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Abstract
Background: Damage	control	resuscitation	 improves	patient	outcomes	after	severe	
hemorrhage	 and	 coagulopathy.	 However,	 effective	 hemostasis	 methods	 for	 these	
critical	situations	are	lacking.
Objective: We evaluated the hemostatic efficacy of fibrinogen γ-	chain	
(HHLGGAKQAGDV,	 H12)-	coated,	 adenosine-	diphosphate	 (ADP)-	encapsulated	 li-
posomes	 (H12-	[ADP]-	liposomes)	 in	 thrombocytopenic	 rabbits	 with	 hemorrhagic	
shock.
Methods: Acute	thrombocytopenia	(80%)	was	induced	in	rabbits	that	also	received	
mesenteric	 vessel	 injury,	 leading	 to	 hemorrhagic	 shock.	 Five	 minutes	 after	 injury,	
subjects	received	intravenous	bolus	injection	with	H12-	(ADP)-	liposomes	(20	mg/kg),	
followed	by	 isovolemic	transfusion	with	stored	red	blood	cells	 (RBCs)/platelet	poor	
plasma	 (PPP)	 (RBC:PPP	=	 1:1	 [vol/vol]),	 or	 lactated	Ringer	 solution	every	5	min	 to	
compensate	blood	 loss.	One	group	received	H12-	(phosphate	buffered	saline	[PBS])	
liposomes	followed	by	RBC/PPP.	Additional	groups	were	received	isovolemic	trans-
fusion	with	RBC/platelet	rich	plasma	(PRP)	(RBC:PRP	=	1:1	[vol/vol]),	RBC/PPP,	PPP	
alone,	or	lactated	Ringer	solution.
Results: Treatment	with	H12-	(ADP)-	liposomes	followed	by	RBC/PPP	transfusion	and	
RBC/PRP	transfusion	effectively	stopped	bleeding	in	all	thrombocytopenic	rabbits.	In	
contrast,	three	of	10	rabbits	treated	with	RBC/PPP	failed	hemostasis,	and	no	rabbits	
receiving	 lactated	Ringer	solution	stopped	bleeding	or	survived.	Twenty-	four	hours	
after	hemorrhage,	80%	of	rabbits	 receiving	H12-	(ADP)-	liposome	followed	by	RBC/
PPP	transfusion	survived	and	70%	of	rabbits	receiving	RBC/PRP	transfusion	also	sur-
vived,	although	RBC/PPP-	transfused	rabbits	showed	40%	survival.	Rabbits	receiving	
H12-	(ADP)-	liposomes	 followed	by	 lactated	Ringer	 solution	 showed	 a	 transient	 he-
mostatic	potential	but	failed	to	survive.	H12-	(PBS)-	liposomes	showed	no	beneficial	
effect	on	hemostasis.	Neither	the	PPP	group	nor	the	lactated	Ringer	group	survived.
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Essentials

•	 An	initial	hemostatic	agent	is	necessary	for	acute	care	surgery.
•	 A	new	agent	was	developed	for	helping	platelet	aggregation.
• This agent stopped bleeding after severe vessel injury in animals with altered coagulation.
• This new treatment may be helpful for acute abdominal bleeding.

1  |  INTRODUC TION

Abdominal	 vascular	 injuries	 are	 one	 of	 the	 most	 lethal	 inju-
ries	 in	 trauma	 patients,	 which	 mortality	 ranges	 from	 20%	 to	
60%.1,2 Patients with abdominal vascular injuries often exhibit the 
lethal	 vicious	 cycle	 of	 shock,	 consisting	 of	 acidosis,	 hypothermia,	
coagulopathy,	and	cardiac	arrhythmias.1	 In	such	critical	conditions,	
hemorrhage control and restoration of mesenteric tissue perfusion 
are crucial for life saving.3 Mesenteric injury is found in approxi-
mately	5%	of	blunt	trauma	victims	during	 laparotomy.4 Prompt re-
suscitation is clinically important because it may cause significant 
blood	 loss	or	 lead	to	bowel	 ischemia	and	necrosis,	with	eventually	
delayed rupture or ischemic strictures.5,6 Mesenteric arterial injury 
frequently	 complicates	 coagulopathy,	 increasing	 mortality	 to	 ap-
proximately	 40%.7,8 Control of coagulopathy has been attempted 
by	 induction	 of	 damage	 control	 resuscitation	 (DCR)	 and	 massive	
transfusion	protocol	 (MTP).	 Sorrentino	et	 al.	 reported	 that	 refrac-
tory coagulopathy resulting from major abdominal vascular trauma 
decreased	from	46%	to	19%	(during	1975–	1980	vs	2004–	2009)	by	
adapting damage control surgery.9	Moreover,	institutional	MTP	may	
improve outcomes of patients with abdominal aortic injuries. Maciel 
et	al.	reported	that	introduction	of	MTP	markedly	increased	patient	
overall	survival	from	14%	to	47%.10

Moore et al. proposed staged laparotomy for treating coagulop-
athy.11	Although	emergency	laparotomy	followed	by	gauze	packing	
may	be	effective	 for	 intraabdominal	bleeding,	 it	cannot	be	usually	
performed in prehospital resuscitation. Hemostasis by tourniquet 
is quite effective for extremity bleeding in prehospital resuscitation 
but	there	are	no	effective	tools	for	trunk	hemorrhage.	Resuscitative	
Endovascular	 Balloon	Occlusion	 of	 the	Aorta	 and	 junctional	 tour-
niquet	may	be	potential	tools	for	trunk	bleeding	but	require	skillful	
techniques.	Although	hemostasis	by	platelet	transfusion	may	be	ef-
fective	 in	prehospital	 settings,	 it	 is	 logistically	difficult	because	of	
the	short	half-	life	of	platelet	concentrates.	The	recent	pandemics	of	
the	COVID-	19	further	limits	the	available	blood	supply	for	transfu-
sions worldwide.12

We	 have	 developed	 H12-	(adenosine-	diphosphate	 [ADP])	 li-
posomes,	 which	 are	 effective	 for	 hemostasis	 against	 liver	 injury/

hemorrhage with acute thrombocytopenic coagulopathy and acute 
pulmonary hemorrhage caused by blunt injury.13,14	 H12-	(ADP)-	
liposomes accumulate at bleeding sites through interaction with 
activated	 platelets	 via	 glycoprotein	 IIb/IIIa	 and	 augment	 platelet	
aggregation	 by	 releasing	 ADP	 at	 the	 bleeding	 site.	 H12-	(ADP)-	
liposomes remained intact in the blood circulation for up to 24 h after 
injection	and	accumulated	at	 injured	 (bleeding)	 sites.15	Thereafter,	
H12-	(ADP)-	liposomes	released	ADP	and	reinforced	platelet	aggre-
gation with activated platelets within a few minutes.16 The amount 
of	ADP	released	from	the	liposome	increased	with	decreasing	lamel-
larity	and	with	increasing	membrane	flexibility,	owing	to	the	condi-
tions around the liposomes such as their compressed deformation 
by thrombus formation.17	 Released	ADP	was	 fully	metabolized	 to	
allantoin and discharged to urine within 6 h.15	H12-	(ADP)-	liposomes	
can	be	stored	for	at	least	6	months	at	4°C	without	shaking.18	H12-	
(ADP)-	liposomes	may	help	hemostasis	as	an	alternative	to	platelets	
in prehospital or urgent situations.14,19

Despite	 several	 trials,20-	22 an appropriate animal model of ab-
dominal vascular injury complicated with severe acidosis and coag-
ulopathy	has	not	been	provided.	Therefore,	we	established	a	model	
of	hemorrhagic	shock	with	coagulopathy	by	vessel	injury,	based	on	
our previous study.23	Using	this	model,	we	evaluated	the	efficacy	of	
H12-	(ADP)-	liposomes	during	initial	DCR	instead	of	platelet	transfu-
sion	in	thrombocytopenic	rabbits	with	hemorrhagic	shock	caused	by	
mesenteric	vascular	injury.	In	the	current	thrombocytopenic	rabbits,	
platelet counts decreased to 50 ± 9 from 241 ± 35 (×103/μl)	of	nor-
mal	rabbits	(approximately	80%	thrombocytopenia).

