed	 to	 show	 any	 toxicity	 attributable	 to	 the	NO-nanoparticles.	 The	

only	current	downside	of	the	NO-np	is	the	FDA	approval;	 future	studies	to	address	

biodistribution,	 clearance,	 and	 biocompatibility	 of	 the	 NO	 releasing	 nanoparticles	

are	essential	to	determine	the	real	clinical	relevance.	

In	 summation,	 the	 therapies	 that	 continued	 to	 the	 next	 stage,	 where	 HS	 is	

generated	by	blood	loss	were	NO-np	and	inhaled	NO.	
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4. THE	EFFECT	OF	NITRIC	OXIDE	SUPPLEMENTATION	THERAPIES	ADMINISTRATION	

IN	 THE	 HEMODYNAMIC	 AND	MICROCIRCULATORY	 RESPONSE	 IN	 AN	 ANIMAL	

MODEL	DURING	HEMORRHAGIC	SHOCK:	INHALED	NO	VS.	NO	NANOPARTICLES	

(NO-NP)	IN	HAMSTERS	WITH	SKIN	FOLD	CHAMBER	WINDOW.	

	

The	 research	 in	 this	 chapter	 was	 to	 understand	 how	 the	 administration	

scheme	of	two	different	NO	supplementation	therapies	affect	the	systemic	and	

microhemodynamic	 parameters	 and	 therefore	 tissue	 perfusion	 output	 during	

hemorrhagic	shock	 (HS).	Perfusion	output	was	assessed	based	on	the	 following	

parameters:	 MAP,	 HR,	 blood	 vessel	 diameter,	 blood	 vessel	 flow,	 FCD	 and	 NO	

isoforms	 formation.	 Detailed	 analysis	 was	 assessed	 to	 determine	 the	 possible	

level	of	homeostasis	restoration	after	hemorrhagic	shock,	when	compared	with	

baseline	 parameters	 measurements,	 developing	 an	 understanding	 how	 the	

stress	 injury	 triggered	 by	 hemorrhagic	 shock	 and	 subsequent	

resuscitation/reperfusion	 injury	 was	 prevented/limited	 by	 these	 NO	

administration	therapies.	

Based	 on	 the	 results	 obtained	 and	 discussed	 in	 Chapter	 3,	 the	 following	

therapies	 and	 dosification	 schemes	 were	 chosen	 for	 comparison	 and	 dosage	

determination.	

	

4.1. NITRIC	OXIDE	NANOPARTICLES	NO-np	

	

An	initial	dose	of	5	mg/kg	of	NO-np	was	administered,	then	two-fold	increases	

were	 performed	 until	 MAP	 and	 HR	 were	 unsuitable	 due	 to	 overdose.	 The	 doses	



 94 

were	5	mg/kg,	10	mg/kg,	20	mg/kg	and	40	mg/kg.	Control	group	was	with	no	NO-np	

infusion.		The	following	equation	describes	how	the	different	doses	where	supplied:	

	

𝑥	 𝑚𝑔 =
𝑑𝑜𝑠𝑒	 𝑚𝑔𝑘𝑔 ×𝐵.𝑊. [𝑔𝑟]

1000 	

Where	 x	 is	 the	mg	 that	have	 to	be	administered	 to	 the	animal,	B.W.	 is	 the	

animal´s	 body	 weight	 and	 dose	 is	 the	 NO-np	 concentration	 desired,	 this	 being	 5	

mg/kg,	10	mg/kg,	20	mg/kg	and	40	mg/kg.	

Animals	were	 infused	with	NO-np	 initially	 suspended	 in	 0.5	ml	 alcohol	 and	

then	mixed	in	deoxygenated	plasma	expander	HES	Voluven®	(BioTime,	Inc.,	Berkeley,	

CA),	with	which	the	resuscitation	procedure	was	performed.	

	

4.2. INHALED	NO	

	

An	 initial	 dose	 of	 90	 ppm	 of	 NO	 is	 the	 starting	 point,	 based	 on	 the	 FDA	

guidelines,	where	high	methemoglobin	 levels	are	present	at	 inhaled	concentration	

higher	 than	 90	 ppm	 [248,	 249].	 This	 dose	 has	 already	 been	 optimized	 to	 its	

maximum	for	respiratory	syndrome.	Assuming	that	NO	bioavailability	is	affected	by	

hemorrhagic	shock,	a	concentration	up	to	≈	180-ppm	dosage	will	be	tested.	Control	

group	is	inhaled	21	%	oxygen	without	NO.		

The	 inhalation	 procedure	 was	 performed	 mixing	 N2,	 O2	 and	 NO	 from	

independent	tanks	with	the	aid	of	a	three-way	flow	tube	rotameter	for	low	flow	rate	

measurement.	The	final	gas	mixture	of	the	three	gases	had	composition	of		21	%	O2,	

79	%	N2	and	93	ppm	or	189	ppm	NO	(table	5).	 	
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NO	FINAL	CONCENTRATION	93	ppm	

GAS	 TANK	CONCENTRATION	 UNITS	 L/min	 FRACTION	INSPIRED	 UNITS	

O2	 100	 %	 0.5	 20.8	 %	

N2	 100	 %	 1.8	 79.2	 %	

NO	 2240	 ppm	 0.1	 93	 ppm	

	 	

TOTAL		 2.4	

	 		

NO	FINAL	CONCENTRATION	189	ppm	

GAS	 TANK	CONCENTRATION	 UNITS	 L/min	 FRACTION	INSPIRED	 UNITS	

O2	 100	 %	 0.4	 21.1	 %	

N2	 100	 %	 1.2	 78.9	 %	

NO	 1200	 ppm	 0.3	 189	 ppm	

	 	

TOTAL		 1.9	

	 		

Table	5.	Gas	mixture	composition	for	93	ppm	and	189	ppm	NO	inhalation.	

	

Gas	mixture	was	made	 available	 to	 the	 animal	 through	 a	 tubing	 accessing	 the	

restraining	tube	in	the	position	closest	to	his	nose	and	all	possible	air	access	points	

were	covered	with	tape.	

	

4.3. MATERIALS	AND	METHODS	

	

Animal	 preparation,	 systemic	 parameters	 and	 blood	 chemistry,	

microhemodynamics,	 FCD,	 plasma	 nitrite/nitrate,	 and	 microvascular	 setup	 as	

described	in	3.1,	different	procedures	described	below.	
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4.3.1. Hemorrhagic	Shock	Procedure	

	

Acute	hemorrhage	was	induced	by	withdrawing	50	%	of	estimated	total	blood	

volume	(BV)	via	the	carotid	artery	catheter	within	5	–	7	min.	Total	BV	was	estimated	

as	 7	 %	 of	 body	 weight.	 Animals	 were	 followed	 over	 60	 min	 after	 hemorrhage	

induction.	The	animals	were	categorized	as	non-survivors	and	euthanized	earlier	 if	

at	any	time	during	the	protocol	their	MAP	fell	below	30mmHg	for	more	than	10	min.	

Fluid	 resuscitation	was	 performed	 via	 the	 carotid	 artery	 catheter	 with	 in	 10	min,	

using	HES	with	a	volume	equal	to	50	%	of	the	shed	blood	volume	(25	%	of	the	total	

blood	volume).	The	source	of	HES	is	Voluven®	(BioTime,	Inc.,	Berkeley,	CA)	which	is	

a	 plasma	 volume	 expander	 containing	 6	 %	 hetastarch,	 balanced	 electrolytes,	 a	

lactate	buffer,	and	physiological	levels	of	glucose.	

The	NO	 supplementation	 therapy	was	 administered	 as	 proposed	within	 each	

specific	NO	 therapy	as	described	above.	Animals	were	 followed	over	90	min	after	

resuscitation.	In	Sham	groups,	the	procedure	is	as	described,	but	no	shock	is	induced	

hence	no	blood	is	extracted.	

	

	

Figure	21.	Hemorrhagic	shock	model.		
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4.4. RESULTS	

	

4.4.1. In	Vivo	Results	

	

All	animals	tolerated	the	gaseous	treatment	and	entire	protocol	without	visible	

signs	 of	 discomfort.	 The	 animals	 were	 randomly	 assigned	 to	 the	 experimental	

groups	as	follows:		NO	inhalation	93	ppm	(n	=	7;	61	±	4	g),	NO	inhalation	189	ppm	(n	

=	6;	63	±	4	g),	NO-np	5	mg/kg	(n	=	4;	65	±	4	g),	NO-np	10	mg/kg	(n	=	6;	62	±	5	g),	NO-

np	20	mg/kg	(n	=	8;	60	±	4	g),	NO-np	20	mg/kg	(n	=	5;	60	±	4	g)	and	control	group	(n	

=	6;	68	±	5	g).	

	

4.4.2. Blood	Gas	Parameters	

	

Table	6	presents	summary	of	blood	gas	parameters	at	baseline	and	90	minutes	

after	 resuscitation	with	 NO	 therapies.	 Changes	 in	 Hb	 and	 Hct	 are	 consistent	with	

blood	loss	due	to	HS.	

  

Baseline 

  

NO-np 5 

mg/kg 

NO-np 10 

mg/kg 

NO-np 20 

mg/kg 

NO-np 40 

mg/kg 

Inhaled NO 93 

ppm 

Inhaled NO 189 

ppm 

Control 

Group 

                  

Systemic Hemodynamics 

       MAP mmHg 109 ±11 118 ± 13 117 ± 13 116 ± 10 115 ± 7 121 ± 7 101 ± 6 

HR bpm 430 ± 8 422 ± 25 437 ± 33 422 ± 24 439 ± 21 420 ± 40 406 ± 26 

Laboratory Parameters 

       Arterial pH 

 

7.360 ± 0.019 7.391 ± 0.033 7.378 ± 0.031 7.368 ± 0.028 7.388 ± 0.040 7.361 ± 0.027 7.324 ± 0.014 

PaO2 mmHg 57.1 ± 2.3 58.9 ± 5.8 58.7 ± 8 53 ± 9.6 58.3 ± 6.1 54.9 ± 5 59.2 ± 1.8 

PaCO2 mmHg 58.1 ± 6.9 52.7 ± 4.7 55.3 ± 4.6 54.8 ± 3 52.3 ± 4.3 50 ± 11.8 53.2 ± 1.4 

BE mmol/L 4.7 ± 1.4 3.5 ± 1.7 4.1 ± 2 4 ± 2 6.1 ± 1.2 4.3 ± 0.1 1.6 ± 0.8 

Hct % 46 ± 4 50 ± 2 48 ± 5 47 ± 4 50 ± 2 47 ± 7 49 ± 1 

Hb g/dL 14.3 ± 0.7 15.0 ± 0.8 15.0 ± 1.1 15.0 ± 0.9 15.6 ± 0.6 15.8 ± 1.4 15.0 ± 0.3 
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Resuscitation 90 min 

	 	

NO-np 5 

mg/kg 

NO-np 10 

mg/kg 

NO-np 20 

mg/kg 

NO-np 40 

mg/kg 

Inhaled NO 93 

ppm 

Inhaled NO 189 

ppm 

Control 

Group 

	 	

              

Systemic Hemodynamics 

       MAP mmHg 63 ± 18 75 ± 8 80 ± 15 90 ± 30 66 ± 11 60 ± 7 102 ± 6 

HR bpm 390 ± 54 397 ± 35 355 ± 49 362 ± 37 428 ± 42 336 ± 35 412 ± 35 

Laboratory Parameters 

       Arterial pH 

 

7.383 ± 0.036 7.384 ± 0.024 7.346 ± 0.037 7.340 ± 0.080 7.413 ± 0.041 7.312 ± 0.079 7.341 ± 0.013 

PaO2 mmHg 112.8 ± 0.1 99.3 ± 9.4 101 ± 13.4 104.7 ± 14 75.5 ± 7.7 59.5 ± 5.8 60.7 ± 1.7 

PaCO2 mmHg 47.7 ± 8.1 47.8 ± 7 47.5 ± 5.7 52.7 ± 7.3 43.3 ± 4.8 35.7 ± 5.2 54.8 ± 1.2 

BE mmol/L 1.8 ± 1.1 2.1 ± 0.4 ´-2.0 ± 1.1 4.8 ± 1.6 4.2 ± 1.8 ´-12.6 ± 6.2 3.6 ± 1.2 

Hct % 22 ± 2 23 ± 2 25 ± 7 26 ± 6 20 ± 1 22 ± 2 48 ± 1 

Hb g/dL 6.9 ± 0.9 7.1 ± 0.5 8.0 ± 2.4 8.1 ± 1.7 6.4 ± 0.6 7.1 ± 0.3 14.7 ± 0.4 

Table	6.	Blood	chemistry.	Values	and	means	± SD.		

	

All	the	NO	therapies	(NO-np	and	inhaled	NO)	have	a	higher	pH	than	control	

group	at	the	end	of	the	90-minute	resuscitation	procedure	(Figure	22)	with	P<0.05.	

Important	to	note,	the	189-ppm	Inhaled	NO	therapy	was	the	only	one,	besides	the	

control	group	that	couldn´t	reach	normal	pH	levels.	

	

Figure	22.	pH	shift	after	90-minute	resuscitation	with	different	NO	therapies.	†,	P<0.05	compared	to	

control	group.	There	 is	no	significant	difference	between	NO	therapy	groups.	Gray	rectangular	zone	

determines	normal	pH	levels	between	7.35	and	7.45.	
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Pulmonary	 microcirculation	 appears	 to	 be	 affected	 by	 the	 NO-np,	 as	 the	

arterial	blood	pO2	is	higher	(P<0.05)	than	any	inhalation	procedure	with	or	without	

NO	 (Figure	 23),	 which	 shows	 the	 advantages	 of	 the	 NO-np	 over	 the	 inhaled	 gas	

therapies	regarding	O2	transport	aiding.		

	

	

	

Figure	23.	pO2	shift	after	90-minute	resuscitation	with	different	NO	therapies.	†,	P<0.05	compared	to	

inhaled	NO	therapies	and	control	group.	There	is	no	significant	difference	between	NO-np	groups.	

	

Reviewing	 the	pC02	 results	 (figure	24),	 two	 therapies	 fall	 out	of	 the	normal	

rang:	NO-np	40	mg/kg	induces	high	pCO2	levels	and	inhaled	NO	at	189	ppm	induces	

low	pCO2	levels.		
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Figure	24.	pCO2	shift	after	90-minute	resuscitation	with	different	NO	therapies.	†,	P<0.05	compared	

to	control	group.	1	P<0.05	between	groups.	

	

NO	therapies	recovered	BE	except	for	the	inhaled	therapy	of	189	ppm	(Figure	

25).		

	

Figure	25.	BE	recovery	after	90-minute	resuscitation	with	different	NO	therapies.	This	recovery	value	

DBE	is	obtained	by	subtracting	the	BE	during	HS	with	the	BE	obtained	at	the	end	of	the	resuscitation	

procedure.	It	indicates	the	restoring	capability	of	BE	of	each	NO	therapy.		
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4.4.3. Systemic	Parameters	

	

Blood	 pressure	 results	 during	 resuscitation	with	NO	 therapies	 are	 showed	 in	

figure	26.	30	minutes	after	resuscitation,	blood	pressure	remains	constant	and	with	

a	 lower	 value	 in	 inhaled	 versus	 control	 group.	 5	 mg/kg	 and	 10	 mg/kg	 NO-np	

therapies	 showed	 lower	 blood	 pressure	 values	 compared	 to	 control	 after	 30	min	

resuscitation.	This	can	be	related	to	the	vasodilatory	effect	of	NO.	

