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Activation of necroptosis in a rat model of acute respiratory distress
syndrome induced by oleic acid
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Abstract: The present study was aimed to investigate the role of necroptosis in the pathogenesis of acute respiratory distress syn-
drome (ARDS). The rat model of ARDS was induced by intravenous injection of oleic acid (OA), and observed for 4 h. The lung inju-
ry was evaluated by arterial blood gas, lung wet-dry weight ratio (W/D) and histological analyses. Simultaneously, bronchoalveolar
lavage fluid (BALF) was collected for total and differential cell analysis and total protein determination. Tumor necrosis factor alpha
(TNF-a) level in BALF was determined with a rat TNF-o. ELISA kit. Expressions of receptor interacting protein kinase 1 (RIPK1),
RIPK3 and mixed lineage kinase domain-like protein (MLKL) in lung tissue were determined by Western blot and immunohistochem-
ical staining. The interaction between RIPK1 and RIPK3 was explored by immunoprecipitation. The results showed that, compared
with those in control group, total white blood cells count (WBC), polymorphonuclear percentage (PMN%), total protein concentra-
tion, TNF-a level in BALF, W/D, and the alveolar-arterial oxygen tension difference (P(A-a2)0O,) in OA group were significantly
increased at 4 h after OA injection. Western blot and immunostaining further showed remarkably increased expressions of RIPK1, RIPK3
and MLKL in lung tissue from OA group. Additionally, immunoprecipitation results indicated an enforced interaction between RIPK1 and
RIPK3 in OA group. Collectively, the TNF-a level in BALF and the RIPK1-RIPK3-MLKL signaling pathway in lung tissue were
found to be upregulated and activated with the process of ARDS. These findings implicate that RIPK1/RIPK3-mediated necroptosis
plays a possible role in the pathogenesis of ARDS, which may provide a new idea to develop novel drugs for the therapy of ARDS.
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Acute respiratory distress syndrome (ARDS) is a ful-
minant disease characterized by pulmonary edema, hy-
poxemia and decreased pulmonary compliance leading
to respiratory failure. Despite advances in the past de-
cades in the knowledge and treatment of ARDS, the
mortality remains unacceptably high'", ranging from
27% to 45%". The main pathological characteristics of
ARDS include accumulation of neutrophils in the lung
microvasculature, interstitium and the alveoli, alter-
ations in the alveolar permeability barrier, deposition of
hyaline membrane in the inter-alveolar septa and for-
mation of microthrombi” . Damage of the capillary
endothelium and alveolar epithelium and subsequent
accumulation of protein-rich fluid inside the alveoli,
lead to release of pro-inflammatory cytokines such as
tumor necrosis factor o (TNF-a)"”, interleukin-1 (IL-1)
and IL-6". These chemotactic factors from activated
macrophages, pulmonary epithelial and endothelial
cells activate and recruit neutrophils to sites of inflam-
mation”. Then the activated neutrophils release toxic
mediators, such as reactive oxygen species, bioactive
lipids, cytokines and proteases, and induce the forma-
tion of neutrophil extracellular traps (NETs)'*. These
cytotoxic molecules induce apoptosis and autophagy,
each of which causes tissue injury and cell death, which
are characteristic of ARDS™ "), Tt is interesting to
explore whether necroptosis is induced by these cyto-
toxic molecules.

Necroptosis is a recently discovered programmed ne-
crosis, regulated by receptor interacting protein kinase
1 (RIPK1), RIPK3 and the pseudokinase mixed lineage
kinase domain-like protein (MLKL) after death signal
stimulation®® ", Necroptosis was regarded as a drug-
targetable contributor to necrotic injury in many animal
models of human diseases, including ischemia-reperfu-
sion injuries (brain, kidney), neurodegenerative diseas-
es and inflammation. Therefore, blocking the kinase
activity of RIPK1 by drugs can inhibit the activation of