2  |  MATERIAL S AND METHODS

2.1  |  Rabbits

This study was conducted according to the guidelines of the 
Institutional	Review	Board	 for	 the	Care	of	Animal	Subjects	of	 the	
National	Defense	Medical	College	 and	 gained	 approval	 by	 the	 in-
stitutional	 review	 board	 (#16026).	 New	 Zealand	 White	 rabbits	
(2.5 ±	0.2	kg,	male;	Japan	SLC,	Hamamatsu,	Japan)	were	used.	The	

Conclusion: H12-	(ADP)-	liposome	treatment	followed	by	RBC/PPP	may	be	effective	
in lethal hemorrhage after mesenteric vessel injury in coagulopathic rabbits.
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hemorrhagic	shock,	mesenteric	artery,	platelet	transfusion,	resuscitation,	thrombocytopenia
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rabbits	had	free	access	to	standard	feed	and	water	during	a	7-	day	
adaptation	period	before	the	experiment.	A	crossmatch	test	was	ap-
plied between a donor and a transfused animal to eliminate transfu-
sion of incompatible blood types.

2.2  |  Preparation of H12- (ADP)- liposomes

H12-	(ADP)-	liposomes	 were	 prepared	 as	 described	 previously.8-	11 
Briefly,	 1,2-	dihexadecanoyl-	sn-	glycero-	3-	phosphocholine	 (1	 g,	
1.36	mmol),	cholesterol	 (527	mg,	1.36	mmol),	1,5-	dihexadecyl-	N-	s
uccinyl-	l-	glutamate	 (189	 mg,	 272	 μmol),	 1,2-	distearoyl-	sn-	glycero
-	3-	phosphoethanolamine-	N-	[amino(polyethylene	 glycol)]	 (52	 mg,	
9 μmol),	 and	 H12-	polyethylene	 glycol-	Glu2C18	 (47	 mg,	 9	 μmol)	
(Nippon	Fine	Chemical	Co	 Ltd,	Osaka,	 Japan)	were	dissolved	 in	 t-	
BuOH	and	 freeze-	dried.	 The	 resulting	mixed	 lipids	were	 hydrated	
with	phosphate	buffered	saline	 (PBS)	containing	1	mM	ADP	using	
Durapore	 (pore	 size,	 0.45,	 0.20	 μm;	 Millipore,	 Tokyo)	 to	 prepare	
H12-	(ADP)-	liposomes.	 After	washing	 the	 liposomes	with	 PBS	 fol-
lowed	by	centrifugation	(100,000g,	30	min,	4°C),	the	remaining	ADP	
was	 removed	 using	 Sephadex	G25	 (GE	Healthcare	 Japan,	 Tokyo).	
The	diameter	of	H12-	ADP-	liposomes	were	179	± 53 nm. When the 
total	lipid	concentration	was	20	mg/ml,	the	concentrations	of	ADP	
inside	and	outside	of	liposomes	were	0.0732	and	0.0016	mg/ml,	re-
spectively.	 The	encapsulation	efficiency	of	ADP	was	estimated	 as	
8.76%	 (Table	S1).	We	also	prepared	H12-	(PBS)-	liposomes	 (without	
ADP),	which	skipped	the	process	of	containing	ADP.

2.3  |  Acute thrombocytopenic rabbit model

Acute	 thrombocytopenia	 was	 achieved	 in	 rabbits	 essentially	 as	
described in our previous studies.7,9	 Rabbits	 were	 anesthetized	
using	intramuscular	injections	of	ketamine	(25	mg/kg)	and	xylazine	
(10	mg/kg).	Anesthesia	was	maintained	with	intravenous	injections	
of	 pentobarbital	 (15	mg/kg)	 every	 30	min	 during	 the	 experiment.	
The adequacy of anesthesia was monitored by the loss of the ear 
pinch	reflex.	Anaesthetized	rabbits	were	placed	on	a	warming	plate	
to	maintain	the	body	temperature	at	37°C.	Aseptic	techniques	were	
adopted	for	all	surgical	procedures.	Surgical	catheters	(polyethylene	
indwelling	 needle	 20	G;	 Terumo	Co.,	 Tokyo,	 Japan)	were	 inserted	
into	the	femoral	artery	and	vein	 in	each	rabbit.	Thereafter,	25	ml/
kg	of	blood	(sample	1)	was	withdrawn	from	the	femoral	artery,	and	
the	same	volume	of	dextran	40	(Otsuka,	Tokushima,	Japan)	was	si-
multaneously	 transfused	via	 the	 femoral	vein.	Forty	minutes	 later,	
the	next	blood	sample	(25	ml/kg,	sample	2)	was	withdrawn	and	the	
same	volume	of	washed	red	blood	cells	(RBCs)	prepared	from	sample	
1 was transfused. This isovolemic blood exchange was repeated six 
times. The last transfusion of washed RBCs was performed without 
simultaneous	blood	withdrawal	 (Figure	S1A).	 This	 blood	exchange	
reduced platelet count to 50 ± 9 from 241 ± 35 (×103/μl)	 of	nor-
mal	 rabbits	 (approximately	 80%	 thrombocytopenia).	 Using	 other	
thrombocytopenic	rabbits,	we	examined	an	aggregating	function	of	

the	residual	platelets	using	the	collagen	test	and	ADP	test.	In	addi-
tion,	we	performed	 the	H12-	(ADP)-	liposome	 test	 (instead	of	ADP	
test)	 with	 and	 without	 ADP	 agonist	 (Multiplate	 Analyzer,	 Roche	
Diagnostics	 International	 AG,	 Rotkreuz,	 Switzerland)	 before	 and	
after thrombocytopenia and at 5 min after mesenteric bleeding in 
this	model.	At	that	test,	we	added	1.05	mg	of	H12-	(ADP)-	liposome	
for	 3	ml	 of	whole	 blood,	 according	 to	 the	 bolus	 injection	 dose	 of	
H12-	(ADP)-	liposomes	(20	mg/ml/kg)	in vivo study.

2.4  |  Preparation of washed RBCs, platelet rich 
plasma, and platelet poor plasma

As	 described	 previously,7,9	 blood	 samples	 withdrawn	 with	 a	 10%	
volume	 of	 3.8%	 (w/v)	 sodium	 citrate	 were	 centrifuged	 at	 100	 g 
for	 15	min,	 and	 the	 supernatant	was	 used	 as	 platelet	 rich	 plasma	
(PRP).	The	 remaining	 sample	was	 further	 centrifuged	at	500	g for 
10	min	and	the	supernatant	was	used	as	platelet	poor	plasma	(PPP).	
Thereafter,	the	remaining	cells	were	washed	with	saline,	diluted	in	
25	ml/kg	of	normal	saline	containing	5%	human	serum	albumin,	and	
transfused into the rabbit as washed RBCs. These PRP and PPP sam-
ples	showed	similar	coagulation	activity	 (fibrinogen,	approximately	
150	 mg/dl;	 antithrombin	 [AT]	 III	 activity,	 99%;	 prothrombin	 time	
[PT],	12	s;	activated	partial	thromboplastin	time	[aPTT],	32	s)	(Figure	
S1B).

2.5  |  Preparation of allogeneic RBC concentrates 
from donor rabbits

Donor	rabbits	were	anesthetized	as	described	previously.	Thereafter,	
50	ml/kg	of	blood	was	drawn	from	the	femoral	artery,	and	the	same	
volume of normal saline was simultaneously transfused via the fem-
oral	vein,	as	described	previously.7 Until their euthanasia (performed 
using	 intravenous	 injections	of	pentobarbital	100	mg/kg),	 the	ani-
mals	donated	approximately	30	ml	of	RBC	concentrate.	In	brief,	after	
removing	PRP	and	PPP,	the	remaining	RBCs	were	washed	with	acid	
citrate	dextrose	solution,	finally	adding	the	same	volume	of	mannitol	
adenine	phosphate	solution	(D-	mannitol	1.457,	Adenine	0.014,	so-
dium	dihydrogen	phosphate	0.094,	w/v%,	Terumo	Co,	Tokyo,	Japan).	
The allogeneic RBC concentrates were stored at 4°C in a refrigerator 
until use.

