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ARTICLE INFO ABSTRACT

Keywords: Endothelial cell (EC) barrier dysfunction and increased adhesion of immune inflammatory cells to ECs crucially

ACE2 contribute to acute lung injury (ALI). Angiotensin-converting enzyme 2 (ACE2) is an essential regulator of the

FAK renin-angiotensin system (RAS) and exerts characteristic vasodilatory and anti-inflammatory effects. SARS-COV-

/]::\rljdcz)lt;nal cells 2 infects the lungs by binding to ACE2, which can lead to dysregulation of ACE2 expression, further leading to

Acute lung injury ALI with predominantly vascular inflammation and eventually to more severe acute respiratory distress syn-
drome (ARDS). Therefore, restoration of ACE2 expression represents a valuable therapeutic approach for SARS-
COV-2-related ALI/ARDS. In this study, we used polyinosinic-polycytidylic acid (Poly(1:C)), a double-stranded
RNA analog, to construct a mouse ALI model that mimics virus infection. After Poly(I:C) exposure, ACE2 was
downregulated in mouse lung tissues and in cultured ECs. Treatment with DIZE, an ACE2-activating compound,
upregulated ACE2 expression and relieved ALI in mice. DIZE also improved barrier function and reduced the
number of THP-1 monocytes adhering to cultured ECs. Focal adhesion kinase (FAK) and phosphorylated FAK (p-
FAK) levels were increased in lung tissues of ALI mice as well as in Poly(I:C)-treated ECs in vitro. Both DIZE and
the FAK inhibitor PF562271 decreased FAK/p-FAK expression in both ALI models, attenuating ALI severity in
vivo and increasing barrier function and reducing monocyte adhesion in cultured ECs. Furthermore, in vivo
experiments using ANG 1-7 and the MAS inhibitor A779 corroborated that DIZE-mediated ACE2 activation
stimulated the activity of the ANG 1-7/MAS axis, which inhibited FAK/p-FAK expression in the mouse lung.
These findings provide further evidence that activation of ACE2 in ECs may be a valuable therapeutic strategy for
ALL

1. Introduction (cytokine storm), vascular hyperpermeability, and ultimately overt

vasculopathy that exacerbates ALI symptoms [6,7]. Therefore, targeting

Acute lung injury (ALI) is a clinical syndrome characterized by
hypoxemia, respiratory distress, and noncardiogenic pulmonary edema
[1]. The key pathological cause of ALI is pulmonary endothelial cell (EC)
dysfunction [2,3]. In ALL, an excessive inﬂammatory response promotes
EC activation and recruitment and infiltration of inflammatory cells,
such as neutrophils and monocytes, leading to disruption of the endo-
thelial barrier function [4,5]. It has been shown that SARS-COV-2 causes
ALI, which may worsen to acute respiratory distress syndrome (ARDS),
by triggering vascular EC dysfunction leading to immune cell adhesion,
thrombosis, uncontrolled production of pro-inflammatory factors

ECs to prevent the adhesion and infiltration of immune inflammatory
cells and to restore barrier integrity represents a strong strategy for
developing ALI therapies. Poly(I:C) is a synthetic double-stranded RNA
analog that is commonly used to mimic viral infections. It stimulates
interferon (IFN) expression, thus exerting antiviral effects, and it also
induces an over-immune response to promote inflammation and it is
experimentally used to study virus-associated inflammatory responses
[8,9]. Numerous studies demonstrated that Poly(I:C) induces virus-like
inflammation in neural, liver, and lung/airway tissues [10-13]. In our
laboratory, we have successfully constructed a mouse ALI model using
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Table 1
Sequence of si-RNA.
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Table 2
Sequence of primer for RT-PCR.