necroptosis, and may provide therapeutic benefits for
the treatment of human diseases characterized by necrosis
and inflammation. Necroptosis and RIPK1-RIPK3 nec-
rosome formation can be induced by several factors,
mainly including TNF-o!"""¥, Interestingly, TNF-q is
elevated in active lesions, the serum and bronchoalveo-
lar lavage fluid (BALF) of ARDS patients'®. Cytokines
such as TNF-a and interleukin are important mediators
in the development of ARDS, contributing to augment-
ed vascular permeability and organ dysfunction'®. Si-
multaneously, necroptosis has been shown to be impli-
cated in the pathogenesis of various lung disease
models"*'*. In consideration that ARDS is an inflam-
mation disease, and inflammation caused by necropto-
sis contributes to tissue damage! ", but the relationship
between necroptosis and ARDS remains unknown.
Thus, in the present study, we investigate the role of
RIPK1/RIPK3-mediated necroptosis in ARDS and
want to demonstrate whether RIPK1/RIPK3-mediated
necroptosis is activated during ARDS, which will present
new evidence for the involvement of RIPK1/RIPK3-
mediated necroptosis in the pathogenesis of ARDS.

1 MATERIALS AND METHODS

1.1 Rat model of ARDS

This study was approved by Animal Care and Use
Committee, Guangzhou Medical University. All the an-
imal experimental procedures were conducted in line
with the “Guide for the Care and Use of Laboratory
Animals” of China. Male Sprague-Dawley rats, 6—8
weeks old, were purchased from Guangdong Medical
Laboratory Animal Center (Foshan, Guangdong, Chi-
na). Rats were randomly allocated to control group and
oleic acid (OA) group. Each animal in OA group was
injected intravenously with pure OA at dose of 100 pL/
kg. Control animals received an injection of an equal
volume of saline.
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1.2 Evaluation parameters of ARDS

At 4 h after injection of OA, the arterial blood speci-
mens obtained from carotid artery were analyzed for
Pa0,, PaCO,, and pH using automatic blood gas Ana-
lyzer ABL800 (Radiometer, Copenhagen, Denmark).
Fraction of inspiration O, (FiO,) was regarded as 21%
because all the rats were placed in the air. The PaO,/
Fi0, ratio was the ratio of PaO, to FiO,. The alveo-
lar-arterial oxygen tension difference (P(A-a)0O,) was
calculated using the standard alveolar gas equation with
an assumed respiratory quotient of 1.0.

The inferior lobe of right lung was excised and
weighed immediately. Lung tissues were dried in an
oven at 60 °C for 72 h and reweighed. Wet/dry weight
ratio (W/D) was calculated to assess lung edema.

Total and differential cell analysis and total protein
assay of BALF were performed as previously de-
scribed"”. Bronchoalveolar lavage was performed after
the trachea was isolated by blunt dissection. A small
caliber tube was inserted into the airway. Three vol-
umes of 3.0 mL of cold PBS were sequentially infused
in and out of the airways after right lung was ligated. In
every cycle, the same volume (3.0 mL) was recovered
from each animal. Total leukocyte counts were per-
formed by optical microscopy in Neubauer chambers
after diluting BALF samples in Tiirk solution (2% ace-
tic acid). Differential leukocyte counts were determined
in cytocentrifuged smears stained with May-Grun-
wald-Giemsa. The BALF total protein in the superna-
tant was determined by BCA Protein Assay Kit (Beyo-
time, Haimen, China) according to the manufacturer’s
instructions.

