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Background: Cardiac dysfunction after brain death limits donor heart utilization. We sought to define the incidence and time
course of brain death (BD)-induced left ventricular (LV) dysfunction and its association with NLRP3-related in-
flammatory signaling in a murine model. Upstream regulators of NLRP3 signaling, including P2X7 and PPAR-y,
were also evaluated.

Material/Methods: Thirty C57BL/6 mice were studied. In phase |, mice were randomized to control (n=8) and BD (n=10) groups.
Echocardiography was performed at baseline, and serially for 3 hours. Hemodynamic data were compared. In
phase Il, mice were randomized to control (n=6) and BD (n=6) groups. Similar measurements were obtained at
baseline and periodically for 60 minutes (T60). Mice were killed, and LV tissue samples collected for biochem-
ical analyses.

Results: In phase |, all BD animals developed significantly depressed LVEF by T60, with no deaths. Six animals in each
group survived to T120, and 4 animals to T180. In phase II, all animals survived to T60. Mean LVEF, fraction-
al shortening, and stroke volume were significantly reduced in the BD group. BD group demonstrated signifi-
cantly greater expression of NLRP3, IL-1B3, TNF-o, and IL-6 in LV tissue. P2X7 expression did not differ between
groups, while PPAR-y expression showed a trend toward increase in BD animals.

Conclusions: The incidence of depressed LV function was 100% at T60, with no attrition. BD-induced LV dysfunction was as-
sociated with increased expression of NLRP3 and pro-inflammatory cytokines in LV tissue, suggesting involve-
ment of NLRP3-related inflammatory signaling. Targeting this pathway may represent a potential strategy to
preserve myocardial function following brain death.
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Introduction

The greatest impediment to extending the gold-standard ther-
apy of heart transplantation to tens of thousands of patients
with end-stage heart failure is the shortage of available donor
hearts. In the United States, approximately 20% of potential
donors (roughly 1300 per year) are rejected exclusively due to
poor cardiac function without structural abnormalities [1], like-
ly the result of the pathophysiologic environment caused by
the poorly understood phenomenon of brain death. Previous
work has shown that carefully selected donor hearts with even
advanced dysfunction can be transplanted with outcomes
equivalent to that of donor hearts with normal function and
that this dysfunction resolves over time [2,3]. However, utili-
zation rates of donor hearts with poor function remain below
5% [1]. A method to demonstrate improvement in ventricu-
lar dysfunction in the brain-dead donor would be compelling
evidence of the reversible nature of the cardiac dysfunction
and may significantly increase utilization of this large pool of
unused hearts. Understanding the mechanism by which brain
death results in cardiac dysfunction is critical to furthering this
goal. Therefore, to fill this gap in current clinical practice and
move toward potential reversal strategies, we explored a po-
tential mechanism using echocardiography to assess ventric-
ular function simulating the standard clinical evaluation of po-
tential donor hearts.

Brain death triggers an acute and massive release of catechol-
amines, resulting in an inflammatory state marked by signif-
icant proinflammatory cytokine upregulation, comparable to
levels observed in sepsis [4]. This intense inflammatory cas-
cade contributes to the impairment of donor heart contrac-
tile function [5]. Nucleotide-binding domain, leucine-rich-con-
taining family and pyrin domain-containing protein 3 (NLRP3)
belongs to the NOD-like receptor family [6]. NLRP3 signaling
and inflammasome assembly are key regulators of inflamma-
tory responses. A key involvement of the NLRP3 inflamma-
some has been reported across a variety of cardiovascular
diseases [7,8]. However, the role of NLRP3-related inflamma-
tion in brain death-induced myocardial dysfunction has not
been investigated.

Extracellular adenosine triphosphate (ATP) accumulates in in-
flammation and activates purinergic P2X7 receptor 7 (P2X7)
in immune cells which in turn induces the formation of NLRP3
inflammasome, resulting in pyroptosis, an inflammatory type
of cell death [9]. Specifically, NLRP3 inflammasome activa-
tion through heart-brain interaction upregulates myocardi-
al interleukin (IL)-1B production by the ATP/P2X7 axis [10].
On the other hand, peroxisome proliferator-activated recep-
tor gamma (PPAR-y) is a nuclear receptor that functions as a
transcription factor. It has been implicated as an endogenous
modulator that attenuates NLRP3 inflammasome activation
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in macrophages [11]. Because P2X7 antagonists and PPAR-y
agonists are already commercially available [12,13], we chose
to focus on this signaling pathway as a potentially modifiable
link between brain death and cardiac dysfunction. Therefore,
the present study aimed to first define the time course and
incidence of brain death—induced left ventricular (LV) systolic
dysfunction in a murine model and then to evaluate its asso-
ciation with NLRP3-related inflammatory signaling in LV tissue.
We further examined expression of P2X7 and PPAR-y, the up-
stream regulators of NLRP3, to explore potentially modifiable
mechanisms linking brain death to myocardial inflammation.