	

	

Figure	 26.	 Effects	 in	 blood	pressure	with	NO	 supplementation	during	 resuscitation	procedure	 from	

hemorrhagic	 shock.	 Top	 figure	 show	all	 the	 results	 during	 resuscitation	 procedure.	 Figures	 a)	 to	 d)	

decompose	the	top	graph	into	time	points,	these	being	15,	30,	60	and	90	min.	For	comparison	effects,	

numbers	from	1	to	6,	compare	in	between	therapies	in	each	time	point	and	indicate	a	P<0.05 between 

the corresponding groups. †	P<0.05	compared	to	control	group.	
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4.4.4. Microhemodynamic	Parameters	

	

In	the	30-min	time	point,	the	response	of	increasing	the	concentration	of	NO-

np	is	an	increased	blood	flow	due	to	higher	NO	release.	Inhaled	NO	90	ppm	has	the	

higher	 blood	 flow	 effect	 and	 remains	 constant	 throughout	 resuscitation.	 All	

responses	are	comparable	to	control	group	except	for	NO-np	5	mg/kg	and	 inhaled	

NO	189	ppm,	which	also	remain	constant	throughout	resuscitation.	 In	60	min	time	

point	 the	 only	 therapies	 comparable	 to	 control	 group	 are	 NO-np	 10	 mg/kg	 and	

inhaled	NO	90	ppm,	 the	other	NO-np	 therapies	blood	 flow	 fell	 from	 initial	30	min	

effect.	At	90	min	time	point,	the	only	therapies	non-comparable	to	control	group	are	

NO-np	5	mg/kg	and	20	mg/kg.	

	

Figure	27.	Arterial	blood	flow	performance	with	NO	supplementation	during	resuscitation	procedure	

from	hemorrhagic	shock.	Blood	flow	(nL/s,	mean	±	SD)	at	baseline	were	8.30	±	4.53,	n	=165.	a)	figure	

show	all	the	results	during	resuscitation	procedure.	Figures	b)	to	d)	decompose	the	a)	graph	into	time	

points,	 these	 being	 30,	 60	 and	 90	min.	 For	 comparison	 effects,	 numbers	 from	 1	 to	 8,	 compare	 in	

between	 therapies	 in	 each	 time	 point	 and	 indicate	 a	 P<0.05 between the corresponding groups. †	

P<0.05	compared	to	control	group.	
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NO-np	40	mg/kg	is	the	only	NO	supplementation	therapy	with	a	poor	arterial	

diameter	 outcome	 (figure	 28).	 All	 other	 therapies	 recover	 arterial	 diameter	 to	

baseline	levels	and	are	comparable	to	control	groups	and	adding	with	the	increase	in	

blood	flow,	indicate	a	high	perfusion	effect	of	NO	supplementation.	

	

Figure	 28.	 Arterial	 diameter	 with	 NO	 supplementation	 during	 resuscitation	 procedure	 from	

hemorrhagic	 shock.	 Arterial	 diameter	 (µm,	mean	 ±	 SD)	 at	 baseline	were	 50.58	 ±	 14.24,	 n	 =165.	 a)	

figure	 show	all	 the	 results	during	 resuscitation	procedure.	Figures	b)	 to	d)	decompose	 the	a)	graph	

into	 time	 points,	 these	 being	 30,	 60	 and	 90	 min.	 For	 comparison	 effects,	 numbers	 from	 1	 to	 7,	

compare	 in	 between	 therapies	 in	 each	 time	 point	 and	 indicate	 a	P<0.05 between the corresponding 

groups. †	P<0.05	compared	to	control	group.	

	

Generally	 speaking,	 NO	 supplementation	 therapies	 increase	 venular	 blood	

flow	when	compared	with	control	group	at	different	time	point	during	resuscitation.	
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Out	of	the	therapies	that	are	still	at	stake	(excluding	inhaled	NO	189	ppm	and	NO-np	

40	mg/kg),	the	following	therapies	generate	an	important	increase	in	venular	blood	

flow:	5	mg/kg	NO-np	during	30	min	resuscitation,	10	mg/kg	and	93	ppm	inhaled	NO	

during	60	min	resuscitation	and	5	mg/kg	–	10	mg/kg	and	93	ppm	inhaled	NO	during	

90	min	resuscitation.	The	other	therapies	during	specific	time	points	are	comparable	

to	control	group.	Any	therapy	performs	below	control	group.		

	

Figure	29.	Venular	blood	flow	performance	with	NO	supplementation	during	resuscitation	procedure	

from	hemorrhagic	shock.	Blood	flow	(nL/s,	mean	±	SD)	at	baseline	were	2.59	±	0.87,	n	=167.	a)	figure	

show	all	the	results	during	resuscitation	procedure.	Figures	b)	to	d)	decompose	the	a)	graph	into	time	

points,	 these	 being	 30,	 60	 and	 90	min.	 For	 comparison	 effects,	 numbers	 from	 1	 to	 5,	 compare	 in	

between	 therapies	 in	 each	 time	 point	 and	 indicate	 a	 P<0.05 between the corresponding groups. †	

P<0.05	compared	to	control	group.	
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Generally	speaking,	NO	supplementation	therapies	increase	venular	diameter	

when	compared	with	control	group	at	different	time	point	during	resuscitation.	The	

following	therapies	generate	an	 important	 increase	 in	venular	diameter:	5	mg/kg	–	

20	 mg/kg	 NO-np	 during	 30	 min	 resuscitation,	 20	 mg/kg	 and	 93	 ppm	 inhaled	 No	

during	60	min	resuscitation	and	10	mg/kg	–	20	mg/kg	and	90	ppm	inhaled	NO	during	

90	min	resuscitation.	The	other	therapies	during	specific	time	points	are	comparable	

to	control	group.	Any	therapy	performs	below	control	group.		

	

Figure	 30.	 Venular	 diameter	 with	 NO	 supplementation	 during	 resuscitation	 procedure	 from	

hemorrhagic	 shock.	 Venular	 diameter	 (µm,	mean	 ±	 SD)	 at	 baseline	were	 50.27	 ±	 15.53,	 n	 =167.	 a)	

figure	 show	all	 the	 results	during	 resuscitation	procedure.	Figures	b)	 to	d)	decompose	 the	a)	graph	

into	 time	 points,	 these	 being	 30,	 60	 and	 90	 min.	 For	 comparison	 effects,	 numbers	 from	 1	 to	 7,	

compare	 in	 between	 therapies	 in	 each	 time	 point	 and	 indicate	 a	P<0.05 between the corresponding 

groups. †	P<0.05	compared	to	control	group.	
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4.4.5. Capillary	Perfusion	

	

One	 of	 the	 most	 important	 finding	 is	 the	 FCD	 response	 after	 NO	 therapies	

(figure	31),	where	all	NO	therapies	show	an	increased	FCD	of	two-fold	an	up,	when	

compared	with	control	group.	Between	NO	therapies,	only	the	89-ppm	inhaled	NO	

underperforms	 the	other	 therapies,	 although	 is	 still	 higher	 than	 control	 group.	 10	

mg/kg	and	20	mg/kg	of	NO-np	are	the	doses	with	higher	FCD	effect.	

	

Figure	 31.	 FCD	 performance	 with	 NO	 supplementation	 during	 resuscitation	 procedure	 from	

hemorrhagic	 shock.	 a)	 figure	 show	 all	 the	 results	 during	 resuscitation	 procedure.	 Figures	 b)	 to	 d)	

decompose	 the	 a)	 graph	 into	 time	 points,	 these	 being	 30,	 60	 and	 90	min.	 For	 comparison	 effects,	

numbers	from	1	to	6,	compare	in	between	therapies	in	each	time	point	and	indicate	a	P<0.05 between 

the corresponding groups. †	P<0.05	compared	to	control	group.	
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4.4.6. Plasma	NO	Isoforms	

	

Figure	 32.	NO	 isoforms	at	R	 90.	 Top:	Nitrite	 results,	 all	 therapies	with	P<0.05	 compared	 to	 control	

group,	highest	results	obtained	by	20	mg/kg,	all	levels	1.8	times	higher	than	control.	Middle:	Nitrate	

levels,	all	therapies	with	P<0.05	compared	to	control	group,	all	therapies	increased	18	%	over	control	

group.	Bottom:	S-nitrosothiol	 levels,	 all	 therapies	with	P<0.05	compared	 to	control	group,	all	 levels	

2.2	times	higher	than	control.	
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Plasma	bioactive	(nitrite	and	S-nitrosothiols)	and	bioinactive	(nitrate)	NO	forms	

concentrations	are	presented	in	Figure	32.	Normoxia	hamster	plasma	nitrite,	nitrate	

and	S-nitrosothiol	concentrations	were	470	±	17	nM,	1.85	±	0.21	µM	and	122	±	15	

nM,	 respectively.	 Plasma	 nitrite,	 nitrate	 and	 S-Nitrosothiols	 significantly	 increased	

after	90	min	resuscitation.	Nitrites	concentration	 is	 increased	at	 least	by	1.8	 times	

the	 normal	 plasma	 nitrite	 concentration,	 nitrates	 are	 increased	 just	 18	 %	 -	 28	 %	

when	compared	to	normal	plasma	concentrations	and	S-nitrosothiols	are	increased	

at	 least	 2.2	 times	 normal	 plasma	 concentration.	 NO	 supplementation	 therapy	

contributes	significantly	to	the	formation	of	NO	isoforms.	

	

4.5. DISCUSSION	

	

The	 pH	 restoration	 produced	 by	 NO	 supplementation	 is	 very	 important,	 as	 it	

states	 the	 acid-base	 restoration	 effect	 and	 entails	 homeostasis.	 Low	 pH	 levels,	 as	

those	caused	by	inhaled	189	ppm	NO	and	control	group,	given	the	circumstances	of	

the	HS	model,	could	mean	that	the	animal	is	still	in	shock	after	90	min	resuscitation,	

could	 present	 pulmonary	 disease	 due	 to	 excessive	 NO	 in	 the	 lungs	 [281].	 These	

results	 also	 add	 up	 with	 the	 BE	 recovery	 data,	 in	 which	 inhaled	 NO	 189	 ppm	

produces	negative	BE	balance	at	the	end	of	the	resuscitation,	indicating	the	animals	

did	not	recovered	from	shock.	

High	 levels	of	pCO2,	as	generated	by	NO-np	40	mg/kg,	can	be	 the	 reflexion	of	

pulmonary	 edema	 and/or	 obstructive	 lung	 disease,	 caused	 by	 high	 NO	

concentrations	 in	the	 lung	[281].	Also,	as	described	above,	high	NO	concentrations	

generate	 congestive	heart	 failure	 and/or	myocardial	 infarction	possibly	due	 to	NO	
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over	 dose,	which	 opens	 the	 cardiac	 ion	 channels	 implicated	 in	 the	 genesis	 of	 the	

cardiac	action	potential	[282].	This	group	also	showed	a	low	arterial	diameter	effect,	

and	a	90-min	end	point	arterial	blood	flow	decay,	meaning	a	possible	poor	perfusion	

effect.	 The	 40-mg/kg	 group	 presented	 a	 high	 nonsurvival	 rate,	 and	 animals	 died	

immediately	after	NO	infusion	through	the	carotid	artery.	These	effect	limits	the	use	

of	this	NO-np	concentration.	

Low	pCO2	 levels,	as	generated	by	189	ppm	inhaled	NO,	are	possibly	caused	by	

hyperventilation	 given	 that	 the	 animal	 is	 still	 in	 shock,	 which	 afterwards	 causes	

hypoxia,	consequences	that	add	up	and	correlate	with	the	pH	and	BE	results	with	in	

this	therapy.	In	fact,	with	this	therapy,	animals	showed	signs	of	discomfort	and	show	

low	 physical	 activity	 after	 resuscitation	 compared	 with	 the	 other	 NO	 therapies,	

indicating	this	therapy´s	drawback.	

Adequate	 capillary	 blood	 flow	 is	 necessary	 to	 overcome	 deficits	 in	 oxygen	

delivery	and	 to	 remove	metabolic	waste	products,	which	 if	 allowed	 to	accumulate	

exert	 toxic	 effects	 [1].	 Adequate	 capillary	 blood	 flow	 is	 translated	 in	 high	 arterial	

blood	 flow	 and	 arterial	 diameter,	 as	 well	 as	 high	 venular	 blood	 flow	 and	 venular	

diameter.	 Taking	 these	 into	 account,	 10	mg/kg	 and	20	mg/kg	NO-np,	 generate	 an	

adequate	arterial	blood	flow,	which	is	directly	related	to	adequate	perfusion.	

Venular	blood	flow	and	venular	diameter	are	comparable	or	superior	to	control	

group	 in	all	 therapies,	all	NO-np	and	 inhaled	NO	90	ppm	generate	more	adequate	

blood	 flow	 and	 venular	 diameter.	 Venular	 blood	 flow	 is	 important	 during	

resuscitation	from	HS	because	it	helps	to	eliminate	the	metabolites	produced	by	the	

cellular	 function,	which	 are	 toxic	 and	 can	 accumulate.	 It	 is	 important	 to	withdraw	

them	 from	cellular	 vicinity	 to	assure	homeostasis	 restoration	as	 these	metabolites	
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are	washed	out	the	system.	Venular	diameter	together	with	blood	flow,	determine	

metabolite	wash	out	during	resuscitation.	

It	 has	 been	 shown	 that	 FCD	 is	 the	 key	 parameter	 in	 determining	 the	

functionality	of	the	microcirculation	and	 is	compromised	 in	different	organs	during	

shock	 conditions	 [9].	 Cabrales,	 Intaglietta	 and	 Tsai	 have	 extensively	 showed,	 that	

from	 the	 microvascular	 point	 of	 view,	 survival	 from	 shock	 correlates	 with	 the	

recovery	of	FCD	rather	than	restoration	of	oxygen	transport	capacity	[10-12]	One	of	

the	most	important	finding	is	the	FCD	response	after	NO	therapies	(figure	31),	where	

all	NO	therapies	show	an	increased	FCD	thus	increased	perfusion	of	two	fold	an	up,	

when	compared	with	control	group.	This	demonstrates	the	perfusion	improvement	

effect	of	NO	supplementation.	Between	NO	therapies,	only	the	89-ppm	inhaled	NO	

underperforms	 the	 other	 therapies,	 although	 is	 still	 higher	 than	 control	 group.	 10	

mg/kg	 and	20	mg/kg	of	NO-np	are	 the	doses	with	higher	 FCD	effect	 and	 thus	 are	

supplementation	therapies	that	have	to	be	considered	as	the	most	desirable	to	work	

with.	

There	are	other	NO-related	molecular	species	that	are	longer	lived	than	free	NO	

but	 are	 still	 capable	 of	 evoking	 many	 if	 not	 all	 of	 the	 physiological	 responses	

associated	with	free	NO	[102].	Along	with	free	NO,	these	other	NO-related	species	

that	 are	 either	 derived	 from	 NO	 or	 capable	 of	 generating	 free	 NO	 are	 termed	

bioactive	NO	 [136,	164,	165]. These	 long-lived	 species	 represent	 forms	of	NO	 that	

can	 be	 transported	 through	 the	 circulation	 with	 retention	 of	 the	 biological	

functioning	of	free	NO.	SNO	-nitroso	thiol	(SNO)	containing	molecules	and	the	nitrite	

anion	 are	 the	 two	 most	 thoroughly	 studied	 members	 of	 the	 bioactive	 NO	 family	

besides	free	NO	[166-168].	NO	supplementation	therapy	contributes	significantly	to	
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the	formation	of	NO	isoforms.	Bioactive	forms:	nitrites	increased	by	1.8	times	and	S-

nitrosothiols	by	2.2	times;	bioinactive	form	nitrate	by	just	28	%.	Nitrite	has	a	direct	

pharmacologic	dilation	effect	in	the	vessel	wall,	which	is	enhanced	by	hypoxia	[283]	

and	S-nitrosothiols	release	of	NO	is	variable	and	dependent	on	temperature,	pH,	the	

presence	 of	 transition	 metals,	 and	 the	 presence	 of	 oxygen	 and	 reactive	 oxygen	

species	[167].	