2.6  |  Mesenteric vessel injury and damage control 
resuscitation using H12- (ADP)- liposomes, RBCs, 
PRP, or PPP

After	 blood	 withdrawal	 and	 autologous	 RBC	 transfusion	 to	make	
thrombocytopenia,	 rabbits	 underwent	 laparotomy	 and	 received	
mesenteric vessel injury at the jejunal mesentery approximately 
10	cm	anal	side	from	the	Treitz	 ligament	 (Figure	S2).	Bleeding	vol-
ume	from	the	mesenteric	injury	was	measured	every	5	min.	At	initial	
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5	min	after	bleeding,	rabbits	received	intravenous	bolus	injection	of	
H12-	(ADP)-	liposomes	(20	mg/ml/kg).	Immediately	after	H12-	(ADP)-	
liposome	 injection,	 they	 received	 isovolemic	 transfusion	 with	 al-
logenic	 stored-	RBC/PPP	 (RBC:PPP	=	 1:1	 [vol/vol])	 every	5	min	 to	
compensate the mesenteric hemorrhage (n =	 10).	 In	 addition,	we	
examined	the	effect	of	giving	the	H12-	(ADP)-	liposomes	followed	by	
infusion of lactated Ringer solution (n =	4)	or	PPP	(n =	5),	and	exam-
ined	the	effect	of	H12-	(PBS)-	liposomes	(without	ADP)	followed	by	
RBC/PPP (n =	5)	in	this	model.	As	a	positive	control	group,	isovolemic	
allogenic	stored-	RBC/PRP	(RBC:PRP	=	1:1	[vol/vol])	was	transfused	
into the rabbits every 5 min (n =	 10).	As	negative	 control	 groups,	
isovolemic	allogenic	stored-	RBC/PPP	(RBC:PPP	=	1:1	[vol/vol])	was	
transfused into the rabbits every 5 min (n =	10)	and	isovolemic	lac-
tated Ringer solution (n =	5),	or	PPP	alone	(n =	4)	was	infused	every	
5	min	 (Figure	1).	The	bleeding	from	the	 injured	vessel	was	quanti-
tatively evaluated by passing the injured ileum through a hole cut 
in a surgical glove. The exsanguinating blood was then collected in 

the	glove	and	its	volume	precisely	measured	(Figure	S2A).	After	ab-
dominal	closure,	rabbit	survivals	were	monitored	for	24	h	under	ad 
libitum feeding with laboratory diet and water. Postoperative anal-
gesia was performed with intramuscular injections of buprenorphine 
(0.02	mg/kg)	twice	immediately	after	wound	closure	and	12	h	later.

2.7  |  Measurement of blood cell counts and 
coagulation factors

Blood	cell	counts	were	measured	using	a	hematology	analyzer	(Erma	
PCE	170,	Erma,	Tokyo,	Japan)	at	five	time	points:	before	the	experi-
ment,	after	completing	the	blood	exchange,	and	5,	15,	and	30	min	
after	 mesenteric	 injury.	 To	 measure	 the	 plasma	 fibrinogen	 levels,	
AT	III	activity,	PT,	and	aPTT,	blood	samples	were	collected	in	hep-
arinized	syringes	and	centrifuged	at	500	× g	at	4°C	for	10	min,	at	
four	 time	 points:	 before	 experiment,	 after	 completing	 the	 blood	

F I G U R E  1 Experimental	design	
of resuscitation following mesenteric 
hemorrhage in rabbits with 
thrombocytopenic coagulopathy. 
Thrombocytopenia was induced in 
rabbits by repeated blood withdrawals 
and isovolemic transfusion of autologous 
washed	RBCs.	Thereafter,	mesenteric	
injury	was	made	in	the	jejunum,	resulting	
in	hemorrhagic	shock	due	to	mesenteric	
bleeding.	At	initial	5	min	after	bleeding,	
rabbits	received	H12-	(ADP)-	liposomes	or	
H12-	(PBS)-	liposomes	intravenous	bolus	
injection	(20	mg/ml/kg),	immediately	
followed by an isovolemic transfusion 
with	allogenic	stored-	RBC/PPP	
(RBC:PPP =	1:1	[vol/vol])	every	5	min	to	
compensate the mesenteric hemorrhage. 
Isovolemic	RBC/PRP	(RBC:PRP	=	1:1	[vol/
vol])	group,	RBC/PPP	(RBC:PPP	= 1:1 
[vol/vol])	group,	PPP	group,	and	lactated	
Ringer	solution	group,	were	compared	for	
outcomes and hemodynamic/hematologic 
parameters.	ADP,	adenosine-	diphosphate;	
PBS,	phosphate	buffered	saline;	PPP,	
platelet	poor	plasma;	RBC,	red	blood	cell
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exchange,	and	15	and	30	min	after	 injury.	These	parameters	were	
measured	at	the	Sanritsu	Zelcova	Laboratory	(Tokyo,	Japan).

2.8  |  Analyses of whole blood coagulation activity

The coagulation activity of whole blood was examined as previ-
ously	described	(Sonoclot	Coagulation	&	Platelet	Function	Analyzer,	
Sienco,	 Morrison,	 CO).9,10	 The	 Sonoclot	 signal	 typically	 describes	
coagulation	parameters	including	clotting	time	(CT),	which	indicates	
the	period	up	to	the	beginning	of	fibrin	formation,	and	clot	rate	(CR),	
which indicates the slope of fibrin gel formation that is affected by 
both the rate of the fibrinogen to fibrin conversion and the amount of 
fibrinogen.	We	also	measured	the	clot	amplitude.	Because	Sonoclot	
measurements	 took	at	 least	20	min	 for	each	 sample,	whole	blood	
samples	were	analyzed	at	four	time	points:	before	experiment,	after	
completing	the	blood	exchange,	and	15	and	30	min	after	mesenteric	
injury.

2.9  |  Measurement of blood gases and 
lactate levels

Blood gases and plasma lactate levels were measured at four time 
points:	before	experiment,	after	completing	the	blood	exchange,	and	
15	and	30	min	after	mesenteric	 injury,	using	a	blood	gas	analyzer	
(ABL	 80,	 Radiometer,	 Copenhagen,	 Denmark).	 Numbers	 were	 re-
duced because we were unable to get blood samples from all rabbits.

2.10  |  Observation with transmission 
electron microscope

Two	additional	rabbits	were	prepared	for	H12-	ADP-	liposome	+ RBC/
PPP group. The mesenteric vessel specimens were obtained from the 
injury site at 1 h after injury. These specimens were prefixed with a 
fixative	containing	4%	paraformaldehyde	and	0.5%	glutaraldehyde	
in	0.1	mol/L	phosphate	buffer	 (pH	7.4)	for	3	h	at	4°C,	followed	by	
postfixing	in	1%	osmium	tetroxide	in	0.1	mol/L	phosphate	buffer	(pH	
7.4)	for	2	h	at	4°C,	dehydration,	and	embedding	in	epoxy	resin.	For	
selection	of	the	bleeding	site	lesion,	semithin	sections	were	stained	
with toluidine blue. Ultrathin sections stained with uranyl acetate 
and lead citrate were then examined under an electron microscope 
(JEM	1400;	JEOL,	Tokyo,	Japan)	at	an	accelerating	voltage	of	80	kV.

2.11  |  Statistical analyses

Statistical	analyses	were	performed	using	a	software	package	(Stat	
View	 4.02J,	 Abacus	 Concepts,	 Berkeley,	 CA).	 Survival	 rates	 were	
compared	 by	 Wilcoxon	 signed-	rank	 test.	 Statistical	 evaluations	
between	 two	 groups	 were	 made	 using	 Student	 t	 test,	 and	 other	
statistical	 evaluations	 were	 performed	 using	 a	 one-	way	 analysis	

of	 variance,	 followed	by	 a	Bonferroni	post hoc	 test.	Data	 are	pre-
sented as means ±	SD,	with	p < 0.05 considered to be statistically 
significant.

3  |  RESULTS

3.1  |  Acute thrombocytopenia in rabbits after 
blood exchange and platelet plasma apheresis

After	isovolemic	blood	exchange	and	platelet	plasma	apheresis,	rab-
bits	showed	marked	decreases	 in	platelet	counts	(50	±	8	× 103/μl)	
and plasma fibrinogen levels (59 ±	23	mg/dl),	 indicating	severe	co-
agulopathy	(PT	and	aPTT	were	out	of	measurable	range).	They	also	
showed	significant	prolongation	of	CT	and	reduction	of	CR	(Table	1).	
RBC counts were 3.7 ± 0.6 × 106/μl	and	hemoglobin	(Hb)	concentra-
tions	were	8	±	1	g/dl	in	rabbits,	which	indicated	mild	anemia	from	
loss	of	RBCs	during	the	blood	exchange.	All	rabbits	showed	a	mod-
erately	reduced	mean	arterial	pressure	(MAP;	48	±	7	mm	Hg)	at	the	
end	of	blood	exchange/platelet	plasma	apheresis	(Table	1,	Figure	2).	
They also showed lactic acidosis: pH declined to 7.15 ±	0.08,	whereas	
plasma lactate levels were elevated to 7 ±	4	mmol/L	(Table	1).

