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ABSTRACT

Dysfunction of mitochondrial metabolism is implicated in cellular injury and cell death. 
While mitochondrial dysfunction is associated with lung injury by lung inflammation, the 
mechanism by which the impairment of mitochondrial ATP synthesis regulates necroptosis 
during acute lung injury (ALI) by lung inflammation is unclear. Here, we showed that the 
impairment of mitochondrial ATP synthesis induces receptor interacting serine/threonine 
kinase 3 (RIPK3)-dependent necroptosis during lung injury by lung inflammation. We 
found that the impairment of mitochondrial ATP synthesis by oligomycin, an inhibitor of 
ATP synthase, resulted in increased lung injury and RIPK3 levels in lung tissues during lung 
inflammation by LPS in mice. The elevated RIPK3 and RIPK3 phosphorylation levels by 
oligomycin resulted in high mixed lineage kinase domain-like (MLKL) phosphorylation, 
the terminal molecule in necroptotic cell death pathway, in lung epithelial cells during 
lung inflammation. Moreover, the levels of protein in bronchoalveolar lavage fluid (BALF) 
were increased by the activation of necroptosis via oligomycin during lung inflammation. 
Furthermore, the levels of ATP5A, a catalytic subunit of the mitochondrial ATP synthase 
complex for ATP synthesis, were reduced in lung epithelial cells of lung tissues from patients 
with acute respiratory distress syndrome (ARDS), the most severe form of ALI. The levels of 
RIPK3, RIPK3 phosphorylation and MLKL phosphorylation were elevated in lung epithelial 
cells in patients with ARDS. Our results suggest that the impairment of mitochondrial ATP 
synthesis induces RIPK3-dependent necroptosis in lung epithelial cells during lung injury by 
lung inflammation.
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INTRODUCTION

Mitochondrial dysfunction has emerged as a critical signature in the pathogenesis of human 
disease (1). Mitochondrial dysfunction is caused by physical changes, such as swelling, and 
biochemical changes, such as impaired oxidative phosphorylation and ATP production, 
decline in mitochondrial membrane potential, increased production of mitochondrial 
reactive oxygen species (mtROS) (2,3). Mitochondrial dysfunction is linked to cellular injury 
and death in human diseases (1).

Acute lung injury (ALI) is caused by an uncontrolled systemic inflammatory response 
resulting from direct injury to the lung or indirect injury in the setting of a systemic process 
(4). The pathogenesis of ALI involves inflammatory injury to the alveolocapillary membrane 
and the accumulation of protein-rich pulmonary edema fluid in the airspaces which leads 
to the pulmonary infiltrates and hypoxemia (5). Inflammatory injury is associated with 
apoptosis of epithelial cells in ALI (6). Several inflammation pathways such as toll-like 
receptor 4 (TLR4) signaling pathway are involved in the activation of inflammation during 
ALI (7,8). Previous study showed that TNF-α-induced death signaling is linked to alveolar 
epithelial dysfunction and the early pathophysiology of ALI (9). As the most severe form of 
ALI, acute respiratory distress syndrome (ARDS) is a form of diffuse alveolar injury (10). 
Although lung inflammation and cell death are characterized in the pathogenesis of ALI or 
ARDS, the mechanisms of the development of ALI or ARDS are not fully understood.

Necroptosis is a programmed form of necrosis (11,12). Necroptosis is regulated by the 
formation of necrosome which is a protein complex consisting of receptor-interacting 
serine/threonine kinase (RIPK)1, RIPK3 and mixed lineage kinase domain-like (MLKL) 
(11,12). Necroptosis leads to rapid plasma membrane permeabilization and to the release 
of damage-associated molecular patterns (DAMPs) (13). As a key molecule of the activation 
of necroptosis, RIPK3 induces the phosphorylation of MLKL, the terminal molecule in 
necroptotic cell death pathway, which leads to lysis the cellular membrane (14). In our 
previous study, we found that mitochondrial dysfunction promotes the activation of 
necroptosis in human lung epithelial cells (15). However, the mechanisms for the activation 
of necroptosis during lung injury by lung inflammation remain unclear.