Material and Methods

Ethics Statement

The study was approved by the Loma Linda University
Institutional Animal Care and Use Committee (Institutional
Animal Care and Use Committee Loma Linda University HEALTH,
approval notice: IACUC 20-185: Elucidating mechanisms of
brain death—induced cardiac dysfunction) and complied with
the National Institutes of Health guidelines for the utilization
of animals in research. All animals used in this study received
proper care, use, and humane treatment in accordance with
the Guide for the Care and Use of Laboratory Animals [14].

Experimental Model
Phase |

Eighteen 3-month-old C57 Black 6 (C57BL/6, Jackson labora-
tory, Farmington, CT, USA), specific pathogen-free, inbred mice
were housed 2 to a cage and given free access to food and
water with a standard 12-hour light/dark cycle. Anesthetic in-
duction was accomplished with isoflurane (3-5%) until loss of
consciousness and completion of the following: the animals
were weighed, a depilatory cream was used on the chest, and
they were placed supine on a heating pad with a heating lamp.
Rectal temperature was recorded with a probe and an ana-
log to digital converter. The electrocardiogram was sampled
using needle-electrodes attached to the animals’ extremities,
at 200 Hz, with a single channel analog to digital converter
(VisualSonics Vevo 2100 software) and recorded digitally. The
electroencephalogram was sampled at 200 Hz with a 10-chan-
nel analog to digital converter (MP160 BIOPAC Systems Inc,
Goleta, CA, USA) and recorded on a computer (MacBook; Apple
Computer, Inc Cupertino, CA, USA). A tracheostomy was per-
formed, and mice were connected to a small animal mechanical
ventilator (RoVent Kent Scientific, Torrington, CT, USA), with a
tidal volume of 150425 pL, at a respiratory rate of 125 per min-
ute. Respiratory rate, tidal volume, and peak inspiratory pres-
sure were monitored in real time. Anesthesia was maintained
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Figure 1. Representative electroencephalographic tracing during intracranial balloon inflation (red arrow).

with isoflurane (0.9-1%). Warm (35-36°C) lactated ringer’s solu-
tion (0.5 mL) was injected subcutaneously between the shoul-
der blades or intraperitoneally every hour. Arterial blood gases
were taken to assess the adequacy of gas exchange, as were
a variety of laboratory values, including sodium, potassium,
calcium, and glucose (Epocal, Inc, Ottawa, ON, Canada). After
exposing the skull through an incision in the scalp, a burr hole
was made in the cranium several millimeters lateral to the sag-
ittal suture. A 2F micro-tip balloon catheter (0.15 mL) was in-
serted through the skull (Millar SP 407, Millar/ADInstruments,
Colorado Springs, CO, USA) [15]. Animals were randomized to
control or brain death (BD) groups by a flip of a coin. Control
animals underwent identical surgical preparation, anesthesia,
tracheostomy, ventilation, physiologic monitoring, and instru-
mentation, including burr hole creation and catheter place-
ment, but without balloon inflation. This sham-instrumented
control condition was chosen to isolate the physiologic effects
of brain death from those related to anesthesia, mechanical
ventilation, and surgical instrumentation.

For BD animals, brain death was induced with rapid inflation
of the 0.15 mL balloon (<1 second), while control animals un-
derwent the same procedure without balloon inflation. Brain