The	prominent	 role	of	 the	arterioles	as	suppliers	of	NO	has	been	shown	[183]	

who	found	that	arterioles	constitute	a	source	of	NO	that	 is	not	present	 in	venules.	

An	alternative	explanation	is	that	NO	produced	in	the	arterioles	can	be	transported	

downstream	 by	 the	 blood	 [184,	 185].	 According	 to	 this	 hypothesis,	 SON	 is	

transported	in	the	vasculature	by	reacting	with	Cys	93	on	the	hemoglobin	molecule,	

with	 an	 affinity	 that	 is	 governed	 by	 the	 local	 oxygen	 concentration.	 NO	

concentration	 is	 to	 some	 extent	 dependent	 on	 oxygen	 concentration	 because	NO	

synthase	produces	NO	using	arginine	and	O2	and	finally	NO	converts	to	NO2	by	the	

reaction	with	O2,	therefore,	hypoxia	lowers	NO	production	[182].	Despite	this	effect,	

NO-np	have	higher	pO2	levels	than	control	group	and	inhaled	NO,	therefore	SON	are	

transported	 through	 the	 vasculature	 downstream	 to	 the	 venular	 side,	 so	 venular	

blood	flow	and	diameter	are	positively	affected	as	shown	by	the	results.	

	

4.6. CONCLUSIONS	

	

Given	 the	 results	 presented	 above,	 the	 therapy	 with	 better	 outcome	

parameters	is	NO-np,	specifically	10	mg/kg	and	20	mg/kg.	Inhaled	189	ppm	and	NO-

np	40	mg/kg	are	critical	doses	and	generate	the	worst	outcomes,	therefore	they	are	
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ruled	out	as	possible	 treatments.	Although	5	mg/kg	and	 inhaled	NO	90	ppm,	have	

also	positive	outcome,	the	net	effect	is	lower	of	that	of	10	mg/kg	and	20	mg/kg	NO-

np.		

To	guarantee	 the	 robustness	of	 the	proposed	evaluation	method,	 a	 scorecard	

was	 constructed	with	 the	 following	 hemodynamic	 parameters:	 pH,	 BE,	 pO2,	 pCO2,	

MAP,	 arterial	 diameter,	 venular	 diameter,	 arterial	 blood	 flow,	 venular	 blood	 flow,	

FCD,	 nitrite	 and	 S-nitrosothiols	 of	 the	 four	 final	 therapies	 to	 be	 considered,	 these	

being:	5	mg/kg,	10	mg/kg,	10	mg/kg.	In	each	resuscitation	time	point	(30	min,60	min	

and	90	min),	the	parameters	were	ranked	from	1	to	4,	being	the	highest	score	the	

one	parameter	closer	 to	baseline	 levels	or	with	 the	maximum	parameter	value.	At	

the	 end	 of	 the	 ranking	 procedure,	 the	 scores	were	 added	 to	 obtain	 the	 therapies	

with	highest	scores.	

Two	different	scorecards	were	constructed	evaluating	different	weighted	values	

for	the	different	parameters	evaluated.	Table	7	shows	the	results	considering	that	all	

parameters	are	equally	important.	

	

Resuscitation	30	min	

		 Weight	 5	mg/kg	 10	mg/kg	 20	mg/kg	 93	ppm	

MAP	 1	 3	 2	 4	 1	

Arteriolar	diameter	 1	 1	 3	 4	 2	

Arteriolar	Blood	Flow	 1	 1	 2	 3	 4	

Venular	Diameter	 1	 4	 1	 3	 2	

Venular	Blood	Flow	 1	 4	 3	 1	 2	

FCD	 1	 2	 4	 3	 1	

		 TOTAL	 15	 15	 18	 12	
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Resuscitation	60	min	

		 Weight	 5	mg/kg	 10	mg/kg	 20	mg/kg	 93	ppm	

MAP	 1	 2	 3	 4	 1	

Arteriolar	diameter	 1	 1	 2	 3	 4	

Arteriolar	Blood	Flow	 1	 1	 4	 2	 3	

Venular	Diameter	 1	 2	 1	 4	 3	

Venular	Blood	Flow	 1	 2	 4	 3	 1	

FCD	 1	 2	 3	 4	 1	

		 TOTAL	 10	 17	 20	 13	

Resuscitation	90	min	

		 Weight	 5	mg/kg	 10	mg/kg	 20	mg/kg	 93	ppm	

pH	 1	 2	 3	 1	 4	

BE	 1	 2	 3	 4	 5	

pO2	 1	 3	 4	 2	 1	

pCO2	 1	 2	 4	 3	 1	

MAP	 1	 2	 3	 4	 1	

Arteriolar	diameter	 1	 4	 1	 2	 3	

Arteriolar	Blood	Flow	 1	 1	 3	 2	 4	

Venular	Diameter	 1	 1	 4	 3	 2	

Venular	Blood	Flow	 1	 3	 4	 1	 2	

FCD	 1	 2	 4	 3	 1	

Nitrite	 1	 2	 1	 4	 3	

S-nitrosothiols	 1	 3	 4	 2	 1	

		 TOTAL	 160	 209	 179	 176	

GRAN	TOTAL	 		 185	 241	 217	 201	

Table	 7.	 Scorecard	 to	 evaluate	 systemic,	 hemodynamic	 and	 microhemodynamic	 parameters.	 All	

parameters	are	weighted	equal.	In	grey	the	best	supplementation	therapies	with	highest	score.	
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Table	 8	 shows	 the	 results	 considering	 different	 weight	 values	 for	 these	

parameters.	Ad	Hoc	weight	scoring	was	made	from	1	to	10,	considering	BE	–	pH	and	

nitrite	 –	 S-nitrosothiol	 paired	 parameters.	 From	 the	 hypothetical	 increased	 NO	

perfusion	 effect,	 considering	 first	 the	 most	 critical	 parameter	 to	 the	 least,	 the	

response	order	will	be:	FCD,	arterial	blood	flow,	venular	blood	flow,	pH	and	BE,	NO	

bioactive	isoforms,	pO2,	arteriolar	diameter,	venular	diameter,	pCO2	and	MAP.	

Resuscitation	30	min	

		 Weight	

5	

mg/kg	 10	mg/kg	 20	mg/kg	

93	

ppm	

MAP	 1	 3	 2	 4	 1	

Arteriolar	diameter	 4	 1	 3	 4	 2	

Arteriolar	Blood	Flow	 9	 1	 2	 3	 4	

Venular	Diameter	 3	 4	 1	 3	 2	

Venular	Blood	Flow	 8	 4	 3	 1	 2	

FCD	 10	 2	 4	 3	 1	

		 TOTAL	 80	 99	 94	 77	

Resuscitation	60	min	

		 Weight	

5	

mg/kg	 10	mg/kg	 20	mg/kg	

93	

ppm	

MAP	 1	 2	 3	 4	 1	

Arteriolar	diameter	 4	 1	 2	 3	 4	

Arteriolar	Blood	Flow	 9	 1	 4	 2	 3	

Venular	Diameter	 3	 2	 1	 4	 3	

Venular	Blood	Flow	 8	 2	 4	 3	 1	

FCD	 10	 2	 3	 4	 1	

		 TOTAL	 57	 112	 110	 71	
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Resuscitation	90	min	

		 Weight	

5	

mg/kg	 10	mg/kg	 20	mg/kg	 93ppm	

pH	 7	 2	 3	 1	 4	

BE	 7	 2	 3	 4	 5	

pO2	 5	 3	 4	 2	 1	

pCO2	 2	 2	 4	 3	 1	

MAP	 1	 2	 3	 4	 1	

Arteriolar	diameter	 4	 4	 1	 2	 3	

Arteriolar	Blood	Flow	 9	 1	 3	 2	 4	

Venular	Diameter	 3	 1	 4	 3	 2	

Venular	Blood	Flow	 8	 3	 4	 1	 2	

FCD	 10	 2	 4	 3	 1	

Nitrite	 6	 2	 1	 4	 3	

S-nitrosothiols	 6	 3	 4	 2	 1	

		 TOTAL	 151	 218	 164	 175	

GRAN	TOTAL	 		 288	 429	 368	 323	

Table	 8.	 Scorecard	 to	 evaluate	 systemic,	 hemodynamic	 and	 microhemodynamic	 parameters.	

Parameters	are	weighted	Ad	from	10	to	1,	being	10	the	most	important	parameter	to	be	considered.	

In	grey	the	best	supplementation	therapies	with	highest	score.	

	

The	 scorecard	 methods	 also	 show	 that	 supplementation	 therapies	 with	 best	

parameter	 outcomes	 are	 10	mg/kg	 and	 20	mg/kg	NO-np.	 To	 optimize	 the	 dose,	 a	

middle	concentration	group	of	15	mg/kg	of	NO-np	was	proposed.	
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5. OPTIMIZATION	 PROCESS	 DOSAGE	 OF	 NO-NP	 SUPPLEMENTATION	 THERAPIES	

DURING	 HEMORRHAGIC	 SHOCK	 IN	 HAMSTERS	 WITH	 SKIN	 FOLD	 CHAMBER	

WINDOW:	SYTEMIC	AND	MICROHEMODYNAMIC	PARAMETERS.		

	

The	aim	of	this	Chapter	was	to	find	the	most	adequate	NO-np	concentration	so	

that	 systemic	 and	 microhemodynamic	 parameters	 are	 optimized	 during	

resuscitation	procedure	form	hemorrhagic	shock.	

From	 the	 previous	 Chapter,	 the	 optimal	 NO-np	 dose	 lies	 between	 10	 and	 20	

mg/kg	 dose.	 To	 generate	 a	 more	 reliable	 response	 curve,	 an	 additional	 NO-np	

concentration	was	added:	15	mg/kg	NO-np.		

	

5.1. MATERIALS	AND	METHODS	

	

Animal	 preparation,	 systemic	 parameters	 and	 blood	 chemistry,	

microhemodynamics,	 FCD,	 plasma	 nitrite/nitrate,	 and	 microvascular	 setup	 as	

described	in	3.1.	Hemorrhagic	shock	procedure	as	described	in	4.3.1	

	

5.2. RESULTS		

	

To	determine	the	optimal	concentration	of	NO-np	in	each	studied	parameter´s	

response,	a	polynomial	least	squares	regression	was	performed	looking	for	the	best	

fit.	The	results	of	each	NO-np	concentration	were	included:	5	mg/kg,	10	mg/kg,	15	

mg/kg	and	20	mg/kg	at	each	resuscitation	time	point.	Afterwards,	the	minimum	and	

maximum	derivative	method	was	used	(f	'(x)	=	0),	to	determine	the	maximum	NO-np	
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response-concentration	 value.	 This	 was	 done	 with	 Newton-Raphson	 iterative	

method.	

To	compare	results	within	the	0	–	25	mg/kg	range,	Two-Way	Anova	followed	by	

Turkey´s	Multiple	comparison	was	done.		

		

5.2.1. Functional	Capillary	Density	FCD	

	

FCD	 response	maximum	 is	 between	 NO-np	 12.5	 -	 14.2	mg/kg.	 It	 is	 not	 time	

dependent	nor	 concentration	dependent	between	5	mg/kg	 and	20	mg/kg	 (P>0.05	

between	concentrations	and	time	points)	and	lies	within	a	FCD	of	0.80	–	0.88,	which	

is	 superior	 to	 control	 group	 that	 has	 a	 FCD	 of	 0.30	 –	 0.41	 (P<0.05)	 and	 reaches	

almost	normal	physiological	values.	
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Figure	33.	FCD	NO-np	dose	response.	a)	R	30	time	point,	b)	R	60	time	point,	c)	R	90	time	point,	d)	All	

time	 points	 superimposed.	 Bottom:	 Table	 results	 of	 polynomial	 regression	 and	 derivative	

maximum/minimum	data	analysis	with	Newton-Raphson.	†,	P<0.05	compared	to	other	NO-np	doses.		

‡,	P<0.05	compared	to	control	group	at	the	same	time-point.	

	

5.2.2. Arteriolar	Blood	Flow	

	

As	shown	in	figure	34,	arteriolar	blood	flow	response	maximum	is	between	NO-

np	14.5	-	15.1	mg/kg.	It	is	time	dependent	between	HS,	R	30	and	R	60,	where	there	

is	 a	 higher	 blood	 flow	 following	 NO-np	 infusion	 (P>0.05	 between	 time	 points),	

exposing	 the	 immediate	 effect	 of	 intravascular	 NO	 bioavailability.	 15	 mg/kg	

response	is	significantly	higher	than	other	NO-np	doses	(P<0.05)	and	is	comparable	

with	 control	 group	 in	 R	 60	 and	 R	 90,	 although	 it	 has	 a	 greater	 mean	 value.	 The	

arterial	blood	 flow	evaluated	between	 this	maximum	response	concentrations	 lies	
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between	0.88	–	0.93,	reaching	almost	normal	physiological	blood	flow	values,	which	

indicates	the	net	effect	of	NO	in	perfusion	parameters.	

	

Figure	34.	Arterial	Blood	Flow	NO-np	dose	response.	a)	R	30	time	point,	b)	R	60	time	point,	c)	R	90	

time	 point,	 d)	 All	 time	 points	 superimposed.	 Bottom:	 Table	 results	 of	 polynomial	 regression	 and	

derivative	maximum/minimum	data	analysis	with	Newton-Raphson.	†,	P<0.05	compared	all	other	NO-

np	doses.		‡,	P<0.05	compared	to	control	group	at	the	same	time-point.	
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It	 is	 also	 concentration	 dependent	 as	 15	mg/kg	 has	 a	 significant	 difference	

with	control	group	 in	R	30,	and	when	followed	from	HS	 it	accelerates	a	blood	flow	

increase,	 boosting	 the	 slope	 of	 the	 ramp-response	 blood	 flow	when	 compared	 to	

control	group	(figure	35).	

	

Figure	35.	Arterial	Blood	Flow	NO-np	time	response	between	NO-np	15	mg/kg	and	control	group.	

	

5.2.3. Venular	Blood	Flow	

	

Venular	blood	flow	response	maximum	is	between	NO-np	8.6	-	13.4	mg/kg.	20	
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normal	 physiological	 blood	 flow	 values,	 which	 indicates	 the	 net	 effect	 of	 NO	 in	

perfusion	parameters.	

	

Figure	36.	Venular	Blood	Flow	NO-np	dose	response.	a)	R	30	time	point,	b)	R	60	time	point,	c)	R	90	

time	 point,	 d)	 All	 time	 points	 superimposed.	 Bottom:	 Table	 results	 of	 polynomial	 regression	 and	

derivative	maximum/minimum	data	 analysis	with	Newton-Raphson.	 ‡,	 P<0.05	 compared	 to	 control	

group	at	the	same	time-point.	
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5.2.4. pH	

	

NO-np	concentration	optimization	for	pH	does	not	require	to	find	a	maximum	

value,	but	to	find	values	of	the	regression	curve	that	lie	with	in	normal	pH	values	of	

7.35	–	7.45.	These	values	are	obtained	between	NO-np	concentrations	of	6	mg/kg	

and	 18.7	 mg/kg.	 In	 this	 concentration	 range	 pH	 value	 never	 outstrips	 7.45,	 pH	

response	maximum	value	calculated	from	regression	is	11.1	mg/kg	resulting	in	a	pH	

of	7.39.	All	NO-np	concentrations	yield	a	higher	pH	 than	control	group	and	values	

are	comparable	to	normal	physiological	values.	

