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Simulation of heart donation
-control beating donor hearts (CBD)

-donation after circulatory death hearts (DCD)

NLRP3 inhibition improved DCD heart
function, comparable to CBD hearts

NLRP3 inhibition in the DCD donor hearts
and heterotopic heart transplantation

Assessment of heart function

Schematic representation of the heterotopic trans-
plantation and functional assessment of trans-
planted hearts. Rats were randomized to CBD or
DCD donor groups. The anesthetized donor rats
were intubated, ventilated, and the left carotid ar-
tery was cannulated to deliver a paralytic agent.
Following the CBD or DCD protocol, the hearts
were procured and preserved with the UW solution
alone or UWsolution with NLRP3 inhibitor added to
it. The arrow represents the donor heart being
placed into the recipient’s abdomen. The procured
heart was transplanted into the recipient rat’s
abdomen, which was also pretreated with NLRP3-I
or not. The dotted lines with arrows represent 3
groups of transplanted hearts, placed against
each panel of measured develop pressure.The graft
function measured after 24 hours of transplanta-
tion is represented against each group- CBD,
DCD, and DCD þ NLRP3-I. Developed pressure is
measured on the y-axis scaled to 200 mm Hg. The
upper third of the panel depicts a normal developed
pressure from the control group of hearts.Themid-
dle third of the panel represents the decreased
developed pressure in untreated DCD hearts. The
lower third of the panel represents DCD hearts
treated with NLRP3 inhibitor. They produced a
strong developed pressure that matched the con-
trol group of hearts.

CENTRAL MESSAGE

Heart transplantation numbers
can be increased by utilizing
donation after circulatory death
hearts treated with NLRP3
inhibitor.

See Commentaries on pages 93 and 95.
Heart transplantation (HTx) is limited due to the availability
of donor hearts.1 Up to 20% of patients die awaiting HTx.1

HTx numbers could increase by 56% if hearts donated after
circulatory death (DCD) were used for transplantation.2

Recent trials have shown that DCD heart transplantation
is feasible.3 However, innate to the DCD process is
ischemia, ventricular wall stretching, and high catechol-
amine release. Upon implantation, reperfusion injury
causes additional damage to the DCD heart.

Myocardial ischemia/reperfusion injury activates the
NACHT, LRR, and PYD domains-containing protein-3
(NLRP3) inflammasome, an established mediator of
ischemic injury and pathological remodeling.4,5 We studied
the cardioprotective effects of NLRP3 inhibition in a DCD
rat heterotopic HTx model.

METHODS
Our protocol (Figure 1) followed the Guide for the Care and Use of Lab-

oratory Animals (National Institutes of Health Publication No. 86-23) and

was approved by the Virginia Commonwealth University Institutional An-

imal Care and Utilization Committee.

Sprague-Dawley rats (aged 8-10 weeks) were anesthetized (ketamine-

xylazine, 100-10 mg/kg), intubated, connected to a ventilator, and antico-

agulated with heparin (1000 U/kg). A catheter was placed in the right

carotid artery; vecuronium-bromide (1.2 mg/kg) was administered to para-

lyze the diaphragm. After 1 minute, the ventilator was disconnected to

initiate DCD process. After 10 minutes, the heart was exposed, and the

aorta was clamped distal to the brachiocephalic branch. Ice-cold University

of Wisconsin (UW) solution (12 mL) was perfused through the carotid

catheter to flush and cool the heart. To the treatment group of DCD hearts,

NLRP3 inhibitor (NLRP3-I) 16773-34-0 (Sigma-Aldrich, St Louis, Mo)

(50 mM) was added to the UW solution. Warm ischemia time (ie, time
between ventilatory support withdrawal and UW solution infusion) for

