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ABSTRACT

Background: Necroptosis plays an important role in cell death during pulmonary
ischemia-reperfusion injury (IRI). We hypothesized that therapy with necrosulfona-
mide (NSA), a mixed-lineage kinase domain-like protein inhibitor, would attenuate
lung IRI.

Methods: Rats were assigned at random into the sham operation group (n ¼ 6),
vehicle group (n ¼ 8), or NSA group (n ¼ 8). In the NSA and vehicle groups, the
animals were heparinized and underwent left thoracotomy, and the left hilum
was clamped for 90 minutes, followed by reperfusion for 120 minutes. NSA
(0.5 mg/body) and a solvent were administered i.p. in the NSA group and the vehicle
group, respectively. The sham group underwent 210 minutes of perfusion without
ischemia. After reperfusion, arterial blood gas analysis, physiologic data, lung wet-
to-dry weight ratio, histologic changes, and cytokine levels were assessed. Fluores-
cence double immunostaining was performed to evaluate necroptosis and
apoptosis.

Results: Arterial partial pressure of oxygen/fraction of inspired oxygen (PaO2/FiO2)
was better, dynamic compliance was higher, and mean airway pressure and lung
edema were lower in the NSA group compared with the vehicle group. Moreover,
in the NSA group, lung injury was significantly alleviated, and the mean number of
necroptotic cells (55.3 � 4.06 vs 78.2 � 6.87; P ¼ .024), but not of apoptotic cells
(P ¼ .084), was significantly reduced compared with the vehicle group. Interleukin
(IL)-1b and IL-6 levels were significantly lower with NSA administration.

Conclusions: In a rat model, our results suggest that NSA may have a potential pro-
tective role in lung IRI through the inhibition of necroptosis. (J Thorac Cardiovasc
Surg 2022;163:e113-22)
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Effect of necrosulfonamide on the number of nec-
roptotic cells and apoptotic cells.
CENTRAL MESSAGE

Necrosulfonamide intervention
can produce significant im-
provements in physiologic func-
tion, histologic damage, and
attenuation of inflammatory cy-
tokines via the inhibition of
necroptosis.
PERSPECTIVE
Necrosulfonamide intervention can produce sig-
nificant improvements in physiologic function,
histologic damage, and attenuation of inflamma-
tory cytokines via the inhibition of necroptosis.
The inhibition of necroptosis by a mixed-lineage
kinase domain-like protein inhibitor appears to
be a promising new option for protective treat-
ment against ischemia-reperfusion injury.

See Commentaries on pages e123 and e124.
Video clip is available online.
Pulmonary disorders characterized by ischemia-reperfusion
injury (IRI) are associated with many clinical manifesta-
tions, including pulmonary embolism, single-lung ventila-
tion, and lung transplantation, causing alveolar damage,
pulmonary edema, and infiltration of inflammatory cells.1-3

Regarding the relationship between IRI and cell death,
resultant cell death has morphologic features of necrosis.
However, programmed or regulated cell death was
considered synonymous with apoptosis until pathways of
regulated necrosis were described.4,5 Because necrosis
was considered unregulated and uncontrollable, few studies
have been performed on the mechanism regulating necrosis
in IRI.
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Abbreviations and Acronyms
DAMP ¼ damage-associated molecular pattern
DAPI ¼ 40,6-diamidino-2-phenylindole
DMSO ¼ dimethyl sulfoxide
ELISA ¼ enzyme-linked immunoassay
HMGB1 ¼ high-mobility group box protein 1
HPF ¼ high-power field
IL ¼ interleukin
IRI ¼ ischemia-reperfusion injury
MLKL ¼ mixed-lineage kinase domain-like

protein
Nec-1 ¼ necrostatin-1
NSA ¼ necrosulfonamide
RIPK1 ¼ receptor-interacting protein kinase-1
RIPK3 ¼ receptor-interacting protein kinase-3
TNF-a ¼ tumor necrosis factor alpha
TUNEL ¼ terminal deoxynucleotidyl transferase-