1.3 Histological and immunohistochemical studies

Hematoxylin and eosin (H&E) and immunohistochem-
istry staining was performed as our previous experi-
ments with minor modification "', The rest of the right
lung was first perfused with 1 mL of 10% formalin via
the trachea to inflate and fix the lung tissue. The trachea
was tied off using suture thread, and the fixed lung was
isolated and stored in 4% paraformaldehyde until fur-
ther processing. Fixed organs were dehydrated, and
embedded in paraffin, and 5-um sections were cut for
H&E and immunohistochemistry staining. Briefly, sec-
tions were heated and deparaffinized. All incubations
were performed in a humidified chamber at room tem-
perature after retrieval. After endogenous peroxidase
was blocked and antigen was retrieved, slides were
then incubated with 5% normal goat serum in PBS sup-

plemented with 1% BSA for 30 min to prevent non-spe-
cific binding of antibodies. After blocking, the sections
were incubated at 4 °C overnight with the following di-
luted primary antibodies: anti-RIPK1 (1:50 dilution;
Santa Cruz Biotechnology, Dallas, USA), anti-RIPK3
(1:200 dilution; Sigma-Aldrich, Saint Louis, USA), and
anti-MLKL (1:200 dilution; Abcam, Cambridgeshire,
UK). Subsequently, the sections were incubated with
HRP-conjugated secondary goat anti-rabbit antibody
(1:500 dilution; Maixin, Fujian, China) for 60 min at
37 °C. Immunoreactivity was detected with the DAB
substrate kit (Maixin, Fujian, China), and the sections
were counterstained with hematoxylin. Photos were
taken using an optical microscope (Nikon eclipse 80i,
Tokyo, Japan).

1.4 ELISA assay for measurement of TNF-o. in BALF
The fluid was centrifuged at 1 500 r/min at 4 °C for 10
min to remove the cells. The cell-free supernatant was
divided into several aliquots and stored at =80 °C until
assayed. The concentration of TNF-a was determined
by ELISA (Elabscience, Wuhan, China). Fresh samples
were used for the ELISA according to the manufactur-
er’s specification. The optical density of each well was
read at 450 nm using a microplate reader Multiskan
GO 1.00.38 (Thermo Scientific, Massachusetts, USA).
“Curve Expert 1.3” was used to make a standard curve
and calculate samples concentration of TNF-a.

1.5 Immunoprecipitation and Western blot analysis
The left lung was immediately removed and homoge-
nized with RIPA buffer containing 50 mmol/L Tris (pH
7.4), 150 mmol/L NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% SDS, sodium orthovanadate, sodi-
um fluoride, EDTA, and leupeptin. The lysates were
centrifuged at 15 000 g for 5 min at 4 °C, and the su-
pernatant was removed. For RIPK1 immunoprecipita-
tion, 2 pg rabbit anti-RIPK 1 antibody was added in 1
mL lysates (Santa Cruz Biotechnology, Dallas, USA)
and incubated overnight at 4 °C. Then, the lysates were
incubated with 40 uL Protein A+G Agarose (Beyotime,
Haimen, China) at 4 °C for 3 h with gentle rocking.
Beads were washed five times with lyses buffer, and
the proteins were eluted by boiling in 1 x SDS-PAGE
loading buffer before Western blot.

Western blot was performed as previously described
in our lab !, Briefly, the lysates were loaded and elec-
trophoresed on 10% polyacrylamide-SDS gels and then
transferred to a nitrocellulose membrane. After block-
ing with 5% milk in TBST for 1 h, the membrane was
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incubated overnight at 4 °C with rabbit anti-RIPK1 (1:1
000 dilution; Santa Cruz Biotechnology, Dallas, TX,
USA), anti-RIPK3 (1:2 000 dilution; Sigma-Aldrich,
Saint Louis, USA), anti-MLKL (1:2 000 dilution; Abcam,
Cambridgeshire, UK), or mouse anti-f-actin antibodies
(1:5 000 dilution; Cell Signaling Technology, Beverly,
USA). After 1 h of incubation at room temperature with
the appropriate HRP-linked anti-rabbit or anti-mouse
secondary antibody (Cell Signaling Technology, Beverly,
USA), the blots were incubated with chemilumines-
cence substrates (Pierce Biotechnology, Rockford,
USA) and then were visualized by gel image system.

1.6 Statistics

Quantitative results were expressed as mean + SD. Sta-
tistical significance of differences between means was
assessed using two independent sample #-test using
SPSS 16.0 software program. A value of P < 0.05 was
considered to be statistically significant.