This work is licensed under Creative Commons Attribution- 3
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death was determined by electroencephalographic quies-
cence with no electrical activity above 2 pV for 10 minutes
(Figure 1) and confirmed by lack of corneal and oculocephal-
ic reflexes. The anesthetic protocol was the same for both
groups. Hemodynamic data were recorded, and echocardiog-
raphy was performed (VisualSonics Vevo 2100, Bothell, WA,
USA) in the parasternal long axis prior to induction of brain
death (or sham procedure) at baseline, directly afterward (0
minute), at 15 and 30 minutes and then every half hour until
180 minutes had elapsed. The animals were then killed. We
calculated hemodynamic data using the included software in
the Cardiac Package with the parasternal long-axis protocol
as follows. We traced the endocardium at diastole and systo-
le in a cine loop (using the largest and smallest chamber siz-
es, respectively), allowing the software to interpolate between
the traced contours to calculate the various cardiac param-
eters, including left ventricular ejection fraction (LVEF), frac-
tional shortening, cardiac output, and stroke volume. After the
measurements were calculated, we visually inspected the in-
terpolated contours to ensure that the system had not insert-
ed false values due to interpolation errors. We then export-
ed the calculated data, along with the corresponding images,
for further analysis.

Indexed in: [Science Citation Index Expanded] [Index Medicus/MEDLINE]
[Chemical Abstracts] [Scopus]

APPROVED GALLEY PROOF



ORIGINAL PAPER

APPROVED GALLEY PROOF

Phase Il

In the second phase of the experiment 12 C57BL/6 mice were
also randomly divided into control (n=6) and BD (n=6) groups.
They were instrumented in the same manner as phase |.
Specifically, anesthetic induction and maintenance was accom-
plished with isoflurane (3-5% and 0.9-1%, respectively); tem-
perature, electrocardiogram, and electroencephalogram were
recorded in the same manner, and the animals were mechani-
cally ventilated with a endotracheal tube placed through a tra-
cheostomy. Both the control and BD animals underwent cre-
ation of a burr hole in the lateral cranium, and a micro-tipped
balloon catheter was inserted, but only inflated for the BD
group. Echocardiograms were performed and hemodynamic
data recorded at baseline and times (T) 0, 15, 30, and 60 min-
utes after induction of BD or sham.

The mice were then killed, and LV samples were collected for
the western blot assay of NLRP3, IL-1P, tumor necrosis fac-
tor (TNF)-a, IL-6, P2X7, and PPAR-y expression. Western blot
analysis assessed protein expression levels rather than direct
functional assembly and catalytic activity of the inflammasome
complex. Immediately after death, LV heart tissues were rapid-
ly excised and placed in a dish on ice. Excess blood was gently
rinsed off from the tissue with ice-cold phosphate buffered sa-
line (2-3 times), after which LV heart tissues were transferred
to pre-chilled microcentrifuge tubes, snap-frozen in liquid ni-
trogen, and stored at -80°C until further processing. For tis-
sue homogenization, LV tissue from each animal was weighed
and finely minced into small pieces using a clean, cold scalpel
on a chilled surface. The tissue was then transferred to a pre-
chilled homogenization tube, and ice-cold radioimmunoprecip-
itation assay lysis buffer (sc-24948, Santa Cruz Biotechnology,
CA, USA) supplemented with protease and phosphatase in-
hibitors was added at a ratio of 500 pL per approximately 10
mg of tissue. Samples were thoroughly homogenized on ice
using a mechanical tissue homogenizer, followed by incuba-
tion on ice for 30 minutes to ensure complete lysis. The ho-
mogenates were centrifuged at 14000 rpm for 10 minutes at
4°C. The supernatant (whole-cell protein extract) was careful-
ly transferred to a new pre-chilled microcentrifuge tube, and
the protein concentration was determined using a detergent-
compatible assay kit (Bio-Rad, Hercules, CA, USA).

For western blot assay, equal amounts of protein samples (30
ug) along with molecular marker were loaded onto 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels, sep-
arated by electrophoresis, and subsequently transferred onto
nitrocellulose membranes. After transfer, nitrocellulose mem-
branes were cut into strips according to the molecular weights
of the target proteins, including B-actin, when the proteins had
clearly distinguishable sizes. This allowed each strip to be incu-
bated with the appropriate primary and secondary antibodies
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within the same assay. Nitrocellulose membrane strips were
blocked with 5% nonfat milk for 1 hour at room temperature
and then incubated with respective primary antibodies, includ-
ing anti-P2X7 (1: 500, sc-514962, Santa Cruz Biotechnology, CA,
USA), anti-NLRP3 (1: 1000, SC06-23, Thermo Fisher Scientific,
MA, USA), anti-TNF-o (1: 1000, ab205587, Abcam, MA, USA),
anti-IL-1B (1: 2000, ab254360, Abcam), anti-IL-6 (1: 1000,
ab259341, Abcam), anti-PPAR-y (1: 1000, ab209350, Abcam),
and anti-B-actin (1: 1000; sc47778, Santa Cruz Biotechnology)
at 4 °C overnight. On the following day, the membrane strips
were incubated with the corresponding HPR-conjugated sec-
ondary antibodies (1: 5000, Santa Cruz Biotechnology, Dallas,
TX, USA) for 1 hour at room temperature. Immunoblot bands
were further probed with a chemiluminescence reagent kit
(ECL Plus; GE Healthcare). Because target proteins differed in
abundance and exposure requirements, some target protein
required longer exposure times, which could result in overex-
posure of B-actin or other highly abundant proteins. To ad-
dress this, membrane strips of proteins with similar exposure
requirements (from different gels, clearly labeled with gel num-
bers and sample identifiers) were developed together in the
same exposure chamber. This approach was used for practi-
cal and technical optimization purposes.