dUTP nick-end labeling
TV ¼ tidal volume
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This consensus has recently changed dramatically after
the discovery of signaling pathways inducing regulated ne-
crosis.4-6 The best-characterized regulated necrosis is nec-
roptosis, which is a form of cell death controlled by death
signals and displays a death pattern like that of necrosis.4,5
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FIGURE1. Outline of major molecules and inhibitors in regulated cell death. C
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Different from apoptosis, necroptosis is a caspase-
independent regulated type of cell death that depends on
the stream of cellular signals, which is composed mainly
of the receptor-interacting protein kinase-1 (RIPK1),
receptor-interacting protein kinase-3 (RIPK3), and mixed-
lineage kinase domain-like protein (MLKL)5,7-9

(Figure 1). The mechanistic pathway controlled by the acti-
vation of these molecules plays a pivotal role in necroptosis.

Recent studies suggest that necroptosis has a pathologic
and physiologic role in clinical pulmonary diseases in
IRI,10,11 chronic obstructive pulmonary disease,12 lung can-
cer,13 and sepsis.14 It has been reported that RIPK1 inhibitor
necrostatin-1 (Nec-1) can decrease the activation of necropto-
sis via the inhibition of necroptosis in several clinical IRI-
based studies.7,10,15-18 On the other hand, it also has been
reported that in a mouse tumor necrosis factor alpha (TNF-
a)-mediated shock model (a mimic model of IRI), Nec-1
failed to protect but further accelerated time to death.5,19 Ac-
cording to those reports, it was also demonstrated that
RIPK3-deficient mice were markedly protected from TNF-
a–mediated shock, indicating that the inhibition of necropto-
sis would be performed at the level ofRIPK3 or further down-
stream molecules.20 Consequently, RIPK3 and further
downstream molecules were considered to generate the key
signals in the regulated necrosis pathway, andMLKL and ne-
crosulfonamide (NSA [(E)-N-(4-(N-(3-methoxypyrazin-2-
yl)sulfamoyl)phenyl)-3-(5-nitrothiophene-2-yl)acrylamide]),
ands
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ell death caused by the engagement of pathways that lead to the activation of

ivation of caspase is suppressed by Z-Val-Ala-DL-Asp-Asp-fluoromethyl-
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eceptor-interacting protein kinase-3 (RIPK3), and mixed-lineage kinase

A) inhibit necroptosis by inhibiting RIPK1 and MLKL, respectively.
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an inhibitor of MLKL, were considered critically relevant.20

However, because NSA is a relatively new drug, there have
been few reports on its administration, especially in IRI
attenuation.

We hypothesized that the NSA administration might play
an important role in alleviating lung IRI via the inhibition of
necroptosis. To verify this hypothesis, we conducted a small
animal study using a rat lung IRI model.
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METHODS
Animals

The experiments were done on 22 male Lewis rats weighing 280-320 g

(Japan SLC, Hamamatsu, Japan). All animals received humane care in

compliance with the Principles of Laboratory Animal Care formulated

by the National Society for Medical Research. All experimental protocols

received approval from the Ethics Committee of the Graduate School of

Medicine at Kyoto University.

Rat Hilar Clamp Model to Evaluate Cell Death and
IRI

Rats were assigned at random into 3 groups: sham group (n¼ 6), vehicle

group (n¼ 8), andNSA group (n¼ 8). Rats in the sham operation group did

not receive other procedures except for thoracotomy (left lung) and 210-

minute ventilation. Figure 2 shows the outline of the experimental method.

