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Background. Both apoptosis and necroptosis have been recognized to be involved in ischemia reperfusion-induced lung injury. We
aimed to compare the efficacies of therapies targeting necroptosis and apoptosis and to determine if there is a synergistic effect
between the two therapies in reducing lung ischemia reperfusion injury. Methods. Forty Sprague-Dawley rats were randomized
into 5 groups: sham (SM) group, ischemia reperfusion (IR) group, necrostatin-1+ischemia reperfusion (NI) group,
carbobenzoxy-Val-Ala-Asp-fluoromethylketone+ischemia reperfusion (ZI) group, and necrostatin-1+carbobenzoxy-Val-Ala-
Asp-fluoromethylketone+ischemia reperfusion (NZ) group. The left lung hilum was exposed without being clamped in rats
from the SM group, whereas the rats were subjected to lung ischemia reperfusion by clamping the left lung hilum for 1 hour,
followed by reperfusion for 3 hours in the IR group. 1mg/kg necrostatin-1 (Nec-1: a specific necroptosis inhibitor) and 3mg/kg
carbobenzoxy-Val-Ala-Asp-fluoromethylketone (z-VAD-fmk: a pan caspase inhibitor) were intraperitoneally administrated
prior to ischemia in NI and ZI groups, respectively, and the rats received combined administration of Nec-1 and z-VAD-fmk in
the NZ group. Upon reperfusion, expressions of receptor-interacting protein 1 (RIP1), receptor-interacting protein 3 (RIP3),
and caspase-8 were measured, and the flow cytometry analysis was used to assess the cell death patterns in the lung tissue.
Moreover, inflammatory marker levels in the bronchoalveolar lavage fluid and pulmonary edema were evaluated. Results. Both
Nec-1 and z-VAD-fmk, either alone or in combination, significantly reduced morphological damage, inflammatory markers,
and edema in lung tissues following reperfusion, and cotreatment of z-VAD-fmk with Nec-1 produced the optimal effect. The
rats treated with Nec-1 had lower levels of inflammatory markers in the bronchoalveolar lavage fluid than those receiving z-
VAD-fmk alone (P < 0:05). Interestingly, the z-VAD-fmk administration upregulated RIP1 and RIP3 expressions in the lung
tissue from the ZI group compared to those in the IR group (P < 0:05). Reperfusion significantly increased the percentages of
necrotic and apoptotic cells in lung tissue single-cell suspension, which could be decreased by Nec-1 and z-VAD-fmk,
respectively (P < 0:05). Conclusions. Nec-1 synergizes the pan caspase inhibitor to attenuate lung ischemia reperfusion injury in
rats. Our data support the potential use of Nec-1 in lung transplantation-related disorders.

1. Introduction

Lung transplantation is the most curative treatment for many
end-stage lung diseases, but early graft failure caused by
ischemia reperfusion (IR) remains a formidable obstacle for
both early and late survival of lung allografts [1, 2]. Pulmo-
nary dysfunction caused by IR injury is also one of the major
complications of perioperative events such as shock, trauma,
pulmonary revascularization, and cardiopulmonary bypass.
Even though various drugs and techniques have been investi-
gated to reduce IR injury, no effective therapy is currently

available to completely eliminate it since the underlying
mechanisms are still not fully understood.

Excessive production of reactive oxygen species (ROS)
following IR could damage the mitochondrial membrane
and stimulate the release of cytochrome c, leading to the
initiation of the intrinsic apoptosis pathway [3, 4]. Inhibition
of apoptosis could reduce lung injury following IR [5, 6]. Fur-
thermore, necrosis is suggested to be involved in IR-induced
lung injury as well [7], but it is not considered as an effective
therapeutic target previously, since necrosis is traditionally
defined as a nonregulated and accidental type of cell death.
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However, recent studies have defined a special type of pro-
grammed necrosis, termed necroptosis, that can be regulated
by multiple pathways [8]. Necroptosis powerfully facilitates
inflammation by mediating the inflammatory cytokine secre-
tion and inducing the release of damage-associated molecu-
lar patterns (DAMPs), which are involved in many human
diseases [8, 9]. Necrostatin-1 (Nec-1), a specific necroptosis
inhibitor, decreases pulmonary inflammation and alleviates
oleic acid-induced acute respiratory distress syndrome lung
injury [10] and also improves survival in neonatal mice with
sepsis [11]. Notably, Nec-1 also has been found to attenuate
severity of cellular death and mitigate lung injury in experi-
mental lung transplantation [12]. However, the efficacies of
therapies targeting necroptosis and apoptosis therapies are
not compared, and whether if there is a synergistic effect
between the two therapies in reducing lung IR injury has
not been determined.

