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Abstract: Objective: This study was designed to investigate the protecting mechanism of Nec-1 and identify how
necroptosis triggers inflammation. Methods: This study used male Sprague-Dawley rats with traumatic hemorrhagic
shock (mean blood pressure maintained at about 35 to 40 mmHg for 90 minutes) followed by fluid resuscitation.
Rats in the control group received anesthesia and separation and ligation of blood vessels but not traumatic hem-
orrhagic shock and reperfusion. Rats in the Nec-1 group received 1 mg/kg Nec-1 5 minutes before reperfusion,
while rats in the vehicle group received the same amount of solvent (0.5% dimethyl sulfoxide). Eight animals were
sacrificed at 2 hours, 8 hours, 16 hours, and 24 hours post-reperfusion in each group. Results: Nec-1 ameliorated
liver traumatic hemorrhagic injury, as indicated by lower serum aminotransferase levels, lower hepatic inflammatory
cytokines (TNF-ac and IL-1B), and less severe traumatic hemorrhage-associated histopathologic changes. Traumatic
hemorrhagic shock induced necroptosis in the liver, as indicated by an increase of RIP3, was inhibited by Nec-1.
Furthermore, traumatic hemorrhagic shock increased the expression of damage-associated molecular patterns
(DAMPs), whereas Nec-1 treatment decreased the release of DAMPs. Conclusions: The protective role might result
from attenuation of proinflammatory responses (TNF-a and IL-13) and DAMPs (HMGB-1) in the liver.

Keywords: Damage-associated molecular patterns, hemorrhage, inflammation, necroptosis, Necrostatin-1,
receptor-interacting protein 3

Introduction Necroptosis was used to denote necrotic cell
death dependent on receptor-interacting pro-
tein kinase 3 (RIPK3) [8]. At the molecular level,
necroptosis can be triggered by death recep-
tors [9, 10], cell-surface Toll-like receptors [11],
DNA-dependent activators of interferon regula-
tory factors (DAIl) [12], and probably, other sig-
nals. Necroptosis leads to rapid plasma mem-
brane permeabilization and the release of cell
contents and exposure of damage-associated
molecular patterns (DAMPs) [13]. Release of

Traumatic hemorrhagic shock (THS) is the lead-
ing cause of death for persons younger than 45
years in the United States [1]. The liver, a highly
vascularized organ, is one of the organs most
affected by THS; its central role in metabolism
and homeostasis makes it a critical one for sur-
vival after severe injury [2, 3]. The extent of
hepatic dysfunction reflects the severity of
organ injury and is associated with morbidity

and mortality [4]. Both apoptosis and necrosis
can be found in the liver of rats with THS [5]. In
2005, Degterev et al [6] demonstrated that the
Fas/TNFR receptor family can activate a com-
mon nonapoptotic death pathway in the ab-
sence of intracellular apoptotic signaling, a pro-
cess they termed necroptosis. They also identi-
fied a specific potent small-molecule inhibitor
of necroptosis, Necrostatin-1 (Nec-1), which
can inhibit RIP1 kinase activity and necroptosis
after ischemic brain injury [6, 7].

DAMPs enables cells to trigger inflammation.

Recent studies have demonstrated that necrop-
tosis is of central pathophysiological relevance
in ischemia-reperfusion injury [14, 15] and that
Nec-1 can protect cells via attenuation of
necroptosis. Based on these findings, we
hypothesized that Nec-1 could protect against
liver THS injury by reducing necroptosis, a pro-
cess that could be regulated by RIP3. In this
study, we aimed to investigate the protective
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Table 1. Characteristics of primers of selected genes

men and inguinal and neck

Gene Forward Reverse

areas. The animals were bled

TNF-a0  5-GTTCATCCGTTCTCTACC-3’
IL1B 5-AGCGGTTTGTCTTCAAC-3’

5’-AGCGTCTCGTGTGTTTC-3’
5’-TCAACTATGTCCCGACC-3’
B-actin 5-GCGTGACATTAAAGAGAAGCTG-3’ 5’-AGAAGCATTTGCGGTGCAC-3’

rapidly in 10 minutes to a
mean arterial pressure of 35
to 40 mmHg. The mean pres-

mechanism of Nec-1 and identify how necrop-
tosis triggers inflammation.