Anesthesia was induced inhalation of isoflurane, followed by intraperito-

neal injection of sodium pentobarbital (100 mg/kg). Heparin (1000 U/kg)

was initially administered subcutaneously. NSA (0.5 mg) was dissolved

with 0.5 mL of 20% dimethyl sulfoxide (DMSO) and injected intraperito-

neally in the NSA group,21,22 while 0.5 mL of 20% DMSO without NSA

was administered in the vehicle group. After tracheostomy and incubation

with a plastic catheter, mechanical ventilation was started (Model SN-480-

7; Shinano Seisakujo, Tokyo, Japan). Throughout the experiment, the
Experimental Protocol

Left thoracotomy

Left hilum clamp
90 min

Declamp and

30 minNSA (n = 8)

NSA 0.5 mg with solvent

C

Left thoracotomy

Left hilum clamp
90 min

Declamp and

30 minVehicle (n = 8)

Only solvent

B

Left thoracotomy

Bi

Chest 

Sham (n = 6)

A

FIGURE 2. Diagram of the experimental protocol. Three experiments were per

group (n¼ 8) (B), or necrosulfonamide (NSA) group (n¼ 8) (C). In the NSA and

the left hilum was clamped for 90 minutes, followed by reperfusion for 120 minu

the NSA group and the vehicle group, respectively. The sham group underwen
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fraction of inspired oxygen was kept at 100%, and positive end-

expiratory pressure was maintained at 2 cm H2O. During bilateral lung

ventilation, we set the tidal volume (TV) to 9 mL/kg and the respiratory

rate to 60 breaths/minute. Left thoracotomy was performed, and the left hi-

lum was occluded with a small metallic clamp for 90 minutes. Occlusion

was performed 30 minutes after the administration of NSA or vehicle, at

which point the TV was reduced to 6 mL/kg until reperfusion. After 90 mi-

nutes of occlusion, the clamp was released, and reperfusion was performed

by restoring blood flow and ventilation to the bilateral lung.

Arterial Blood Gas Analysis and Lung Mechanics
Outcome Measures

Lung injury was assessed using a median sternotomy to occlude the

right hilum (including the accessory lobe) after 120 minutes of reperfusion.

The TV and respiratory rate were set to 5 mL/kg and 60 breaths/minute,

respectively. After 5 minutes, a blood sample was collected through the

ascending aorta for arterial blood gas analysis. The animals were then con-

nected to the flexiVent system (SCIREQ, Montreal, Canada). Physiologic

data, dynamic compliance, mean airway pressure, and peak airway pres-

sure were measured by alternating perturbations of the single forced oscil-

lation families in a closely spaced manner (Snap-Shot; SCIREQ).

Lung Wet-to-Dry Weight Ratio
The upper part of the left lung was used to calculate the lung wet-to-dry

weight ratio, as reported previously.1,2,23 The wet weight was measured

soon after the harvest, and the dry weight was measured after drying at

100�C for 24 hours. The ratio was calculated as wet weight divided by

dry weight.

Histologic Analysis
The middle left lung was fixed in 10% formalin and stained with hema-

toxylin and eosin. For quantitative histologic evaluation of ischemia reper-

fusion injury, vascular edema, extravascular red blood cell count, and

alveolar or interstitial neutrophil infiltration were determined, as described
Reperfusion 120 min

 Chest Closure Evaluation

Reperfusion 120 min

 Chest Closure Evaluation

lateral ventilation 210 min

Closure Evaluation

formed, with rats assigned at random to the sham group (n¼ 6) (A), vehicle

vehicle groups, rats were heparinized and underwent left thoracotomy, and

tes. NSA (1.65 mg/kg) and a solvent were administered intraperitoneally in

t 210 minutes of perfusion without ischemia.
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previously.1,2 The perivascular cuff area was measured in 5 randomly cho-

sen vessels per section at a magnification of 2003. The ratio of perivascular

cuff area to vessel area was calculated automatically with BZ-H4C soft-

ware (Keyence, Osaka, Japan), as described previously.24 Red blood cell

and neutrophil counts were expressed by the average number in 10

randomly chosen high-power fields (HPFs; 4003 magnification) per sec-

tion. Cell counting was also done automatically using BZ-H4C software.24

To get the BZ-H4C software to properly recognize neutrophils infiltrating

into the perivascular area, in addition to hematoxylin and eosin, naphthol

AS-D chloroacetate esterase stain was used secondarily.