Band intensities of target proteins, including loading control -
actin, were quantified using Image J software. Briefly, blot im-
ages were opened in Image), and a rectangular region of inter-
est was defined around the largest band of the target protein,
along with an adjacent background region. The same region
of interest dimensions were applied consistently to all bands
within the same blot. Integrated density values were recorded
for each band and exported to Excel, with lanes labeled accord-
ing to sample ID. Inverted pixel density values were calculat-
ed for all data, and background values were subtracted to ob-
tain background-corrected net values. B-Actin was used as an
internal loading control, and the densitometric values of tar-
get proteins bands were normalized to that of corresponding
[-actin bands. Six animals per group were included for densi-
tometric analysis. Control and BD samples (1 sample/mouse
and n=6 mice/group) were loaded in paired fashion (1 control
followed by 1 BD sample, a total of 12 mice samples) and re-
peated across the same gel, transfer, and exposure conditions,
thereby minimizing technical variability and ensuring consis-
tent exposure and contrast between groups.

The antibodies used in this study were commercially validat-
ed antibodies widely used in prior peer-reviewed publications
investigating inflammatory signaling pathways. Manufacturer-
recommended conditions were followed, and preliminary ex-
periments were performed to optimize the respective antibody
dilution. To minimize potential confounding variables affect-
ing cardiac function, physiologic conditions were standard-
ized across all experimental groups. All animals underwent
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identical anesthetic induction and maintenance with isoflu-
rane, temperature control using a heating pad and lamp, and
continuous monitoring of electrocardiogram, electroenceph-
alogram, and respiratory parameters. Mechanical ventilation
settings, fluid supplementation, and laboratory monitoring
were applied uniformly to both the control and BD groups.
Baseline echocardiographic measurements confirmed physi-
ologic equivalence between groups prior to experimental in-
tervention. Western blot sample preparation, band detection,
and densitometric analysis were performed by an investiga-
tor who was blinded to the experimental group assignment.
Echocardiography was performed by a separate investigator
using a standard acquisition protocol.

Statistical Analysis

Normality was assessed by Shapiro-Wilk tests and assess-
ment of histograms and Q-Q plots. Homogeneity of varianc-
es was assessed with the Levene test. Independent-sample t
tests were used to compare group means at each time point.
One-way repeated measures analysis of variance (ANOVA) with
post hoc pairwise comparisons and Bonferroni adjustment
was used to assess intragroup differences in ejection frac-
tion over time. Sphericity was confirmed with Mauchly’s test.
No log transformations were required. Data are presented as
meanzstandard deviation. A P value less than 0.05 was con-
sidered statistically significant. Animals that died during the
experiment contributed data up to the time of death; missing
values after death were not imputed.

This work is licensed under Creative Commons Attribution-
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Results

Phase |

Baseline characteristics between the 2 groups were equiva-
lent (Table 1). Compared with animals in the control group,
all animals in the BD group developed significantly depressed
LVEF by T60 (BD 44.06+9.81% vs control 65.844.91%; P<0.001),
and mean BD LVEF values were lower at T60 than at baseline
(44.0649.81% vs 59.4445.92%; P=0.004), while mean LVEF
for controls were similar (65.844.91% vs 63.25+4.93%; P=NS)
(Figure 2). There were no deaths within 60 minutes. Blood gas
and laboratory values were equivalent between groups. Six an-
imals in each group survived to T120, while 4 of the total co-
hort survived to T180 (1 BD, 3 control). The number of animals
analyzed at each time point is shown in Figure 2. Animals that
died during the extended observation period contributed data
to analyses at time points obtained prior to death but were
not included in analyses for subsequent time points. Given
that 100% of the animals in the BD group showed a statisti-
cally significant decline in LV systolic function by 60 minutes,
and there was no attrition, we chose this time-point to study
NLRP3-related inflammatory signaling in phase II.