	

	

Figure	37.	pH	NO-np	response	at	R90.	‡,	P<0.05	compared	to	control	group	at	the	same	time-point.	

Right:	 Table	 results	 of	 polynomial	 regression	 and	derivative	maximum/minimum	data	 analysis	with	

Newton-Raphson.	
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5.2.5. Base	excess	BE	

	

Regression	 procedure	 for	 this	 parameter	 gives	 poorest	 results	 between	 all	

parameters	analyzed,	with	R2=0.07.	Analyzing	figure	38,	BE	results	during	at	R90	are	

negative	 in	 20	 mg/kg,	 and	 all	 are	 positive	 in	 all	 other	 NO-np	 concentrations,	

although	there	is	no	significant	difference.	BE	recovery	is	maximum	in	15	mg/kg,	and	

again	 there	 is	 no	 significant	 difference	 between	 NO-np	 concentrations.	 This	

information	 gives	 us	 some	 insight	 that	 for	 this	 parameter	 NO-np	 concentrations	

should	be	somewhere	between	10	and	15	mg/kg.	

	

Figure	38.	BE	NO-np	response.	Left:	BE	at	HS	and	R90,	At	HS	all	levels	are	negative	as	expected,	In	R90	

only	 20mg/kg	 has	 a	 negative	 value.	 Right:	 BE	 recovery	 or	DBE	 from	 HS	 to	 R90,	 there	 is	 always	 a	

positive	recovery	value	being	maximum	in	15	mg/kg.	
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difference	 between	 5mg/kg	 and	 10	 mg/kg	 with	 20	 mg/kg	 and	 comparable	 mean	

values	between	5	mg/kg,	10	mg/kg	and	15	mg/kg.	All	NO-np	groups	have	nitrite	and	

S-nitrosothiol	levels	significantly	higher	than	control	group	and	normal	physiological	

values.	Nitrite	evaluated	in	its	maximum	is	930	nM	and	S-nitrosothiols	398.	

	

	

Figure	 39.	 NO	 bioactive	 isoforms:	 Nitrite	 and	 S-nitrosothiols	 NO-np	 response	 at	 R90.	 †,	 P<0.05	

compared	 all	 other	 NO-np	 doses.	 	 ‡,	 P<0.05	 compared	 to	 control	 group	 at	 the	 same	 time-point.	

Bottom:	Table	results	of	polynomial	regression	and	derivative	maximum/minimum	data	analysis	with	

Newton-Raphson.		
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5.2.7. Partial	oxygen	pressure	pO2	

	

pO2	 maximum	 value	 is	 reached	 in	 NO-np	 12	 mg/kg	 although	 there	 is	 no	

significant	 difference	 between	 NO-np	 concentrations.	 All	 NO-np	 groups	 have	 pO2	

levels	significantly	higher	than	control	group.	pO2	evaluated	 in	 its	maximum	is	105	

mmHg.	

	

Figure	40.	pO2	NO-np	response	at	R90.	‡,	P<0.05	compared	to	control	group	at	the	same	time-point.	

Right:	 Table	 results	 of	 polynomial	 regression	 and	derivative	maximum/minimum	data	 analysis	with	

Newton-Raphson.		
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5	 mg/kg	 and	 10	 mg/kg	 with	 15	 mg	 of	 NO-np	 with	 P<0.05.	 R90	 has	 a	 very	 flat	

response	 almost	 independent	 of	 the	 NO-np	 concentration.	 Arterial	 diameter	 isn’t	

time	 dependent	 as	 there	 is	 no	 statistical	 difference	 between	 R30,	 R60	 and	 R90	

(P>0.05).	 The	 arterial	 diameter	 evaluated	 between	 this	 maximum	 response	

concentrations	lies	between	1.00	–	1.03,	reaching	and	overcoming	normal	arteriolar	

values,	 which	 indicates	 the	 net	 effect	 of	 NO	 in	 perfusion	 parameters	 and	 the	

vasodilatory	effect	of	NO.	
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Figure	41.	Arterial	diameter	NO-np	dose	response.	a)	R	30	time	point,	†,	P<0.05	compared	to	NO-np	5	

mg/kg	dose,	b)	R	60	time	point,	†,	P<0.05	compared	to	15	mg/kg	NO-np	dose,	c)	R	90	time	point,	d)	

All	 time	 points	 superimposed.	 Bottom:	 Table	 results	 of	 polynomial	 regression	 and	 derivative	

maximum/minimum	data	analysis	with	Newton-Raphson.		
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significantly	 greater	 than	 control	 group	 (P<0.5).	 At	 R90	 all	 NO-np	 concentrations	

except	5	mg/kg	have	a	 significantly	greater	 value	 than	control	 group,	and	 there	 is	

statistical	 difference	 between	 5	mg/kg	 and	 10	mg/kg	 of	NO-np.	 Venular	 diameter	

isn’t	time	dependent	as	there	is	no	statistical	difference	between	R30,	R60	and	R90	

(P>0.05).	 The	 venular	 diameter	 evaluated	 between	 this	 maximum	 response	

concentrations	 lies	between	1.03	–	1.13,	 reaching	and	overcoming	normal	venular	

values,	 which	 indicates	 the	 net	 effect	 of	 NO	 in	 perfusion	 parameters	 and	 the	

vasodilatory	effect	of	NO.		
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Figure	42.	Venular	diameter	NO-np	dose	response.	a)	R	30	time	point,	b)	R	60	time	point,	†,	P<0.05	

compared	to	10	mg/kg	NO-np	dose,	c)	R	90	time	point,	†,	P<0.05	compared	to	5	mg/kg	NO-np	dose,	

d)	 All	 time	 points	 superimposed.	 Bottom:	 Table	 results	 of	 polynomial	 regression	 and	 derivative	

maximum/minimum	data	analysis	with	Newton-Raphson.	‡,	P<0.05	compared	to	control	group	at	the	

same	time-point	

	

5.2.10. Mean	arterial	pressure	MAP	

	

Because	of	the	vasodilatory	effect	of	delivered	NO	in	the	NO-np,	the	expected	

net	effect	on	mean	arterial	pressure	 is	 that	 is	has	 to	be	 lower	 than	control	group,	

because	 the	 space	 occupied	 by	 the	 blood	 is	 greater	 with	 NO	 vasodilation.	 MAP	

results	are	shown	in	figure	43.	Although	there	 is	no	significant	difference	between	

NO-np	 concentrations,	 there	 is	 a	 leaning	 towards	 lower	 MAP	 when	 NO-np	 are	

infused.	The	lowest	MAP	values	are	obtained	between	NO-np	8.5	-	10.2	mg/kg.	MAP	
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isn´t	time	dependent	as	there	is	no	statistical	difference	between	time	points.	

	

Figure	43.	Mean	Arterial	Pressure	(MAP)	NO-np	dose	response.	a)	R	30	time	point,	b)	R	60	time	point,	

c)	R	90	time	point,	d)	All	 time	points	superimposed.	Bottom:	Table	results	of	polynomial	 regression	

and	derivative	maximum/minimum	data	analysis	with	Newton-Raphson.	
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5.3. DISCUSSION	AND	CONCLUSIONS	

	

On	 the	basis	 that	 during	HS	 the	primary	objective	 is	 to	 restore	 the	perfusion,	

then	 recovering	 acid-base	 balance	 to	 converge	 towards	 homeostasis	 and	 finally	

ensuring	 that	 O2	 is	 being	 delivered,	 the	 studied	 parameters	 following	 an	 ad	 hoc	

hierarchy	 based	 on	 this	 statement	 were	 organized	 as	 follows:	 FCD,	 arterial	 blood	

flow,	venular	blood	flow,	NO	bioactive	isoforms,	arterial	diameter,	venular	diameter,	

pH,	BE	and	pO2.	

	

	

Figure	 44.	 Parameter	 intervals.	 Shows	 the	 intervals	 between	 the	 maximum	 outcome	 of	 each	

parameter	 lies.	 ‡,arterial	 blood	 flow	 is	 the	 most	 sensitive	 parameter	 to	 NO-np	 concentration.	 †,	

Parameters	that	its	maximum	outcome	falls	outside	in	NO-np	15	mg/kg.	
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The	most	sensitive	parameter	to	NO-np	concentration,	and	which	is	also	time	

dependent	 is	 arterial	 blood	 flow.	 Its	 outcome	 is	 also	 very	 narrow	 during	 NO-np	

infusion,	and	therefore	delimits	the	NO-np	concentration	range	selection	within	 its	

maximum	result,	to	values	between	values	of	14.1	mg/kg	and	15.1	mg/kg.	Since	data	

was	 obtained	 for	 NO-np	 15	 mg/kg	 concentration,	 this	 will	 be	 the	 target	

concentration	to	work	with.	

The	 parameters	 need	 to	 be	 evaluated,	 in	 which	 a	 maximum	 outcome	 lies	

outside	 this	 target	 NO-np	 concentration.	 Figure	 44	 shows	 the	 intervals	 for	 all	 the	

parameters.	 The	 following	parameters	 fall	 outside	 this	 interval:	 FCD	 venular	 blood	

flow,	NO	bioactive	 isoforms,	pH,	pO2	and	MAP.	Table	9	 shows	 the	 results	of	 these	

parameters	and	their	percentage	difference,	when	assessed	 in	their	maximum	NO-

np	concentration	outcome	and	in	NO-np	15	mg/kg.	

Time	point	 R	30	 R	60	 R	90	

Parameter	 Maximum	

15	

mg/kg	 difference	 Maximum	

15	

mg/kg	 difference	 Maximum	

15	

mg/kg	 difference	

FCD	 0.8	 0.8	 0.00		 0.81	 0.81	 0.00%	 0.88	 0.88	 0.00%	

Venular	Blood	

Flow	 0.7	 0.61	 12.86%	 0.87	 0.81	 6.90%	 0.86	 0.82	 4.65%	

Nitrite	 -	 -	 		 		 		 		 930	 930	 0.00%	

S-nitrosothiols	 -	 -	 		 		 		 		 397	 377	 5.04%	

Arterial	Diameter	 1.01	 1.01	 0.00%	 1.03	 1.02	 0.97%	 1	 0.99	 1.00%	

Venular	Diameter	 1.03	 1.03	 0.00%	 1.08	 1.02	 5.56%	 1.08	 1.08	 0.00%	

pH	 -	 -	 		 		 		 		 7.38	 7.37	 0.14%	

pO2	 -	 -	 		 		 		 		 106	 104	 1.89%	

MAP	 0.58	 0.64	 10.34%	 0.61	 0.63	 3.28%	 0.62	 0.66	 6.45%	

Table	9.	Parameter	comparison	between	NO-np	concentration	for	maximum	outcome	and	NO-np	15	

mg/kg.	In	red	the	parameters	with	a	difference	of	more	than	5	%	between	NO-np	concentrations.	
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Venular	blood	flow	has	a	difference	of	more	than	5	%	at	R	30	(0.61)	and	R	90	

(0.81)	results,	although	they	are	significantly	higher	than	control	group	(0.43	at	R	30	

and	 0.50	 at	 R	 60	 respectively).	 The	 same	 happens	 with	 venular	 diameter	 at	 R	 60	

(1.02),	which	 is	 still	 comparable	 to	 baseline	 values.	 This	 outcome	decrease	 should	

not	affect	the	general	perfusion	outcome	and	homeostasis	restoration.	

MAP	has	a	higher	predicted	outcome	value	at	R	30	and	R	90	with	NO-np	15	

mg/kg	 versus	 its	 minimum	 NO-np	 concentration	 outcome.	 MAP	 is	 the	 only	

parameter	 that	 during	 the	 first	 derivative	 f´(x)	maximum/minimum	deduction,	 the	

value	with	in	the	interval	of	NO-np	5	–	20	mg/kg	was	a	local	minimum	and	not	a	local	

maximum.	For	these	reasons,	it	should	not	affect	the	general	perfusion	outcome	and	

homeostasis	restoration.	

It	 is	 important	to	note	that	the	sum	of	the	arterial	and	venular	parameters,	

both	blood	flow	and	diameter,	 is	consistent	with	perfusion	 increase,	given	the	fact	

that	blood	 flow	and	diameter	 results	are	equal	or	greater	 than	control	 group,	and	

recalling	 that	 the	venular	 side	works	as	a	capacitor,	 increasing	 its	volume	space	 to	

store	blood,	it	can	be	inferred	that	systemic	blood	flow	is	increased	by	NO	contained	

in	 the	 NO-np.	 This	 is	 also	 confirmed	 by	 the	MAP	 parameter,	 which	 as	mentioned	

before	has	a	local	minimum	in	this	interval,	although	there	is	no	statistical	difference	

between	NO-np	concentrations.	

The	 NO-np	 supplementation	 therapy	 with	 best	 perfusion	 outcome,	

homeostasis	and	acid-base	balance	restoration	is	15	mg/kg.		
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6. SURVIVAL	 STUDY	 OF	 NO-NP	 SUPPLEMENTATION	 THERAPIES	 DURING	

HEMORRHAGIC	SHOCK	IN	HAMSTERS	WITH	SKIN	FOLD	CHAMBER	WINDOW.		

	

The	purpose	of	this	chapter	was	to	determine	whether	there	is	any	difference	in	

survival	time	(8	days)	after	severe	hemorrhagic	shock	following	hemorrhagic	shock,	

using	 a	 conventional	 hydroxyethyl	 starch	 (HES)-based	 plasma	 expander	 or	 the	

expander	plus	NO-np	15	mg/kg	for	NO	supplementation.	

	

6.1. MATERIALS	AND	METHODS	

	

Animal	 preparation,	 systemic	 parameters	 and	 blood	 chemistry,	

microhemodynamics,	 FCD,	 plasma	 nitrite/nitrate,	 and	 microvascular	 setup	 as	

described	in	3.1.	The	Hemorrhagic	shock	procedure	was	as	described	in	4.3.1.	

	

6.1.1. Survival	Study	

	

For	survival	study	procedure,	HR	protocol	described	above	and	then	observed	

for	8	days.	Animals	where	considered	nonsurvivors	 if	 they	had	an	 intraday	weight	

loss	of	more	than	10	%,	 if	 there	was	no	evidence	of	 feeding	and	hydration,	erratic	

behavior	in	daily	routines	(i.e.	animal	doesn´t	build	sleeping	area)	or	dead.		

Survival	 function	was	 calculated	with	 the	 Kaplan-Meier	 estimator	 or	 product	

limit	 estimator,	 which	 is	 a	 non-parametric	 statistic	 that	 measures	 the	 fraction	 of	

patients	 living	 for	 a	 certain	 amount	 of	 time	 after	 treatment.	 For	 our	 case,	 this	

amount	of	 time	 is	8	days,	due	the	fact	 that	 longer	stays	 in	 ICU	unit	are	associated	
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with	 significant	mortality	 and	 resource	utilization	 [284].	 The	 calculations	 take	 into	

account	 the	 censored	 observations.	 Subjects	 whose	 data	 are	 censored	 -	 either	

because	 they	 left	 the	 study	 or	 because	 the	 study	 ended	 –	 cannot	 contribute	 any	

information	beyond	the	time	of	censoring.	Given	that	deaths	in	early	time	points	are	

more	 correlated	 with	 the	 outcome	 of	 resuscitation	 from	 HS,	 the	 Gehan-Breslow-

Wilcoxon	method	was	selected	to	compare	survival	curves,	which	gives	more	weight	

to	deaths	at	early	time	points	than	the	Mantel-Cox	tests	or	log-rank	test.		