Western Blot Analysis
The lower part of the left lung, which had been stored at �80�C, was

suspended in an ice-cold radioimmunoprecipitation assay buffer contain-

ing a cocktail of protease and phosphatase inhibitors (Nacalai Tesque,

Kyoto, Japan), and centrifuged at 13,0003 g for 10 minutes, as reported

previously.23 The protein concentration was determined by a Bradford pro-

tein assay and adjusted evenly. The protein samples (15 mg) were loaded on

sodium dodecyl sulfate–polyacrylamide gels for electrophoresis and trans-

ferred to a PVDF membrane. The membrane was incubated with primary

and secondary antibodies using standard procedures and visualized with

the EzWestLumi Plus Detection Kit (Atto, Tokyo, Japan), with detection

of luminescence using the LuminoGraph II imaging system (Atto).25 The

same membrane was used for repeated probing for b-actin, which was

used as an internal loading control. Band densitometry analysis was per-

formed using ImageJ version 1.52s.

Immunofluorescence Staining for Lung Necroptosis
or Apoptosis

Immunofluorescence double staining of terminal deoxynucleotidyl

transferase-dUTP nick-end labeling (TUNEL) and caspase-3 cells was

conducted to determine necrotic/apoptotic cells, as described previously.26

For double labeling with cleaved caspase-3, after TUNEL staining, DAPI

(40,6-diamidino-2-phenylindole) was used to stain the nuclei. Immunoflu-

orescence reactivity visualization was performed on a fluorescence micro-

scope (BZ-X800; Keyence), depicting 10 randomly chosen HPFs per

section. Necroptotic and apoptotic cells counting was automatically per-

formed using the BZ-H4C software.24 Necroptosis and apoptosis cells

were counted by having the BZ-H4C software first recognize the cell

nuclei, which are stained with DAPI, and then discriminating the cyto-

plasmic color of the cells, respectively.

Enzyme-Linked Immunosorbent Assay
The same quantities of the 10 mg lower left lung were homogenized

with 500 mL of phosphate-buffered saline with protease inhibitors

(Wako, Osaka, Japan) and then centrifuged (10,0003 g for 20 minutes)

to obtain tissue lysates of lung to perform an enzyme-linked immunosor-

bent assay (ELISA). The concentrations of TNF-a, interleukin (IL)-1b,

and IL-6 in tissue lysates of lung were measured using ELISA kits

following the manufacturer’s instructions.

Reagents and Antibodies
NSAwas provided by Bio Vision (Milpitas, Calif). The dose of 0.5 mg/

body and intraperitoneal administration were adopted based on previous re-

ports.21,22 Chemicals of highest purity available were used. The following

antibodies were used: anti-MLKL (Biorbyt, Cambridge, United Kingdom),

anti-RIPK1 (Novus Biologicals, Littleton, Colo), anti-RIPK3 (Enzo Life

Sciences, L€orrach, Germany), anti–high-mobility group box protein 1

(HMGB1; GeneTex, Irvine, Calif), cleaved caspase-3 (Cell Signaling

Technology, Danvers, Mass), and b-actin (A5441; Sigma-Aldrich, St
e116 The Journal of Thoracic and Cardiovascular Sur
Louis, Mo). Rat ELISA kits used in this experiment included TNF-a (No-

vus), IL-6 (R&D Systems, Minneapolis, Minn), and IL-1b (Immuno-Bio-

logical Laboratories, Gunma, Japan).

Statistical Analysis
Data are presented as the mean � standard error of the mean. Compar-

isons between 2 independent groups were performed using the Mann–

Whitney U test. All statistical analyses were performed with JMP pro

14.0 (SAS Institute, Cary, NC), with P<.05 considered to indicate statis-

tical significance.