3.2  |  Hemorrhagic shock with coagulopathy by 
mesenteric injury

Rabbits	then	received	the	mesenteric	vessel	injury.	During	the	initial	
5	min,	their	blood	loss	reached	16	±	6	ml,	which	was	approximately	
11%	of	total	blood	volume	(estimated	as	54	ml/kg24)	At	5	min	after	
the	bleeding,	MAP,	Hb	concentrations,	and	platelet	counts	further	
reduced	to	28	±	5	mmHg,	6	±	1	g/dl,	and	45	± 11 × 103/μl,	respec-
tively	 (Table	 1,	 Figure	 2).	 These	 parameters	 characterized	 coagu-
lopathy as defined by Moore et al.11	(MAP	<	30	mmHg,	Hb	<	6	g/dl,	
platelet < 50 × 103/μl,	pH	<	7.2).

The area under the aggregation curve assessed by the collagen 
test	or	ADP	test	was	not	significantly	changed	between	before	ex-
periment	and	after	mesenteric	vessel	bleeding,	which	indicated	that	
aggregating function of the residual platelets was well preserved in 
this	model.	H12-	(ADP)-	liposome	test	with	ADP	agonist	showed	sim-
ilar	 results	 to	 the	ADP	 test	 and	H12-	(ADP)-	liposome	 test	without	
ADP	agonist	showed	no	response	ex vivo	(Table	S2).

3.3  |  Hemostasis, bleeding volumes, and survivals 
after infusion/transfusion treatments

Administration	 of	H12-	(ADP)-	liposomes	 followed	 by	 transfusion	
with RBC/PPP as well as transfusion with RBC/PRP effectively 
stopped bleeding in all thrombocytopenic rabbits. Their bleed-
ing times were similar (24 ± 20 vs 25 ±	20	min)	 (Figure	3A)	and	
their total blood loss were 39 ± 41 and 37 ±	28	ml,	respectively.	
In	contrast,	RBC/PPP	transfusion	alone	as	well	as	administration	
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of	 H12-	(PBS)-	liposomes	 followed	 by	 transfusion	 with	 RBC/PPP	
delayed hemostasis; bleeding time was 44 ± 35 and 57 ±	28	min	
and total blood loss: 69 ±	35	and	86	±	16	ml,	respectively.	These	
blood	loss	volumes	were	significantly	larger	than	that	of	the	H12-	
(ADP)-	liposomes	 with	 RBC/PPP	 group	 (Figure	 3B).	 Eventually,	
three	 of	 10	 (30%)	 rabbits	 transfused	with	RBC/PPP,	 one	 of	 five	
(20%)	 rabbits	 administered	 with	 H12-	(PBS)-	liposomes	 followed	
by	RBC/PPP,	one	of	five	(20%)	rabbits	with	H12-	(ADP)-	liposomes	
administration	followed	by	PPP	infusion,	and	three	of	four	(75%)	
rabbits	with	PPP	infusion	alone	failed	to	stop	bleeding.	No	rabbits	
receiving	 lactated	Ringer	 solution	 stopped	bleeding,	 resulting	 in	
decease	(Figure	3B).	MAP	was	markedly	restored	after	RBC	trans-
fusion	 in	 the	 groups	 of	 administration	 of	 H12-	(ADP)-	liposomes	
followed	 by	 RBC/PPP	 transfusion,	 RBC/PRP	 transfusion,	 H12-	
(PBS)-	liposomes	 followed	 by	 RBC/PPP	 transfusion,	 and	 RBC/
PPP	transfusion	alone,	but	not	groups	of	lactated	Ringer	infusion	
(Figure	 2A).	 Regarding	 survival,	 H12-	(ADP)-	liposomes	 followed	
by RBC/PPP transfusion significantly improved rabbit survivals 
rather	 than	 RBC/PPP	 transfusion	 and	 H12-	(PBS)-	liposomes	 fol-
lowed	 by	 RBC/PPP	 transfusion	 (Figure	 4).	 At	 24	 h,	 H12-	(ADP)-	
liposome	 with	 RBC/PPP	 group	 showed	 80%	 survival,	 RBC/PRP	
group	 was	 70%,	 H12-	(ADP)-	liposomes	 followed	 by	 PPP	 group:	
60%,	RBC/PPP	group:	40%,	and	H12-	(PBS)-	liposomes	with	RBC/
PPP:	20%.	PPP	alone	group	and	H12-	(ADP)-	liposomes	followed	by	
lactated Ringer infusion group were lethal.

3.4  |  Changes in blood cell counts and 
coagulation factors

Transfusion	with	RBC/PRP	 restored	Hb	concentration,	hematocrit	
(HCT),	 and	 platelet	 counts	 (Figure	 2B–	D).	 RBC/PRP	 transfusion	
also tended to restore fibrinogen concentrations and PT (Tables 
S3	and	S4),	 suggesting	 that	 it	 improved	anemia	and	coagulopathy.	
Administration	 with	 H12-	(ADP)-	liposomes	 followed	 by	 RBC/PPP	
transfusion also tended to restore anemia (Hb concentration and 
HCT)	 and	 coagulopathy	 (fibrinogen	 concentrations	 and	 PT),	 al-
though	it	did	not	affect	platelet	counts	(Figure	2B–	D,	Tables	S3	and	
S4),	 because	 H12-	(ADP)-	liposomes	 do	 not	 affect	 platelet	 counts.	
RBC/PPP transfusion similarly restored anemia and coagulopathy 
but	not	platelet	counts	(Figure	2B–	D,	Tables	S3	and	S4).	Either	treat-
ment with lactated Ringer or PPP without RBC transfusion even fol-
lowing	the	H12-	(ADP)-	liposomes	infusion	showed	marked	reduction	
of	Hb	concentration	(Figure	2B–	D,	Tables	S3	and	S4).

3.5  |  Analyses of whole blood coagulation activity

Administration	 of	 H12-	(ADP)-	liposomes	 followed	 by	 RBC/PPP	
transfusion significantly shortened CT at 15 min after injury in com-
parison to RBC/PPP transfusion alone or lactated Ringer infusion 
(Figure	 5A).	 Bolus	 administration	 of	 H12-	(ADP)-	liposomes	 in	 the	

Variables

Before blood 
withdrawal
(n = 53)

After blood 
withdrawal
(n = 53)

5 min after 
injury
(n = 53)

MAP	(mmHg) 70 ± 11 49 ± 7* 26 ± 5**

Hb	concentration	(g/dl) 11.7 ±	0.8 7.9 ± 1.2* 6.7 ± 1.0**

HCT	(%) 38	± 4 26 ± 4* 22 ± 4**

PLT	count	(×103/μl) 241 ± 35 50 ± 9* 45 ± 11**

Fibrinogen	concentration	(mg/dl)	(n =	43) 176 ± 23 57 ± 22* Not	measured

AT3	activity	(%)	(n =	27) 79 ±	8 26 ± 5* Not	measured

PT	(s)	(n =	27) 5.0 ± 0.2 >15 Not	measured

aPTT	(s)	(n =	27) 26.0 ± 5.4 >75 Not	measured

CT	(s) 109 ± 24 398	± 213* Not	measured

CR 19.4 ±	6.8 2.7 ± 1.6* Not	measured

Clot amplitude 97 ± 13 38	± 11* Not	measured

pH 7.37 ± 0.07 7.18	± 0.10* Not	measured

CtO2	(vol%) 13 ± 2 9 ± 2* Not	measured

PaO2	(mm	Hg) 67 ± 15 165 ±	28* Not	measured

HCO3-		(mmol/L) 29 ± 4 10 ± 3* Not	measured

BE	(mmol/L) 4 ± 4 −17	± 4* Not	measured

Lactate	(mmol/L) 3 ± 1 7 ± 4* Not	measured

Note: Data	are	mean	±	SD.
Abbreviations:	aPTT,	activated	partial	thromboplastin	time;	CR,	clot	rate;	CT,	clotting	time;	CtO2,	
arterial	oxygen	content;	Hb,	hemoglobin;	HCT,	hematocrit;	MAP,	mean	arterial	pressure;	PLT,	
platelet.
*p < 0.05 vs before blood withdrawal.
**p < 0.05 vs before and after blood withdrawal.