Product code Product name Product sequence Gene Forword primer (5-3") Reverse primer (5-3")

stBO0O00153A genOFFTM st-h-MAS1_001 AGAGTCACTCTCGGAATGA GAPDH CCACCTTCGATGCCGGGGCTG GGCTCCCTAGGCCCCTCCTGTT

stB0000153B genOFFTM st-h-MAS1_002 AGTAGCGCCAACCCTTTCA TNF-a AAAAGCAAGCAGCCAACCAG AGTGCCTCTTCTGCCAGTTC
IL-6 TCTATACCACTTCACAAGTCGGA GAATTGCCATTGCACAACTCTTT
IL-8 GGAATTTCCACCGGCAATGA CTGCCTGTCAAGCTGACTTC

Poly(I:C) [14].

ACE2, a homologue of the angiotensin-converting enzyme (ACE), is
widely expressed in many cells and tissues, including ECs [15]. ACE2
exerts multiple cellular functions and affects the balance of the renin-
angiotensin system (RAS) by converting angiotensin II (ANG II) to
angiotensin 1-7 (ANG 1-7) [16]. Unlike ANG II, ANG 1-7 has vaso-
dilatory, anti-fibrotic, and anti-inflammatory actions, and disrupted
ACE2 expression is associated with inflammatory and fibrotic responses
in tissues and cells [17,18]. Notably, ACE2 acts also as an essential re-
ceptor for SARS-COV-2 infection. At the early stage, the latter promotes
an increase in ACE2 expression on the surface of human airway
epithelial cells, which facilitates systemic dissemination of the virus
through the respiratory tract [19]. However, as the infection progresses,
cell surface ACE2 expression is decreased via internalization and shed-
ding mediated by activation of a disintegrin and metalloproteinase 17
(ADAM17) [20]. Studies have shown that SARS-COV-2 triggers also
vascular EC injury upon binding to ACE2 proteins on the EC surface,
which decreases ACE2 expression [21]. Moreover, ACE2 expression and
enzymatic activity are ultimately reduced in ALIL this leads to dysre-
gulation of the local RAS environment, with disruptive effects on EC
function [20,22].

Diminazene aceturate (DIZE) and MLN-4760 are synthetic small
molecule drugs that specifically promote and inhibit, respectively, ACE2
protein expression. DIZE was shown to exert protective effects in animal
models of hypertension and myocardial infarction [23,24]. Although
direct experimental evidence is still lacking, DIZE has been also sug-
gested as a candidate drug for the treatment of complications due to
SARS-COV-2 infection [25]. Therefore, investigating the effects of DIZE-
mediated upregulation of ACE2 on ALlI-related EC dysfunction may
provide a new therapeutic strategy to treat SARS-COV-2-induced ALI/
ARDS.

Focal adhesion kinase (FAK) is a tyrosine protein kinase involved in
the regulation of cell growth, cell migration, and epithelial/endothelial
barrier function [26-29]. In melanoma and gastric cancer models,
increased FAK expression promotes tumor cell migration and prolifer-
ation [30,31]. During TNF-a-induced inflammation of ECs, FAK binds to
paxillin and promotes neutrophil migration across the endothelium and
toward the lesion, which can be blocked by inhibiting either FAK or
paxillin [32]. FAK and its phosphorylated form (p-FAK) are both
increased during reactive oxygen species (ROS)-induced disruption of
EC barrier function [33]. Several potent and specific small molecule FAK
inhibitors have been developed, with a large body of evidence sug-
gesting that they can inhibit the proliferation and migration of tumor
cells [34,35]. PF562271 is a safe, potent, and specific FAK inhibitor; it is
therefore of interest to explore whether PF562271 can be used to treat
AlLl-related EC dysfunction [36]. ACE2 directly binds to integrins, the
upstream activators of FAK, to regulate FAK expression [37]. Thus, the
regulation of the RAS by ACE2 is closely related to modulation of FAK
expression/activity. ANG II promotes FAK/p-FAK expression during the
pathogenesis of intestinal and cardiovascular diseases [38-40]. Since
ACE2 hydrolyzes ANG II to generate ANG 1-7, it is hypothesized that
ACE2 activity would have a suppressing effect on FAK. However,
whether ACE2 can inhibit the expression and phosphorylation of FAK in
animal and EC models of ALI remains to be proved.