Phase Il
Baseline characteristics between the 2 groups were equiva-

lent (Table 2). There was no attrition in phase Il of the experi-
ment. At T60, mean LVEF (BD 43.5+5.5% vs control 66.6+2.9%;
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Figure 2. Phase | time-course of brain death induced systolic ventricular dysfunction in the murine left ventricle.

Table 2. Phase 2 baseline characteristics.
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P<0.001) (Figure 3), fractional shortening (BD 14.2+4.9% vs con-
trol 20.1+4.0%; P=0.045), and stroke volume (BD 10.9+2.5 pL vs
control 18.4+3.7 pL; P=0.002) were all significantly diminished in
the BD group (Table 3). The BD group expressed higher NLRP3
(BD 1.47+0.26 vs control 1+0.31; P=0.019; Figure 4A, 4B) and
IL-1PB (BD 1.45+0.25 vs control 1+0.43; P=0.048; Figure 4A, 4C)
in LV tissue than the control group. Proinflammatory cytokine

This work is licensed under Creative Commons Attribution-
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expressions of TNF-o. (BD 2.35+1.13 vs control 1+0.33; P=0.02;
Figure 4A, 4D) and IL-6 (BD 2.48+1.06 vs control 1+0.70; P=0.03;
Figure 4A, 4E) were also significantly greater in the BD group.
LV P2X7 expression did not significantly differ between the
2 groups (Figure 5A, 5B), while there was a trend toward in-
creased PPAR-yin BD animals compared with the controls (BD
1.26+0.24 vs control 1+0.29; P=0.064; Figure 5A, 5C).
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and IL-6 expressions. n=6/group. ** P<0.01, * P<0.

This work is licensed under Creative Commons Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)

05 vs control.

Indexed in: [Science Citation Index Expanded] [Index Medicus/MEDLINE]
[Chemical Abstracts] [Scopus]

APPROVED GALLEY PROOF



ORIGINAL PAPER

APPROVED GALLEY PROOF

A
Control ~ BD Control ~ BD
P2X7 65 kDa
B-actin 42 kDa
PPARy 57 kDa
B-actin 42 kDa

Huang L et al:
Brain death-induced ventricular dysfunction in a mouse model
© Ann Transplant, 2026; 31: €951930

N~
o W
1 1

—_
o
1

o
w
1

P2X7
Fold of increase vs Sham
1
—

=
o

Sham

NN
1 1

p=0.064

—_
W
1

o
[O,]
1

PPARY
Fold of increase vs Sham
5
_|

o
o

Sham BD
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blot bands from 2 independent animal sets (loading control B-actin band for PPAR-y is the same as that used for NLRP3 and
IL-1P in Figure 4A, as these proteins were probed on the same membrane). (B, C) Quantitative analysis of P2X7 and PPAR-

gamma expressions. n=6/group.

Discussion

We used a previously validated and well-established model of
brain death [15-17], mimicking the rise in intracerebral pressure
that accompanies traumatic brain injury or hemorrhagic cere-
bral vascular accident, common mechanisms of brain death in
the potential organ donor population, to demonstrate several
important findings. In phase I, we showed that in this mouse
model, the incidence of brain death induced systolic ventricu-
lar dysfunction in the left ventricle was 100% at 60 minutes.
Baseline ejection fraction in the murine LV dropped from 60%
to 65%, to 40% to 45% in the BD group at 60 minutes and
then hovered between 30% and 40% for the duration of 180
minutes. Although there were no deaths at 60 minutes, there
was a significant attrition by 2 hours (25% in control group
and 40% in BD group). In phase Il of the study, the decrease
in LV function in the BD group was associated with increased
levels of NLRP3 and inflammatory cytokines, including IL-1,
TNF-o, and IL-6, in the LV tissues. There was also a tenden-
cy of increased PPAR-y in the LV tissue in the BD group. Brain
death causes acute and massive catecholamine release, lead-
ing to an inflammatory state characterized by cytokine up-
regulation [4,18]. Accumulating evidence suggests that brain
death—-induced inflammatory activity adversely affects graft
survival [4,19] and is associated with reduced heart contrac-
tile function in sheep [5]. Consistent with those results, high-
er cytokine levels in LV tissue and reduced LV function were
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found in the current mouse model of BD, suggesting that this
model may serve as a reliable platform for studying myocar-
dial dysfunction induced by brain death.