TA B L E  1 Changes	in	hematologic	
variables and coagulation factors of 
rabbits before and after blood withdrawal



    |  7 of 13HAGISAWA et Al.

initial	bleeding	phase	may	quickly	improve	CT.	However,	RBC/PRP	
transfusion and RBC/PPP transfusion also reduced CT at 30 min 
after	 injury	but	 lactated	Ringer	 infusion	 remarkably	prolonged	CT	
at	30	min	 (Figure	5A).	Administration	of	H12-	(ADP)-	liposomes	fol-
lowed by RBC/PPP transfusion as well as transfusion with RBC/PRP 
or RBC/PPP alone significantly increased CR at 30 min after injury 
in	 comparison	 to	 lactated	Ringer	 infusion	 (Figure	5B).	H12-	(ADP)-	
liposomes followed by PPP infusion also shortened CT and gained 
CR	 at	 15	min	 after	 injury	 (Figure	 5A,B).	 Although	 the	 bolus	 infu-
sion	of	H12-	(ADP)-	liposomes	 followed	by	 lactated	Ringer	 infusion	
shortened	CT	at	15	min	(Figure	5A),	it	neither	reduced	the	bleeding	
volume	(Figure	3B)	nor	maintained	the	hemodynamics	(Figure	2A),	
resulting	in	death	(Figure	4).	PPP	infusion	alone	showed	the	similar	
CT	transition	(reprolongation	at	30	min)	as	H12-	(ADP)-	liposomes	fol-
lowed	by	lactated	Ringer	group.	In	line	with	this	finding,	survival	rate	
of	PPP	infusion	alone	was	also	identical	to	H12-	(ADP)-	liposomes	fol-
lowed	by	lactated	Ringer	group	(0%	survival).	H12-	(PBS)-	liposomes	

(without	ADP)	 infusion	had	no	shortening	effect	on	CT	at	15	min.	
Consistently,	 total	 blood	 loss	 of	 rabbits	 treated	 with	 H12-	(PBS)-	
liposomes infusion followed by RBC/PPP was significantly larger 
than	 that	 of	 H12-	(ADP)-	liposomes	 followed	 by	 RBC/PPP.	 In	 all	
groups,	clot	amplitude	reduced	to	30%–	40%	levels	compared	with	
that	of	the	previous	experiment	in	a	similar	fashion	(Table	S5).

3.6  |  Analyses of blood gas and lactate levels

Mesenteric	 bleeding	 caused	 lactic	 acidosis	 in	 rabbits.	 In	 brief,	 pH	
levels shifted to below 7.2 at either 15 or 30 min after injury in all 
groups	(Table	S6).	Base	excess	decreased	to	−20	mmol/L,	HCO3-		de-
creased	to	8	mmol/L,	whereas	plasma	lactate	levels	were	elevated	
to	 approximately	 10	mmol/L.	 To	 compensate	 for	 acidemia,	 hyper-
ventilation	 increased	 PaO2	 values	 to	 160–	200	 mmHg.	 Isovolemic	
RBC	 transfusion	maintained	 arterial	 oxygen	 content	 8–	10	 vol%	 in	

F I G U R E  2 Changes	in	mean	arterial	
pressure and hematological parameters 
in	rabbits.	At	the	initial	5	min	from	the	
bleeding (just before the first resuscitative 
transfusion),	MAP,	Hb	levels,	and	platelet	
counts of rabbits further reduced 
to	28	±	5	mmHg,	6.4	± 1.0 g/dl and 
45 ± 11 × 103/μl. These parameters were 
measured at each indicated time point. 
Hb,	hemoglobin;	MAP,	mean	arterial	
pressure
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H12-	(ADP)-	liposomes	 with	 RBC/PPP	 group,	 RBC/PRP	 group,	 and	
RBC/PPP	group,	whereas	lactated	Ringer	infusion	and	PPP	infusion	
significantly	decreased	arterial	oxygen	content	to	3–	5	vol%	as	low	as	
lethal	levels	(Table	S6).

3.7  |  Observations with transmission 
electron microscope

The	lesion	near	the	surface	of	thrombus,	adjacent	to	the	injured	vessel	
(Figure	6A)	and	the	lesion	inside	of	thrombus	formation	(Figure	6B)	
were	observed	in	toluidine	blue-	staining	semithin	section.	In	the	for-
mer	lesion,	near	the	surface,	platelets,	erythrocytes,	leukocytes,	and	
fibrin	were	loosely	contact	with	each	other	(Figure	6C).	In	contrast,	
inside	 of	 the	 thrombus	 (the	 latter	 lesion),	 platelets,	 erythrocytes,	
and	leukocytes	were	densely	contact	with	fibrin	(Figure	6D).	In	both	

lesions,	anhistous	particles,	which	were	approximately	200–	400	nm	
in	diameter	(indicated	by	arrows),	were	observed	around	the	plate-
lets,	erythrocytes,	or	fibrin	deposits	(Figure	6E,F).	These	anhistous	
particles	were	presumably	considered	H12-	(ADP)-	liposomes.13,17	In	
particular,	 dense	 coagulation	 clots	 appeared	 to	 squeeze	 anhistous	
particles	by	clot	compression	(Figure	6F).

4  |  DISCUSSION

Management	of	abdominal	vascular	trauma	has	been	standardized	as	
stated	in	“Western	Trauma	Association	Critical	Decisions	in	Trauma.”	
In	cases	of	mesenteric	arterial	 injury,	this	guide	listed	five	steps	to	
control	 bleeding	 as	 follows:	 (1)	 approach	 to	 hematoma	 at	 laparot-
omy	and	remove	it,	(2)	approach	to	hemorrhage	at	laparotomy	with	
manual	compression,	(3)	repair	treatment	of	arterial	hemorrhage	at	

F I G U R E  3 Bleeding	time	and	blood	
loss	volume.	(A)	Administration	with	H12-	
(ADP)-	liposomes	followed	by	transfusion	
with RBC/PPP as well as transfusion with 
RBC/PRP effectively stopped bleeding 
in	all	thrombocytopenic	rabbits.	(B)	The	
blood loss volumes of rabbits treated with 
RBC/PRP,	with	H12-	(ADP)-	liposomes	
followed by RBC/PPP or with RBC/
PPP gradually reduced. The total blood 
loss until hemostasis were significantly 
larger in rabbits treated with RBC/PPP 
alone than those in rabbits treated with 
H12-	(ADP)-	liposomes	followed	by	RBC/
PPP.	ADP,	adenosine-	diphosphate;	PPP,	
platelet	poor	plasma;	PRP,	platelet	rich	
plasma;	RBC,	red	blood	cell
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laparotomy	or	after	hematoma	opened,	 (4)	 systemic	complications	
(hypothermia,	acidosis	and	coagulopathy)	are	corrected	in	the	inten-
sive	care	unit,	and	(5)	“second-	look”	operation	within	12–	24	h	should	
be always considered after such extensive reconstruction of the su-
perior mesenteric artery.25	 In	addition,	DCR	including	MTP	should	
be introduced before laparotomy. Maciel et al. elucidated the impact 
of MTP on the outcomes of patients with abdominal aortic injuries 
by a retrospective analysis of level 1 trauma center database.10

Recently,	 prehospital	 DCR	 has	 improved	 prognoses	 of	 trauma	
patients.	 A	 recent	 study	 of	 prehospital	 blood	 transfusion	 during	
helicopter transport showed a survival benefit to combat casual-
ties.26	 The	 Prehospital	 Air	Medical	 Plasma	 trial	 reported	 a	 gener-
alizable	 intervention	 of	 “prehospital	 plasma	 resuscitation,”	 which	
appears to improve survival in trauma patients who are bleeding and 
at	risk	for	hemorrhagic	shock.27,28

Infusion	 of	 H-	12-	ADP-	liposomes	with	 lactated	 Ringer	 solution	
was	unable	 to	stop	bleeding	effectively,	whereas	 infusion	of	H12-	
(ADP)-	liposomes	 followed	 by	 RBC/PPP	 transfusion	 effectively	
stopped bleeding from the mesenteric vessel injury in rabbits. This 
suggests	 that	 the	 hemostatic	 effect	 of	 H-	12-	ADP-	liposomes	 may	
require	supplemental	augmentation	by	plasma	components.	It	may	
contribute	to	prehospital	DCR	as	a	prompt	hemostatic	agent.	Even	
following	 systemic	 administration,	 H12-	(ADP)-	liposomes	 accumu-
lated at bleeding site.13	H12-	(ADP)-	liposomes	may	constitute	a	novel	
therapeutic strategy for abdominal vascular injury; prehospital re-
suscitation	using	H12-	(ADP)-	liposomes	could	be	useful	for	abdomi-
nal trauma hemorrhage caused by mesenteric injury in patients with 
coagulopathy,	which	is	one	of	the	most	serious	trauma	conditions.