In the present study, we used a mouse model of Poly(I:C)-induced
ALI and Poly(I:C)-treated human ECs to investigate whether the ACE2
activator DIZE can ameliorate ALI, improve EC barrier function, and
reduce inflammatory immune cell adhesion to ECs. In addition, the
regulatory effects of the ACE2 inhibitor MLN-4760 and the FAK

inhibitor PF562271 on the ANGI1-7-MAS axis and on FAK/p-FAK
expression were assessed in both experimental models. Our findings
suggest that pharmacological activation of ACE2 in combination with
FAK suppression may be a valid therapeutic strategy to treat ALI/ARDS.

2. Materials and methods
2.1. Experimental animals

C57BL/6 mice (SKbex Biotech, Henan, China) weighing 18-25 g and
aged 7-8 weeks were used in this study. Mouse airway injection of
Polyinosinic: polycytidylic acid (Poly(I:C); APExBIO, Houston, TX, USA)
was used to construct an ALI model. To this end, mice were anesthetized,
the trachea was incised, and Poly(I:C) (2.5 mg/kg) was injected for 6 h.
PF562271 (10 mg/kg; Beyotime, Shanghai, China), ANG 1-7 (0.06 mg/
kg; MedChemExpress, Monmouth Junction, NJ, USA), and A779 (10 pug/
kg; MedChemExpress) were injected 24 h prior to Poly(I:C) adminis-
tration. Diminazene aceturate (DIZE, 15 mg/kg; MedChemExpress) and
MLN-4760 (1 mg/kg; MedChemExpress) were injected 12 h prior to Poly
(I:C) injection. The number of mice receiving individual drugs or drug
combinations was in each case 4 (n = 4 per group). After treatment,
mouse lung tissues were collected and processed for downstream assays.
This study was performed following the China Council on Animal Care
and Protocol guidelines. In addition, the procedures for animal care and
use were approved by the Ethics Committee of Bengbu Medical College
(2021-003), and all applicable institutional and governmental regula-
tions concerning the ethical use of animals were followed.

2.2. Cell culture and siRNA transfection

Human umbilical vein endothelial cells (HUVECs) and human
monocytic leukemia cells (THP-1 cells) were obtained from our labo-
ratory. HUVECs were cultured in high-sucrose DMEM (Gibco, Waltham,
MA, USA) containing 10 % FBS (Gibco) at 37 °C and 5 % CO,. THP-1
cells were cultured in RPMI-1640 medium (Gibco) containing 10 %
FBS at 37 °C and 5 % CO,. Cells were cultured in plates of different sizes.
Poly(I:C) (10 pg/ml) was utilized to simulate an ALI environment in
vitro for 48 h. DIZE (10 uM) and MLN-4760 (10 pM) were added 12 h
after the addition of Poly(I:C). ANG 1-7 (80 nM) and PF562271 (25 pg/
ml) were added 24 h after addition of Poly(I:C). Transient si-RNA
transfection procedures were performed in HUVECs 6 h prior to incu-
bation with Poly(I:C). Table 1 lists the si-RNA sequences (RiboBio,
GuangZhou, China) used for transfection.