Here, an in situ warm rat lung IR model was established,
and the morphological changes in the lung tissue were evalu-
ated. We employed the flow cytometry analysis to confirm
the cell death patterns and detected expressions of receptor-
interacting proteins (RIPs) and caspase-8 in the lung tissue
to evidence the involvements of necroptosis and apoptosis.
Moreover, the inflammatory cytokine levels in the broncho-
alveolar lavage (BAL) fluid and wet-dry weight (W/D) ratio
were measured to indicate pulmonary inflammation and
edema, respectively.

2. Materials and Methods

Our experimental protocols were approved by the Institu-
tional Animal Care and Use Committee ofWenzhouMedical
University (ethic code: FHY2014002) and followed the
National Institute of Health Guide for the Care and Use of
Laboratory Animals. Forty adult male Sprague-Dawley (SD)
rats weighing from 300 to 350 g were purchased from the
Experimental Animal Centre ofWenzhouMedical University
and maintained for 2 weeks in a licensed, climate-controlled
animal room with 12-hour light/12-hour dark cycle. The rats
had free access to standard diet and water.

2.1. Group Allocation. The rats were randomized into 5
groups (n = 8) as follows:

(1) Sham group (SM group): the rats received thoracot-
omy, and the left lung hilum was isolated without
being clamped

(2) Ischemia reperfusion group (IR group): the rats
received thoracotomy, and the left lung hilum sub-
jected to 1-hour ischemia, which was followed by 3-
hour reperfusion

(3) Nec-1+ischemia reperfusion group (NI group): intra-
peritoneal administration of 1mg/kg Nec-1 was
given 1 hour before lung ischemia [13], and the
remaining procedures were identical to the IR group

(4) carbobenzoxy-Val-Ala-Asp-fluoromethylketone
+ischemia reperfusion group (ZI group): 3mg/kg

carbobenzoxy-Val-Ala-Asp-fluoromethylketone (z-
VAD-fmk) was administrated intraperitoneally 1
hour before ischemia, and the remaining procedures
were identical to the IR group

(5) Nec-1 + z-VAD-fmk+ischemia reperfusion group
(NZ group): the combination of 1mg/kg Nec-1 and
3mg/kg z-VAD-fmk was given intraperitoneally 1
hour before the lung ischemia initiation

At the end of experimental protocols, the rats were eutha-
nized by the anesthetic overdose. A midline thoracotomy was
performed immediately, and the right main bronchus was
ligatured to collect the bronchoalveolar lavage (BAL) fluid
from the left lung. After that, the left upper lobe of the lung
tissue was obtained for the morphological examination and
wet/dry weight ratio (W/D) calculation, the left middle lobe
of the lung tissue was used to determine protein expressions
of receptor-interacting protein 1 (RIP1), receptor-interacting
protein 3 (RIP3) and caspase-8, and the left lower lobe of the
lung tissue was collected for single-cell suspension prepara-
tion and flow cytometry analysis.