	

6.2. RESULTS	

	

Twelve	 animals	 were	 entered	 into	 the	 study	 and	 divided	 randomly	 in	 two	

groups	before	the	experiment:	HES	(n=6;	68	±	5	g)	and	HES	+	NO-np	10	mg/kg	(n=6;	

58	±	4	g).	All	animals	tolerated	the	treatment	and	the	entire	protocol	without	visible	

signs	of	discomfort.		

	

6.2.1. 8-Day	Survival	Study	

	

Figure	45	shows	the	results	for	the	survival	function.	Control	and	NO-np	curves	

are	 significantly	 different	 with	 a	 p-value	 of	 0.0123.	 The	 median	 survival	 for	 the	

control	 group	 is	 4	 days	 while	 there	 is	 no	median	 result	 for	 the	 15	mg/kg	 NO-np	

group	since	 there	were	no	deaths	 reported.	The	hazard	 ratio	between	 the	control	

groups	and	the	NO-np	groups	is	11.34	:	1,	which	means	that	there	will	be	11	patient	

death	when	treated	with	only	HES	versus	1	death	when	treated	with	15	mg/kg	NO-

np.	
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Figure	45.	Survival	function.	Left:	Survival	curves	for	both	groups,	15	mg/kg	NO-np	and	control	group	

(HES).	Right:	statistical	results	with	the	Gehan-Breslow-Wilcoxon	test	for	P-value	(p-value	=	0.0213	<	

0.05),	median	survival	and	hazard	ratio	of	11:1	(control:NO-np).	

	

6.2.2. Blood	Gas	Parameters	

	

15	mg/kg	NO-np	therapy	has	a	higher	pH	than	control	group	at	the	end	of	the	

90	minute	resuscitation	procedure	(Figure	46)	with	P<0.05,	and	reached	normal	pH	

levels.	

	

Figure	46.	pH	shift	after	90	minute	resuscitation	with	15	mg/kg	NO-np	therapy.†,	P<0.05	compared	to	

baseline.	‡,	P<0.05	between	groups	at	the	same	time	point.	Grey	rectangular	zone	determines	normal	

pH	levels	between	7.35	and	7.45.	
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Pulmonary	 microcirculation	 appears	 to	 be	 affected	 by	 the	 NO-np,	 as	 the	

arterial	blood	pO2	is	higher	(P<0.05)	with	NO-np	therapy	compared	to	baseline	levels	

(Figure	47),	which	shows	the	advantages	of	the	NO-np	regarding	O2	transport.		

	

Figure	 47.	 Arterial	 pO2	 shift	 after	 90	minute	 resuscitation	with	15	mg/kg	NO-np	 therapy.	 †,	 P<0.05	

compared	to	baseline.	

	

Reviewing	 the	arterial	blood	pC02	 results	 (figure	48),	NO-np	recover	normal	

pCO2	levels	to	levels	comparable	to	baseline,	while	control	group	shows	statistically	

lower	levels	than	baseline	and	NO-np	at	the	same	time	point.			

	

Figure	48.	Arterial	pCO2	shift	after	90	minute	resuscitation	with	15	mg/kg	NO-np	therapy.	†,	P<0.05	

compared	to	control	group.	‡,	P<0.05	between	groups	at	the	same	time	point	
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Both	groups	recover	positive	arterial	BE	values	after	resuscitation	(Figure	49	

a).	 With	 statistical	 difference,	 NO-np	 therapy	 recovers	 BE	 with	 higher	 rate	 than	

control	groups	with	HES	(Figure	49	b).	

		

Figure	49.	Arterial	BE	recovery	after	90	minute	resuscitation	with	15	mg/kg	NO-np	therapy.	For	figure	

b)	this	recovery	value	DBE	is	obtained	by	subtracting	the	BE	during	HS	with	the	BE	obtained	at	the	end	

of	the	resuscitation	procedure,	and	it	 indicates	the	restoring	capability	of	BE	of	each	NO	therapy.	‡,	

P<0.05	between	groups	at	the	same	time	point.	

	

6.2.3. Systemic	Parameters	

	

Mean	arterial	blood	pressure	 results	during	 resuscitation	are	 shown	 in	 figure	

50.	 All	 time	 points	 in	 both	 groups	 are	 statistically	 lower	 than	 baseline	 levels,	 and	

there	is	statistical	difference	between	groups	in	each	time	point.	The	control	group	

always	has	a	higher	BP	than	NO-np,	in	which,	blood	vessels	are	dilated	so	there	is	a	

greater	 volume	 space	 to	 fill	 by	 circulating	 blood	 in	 the	 NO-np	 group	 decreasing	

systemic	BP.	
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Figure	 50.	 Effects	 in	 blood	 pressure	 with	 15	 mg/kg	 NO-np	 supplementation	 during	 resuscitation	

procedure	from	hemorrhagic	shock.	†	P<0.05	compared	to	baseline	levels.	‡,	P<0.05	between	groups	

at	the	same	time	point.	For	comparison	effects,	numbers	from	1	to	3,	compare	in	the	same	therapy	in	

each	time	point	and	indicate	a	P<0.05.	
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The	 response	of	NO-np	 (figure	 51)	 is	 an	 increased	 arterial	 blood	 flow	due	 to	
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Figure	 51.	 Arterial	 blood	 flow	 and	 diameter	 performance	 with	 15	 mg/kg	 NO-np	 supplementation	

therapy	 during	 resuscitation	 procedure	 from	 hemorrhagic	 shock.	 Blood	 flow	 (nL/s,	 mean	 ±	 SD)	 at	

baseline	were	8.30	±	4.53,	n	=165.	a)	Arterial	blood	flow	data.	†	P<0.05	compared	to	baseline	levels.	‡,	

P<0.05	 between	 groups	 at	 the	 same	 time	 point.	 For	 comparison	 effects,	 numbers	 from	 1	 to	 4,	

compare	in	the	same	therapy	in	each	time	point	and	indicate	a	P<0.05. b)	Arterial	diameter	data.	

	

The	 response	 of	 NO-np	 (figure	 52)	 is	 an	 increased	 venular	 blood	 flow	 and	

diameter	due	to	higher	NO	release	in	al	time	points.	Important	to	note	that	there	is	a	

statistical	difference	between	group	time	points,	 in	which	control	values	are	 lower	

than	 baseline	 and	 lower	 than	 NO-np	 in	 blood	 flow,	 and	 NO-np	 diameters	 are	

comparable	or	higher	to	baseline	values	and	control	group,	due	to	the	vasodilatory	

effect	of	NO.	

	

Figure	 52.	 Venular	 blood	 flow	 and	 diameter	 performance	 with	 15	 mg/kg	 NO-np	 supplementation	

therapy	 during	 resuscitation	 procedure	 from	 hemorrhagic	 shock.	 Blood	 flow	 (nL/s,	 mean	 ±	 SD)	 at	

baseline	were	8.30	±	4.53,	n	=165.	 a)	Venular	blood	 flow	data.	b)	Venular	diameter	data.	 †	P<0.05	
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compared	 to	 baseline	 levels.	 ‡,	 P<0.05	 between	 groups	 at	 the	 same	 time	 point.	 For	 comparison	

effects,	numbers	from	1	to	2,	compare	in	the	same	therapy	in	each	time	point	and	indicate	a	P<0.05.	

	

6.2.5. Capillary	Perfusion	

	

One	of	the	most	important	findings	is	the	FCD	response	after	15	mg/kg	NO-np	

infusion	 (figure	53),	where	 it	 shows	an	 increased	FCD	of	 two	 fold	when	compared	

with	control	group,	even	comparable	to	baseline	at	R90.	

	

Figure	 53.	 FCD	performance	with	15	mg/kg	NO-np	supplementation	during	 resuscitation	procedure	

from	 hemorrhagic	 shock.	 †	 P<0.05	 compared	 to	 baseline	 levels.	 ‡,	 P<0.05	 between	 groups	 at	 the	

same	time	point.	

	

6.2.6. Plasma	NO	Isoforms	

	

Plasma	 bioactive	 (nitrite	 and	 S-nitrosothiols)	 are	 presented	 in	 Figure	 54.	

Normoxia	hamster	plasma	nitrite	 and	S-nitrosothiol	 concentrations	were	470	±	17	

nM,	 1.85	 ±	 0.21	µM	and	121	±	 15	nM,	 respectively.	 Plasma	nitrite,	 nitrate	 and	 S-

Contro
l

15
 m

g/kg
0.0

0.5

1.0

1.5

FCD (Normalized)

Experimental Group

R30
R60
R90

† ‡
† ‡ † ‡

† ‡ † ‡  ‡



 142 

Nitrosothiols	 significantly	 increased	 after	 90	 min	 resuscitation.	 Nitrites	

concentration	is	increased	by	1.8	times	the	normal	plasma	nitrite	concentration	and	

S-nitrosothiols	 are	 increased	 by	 3	 times	 normal	 plasma	 concentration.	 NO	

supplementation	therapy	contributes	significantly	to	the	formation	of	NO	isoforms.	

	

	

Figure	54.	NO	isoforms	at	R	90.	a)	Nitrite	results,	P<0.05	compared	to	control	group,	level	1.8	times	

higher	 than	control.	b)	 S-nitrosothiol	 levels,	P<0.05	compared	 to	 control	 group	3	 times	higher	 than	

control. †	P<0.05	compared	to	control	group.	

	

6.3. DISCUSSION	AND	CONCLUSIONS	

	

One	 of	 the	 most	 important	 findings	 in	 this	 chapter	 is	 the	 survival	 response	

produced	by	NO-np	 treatment.	There	 is	a	 significant	 statistical	difference	between	

groups,	making	the	NO-np	the	treatment	of	choice,	with	a	hazard	value	of	over	11:1,	

which	 means	 that	 the	 model	 predicts	 11	 deaths	 by	 HES	 resuscitation	 versus	 one	

death	with	NO-np	supplementation	treatment.	Also,	the	mean	survival	time	of	HES	

is	4	days,	while	the	mean	survival	time	of	NO-np	is	outside	the	observation	period	of	

eight	days.	
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Ischemia/reperfusion	 (IR)	 injury	 is	a	central	 component	 in	 the	pathogenesis	of	

hemorrhagic	 shock	 and	 is	 the	 leading	 cause	 of	 morbidity	 and	 mortality	 in	 the	

western	world.	Subcellularly,	mitochondrial	dysfunction,	characterized	by	depletion	

of	ATP,	calcium-induced	opening	of	the	mitochondrial	permeability	transition	pore,	

and	 exacerbating	 ROS	 formation,	 plays	 and	 integral	 role	 in	 the	 progression	 of	 IR	

injury.	 NO	 is	 known	 to	 modulate	 mitochondrial	 function,	 and	 mediate	

cytoprotection	after	IR	[207].	

During	Ischemia	NO	and	N2O3	(from	nitrite	and	s-nitrosothiol	sources),	mediate	

signaling	 within	 the	mitochondrion	 by	 S-nitrosating	 and	 inhibiting	 complexes	 I,	 V,	

opening	KATP	channels,	preventing	cytochrome	c	release	and	nytrosilating	complex	

V.	 NO	 also	 prevents	 the	 assembly	 of	 the	 permeability	 pore.	 GSH	 present	 in	 the	

mitochondrial	 matrix	 is	 able	 to	 react	 with	 S-nitrosated	 proteins	 to	 mediate	

glutathionylation	 [207].	 The	 regulation	 of	 mitochondrial	 function	 through	 these	

mechanisms	 results	 in	 the	 protection	 from	 IR,	 which	 explains	 the	 difference	 in	

survival	between	HES	resuscitation	and	NO-np	supplementation	therapy	proposed	in	

this	work.	

The	 pH	 restoration	 produced	 by	 NO	 supplementation	 is	 very	 important,	 as	 it	

states	 the	 acid-base	 restoration	 effect	 and	 entails	 homeostasis.	 These	 results	 also	

add	up	with	the	BE	recovery	data.	

Low	arterial	pCO2	levels	in	control	group	are	possibly	caused	by	hyperventilation,	

given	that	the	animal	is	still	in	shock.	The	continued	shock	condition	causes	hypoxia.	

All	 these	parameters	add	up	and	correlate	with	 the	pH	and	BE	 results	with	 in	 this	

group.	

Adequate	 capillary	 blood	 flow	 is	 necessary	 to	 overcome	 deficit	 in	 oxygen	
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delivery	and	 to	 remove	metabolic	waste	products,	which	 if	 allowed	 to	accumulate	

exert	 toxic	effects	 [1].	Adequate	capillary	blood	flow	translates	 in	high	arterial	and	

venular	blood	flow,	and	venular	diameter.	Therefore,	15	mg/kg	of	NO-np	generates	

an	arterial	blood	flow,	which	is	directly	related	to	increased		perfusion.		

Venular	blood	flow	and	venular	diameter	are	comparable	or	superior	to	control	

group.	Venular	blood	flow	is	important	during	resuscitation	from	HS	because	it	helps	

to	eliminate	the	metabolites	produced	by	the	cellular	function,	which	are	toxic	and	

can	 accumulate.	 It	 is	 important	 to	 withdraw	 them	 from	 cellular	 vicinity	 to	 assure	

homeostasis	 restoration	as	 these	metabolites	are	washed	out	 the	 system.	Venular	

diameter	 together	 with	 blood	 flow,	 determine	 metabolite	 wash	 out	 during	

resuscitation.	

It	 has	 been	 shown	 that	 FCD	 is	 the	 key	 parameter	 in	 determining	 the	

functionality	of	the	microcirculation	and	 is	compromised	 in	different	organs	during	

shock	 conditions	 [9].	 Cabrales,	 Intaglietta	 and	 Tsai	 have	 extensively	 showed,	 that	

from	 the	 microvascular	 point	 of	 view,	 survival	 from	 shock	 correlates	 with	 the	

recovery	of	FCD	rather	than	restoration	of	oxygen	transport	capacity	[10-12]	One	of	

the	 most	 important	 findings	 is	 the	 FCD	 response	 after	 15mg/kg	 NO-np	

supplementation	 (figure	 51),	 that	 shows	 an	 increased	 FCD	 and	 thus	 a	 two	 fold	

increase	 in	 perfusion,	 when	 compared	 to	 control	 group.	 This	 demonstrates	 the	

perfusion	improvement	effect	of	NO	supplementation.		

There	are	other	NO-related	molecular	species	that	are	longer	lived	than	free	NO	

but	 are	 still	 capable	 of	 evoking	 many	 if	 not	 all	 of	 the	 physiological	 responses	

associated	with	free	NO	[102].	Along	with	free	NO,	these	other	NO-related	species	

that	 are	 either	 derived	 from	 NO	 or	 capable	 of	 generating	 free	 NO	 are	 termed	
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bioactive	NO	 [136,	164,	165]. These	 long-lived	 species	 represent	 forms	of	NO	 that	

can	 be	 transported	 through	 the	 circulation	 with	 retention	 of	 the	 biological	

functioning	 of	 free	 NO.	 Nitrosothiols	 (SNO)	 containing	 molecules	 and	 the	 nitrite	

anion	 are	 the	 two	 most	 thoroughly	 studied	 members	 of	 the	 bioactive	 NO	 family	

besides	free	NO	[166-168].	NO	supplementation	therapy	contributes	significantly	to	

the	formation	of	NO	isoforms.	Bioactive	forms:	nitrites	increased	by	1.8	times	and	S-

nitrosothiols	 by	 3	 times.	 Nitrite	 has	 a	 direct	 pharmacologic	 dilation	 effect	 in	 the	

vessel	wall,	which	is	enhanced	by	hypoxia	[283]	and	S-nitrosothiols	release	of	NO	is	

variable	and	dependent	on	temperature,	pH,	the	presence	of	transition	metals,	and	

the	 presence	 of	 oxygen	 and	 reactive	 oxygen	 species	 (ROS)	 [167],	 giving	 a	 potent	

source	 of	 bioactive	 NO	 under	 these	 physiological	 conditions,	 which	 are	 present	

during	 resuscitation	 from	 hemorrhagic	 shock:	 varying	 body	 temperature,	 low	 pH	

levels	due	to	acid	base	imbalance	and	high	levels	of	ROS	due	to	shock	condition.	