2.3. Western blotting

Lung tissue lysates and cultured cell lysates were generated in 1 ml of
tissue lysis buffer (RIPA and PMSF, 1:100) (Beyotime) and supernatants
obtained by centrifugation (4 °C, 16,543 x g for 5 min) for immuno-
blotting experiments. The samples were loaded onto SDS-
polyacrylamide gels, separated by electrophoresis, and transferred to
nitrocellulose membranes. After blocking with skim-milk, primary an-
tibodies specific for ACE2 (221115-1-AP, AB_10732845, Proteintech
Group, Rosemont, IL, USA), FAK (66258-1-IG, AB_2881646, Proteintech
Group), p-FAK (8556, AB_10891442, Cell Signaling, Boston, MA, USA),
ANG 1-7 (MAS085Ge21, CLOUD-CLONE CORP, Houston, TX, USA),
MAS (20080-1-AP, AB_10665372, Proteintech Group), GAPDH
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Fig. 1. DIZE-induced ACE2 expression alleviates ALI in Poly(I:C)-treated mice. (A) Western blot analysis of ACE2 expression in the lungs of vehicle-treated control
(NC) and Poly(I:C)-treated (ALI) mice (n = 8 per group). (B) ACE2 Enzymatic Activity changes in lung tissues of Poly(I:C)-treated mice treated with DIZE and MLN-
4760 (n = 4 per group). (C) Western blot analysis of ACE2 expression in lung tissues of Poly(I:C)-treated (ALI) mice treated with DIZE and MLN-4760 (n = 4 per
group). (D) Histopathological changes and lung injury scores in DIZE- and MLN-4760-treated mice. (E, F) Lung wet/dry weight ratio estimations and BALF total
protein concentration changes in DIZE- and MLN-4760-treated mice. (G) Analysis of TNF-a, IL-6, and IL-8 mRNA expression in lung tissues from DIZE- and MLN-
4760-treated ALI mice (n = 4 per group). (H) ELISA was used to detect the levels of TNF-a, IL-6, and IL-8 expression in lung tissues of Poly(I:C)-treated mice
Ereated with DIZE and MLN-4760 (n = 4 per group). *P < 0.05; **P < 0.01; ***P < 0.001.

(60004-1-Ig, AB_2107436, Proteintech Group), and o-TUBULIN
(66031-1-Ig, AB_11042766, Proteintech Group) were added overnight
at 4 °C. This was followed by incubation with horseradish peroxidase
(HRP)-coupled sheep anti-mouse or rabbit secondary antibodies at room
temperature for 2 h. Finally, ECL images were taken after signal devel-
opment using a BeyoECL Moon Kit (Beyotime). Protein band density
detection was performed using ImageJ software.

2.4. Lung histopathology

Lung tissues were collected and fixed in 5 % paraformaldehyde, cut
into 5-pm-thick sections, stained with hematoxylin and eosin, and
visualized by light microscopy. Scoring of histopathological findings
was performed using the ATS standard.

2.5. Lung wet/dry weight ratio

After euthanasia, mouse lungs were rapidly excised and their weight
recorded as wet weight. The lungs were dried at 60 °C for 72 h, after
which dry weights were recorded for estimations of lung wet/dry weight
ratios.

2.6. Collection of bronchoalveolar lavage fluid (BALF) and total protein
analysis

Following thoracotomy, the mouse trachea was cut open and the
BALF was collected by repeatedly rinsing the lungs with PBS. The
samples were centrifuged at 1000g for 10 min at 4 °C and the super-
natants and precipitates collected. Total protein concentration in BALF
samples was determined with a BCA kit (Beyotime).

2.7. RNA isolation and quantitative RT-PCR

Lung tissues or cells were lysed with total RNA Isolation Reagent
(Biosharp, Hefei, China) and corresponding total RNA contents isolated
by chloroform extraction and isopropanol-ethanol precipitation. The
RNA was reverse-transcribed into cDNA using a BeyoRT™ II cDNA First
Strand Synthesis Kit (Beyotime). cDNA samples were subjected to real-
time PCR amplification using ChamQ Universal SYBR Master Mix re-
agent (Vazyme, Nanjing, China), which was configured using qPCR
Master Mix (Vazyme). The expression of target genes (Table 2) was
normalized to that of control samples, and fold change expression was
calculated using the 27244C, method, with GAPDH as an internal control.
All experiments were performed in triplicate.

2.8. Cell viability assay

HUVECs were collected during the logarithmic growth phase and
seeded into 96-well plates at a density of 2 x 10* cells/well (200 ul of
cell suspension per well). Cells were incubated in a 37 °C/5% CO,
incubator. After adhesion to the dish surface, cells were treated with
0 (control), 0.1, 1, 10, 25, or 100 pg/mL Poly(I:C). After an additional
24-h incubation, the culture medium was discarded, 20 pl of CCK-8
solution (Beyotime) was added to each well, and absorbance was
detected after 30 min of incubation at 37 °C, 5 % CO5 in a microplate
reader. Cell viability = (OD value of experimental group - OD value of
blank group)/(OD value of control group - OD value of blank group) x
100 %.