RESULTS
Effect of NSA on Lung Function and Wet-to-Dry
Weight Ratio

Arterial oxygenation (Figure 3, A) and dynamic compli-
ance (Figure 3, B) were higher in the NSA group compared
with the vehicle group (379 � 31.9 mmHg vs
269 � 21.4 mmHg [P ¼ .0009] and 0.141 � 0.012 mL/
cmH2O vs 0.122 � 0.0166 mL/cmH2O [P ¼ .036], respec-
tively). Maximum and mean airway pressures were lower in
the NSA group (22.4� 1.37 cmH2O vs 26.1� 2.86 cmH2O
[P ¼ .018] and 10.1 � 0.94 cmH2O vs 11.6 � 1.35 cmH2O
[P ¼ .039], respectively) (Figure 3, C and D). Lung edema
(wet-to-dry weight ratio) was significantly reduced in the
NSA group relative to the vehicle group (4.92 � 0.53 vs
5.99 � 0.723; P ¼ .014) (Figure 3, E).

Histologic Effect of NSA
The NSA group showed a significantly lower average

number of extravascular red blood cells per section at a
magnification of 4003 compared with the vehicle group
(622 � 66.6 per HPF vs 792 � 65.7 per HPF; P ¼ .041)
(Figure 4, D). The number of neutrophil infiltrations into
the perivascular area was markedly reduced in the NSA
group compared with the vehicle group (20 � 9.64 per
HPF vs 41.5 � 14.8 per HPF; P ¼ .018) (Figure 4, E).
The perivascular cuff area was measured in 5 vessels per
histologic section, which resulted in 30 vessels for the
sham group and 40 vessels for both the vehicle and NSA
groups. We calculated the index of perivascular cuff area
to the vessel area to eliminate variations related to vessel
size. The index was significantly lower in the NSA group
(0.934 � 0.212 vs 1.82 � 0.43; P ¼ .0009) (Figure 4, F).

Expression of Necroptosis-Associated Target
Molecules

Western blot analysis showed a significantly reduced
MLKL/b-actin level in the NSA group (P ¼ .037)
(Figure 5, A). NSA administration did not reduce the levels
of RIPK1 and RIPK3 (P ¼ .11) (Figure 5, B and C). The
expression level of HMGB1 released by cell death was
significantly lower in the NSA group compared with the
vehicle group (P ¼ .045) (Figure 5, D).
gery c February 2022
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FIGURE 3. Pulmonary function of the left lungs: arterial partial pressure of oxygen/fractional inspired oxygen (PaO2/FiO2) (A), dynamic pulmonary

compliance (B), peak airway pressure (C), mean airway pressure (D), and wet-to-dry weight ratio (E). All parameters were significantly improved in

the necrosulfonamide (NSA) group relative to the vehicle group. In the graphs, the upper and lower borders of the box represent the upper and lower quar-

tiles; the upper and lower whiskers represent the maximum and minimum values of nonoutliers, and the middle horizontal line represents the median. Data

are presented as mean� standard error of the mean.Multiple comparisons among the groups were performed using the Kruskal–Wallis test. The comparison

between 2 independent groups was performed using the Mann–Whitney U test. All statistical analyses were performed with JMP pro 14.0 (SAS Institute,

Cary, NC), with P<.05 considered to indicate statistical significance.
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Necroptotic Cells or Apoptotic Cells
Immunofluorescence revealed that necroptotic cells (pos-

itive only for TUNEL) were stained green in the cytoplasm,
whereas apoptotic cells (positive for both TUNEL and
caspase-3) were stained red to yellow in the cytoplasm
(Figure 6). In addition, the mean number of necroptotic
cells was significantly lower in the NSA group compared
with the vehicle group (55.3 � 11.5 per HPF vs
78.2 � 19.4 per HPF; P ¼ .024) (Figure 7, A). NSA admin-
istration did not significantly reduce the mean number of
apoptotic cells compared with the vehicle group
(4.86 � 2.85 per HPF vs 12.8 � 10.7 per HPF; P ¼ .083)
(Figure 7, B). Finally, in each group, the average number
of necroptotic cells was significantly higher than that of
apoptotic cells.
Effect of NSA on Cytokine Levels
TNF-a levels were not significantly lower in the NSA