2 RESULTS

2.1 ARDS was induced at 4 h after OA injection
We combined PaO,/FiO, ratio, P(A-a)O,, W/D, BALF
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protein concentration, BALF leukocytes, polymorpho-
nuclear percentage (PMN%) and H&E staining of lung
tissues to evaluate the lung injury after injection of OA.
The PaO,/FiO, ratio in the OA group significantly de-
ceased compared with that in the saline control group
at 4 h after OA infusion (Fig. 14). In contrast to the
Pa0,/Fi0, ratio, P(A-a)O, was markedly increased in
the OA group compared with that in the saline control
group (Fig. 1B). These data indicated pulmonary venti-
lation dysfunction in the OA group. Then we used W/D
and protein concentration in BALF to evaluate alveolar
edema and vascular permeability. The W/D and protein
concentration in BALF were prominently increased in
OA group compared with those in saline group (Fig.
1C, D). In addition, we examined the amount of leuko-
cytes in BALF to see inflammatory cell infiltration in
the lung tissue. Compared with those in the saline con-
trol group, the total amount of leukocytes (Fig. 1E) and
PMN% (Fig. 1F) in BALF from the OA group were
dramatically higher, which indicates more inflammato-
ry cell infiltration in the lung tissue after OA adminis-
tration. Lastly, we used H&E staining to evaluate the
lung injury. At 4 h after injecting OA, there were obvi-
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Fig. 1. Changes of PaO,/FiO, ratio (4), P(A-a)O, (B), W/D (C), BALF protein concentration (D), BALF leukocytes (E), PMN% (F)
in rat model of ARDS induced by OA. These data demonstrated lung edema and inflammation. NS: normal saline. OA: oleic acid. The

results are means = SD from 7 different animals. "P < 0.05, P < 0.01 compared to control (NS).
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Fig. 2. Hematoxylin and eosin staining of lung tissues. Sterile saline (4, C) and OA (B, D) were correspondingly injected i.v. at 4 h

before the collection of the lungs. OA induced obvious lung pathological changes that are similar to clinical ARDS, such as interstitial

and alveolar edema and leukocytes infiltration. Scale bar, 100 um (4, B); Scale bar, 50 um (C, D).

ous pathological changes in the lung, such as marked
alveolar edema, vascular congestion, intravascular co-
agulation, alveolar hemorrhage, alveolar walls disrup-
tion and leukocytes infiltration (Fig. 2B, D). Collective-
ly, the above data illustrated that the rat model of
ARDS was successfully induced by the injection of
OA.

2.2 RIPKI1, RIPK3 and MLKL mediated-necropto-
sis was found in the rat lung tissues of ARDS associ-
ated with increased TNF-a in BALF

Our results showed that ARDS was accompanied by
increased protein expressions of RIPK1, RIPK3 and
MLKL (Fig. 3B, C) detected by Western blot at 4 h af-
ter OA infusion, as well as enhanced TNF-a level in
BALF detected by ELISA (Fig. 34). The formation of
necrosome containing RIPK1 and RIPK3 is unique for
the initiation of necroptosis. Thus, we further investi-
gated the recruitment of RIPK3 to RIPK1 by immuno-
precipitation to ascertain this necroptosis pathway is
activated. Our results showed that the interaction be-
tween RIPK1 and RIPK3 was greatly enhanced in
OA-treated rats (Fig. 3D, E). Finally, we used immuno-

histochemistry staining to further explore the expres-
sion pattern of RIPK1, RIPK3 and MLKL in the lung
tissues. Staining results showed that the three proteins
in the lung tissue from the OA group (Fig. 3/, J, K)
were significantly higher than those from control
groups (Fig. 3F, G, H). Together, increased expressions
of RIPK1, RIPK3 and MLKL, and interaction between
RIPK1 and RIPK3 indicated necroptosis occurred
during ARDS, suggesting that necroptosis could be in-
volved in ARDS.