DCD hearts was 25 minutes. In the control beating-heart donor (CBD)

group, ventilation was continued until cardiac arrest with UW solution

without the ischemia period. Following infusion of UW solution, solution
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FIGURE 1. Major steps of the heterotopic transplantation and functional assessment of transplantedhearts.A, The anesthetized donor rat is intubated, ventilated,

and the left carotid artery is cannulated to deliver a paralytic agent. B, To induce the donation after circulatory death (DCD) process, the ventilatory support is

terminated. Shown as anXmark on the endotracheal tube. C, At the time of procurement, the ascending aorta was clamped distal to the innominate artery, shown

as a grey right-angle clamp, and ice-cold University of Wisconsin (UW) solution was delivered through the left carotid artery into the coronary circulation. In a

group ofDCDhearts, the UWsolutionwas supplementedwith theNACHT, LRR, and PYDdomains-containing protein-3 (NLRP3) inhibitor (NLRP3-I). Control

beating-heart donor (CBD) hearts were procuredwithout ischemia. D, The procured heart was transplanted into the recipient rat’s abdomen, whichwere also pre-

treated with NLRP3-I or not. A U-shaped vascular clamp, shown as a grey half-circle overlying abdominal aorta and inferior vena cava, was used to isolate a

segment of the recipient’s abdominal aorta and vena cava. The vascular anastomosis was performed between donor aorta to recipient aorta and donor pulmonary

artery to the recipient vena cava. The dotted arrow line between panels C andD represents the donor heart being transplanted into the abdomen of the recipient rat.

E, Upon removing the vascular clamp and reestablishment of coronary circulating, the engrafted heart resumed contractions. Following hemostasis, the abdomen

was closed in 2 layers of nonabsorbable suture and rats were recovered. After 24 hours, rats were anesthetized and transplanted hearts exposed by opening the

abdominal wall. The transplanted heart function was measured with a balloon-tipped catheter introduced in the left ventricle transduced to software, allowing

the continuous recording of developed pressure,� dP/dt. The 3 dotted lineswith an arrow represent three study groups of transplanted hearts. F, The graft function

measured after 24 hours of transplantation is represented against each group: CBD, DCD, and DCDþ NLRP3-I. Developed pressure is measured on the y-axis

scaled to 200 mm Hg. The upper third of the panel depicts a normal robust developed pressure from the control group of hearts. The middle third of the panel

represents the decreased developed pressure in untreated DCD hearts. The lower third of the panel represents DCD hearts treated with NLRP3-I. They produced

a strong developed pressure that matched the control group of hearts.
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FIGURE 2. Cardiac function of engrafted control donor hearts and donation after circulatory death hearts with or without inhibition of NACHT, LRR, and

PYD domains-containing protein-3 (NLRP3). A throughD, Developed pressure,þdP/dt(max), and –dP/dt(min) and rate pressure product that were assessed

24 hours after heterotopic heart transplantation of control beating-heart donor (CBD) hearts or donation after circulatory death (DCD) hearts, with or without

the use of the NLRP3 inhibitor (NLRP3-I). The measurements are expressed as mean and standard error of the mean. E and F, The expression of apoptosis-

associated speck-like protein containing a caspase-recruiting domain (ASC), a marker of inflammasome activation in the explanted heart tissue using a

double immunofluorescence technique. Cardiomyocytes were stained with a second primary antibody against cardiac alpha-actin (1:200; Sigma-Aldrich)

revealed by a secondary antibody anti-mouse Alexa Fluor 488-conjugated (1:100; Invitrogen, Waltham, Mass). Nuclei counterstaining was performed with

40,6- diamidino-2-phenylindole (DAPI) 1: 20,000 for 5 minutes. A negative control with nonspecific immunoglobulin Gwas used as reference. The resulting

images (4003 magnification) were acquired through Olympus IX70 microscope, and analyzed with CellSens software (Olympus life Science, Waltham,

Mass). Green stain represents actin filaments; nucleus is stained in blue color and ASC protein stained as reddish purple. The ASC quantification was per-

formed using a semiquantitative scale ranging from 0 (no expression) to 1þ (low expression,<1 per high power field), 2þ (moderate, 1-9 aggregates per

high power field or diffuse stain with few aggregates) or 3þ (diffuse,>10 aggregates per high power field). ASC protein levels were not detected in CBD

control hearts, significantly increased in DCD hearts and detectable but significantly less in DCD NLRP3-I group. Panes F represents no detectable ASC

protein in CBD heart samples, easily noticeably ASC protein levels in DCD hearts and faintly noticeable in DCD NLRP3-I heart samples. *P<.05 versus

CBD; #P<.05 versus DCD. No differences were found between the CBD and DCD þ NLRP3-I groups.
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hearts were procured by dividing the pulmonary artery and aorta distally,

then ligating and dividing the vena cava. Hearts were then stored in ice-

cold UW solution (5-10 minutes) for implantation.