2.2. Lung IR Procedure. The rat model of in situ warm lung IR
was established using the methods described previously [14].
Briefly, the rats were anesthetizedwith intraperitoneal admin-
istration of ketamine (50mg/kg) and diazepam (5mg/kg)
[15], and then a 14-gauge angiocatheter was inserted into
the trachea through a midline neck incision. The rats were
connected to a specialized rodent ventilator (HX-300,
Taimeng Inc., Chengdu, China) and ventilated with a tidal
volume of 8ml/kg, respiratory rate of 60/min, I/E ratio of
1 : 2, and inspired oxygen fraction of 0.6. A left thoracotomy
was performed at the fifth intercostal space, and the left lung
hilum was exposed. After that, 50 units of heparin were
administered through the penis vein and allowed to circulate
for 5 minutes. A noncrushing clamp was then placed to
occlude the left lung hilum for 60 minutes, and the tidal
volume was decreased to 2/3 of its original level during ische-
mia. After 1 hour of ischemia, the clampwas removed, and the
left lung was allowed to reventilate with the original tidal
volume for up to 3 hours. The chest was temporarily closed
during the ischemia and reperfusion period. The rectal tem-
perature was maintained at 37°C with the aid of a warming
lamp, and 0.5ml of warm normal saline was subcutaneously
injected hourly to maintain body volume.

2.3. BAL Fluid Collection. The left lung was lavaged using
30ml/kg sterile phosphate buffer saline (PBS) for 3 times,
and BAL fluid was then harvested and centrifuged at 3500 g
for 10 minutes. BAL fluids were immediately frozen and then
stored at -70°C for further detections.

2.4. Histological Assessment and Acute Lung Injury Scoring.
The lung samples were fixed in 10% formalin and embedded
in paraffin, sectioned (4-μm thick), and stained with hema-
toxylin and eosin. The stained sections were examined and
scored by a pathologist blinded to the group assignment
using the established acute lung injury scoring system [16].
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2.5. Electron Microscopic Examination. The lung pieces
(1 × 1mm) were fixed using 2.5% glutaraldehyde in PBS
(pH7.4, 0.1M) for 24 hours at 4°C. Then, the lung pieces
were postfixed in buffered 2% sodium tetroxide for 2 hours,
dehydrated in a graded ethanol series, and embedded in
epon. The ultrathin sections were stained with uranyl acetate
and lead citrate and examined using a transmission electron
microscope (H600, Hitachi, Japan).

2.6. Water Content in the Lung Tissue. The lung W/D ratio
was used as an indicator of pulmonary edema. Immediately
after euthanasia, part of the left upper lobe of the lung tissue
was weighed to obtain wet weight and then dried at 60°C for
48 hours to determine dry weight. TheW/D ratio was defined
as wet weight/dry weight.

2.7. Flow Cytometry Analysis in Single-Cell Suspension of the
Lung Tissue. Single-cell suspensions of the lung tissue were
prepared, and the flow cytometry using annexin V- fluores-
cein isothiocyante (FITC)/propidium iodide (PI) kit was
used to detect cell death patterns in the lung tissue. In detail,
the dots in the lower left (annexin V-/PI-) quadrant indicated
viable cells, those in the upper left (annexin V+/PI+) quad-
rant were necrotic cells, and those in the lower right (annexin
V+/PI-) quadrant were cells undergoing early apoptosis,
while those in the upper right (annexin V-/PI+) quadrant
were mechanically injured cells.

2.8. Protein Expressions of RIP1, RIP3, and Caspase-8. Total
protein was extracted from lung homogenates, and Western
blot analysis was performed to assess expressions of RIP1,
RIP3, and caspase-8. In brief, the target protein (40mg)
was electrophoresed on 10% sodium dodecylsulfate-
polyacrylamide gel and transferred to a polyvinylidene
difluoride membrane. The membrane was blocked in Tris
buffered saline with Tween (TBST; containing 5% nonfat
milk, 10mM Tris, 150mM NaCl, 0.05% Tween-20) for 1
hour at room temperature and then incubated with first
antibodies for RIP1 (1 : 200), RIP3 (1 : 200), caspase-8
(1 : 200), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; 1 : 5000) at 4°C overnight, respectively. After that,
the membrane was incubated with a secondary antibody
anti-rabbit IgG (1 : 2000) in TBST solution for 1 hour at
room temperature. Blots were developed using the enhanced
chemiluminescence system and then scanned. Densitometry
was performed with ImageLab Software, and the protein
bands were quantified as a ratio to GAPDH control.

