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ABSTRACT
Background  In recent years, dexamethasone (Dex) has 
been used to treat acute respiratory distress syndrome 
(ARDS) in patients with COVID-19 and achieved promising 
outcomes. Venovenous extracorporeal membrane 
oxygenation (VV ECMO) support for patients with ARDS 
has increased significantly worldwide. However, it remains 
unknown whether Dex could improve the efficiency of 
VV ECMO to reduce lung injury. Here, we investigate the 
combined efficiency of VV ECMO and Dex in rats with acute 
lung injury (ALI).
Methods  We established VV ECMO in oleic acid (OA)-
treated ALI rats and administered Dex. We conducted 
HE staining and evaluated lung and bronchoalveolar 
lavage (BAL) fluid cytokines to assess lung injury and 
inflammation. Furthermore, we investigated the activation 
of Hippo/YAP signalling in alveolar epithelial type II cell 
(AT2)-mediated alveolar epithelial repair using quantitative 
PCR, Western blotting and immunofluorescence. In vitro, 
the human alveolar epithelial cell line A549 was used to 
investigate the key role of YAP in alveolar epithelial cell 
differentiation.
Results  VV ECMO combined with Dex alleviated 
OA-induced lung injury and pulmonary inflammation. 
Pulmonary oedema and exudation were significantly 
alleviated, and the lung and BAL levels of IL-6, IL-8 and 
TNF-α were significantly reduced compared with those 
observed with ECMO alone. In addition, VV ECMO combined 
with Dex treatment protected alveolar epithelial cells by 
activating Hippo/YAP signalling. In vitro, Dex promoted 
YAP expression and alveolar epithelial cell differentiation, 
whereas YAP knockdown inhibited YAP-mediated 
differentiation.
Conclusions  Our findings suggest that adjuvant Dex 
treatment during VV ECMO could alleviate ALI and 
pulmonary inflammation by activating the Hippo/YAP 
signalling pathway, which promoted alveolar regeneration 
and AT2 differentiation.

INTRODUCTION
Acute lung injury (ALI) and its severe condi-
tion, acute respiratory distress syndrome 
(ARDS), are catastrophic respiratory diseases 
with high morbidity and mortality rates.1–3 

Based on oxygenation criteria, the incidence 
of ARDS in COVID-19 patients ranges from 
20% to 67%, and all mechanically ventilated 
patients were diagnosed with ARDS.4 The 
pathogenesis of ALI/ARDS is quite compli-
cated and is characterised by destruction of 
the alveolar septal barrier and severe pulmo-
nary inflammation, leading to alveolar exuda-
tion, excessive neutrophil and macrophage 
cell influx and infiltration, cytokine release, 
surfactant dysfunction and eventually signifi-
cant hypoxaemia.3 5 6

In patients with severe pulmonary compro-
mise, venovenous extracorporeal membrane 
oxygenation (VV ECMO) therapy provides 
carbon dioxide removal and blood oxygen-
ation, allowing protective lung ventilation 
and leaving room for lung restoration. The 
use of VV ECMO in patients with ARDS has 
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increased significantly worldwide over the last decades.7 
Although it has been beneficial in treating COVID-19 
patients with ARDS by providing effective lung support, 
the mortality rate reported by Extracorporeal Life Support 
Organization Registry remains high at 38%.8 What is 
more, several animal studies have suggested that ECMO 
may cause damage to the intestinal mucosal barrier and 
lung tissues and increase the levels of inflammatory cyto-
kines.9–11 Therefore, we hypothesised that adjuvant anti-
inflammatory therapy during VV ECMO might further 
improve its efficiency in ALI/ARDS patients.

Glucocorticoids have been used for many years for 
the treatment of ALI/ARDS since it could diminish 
inflammation by inhibiting a variety of cytokines, such 
as TNF-α, IL-5, IL-8 and IL-6.12 13 Dexamethasone (Dex), 
as one of these steroids, could protect alveolar epithe-
lial and endothelial cell injury, alleviate pulmonary 
oedema and decrease the release of inflammatory cyto-
kines.14 Previous randomised controlled trials have inves-
tigated the efficacy of Dex for the management ARDS 
patients,15 16 and a recent meta-analysis found that Dex 
could significantly reduce all-cause mortality.17 Although 
both VV ECMO and Dex have been widely used in criti-
cally ill ARDS patients with promising results, it remains 
unknown whether VV ECMO combined with Dex could 
reduce pulmonary damage in ALI/ARDS patients.