The initial focus on hemostasis is an important and effective mea-
sure at prehospital level to improve the outcomes in hemorrhagic 

F I G U R E  4 Survival	rates	of	rabbits	
with induced acute thrombocytopenia/
hemorrhagic	shock.	Three	of	10	rabbits	
transfused with RBC/PPP failed to stop 
bleeding.	No	rabbits	receiving	lactated	
Ringer	solution	stopped	bleeding,	
resulting	in	death.	PP,	platelet	poor	
plasma;	RBC,	red	blood	cell
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shock	with	coagulopathy.	However,	prehospital	damage	control	in-
terventions,	 such	 as	 platelet	 transfusion,	 exploratory	 laparotomy,	
Resuscitative	Endovascular	Balloon	Occlusion	of	the	Aorta,	or	junc-
tional	tourniquet,	are	usually	difficult	to	perform	in	clinical	settings.	
Administration	 of	 H12-	(ADP)-	liposomes	 could	 robustly	 and	 easily	
control	 bleeding	 even	 in	 the	 early	 phase	 of	 patient	 care,	 namely	
prehospital	 resuscitation,	 because	 it	 can	 be	 easily	 stored	without	
shaking18 and can be used as an intravenous bolus administration. 
Definitive	surgery	to	repair	damaged	organ/tissues	and	removal	of	
hematoma could be safely performed under controlled hemorrhage 
by	treatment	with	H12-	(ADP)-	liposomes.	Because	only	a	small	vol-
ume	 (2–	3	ml)	of	H12-	(ADP)-	liposomes	 is	needed	 to	 stop	bleeding,	
this treatment could avoid the hemodilution by transfusion of RBC/
PPP.

Thrombocytopenic rabbits showed more than 400 s of CT (be-
fore	injury),	demonstrating	severe	coagulopathy.29	Administration	

of	H12-	(ADP)-	liposomes	with	RBC/PPP	rapidly	shortened	CT	al-
ready	15	min	after	 injury	 (Figure	5A),	 indicating	 improvement	of	
coagulation function. RBC/PPP transfusion alone required two 
times	volume	as	H12-	(ADP)-	liposomes	with	RBC/PPP	to	compen-
sate	for	the	blood	loss	volume	in	the	current	study.	Consistently,	
Asensio	et	al.	reported	that	volume	overload	stood	behind	acido-
sis and coagulopathy in patients with superior mesenteric arterial 
injury.	 In	 that	 report,	 patients	 had	 to	 receive	 a	 total	 infusion	 of	
17	L	of	several	blood	products	with	colloids	and	crystalloid	against	
5.2	L	of	blood	loss.30

In	 the	current	study,	as	 the	elevation	of	Hb	concentration	was	
2	 g/dl	 after	 transfusion,	 the	 transfusion	 volume	 of	 stored	 RBCs	
should	be	estimated	as	5	units.	In	the	same	way,	as	the	elevation	of	
platelet counts was 35 × 103/μl	 after	 transfusion,	 transfusion	vol-
ume	of	platelets	was	comparable	to	5	units.	Infusion	plasma	volume	
was	estimated	to	be	5	units	because	16	ml/kg	of	plasma	was	infused	

F I G U R E  5 Changes	in	whole	blood	
coagulation.	Administration	of	H12-	
(ADP)-	liposomes	followed	by	transfusion	
with RBC/PPP promptly shortened CT 
to	338	±	174	s	at	15	min	after	injury,	in	
comparison to substantial prolongation 
of	CT	in	the	other	groups.	At	30	min	after	
injury,	CT	and	CR	were	improved	in	all	the	
animals except received lactated Ringer 
solution.	ADP,	adenosine-	diphosphate;	
CR,	clot	rate;	CT,	clotting	time;	PPP,	
platelet	poor	plasma;	RBC,	red	blood	cell
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into	rabbits	in	the	current	study.	Therefore,	administration	ratio	of	
stored-	RBCs:	 platelets:	 plasma	was	 considered	 to	 be	 5:5:5	 (units/
units),	which	is	comparable	to	the	ratio	of	the	most	recent	transfu-
sion protocols based on the 1:1:1 scenario.

According	 to	 several	 guidelines	 and	 papers,	 recombinant	 fac-
tor	 VIIa	 has	 been	 used	 for	 correcting	 coagulopathy	 in	 surgery	 or	
trauma,	which	were	 recommended	 under	 these	 conditions:	 plate-
let > 50 × 103/μl,	fibrinogen	>	100	mg/dl,	and	HCT	>	24%.31-	33	In	the	
current	study,	H12-	(ADP)-	liposomes	could	be	used	 in	more	severe	
conditions: platelet counts were 45 ± 11 × 103/μl,	 fibrinogen	level	
was 59 ±	23	mg/dl,	and	HCT	was	20	±	3%	(Table	1)	because	H12-	
(ADP)-	liposomes	can	directly	promote	platelet	thrombi	that	is	crucial	
for hemostasis in thrombocytopenic conditions.13,23

Consistent	 with	 the	 current	 findings,	 in	 our	 previous	 study	
H12-	(PBS)-	liposomes	with	 PPP	were	 applied	 for	 the	 liver	 pene-
trating hemorrhage in thrombocytopenic rabbits whose plate-
let counts decreased less than 50 × 109/L,	 as	 low	 as	 in	 the	
current study. They had no additional platelet aggregation effect 
in	comparison	with	PPP	alone	shown	in	similar	ACT	prolongation.	
Consequently,	 ADP	 loading	 is	 crucial	 for	 hemostasis	 in	 throm-
bocytopenia.23	 Previous	 studies	 indicated	 that	 ADP	 is	 the	most	
appropriate agonist for enhancing platelet aggregation without 
adverse thrombotic event and it can be sufficiently encapsulated 
by liposomes.34	Adding	ADP	also	may	help	constriction	of	injured	

vessels via purinergic receptors on the endothelium and smooth 
muscle cells besides activation of platelets.35,36

H12-	(ADP)-	liposomes	 have	 several	 characteristics	 and	 advan-
tages	for	application	to	DCR	and	emergency	situations.	Transcatheter	
arterial	 embolization37,38	 or	 spasm-	induced	 pharmacotherapy39 
based on invasive angiographical procedure can selectively achieve 
hemostasis.	H12-	(ADP)-	liposomes	could	noninvasively	achieve	local	
hemostasis because they can accumulate at the bleeding site point. 
In	addition,	H12-	(ADP)-	liposomes	are	easy	to	store	and	provide	for	
field	care,	owing	to	characteristics	of	artificial	liposomes,	which	are	
suitable	for	initial	treatment	of	urgent	hemorrhage	patients.	As	for	
the	safety	 in	a	nonthrombocytopenic	condition,	we	previously	ap-
plied	H12-	(ADP)-	liposomes	for	normal	mice,	whose	platelet	counts	
were	kept	> 400 × 109/L.	Administration	of	H12-	(ADP)-	liposomes	
caused	no	remarkable	change	in	the	Sonoclot	value	and	induced	no	
thrombotic events in normal mice.14

In	 recent	 years,	 several	 hemostatic	 materials	 like	 Fibroplate,	
HAPPI	 polymer,	 platelet-	like	 nanoparticles,	 platelet-	like	 particles,	
RGD-	coated	particles,	synthetic	platelets	(e.g.,	SynthoPlate,	synplat),	
and Thrombosome have been reported as similar type of modalities 
to treat trauma bleeding and thrombocytopenia bleeding.40-	43	Some	
of	 them	 have	multiple	 ligands	 toward	 injured	 endothelium,	which	
may enhance not only platelet aggregation but also its adhesion. 
In	 contrast,	 the	 H12-	(ADP)-	liposomes	 are	 designed	 to	 potentially	

F I G U R E  6 Transmission	electron	
microscopic	observation.	A	semithin	
section showed the loose coagulation 
clots	(A)	and	dense	coagulation	clots	
(B)	adjacent	to	the	injured	site.	The	
clots had substantial involvement of 
platelets	and	fibrin	around	RBCs	(C,	D).	
Arrows	indicate	anhistous	particles,	
which were presumably considered as 
H12-	(ADP)-	liposome	(approximately	
200–	400	nm)13,17	(E,	F).	Although	loose	
coagulation clots involved anhistous 
particles	(E),	dense	coagulation	clots	
squeezed	anhistous	particles	by	clot	
compression	(F).	Arrowheads	indicate	
platelets.	ADP,	adenosine-	diphosphate;	
RBC,	red	blood	cell
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promote local activation of residual platelets proximal to injury as 
well as promote platelet aggregation.

5  |  LIMITATIONS

In	 this	study,	mesenteric	bleeding	was	 located	on	marginal	branch	
defined	as	Fullen	zone	IV,44 which was relatively mild trauma injury 
in comparison to the injury of proximal superior mesenteric artery. 
However,	 thrombocytopenic	 animals	 fell	 into	 robust	 hemorrhagic	
shock	and	the	single	bleeding	site	enabled	to	confirm	the	efficacy	
of	H12-	(ADP)-	liposomes	for	hemostasis.	As	for	mesenteric	 injured	
procedure,	anatomical	position	was	not	distinctly	similar	 in	all	rab-
bits because of their inherent vessel variability.