2.9. ACEZ2 enzymatic activity assay

Activity of ACE2 in cell and lung tissue were measured by ACE2
Activity Fluorometric Assay Kit (Beyotime), which utilizes the ability of
an active ACE2 to cleave a synthetic MCA based peptide substrate to
release a free fluorophore. HUVEC treated in different groups were
treated according to the instructions of the ACE2 Activity Fluorometric
Assay Kit and proportionally prepared into a total volume of 98 pl of
reaction system. The samples to be tested and different concentrations of
standards were added into a black 96-well plate at the same time, and
then the fluorescence intensity was detected under the following con-
ditions: the temperature was 37 °C, the excitation wavelength was 325
nm, the emission wavelength was 393 nm, and the data were read every
10 min for a total of 60 min. The standard curve was set according to the
fluorescence intensity of different concentrations of standards. ACE2
activity was measured as: ACE2 activity (nmol/min/mg or U/mg) = A X
dil/(Vsample x T x C), where A is the amount of MCA generated
(calculated by using the standard curve), dil is the dilution degree of the
sample, Vsample is the volume of sample, T is the reaction temperature,
C is the concentration of the sample.

2.10. Engyme-Linked immunosorbent assay (ELISA)

TNF-a, IL-6 and IL-8 in the lung tissue homogenate were detected
using Mouse TNF-a ELISA kit (RUIXIN BIOTECH, Quanzhou, China),
Mouse IL-6 ELISA kit (RUIXIN BIOTECH) and Mouse IL-8 ELISA (MEI-
MIAN BIO, Shanghai, China) according to manufacturer’s instructions.

2.11. Monocyte adhesion assay

HUVEGs in the logarithmic growth phase were harvested, inoculated
into 12-well plates and 96-well plates, and allowed to grow to 70 %-80
% confluence, and then grouped for treatment. At this time point, THP-1
cells were collected and incubated with 5 pM calcein-AM (Beyotime) at
37 °C/5% CO5, for 30 min. Labeled THP-1 cells 2 x 10* cells were then
added into the HUVEC cultures established as described above. After 15
min, the wells were rinsed three times with PBS to remove non-adherent
cells. Photographs were taken using a Zeiss Observer Z1 inverted fluo-
rescence microscope, and the number of THP-1 cells per well counted
using Image J. Fluorescence intensity of each well in a 96-well plate was
also detected.

2.12. Transendothelial electrical resistance (TEER) assay

The upper chambers of Transwell inserts (BIOFLI, Guangzhou,
China) were seeded with 2 x 10° HUVECs,/ml (200 pl final volume). The
lower chambers contained 600 pl of high-sucrose DMEM. TEER was
measured 0, 12, 24, 36, 48, 60, and 72 h after seeding using a Millicell
ERS-2 voltohmmeter (Millipore, Billerica, MA, USA). Growth time-TEER
curves were plotted, and the plateau period (48-60 h) was selected for
drug treatments. TEER = (endothelial cell resistance value - basal
resistance value) x Transwell membrane bottom area (0.33 cm?).

2.13. FITC-dextran permeability assay
For EC permeability assays, 200 pl of a suspension of 2 x 10°

HUVECs/ml was added into the upper chambers of Transwell inserts.
The lower chambers contained 600 pl of high-sucrose DMEM. Drug
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Fig. 2. ACE2 upregulation reduces monocyte adhesion and improves barrier function in Poly (I:C)-treated HUVECs. (A) Results of cell viability assays performed in
HUVEC treated with different concentrations of Poly(I:C). (B) The effect of DIZE and MLN-4760 on ACE2 Enzymatic Activity changes in Poly(I:C)-treated HUVECs.
(C) Western blot analyses examining the effect of DIZE and MLN-4760 on ACE2 expression in Poly(I:C)-treated HUVECs. (D) Results of THP-1 cell adhesion assays in
Poly(I:C)-treated HUVEC cultures exposed to DIZE and MLN-4760. (E) Quantification of calcein-AM fluorescence intensity of THP-1 cells that adhered to Poly(I:C)-
treated HUVEC exposed to DIZE and MLN-4760. (F) Growth time-TEER curves recorded in cultured HUVECs (*compared with the NC group). (G) TEER values
recorded in Poly(I:C)-treated HUVECs exposed to DIZE and MLN-4760. (H) Permeability coefficients of FITC-dextran (Pa%) recorded in cultured HUVECs. *P < 0.05;