In our previous study, we found that VV ECMO protects 
against lung injury by activating the Hippo/Yap signal-
ling pathway.18 And Dex could significantly activate Yap 
expression.19 Therefore, we hypothesised that VV ECMO 
combined with Dex could reduce lung injury by acti-
vating the Hippo/Yap signalling pathway. To validate this 
hypothesis, we established VV ECMO in oleic acid (OA) 
induced ALI rats as described in our previous study.20

MATERIALS AND METHODS
Patient and public involvement
Patients or the public were not involved in the design, 
or conduct, or reporting, or dissemination plans of our 
research.

Animal preparation
For in vivo experiments, all animals were purchased from 
Veterinary Institute, Chinese Academy of Agricultural 
Sciences (Lanzhou, China). A total of 18 male Sprague-
Dawley (SD) rats (350±50 g) were randomly divided into 
three groups: sham group, ECMO group and ECMO+Dex 
group. Rats received free access to sterilised water and 
standard rodent chow in cages before surgery, with the 
room temperature controlled between 20°C and 22°C 
with a 12-hour light-dark cycle.

Procedures and drug administration
Rats were anaesthetised with 5% sevoflurane in oxygen 
for 3–5 min in a plexiglass chamber. Volume-controlled 
ventilation was provided at a respiratory rate of 70–75 

breaths/min, a tidal volume of 6 mL/kg, and positive 
end-expiratory pressure of 2 cmH2O, with the fractional 
inspired oxygen (FiO2) in the ventilator circuit set at 40%. 
Subsequently, anaesthesia was maintained throughout the 
surgical preparation and the entirety of the experiment 
with 2.0%–2.5% sevoflurane. The surgical procedure was 
conducted in accordance with aseptic techniques, and all 
surgical fields were subsequently infiltrated with 1% lido-
caine. To induce ALI and mimic a situation of impaired 
gas exchange, we used a model of intravenous administra-
tion of OA as previously described.21 For sham group, the 
rats were intubated with cannula without ECMO support 
and administration of OA was replaced by phosphate 
buffer saline. For ECMO+Dex group, the rats were given 
Dex (1 mg/kg) at the beginning of VV ECMO to explore 
whether it can improve the effectiveness of VV ECMO. 
The ECMO parameters including flow rate and sweep gas 
flow were identical in the ECMO and ECMO+Dex group. 
At the end of the experiment, arterial blood was collected 
for blood gas analysis (eg,7+, iStar, Abbott) then all rats 
were euthanatised using an overdose of sevoflurane. The 
establishment of VV ECMO in rats was well described in 
our previous studies.20

H&E staining
The lung tissues were cut into 4 µm thick sections 
after paraffin embedding. The Hematoxylin (#H8070, 
Solarbio) & Eosin (G1100, Solarbio) staining experi-
ment followed the standard H&E protocol. Histolog-
ical changes were observed using light microscopy. A 
double-blinded pathologist determined the ALI score 
by assessing the alveolar congestion/oedema, pulmo-
nary tissue haemorrhage and thickening, inflammatory 
cell infiltration in the alveolar and vascular lumen, and 
alveolar wall congestion, oedema, thickening and hyaline 
membrane formation.22 The scores were assigned to 
assess the degree of lung injury in a single visual field: 
0=no pathological changes, 1=mild pathological changes, 
2=moderate pathological changes, 3=severe pathological 
changes and 4=very severe pathological changes. Each 
injury was scored in 10 randomly selected fields (400×) 
of each slide. The final injury score (the Smith score) was 
calculated as the mean of all individual injury scores.

ELISA arrays
Relative levels of IL-6, IL-8, IL-10 and TNF-α in bronchoal-
veolar lavage (BAL) and lung were determined by ELISA 
Kit (Mlbio, Shanghai, China) according to the manu-
facturer’s recommendations. Serum levels of soluble 
receptor for advanced glycation end products (sRAGE) 
and surfactant protein-D (SP-D) were also detected by 
ELISA Kit (Mlbio, Shanghai, China) according to the 
manufacturer’s recommendations. The range limited to 
the measured cytokines including TNF-α, IL-6, IL-8 and 
IL-10 was 10–320 pg/mL, 5–160 pg/mL, 7.5–240 pg/mL 
and 2–64 pg/mL, respectively. The sensitivity of the test 
is less than 1 pg/mL for TNF-α, IL-6, IL-8 and less than 
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Figure 1  Schematic overview of the study workflow and experimental grouping (A). Created by Biorender. Mean arterial 
pressure (B). Heart rate (C). P value stands for ECMO versus ECMO+Dex during the experimental. The data shown are the 
mean±SD. Normality was analysed by Kolmogorov-Smirnov test. If the data were normally distributed, statistical significance 
was analysed by Student’s t-test, otherwise a non-parametric Kolmogorov-Smirnov test was applied. **p<0.01, ***p<0.001. 
ARDS, acute respiratory distress syndrome; Dex, dexamethasone; ECMO, extracorporeal membrane oxygenation; ns, not 
significant; SD, Sprague-Dawley; PBS, phosphate buffer saline.
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0.1 pg/mL for IL-10. For lung tissues, we took 50 mg tissue 
into 1 mL solution, and cytokine dosage was expressed as 
pg/mg tissue.