Prior experimental studies in large-animal and rodent models
have demonstrated that brain death is associated with myo-
cardial inflammation and impaired cardiac contractility. For
example, Walweel et al reported increased proinflammatory
cytokine production and reduced cardiac function in a sheep
model of brain death [5], while other murine brain-death mod-
els have demonstrated inflammatory immune activation and
complement-mediated myocardial injury [16,17]. Our findings
are consistent with these observations and expand on prior
work by demonstrating a reproducible time course of systolic
ventricular dysfunction using echocardiographic assessment
and by identifying an association between ventricular dysfunc-
tion and increased expression of NLRP3-related inflammatory
signaling components in LV tissue. To the best of our know!-
edge, the association between brain death-induced ventric-
ular dysfunction and myocardial NLRP3-related inflammatory
signaling has not been previously described in a murine model.

NLRP3 expression has been observed not only in leucocytes
but also in cells of the cardiovascular system, such as vascu-
lar endothelial cells, vascular smooth muscle cells, and car-
diomyocytes [20]. NLRP3 inflammasomes are intracellular in-
flammatory machinery that mediate production of IL-1B, a
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Table 3. Impact of brain death on ventricular mechanics over time (T), at 0, 15, 30, and 60 minutes.

T0 T15 T30 T60
Temperature (°C)
contol 2508 27104 3212 335:07
Braindeath 331206 326108 324109 323:08
Cpvalte o2 o790 021 0172
CAread (mmd)
Ccontol 15329 149826 139t19 137820
Braindeath 13818 125817 12313 121£12
pvalet 0307 ooss 0120 0124

APPROVED GALLEY PROOF

Brain death 68.716.1 59.9+9.9 50.4+7.2 43.545.5
CPvawe 033 0527 0002 oot
Y
contol 181£28 171629 200:47 20140
Braindeath 26148 189¢74 159¢55 142849
pvaler oors oso1 0195 0045
SV
Ccontol anik62 200149 188433 184437
Braindeath 196:28 157414 125619 109425
pvalet oe01 o066 0002 0002
Cveld )
contol 301 318:80 87553 27.9:61
Braindeath 304853 262:46 239:46 238:48
CPvaue o544 o8 o125 0225
CHRGPM)
CComtol  405s77 40657 420453 430847
Braindeath  469s57  437%66 40173 3846110
CPvalet o159 0421 0639 0375

Data are reported as meanzstandard deviation. aread — area in diastole; areas — area in systole; CO — cardiac output; LVEF — left
ventricular ejection fraction; FS — fractional shortening; SV — stroke volume. * P value between groups at same time point.
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proinflammatory cytokine, in response to exogenous and en-
dogenous danger signals [21]. In our study, the LV tissue con-
centration of NLRP3 and proinflammatory cytokines IL-1p, IL-6,
and TNF-o were increased at 1 hour after brain death, suggest-
ing a potential role for NLRP3-related inflammatory signaling
in myocardial dysfunction after brain death.

Upstream signaling potentially involved in the NLRP3 amplifica-
tion was also investigated. P2X7 receptors, activated by extra-
cellular ATP released from damaged cells, are highly expressed
in immune cells, cardiac smooth muscle cells, and endothelial
cells [22]. In the context of cardiac transplantation, P2X7 re-
ceptor expression was found to be upregulated in graft-infil-
trating lymphocytes in cardiac-transplanted humans and mice
[23]. Recent studies demonstrated that P2X7 could modulate
the assembly of the NLRP3 inflammasome, leading to the secre-
tion of proinflammatory factors and worsened cardiac disease
phenotypes [24]. Most importantly, Higashikuni et al demon-
strated that cardiac inflammation and myocardial hypertrophy
were regulated by heart-brain interactions [10]. The depletion
of ATP release from sympathetic efferent nerves, ablation of
cardiac afferent nerves, or a lipophilic B-blocker was shown
to reduce cardiac extracellular ATP levels and inhibit NLRP3
inflammasome activation and IL-1B production in mice [10].
In the present study, the protein level of P2X7 receptors was
not significantly elevated in the LV tissue after BD. However,
this may not preclude functionally meaningful changes in P2X7
activity, and P2X7 over-activation may contribute to down-
stream NLRP3-related inflammatory signaling. Future studies
that directly assess P2X7 activity [21] and evaluate the effects
of P2X7 inhibitors will help clarify whether neural signals af-
ter brain death contribute to myocardial dysfunction via an
ATP/P2X7/NLRP3 axis.