2.9. Inflammatory Markers and Protein Concentration in the
BAL Fluid. The levels of inflammatory marker tumor necro-
sis factor-α (TNF-α), interleukin-1β (IL-1β), interleukin-6
(IL-6), and high-mobility group box 1 (HMGB1) in the
BAL fluid were determined with the enzyme-linked immu-
nosorbent assay (ELISA) method according to manufactors’
instruments. The protein concentration was determined
using a bicinchoninic acid (BCA) protein assay kit.

2.10. Statistical Analyses. The data were analyzed with SPSS
version 16.0 software. Continuous and normally distributed
data were expressed as mean ± standard deviation, and one-

way analysis of variance (ANOVA) followed by the post hoc
Bonferronimethodwas used for compare data among groups.
A P value <0.05 was considered statistically significant.

3. Results

3.1. Morphological Changes in the Lung Tissue. Normal
microstructures and ultrastructures of the lung tissue were
observed in the SM group. Lung tissues in the IR group were
severely damaged, demonstrated by obvious alveolar wall
thickening, interstitial edema, and neutrophil infiltration by
hematoxylin and eosin staining. The electron microscopic
examination showed swollen mitochondria, disordered cris-
tae, vacuolized cytoplasmic lamellar bodies, partly falling
microvilli, and disrupted cell membrane integrity in type II
alveolar epithelial cells from the IR group. Morphological
damages in the lung tissue were significantly alleviated in
both NI and ZI groups, but the rats in the NZ group showed
the most improved morphological structures compared with
the IR group (Figures 1(a)–1(e) and 2).

The lung injury scores paralleled the findings of the histo-
logical examination, and the lung injury scores of the IR
group were significantly higher than those of the SM group,
whereas the lung injury scores of either NI or ZI group were
significantly lower than those of the IR group (P < 0:05). As
expected, the rats in the NZ group had the lowest acute lung
injury scores among these groups (P < 0:05, Figure 1(f)).

3.2. Water Content in the Lung Tissue. As shown in Figure 3,
W/D ratios in the lung tissue were significantly higher in the
IR group than the SM group (P < 0:05), which suggested pul-
monary edema after IR. Consistent with the histological find-
ings, lung W/D ratios in both NI and ZI groups were lower
than the IR group, but higher than the NZ group (P < 0:05).

3.3. Cell Death in Single-Cell Suspension of the Lung Tissue. IR
remarkably induced necrotic and apoptotic cell death in
single-cell suspension of the lung tissue, which were evi-
denced by increased percentages of both annexin V+/PI-
and annexin V+/PI+ cells (P < 0:05). As shown in Figure 4,
the percentages of annexin V+/PI+ cells in the NI group
and annexin V+/PI- cells in the ZI group were significantly
lower than those in the IR group (P < 0:05), and combined
treatment of Nec-1 and z-VAD-fmk significantly reduced
the percentages of both necrotic and apoptotic cells
(P < 0:05). Moreover, the rats treated with z-VAD-fmk had
larger percentage of annexin V+/PI+ cells in single-cell sus-
pension of the lung tissue compared with those treated with
Nec-1 (P < 0:05).

3.4. RIP1, RIP3, and Caspase-8 Expressions in the Lung
Tissue. As shown in Figure 5, IR upregulated RIP1, RIP3,
and caspase-8 expressions in the lung tissue (P < 0:05). The
expressions of RIP1 and RIP3, but not caspase-8, were
reduced by Nec-1 treatment, while the z-VAD-fmk adminis-
tration downregulated the caspase-8 expression and mean-
while, increased RIP1 and RIP3 expressions in the lung
tissue responding to IR injury (P < 0:05). The combined
administration of Nec-1 and z-VAD-fmk decreased
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expressions of these three proteins compared with the IR
group (P < 0:05).