Immunohistochemistry and immunofluorescence
Immunohistochemical (IHC) staining was performed 
based on mouse/rabbit streptomycin ovalbumin-biotin 
assay system (#SP-9000, ZSGB-BIO, China) and performed 
following the standard procedure. The following primary 
antibodies were used: rabbit anti-MPO (1:1000, #ab78486, 
Abcam). The image was visualised using Zeiss microscope 
(Zeiss, Germany) and processed with Zeiss software. The 
process of immunofluorescence (IF) was performed 
under the standard procedure. The following primary 
antibodies were used: mouse anti-YAP (1:200, #66900-1-Ig, 
Proteintech), mouse anti-SPC (1:100, #sc-518029, Santa 
Cruz), rabbit anti-Claudin 4 (1:200, #16195-1-AP, Protein-
tech), rabbit anti-Cytokeratin 8 (1:200, #17514-1-AP, 
Proteintech), rabbit anti-AQP5 (1:200, #ab78486Abcam). 
Secondary antibodies included goat anti-mouse Alexa 
Fluor 488 (1:1000; #ab150113, Abcam), goat anti-rabbit 
Alexa Fluor 594 (1:1000, #ab150080, Abcam) and DAPI 
(1:10,000; Sigma). Confocal images were obtained using 
a Zeiss LSM 880 laser microscope. The image processing 
was not used in our confocal images, and we did not used 
Z-stacks, the slices were 4 µm thick.

Western Blot
The RIPA buffer (50 mM Tris (pH 7.4), 1% Triton 
X-100, 1% sodium deoxycholate, 150 mM NaCl, 0.1% 
sodium dodecyl sulfate (SDS), sodium orthovanadate) 
containing Protease Inhibitor Cocktail tablets (Roche) 
and phosSTOP Phosphatase Inhibitor Cocktail tablets 
(Roche) was used to extract proteins from lung tissues 
and A549 cells. Bicinchoninic acid assay kit was used to 
determine protein concentrations following the manufac-
ture’s instruction. The extracted proteins were separated 
on SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
then transferred to PVDF membrane. The membranes 
were blocked with 5% skim milk for 2 hours, then incu-
bated with primary antibody against YAP (1:5000, 66900-
1-Ig, Proteintech), SP-C (1:1000, 10774-1-AP, Protein-
tech), Claudin-4 (1:1000, 16195-1-AP, Proteintech), 
Cytokeratin 8 (1:2000, 17514-1-AP, Proteintech), AQP5 
(1:1000, ab78486, Abcam) at 4℃ overnight. Tanon image 
system (Tanon 5200 Multi, Shanghai, China) was used to 
scan the strips on the PVDF membrane, and Image J soft-
ware was used for quantitative analysis.

RNA isolation and quantitation
TRIzol reagent (MAN0001271, Invitrogen) was used to 
extract total RNA from lung tissues and A549 cells. A 
nanodrop (Thermo Fisher Nanodrop2000, Massachu-
setts, USA) was used to determine RNA concentration. 
Equivalent amounts of RNA were reversely transcribed 
into cDNA using PrimeScript RT reagent Kit (RR047A, 