group compared with the vehicle group (535 � 41.4 pg/
mL vs 607 � 104 pg/mL; P ¼ .25) (Figure 8, A), whereas
the levels of both IL-1b and IL-6 were significantly lower
The Journal of Thoracic and Car
relative to the vehicle group (1681 � 340 pg/mL vs
1313 � 265 pg/mL [P ¼ .021] and 269 � 73.1 pg/mL vs
409 � 126 pg/mL [P ¼ .036], respectively) (Figure 8, B
and C).
DISCUSSION
This study demonstrates that the administration of NSA

significantly improved lung IRI via the inhibition of necrop-
tosis in a simple and validated in vivo model. Our data show
that in damaged lungs, physiologic functions were signifi-
cantly improved by NSA administration. Pathologic find-
ings of the hemorrhagic area and neutrophil infiltration
were significantly attenuated in the NSA group. Perivascu-
lar edema, evaluated by the wet-to-dry weight ratio and
vascular cuff, was ameliorated in the NSA group. Western
blot analysis also indicated that NSA can precisely inhibit
the MLKL. In addition, fluorescent double immunostaining
made it possible to visualize and perform a quantitative
evaluation in the damaged lungs, which allowed us to eval-
uate necroptosis and apoptosis individually. To our knowl-
edge, this is the first report exploring the potential
diovascular Surgery c Volume 163, Number 2 e117
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protective effect of NSA treatment on lung IRI, and on the
visual evaluation of the cell death in damaged lungs using
fluorescent double immunostaining.

NSA is known to specifically block necroptosis down-
stream of RIPK3 activation.20 As the interacting target of
NSA, MLKL was also revealed, because a specific step at
which RIPK3 formed discrete punctate in cells was arrested
by treating the cells with NSA or knocking down MLKL
expression.20 MLKL has been considered one of the key
RIPK3 downstream components in IRI8,27; therefore, we
focused on MLKL as a RIPK3 peripheral molecule in nec-
roptosis downstream of RIPK1 and performed the interven-
tion with NSA. As for the studies based on NSA, previous
reports have shown that NSA attenuated spinal cord injury21

or that NSA had a protective effect on intestinal epithelial
cells via the inhibition of necroptosis.26 However, there
have been few reports on IRI attenuation due to NSA
administration, other than 2017 study showing that NSA
improved neurologic function after IRI.28 Therefore, we
consider the present study worthwhile for its evaluation of
IRI attenuation in solid organs due to intervention with
NSA.
e118 The Journal of Thoracic and Cardiovascular Sur
It has been assumed that necroptosis emerges as an in-
strument of innate immunity during infectious diseases
and is a protective mode of cell death that eliminates
pathogen-infected cells.5,29 However, for diseases involved
in inflammatory processes, including IRI, atherosclerosis,
sepsis, inflammatory bowel disease, neurodegenerative dis-
eases, and autoimmune diseases, the necroptosis pathway
can do harm rather than contribute to protection. This
idea may be supported by the fact that, different from
apoptosis, the release of cytosolic contents and/or cell
death–associated molecular patterns (DAMPs) occurs in
necroptotic cells by membrane rupture, and these molecules
signal the immune system to tissue damage and induce an
inflammatory response.30,31 Thus, regulated necrosis can
substantially influence immunity and organ survival. In
the present study, it was also verified by the attenuation of
HMGB1, a kind of DAMP, as confirmed by Western blot
analysis. In addition, in lung tissue, IL-6 and IL-1b, inflam-
matory cytokines released by cell rupture or membrane per-
meabilization,32,33 also were attenuated with the
administration of NSA. Because Western blot analysis indi-
cated that NSA can precisely inhibit MLKL rather than
gery c February 2022
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interacting protein kinase-3 (RIPK3) (C), and high-mobility group box protein 1 (HMGB1) (D) in lung tissue lysates of the necrosulfonamide (NSA) group