In	thrombocytopenic	rabbits	whose	platelet	counts	decreased	to	
less than 50 × 109/L	and	as	low	as	in	the	current	study,	H12-	ADP-	
liposmes	showed	similar	hemostatic	effect	beyond	20	mg/kg	of	lipid	
concentration.34	However,	optimum	liposome:	platelet	ratios	should	
be elucidated for different platelet count conditions.

Clinically,	early	platelet	dysfunction	may	be	one	of	the	major	rea-
sons	of	trauma-	induced	coagulopathy	in	severely	injured	patients.45 
In	our	study,	coagulopathy	was	mainly	attributed	to	the	hemodilu-
tion	not	to	platelet	dysfunction,	and	the	current	experimental	model	
enabled to maintain platelet aggregating function in the subject rab-
bits.	The	control	of	platelet	dysfunction	using	H12-	(ADP)-	liposomes	
should	be	a	target	of	future	research.	In	addition,	future	studies	are	
necessary	for	the	optimization	of	ADP	loading	and	H12	decoration	
to expand the indication of this treatment.

6  |  CONCLUSION

Resuscitation	with	H12-	(ADP)-	liposomes	may	be	effective	as	plate-
let substitutes in lethal hemorrhage caused by mesenteric injury in 
rabbits with coagulopathy.

ACKNOWLEDG MENT
The	authors	thank	Prof.	Hidenori	Suzuki	for	supervising	the	trans-
mission	electron	microscope	observations	and	KNC	Laboratories	Co	
Ltd.	for	preparing	the	H12	peptides.

REL ATIONSHIP DISCLOSURE
The authors have no conflict of interest.

AUTHOR CONTRIBUTIONS
Kohsuke	 Hagisawa	 performed	 the	 planning	 and	 execution	 of	 all	
experiments as well as writing the article. Manabu Kinoshita per-
formed	the	planning	of	all	experiments	and	editing	the	article.	Shinji	
Takeoka,	Morihiro	Hotta,	 and	Masato	Takikawa	manufactured	 the	
liposome.	 Osamu	 Ishida	 performed	 execution	 of	 all	 experiments.	
Daizoh	Saitoh	analyzed	the	data.	Yayoi	Ichiki	validated	the	transmis-
sion	electron	microscope	observation.	 Ivo	P.	Torres	Filho	 and	Yuji	

Morimoto	critically	revised	the	article.	All	authors	provided	final	ap-
proval of the version to be published.

DISCL AIMER
The views expressed in this article are those of the authors and do 
not	reflect	the	official	policy	or	position	of	the	U.S.	Army	Medical	
Department,	Department	of	the	Army,	Department	of	Defense,	or	
the	U.S.	Government.

ORCID
Manabu Kinoshita  https://orcid.org/0000-0002-2750-3084 

R E FE R E N C E S
	 1.	 Asensio	JA,	Lejarraga	M.	Abdominal	vascular	injury.	In:	Demetriades	

D,	Asensio	JA,	editors.	Trauma Handbook.	Landes	Biosciences	Co;	
2000:356-	362.

	 2.	 Kobayashi	LM,	Costantini	TW,	Hamel	MG,	Dierksheide	JE,	Coimbra	
R.	 Abdominal	 vascular	 trauma.	 Trauma Surg Acute Care Open. 
2016;1:e000015.

	 3.	 Asensio	JA,	Forno	W,	Roldan	G,	et	al.	Abdominal	vascular	injuries:	
injuries to the aorta. Surg Clin North Am.	 2001;81(6):1395-	1416;	
xiii-	xiv.

	 4.	 Buck	 GC	 3rd,	 Dalton	ML,	 Neely	WA.	 Diagnostic	 laparotomy	 for	
abdominal	 trauma.	 A	 university	 hospital	 experience.	 Am Surg. 
1986;52:41-	43.

	 5.	 Khan	I,	Bew	D,	Elias	DA,	Lewis	D,	Meacock	LM.	Mechanisms	of	in-
jury and CT findings in bowel and mesenteric trauma. Clin Radiol. 
2014;69:639-	647.

	 6.	 Prutki	 M,	 Alduk	 AM,	 Smiljanic	 R.	 Traumatic	 mesenteric	 bleed-
ing: early diagnosis and interventional management. Wien Klin 
Wochenschr.	2019;131:45-	46.

	 7.	 Asensio	 JA,	 Chahwan	 S,	 Hanpeter	 D,	 et	 al.	 Operative	 manage-
ment and outcome of 302 abdominal vascular injuries. Am J Surg. 
2000;180(6):528-	534;	discussion	533-	534.

	 8.	 Karaolanis	G,	Moris	D,	McCoy	CC,	Tsilimigras	DI,	Georgopoulos	S,	
Bakoyiannis	C.	Contemporary	strategies	in	the	management	of	ci-
vilian abdominal vascular trauma. Front Surg.	2018;5:7.

	 9.	 Sorrentino	TA,	Moore	EE,	Wohlauer	MV,	 et	 al.	 Effect	 of	 damage	
control surgery on major abdominal vascular trauma. J Surg Res. 
2012;177:320-	325.

	10.	 Maciel	JD,	Gifford	E,	Plurad	D,	et	al.	The	impact	of	a	massive	trans-
fusion protocol on outcomes among patients with abdominal aortic 
injuries. Ann Vasc Surg.	2015;29:764-	769.

	11.	 Moore	EE.	Thomas	G.	Orr	Memorial	Lecture.	Staged	laparotomy	for	
the	hypothermia,	acidosis,	and	coagulopathy	syndrome.	Am J Surg. 
1996;172:405-	410.

	12.	 Baron	 DM,	 Franchini	 M,	 Goobie	 SM,	 et	 al.	 Patient	 blood	 man-
agement	 during	 the	 COVID-	19	 pandemic:	 a	 narrative	 review.	
Anaesthesia.	2020;75(8):1105-	1113.	doi:10.1111/anae.15095

	13.	 Nishikawa	K,	Hagisawa	K,	 Kinoshita	M,	 et	 al.	 Fibrinogen	 γ-	chain	
peptide-	coated,	ADP-	encapsulated	 liposomes	 rescue	 thrombocy-
topenic	rabbits	from	non-	compressible	liver	hemorrhage.	J Thromb 
Haemost.	2012;10(10):2137-	2148.

	14.	 Hagisawa	 K,	 Kinoshita	M,	Miyawaki	 H,	 et	 al.	 Fibrinogen	 γ-	chain	
peptide-	coated	adenosine	5′	diphosphate-	encapsulated	liposomes	
rescue mice from lethal blast lung injury via adenosine signaling. 
Crit Care Med.	2016;44:e827-	e837.

	15.	 Taguchi	K,	Ujihira	H,	Ogaki	S,	et	al.	Pharmacokinetic	study	of	the	
structural	 components	 of	 adenosine	 diphosphate-	encapsulated	
liposomes coated with fibrinogen γ-	chain	dodecapeptide	as	a	syn-
thetic platelet substitute. Drug Metab Dispos.	2013;41:1584-	1591.

https://orcid.org/0000-0002-2750-3084
https://orcid.org/0000-0002-2750-3084
https://doi.org/10.1111/anae.15095


    |  13 of 13HAGISAWA et Al.

	16.	 Suzuki	H,	Okamura	Y,	Ikeda	Y,	Takeoka	S,	Handa	M.	Ultrastructural	
analysis	of	thrombin-	induced	interaction	between	human	platelets	
and	liposomes	carrying	fibrinogen	g-	chain	dodecapeptide	as	a	syn-
thetic platelet substitute. Thromb Res.	2011;128:552-	559.

	17.	 Okamura	Y,	Katsuno	S,	Suzuki	H,	et	al.	Release	abilities	of	adenosine	
diphosphate from phospholipid vesicles with different membrane 
properties and their hemostatic effects as a platelet substitute. J 
Control Release.	2010;148:373-	379.

	18.	 Handa	M,	Ikeda	Y,	Takeoka	S,	et	al.	Final Report of Research on Public 
Essential Drugs and Medical Devices H24- 008.	Ministry	 of	Health,	
Labor	and	Welfare,	Japan;	2015	(in	Japanese)	http://mhlw-	grants.
niph.go.jp/niph/searc	h/NIDD02.do?resrc	hNum=20140 7017B 
Accessed	May	2,	2019.

	19.	 Hagisawa	 K,	 Kinoshita	 M,	 Takikawa	M,	 et	 al.	 Combination	 ther-
apy using fibrinogen γ-	chain	 peptide-	coated,	 ADP-	encapsulated	
liposomes	 and	 hemoglobin	 vesicles	 for	 trauma-	induced	 mas-
sive hemorrhage in thrombocytopenic rabbits. Transfusion. 
2019;59:3186-	3196.