In our study, we showed that the impairment of mitochondrial ATP synthesis induces 
RIPK3-dependent necroptosis during lung injury by lung inflammation. Our results found 
that the impairment of mitochondrial ATP synthesis by oligomycin increases lung injury 
and RIPK3 and RIPK3 phosphorylation levels in lung tissues during lung inflammation in 
mice. The elevated RIPK3 levels by oligomycin resulted in high MLKL phosphorylation in 
lung tissues during lung inflammation. Moreover, the levels of protein in bronchoalveolar 
lavage fluid (BALF) were increased by the activation of necroptosis via oligomycin during 
lung inflammation. Furthermore, the levels of ATP5A were reduced in lung epithelial cells 
of patients with ARDS, the most severe form of ALI. The reduced ATP5A levels contributes 
to elevation of RIPK3, RIPK3 phosphorylation and MLKL phosphorylation levels in 
lung epithelial cells in patients with ARDS. Our results suggest that the impairment of 
mitochondrial ATP synthesis exacerbates RIPK3-dependent necroptosis during lung injury by 
lung inflammation.
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MATERIALS AND METHODS

Human study
The human subject study was conducted in accordance with the Declaration of Helsinki. 
The protocol was approved by the Institutional Review Board. Seven human ARDS patient 
slides were obtained according to the protocol approved by the Institutional Review Board 
of Severance Hospital in Yonsei University (IRB approval No. 4-2019-0831) (Supplementary 
Table 1). Two ARDS lung tissues were obtained with consent from patients undergoing 
lung transplantation with ARDS (Supplementary Table 1). Patients were enrolled in a lung 
transplant patient cohort (IRB approval No. 4-2013-0770). Non-ARDS subjects (non-ARDS) 
were obtained from human-derived material bank (IRB approval No. 4-2019-0447). We 
analyzed patients with ARDS who received lung transplantation. Retrospectively, we reviewed 
241 consecutive lung transplantation patients between October 2012 and July 2019. Among 
the 241 patients, we specifically examined 7 patients with ARDS and 2 non-ARDS subjects 
(Supplementary Table 1). The bilateral diffuse infiltration was evaluated by chest X-ray in 
patients with ARDS or non-ARDS subjects.

Animal study
The animal experiments were performed according to the Guide for the Care and Use of 
Laboratory Animals (National Research Council, Washington, D.C., USA), approved by the 
Yonsei University Health System Institutional Animal Care and Use Committee (approval 
number: 2018-0158). Male 8-wk-old C57BL/6 mice (Orient Bio Inc., Seongnam, Korea) were 
intratracheally administered LPS (5 µg/g) derived from Escherichia coli 0111:B4 (InvivoGen, 
San Diego, CA, USA) for lung injury, whereas control mice were treated with equal volume 
of PBS. In the groups with promotion of necroptosis, 24 h and 1 h before treatment with 
LPS or PBS, oligomycin (0.5 mg/kg; Sigma-Aldrich, St. Louis, MO, USA) was injected 
intraperitoneally. One day after LPS or PBS administration, the trachea was washed thrice 
with 0.9 mL of PBS through a tracheal catheter to obtain BALF and collect lung tissue.