and the vehicle group. Band densitometry analysis was performed using ImageJ. b-actin expression served as an internal loading control. MLKL (P¼ .037)

and HMGB1 (P¼ .045) were significantly reduced in the NSA group compared with the vehicle group. In the graphs, the upper and lower borders of the box

represent the upper and lower quartiles, the upper and lower whiskers represent the maximum andminimum values of nonoutliers, and themiddle horizontal

line represents the median. Data were presented as mean � standard error of the mean. Comparisons between 2 independent groups were performed using

theMann–WhitneyU test. All statistical analyses were performedwith JMP pro 14.0 (SAS Institute, Cary, NC), withP<.05 considered to indicate statistical

significance.
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RIPK1 and RIPK3, the inhibition of MLKL may be consid-
ered to attenuate the release of cytosolic contents. The fact
that extracellular release of inflammatory cytokines can
FIGURE 6. Analysis of immunofluorescence double staining with terminal deo

cells in the sham group (A), vehicle group (B), and necrosulfonamide (NSA) g

caspase-3–negative cells were counted as necroptotic cells (white arrows), and

(red arrows).

The Journal of Thoracic and Car
promote adaptive immune responses suggests that NSA
can indirectly inhibit the spread of inflammation along
with inhibiting necroptosis.
xynucleotidyl transferase-dUTP nick-end labeling (TUNEL) and caspase-3

roup (C) (Original magnification 2003 and 4003.) TUNEL-positive and

TUNEL-positive and caspase-3–positive were counted as apoptotic cells
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FIGURE 7. Average numbers of necroptotic cells and apoptotic cells were counted using a fluorescence microscope (BZ-X800; Keyence). Necroptotic

cells were significantly reduced in the necrosulfonamide (NSA) group compared with the vehicle group (P ¼ .024) (A); however, NSA administration

did not significantly reduce the number of apoptotic cells compared with the vehicle group (P ¼ .083) (B). Also, in each group, the average number of

necroptotic cells was significantly higher than that of apoptotic cells. In the graphs, the upper and lower borders of the box represent the upper and lower

quartiles, the upper and lower whiskers represent the maximum and minimum values of nonoutliers, and the middle horizontal line represents the median.

Data are presented as mean � standard error of the mean. Multiple comparisons among the groups were performed using by the Kruskal–Wallis test.

Comparisons between 2 independent groups were performed using the Mann–Whitney U test. All statistical analyses were performed with JMP pro

14.0 (SAS Institute), with P<.05 considered to indicate statistical significance. HPF, High-power field.
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It was also reported that in a mouse kidney IRI model,
the protective effect disappeared almost completely when
Nec-1 was applied at 30 min after reperfusion and was
strongly reduced when Nec-1 was applied at 15 min
following reperfusion.34 Thus, because reperfusion can
release significant amounts of inflammatory cytokines,
which may be one of the reasons for necroptotic signaling
in IRI, it would be desirable to administer the necroptosis
inhibitor as soon as possible to prevent necroptotic
signaling in IRI. Ideally, the necroptosis inhibitor should
be administered before reperfusion, as was done in this
experiment. In our study, although the necroptosis inhibi-
tor was administered before ischemia, significant improve-
ments were seen in the NSA group. However, more
detailed data should be obtained in future studies by
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e120 The Journal of Thoracic and Cardiovascular Sur
performing the experiment with drug administration at
various times.