Recipients (5-6 per group) rats were anesthetized using isoflurane.

Abdominal wall was opened in midline and retracted. The abdominal

aorta and the inferior vena cava were isolated, clamped with a U-

shaped Cooley vascular-clamp between the renal arteries and the aortic

bifurcation. The donor aorta and pulmonary artery were sutured to the

recipient abdominal aorta and vena cava, respectively with 8–0 Prolene.

Cooley clamp was removed, hearts reperfused, and the abdominal wall

closed to recover the rat. Slow-release buprenorphine (1 mg/kg) was

administered subcutaneously. The recipients in NLRP3-I group also

received 16773-34-0 (100 mg/kg, via gavage), 30 minutes before

surgery.

After 24 hours, the recipients were anesthetized (using isoflurane), the

transplanted hearts were exposed, and a balloon-tip-catheter was inserted

in the left ventricle via mitral valve. Developed pressure and dP/dt

(change in pressure over change in time) were recorded using a

Powerlab-station and Labchart-7 (AD Instruments, Colorado Springs,

Colo). The heart tissue was analyzed for apoptosis-associated speck-

like protein containing a caspase-recruiting domain (ASC), a marker of

activated NLRP3 inflammasome. The statistical analysis was performed

using SPSS 24.0 package for Mac (IBM-SPSS Inc, Armonk, NY). Mea-

surements are reported as the mean and standard error of the mean. Dif-

ferences between groups were assessed using analysis of variance with

post-hoc Tukey test. The Mann-Whitney test was used to determine sta-

tistical difference between ASC protein levels in DCD and DCD-

NLRP3 I hearts.

RESULTS
All the hearts in the CBD or DCD-NLRP3-I group re-

mained functional at 24 hours. Two DCD grafts (without
NLRP3-I) were nonfunctional at 24 hours. Compared
with the CBD hearts, the DCD hearts had significantly
reduced developed pressure,þdP/dt(max), and a nonsignif-
icant worsening of the –dP/dt(min) (Figure 2). Heart func-
tion (developed pressure and � dP/dt) in DCD NLRP3-I
group was preserved and was comparable to control CBD
hearts. The ASC protein levels were not detectable in
CBD group, significantly elevated in DCD group compared
with the DCD NLRP3-I group.

DISCUSSION
Strategies to limit ischemia/reperfusion injury in

DCD hearts could facilitate their routine use for
HTx. NLRP3 inflammasome is a major mediator of
92 JTCVS Techniques c October 2021
inflammation-mediated damage to the DCD heart.4

We demonstrated in our lab that NLRP3 knockout
mice were protected from ischemia/reperfusion injury
associated with the DCD process.4 In the present study,
we show that inhibition of NLRP3 in DCD hearts
improve the function and decreased the formation of
active NLRP3 inflammasome (ie, decreased ASC pro-
tein levels in DCD NLRP3-I heart tissue). NLRP3
inflammasome inhibitor has been shown to be cardio-
protective following acute myocardial infarction in
mice.5 Our data confirm this observation in global
ischemic hearts and expands on the in vivo effect of
NLRP3 inhibition started during procurement. We
only examined the heart function 24 hours following
HTx; however, NLRP3 inhibitor is known to show pro-
tective effects up to 7 days following acute myocardial
infarction in mice hearts. The inflammasome expres-
sion directly correlates with the severity of cellular
rejection in biopsy specimens of patients who received
HTx. Consequently, NLRP3-I has the potential to
reduce rejection rates and improve transplantation
outcomes.
CONCLUSIONS
NLRP3 inhibition improves the function of DCD hearts

and may be a promising treatment to expand the heart donor
pool.
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