3.5. Inflammatory Markers, HMGB1, and Protein
Concentrations in the BAL Fluid. Figure 6 demonstrates the
levels of inflammatory markers and protein in the BAL fluid.
As compared with the SM group, the rats that underwent
lung IR injury had much higher levels of inflammatory
markers and protein in the BAL fluid (P < 0:05), which could
be partly suppressed by the treatment of Nec-1 or z-VAD-
fmk alone (P < 0:05), and the rats receiving combined treat-
ment of the two agents had the lowest inflammatory markers
and protein levels in the BAL fluid among these groups
(P < 0:05). Furthermore, the elevated level of HMGB1 in

the BAL fluid in the IR group was decreased by the treatment
of Nec-1 but not z-VAD-fmk (P < 0:05). Importantly, the
levels of inflammatory markers and protein were reduced in
the NI group compared with the ZI group (P < 0:05), and
HMGB1 levels in the BAL fluid did not differ between NI
and NZ groups (P > 0:05).

4. Discussion

The main findings of our present study were that (1) necrop-
tosis, a newly recognized cell death type, was involved in IR-
induced lung injury; (2) treatment with the pan caspase
inhibitor z-VAD-fmk alleviated lung IR injury, but mean-
while potentially facilitated RIP-mediated necroptosis; and
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Figure 1: Microscopical changes in the lung tissue. The rats were randomly divided into five groups. Briefly, the rats in the SM group received
sham operation, while the left lung hilum was subjected to 1 h of ischemia followed by reperfusion up to 3 h in the IR group. Intraperitoneal
Nec-1 (1mg/kg) and z-VAD-fmk (3mg/kg) were administrated before lung ischemia in NI and ZI groups, respectively, and combined
administration of Nec-1 and z-VAD-fmk was given in the NZ group. After 3 h of reperfusion, the hematoxylin and eosin-stained lung
sections were examined under light microscope, and the lung injury score was also evaluated. Figures 1(a)–1(e) are representative
photomicrographs (at ×400 magnifications) of SM, IR, NI, ZI, and NZ groups, respectively, and Figure 1(f) shows the lung injury score in
groups. Data were presented as mean ± SD, n = 8 in each group. aP < 0:05 compared with the SM group, bP < 0:05 compared with the IR
group, cP < 0:05 compared with the NI group, dP < 0:05 compared with the ZI group.
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(3) the specific necroptosis inhibitor Nec-1 was more effec-
tive in attenuating the inflammatory response, which
would synergize z-VAD-fmk to reduce IR-induced lung
injury in rats.