Materials and methods
Animal preparation

Ninety-six adult male specific antigen-free Sp-
rague-Dawley rats weighing 250+20 g, on aver-
age, obtained from the Academy of Military
Medical Sciences Laboratory Animal (Beijing,
China) were used in this study. All animal exper-
iments were performed according to the guide-
lines of the Animal Welfare Act and The Guide
for Care and Use of Laboratory Animals from
the National Institutes of Health. All procedures
and protocols were approved by the Institutional
Animal Care and Use Committee of Tianjin First
Center Hospital. All rats were caged individually
in the animal house with controlled humidity
55%+1%, temperature 25+1°C, and lighting
(light-dark cycle every 12 hours). The animals
were given water and a basal diet, and they
were allowed 1 week to adapt to the environ-
ment. Animals were fasted overnight but
allowed free water access before the experi-
ment. The rats were randomly classified into a
control group, a vehicle group, and the Nec-1
group, with 32 rats in each group.

Experimental procedures

Rat TSH model: The rats were anesthetized via
isoflurane inhalation (Baxter, Deerfield, MA,
USA) and fixed on the operating table, and then
a 5-cm midline laparotomy was performed to
induce soft-tissue trauma. The abdominal
wound was closed in layers after reperfusion.
Polyethylene catheters were placed in the right
femoral vein and the right carotid arteries via
right inguinal and neck incision wounds (about
1 cm long). The wounds were bathed with 1%
lidocaine (Otsuka Pharmaceuticals, Tianjin,
China) throughout the operative procedure to
reduce postoperative pain. About 0.1 to 0.2 mL
1% lidocaine was directly dropped into the
operative wounds, including the midline abdo-
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sure of 40 mmHg was main-
tained by removing more bl-
ood or infusing blood for 90 minutes. The vol-
ume of shed blood and Ringer’s lactate was
then infused for 60 minutes with a syringe
pump. After reperfusion, all catheters were
removed, and the wounds were closed in
layers.

Drug administration

Rats in the control group received anesthesia
and separation and ligation of blood vessels
without THS and reperfusion. Rats in the Nec-1
group received 1 mg/kg Nec-1 (Sigma-Aldrich,
St. Louis, MO, USA) through the femoral vein 5
minutes before reperfusion, while the rats in
the vehicle group received the same volume of
solvent. Nec-1 was dissolved in 0.5% dimethyl
sulfoxide (DMSO) (Amresco, Solon, OH, USA).
There were 32 rats in each group. Each group
was classified into four subgroups after reper-
fusion (2 hours, 8 hours, 16 hours, and 24
hours).

Measurements

After reperfusion, eight rats in each group were
humanely euthanized at 2 hours, 8 hours, 16
hours, and 24 hours after reperfusion. Five mL
of blood were collected from the abdominal
aorta using a disposable sterilized syringe, and
then the blood samples were immediately cen-
trifuged at 3000 revolutions per minute for 15
minutes. The plasma samples were collected
and stored at -80°C. Part of the liver was fixed
in 4.5% buffered formalin, and part was fixed in
transmission electron microscopy fixative. Part
of the liver was collected in microtubes and
stored at -80°C.

Liver damage assessment

To assess the hepatocellular injury after THS,
the serum alanine transaminase (ALT) and
aspartate aminotransferase (AST) levels were
measured using the Automated Chemical An-
alyzer (Bayer, Leverkusen, Germany).
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Table 2. Comparisons of mortality among all groups

horseradish peroxidase-conjugated sec-

ondary antibodies (1:500) (Raleigh, NC,
USA) for 2 hours at room temperature. An

enhanced chemiluminescence detection
kit (Merck Millipore, Temecula, CA, USA)
was applied to detect immunoreactive

Survival Shock 24 hours after Mortality

results stage reperfusion rate
Control group 32 0/32 0/32 0
Vehicle group 55 8/55 15/55 41.82%
Nec-1 group 49 7/49 10/49 34.69%
Histopathology

The liver tissue was fixed in 4.5% buffered for-
malin. Paraffin embedding was performed
using standard techniques. Sections (4 pm)
were stained with hematoxylin and eosin and
assessed for tissue damage.

Transmission electron microscopy

For electron microscopy, the liver tissues were
fixed. Ultrathin sections were cut using a micro-
tome and stained with uranyl acetate and lead
citrate for viewing under an electron micro-
scope (Tecnai G2 Spirit, FEI, Hillsboro, OR,
USA). For quantification, 10 micrographs were
randomly taken from each liver sample, and
organelle structure was observed.

Enzyme-linked immunosorbent assay

Levels of high-mobility group protein B (HMGB)-
1 in the serum were quantified using specific
enzyme-linked immunosorbent assay (ELISA)
kits for rats, according to the manufacturer’s
instructions (Biovol, Shanghai, China).