TaKaRa) following the manufacturer’s instruction. The 
designed primers and SYBR Green Master Mix (RR820A, 
TaKaRa) were used for quantitative real-time fluorescence 
quantitative PCR (qRT-PCR) on the real-time PCR system. 
The expression levels of target genes were analysed via 
the 2−△△ Ct method with β-actin as the internal reference. 
The primers of the design are shown below: rat Yap: 5’ - ​
GAGCAAGCCATGACTCAGGA - 3’, 5’ - ​TGGTTCATGG-
CAAAACGAGG – 3; rat: Ctgf: 5’ - ​AGAACTGTGTACG-
GAGCGTG - 3’, 5’ - ​GTGCACCATCTTTGGCAGTG 
- 3’; rat Cyr61: 5’ - ​AGAGGCTTCCTGTCTTTGGC - 3’, 
5’ - ​CTCGTGTGGAGATGCCAGTT - 3’; rat β-actin: 5’ 
- ​AGATCCTGACCGAGCGTGGC - 3’, 5’ - ​CCAGGGAG-
GAAGAGGATGCG - 3’; human Yap: 5’ - ​CCCTCGT-
TTTGCCATGAACC - 3’, 5’ - ​GTTGCTGCTGGTTG-
GAGTTG - 3’; human Ankrd: 5’ - ​AGAACTGTGCTGG-
GAAGACG - 3’, 5’ - ​GCCATGCCTTCAAAATGCCA - 3’; 
human Ctgf: 5’ - ​GTTTGGCCCAGACCCAACTA - 3’, 5’ 
- ​GGCTCTGCTTCTCTAGCCTG - 3’; human Cyr61: 5’ - ​
CAGGACTGTGAAGATGCGGT - 3’, 5’-​GCCTGTAGAA-
GGGAAACGCT-3’; human: β-actin: 5’-​TGACGTGGA-
CATCCGCAAAG - 3’, 5’ - ​TCTTCATTGTGCTGGGTGCC 
- 3’.

Cell culture
The A549 cells were cultured in a DMEM medium 
(containing 10% fetal bovine serum, 50kU/L penicillin 
and 50 mg/L streptomycin) at 5% CO2. The Logarithmic 
phase cells were used for subsequent experiments. The 
A549 cells were treated with OA and Dex (300 µm and 
100 µm, respectively) then cultured for 24 hours. For 
siRNA transfection, (1) the cells were inoculated in an 
antibiotic-free medium in six-well plates 1 day before 
transfection. (2) Transfection solution was then prepared 
as follows: 5 µL Yap siRNA or NC siRNA was dissolved 
in 125 µL Opti-MEM medium, then incubated at room 
temperature for 5 min. Lipo6000 Transfection Reagent 
(5 µL) (#C0526, Beyotime, China) was dissolved in 125 µL 
Opti -MEM medium, mixed gently, then incubated at 
room temperature for 5 min. The siRNA solution was 
mixed with Lipo6000 Transfection Reagent solution and 
the final concentration of Yap siRNA and NC siRNA was 
50 nM, then incubated at room temperature for 20 min. 
The mixture was added to the cells and incubated for 
6 hours before being replaced with a fresh medium. The 
intervention was performed 3 days after transfection 
following the experimental requirements. The cells were 
collected for subsequent experiments.

Statistical analysis
All data were collected and reported as mean±SD. Compar-
isons between different groups were conducted by using 
the Student’s t-test, or the non-parametric Kolmogorov-
Smirnov test. When comparing multiple groups, data 
were analysed by analysis of variance with Bonferroni 
post-test for multiple comparison of parametric data. 
P values of less than 0.05 were considered statistically 
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Figure 2  VV ECMO combined with Dex alleviate oleic acid-induced lung injury. Representative HE staining image (A). Lung 
injury scores in the three subject groups based on HE staining (B). Evaluation of oedema (C) by lung wet/dry ratio and 
exudation (D) by BAL protein concentration. The level of alveolar injury biomarker SP-D (E) and sRAGE (F) in the serum. 
Arterial blood PaO2 and PaCO2 (G, H). The data shown are the mean±SD. Normality was analysed by Kolmogorov-Smirnov 
test. If the data were normally distributed, statistical significance was analysed by Student’s t-test, otherwise, a non-
parametric Kolmogorov-Smirnov test was applied; ns=not significant, *p<0.05, **p<0.01, ***p<0.001. BAL, bronchoalveolar 
lavage; Dex, dexamethasone; PaCO2, arterial carbon dioxide tension; PaO2, arterial oxygen tension; SP-D, surfactant 
protein-D; sRAGE, soluble receptor for advanced glycation end products; VV ECMO, venovenous extracorporeal membrane 
oxygenation.
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significant. Statistics and graphical representations were 
performed using GraphPad Prism V.8.0 (Graph Pad Soft-
ware, San Diego, California, USA).