PPAR-y plays an anti-inflammatory role by inhibiting NF-xB ac-
tivation and NLRP3-dependent IL-1f and IL-18 production [11].
By interacting with the NLRP3 inflammasome, PPAR-y reduc-
es NLRP3 inflammasome formation by interfering with NLRP3-
NLRP3 interactions and NLRP3-dependent adaptor protein re-
cruitments/oligomerization [11]. In the present study, the slight
increase in endogenous PPAR-y expression at 1 hour after brain
death was not accompanied by reduced levels of NLRP3 and
proinflammatory cytokines. Nevertheless, PPARY participates
in anti-oxidant and anti-apoptosis signaling in addition to hav-
ing anti-inflammatory effects [25]. Previous work has shown
that cardiomyocyte-specific overexpression of PPARy prevent-
ed cardiac dysfunction in an lipopolysaccharide-induced sep-
sis model without significant reduction in early myocardial in-
flammatory gene expression, including IL-1B, IL-6, and TNF-c,
suggesting that functional protection may be mediated by a
mechanism other than early inflammatory suppression [26].
Whether the observed change of PPARy reflects an endogenous
cardioprotective response to BD remains unclear.
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From a translational perspective, modulation of inflammatory
signaling in the brain-dead donor represents a potential strat-
egy for preserving donor heart function prior to transplanta-
tion. Pharmacologic inhibition of the P2X7 receptor has been
shown to attenuate inflammatory responses in cardiovascu-
lar disease models, while PPAR-y agonists are already clinical-
ly available and have demonstrated anti-inflammatory effects
in experimental systems [12,13]. Although the present study
did not demonstrate significant changes in endogenous P2X7
expression and only a trend toward increased PPAR-y expres-
sion in LV tissue, these pathways remain biologically plausible
therapeutic targets for mitigating brain death-induced myo-
cardial dysfunction. Future studies evaluating pharmacologic
modulation of these pathways in donor management models
may help determine their clinical relevance.

There are limitations of this study. First, there was significant
attrition by 2 hours (25% and 40% in the control and BD groups,
respectively) in the mouse model, for which we do not have a
definitive explanation, and which may have introduced survi-
vorship bias in estimates at later phase | time points (t=120-
180). Possibilities may be inadequate fluid supplementation
for a 3-hour procedure, high physiologic stress during imag-
ing, and/or the continuous 0.9% to 1% isoflurane anesthe-
sia in the setting of brain death (in the BD group) to prevent
confounding effects on the murine cardiovascular physiology.
Second, sex effects were not evaluated. Third, our results sug-
gested a strong association between NLRP3-related inflamma-
tion and LV dysfunction, but the design of our study does not
prove causation. It is possible an unmeasured factor resulted
in increased inflammation and LV dysfunction. Since NLRP3 in-
flammasome activation (eg, caspase-1 activation or ASC oligo-
merization) were not measured directly, conclusions regarding
inflammasome involvement are based on protein expression
and cytokine associations rather than functional activation as-
says. Fourth, despite standardized physiologic management,
residual confounding related to anesthetic exposure, mechan-
ical ventilation, fluid balance, and procedural stress cannot be
completely excluded from the model. Finally, phase Il of our
experiment included 6 animals per group, which was chosen
to satisfy ethical principles of reduction in animal research
[27]; however, the small sample substantially limits statistical
power for detecting differences in protein expression and in-
flammatory markers. This limitation is particularly relevant for
conclusions regarding upstream regulators, such as P2X7 and
PPAR- v, where non-significant results may reflect insufficient
power rather than an absence of biological effect.

Conclusions

In conclusion, there was systolic LV dysfunction in the murine
model of BD, with 100% incidence at 60 minutes prior to the
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onset of any attrition. The BD-induced LV dysfunction was as-
sociated with increased tissue expressions of NLRP3 and in-
flammatory cytokines in LV tissues. Further exploration into
the upstream signaling pathways involving the P2X7 receptor
and/or PPAR-y in NLRP3-related inflammatory signaling may
hold promise as potential therapeutic strategies for preserv-
ing myocardial function after brain death.
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