3 DISCUSSION

Necroptosis was found to be involved in the pathogen-
esis of many diseases !'>*"**. However, the role of
necroptosis in ARDS remains unclear. Therefore, it is
necessary to investigate the relationship between necro-
ptosis and ARDS. Here, we found that the TNF-a level
was increased in BALF from ARDS rats. Additionally,
the enhanced activation and expression of RIPK1/
RIPK3/MLKL signaling pathway was accompanied
with ARDS, which implicates necroptosis is possibly
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Fig. 3. Oleic acid (OA)-induced rat model of ARDS was associated with increased TNF-a and necropotosis through RIPK1, RIPK3
and MLKL signal pathway. 4: TNF-a in BALF was increased by OA injection. B (bands) and C (quantification): Western blot results
showed that RIPK1, RIPK3 and MLKL protein levels were enhanced in lung tissues from OA-treated rats. D (bands) and E (quanti-
fication): Immunoprecipitation results showed that the interaction between RIPK1 and RIPK3 was strikingly enhanced in OA-treat-

ed rats. F—K: Slides of lung tissues from saline control (F, G, H) and OA (/, J, K) rats were used to examine expressions of RIPK1,

RIPK3, MLKL by immunohistochemistry staining. Scale bar, 50 um. TNF-a results are means + SD from 7 different animals. Western

blot experiments were repeated at least three times. P < 0.05, P < 0.01 compared to control (NS).

involved in the pathogenesis of ARDS.

Above all, rat model of ARDS produced by injection
of OA was evaluated by PaO,/FiO, ratio, W/D, protein
concentration in BALF, BALF leukocytes and H&E
staining of lung tissue. Our results showed typical
pathological changes in the rat lung resembling ARDS,
such as marked alveolar edema, alveolar hemorrhage,
alveolar walls disruption and leukocytes infiltration.

The TNF-o in BALF was significantly increased in
ARDS rats. These data indicated the injection of OA
induced lung injury and inflammation.

Then we continued to investigate whether OA-in-
duced lung injury and inflammation was associated
with necroptosis. We found that the expressions of
RIPK1, RIPK3 and MLKL (markers for necroptosis)
were significantly enhanced in the lung. We further
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demonstrated that the interaction of RIPK1 and RIPK3
was prominently enhanced in the lung tissues of ARDS
rats. Activation of necroptosis requires cross-phosphor-
ylation of RIPK1 and RIPK3, utilizing Ser/Thr kinase
domains of both proteins'”. And RIPK3 recruits and
phosphorylates pseudokinase MLKL on Thr357/
Ser358, which serves as a critical gateway to necropto-
sis execution **?. Once oligomerized, MLKL was
transferred from the cytoplasm to intracellular and
plasma membranes, where the necrosome directly dis-
rupts membrane integrity by forming pores, resulting in
necrotic death™. Therefore, it indicates that necropto-
sis through RIPK1/RIPK3/MLKL signaling occurs in
OA-induced ARDS rat. Interestingly, it has been re-
ported that RIPK1 can promote the production of
TNF-0**. While other recent evidence suggests that
initiation of necroptosis is due to stimulation of TNF-a
signaling'* *”. Therefore, increased level of TNF-a in
BALF may lead to necroptosis or further increase by
necroptosis in OA-induced ARDS rat. However, cause
and effect relationship between TNF-o and necroptosis
in ARDS needs to be further studied.

In conclusion, our study is the first report indicating
the involvement of necroptosis in ARDS induced by
OA in rats. TNF-a in BALF and RIPK1/RIPK3/MLKL
signal pathway in lung tissue were activated and
up-regulated with the development of ARDS. These
data suggest that pathogenesis of ARDS might involve
necroptosis, including RIPK1, RIPK3 and MLKL,
which may provide a novel therapeutic approach to the
treatment of ARDS. Further studies are needed to in-
vestigate whether the inhibition of necroptosis can alle-
viate or even cure ARDS.
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