Analysis of immunoblot
Human lung tissues and whole right lung tissues from the mice were used for the 
quantification of protein levels by immunoblot. Lung tissues and paraffin embedded tissue 
sections were homogenized in 1 mL of radioimmunoprecipitation assay buffer (50 mM 
Tris-HCl, 0.1% sodium dodecyl sulphate [SDS], 2 mM ethylenediaminetetraacetic acid, 150 
mM NaCl, 1% sodium deoxycholate; 1% Triton X-100; pH 7.5) or Tissue Extraction Reagent 
I (FNN0071; Thermo Fisher Scientific, Waltham, MA, USA) with protease inhibitor cocktail 
and phosphatase inhibitor cocktail. The homogenate was incubated for 20 min on ice and 
then centrifuged at 14,000 × g for 15 min at 4°C. The supernatant was collected and the same 
volume of 5 X SDS buffer was added to the supernatant. The mixture was then boiled for 5 
min and stored at −80°C. Proteins were separated by SDS-polyacrylamide gel electrophoresis 
on 4%–5% Q-PAGE Tris-Glycine Novel Precast Gel (SMOBIO Technology, Hsinchu City, 
Taiwan) or NuPAGE 4%–12% Bis-Tris gels (Thermo Fisher Scientific). After electrophoresis, 
proteins were transferred to polyvinylidene difluoride membranes (Millipore, Billerica, 
MA, USA) or Protran nitrocellulose membranes (10600001; GE Healthcare Life Science, 
Pittsburgh, PA, USA) and blocked in 5% non-fat milk or 5% (w/v) BSA (9048-46-8; Santa Cruz 
Biotechnology, Dallas, TX, USA) in Tris-buffered saline containing 0.05% Tween-20 (TBS-T) 
(TBS [170-6435; Bio-Rad Laboratories, Hercules, CA, USA] and Tween-20 [170-6531'; Bio-Rad 
Laboratories]) at 25°C for 1 h. The membranes were immunoblotted with primary Abs against 
RIPK3 for mouse (AHP1797; Bio-Rad Laboratories), RIPK3 for human (ab62344; Abcam, 
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Cambridge, UK), Phospho-RIPK3 (Thr231/Ser232) for mouse (ab222320; Abcam), Phospho-
RIPK3 (Ser227) for human (ab209384; Abcam), Phospho-MLKL (Ser345) (ab196436; Abcam) 
for mouse, Phospho-MLKL (Ser358) (ab187091; Abcam) for human, MLKL (ab243142; 
Abcam) for mouse, MLKL (ab184718; Abcam) for human, Phospho-RIPK1 (Ser166) (#31122; 
Cell Signaling Technology, Danvers, MA, USA) for mouse, Phospho-RIPK1 (Ser166) 
(NBP3-06877; Novus, Littleton, CO, USA) for human, and β-actin (A5316; Sigma-Aldrich) 
overnight at 4°C and washed five times with TBS-T for 10 min each at room temperature. The 
membranes were then incubated with the HRP-conjugated secondary Ab (goat anti-rabbit 
IgG-HRP [sc-2004], goat anti-mouse IgG-HRP [sc-2005] and goat anti-rat IgG-HRP [sc-
2006] from Santa Cruz Biotechnology) (1:2,000 dilution in TBS-T) at 37°C for 1 h and were 
washed five times with TBS-T for 10 min each at 25°C. The membranes were treated with 
SuperSignal West Pico Chemiluminescent Substrate (34078; Thermo Fisher Scientific) and 
immunoreactive bands were detected.

Histopathological examination and lung injury scoring
The left lung of each mouse was fixed by perfusion with formaldehyde before routine 
processing and paraffin embedding. Slide sections were stained with H&E for histological 
examination. At least 20 images with high-power fields (400× total magnification) from 
each slide were randomly selected due to the patchy nature of the injury and lung injury 
scores were calculated (16). In animal study, each group (Control, Oligomycin, LPS, or 
Oligomycin+LPS) have 5 mice. Lung injury score was calculated by 100 fields from each 
group. Each field was evaluated by five histological findings (A. Neutrophils in the alveolar 
space, B. Neutrophils in the interstitial space, C. Hyaline membranes, D. Proteinaceous 
debris filling the airspaces and E. Alveolar septal thickening) and was graded using a 
three-tiered schema summarized in Supplementary Table 2. In human study, we analyzed 
lung injury score with 20 random images with high-power fields from each slide. Lung 
injury score was calculated by 40 fields from 2 normal and 140 fields from 7 patients 
with ARDS, respectively. Human lung tissue slide sections were further stained for 
immunohistochemical analysis of anti-RIPK3 Ab (ab62344; Abcam) to confirm necroptosis. 
Immunohistochemistry was performed using the RIPK3 Ab with Dako Autostainer Link 48 
platform (Dako, Glostrup, Denmark).