Western blot

A Western blot was performed to detect RIP3
and HMGB-1. Cytosol protein and total protein
were extracted using a cytosol protein extrac-
tion kit (Boster, Wuhan, China) and total protein
extraction kit (Solarbio, Beijing, China) accord-
ing to the manufacturer’s instructions. Equal
amounts of protein (20 ug) were separated by
12% sodium dodecyl sulfate-polyacrylamide
gels and transferred to polyvinylidene difluoride
membranes. The membranes were blocked in
5% nonfat milk for 2 hours at room temperature
and then incubated overnight at 4°C with pri-
mary antibodies against RIP3 (1:400) (Santa
Cruz Biotechnology, Dallas, TX, USA) and
HMGB-1 (1:6000) (Abcam, Cambridge, UK).

After washing in tris-buffered saline 3 times for
10 minutes, the blots were incubated with
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bands, according to the manufacturer’s

instructions. GAPDH (1:1000) (R&D Syst-
ems, Minneapolis, MN, USA) was used as an
internal control. The densities of bands on
Western blot were analyzed using Image J soft-
ware (National Institutes of Health, Bethesda,
MD, USA).

Quantitative polymerase chain reaction

Real-time quantitative polymerase chain reac-
tion (RT-PCR) was performed to detect TNF-«
mRNA and IL-13 mRNA. Total RNA was extract-
ed from liver tissue with the Trizol kit (Takara
Bio, Dalian, China). Complementary DNA (cDNA)
synthesis was performed with a cDNA synthe-
sis kit (Takara Bio, Dalian, China). PCR amplifi-
cation was performed on an ABI 7300 quantita-
tive PCR system (Thermo Fisher Scientific,
Waltham, MA, USA). The thermal cycling condi-
tions consisted of a 5-minute template dena-
turation step at 95°C followed by 40 cycles at
95°C for 30 seconds and 60°C for 20 seconds.
B-actin (Takara Bio, Dalian, China) was used to
normalize gene expression. Relative gene
expression was calculated by the 2-22¢t method
using samples from the control group as a cali-
brator (for primer sequences, see Table 1).

Statistical analysis

The data are expressed as mean = SD. Diffe-
rences between groups were evaluated for sig-
nificance using a one-way analysis of variance
combined with an LSD post hoc test. All tests
were performed using SPSS 20.0 (IBM Corp.,
Armonk, NY, USA). A P-value below 0.05 was
considered statistically significant.

Results
Nec-1 prolongs survival after THS

THS-induced necroptosis in the liver: The mor-
tality of all group is shown in Table 2. Serum
levels of ALT and AST were significantly lower at
8 hours, 16 hours, and 24 hours in the Nec-1
group than in the vehicle group (P<0.05) (Figure
1). Nec-1 pretreatment decreased the eleva-
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Figure 1. Serum alanine transaminase and aspartate aminotransferase levels were analyzed as a measure of he-
patocellular injury. Data are shown as mean + SD (n = 8 per group). "P<0.05, significantly different from the control

group, ~"P<0.05, significantly different from the vehicle group.

Figure 2. Routine histopathology was performed on formalin-fixed liver sections obtained from rats subjected to
traumatic hemorrhagic shock 24 hours after reperfusion (original magnification, x400). The arrows denote hepato-
cellular necrosis. Representative images from 8 rats per group were selected.

tion of ALT and AST in THS rats. To assess cell
necrosis in the liver, liver sections were stained
with hematoxylin and eosin (Figure 2). Twenty-
four hours after reperfusion, cell necrosis
appeared throughout the liver. Apoptosis and
necrosis could be found in the same liver sec-
tions (Table 2).

To eliminate the effect of apoptosis, TUNEL-
Stained (Roche, Basel, Switzerland) was used
to assess hepatocellular apoptosis in the liver.
We used an immunohistochemical score to
evaluate apoptosis degree [16]. The TUNEL
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analysis showed that there was no significant
difference between the vehicle and Nec-1
groups (Figure 3). For further study, transmis-
sion electron micrography (TEM) was used to
observed organelle structure. The TEM analysis
showed that Nec-1 pretreatment prevented
THS-induced necrosis in the liver 24 hours after
reperfusion (Figure 4). RIP3 was the main bio-
chemical feature in necroptosis [8]. Western
blot was used to detect RIP3 in the liver. After
reperfusion (2 hours, 8 hours, 16 hours, and 24
hours), expression of RIP3 increased in the
vehicle group and the Nec-1 group more than in

Int J Clin Exp Med 2016;9(7):12492-12501
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Figure 3. Representative electron microphotographs showing the mitochondria and endoplasmic reticulum in the
hepatocyte 24 hours after reperfusion. The arrows denote structural failure of the mitochondria and endoplasmic
reticulum. Representative transmission electron microscopic images from 8 per group were selected.
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Figure 4. A. Representative images of TUNEL staining in liver 24 hours after reperfusion. IHS was used to evaluate
degree of apoptosis. B. Data are shown as mean * SD (n = 8 per group). "P<0.05, significantly different from the
control group. "“P<0.05, not significantly different from the vehicle group.

the control group (P<0.01) (Figure 5). It also
indicated the degree of necroptosis in each
group. The analysis showed that RIP3 decr-
eased significantly more in the Nec-1 group
than in the vehicle group (P<0.05).