	20.	 Wu	 R,	 Peng	 LG,	 Zhao	 HM.	 Diverse	 coagulopathies	 in	 a	 rab-
bit model with different abdominal injuries. World J Emerg Med. 
2017;8:141-	147.

	21.	 Ding	W,	Wu	X,	Gong	G,	Meng	Q,	Ni	 L,	 Li	 J.	 Establishment	of	 an	
acute superior mesenteric artery injury model for damage control 
surgery. J Surg Res.	2009;152:249-	257.

	22.	 Martini	 WZ,	 Cortez	 DS,	 Dubick	 MA,	 Park	 MS,	 Holcomb	 JB.	
Thrombelastography	is	better	than	PT,	aPTT,	and	activated	clotting	
time in detecting clinically relevant clotting abnormalities after hy-
pothermia,	hemorrhagic	shock	and	resuscitation	in	pigs.	J Trauma. 
2008;65:535-	543.

	23.	 Hagisawa	K,	Nishikawa	K,	Yanagawa	R,	et	al.	Treatment	with	fibrino-
gen γ-	chain	peptide-	coated,	adenosine	5'-	diphosphate-	encapsulated	
liposomes as an infusible hemostatic agent against active liver 
bleeding in rabbits with acute thrombocytopenia. Transfusion. 
2015;55(2):314-	325.

	24.	 Little	RA.	Changes	 in	 the	blood	volume	of	 the	 rabbit	with	 age.	 J 
Physiol.	1970;208:485-	497.

	25.	 Feliciano	 DV,	 Moore	 EE,	 Biffl	 WL.	 Western	 Trauma	 Association	
Critical	Decisions	 in	 Trauma:	management	 of	 abdominal	 vascular	
trauma. J Trauma Acute Care Surg.	2015;79:1079-	1088.

	26.	 Shackelford	SA,	Del	Junco	DJ,	Powell-	Dunford	N,	et	al.	Association	
of prehospital blood product transfusion during medical evacuation 
of	combat	casualties	in	Afghanistan	with	acute	and	30-	day	survival.	
JAMA.	2017;318:1581-	1591.

	27.	 Sperry	JL,	Guyette	FX,	Brown	JB,	et	al.	Prehospital	plasma	during	
air	 medical	 transport	 in	 trauma	 patients	 at	 risk	 for	 hemorrhagic	
shock.	N Engl J Med.	2018;379:315-	326.

	28.	 Cannon	 JW.	 Prehospital	 damage-	control	 resuscitation.	 N Engl J 
Med.	2018;379:387-	388.

	29.	 Ganter	MT,	Schmuck	S,	Hamiel	CR,	et	al.	Monitoring	recombinant	
factor	VIIa	treatment:	efficacy	depends	on	high	levels	of	fibrinogen	
in a model of severe dilutional coagulopathy. J Cardiothorac Vasc 
Anesth.	2008;22:675-	680.

	30.	 Asensio	JA,	Britt	LD,	Borzotta	A,	et	al.	Multiinstitutional	experience	
with the management of superior mesenteric artery injuries. J Am 
Coll Surg.	2001;193:354-	365.

	31.	 Tsai	TC,	Rosing	JH,	Norton	JA.	Role	of	factor	VII	 in	correcting	di-
lutional	 coagulopathy	 and	 reducing	 re-	operations	 for	 bleeding	
following	non-	traumatic	major	gastrointestinal	and	abdominal	sur-
gery. J Gastrointest Surg.	2010;14:1311-	1318.

	32.	 Končar	IB,	Davidović	LB,	Savić	N,	et	al.	Role	of	recombinant	factor	
VIIa	in	the	treatment	of	intractable	bleeding	in	vascular	surgery.	J 
Vasc Surg.	2011;53:1032-	1037.

	33.	 Spahn	DR,	Bouillon	B,	Cerny	V,	et	al.	The	European	guideline	on	
management of major bleeding and coagulopathy following trauma: 
fifth edition. Crit Care.	2019;23(1):98.

	34.	 Handa	M,	Ikeda	Y,	Takeoka	S,	et	al.	Final Report of Research on Public 
Essential Drugs and Medical Devices H21- 005.	Ministry	 of	 Health,	
Labor	and	Welfare,	Japan;	2012	(in	Japanese).	https://mhlw-	grants.
niph.go.jp/niph/searc	h/NIDD00.do?resrc	hNum=20110	8004B	
Accessed	Feb	5,	2021.

	35.	 Wihlborg	 AK,	Wang	 L,	 Braun	OO,	 et	 al.	 ADP	 receptor	 P2Y12	 is	
expressed in vascular smooth muscle cells and stimulates con-
traction in human blood vessels. Arterioscler Thromb Vasc Biol. 
2004;24:1810-	1815.

	36.	 Hess	CN,	Kou	R,	Johnson	RP,	Li	GK,	Michel	T.	ADP	signaling	in	vas-
cular	endothelial	cells:	ADP-	dependent	activation	of	the	endothe-
lial	isoform	of	nitric-	oxide	synthase	requires	the	expression	but	not	
the	 kinase	 activity	 of	AMP-	activated	protein	 kinase.	 J Biol Chem. 
2009;284:32209-	32224.

	37.	 Ghelfi	 J,	 Frandon	 J,	 Barbois	 S,	 et	 al.	 Arterial	 embolization	 in	 the	
management of mesenteric bleeding secondary to blunt abdominal 
trauma. Cardiovasc Intervent Radiol.	2016;39:683-	689.

	38.	 Shin	JS,	Shin	JH,	Ko	HK,	Kim	JW,	Yoon	HK.	Transcatheter	arterial	
embolization	for	traumatic	mesenteric	bleeding:	a	15-	year,	single-	
center experience. Diagn Interv Radiol.	2016;22:385-	389.

	39.	 Liang	HL,	Chiang	CL,	Chen	MC,	Lin	YH,	Huang	JS,	Pan	HB.	Pharmaco-	
induced vasospasm therapy for acute lower gastrointestinal bleed-
ing: a preliminary report. Eur J Radiol.	2014;83:1811-	1815.

	40.	 Fitzpatrick	 GM,	 Cliff	 R,	 Tandon	 N.	 Thrombosomes:	 a	 platelet-	
derived hemostatic agent for control of noncompressible hemor-
rhage. Transfusion.	2013;53(Suppl.	1):100s-	106s.

	41.	 Anselmo	 AC,	 Modery-	Pawlowski	 CL,	 Menegatti	 S,	 et	 al.	
Platelet-	like	 nanoparticles:	 mimicking	 shape,	 flexibility,	 and	 sur-
face biology of platelets to target vascular injuries. ACS Nano. 
2014;8:11243-	11253.

	42.	 Hickman	DA,	Pawlowski	CL,	Shevitz	A,	et	al.	Intravenous	synthetic	
platelet	(SynthoPlate)	nanoconstructs	reduce	bleeding	and	improve	
‘golden hour’ survival in a porcine model of traumatic arterial hem-
orrhage. Sci Rep.	2018;8:3118.

	43.	 Gao	Y,	Sarode	A,	Kokoroskos	N,	et	al.	A	polymer-	based	systemic	
hemostatic agent. Sci Adv.	2020;6:eaba0588.

	44.	 Fullen	WD,	Hunt	 J,	Altemeier	WA.	The	clinical	 spectrum	of	pen-
etrating injury to the superior mesenteric arterial circulation. J 
Trauma.	1972;12:656-	664.

	45.	 Wohlauer	MV,	Moore	EE,	Thomas	S,	et	al.	Early	platelet	dysfunc-
tion:	an	unrecognized	role	 in	the	acute	coagulopathy	of	trauma.	J 
Am Coll Surg.	2012;214:739-	746.

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 in	 the	 online	
version of the article at the publisher’s website.

How to cite this article:	Hagisawa	K,	Kinoshita	M,	Takeoka	S,	
et	al.	H12-	(ADP)-	liposomes	for	hemorrhagic	shock	in	
thrombocytopenia: Mesenteric artery injury model in rabbits. 
Res Pract Thromb Haemost. 2022;6:e12659. doi:10.1002/
rth2.12659

http://mhlw-grants.niph.go.jp/niph/search/NIDD02.do?resrchNum=201407017B
http://mhlw-grants.niph.go.jp/niph/search/NIDD02.do?resrchNum=201407017B
https://mhlw-grants.niph.go.jp/niph/search/NIDD00.do?resrchNum=201108004B
https://mhlw-grants.niph.go.jp/niph/search/NIDD00.do?resrchNum=201108004B
https://doi.org/10.1002/rth2.12659
https://doi.org/10.1002/rth2.12659