Analysis of immunofluorescence and immunohistochemistry
For immunofluorescence analysis, lung tissues were sectioned from paraffin embedded 
tissue blocks at a thickness of 4 μm. Sections were permeabilized in 0.5% Triton-X (T8787; 
Sigma-Aldrich), blocked in CAS-Block™ Histochemical Rea-gent (008120; Thermo Fisher 
Scientific), and then stained with the following Abs: polyclonal rabbit anti-Phospho Ser358-
MLKL Ab (1:100) for human (ab187091; Abcam), polyclonal rabbit anti-Phospho Ser345-
MLKL Ab (1:100) for mouse (ab196436; Abcam), monoclonal mouse anti-E-cadherin Ab 
(1:100) (sc-21791; Santa Cruz Biotechnology). Sections were then incubated with goat 
anti-rabbit IgG (H+L) Alexa Fluor 488 (1:100) (A11008; Thermo Fisher Scientific), polyclonal 
rabbit anti-ATP5A1 Ab (1:100) (18023; Cell Signaling Technology), and goat anti-mouse 
IgG H&L Texas Red (1:100) (ab6787; Abcam) secondary Ab at 25°C for 2 h. Fluoroshield™ 
with DAPI (F6057; Sigma-Aldrich) was used for nuclear staining. Stained brain sections 
were analyzed by THUNDER Imager Tissue (Leica Microsystems Ltd., Wetzlar, Germany). 
DAPI-stained nuclei are shown in blue. Stained brain sections were quantified by LAS X 
image-processing software (Leica Microsystems Ltd.) and ImageJ software v1.52a (National 
Institutes of Health, Bethesda, MD, USA). For immunohistochemistry analysis, tissues were 
stained with an Ab against specific targets. The secondary Ab was biotinylated goat anti-
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rabbit IgG (Vector Laboratories, Burlingame, CA, USA), and biotinylated rabbit anti-goat 
(Vector Laboratories). Subsequently, streptavidin peroxidase complex (Vector Laboratories) 
was biotinylated for 2 h at 25°C. After staining, slides were mounted by Eukitt® Quick-
hardening mounting medium (03989; Sigma-Aldrich). Stained sections were analyzed by 
Olympus BX53M microscope (Olympus, Tokyo, Japan) and quantified by the Olympus Stream 
software and ImageJ software v1.52a (National Institutes of Health). To ensure objectivity, all 
measurements were performed with blinded conditions by 2 observers per experiment under 
identical conditions.

Analysis for quantification of protein levels and number of cells in BALF
The BALF was centrifuged (4°C, 400 ×g, 10 min) and the protein content was measured 
in the supernatant using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). After 
incubation for 30 min at 37°C, the plate was cooled, and the absorbance was read at 562 nm 
in a spectrophotometer. The cell pellet was reconstituted in 100 µL PBS and used to analyze 
the cells quantitatively and qualitatively. Total cell number in each sample was determined 
using a hemocytometer (Paul Marienfeld GmbH, Lauda-Königshofen, Germany) according 
to the manufacturer’s protocol. An aliquot of each sample (90 µL) was transferred into the 
slide chambers and inserted into a cytospin with the slide facing out-ward. The slides were 
centrifuged at 400 ×g for 6 min, and then removed and dried be-fore staining. The slides 
were immersed in three DiffQuick fluids (Fixative, Solution I, and Solution II) and rinsed with 
purified water.

Statistical analysis
All data are represented as mean±SD or SEM. A 2-tailed Student’s t-test for comparison of 
two groups, and ANOVA (with post hoc comparisons using Dunnett’s test) for comparison 
of two or more groups were used for statistical analysis using GraphPad Prism version 5.01 
(GraphPad Software Inc., San Diego, CA, USA). Additionally, the analysis of lung injury score 
in mouse and human lung samples was performed using the Kruskal-Wallis test or Mann-
Whitney test in SPSS version 25 (IBM Corp., Armonk, NY, USA). In all comparisons, p-values 
were considered statistically significant.