RESULTS
VV ECMO combined with Dex alleviate OA-induced lung injury
We chose injection of OA in rats to mimics the case 
of ALI as previously described.21 Animals developed 
severe hypoxaemia 1 hour following OA injection 
and were given ECMO treatment (ECMO group) and 
ECMO combined with Dex treatment (ECMO+Dex 
group). The Serum, BAL fluid and lung tissue 
were collected after 3 hours. The study protocol 
is illustrated in figure  1A. Mean arterial pressure 
(MAP) and heart rate were recorded to evaluate the 
haemodynamic state every 30 min (figure  1B,C). 
The MAP is significantly higher in the ECMO+Dex 
group compared with ECMO group when ECMO 
support started. However, there is no significant 
difference in heart rate. Pathological examina-
tion showed that the integrity of alveolar exudate, 
hyaline alveolar membrane and alveolar septum was 
better in the ECMO+Dex group than in the ECMO 
group (figure  2A). However, there is no significant 
difference in lung injury score between ECMO and 
ECMO+Dex group (figure  2B). The lung wet/dry 
ratio indicated that ECMO+Dex had similar pulmo-
nary oedema as well (figure  2C). The disruption of 
the alveolar septal barrier has been demonstrated 
to increase protein exudation, we detected protein 
content of BAL and found that protein content was 
significantly lower in the ECMO+Dex group than 
ECMO group (figure 2D). Both sRAGE and SP-D are 
biomarkers of alveolar epithelial injury and endothe-
lial dysfunction.23 In our study, we found the serum 
level of sRAGE and SP-D were significantly higher 
in the ECMO group (figure  2E,F), indicating lung 
injury is more severe in the ECMO group. However, 
there is no significant difference between ECMO and 
ECMO+Dex group in arterial oxygen tension/FiO2 
and arterial carbon dioxide tension (figure  2G,H). 
In general, these results demonstrate that ECMO 
combined with Dex could alleviate OA-induced lung 
injury to some extent.

VV ECMO combined with Dex reduced pulmonary 
inflammation
The pathogenesis of ALI is associated with severe inflam-
mation within the lung which results in excessive neutro-
phil infiltration and the release of inflammatory cytokines. 
IHC staining revealed a greater number of MPO-positive 
neutrophil infiltrations in the ECMO group compared 
with ECMO+Dex group (figure 3A,B). Furthermore, the 
levels of proinflammatory cytokines including tumour 
necrosis factor-α (TNF-α), interleukin-6 (IL-6), and inter-
leukin-8 (IL-8) in the lung were significantly reduced in 
the ECMO+Dex group (figure 3C–E). However, the level 

of anti-inflammatory cytokine IL-10 was significantly 
higher in the ECMO+Dex group than ECMO group 
(figure  3F). We further measured the levels of TNF-α, 
IL-6, IL-8 and IL-10 in the BAL. And we found similar 
results that Dex reduced TNF-α, IL-6, IL-8 and raised 
IL-10 levels in the BALF (figure  3G–J). These findings 
indicate that VV ECMO in conjunction with Dex mark-
edly diminished pulmonary inflammation associated 
with ALI and that Dex exerts a potent anti-inflammatory 
effect.

VV ECMO combined with Dex protects alveolar epithelial cells 
by activation of Hippo/YAP signalling
In our previous study, we found VV ECMO protects 
against lung injury by activating the Hippo/Yap 
signalling pathway.18 Previous study showed that Dex 
can significantly activate Yap expression.19 There-
fore, we hypothesis VV ECMO combined with Dex 
could protect alveolar epithelial cells by activation 
of Hippo/YAP signalling. Alveolar epithelial injury is 
caused by lung damage and recovery requires alveolar 
epithelial repair. First, we examined the expression 
of AQP5 which is an alveolar epithelial type I (AT1) 
cell-specific marker and SP-C, an alveolar epithelial 
type II (AT2) cell-specific marker by western blots 
(figure 4A). We found the relative expression of AQP5 
and SP-C was significantly higher in the ECMO+Dex 
group than in the ECMO group (figure 4B). In addi-
tion, immunofluorescent staining also confirmed 
ECMO combined with Dex enhanced the number 
and structure of AT1 and AT2 (figure 4C). YAP was 
a critical regulator in the Hippo/YAP signalling 
pathway for cell proliferation and differentiation. 
We examined the expression of YAP by western blots 
and qPCR, and we found that the relative expression 
of AQP5 and SP-C was significantly higher in the 
ECMO+Dex group (figure 4D,E). Further, qPCR anal-
ysis revealed that the relative expression of Yap and 
its downstream gene Ctgf were significantly upreg-
ulated in the ECMO+Dex group (figure  4F). These 
results demonstrate that VV ECMO combined with 
Dex protects alveolar epithelial cells by activating 
Hippo/Yap signalling.