Nec-1 protects hepatocyte during THS

To determine whether Nec-1 could attenuate
hepatic injury after THS, PCR was performed
for tumor necrosis factor-a (TNF-a) mRNA and
interleukin-1B (IL-1B) mRNA. TNF-a and IL-1B
are classic inflammatory factors. Expression of
TNF-a and IL-10 increased at 2 hours, 8 hours,
16 hours, and 24 hours after reperfusion in the
vehicle group and Nec-1 group compared with
the control group (P<0.05) (Figure 6). It indicat-
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ed that a serious inflammatory reaction oc-
curred in the liver after THS. In addition, expres-
sion of TNF-ax and IL-13 in livers with Nec-1 were
lower than in livers without Nec-1 after THS
(P<0.05). Furthermore, Western blot was per-
formed to detect HMGB-1 in the liver. HMGB-1
was a classic DAMP. First, we detected HMGB-1
in total protein (Figure 7). Western blot analys-
is revealed that Nec-1 treatment decreased
HMGB-1 expression in response to THS. How-
ever, there was no obvious tendency to increase
expression. Then Western blot was performed
to detect HMGB-1 in cytosol protein. It revealed
a rising tendency of HMGB-1 in the cytoplasm
(Figure 8). The expression of HMGB-1 reached
its peak 16 hours after reperfusion. Compared

Int J Clin Exp Med 2016;9(7):12492-12501
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Figure 5. Expression of RIP3 in the liver after traumatic hemorrhagic shock was measured by Western blot analysis
at different times after reperfusion to indicate the degree of necroptosis in the liver. Data are shown as mean + SD
(n = 8 per group). “P<0.05, significantly different from the control group. “"P<0.05, significantly different from the
vehicle group. GAPDH, glyceraldehyde 3-phosphate dehydrogenase.
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Figure 6. A. Hepatocellular TNF-ac and IL-13. B. Messenger RNA (mRNA) assessed at 2 hours, 8 hours, 16 hours, and
24 hours after reperfusion in each group. Nec-1 treatment decreased liver expression of inflammatory mediators
after THS. Data are shown as mean + SD (n = 8 per group). Compared with the control group, "P<0.05, significantly
different from the control group, “"P<0.05, significantly different from the vehicle group.

with the vehicle group, Nec-1 treatment de- tion, a large number of TNF-a mRNA and IL-13
creased the elevation of HMGB-1 in the cyto- mRNA were expressed following reperfusion,
plasm (P<0.05). Similarly, an ELISA was per- and the generation was decreased on Nec-1
formed to detect the level of HMGB-1 in the administration, accompanied by a significant
serum (Figure 9). It had acted similarly to the decrease in the release of HMGB-1. This also
HMGB-1 in the cytoplasm. decreased the mortality rate over 24 hours.
Discussion RIP3 has emerged as a central player in necrop-
tosis [17]. Each RIP family member encodes a
THS is always a concern because of its high unique C terminus. RIP3 has a C-terminal motif
mortality and disability rate. In this study, we termed the RIP homotypic interaction motif
demonstrated that that the expression of RIP3, [18]. RIP3 is recruited to the RIPK1 complex
which is increased after THS, can be inhibited through direct interaction between the RHIM
by Nec-1 administration, preventing necrotic domains of RIPK1 and RIP3. If caspase-8 is
cell death and reducing liver damage. In addi- inhibited after death receptor activation, RIP3
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Figure 8. Nec-1 treatment decreased the elevation of HMGB-1 in the cytoplasm, as measured by Western blot. Data
are shown as mean + SD (n = 8 per group). #P<0.05, significantly different from the control group. *P<0.05, not
significantly different from the control group. "P<0.05, significantly different from the vehicle group. GAPDH, glycer-

aldehyde 3-phosphate dehydrogenase.

forms a stable complex with RIPK1/FADD/cas-
pase-8 and transforms it to a pronecrosis com-
plex [19], which leads to formation of Nec-
rosome. Necrosome formation causes necrosis
through the mitochondrial pathway, which is
mediated by mixed-lineage kinase domain-like
(MLKL), recruitment of phosphoglycerate
mutase 5 long form (PGAM5L) and PGAM5S
(short form), then PGAM5S recruitment of the
mitochondrial fission factor Drpl and activa-
tion of its GTPase activity [20].