RESULTS

Impairment of ATP synthesis exacerbates lung injury by lung inflammation
To investigate the role of impaired ATP synthesis in lung injury by lung inflammation, 
we analyzed whether the impairment of ATP synthesis by oligomycin, an inhibitor of 
ATP synthase, could exacerbate lung injury by lung inflammation in a model of ALI. We 
used a lung inflammation mouse model using LPS, a ligand of TLR4. To examine the 
effects of impaired ATP synthesis, we injected oligomycin to mice with LPS-induced lung 
inflammation. The lung injury scores were increased by LPS-indued lung inflammation in 
lung tissues of LPS alone (LPS) or oligomycin and LPS (Oligomycin + LPS) compared to that 
in mice with control (Control), whereas oligomycin alone (Oligomycin) did not change lung 
injury (Fig. 1A and B). Notably, the lung injury was significantly higher in Oligomycin + LPS 
than that in mice with LPS (Fig. 1B). Although the levels of TNF-α were increased by LPS-
indued lung inflammation in BALF, Oligomycin + LPS did not change the levels of TNF-α 
compared to LPS (Fig. 1C). These results suggest that the impairment of ATP synthesis 
exacerbates lung injury by lung inflammation.
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Impairment of ATP synthesis increases the levels of RIPK3 in lung tissues 
during lung injury by lung inflammation
Next, we investigated molecular mechanism which by the impairment of ATP synthesis 
promotes lung injury by lung inflammation. We analyzed whether the impairment of 
ATP synthesis could induce RIPK3-mediated necroptosis during lung injury by lung 
inflammation. We measured the protein levels of RIPK3 in lung tissues from mice treated 
with oligomycin during LPS-indued lung inflammation. The levels of RIPK3 were increased 
by LPS in lung tissues of mice relative to that in Control (Fig. 2A and B). Notably, the levels 
of RIPK3 were significantly elevated by Oligomycin + LPS compared to that in mice with 
LPS (Fig. 2A and B). Consistently, the levels of RIPK3 phosphorylation (Thr231/Ser232) were 
elevated by Oligomycin + LPS compared to that in mice with LPS (Fig. 2A and B). Moreover, 
the levels of MLKL phosphorylation (Ser345) were elevated by Oligomycin + LPS compared 
to that in mice with LPS (Fig. 2A and B). The levels of RIPK1 phosphorylation (Ser166) were 
comparable between Oligomycin + LPS and LPS (Fig. 2A and B). These results suggest that 
the impairment of ATP synthesis increases the levels of RIPK3 in lung tissues during lung 
injury by lung inflammation.
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Figure 1. Impairment of ATP synthesis exacerbates lung injury by lung inflammation. 
(A) Representative images for H&E staining and (B) quantification of lung injury scores of lung tissues from mice 
treated with oligomycin either control or LPS. Scale bars, 200 µm. Lung injury score was calculated by 100 fields 
from each group (n=20 images per individual subject, n=5 per each group). (C) Quantification of TNF-α levels in 
BALF from mice treated with oligomycin either control or LPS (n=5 per each group). Data are representative of 
three independent experiments. Data are mean±SD. 
**p<0.01; ***p<0.001 by Student’s 2-tailed t-test, ANOVA or Kruskal-Wallis test.



Impairment of ATP synthesis induces the phosphorylation of MLKL in the 
activation of necroptosis during lung injury by lung inflammation
We investigated whether the elevated RIPK3 by impaired ATP synthesis could induce 
the activation of necroptosis in alveolar epithelial cells during lung injury by lung 
inflammation. We analyzed the levels of MLKL phosphorylation in lung epithelial cells 
of lung tissues from mice treated with oligomycin during LPS-indued lung inflammation 
using immunofluorescence staining (Fig. 3A, Supplementary Fig. 1). The intensity of MLKL 
phosphorylation (Ser354)-positive staining was significantly elevated in E-cadherin-positive 
epithelial cells by of Oligomycin + LPS in lung tissues relative to that in LPS (Fig. 3A and B). 
Moreover, the number of epithelial cells with positive subcellular co-localization between 
MLKL phosphorylation and E-cadherin was significantly higher in Oligomycin + LPS than 
that in LPS (Fig. 3C). Similarly, the levels of RIPK3 and RIPK3 phosphorylation (Thr231/
Ser232) were increased by Oligomycin + LPS compared to that in LPS (Fig. 3D). The levels of 
MLKL phosphorylation (Ser345) were increased by Oligomycin + LPS compared to that in LPS 
(Fig. 3D). Furthermore, we analyzed the levels of protein in BALF of mice as a parameter of 
DAMPs release by the activation of necroptosis (Fig. 3E). Consistent with the levels of MLKL 
phosphorylation, the protein levels of BALF were significantly increased by Oligomycin + LPS 
compared to relative to that in mice with LPS (Fig. 3E). Although the number of inflammatory 
cells was elevated by LPS relative to that in Control, Oligomycin + LPS did not change the 
number of inflammatory cells in BALF relative to LPS (Fig. 3F). These results suggest that 
the impairment of ATP synthesis induces the phosphorylation of MLKL in the activation of 
necroptosis during lung injury by lung inflammation.
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Figure 2. Impairment of ATP synthesis increases the levels of RIPK3 in lung tissues during lung injury by lung inflammation. 
(A) Representative immunoblot images of RIPK3 phosphorylation (Thr231/Ser232), RIPK3, MLKL phosphorylation (Ser345), MLKL, RIPK1 phosphorylation (Ser166) 
protein and (B) quantification of RIPK3 phosphorylation, RIPK3, MLKL phosphorylation, RIPK1 phosphorylation protein levels in lung tissues from mice treated 
with oligomycin either control or LPS (n=3 per each group). β-actin or MLKL were used as loading control. Data are representative of three independent 
experiments. Data are mean±SD. 
*p<0.05; **p<0.01; ***p<0.001 by Student’s 2-tailed t-test or ANOVA.