The	prominent	 role	of	 the	arterioles	as	suppliers	of	NO	has	been	shown	[183]	

who	found	that	arterioles	constitute	a	source	of	NO	that	 is	not	present	 in	venules.	

An	alternative	explanation	is	that	NO	produced	in	the	arterioles	can	be	transported	

downstream	 by	 the	 blood	 [184,	 185].	 According	 to	 this	 hypothesis,	 SNO	 is	

transported	in	the	vasculature	by	reacting	with	Cys	93	on	the	hemoglobin	molecule,	

with	 an	 affinity	 that	 is	 governed	 by	 the	 local	 oxygen	 concentration.	 NO	

concentration	 is	 to	 some	 extent	 dependent	 on	 oxygen	 concentration	 because	NO	

synthase	produces	NO	using	arginine	and	O2	and	finally	NO	converts	to	NO2	by	the	

reaction	with	O2,	therefore,	hypoxia	lowers	NO	production	[182].	Despite	this	effect,	

NO-np	have	higher	pO2	levels	than	control	group	and	inhaled	NO,	therefore	SNO	are	

transported	 through	 the	 vasculature	 downstream	 to	 the	 venular	 side,	 so	 venular	
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blood	flow	and	diameter	are	positively	affected	as	shown	by	the	results.	

Ischemia/reperfusion	 (IR)	 injury	 is	a	central	 component	 in	 the	pathogenesis	of	

several	 diseases	 and	 is	 a	 leading	 cause	 of	morbidity	 and	mortality	 in	 the	Western	

World.	Subcellularly,	mitochondrial	dysfunction,	characterized	by	depletion	of	ATP,	

calcium-induced	 opening	 of	 the	 mitochondrial	 permeability	 transition	 pore,	 and	

exacerbated	 reactive	oxygen	 species	 (ROS)	 formation,	plays	 an	 integral	 role	 in	 the	

progression	 of	 IR	 injury.	 Nitric	 oxide	 (NO)	 is	 known	 to	 modulate	 mitochondrial	

function	and	mediate	cytoprotection	after	IR.	NO-np	serve	as	an	immediate	source	

of	 NO	 and	 NO	 bioactive	 isoforms,	 which	 together	 help	 in	 the	 modulation	 of	

mitochondrial	activity,	therefore	improving	the	morbidity	and	mortality	of	I/R,	which	

explains	the	higher	survival	rate	of	animals	treated	with	NO-np.	
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7. NO-np	 SUPPLEMENTATION	 THERAPY	 DURING	 HEMORRHAGIC	 SHOCK	 IN	 A	

SWINE	MODEL.	

	

The	 information	 presented	 here	 was	 taken	 from	 the	 article	 by	 Swindle	 et.	 al.	

[285].	

Swine	are	considered	to	be	one	of	the	major	animal	species	used	in	translational	

research,	surgical	models,	and	procedural	training	and	are	increasingly	being	used	as	

an	 alternative	 to	 canines	 or	 primates	 as	 the	 choice	 of	 non-rodent	 species	 in	

preclinical	toxicological	testing	of	pharmaceuticals.		

Swine	share	a	number	of	anatomic	and	physiologic	characteristics	with	humans	

that	 make	 them	 potentially	 a	 better	 model	 for	 some	 procedures	 and	 studies	

compared	with	other	large	animal	species.	Systems	that	are	most	commonly	cited	as	

being	 suitable	 models	 include	 the	 cardiovascular,	 urinary,	 integumentary,	 and	

digestive	systems.		

	

7.1. CARDIOVASCULAR	SYSTEM	

	

The	 swine	 heart	 is	 typical	 of	 most	 mammals	 with	 a	 few	 variations.	 The	

distribution	of	blood	supply	by	the	coronary	artery	system	is	almost	identical	to	that	

of	 humans	 [51,	 286-289].	 In	 addition,	 the	 size	 of	 the	 heart	 and	 blood	 vessels	 in	

sexually	mature	Hanford	minipigs	 is	more	analogous	 to	 the	 size	 in	humans	 than	 is	

either	the	dog	or	the	nonhuman	primate.	The	major	anatomic	variation	from	other	

mammalian	species	is	the	presence	of	the	large	left	azygos	(hemiazygos)	vein,	which	

enters	the	coronary	sinus.	In	other	mammals,	a	hemiazygos	vein	enters	the	precava.	
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The	 blood	 supply	 to	 the	 coronary	 arteries	 and	 conduction	 system	 is	 right-side	

dominant	 and	 is	 similar	 to	 90	 %	 of	 the	 human	 population.	 Preexisting	 collateral	

blood	supply	 is	 largely	absent,	and	thus	occlusion	will	 result	 in	a	total	 infarct	 [286,	

288,	 290].	 Other	 preclinical	 species,	 such	 as	 the	 dog,	 have	 existing	 collateral	

circulation.	The	peripheral	vasculature	of	 swine	has	 some	variations	 from	the	dog.	

The	external	jugular	vein	is	relatively	large	in	the	pig,	but	not	superficial	as	in	other	

common	 laboratory	 animals.	 The	 vein	 is	 located	medial	 to	 a	 line	 drawn	 from	 the	

angle	 of	 the	 mandible	 to	 the	 point	 of	 the	 shoulder,	 at	 the	 same	 depth	 as	 the	

common	 carotid	 artery	 and	 internal	 jugular	 vein.	 The	 cephalic	 vein	 is	 quite	

prominent	and	superficial	as	it	crosses	the	neck	at	the	level	of	thoracic	inlet.	Valves	

are	present	in	the	peripheral	veins.	The	endocardium	and	epicardium	are	activated	

simultaneously	because	of	the	differences	in	the	distribution	of	the	nerve	fibers.	The	

conduction	 system	 contains	 large	 numbers	 of	 adrenergic	 and	 cholinergic	 fibers	 in	

the	 atrioventricular	 node	 and	 left	 and	 right	 bundle	 branches.	 The	 pig	 has	 a	more	

neuromyogenic	conduction	system	than	the	human.	Despite	these	differences,	 the	

pig	has	been	used	successfully	in	studies	of	the	cardiac	conduction	system.	[51,	286,	

288].	

The	heart	 is	 approximately	0.5	%	of	 the	body	weight	 in	 a	 sexually	mature	pig	

[51].	The	heart	weight	percentage	(compared	with	body	weight)	decreases,	as	farm	

pigs	continue	to	grow,	to	approximately	0.3	%	in	older	animals	[51,	288].	Swine	have	

been	established	as	a	growing	heart	model	 for	 surgical	procedures.	The	growth	of	

the	heart	and	cardiovascular	system	from	birth	to	4	months	of	age	 is	analogous	to	

the	growth	of	the	same	system	in	humans	into	the	mid-teens	[51,	288].	
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7.2. MATERIALS	AND	METHODS	

	

Given	 the	 expertise	 acquired	 throughout	 the	 years	 in	 swine	 models	 for	

cardiovascular	 research	 inside	 the	Biomedical	Engineering	Group	of	La	Universidad	

de	 Los	 Andes	 and	 the	 Blood	 Substitutes	 Group	 of	 Fundación	 Cardioinfantil,	 the	

hemorrhagic	 shock	 model	 was	 already	 developed	 and	 standardized	 and	 is	 briefly	

described	below.	This	protocol	was	evaluated	and	approved	by	the	IRB	of	Fundacion	

Cardioinfantil.	

	

7.2.1. Animal	Preparation	

	

The	 research	 was	 conducted	 in	 eight	 Yorkshire	 pigs	 between	 16-20	 kg.	 The	

experimental	 protocol	 and	 animal	 management	 carefully	 followed	 the	 protocol	

approved	by	the	ethics	committee	of	Fundación	Cardioinfantil	and	La	Universidad	de	

Los	 Andes.	 Animals	 were	 anesthetized	 with	 a	 mixture	 of	 xylazine	 -	 atropine	 –	

midazolam	intramuscularly	and	were	maintained	with	propofol	during	hemorrhagic	

shock	 and	 resuscitation.	 The	 animals	were	 instrumented	 via	 carotid	 artery	with	 a	

pressure	catheter	for	MAP	and	Swan	Ganz	catheter	to	measure	cardiac	output	(CO)	

and	 pulmonary	 arterial	 pressure	 (PAP).	 Animals	 were	 randomly	 separated	 in	 two	

groups:	Control	group	with	HES	and	NO-np	group	with	HES	and	10	mg/kg	NO-np.	
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7.2.2. Systemic	Parameters	and	Blood	Chemistry	

	

Oxygen	 saturation	 was	 measured	 by	 pulse	 oximetry	 located	 in	 the	 earlobe.	

With	the	implanted	pressure	catheter	and	the	Swan	Ganz,	the	following	parameters	

where	measured:	HR,	MAP,	CO,	PAP,	Pulmonary	Wedge	Pressure	(PWP)	and	Central	

Venous	Pressure	 (CVP),	with	 the	aid	of	a	vital	 signs	monitor.	CO	was	measured	by	

thermodilution.	Arterial	and	venous	blood	samples	were	taken	in	heparinized	tubes	

and	immediately	analyzed	for	pO2,	pCO2,	BE,	pH,	Hb,	Hct,	lactate	and	HCO3.		

	

7.2.3. Experimental	Setup	

	

All	animals	were	treated	and	prepared	in	the	same	way	and	were	subjected	to	

an	identical	scheme	hemorrhagic	shock.	The	anesthetized	animals	were	lied	down	in	

a	 supine	 position.	 Endotracheal	 intubation	 was	 performed	 and	 the	 animals	 were	

connected	 to	 a	 breathing	 machine.	 All	 parameters	 were	 measured	 at	 BL	 for	

comparison.		

Animals	 were	 exsanguinated	 until	 a	 MAP	 of	 40mmHg.	 This	 pressure	 was	

maintained	for	one	hour	with	removal	of	small	aliquots	of	blood	if	necessary.	Follow	

up	time	point	were	0,	15,	30	and	50	min	during	HS.	

Resuscitation	was	performed	infusing	HES	to	control	group	and	HES	+	10	mg/kg	

NO-np	for	the	study	group.	NO	nanoparticles	were	initially	diluted	in	3	ml	of	alcohol,	

medium	 in	which	no	NO	release	 is	generated,	and	then	mixed	with	100	ml	of	HES	

which	was	used	as	the	initial	 infusion	aliquot	for	resuscitation,	ensuring	dose	of	10	

mg/kg	required.	HES	was	infused	to	achieve	a	MAP	equivalent	to	baseline	and	was	
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controlled	by	the	constant	infusion	of	HES	if	necessary.	Follow	up	time	point	were	0,	

15,	30,	60	and	90	min	during	resuscitation.	The	total	duration	of	the	experiment	was	

5	hours.		

	

7.2.4. Statistical	Analysis	

	

Results	are	presented	as	mean	± standard	deviation.	The	Grubbs'	method	was	

used	to	assess	closeness	for	all	measured	parameter	values	at	baseline.	Data	within	

each	 group	 was	 analyzed	 using	 analysis	 of	 variance	 for	 repeated	 measurements	

(ANOVA,	Kruskal-Wallis	 test).	When	appropriate,	 post	hoc	analysis	was	performed	

with	the	Turkey	multiple	comparison	test.	Data	between	groups	was	analyzed	using	

two-way	 ANOVA	 nonparametric	 repeated	measurements,	 and,	 when	 appropriate,	

post	 hoc	 analyses	 were	 performed	 using	 Bonferroni	 tests.	 All	 statistics	 were	

calculated	 using	 GraphPad	 Prism	 7.0	 (GraphPad	 Software,	 Inc.,	 San	 Diego,	 CA).	

Changes	were	 considered	 statistically	 significant	 if	 P	 <	 0.05.	 Randomization	of	 the	

animals	to	the	study	solutions	was	implemented	if	needed	per	the	protocol.	

	

7.3. RESULTS	

	

A	total	of	eight	animals	were	used	in	the	study,	divided	into	two	groups,	four	(n	

=	4)	animals	per	group.	All	animals	tolerated	the	experimental	protocol.	There	were	

no	signs	of	immune	or	allergic	responses	observed	after	administration	of	NO-np.	
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7.3.1. Blood	arterial	chemistry	

	

Arterial	blood	pH	and	Acid-base	excess	are	presented	 in	Figure	55.	 	There	was	

no	significant	difference	in	arterial	blood	pH	between	groups	(Figure	55A).		Acid-base	

excess	steadily	recovered	in	the	NO-np	group	compared	to	the	control	group	(Figure	

55B).	 	 Acid-base	 excess	 was	 statistical	 different	 between	 the	 NO-np	 and	 control	

group	at	60	and	90	mins	after	resuscitation.		Control	groups	had	statistical	different	

acid-base	excess	compared	to	baseline	at	90	mins	after	resuscitation.	

	

Figure	55.	Acid-base	balance:	pH	and	BE.	a)	pH	data,	grey	shadow	normal	physiological	range	values	

between	7.35	–	7.45.	b)	Base	Excess	 (BE),	†	P<0.05	compared	 to	base	 line.	 	‡,	P<0.05	compared	 to	

same	time-point.		

	

	 Arterial	 blood	 lactate	 concentration,	 both,	 absolute	 and	 normalized,	 are	

presented	in	Figure	56.	Control	group	lactate	steadily	increased	during	resuscitation	

while	resuscitation	with	NO-np	steadily	decreased	lactate	levels.			
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Figure	 56.	 Lactate	 levels.	 a)	 lactate,	 in	 grey	 shadow	 normal	 physiological	 range	 between	 0.5	 –	 1.5	

mmol/L.	b)	Lactate	normalized.	

	

7.3.2. Blood	Glucose	

	

Blood	 glucose	 is	 presented	 in	 Figure	 57.	 Glucose	 levels	 are	 normal	 and	

comparable	to	base	line,	with	no	statistical	difference	between	groups	or	time	points.		

	

	

Figure	57.	Arterial	glucose	levels,	grey	shadow	indicates	normal	physiological	range	70	–	100	mmol/L.	
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7.3.3. Hemoglobin	Compounds	

	

Hemoglobin	 compounds	 are	 presented	 in	 Figure	 58.	 Oxyhemoglobin	 levels	

(Figure	58A)	have	normal	physiological	values,	all	above	85	%	and	are	comparable	to	

baseline;	 there	 is	 no	 significant	 difference	 between	 groups	 or	 resuscitation	 time	

points.	Carboxyhemoglobin	levels	(Figure	58B)	have	normal	physiological	values,	all	

below	 3	 %	 and	 are	 comparable	 to	 baseline;	 there	 is	 no	 significant	 difference	

between	 groups	 or	 resuscitation	 time	 points.	 Methemoglobin	 levels	 (Figure	 58C)	

have	normal	physiological	values,	all	below	1	%	and	are	comparable	to	baseline	and	

had	 no	 increase	 due	 to	 NO	 presence	 from	 the	 NO-np,	 which	 was	 expected	 to	

generate	 higher	methemoglobin	 levels,	 there	 is	 no	 significant	 difference	 between	

groups	or	resuscitation	time	points.		