VV ECMO combined with Dex promote Yap-mediated AT2 
differentiation
The repair of alveolar epithelium is mainly achieved 
by the differentiation of AT2 cells into AT1 cells. 
YAP is a critical downstream effector in the Hippo 
signalling cascade and plays a crucial role in alveolar 
epithelial healing. By IF colocalisation, we found the 
number of Yap+SPC+ cells was significantly higher 
in the ECMO+Dex group (figure  5A,B). What is 
more, we measured the AT2 intermediate cell state 
in sectioned lungs by two markers with transitory 
expression patterns, Claudin 4 and Keratin 8, which 
are known to characterise this transitional AT2 cell 
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Figure 3  VV ECMO combined with Dex reduced pulmonary inflammation. Representative MPO immunohistochemical 
staining image (A) and comparison of MPO positive cells in the three subject groups (B). The level of TNF-α, IL-6, IL-8, 
and IL-10 in the lung (C–F). The level of TNF-α, IL-6, IL-8, and IL-10 in the BAL (G–J). The data shown are the mean±SD. 
Normality was analysed by Kolmogorov-Smirnov test. If the data were normally distributed, statistical significance was 
analysed by Student’s t-test, otherwise, a non-parametric Kolmogorov-Smirnov test was applied; ns=not significant, *p<0.05, 
**p<0.01, ***p<0.001. BAL, bronchoalveolar lavage; Dex, dexamethasone; VV ECMO, venovenous extracorporeal membrane 
oxygenation.
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Figure 4  VV ECMO combined with Dex protects alveolar epithelial cells by activation of Hippo/YAP signalling. 
Representative image of western blot bands (A) and relative expression of AQP5 and SP-C (B). Representative confocal 
images of AT1 and AT2 in two subject groups (C). Representative image of western blot bands (D) and relative expression of 
Yap by western blot and qPCR (E). Downstream Yap expression including Yap, Cyr61 and Ctgf in the ECMO and ECMO+Dex 
groups detected via qPCR (F). The data shown are the mean±SD. Normality was analysed by Kolmogorov-Smirnov test. If 
the data were normally distributed, statistical significance was analysed by Student’s t-test, otherwise, a non-parametric 
Kolmogorov-Smirnov test was applied; ns=not significant, *p<0.05, **p<0.01, ***p<0.001. Dex, dexamethasone; VV ECMO, 
venovenous extracorporeal membrane oxygenation.
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Figure 5  VV ECMO combined with Dex promote Yap-mediated AT2 differentiation. Representative confocal images of 
Yap+AT2 cell (A) and quantification of Yap+SPC+ cell in the ECMO and ECMO+Dex group (B). Representative confocal images 
of Claudin4+AT2 and Keratin8+AT2 cell (C), and quantification of Claudin4+SPC+ cell and Keratin8+ SPC+ in the ECMO and 
ECMO+Dex group (D). The data shown are the mean±SD. Normality was analysed by Kolmogorov-Smirnov test. If the data 
were normally distributed, statistical significance was analysed by Student’s t-test, otherwise, a non-parametric Kolmogorov-
Smirnov test was applied; ns=not significant,.***p<0.001. Dex, dexamethasone; ns, not significant; VV ECMO, venovenous 
extracorporeal membrane oxygenation.
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state in particular. We found both Claudin 4+ SPC+ 
cells and Keratin 8+ SPC+ cells were more frequent in 
the ECMO+Dex group (figure  5C,D). These results 
indicated that Dex could promote Yap-mediated AT2 
differentiation, which might associated with alveolar 
epithelium regeneration and recovery. To further 
confirm the role of Yap in the process of AT2 differ-
entiation. We conducted an in vitro experiment 
with A549 and found that Dex could significantly 
increase the expression levels of Yap, Claudin-4 and 
Keratin-8. And, Yap siRNA significantly decreased 
the protein expression of Yap, Claudin-4, Keratin-8 
(online supplemental figure 1A-C), the mRNA level 
of Cyr61, Ctgf, and Ankrd in A549 cells also statistically 
decreased (online supplemental figure 1D). These 
results indicate that VV ECMO combined with Dex 
could promote Yap expression in AT2 cells, which 
might be associated with alveolar regeneration and 
recovery.