The reduced ATP5A levels in lung epithelial cells contribute to lung injury of 
patients with ALI
Next, we investigated whether the impairment of ATP synthesis could contribute to lung injury 
via the activation of necroptosis during lung injury of patients with ALI. First, we measured the 
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Figure 3. Impairment of ATP synthesis induces the phosphorylation of MLKL in the activation of necroptosis during lung injury by lung inflammation. 
(A) Representative immunofluorescence images for MLKL phosphorylation at Ser345 (P-MLKL) staining (green) in lung epithelial cells expressing E-cadherin (red) of 
mice treated with oligomycin either control or LPS. Scale bars, 20 µm. DAPI-stained nuclei are shown in blue. White arrows indicate P-MLKL positive cells (n=10 images 
per individual subject, n=5 per each group). (B) Quantification of intensity for P-MLKL-positive staining and (C) quantification of P-MLKL and E-cadherin-positive cells 
from immunofluorescence images in A. (D) Representative immunoblot images of RIPK3 phosphorylation (Thr231/Ser232), RIPK3, MLKL phosphorylation (Ser345), 
MLKL, RIPK1 phosphorylation (Ser166) protein from lung tissue sections of A. MLKL was used as loading control. (E) Quantification of protein levels in BALF of lungs 
from mice treated with oligomycin either control or LPS (n=5 per each group). (F) Quantification of total inflammatory cells in BALF of lungs from mice treated with 
oligomycin either control or LPS (n=5 per each group). Data are representative of three independent experiments. Data are mean±SD. 
*p<0.05; **p<0.01; ***p<0.001 by Student’s 2-tailed t-test or ANOVA.



levels of lung injury in lung tissues of patients with ARDS (ARDS), which is the most severe form 
of ALI, using histopathological analysis. The levels of lung injury, including the hyperplasia of 
type II pneumocyte, diffuse alveolar damage, and interstitial fibrosis, were elevated in tissues of 
ARDS compared to that in non-ARDS subjects (Normal) (Fig. 4A and B). Since the production of 
mitochondrial ATP is regulated by the levels of ATP synthase complex, we analyzed the protein 
levels of ATP5A, a catalytic subunit of the mitochondrial ATP synthase complex, in lung epithelial 
cells of lung tissues from patients with ARDS (Fig. 4C, Supplementary Fig. 2). The intensity of 
ATP5A-positive staining was significantly reduced in E-cadherin-positive epithelial cells of 
ARDS compared to that in Normal (Fig. 4C and D). Moreover, the number of epithelial cells 
with positive subcellular co-localization between ATP5A and E-cadherin was significantly 
decreased in ARDS compared to that in Normal (Fig. 4E). These results suggest that the 
reduced ATP5A levels in lung epithelial cells contribute to lung injury of patients with ALI.