	

Figure	58.	a)	Oxyhemoglobin	(O2Hb),	grey	shadow	indicates	normal	physiological	range	between	85	–	

100	 %.	 b)	 Carboxyhemoglobin	 (CO2Hb),	 line	 at	 3	 %	 indicates	 maximum	 limit	 allowed	 for	 normal	

physiological	 values.	 c)	Methemoglobin	 (MetHb),	 line	 at	 1	 %	 indicates	 maximum	 limit	 allowed	 for	

normal	physiological	values.	
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7.3.4. Arterial	Pressure	and	Cardiac	Output	

	

As	shown	in	Figure	59,	normal	physiological	baseline	arterial	pressure	values	are	

achieved	 immediately	before	 volume	 resuscitation	 in	both	groups.	As	 time	passes,	

control	group	arterial	pressure	steadily	decreases	throughout	the	90	min	follow	up.	

There	are	statistical	differences	p<0.05	in	diastolic	values	(Figure	59A),	control	group	

R	90	with	baseline	values	and	R	15,	and	between	groups:	 control	group	R	60	with	

NO-np	group	R	15,	R	60	and	R	90;	and	control	group	R	90	with	all	NO-np.		

Although	cardiac	output	(Figure	59D)	did	not	show	statistical	difference	between	

groups	and	timeline,	it	shows	the	same	behavior	and	steadily	decreases	throughout	

the	90	min	follow	up	for	the	control	group,	and	is	maintained	in	NO-np	group.	

	

Figure	59.	Arterial	Pressure	and	Cardiac	Output.	a)	Diastolic	arterial	pressure	 (dAP),	 for	comparison	

effects,	numbers	from	1	to	3,	compare	 in	between	groups	 in	each	time	point	and	 indicate	a	P<0.05	

between	the	corresponding	groups.	†	P<0.05	compared	to	control	baseline	group;	b)	Systolic	arterial	

pressure	(sAP);	c)	Mean	arterial	pressure	(MAP);	d)	Cardiac	output	(CO).	
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7.3.5. Systemic	Vascular	Resistance	(VR)	

	

SVR	results	are	presented	in	Figure	60.	There	is	no	statistical	difference	between	

time	points	and	experimental	groups,	which	is	expected	since	the	initial	resuscitation	

volume	between	groups	is	not	different.	

	

Figure	60.	Systemic	vascular	resistance	values.	a)	SVR	[mmHg×min/ml]	b)	SVR	normalized.	

	

7.3.6. Central	Venous	Pressure	(CVP)	

	

CVP	results	are	presented	in	Figure	61.	Although	there	is	no	statistical	difference	

between	 groups	 and	 between	 time	 points,	 there	 is	 an	 opposite	 trend	 between	

control	and	NO-np	groups,	where	CVP	steadily	decreases	in	control	and	increases	in	

NO-np	as	time	passes	after	resuscitation	infusion.		

	

Figure	61.	Central	Venous	Pressure	(CVP).	a)	CVP,	in	grey	shadow	normal	physiological	range	between	

3	–	8	mmHg.	b)	CVP	normalized.	
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7.3.7. Heart	Rate	(HR)	and	Oxygen	Saturation	O2,sat	

	

Heart	 rate	 (Figure	 62A)	 and	 oxygen	 saturation	 (Figure	 62B)	 have	 normal	

physiological	 values	 and	 are	 comparable	 to	 baseline.	 There	 is	 no	 significant	

difference	between	groups	or	resuscitation	time	points.	

	

Figure	62.	a)	Heart	rate	(HR)	normalized.	b)	Oxygen	saturation	(O2,sat)	normalized.	

	

7.3.8. Pulmonary	Artery	Pressure	(PAP)	

	

PAP	 results	 are	 presented	 in	 Figure	 63.	 There	 was	 no	 statistical	 difference	

between	 both	 groups,	 control	 group	 has	 higher	 mean	 values	 than	 NO-np	 group	

during	initial	resuscitation	procedure.		

As	 shown	 in	Figure	63A	and	Figure	63B,	 systolic	and	diastolic	PAP,	have	a	high	

value	 outside	 normal	 physiological	 range	 (15	 –	 30	mmHg	 sPAP	 and	 4	 –	 12	mmHg	

dPAP	respectively)	during	the	first	30	min	resuscitation	procedure	in	control	group.		
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Figure	 63.	 Pulmonary	 Artery	 Pressure	 (PAP).	 a)	 Systolic	 PAP,	 in	 grey	 shadow	 normal	 physiological	

range	between	15	–	30	mmHg.	b)	Diastolic	PAP,	in	grey	shadow	normal	physiological	range	between	4	

–	12	mmHg.	c)	Mean	PAP,	line	in	25	mmHg	indicates	pulmonary	hypertension	limit.	

	

7.3.9. Pulmonary	Capillary	Wedge	Pressure	(PCWP)	

	

PCWP	 results	 are	 presented	 in	 Figure	 64.	 There	 is	 no	 statistical	 difference	

between	groups	and	PCWP	values	are	comparable	to	baseline	during	resuscitation	

timeline.		
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Figure	64.	Pulmonary	Capillary	Wedge	Pressure	(PCWP)	normalized.	

	

7.4. DISCUSSION	

	

The	principal	finding	of	the	study	is	that	treatment	of	hemorrhagic	shock	by	NO	

supplementation	 via	 NO-np	 prevented	 cardiovascular	 collapse,	 and	 allowed	 the	

animals	 to	maintain	 superior	 systemic	 and	hemodynamic	 conditions.	 This	 result	 in	

swine	is	consistent	with	previous	results	obtained	in	rodents.	NO-np	decreased	MAP	

and	SVR	compared	to	control	animals	indicating	a	vasodilatory	effect	of	NO.		

The	 arterial	 blood	 pH	 restoration	 produced	 by	 NO-np	 is	 very	 important,	 as	 it	

states	 the	 acid-base	 restoration	 effect	 and	 entails	 homeostasis.	 Low	 pH	 levels	 of	

control	group,	given	the	circumstances	of	the	HS	model,	could	mean	that	the	animal	

is	 still	 in	 shock	 after	 90	min	 resuscitation.	 These	 results	 also	 coincide	with	 the	 BE	

recovery	data,	 in	which	control	 group	produces	negative	BE	balance	at	 the	end	of	

the	resuscitation,	indicating	the	animals	had	not	recovered	from	shock.		

Lactate	 decreasing	 levels	 in	 the	 NO-np	 group	 indicate	 that	 lactate	 clearance	

process	has	started	with	NO-np	administration.	Metabolic	acidosis	may	result	from	
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either	increased	production	of	metabolic	acids,	such	as	lactic	acid,	or	disturbances	in	

the	ability	to	excrete	acid	via	the	kidneys,	such	as	either	renal	tubular	acidosis	or	the	

renal	 acidosis	 of	 renal	 failure.	 Specifically,	 lactic	 acidosis	may	 occur	 due	 to	 tissue	

hypoxia	as	oxygen	diffusion	from	arterial	blood	to	tissues	is	disrupted	during	HS	due	

to	hypovolemia	and	hypoperfusion.	As	observed	in	the	murine	experiments,	NO-np	

elevates	 perfusion	 levels	 as	 microcirculation	 is	 recruited	 during	 resuscitation,	

therefore	restoring	acid-base	balance.	

Important	to	note	that	methemoglobin	levels	during	NO-np	infusion	remain	low,	

which	 was	 proposed	 to	 possibly	 generate	 higher	 methemoglobin	 levels[280,	 291,	

292],	 as	 seen	 on	 NO	 inhalation	 therapies	 used	 for	 adult	 respiratory	 distress	

syndrome	(ARDS)	and	pulmonary	hypertension	of	the	neonate	(PPHN).	NO	available	

through	 the	NO-np	directly	 in	 the	blood	stream	does	not	 increase	methemoglobin	

levels.		

Increased	CO	in	the	NO-np	group	can	be	probably	explained	by	the	chronotropic	

and	 inotropic	 effect	 of	 NO	 release	 by	 NO-np.	 MAP	 reflects	 changes	 in	 the	

relationship	between	cardiac	output	(CO)	and	systemic	vascular	resistance	(SVR)	and	

reflects	 the	 arterial	 pressure	 in	 the	 vessels	 perfusing	 the	 organs.	 Since	 initial	

resuscitation	 volume	 between	 groups	 is	 not	 different,	 there	 should	 be	 no	 related	

change	 in	 SVR,	 and	 diminished	 CO	 is	 the	 reason	 why	 arterial	 pressure	 values	 in	

control	 group	are	 steadily	 falling.	A	 low	MAP	 in	 control	 group	 indicates	decreased	

blood	 flow	 through	 the	 organs;	 since	 there	 is	 no	 effect	 in	 NO-np	 group,	 the	

perfusion	benefit	of	NO-np	during	resuscitation	is	revealed.	

CVP	 readings	 (3	–	8	mmHg)	are	used	 to	approximate	 the	Right	Ventricular	End	

Diastolic	 Pressure	 (RVEDP),	 which	 assesses	 right	 ventricular	 function	 and	 general	
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fluid	 status.	 Low	 CVP	 values	 typically	 reflect	 hypovolemia	 or	 decreased	 venous	

return.	 Given	 that	 hypovolemia	 can	 be	 dismissed	 because	 the	 resuscitation	

procedure	carried	out	aimed	to	maintain	initial	baseline	MAP	values,	therefore	there	

is	 a	 lower	 venous	 return	 related	 to	 low	 venous	 blood	 flow	 in	 control	 group,	 and	

opposed	effect	in	NO-np	group,	where	venous	blood	flow	is	restored,	also	helped	by	

higher	CO	values	during	the	resuscitation	timeline.	

It	 can	be	observed	 that	higher	PAP	values	 in	 control	 group	when	 compared	 to	

NO-np	group,	can	be	explained	because	of	the	immediate	vasodilatory	effect	of	HES	

+	 NO-np.	 When	 infused	 through	 venular	 access	 during	 resuscitation,	 it	 starts	 to	

release	 NO	 as	 the	 NO-np	 are	 wetting	 inside	 the	 vascular	 compartment.	 Critical	

hypertension	 values	 over	 25	 mmHg	 in	 PAP	 are	 not	 reached	 in	 either	 group,	

indicating	no	risk	of	cardiac	shunt,	emphysema,	edema	or	left	ventricular	failure.	

Normal	physiological	 PCWP	 indicates	no	 sign	of	 cardiac	 insufficiency	or	 cardiac	

compression	post	hemorrhage,	so	blood	volume	is	adequately	compensated	during	

resuscitation	procedure.		

	

7.5. CONCLUSIONS	

	

The	principal	finding	of	the	study	is	that	treatment	of	hemorrhagic	shock	by	NO	

supplementation	 via	 NO-np	 prevented	 cardiovascular	 collapse,	 and	 allowed	 the	

animals	 to	maintain	 superior	 systemic	 and	 hemodynamic	 conditions.	 Our	 findings	

relate	to	scenarios	where	an	increase	in	NO	bioavailability	could	potentially	alter	the	

course	 of	 HS	 and	 ultimately	 improve	 survival.	 Our	 results	 support	 the	 hypothesis	

that	 severe	hemorrhage	 induces	vascular	decompensation	associated	with	 low	NO	
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availability,	and	that	NO	supplementation	prevents	the	risks	of	profound	shock.		

The	 most	 important	 characteristic	 to	 supplement	 NO	 is	 the	 intravascular	

controlled	release	of	moderate	levels	of	NO	to	mimic	physiologically	generated	NO,	

a	characteristic	currently	achievable	with	NO-np.	NO	donors,	such	as	nitroglycerin,	a	

clinically	 approved	 organic	 nitrate,	 is	 short	 acting,	 involves	 specific	 enzymes	 and	

reducing	 agents,	 and	 it	 is	 not	 suitable	 for	 a	 controlled	 and	 sustained	 release.	NO-

nanoparticles	 release	pure	NO,	 freely	 soluble	 in	physiological	 solution,	 and	do	not	

require	cofactors	to	facilitate	NO	release.	The	current	results	indicate	that	treatment	

with	 15	 mg/kg	 NO-np,	 prevented	 hemorrhagic	 shock	 and	 induced	 vascular	

decompensation,	 and	 set	 the	proof	of	 the	 concept	 that	NO	supplementation	after	

resuscitation	 from	 HS	 will	 reduce	 the	 risks	 of	 cardiovascular	 collapse	 as	 well	 in	 a	

murine	model	as	 in	a	swine	model.	To	date,	 there	are	no	definitive	treatments	 for	

addressing	massive	blood	 loss	on	 the	battlefield,	 and	existing	 therapies	 for	 severe	

hemorrhage	are	particularly	limited.	NO-np	treatment	maintains	perfusion	reducing	

hemorrhagic	 shock	 sequelae.	 The	 stability	 of	 NO-np	 for	months	 exposed	 to	 air	 at	

room	temperature,	facilitates	its	application	in	multiple	scenarios.	

In	 conclusion,	 this	 study	 shows	 that	 severe	 hemorrhage	 induces	 vascular	

decompensation,	in	part,	due	to	low	availability	of	NO	during	post	hemorrhage,	and	

that	 exogenous	NO	 during	 resuscitation	 can	 prevent	 circulatory	 arrest.	 Exogenous	

NO	 in	 the	 form	 of	 NO-np	 attenuated	 microvascular	 complications	 during	

resuscitation,	 which	 targets	 a	 pivotal	 protective	 function	 by	 maintaining	 tissue	

perfusion,	 assuring	wash-out	 of	metabolic	 residues	 and	 thereby	 preventing	 future	

damage	 during	 reperfusion.	 Mechanistically,	 recovery	 of	 microvascular	 perfusion	

during	 resuscitation	 from	HS	due	 to	 increase	NO	bioavailability,	 acts	 by	 regulating	
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vascular	 tone	 and	 pressure	 redistribution,	 and	 maintaining	 capillary	 pressure	 and	

metabolite	exchange.		

Also,	 NO	 has	 a	 fundamental	 signaling	 role	 in	 cellular	 function,	 firstly,	 with	

implications	 in	 cardiac	 chronotropic	 function,	 which	 appears	 to	 be	 jeopardized	 as	

hypovolemic	 shock	 is	 established,	 and	 secondly,	 NO	 is	 known	 to	 modulate	

mitochondrial	 function	and	mediate	 cytoprotection	after	 IR	as	NO	and	N2O3	 (from	

nitrite	and	s-nitrosothiol	sources),	mediate	signaling	within	the	mitochondrion	by	S-

nitrosating	 and	 inhibiting	 complexes	 I,	 V,	 opening	 KATP	 channels,	 preventing	

cytochrome	c	release	and	nytrosilating	complex	V.	NO	also	prevents	the	assembly	of	

the	permeability	pore.	GSH	present	in	the	mitochondrial	matrix	is	able	to	react	with	

S-nitrosated	proteins	to	mediate	glutathionylation	[207].	
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8. CONCLUSIONS	AND	FUTURE	PERSPECTIVES	

	

The	principal	finding	of	the	study	is	that	treatment	of	hemorrhagic	shock	by	NO	

supplementation	 via	 NO-np	 prevented	 cardiovascular	 collapse,	 and	 allowed	 the	

animals	 to	maintain	superior	systemic	and	microvascular	hemodynamic	conditions.	

Our	 findings	 relate	 to	 scenarios	 where	 an	 increase	 in	 NO	 bioavailability	 could	

potentially	 alter	 the	 course	 and	 ultimately	 survival.	 Our	 results	 support	 the	

hypothesis	 that	 severe	 hemorrhage	 induces	 vascular	 decompensation	 associated	

with	 low	 NO	 availability,	 and	 that	 NO	 supplementation	 prevents	 the	 risks	 of	

profound	shock.		