DISCUSSION
Although both VV ECMO and Dex are effective solu-
tions for patients with ALI/ARDS, whether adjuvant Dex 
administration during ECMO support could reduce lung 
injury remains unknown. In this present study, we aimed 
to investigate the combined effects of VV ECMO and 
Dex on lung injury, inflammation, alveolar regeneration, 
and its underlying mechanism in ALI rats induced by 
OA. We found that adjuvant Dex administration signif-
icantly reduced lung injury and pulmonary inflamma-
tion during VV ECMO. Both inflammatory cytokines and 
neutrophil infiltrations were significantly decreased in 
the ECMO+Dex group. We further explored the mech-
anism behind this and discovered Dex combined with 
VV ECMO activate Hippo/Yap signalling pathway in AT2 
cells which increased the ability of AT2 cells to proliferate 
and differentiate into AT1 cells.

Various clinical conditions, including trauma, aspira-
tion, sepsis and pneumonia, could cause ALI and its crit-
ical condition ARDS.2 3 24 The pathophysiology of ALI/
ARDS is complex, and our understanding of it is incom-
plete. However, one thing is certain: proinflammatory 
cytokines and interconnected inflammatory cascades are 
important for the inflammatory response.6 As a result 
of this inflammatory response, injuries on the alveolar 
epithelial cells and capillary endothelial cells, resulting 
in the permeability of alveolar capillaries increases, 
diffuse pulmonary interstitial and alveolar oedema, even-
tually causing acute hypoxic respiratory insufficiency.25 26 
Although VV ECMO improves oxygenation by efficiently 
supplying more oxygen with minimal mechanical ventila-
tion, enabling the lung to rest and avoid cyclic stretching, 
thereby facilitating structural reparation and func-
tional restoration of the lungs.27 The ECMO circuit and 
membrane oxygenator need to be primed with blood 
products. The contact between the blood products and 
the biomaterials of the circuit initiates a blood–surface 

interaction, resulting in the release of inflammatory medi-
ators such as interleukins and tumour necrosis factor.11 28 
These circulating inflammatory mediators are known to 
cause endothelial cell injury and subsequent capillary 
leak.29 30 Therefore, adjuvant anti-inflammatory therapy 
during VV ECMO might further enhance its efficiency.

For the study of molecular changes, it is necessary to 
establish a small animal model that is more portable, effi-
cient and economical. Rats have multiple advantages as 
animal models of human conditions, including anatom-
ical structures almost identical to their human counter-
parts, small volume, low cost and relatively easy handling 
compared with large animal models. Lipopolysaccharide 
and OA were commonly used to induce ARDS in animal 
models, which differs highly from the common causes 
in humans such as infection and trauma. However, we 
have chosen an OA model in our study. Several studies 
reported that the blood level of OA was significantly 
elevated, and the proportion of OA incorporated into 
surfactant phospholipids was also increased.31 32 So, to 
simulate the clinical pathological state of ARDS to the 
greatest extent, we used intravenous OA model to induce 
ARDS.

In our experimental study, the protein content of 
BAL was significantly decreased in rats with adjuvant 
Dex therapy during VV ECMO. What is more, the 
serum levels of sRAGE and SP-D which indicate lung 
injury were also reduced significantly. Previous studies 
have already confirmed VV ECMO could alleviate lung 
injury.33 This implies that adjuvant Dex could improve 
the efficiency of VV ECMO to minimise lung injury. Dex 
has an anti-inflammatory effect, stabilises endothelial 
cell membranes and increases surfactant production.34 35 
All of these effects could potentially improve pulmonary 
function. The study by Lester et al found that Dex reduces 
the severity of ARDS and improves patient prognosis with 
its potential to reduce inflammation in the lungs.36 What 
is more, previous animal studies found serum TNF-α, 
IL-6 and VEGF levels of rats treated with OA and Dex 
were significantly lower than those of rats receiving only 
OA.37 Similarly, in our experiment, we found the lung 
tissue and BAL levels of TNF-α, IL-6 and IL-8 were signif-
icant decreased in rats with adjuvant Dex administration. 
Previous research has found that high levels of neutro-
phil entrapment in the alveolar region are substantially 
linked to high mortality in ALI cases.38 In our study, the 
neutrophil infiltrations significantly decreased when rats 
received Dex at a dose of 1 mg/kg, this indicates Dex 
could improve the efficiency of VV ECMO by reducing 
pulmonary inflammation.