The levels of RIPK3 are elevated in lung epithelial cells of patients with ARDS
Next, we investigated whether the reduced ATP5A levels could contribute to the elevation of 
RIPK3 during lung injury of patients with ARDS. We analyzed the protein levels of RIPK3 in 
lung tissues of patients with ARDS. The intensity of RIPK3-positive staining was elevated in 
cells of lung tissues from ARDS compared to that in Normal (Fig. 5A and B). Moreover, the 
number of RIPK3-positive cells was significantly increased in ARDS relative to that in Normal 
(Fig. 5C). As well as the immunohistochemistry analysis of RIPK3, the levels of RIPK3 were 
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Figure 4. The reduced ATP5A levels in lung epithelial cells contribute to lung injury of patients with ALI. 
(A) Representative images for H&E staining and (B) quantification of lung injury scores of lung tissues from patients with ARDS (ARDS) and non-ARDS subjects 
(Normal). Scale bars, 100 µm. (C) Representative immunofluorescence images for ATP5A staining (green) in lung epithelial cells expressing E-cadherin (red) of 
ARDS and Normal. Scale bars, 20 µm. DAPI-stained nuclei are shown in blue. White arrows indicate ATP5A and E-cadherin positive cells. (D) Quantification of 
intensity for ATP5A-positive staining and (E) quantification of ATP5A and E-cadherin-positive cells from immunofluorescence images in A. Data are representative 
of three independent experiments. (ARDS, n=7; Normal, n=2; n = 10 images per individual subject). Data are mean ± SD. 
**p<0.01; ***p<0.001 by Student’s 2-tailed t-test or Mann-Whitney test.



significantly elevated in lung tissues from ARDS compared to that in Normal (Fig. 5D). 
Consistently, the levels of RIPK3 phosphorylation (Ser227) and MLKL phosphorylation 
(Ser358) were elevated in lung tissues from ARDS compared to that in Normal (Fig. 5D). 
The levels of RIPK1 phosphorylation (Ser166) were comparable between ARDS and Normal 
(Fig. 5D). These results suggest that the levels of RIPK3 are elevated in lung epithelial cells of 
patients with ARDS.
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Figure 5. The levels of RIPK3 are elevated in lung epithelial cells of patients with ARDS. 
(A) Representative immunohistochemistry images for RIPK3 staining in lung tissues from patients with ARDS (ARDS) and non-ARDS subjects (Normal). Scale 
bars, 100 µm. Black arrows indicate RIPK3-positive cells. (B) Quantification of intensity for RIPK3-positive staining in cells and (C) quantification of RIPK3-
positive cells from immunohistochemistry images in A (ARDS, n=7; Normal, n=2; n = 10 images per individual subject). (D) Representative immunoblot images 
of RIPK3 phosphorylation (Ser227), RIPK3, MLKL phosphorylation (Ser358), MLKL, RIPK1 phosphorylation (Ser166) protein (left) and quantification of RIPK3 
phosphorylation, RIPK3, MLKL phosphorylation, RIPK1 phosphorylation protein levels (right) in lung tissues from ARDS and Normal (n=2 per each group). β-actin 
or MLKL were used as loading control. Data are representative of three independent experiments. Data are mean±SD. 
**p<0.01; ***p<0.001 by Student’s 2-tailed t-test or Mann–Whitney test.



The activation of necroptosis by MLKL phosphorylation is elevated in lung 
epithelial cells of patients with ARDS
Next, we investigated whether the high levels of RIPK3 could promote the activation of 
necroptosis by MLKL phosphorylation in lung epithelial cells of patients with ARDS. We 
analyzed the levels of MLKL phosphorylation in lung epithelial cells of patients with ARDS 
using immunofluorescence staining (Fig. 6A, Supplementary Fig. 3). The intensity of 
MLKL phosphorylation (Ser358)-positive staining was significantly elevated in E-cadherin-
positive epithelial cells in lung tissues of ARDS relative to that in Normal (Fig. 6A and B). 
Moreover, the number of epithelial cells with positive subcellular co-localization between 
MLKL phosphorylation and E-cadherin was significantly increased in ARDS relative to that 
in Normal (Fig. 6C). Similarly, the levels of RIPK3 and RIPK3 phosphorylation (Ser227) were 
increased in ARDS relative to that in Normal (Fig. 6D). The levels of MLKL phosphorylation 
(Ser358) were increased in ARDS relative to that in Normal (Fig. 6D). In summary, our 
results suggest that the impaired mitochondrial ATP synthesis induces RIPK3-dependent 
necroptosis in lung epithelial cells during lung injury by lung inflammation (Fig. 6E).
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DISCUSSION

In this study, we demonstrate that the impaired mitochondrial ATP synthesis induces RIPK3-
dependent necroptosis in lung epithelial cells during lung injury by lung inflammation. Our 
results showed that the impairment of ATP synthesis promotes RIPK3-dependent necroptosis 
via MLKL phosphorylation in lung epithelial cells during inflammation. Also, we showed that 
the reduction of ATP5A levels contributes to the activation of necroptosis by RIPK3-MLKL 
phosphorylation in lung epithelial cells of patients with ARDS.