Hemorrhagic	hypotension	leads	to	a	well-characterized	sequence	of	events,	and	

ultimately	 to	 vascular	decompensation,	due	 to	a	 continuous	 increase	 in	peripheral	

vascular	 resistance.	Cardiovascular	adaptation	 to	hemorrhagic	 shock	 is	dynamically	

controlled	 by	 endocrine	 and	 local	 paracrine	 factors,	 such	 as	 NO,	 in	 part	 to	

compensate	 for	 the	 sudden	 hypovolemia	 [293].	 NO	 production	 keeps	 the	

vasculature	 relaxed,	 regulating	blood	pressure	 and	 tissue	perfusion.	 The	 effects	 of	

perfusion	 on	 gas	 exchange	 are	 one	 of	 the	 most	 important	 features	 of	 NO	

supplementation	 in	 pulmonary	 physiology.	 As	 changes	 in	 the	 distribution	 of	 blood	

flow	 to	 different	 areas	 of	 the	 lung,	 and	 adjustments	 of	 vessel	 diameter	 in	 the	

respective	 regions	 of	 the	 lung,	 could	 rapidly	 affect	 gas	 exchange.	 NO	 is	 a	 key	

molecule	 for	 fast	 response,	which	 links	alveolar	ventilation	 to	 local	 lung	perfusion.	

The	marked	improvement	in	gas	exchange,	decrease	in	oxygen	content	and	increase	

in	pCO2	seen	in	the	NO-group	can	be	the	result	of	improved	ventilation-perfusion,	as	

NO	has	the	singular	property	of	preferentially	dilating	vascular	segments	 located	in	
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ventilated	 areas	 [294].	 Additionally,	 NO	 modulates	 synaptic	 signaling,	 cellular	

defense	 and	 mitochondria	 oxygen	 utilization	 [295].	 Our	 results	 indicate	 that	

restoring	 intravascular	 NO	 concentrations	 by	 replenishing/increasing	 intravascular	

NO	 availability	 by	 treatment	 with	 NO-np	 reduces	 vascular	 complications	 resulting	

from	hemorrhage	shock.	

Central	 cardiac	 effects	 could	 reflect	 increases	 in	 cardiac	 output	 mediated	 by	

lower	arteriolar	after-load,	cardiac	filling	and	increased	preload	(venous	return),	due	

to	 NO	 vasodilatory	 properties	 and	 cardiac	 chronotropic	 effects	 [296].	 NO	 is	 a	

regulator	of	cardiac	 function	 through	 indirect	vascular-dependent	mechanisms	and	

by	direct	action	on	the	myocardium	as	a	paracrine	autacoid	 involved	 in	autonomic	

control	 and	 contractility	 [297].	 This	 effect	 appears	 to	 be	 NO	 concentrations	

dependent,	 as	 physiological	 levels	 of	 NO	 increase	 HR	 via	 activation	 of	

hyperpolarization	 induced	 inward	 current,	 and	 is	 less	 pronounced	 at	 high	

concentrations	 of	 NO	 [298,	 299].	 The	 exogenous	 NO	 released	 from	 the	 NO-nps	

maintained	 central	 hemodynamic	 function	 by	 preventing	 rhythm	 disturbances,	

implying	 a	 protective	 role	 of	 NO	 on	 cardiac	 over-drive	 and	 pacing	 [300].	 NO	 has	

effects	 in	 cardiomyocytes,	which	 are	 cyclic	GMP-dependent	 and	other	 effects	 that	

are	cyclic	GMP-independent	[301].	Heart	muscle	cells	express	the	soluble	isoform	of	

guanylyl	 cyclase	 that	 catalytically	 increases	 intracellular	 levels	 of	 cyclic	 GMP	 in	

response	 to	 stimulation	 by	 pure	 NO,	 or	 GSNO	 [300].	 	 Although	 HR	 data	 have	 no	

significant	statistical	difference,	heart	rate	can	directly	affect	cardiac	output,	if	stroke	

volume	remains	constant,	 therefore	results	observed	with	NO-np	can	be	the	result	

of	 sustaining	 higher	 heart	 rates	 and	 potentially,	 cardiac	 output,	 which	 ultimately	

increase	 systemic	 oxygen	 delivery.	 These	 results	 show	 that	 the	 principal	 factor	 in	
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ensuring	hemodynamic	restoration	by	NO-np	is	not	related	to	a	volume	effect	since	

hematocrits	did	not	differ	between	groups.	

The	 most	 important	 characteristic	 to	 supplement	 NO	 is	 the	 intravascular	

controlled	release	of	moderate	levels	of	NO	to	mimic	physiologically	generated	NO,	a	

characteristic	currently	achievable	with	NO-np.	NO	donors,	such	as	nitroglycerin,	an	

organic	nitrate,	and	clinically	approved,	is	short	acting,	involves	specific	enzymes	and	

reducing	 agents,	 and	 it	 is	 not	 suitable	 for	 a	 controlled	 and	 sustained	 release.	NO-

nanoparticles	 release	pure	NO,	 freely	 soluble	 in	 physiological	 solution,	 and	do	not	

require	cofactors	to	facilitate	NO	release.	The	current	results	indicate	that	treatment	

with	 15	 mg/kg	 NO-np,	 prevented	 hemorrhagic	 shock,	 induced	 vascular	

decompensation,	 and	 set	 the	proof	of	 the	 concept	 that	NO	 supplementation	after	

resuscitation	 from	 HS	 will	 reduce	 the	 risks	 of	 cardiovascular	 collapse	 as	 well	 in	 a	

murine	model	as	 in	a	swine	model.	To	date,	 there	are	no	definitive	treatments	 for	

addressing	massive	blood	 loss	 on	 the	battlefield,	 and	 existing	 therapies	 for	 severe	

hemorrhage	are	particularly	limited.	NO-np	treatment	maintains	perfusion	reducing	

hemorrhagic	 shock	 sequelae.	 The	 stability	 of	 NO-np	 for	months	 exposed	 to	 air	 at	

room	temperature,	facilitates	its	application	in	multiple	scenarios.	

In	 conclusion,	 this	 study	 shows	 that	 severe	 hemorrhage	 induces	 vascular	

decompensation,	in	part,	due	to	low	availability	of	NO	during	post	hemorrhage,	and	

that	 exogenous	 NO	 during	 resuscitation	 can	 prevent	 circulatory	 arrest.	 Exogenous	

NO	 in	 the	 form	 of	 NO-np	 attenuated	 microvascular	 complications	 during	

resuscitation,	 which	 targets	 a	 pivotal	 protective	 function	 by	 maintaining	 tissue	

perfusion,	 assuring	wash-out	 of	metabolic	 residues	 and	 thereby	 preventing	 future	

damage	 during	 reperfusion.	 Mechanistically,	 recovery	 of	 microvascular	 perfusion	
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during	resuscitation	from	HS	due	to	 increased	NO	bioavailability,	acts	by	regulating	

vascular	 tone	 and	 pressure	 redistribution,	 and	 maintaining	 capillary	 pressure	 and	

metabolite	exchange.	Lastly,	NO	has	a	fundamental	signaling	role	in	cellular	function	

with	implications	in	cardiac	chronotropic	function,	which	appears	to	be	jeopardized	

as	hypovolemic	shock	is	established.	

It	 is	 also	 important	 to	 determine	 the	 perfusion	 effect	 of	 different	 vital	 organs	

during	 resuscitation	 from	 HS.	 In	 this	 research	 perfusion	 profile	 was	 sought	 to	 be	

determined,	with	the	aid	of	fluorescent	inert	polymer	microbeads	[302],	which	were	

injected	 during	 different	 time	 points	 of	 the	HS	 –	 resuscitation	 protocol	 (BL,	 HS50,	

R30,	 R60	 and	 R90).	 Animals	 did	 not	 survive	 injected	 microbeads,	 because	 of	 the	

critical	condition	caused	by	HS,	and	the	importance	of	perfusion	recovery	for	survival,	

which	is	hindered	by	the	microbead	that	accumulate	capillary	bed	blocking	them	and	

preventing	normal	blood	flow.	A	different	terminal	experiment	is	proposed	for	each	

time	 point,	 for	 this	 effect	 not	 to	 be	 determinative	 of	 the	 experiment	 outcome.	

Different	 groups	 have	 to	 be	 followed:	 BL,	 HS,	 R30,	 R60	 and	 R90	 and	 then	 all	

combined	for	organ	perfusion	determination	and	comparison.	

Future	 research	 has	 to	 be	 focused	 in	 understanding	 and	 establishing	 the	

mechanisms	 by	which	NO	 released	 by	NO-np	 affect,	 prevent	 and/or	 halt	 systemic	

inflammation	 and	 multiorgan	 damage	 [303],	 coagulopathy	 and	 endothelial	 injury	

[304]	 as	 well	 as	 cytotoxicity	 and	 apoptosis	 [207].	 Human	 scale	 up	 is	 also	 an	

important	future	development	to	consider,	given	that	clinical	use	of	NO	is	approved	

and	the	use	of	NO-np	is	feasible.	
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Resumen Las principales causas de muerte en Colombia se relacionan con enfermedades cardiovasculares y trauma. Dentro del tratamiento para
estas entidades frecuentemente se requiere el uso de circulación extracorpórea y transfusiones sanguíneas. Las transfusiones sanguíneas son
asociadas a inconvenientes como la reducida disponibilidad de sangre, altos riesgos de transmisión de enfermedades, alto costo de las pruebas
necesarias para la aceptación de la sangre donada, cortos tiempos de almacenamiento y la necesidad de compatibilidad de los tipos sanguíneos. Los
hemosustitutos son considerados de gran utilidad en procedimientos que requieran circulación extracorpórea pues mejoran la oxigenación durante la
hemodilución aguda. Por tanto, todos los esfuerzos dedicados a desarrollar sustancias alternativas o complementarias a la sangre son de gran
utilidad. Los hemosustitutos basados en perfluorocarbono (PFC-OCs) son emulsiones de aceite en agua que transportan exitosamente gases
respiratorios. Lamentablemente, los PFC-OCs probados clínicamente han fracasado por el poco conocimiento de los efectos fisiológicos que causan;
el poco entendimiento a nivel fundamental de estos sistemas y sus propiedades; y porque en algunos casos el paso del modelo animal al uso clínico
ha sido apresurado. El objetivo general es formular, caracterizar y evaluar emulsiones transportadoras de oxígeno basadas en perfluorocarbono que
sean eficaces y seguras. 

Tipo de proyecto: Investigación y desarrollo 
Modelo para la atencion y el tratamiento de la hemorragia por trauma en Colombia (Enfasis soluciones de reanimacion)
Inicio: Febrero  2010 Fin proyectado: Febrero  2013 Duración 24
Resumen El trauma es una epidemia en el mundo y en Colombia. Según la OMS produce la muerte de 5 millones de personas al año, de los cuales el
50% de estas se encuentra entre los 15 y los 44 años, que es la población económicamente más activa. En Colombia el trauma ocupa importantes
lugares dentro de la mortalidad general, con una tasa de 63,6 por cada 10.000 habitantes (Instituto Nacional de Medicina Legal).Los Años de Vida
Potencialmente Perdidos (AVPP) por trauma para el año 2007, según el Instituto son 881.765 contabilizando todas las víctimas de ese año . La
hemorragia es la segunda causa de mortalidad temprana en trauma. Produce el 40% de las muertes de los que llegan al hospital y es la más
susceptible de intervención. Para su manejo se establecen medidas de soporte como la reposición de volumen que busca proveer condiciones
óptimas de supervivencia, mientras se logra el control del sitio de sangrado. El manejo se basa en variables como el volumen de sangre perdida, el
tiempo de atención y el tipo de trauma. Teniendo en cuenta que las guías de manejo son realizadas según las condiciones de atención en países
desarrollados, se requiere evaluar las estrategias de reanimación más adecuadas y suprobabilidad de supervivencia segun el tipo de hemorragia por
trauma y tiempo de atencion en el contexto colombiano 

Tipo de proyecto: Investigación y desarrollo 



Diseno, fabricacion e implementacion de dispositivos oclusores cardiovasculares
Inicio: Enero  2009 Fin: Diciembre  2011 Duración 24
Resumen Dentro del marco de este proyecto, se planteó: I) diseñar y manufacturar dispositivos oclusores, II) optimizar el diseño de los dispositivos
mediante pruebas in vitro, III) evaluar la eficacia y seguridad de los dispositivos en modelos animales de Ductus Arterioso Persistente (DAP),
Malformaciones Vasculares (MAV) y Comunicación interauricular (CIV), V) llevar a cabo la evaluación clínica de los dispositivos en DAP y
malformaciones sculares cuya evaluación in vitro y en animales haya sido exitosa, V) implementar el uso de los dispositivos oclusores en pacientes
de la FCI IC, VI) contribuir con la formación de nuevos investigadores en el área de ingeniería biomédica y por último, VII) Propiciar alianzas y
concertación de esfuerzos entre grupos e instituciones de conocimiento y generación del valor agregado. Se trabajó con 3 patologías, el DAP, las MAV
y CIA. Se exploró el diseño de un dispositivo para CIV. Dadas las complicaciones técnicas en el acceso al defecto y el diseño de un dispositivo para
esta patología, se decidió trabajar primero en un dispositivo para la CIA. Para el DAP, se diseñó y fabricó un dispositivo de nitinol de doble cono,
diseño optimizado por medio de pruebas in vitro que permitieron llegar a una geometría optima final. La eficacia y seguridad de este dispositivo,
fue evaluada en un modelo animal bovino en donde a 5 terneros se les cerró satisfactoriamente el DAP, teniendo como resultado la epitelización
total del defecto en 43 días. Este dispositivo cuenta con una patente nacional y convenio PCT que protege la propiedad intelectual del dispositivo.
Para la siguiente fase, uso en humanos, se está evaluando la posibilidad de iniciar estudios clínicos en la Fundación Cardioinfantil (FCI). Se diseñó y
fabricó un dispositivo cilíndrico de nitinol para MAV. Se realizaron pruebas in vitro para determinar la relación radio elongación dependiendo de
fuerzas radiales y axiales, antes de ser evaluado en un modelo animal porcino. En las pruebas animales, se logro ocluir completamente la arteria
renal en los 8 porcinos estudiados. Se evaluará próximamente su uso en el Hospital de Kennedy en pacientes con hemorragias severas por eventos
traumáticos. Finalmente, se exploró el diseño de un dispositivo para CIV. Dadas las complicaciones técnicas en el acceso al defecto y el diseño del
dispositivo para esta patología, se decidió trabajar primero en un dispositivo para la CIA. Se diseñó y fabricó un dispositivo en forma de pétalos, que
se ajustaría a lado y lado del defecto del tabique auricular. Las pruebas in vitro demostraron una buena liberación del dispositivo, sin embargo, las
pruebas en animales deben continuar en una siguiente fase, debido a problemas presentados con el acceso al defecto en el modelo animal porcino
usado. Todo el proyecto fue realizado por estudiantes de ingeniería mecánica, de pregrado y maestría, y por una estudiante de doctorado en
ingeniería, quienes adquirieron conocimientos en el área de ingeniería biomédica (biomateriales, pruebas mecánicas, evaluación in vivo, producción
de protocolos preclínicos y clínicos, e innovación y emprendimiento). Los resultados se obtuvieron gracias al trabajo interdisciplinario entre el grupo
de ingeniería biomédica y el personal médico de la FCI. Una nueva alianza con la facultad de administración de la Universidad de los Andes, ha
aportado al conocimiento de la innovación y emprendimiento en este proyecto. 