In our previous study, we found that VV ECMO protects 
against lung injury by activating the Hippo/Yap signal-
ling pathway.18 The Hippo/Yap signalling pathway plays a 
crucial role in alveolar regeneration. It is activated by the 
YAP transcriptional coactivator, whose biological activity 
is mediated by the conserved transcriptional enhanced 
associate domain (TEAD) family transcription factors.39 
Hippo pathway-responsive genes require the regulated 
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interaction of YAP and TEAD. Previous studies have 
reported Dex could activate the expression of Yap.19 40 
Therefore, adjuvant Dex may activate the Hippo/YAP 
signalling pathway to promote alveolar regeneration and 
reduce lung injury. The dosage of Dex is 1 mg/kg, when 
compared with standard clinical practice, this seems 
like a very high dose. However, for patients with ARDS, 
the main purpose of Dex management was to alleviate 
inflammatory response. In this study, we focused on Dex 
as a YAP agonist, and a study by Sorrentino et al reported 
Dex was given 20 mg/kg to investigate YAP activation and 
breast cancer19; Gong et al found Dex activated YAP and 
TAZ and led to improved neurologic function at a dosage 
of 50 mg/kg.40 Therefore, we chose a 1 mg/kg dosage 
based on literature and preliminary experiment results. 
Our study found the Hippo/YAP signalling pathway was 
activated, and the expression of Yap was significantly 
upregulated. In the alveolar epithelium, there are only 
two types of cells: AT1 and AT2.41 Previous studies have 
shown that OA damages epithelial cells.42 Alveolar regen-
eration occurs in many mammals after ALI, and AT2 
could promptly proliferate and transdifferentiate into 
AT1 to replace damaged AT1.43 44 YAP was discovered 
to be a critical regulator in AT2 cell proliferation and 
differentiation, with the Hippo/YAP signalling pathway 
playing a critical role.45 46 We found adjuvant Dex during 
VV ECMO enhanced the number and structure of AT1 
and AT2 in our study. As previous studies reported the 
presence of alveolar regeneration in ARDS patients with 
ECMO support only.47 48 VV ECMO combined with Dex 
may enhance the process of lung regeneration in ALI/
ARDS patients.

The repair of alveolar epithelium is mainly achieved by 
the differentiation of AT2 cells into AT1 cells. YAP is also 
required for AT2 cell proliferation and differentiation 
in response to mechanical strain in the lungs, according 
to research on pneumonectomy-induced alveolar regen-
eration.33 46 Similarly, we found the upregulated Yap 
was mainly in AT2 cells, and the AT2 intermediate cell 
state was more frequent in ECMO+Dex group. In vitro, 
we found Dex could significantly increase the expres-
sion levels of Yap, Claudin 4 and Keratin 8. However, the 
expression of Yap, Claudin-4, Keratin-8, Cyr61, Ctgf and 
Ankrd was significantly decreased after we knock down 
Yap by siRNA. These results indicate Dex could activate 
Hippo/Yap signalling pathway and YAP plays a crucial 
role in AT2 differentiation. A previous clinical study also 
found that the Dex given during the first 3 days of ECMO 
results in significant improvement in lung injury scores 
in infants.48 Therefore, the findings of this study may 
provide some guidance for future clinical trials.

The essential function of the lung is oxygen 
exchange. Meanwhile, constant exposure to the 
external environment makes the lungs more vulner-
able, leading to injury and diseases. Alveolar regen-
eration is critical for maintaining the integrity of 
the alveolar epithelial barrier and a sufficient gas 
exchange surface. Lineage tracing studies have 

found that AT2 cells can self-renew and differentiate 
into AT1 cells in the alveolar epithelium. However, 
the time scale of the alveolar regeneration process 
remains to be determined, and how long it takes to 
regenerate the alveoli and restore the lung remains 
unclear. The time point of euthanasia was relatively 
early, with 3 hours of experiment in our study, which 
is a significant limitation of this study. Nevertheless, 
we found adjuvant Dex during VV ECMO might 
promote alveolar regeneration and AT2 differentia-
tion. This indicates the process of alveolar regener-
ation could be started at an early stage. For clinical 
practice, the duration of VV ECMO often lasts much 
longer, further investigations of longer experiment 
time are warranted to draw meaningful conclusions 
about alveolar regeneration.

This study has some limitations as well. First, we used 
OA-induced lung damage, which is not the same as the 
mechanisms seen in various human insults. Second, only 
male animals were used in our study, the results and their 
implications for females are still unknown. Finally, Dex 
was given by single dose with VV ECMO support was only 
last for 3 hours to avoid pump-related blood damage.

CONCLUSIONS
In this study, we investigated the efficiency of adju-
vant Dex during VV ECMO in ALI rats induced by 
OA. Dex alleviates OA-induced lung injury and 
pulmonary inflammation, and the underlying mecha-
nism could be the activation of Hippo/Yap signalling 
pathway to promote alveolar regeneration and AT2 
differentiation. Dex could improve the efficiency of 
VV ECMO and reduce lung injury in rats to some 
extent.
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