ALI is a clinical syndrome characterized by an acute inflammatory process in the lung tissue 
and airways (17). Acute inflammation leads to the loss of barrier function of the lung epithelial 
cells and pulmonary capillary endothelial cells (18). Oxidative stress is associated with the 
pathological processes in ALI (19). Oxidative stress is characterized by the over-production 
of ROS, damage of mitochondrial respiratory chain, changes of membrane permeability, and 
imbalance of Ca2+ homeostasis and mitochondrial defense systems (20). Our results suggest 
that the impairment of ATP synthesis could be a critical for the mitochondrial dysfunction in 
lung epithelial cells during lung injury by lung inflammation. Also, our findings suggest that 
the activation of RIPK3-dependent necroptosis via MLKL phosphorylation might be a critical 
cell death pathway under mitochondrial dysfunction in lung injury by lung inflammation.

As the most severe form of ALI, the initial pathogenesis of ARDS is related to the damage and 
death of alveolar endothelial cells and epithelial barrier cells (21). A previous study showed 
that apoptosis is linked to the cell death of epithelial cells during ARDS (22). Additionally, 
necroptotic cell death contributes to the lung injury in ARDS (23,24). The plasma levels of 
RIPK3 were increased in patients with ARDS (23). Consistent with previous study, our results 
showed that the activation of RIPK3-depenent necroptosis via MLKL phosphorylation was 
elevated in lung epithelial cells of patients with ARDS. While our study showed the impairment 
of ATP synthesis induces the activation of necroptosis in lung epithelial cells during lung 
injury by lung inflammation, further study for the effects of mitochondrial dysfunction in lung 
endothelial cells in the regulation of necroptosis during lung inflammation is needed.

Conclusively, our results suggest that the impairment of ATP synthesis might be a critical for 
necroptotic cell death during lung injury by lung inflammation.
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Supplementary Table 2
Lung injury score parameters
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Supplementary Figure 1
The levels of MLKL phosphorylation were elevated in lung epithelial cells of lung tissues from 
mice treated with oligomycin either control or LPS. Representative immunofluorescence 
images of MLKL phosphorylation (Ser358) levels in lung tissues from mice treated with 
oligomycin either control or LPS showing MLKL phosphorylation at Ser358 (P-MLKL, green) 
in lung epithelial cells expressing the epithelial cells marker E-cadherin (red). DAPI-stained 
nuclei are shown in blue. Scale bars, 20 µM. White arrows indicates MLKL phosphorylation 
(Ser358) and E-cadherin positive cells.

Click here to view

Supplementary Figure 2
The levels of ATP5A were reduced in lung epithelial cells of lung tissues from patients with 
ARDS. Representative immunofluorescence images of ATP5A expression in lung tissues 
from patients with ARDS (ARDS) or non-ARDS subjects (Normal) showing ATP5A (green) 
in lung epithelial cells expressing the epithelial cells marker E-cadherin (red). DAPI-stained 
nuclei are shown in blue. Scale bars, 20 µM. White arrows indicates ATP5A and E-cadherin 
positive cells.

Click here to view

Supplementary Figure 3
The levels of MLKL phosphorylation were elevated in lung epithelial cells of lung tissues from 
patients with ARDS. Representative immunofluorescence images of MLKL phosphorylation 
(Ser358) levels in lung tissues from patients with ARDS (ARDS) or non-ARDS subjects 
(Normal) showing MLKL phosphorylation at Ser358 (P-MLKL, green) in lung epithelial cells 
expressing the epithelial cell marker E-cadherin (red). DAPI-stained nuclei are shown in blue. 
Scale bars, 20 µM. White arrows indicates MLKL phosphorylation (Ser358) and E-cadherin 
positive cells.

Click here to view
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