Reoxygenation to previously ischemic tissue results in
formation of highly toxic ROS through several key mecha-
nisms that generally included activation of nicotinamide ade-
nine dinucleotide phosphate oxidase and xanthine oxidase
and mitochondrial dysfunction [17]. Excessively produced
ROS would damage various cellular components, where
nucleic acids in DNA or RNA, amino acids in proteins, and
fatty lipids in the cell membrane are especially at risk. Subse-
quently, ROS causes multiple patterns of cell death and tissue
damage [4, 18]. Flow cytometry using annexin V and PI
staining provides a rapid and convenient assay for apoptosis
and necrosis, the two classical modes of cell death [19]. PI is
not a cell-permeable fluorescent dye, and it specifically binds
to nucleic acids to stain the nuclei of the dead cells with dis-
rupted plasma membrane. While, annexin V is a calcium-
dependent phospholipid-binding protein with a high affinity
to phosphatidylserine, it can bind to externalized phosphati-
dylserine of the apoptotic cell. Therefore, fluorescein-labeled
annexin V-positive (annexin V+PI-) cells could be recog-
nized as apoptotic ones, while annexin V and PI double-
positive staining (annexin V+PI+) indicate necrosis. Here,
we found that IR significantly induced both apoptotic and
necrotic cell death in the lung tissue. Caspase-dependent
apoptosis is considered as a classical contributor to IR-
induced lung injury, and the effectiveness of antiapoptotic
therapies has been well demonstrated in previous studies [5,
6, 20, 21]. In this study, z-VAD-fmk, a pan caspase inhibitor,
significantly reduced apoptotic cell death and pathological
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Figure 2: Ultrastructural changes in the lung tissue. The rats were randomly divided into five groups. Briefly, the rats in the SM group
received sham operation, while the left lung hilum was subjected to 1 h of ischemia followed by reperfusion up to 3 h in the IR group.
Intraperitoneal Nec-1 (1mg/kg) and z-VAD-fmk (3mg/kg) were administrated before lung ischemia in NI and ZI groups, respectively,
and combined administration of Nec-1 and z-VAD-fmk was given in the NZ group. After 3 h of reperfusion, lung sections were examined
under electron microscope. Figure 2 is a representative photomicrograph of different groups, and images are at ×10000 magnifications.
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Figure 3: Water content in the lung tissue. The rats were randomly
divided into five groups. Briefly, the rats in the SM group received
sham operation, while the left lung hilum was subjected to 1 h of
ischemia followed by reperfusion up to 3 h in the IR group.
Intraperitoneal Nec-1 (1mg/kg) and z-VAD-fmk (3mg/kg) were
administrated before lung ischemia in NI and ZI groups,
respectively, and combined administration of Nec-1 and z-VAD-
fmk was given in the NZ group. After 3 h of reperfusion, lung
edema was assessed by the W/D ratio, W/D ratio, and wet/dry
weight ratio. Data were presented as mean ± SD, n = 8 in each
group. aP < 0:05 compared with the SM group, bP < 0:05 compared
with the IR group, cP < 0:05 compared with NI and ZI group.
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severity in the lung tissue and decreased inflammatory
markers and protein levels in BAL fluid as well. Taken
together, these results again evidenced the involvement of
apoptosis in IR-induced lung injury.

Necroptosis is a special programmed cell death pattern
that was proposed in recent years, and it is recognized to
be mediated by kinases RIP1 and RIP3 [8, 22, 23].
Necroptosis shares similar morphologic features with
necrosis, and accumulating evidences have highlighted its

importance in mediating various pathophysiologic events
[12, 24–29]. Mixed lineage kinase domain-like protein
(MLKL) is identified as a key component downstream of
RIP3 in the execution of RIP1-mediated necroptosis, and
MLKL trimerization and translocation facilitate the chan-
nel formation on the plasma membrane through which
DAMPs are released [21, 30, 31]. Thus, necroptosis is typ-
ically characterized by cellular swelling and rupture, and
the loss of cellular membrane integrity would promote
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Figure 4: Flow cytometry analysis in lung tissue single-cell suspension. The rats were randomly divided into five groups. Briefly, the rats in the
SM group received sham operation, while the left lung hilum was subjected to 1 h of ischemia followed by reperfusion up to 3 h in the IR
group. Intraperitoneal Nec-1 (1mg/kg) and z-VAD-fmk (3mg/kg) were administrated before lung ischemia in NI and ZI groups,
respectively, and combined administration of Nec-1 and z-VAD-fmk was given in the NZ group. After 3 h of reperfusion, single-cell
suspension of the lung tissue was prepared, and cell death was assessed using flow cytometry. Figures 4(a) and 4(b) are representative
photomicrographs of different groups. Data were presented as mean ± SD, n = 8 in each group. aP < 0:05 compared with the SM group,
bP < 0:05 compared with the IR group, cP < 0:05 compared with the NI group, dP < 0:05 compared with the ZI group.
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inflammation via the release of DAMPs into the
extracellular environment [22, 32]. Nec-1, a specific small
molecule capable of inhibiting RIP1 kinase activity, blocks
the progress of the downstream necrotic events [33]. The
efficacy of this small molecule has been demonstrated in
reducing ROS generation, modulating the inflammatory
pathway, and decreasing necrotic cell death in several
models of IR and organ transplantation [24, 27, 28, 34,
35].