Considering the inhibition of necroptosis as regulated
cell death itself, the fluorescent double immunostaining re-
vealed significantly reduced levels of necroptotic cells in
the NSA group. In this study, the number of necroptotic
cells was mildly increased in the sham group, possibly
due to the mechanical ventilation and/or stimulation of tho-
racotomy and chest closure. Considering this, the NSA
intervention might precisely reduce the number of necrop-
totic cells, because the number of necroptotic cells in the
sham group and NSA group was similar (51.9 � 7.95 per
HPF vs 55.3 � 11.5 per HPF; P ¼ .095).

In addition, fluorescent immunostaining also revealed
that a higher necroptotic cell count comparedwith apoptotic
NSA

P = .021
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imum and minimum values of nonoutliers, and the middle horizontal line

n. Comparisons between 2 independent groups were performed using the
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cell count in this IRI model. It has been reported that during
shorter periods of ischemia, the mode of cell death after re-
perfusion is primarily apoptosis, and that in longer ischemic
periods, cell death after reperfusion is predominately necro-
sis.6 Thus, increasing levels of necrotic cells, including
regulated necrosis, would be associated with a significant
deterioration of organ function in IRI.6,10 Therefore,
considering the cell death due to IRI, inhibiting regulated
necrosis, including necroptosis, would be the most impor-
tant action to prevent tissue deterioration and inflammatory
cytokines suppression caused by cell rupture.

Several limitations of this study should be noted. As the
response of the immune system of rats is different from that
of human, it is necessary to confirm our findings in other an-
imal models before applying these results to humans. Also,
although it was showed that the enhanced tissue protein level
of MLKL induced by IRI was significantly reduced by the
NSA intervention, the concentration ofNSA inblood samples
or lung tissues remains to be confirmed. Furthermore, this
study used only a presurgical administration and single dose
of NSA (1.65 mg/kg), whereas using variable administration
and titration of dosage would provide useful information on
the optimal timing and dose. Regarding safety, although it
has been reported that no obvious toxicity from NSA admin-
istration was detected in rat liver, kidney, heart, and spleen,21
Significant improvements by necrosulfonamide interv

Necroptosis inhibitor
Necrosulfonamide(NSA)

Lewis rat

Lung ischemia-reperfusion in

NSAVehicle

Necroptotic cells A

The inhibition of necroptosis by necrosulfonamide mig
treatment against ischemia-reperfusion injury.

Fluorescent double immunostaini

FIGURE 9. Administration of necrosulfonamide (NSA) significantly improved

our rat model. Significant improvements in physiologic function, histologic dam

roptosis were confirmed. Also, the fluorescent double immunostaining revealed

tion. The inhibition of necroptosis by NSA might be a promising new option fo

The Journal of Thoracic and Car
potential side effects of concern remain to beverified in future
studies. In addition, our data suggest that NSA administration
might be better timed before necroptotic signaling in IRI. The
situations inwhich the efficacy of necroptosis inhibitor can be
expected are limited to a few settings, such as solid organ
transplantation,where the drugcan be administeredbefore re-
perfusion. Therefore, further investigations, including in a
lung transplantationmodel, are needed to investigate these is-
sues. To perform a lung transplantation model, we should
consider the differences in the ischemic conditions (such as
warm ischemia alone or cold ischemia followed by warm
ischemia), and the need to consider the response of the im-
mune system caused by using 2 individual lives. Finally, the
Western blot analysis and ELISAwere performed without a
sham group, owing to the limitations of the experimental
equipment.
In conclusion, we have demonstrated that the MLKL in-

hibitor NSA attenuates IRI through inhibition of necropto-
sis and improvement of lung-damaged function. The NSA
intervention was associated with significant improvements
in physiologic function, histologic damage, and attenuation
of inflammatory cytokines via the inhibition of necroptosis.
The inhibition of necroptosis by an MLKL inhibitor might
be one of the promising new options for protective treat-
ment against IRI (Figure 9 and Video 1).
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VIDEO 1. Short video showing the experimental procedure and results of

this study. Video available at: https://www.jtcvs.org/article/S0022-

5223(21)00134-3/fulltext.
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