PGAMS5 and Drp1 mediate necrosis induced by
mitochondrial fission, ROS, and calcium iono-
phore. In other words, the expression of RIP3
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indicates the degree of necroptosis. As we have
shown, Nec-1 treatment significantly reduces
the amount of RIP3, suggesting that inhibition
of RIP1/3 phosphorylation is clearly involved in
Nec-1-induced protection in THS. A previous
study showed that Nec-1 treatment reduced
the amount of RIP3 in ischemia-reperfusion
injury in vivo [14, 15]. We first demonstrated
that the expression of RIP3 increased in the
liver after THS, and Nec-1 administration redu-
ced the expression of RIP3.

Cells that underwent necroptosis had swelling
of organelles and plasma membrane rupture,
leading to the release of cell contents and

Int J Clin Exp Med 2016;9(7):12492-12501
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Figure 9. The release of HMGB-1 into serum was quantified with enzyme-
linked immunosorbent assay. Data are shown as mean + SD (n = 8 per group).
#P<0.05, significantly different from the vehicle group. *P<0.05, significantly

different from the control group.

exposure of DAMPs [13] and provoking local
and systemic liberation of both pro- and anti-
inflammatory cytokines such as IL-1(3, IL-2, IL-4,
and TNF-a [21, 22]. Thus, severe and develop-
ing THS ultimately results in systematic inflam-
matory response syndrome or multiple organ
failure and even death [23]. Therefore, release
of DAMPs is significant in the pathophysiology
of necroptosis. Our study demonstrated that
TNF-a and IL-13 were passively released after
reperfusion and hepatocytes protected by
TNF-a and IL-13 were decreased by Nec-1
administration.

HMGB-1, a classic DAMP, is an abundant com-
ponent of the cell nucleus, and, when present
in the extracellular space, signals tissue dam-
age. Extracellular HMGB-1 has been reported
to engage multiple receptors, including the
receptor for advanced glycation end products
(RAGE) and Toll-like receptors 2 (TLR2) and 4
(TLR4). RAGE has been reported to activate
MAPKs. Both RAGE and Toll-like receptors acti-
vate NF-kB [24, 25], leading to enhanced
expression of pro-inflammatory cytokines. In
earlier research, HMGB-1 was a late mediator
of endotoxin lethality [26]. Recent research
indicated that HMGB-1 activated the innate
immune system in acute sterile inflammation
as an early mediator [27, 28]. Our study indi-
cated that the expression of HMGB-1 in cyto-
plasm increased 2 hours after reperfusion,
reaching a peak at 16 hours. It demonstrated
that HMGB-1 is released early in rats with THS.

We detected HMGB-1 with Western blot in total

protein and the cytoplasm. An obvious tempo-
ral trend was found in the cytoplasm after
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o
wem Vehicle # ol
mmms Nec-1

# reperfusion, and a signifi-
o cant temporal trend in total
Py protein was also identified.
This finding indicated pos-
sible generation mecha-
nisms of HMGB-1: one was
release from the nucleus to
the cytoplasm (the primary
way), and another was syn-
thesis of proteins. Com-
pared with the vehicle
group, no significant differ-
ence was found in the
Nec-1 group at 8 hours and
24 hours after reperfusion
in total protein, which dem-
onstrated that Nec-1 has
no effect on synthesis of HMGB-1. The result in
the cytoplasm indicated that Nec-1 effectively
reduced the release of HMGB-1 from the nucle-
us to the cytoplasm. In apoptotic cells, HMGB-1
is bound firmly to chromatin because of gener-
alized underacetylation of histone, while it is
passively released by necrotic or damaged
cells [29]. After the plasma membrane rup-
tured, HMGB-1 overflowed from the nucleus to
the cytoplasm in necrotic cells. Thus, Nec-1
reduced the release of HMGB-1 from the nucle-
us to the cytoplasm via inhibition of
necroptosis.

24h

Conclusions

In conclusion, administration of Nec-1 attenu-
ated hepatocyte impairment in rats with THS by
reducing necroptosis. This protective role might
result from attenuation of proinflammatory
responses (TNF-a and IL-1B) and DAMPs
(HMGB-1) in the liver. Our study suggests that
Nec-1 has antinecroptosis effects and may be
a potential therapy.
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