Here, IR caused lung tissue damages along with
necrotic cell death and increased expressions of RIPs,

which could be significantly attenuated by Nec-1 treat-
ment. Moreover, the Nec-1 administration also reduced
protein leakage that indicated impaired cellular membrane
and the formation of inflammatory mediators. HMGB1, a
well-recognized necroptosis marker [36] was significantly
increased in the BAL fluid following IR and could be
reduced by Nec-1 but not z-VAD-fmk treatment. These
data supported the contribution of necroptosis to lung IR
injury, and this was consistent with the results by Kanou
T et al., who demonstrated that the Nec-1 administration
to both donor and recipient could significantly inhibit
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compared with the NI group, dP < 0:05 compared with the ZI group.
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Figure 6: Inflammatory markers and protein concentration in the BAL fluid. The rats were randomly divided into five groups. Briefly, the rats
in the SM group received sham operation, while the left lung hilum was subjected to 1 h of ischemia followed by reperfusion up to 3 h in the IR
group. Intraperitoneal Nec-1 (1mg/kg) and z-VAD-fmk (3mg/kg) were administrated before lung ischemia in NI and ZI groups, respectively,
and combined administration of Nec-1 and z-VAD-fmk was given in the NZ group. After 3 h of reperfusion, the BAL fluid was harvested, and
the levels of TNF-α, IL-1β, IL-6, protein, and HMGB1 in the BAL fluid were detected. BAL fluid: bronchoalveolar lavage fluid; TNF-α: tumor
necrosis factor-α; IL-1β: interleukin-1β; IL-6: interleukin-6; HMGB1: high-mobility group box 1. Data were presented asmean ± SD, n = 8 in
each group. aP < 0:05 compared with the SM group, bP < 0:05 compared with the IR group, cP < 0:05 compared with the NI group, dP < 0:05
compared with the ZI group.
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necrotic cell death and improve graft function following lung
transplantation in rats [12]. In the present study, Nec-1 and
z-VAD-fmk shared similar effects in reducing pulmonary
morphological abnormalities and edema induced by IR, but
the Nec-1 administration was more effective than v-ZAD-
fmk in protecting against inflammation and disrupted cellu-
lar membranes in our experimental lung IR.

Our present study showed that z-VAD-fmk did reduce
apoptotic cell death and downregulated the caspase-8 expres-
sion, but z-VAD-fmk facilitated expressions of RIP1 and
RIP3 and paradoxically increased necrotic cell death in lung
tissues responding to IR compared with those treated with
Nec-1. Mechanically, activation of caspase-8 inhibits necrop-
tosis by cleavage of RIP1, but when caspase-8 is genetically
depleted or inhibited, RIP1 interacts with RIP3 and MLKL
upon death receptor activation to form a necrosome complex
[8, 31, 32]. Thus, using inhibitors of caspases or genetic abla-
tion of caspase-8 has been demonstrated to switch cell fate
from apoptosis to necroptosis [31, 37]. Our data demon-
strated that Nec-1 remarkably diminished the unfavorable
effect of pan caspase inhibitor on facilitating necrotic cell
death and shared the synergy with z-VAD-fmk to reduce
lung IR injury.

Our study had certain clinical implication that inhibition
of necroptosis, added to a pan caspase inhibitor, seems to be a
more promising strategy for preventing IR lung injury in
future clinical settings. Further studies are needed to explore
the detailed mechanisms or underlying pathways in animal
study or replicate our findings in human subjects when
agents are clinically available. There are other limitations that
should be addressed. Firstly, owing to the lack of reliable anti-
bodies of phospho-MLKL, we failed to trace the downstream
pathway of RIP1 and RIP3, and future studies are necessary
when commercial antibodies are produced. Secondly, it
would be more convincing if in vitro data are provided to
support the findings in this animal study. Finally, the protec-
tive effect of a single dose of Nec-1 was tested in our study,
and the dose-response data are needed to identify the “ideal”
dose.

5. Conclusions

Necroptosis contributes to IR-induced lung injury, and inhi-
bition of necroptosis with Nec-1 synergizes the pan caspase
inhibitor to attenuate lung IR injury in rats. Our data support
the promising use of Nec-1 in lung transplantation-related
disorders.
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