**P < 0.01; ***P < 0.001. N = 3 independent experiments.

<

treatments were performed on established HUVEC monolayers. After
replacing the culture media in the lower chambers with serum-free,
high-sucrose DMEM, 0.5 mg/ml FITC-dextran (MedChemExpress) pre-
pared in serum-free, high-sucrose DMEM was added to the upper
chambers. After incubation for 1800 sec, media in the upper and lower
chamber were independently transferred to a 96-well plate under light-
avoidance conditions, and the fluorescence intensity of each well
detected in a microplate reader. Permeability was measured as: PA =
[A]l/t x 1/A x V/[L], where [A] represents the fluorescence value of the
lower chamber, t is the incubation time of FITC-dextran (in seconds), A
is the filtered area of FITC-dextran (0.33 cmz), V is the volume of serum-
free medium in the lower chamber, and [L] represents the A value of
fluorescence in the upper chamber. The results were expressed as Pa% =
(Pa value of the test group/Pa value of the control group) x 100 %.

2.14. Statistical analysis

All experiments were performed at least in triplicate, and all values
were expressed as means + SD. Statistical analyses were performed
using GraphPad Prism 9.3.0 (GraphPad Software) using one-way
ANOVA and Tukey’s post-hoc tests for multiple comparisons. P < 0.05
was considered significant.

3. Results
3.1. Dize-induced ACE2 expression alleviates ALI in mice

To evaluate the potential role of ACE2 in ALI, we first examined
ACE2 expression levels in lung tissue from an ALI mouse model induced
by injection of Poly(I:C) [14]. Western blotting results showed that
ACE2 protein expression was significantly decreased in inflammatory
lung tissues (Fig. 1A). ALI-related ACE2 enzymatic activity decrease and
ACE2 downregulation was inhibited after pre-treatment with the ACE2
activator DIZE, and potentiated after pre-treatment with the ACE2 in-
hibitor MLN-4760 (Fig. 1B and 1C). Suggesting a beneficial role for
ACE2 activation in ALI, and consistent with improved lung injury scores,
histopathological findings showed that DIZE reduced the number of
alveolar cavities, attenuated interstitial congestion and edema, and
reduced the thickness of alveolar wall, the infiltration of inflammatory
cells and erythrocytes into the alveolar interstitium (Fig. 1D). In
contrast, MLN-4760 increased the thickness of alveolar wall, the number
of alveolar cavities, exacerbated interstitial congestion and edema, and
promoted further infiltration of inflammatory cells and erythrocytes
(Fig. 1D). In line with the above findings, DIZE decreased both the lung
wet/dry weight ratio and total BALF protein content in ALI mice,
whereas further increases in both variables were noted after MLN-4760
administration (Fig. 1E and 1F). Highlighting an anti-inflammatory ef-
fect, DIZE decreased also TNF-a, IL-6, and IL-8 mRNA expression and
protein content in lung tissues of ALI mice, whereas the opposite effect
resulted from MLN-4760 treatment (Fig. 1G-H).

3.2. ACE2 improves EC function in lung tissue from ALI mice

Next, HUVECs were selected as a model to simulate ALI-related EC
dysfunction in vitro. To this end, HUVECs were exposed to Poly(I:C) (10
ug/ml, selected after cell viability assays as an optimal, sublethal con-
centration) for 24 h (Fig. 2A). Consistent with the above in vivo results,
after Poly(I:C) stimulation the enzymatic activity and expression of

ACE2 protein was decreased, and this change was respectively reversed
and enhanced after pre-treatment with DIZE and MLN-4760 (Fig. 2B and
2C). To investigate whether Poly(I:C)-mediated ACE2 downregulation
in HUVECs correlated with recruitment of inflammatory cells, the
adhesion of calcein-AM-labeled THP-1 monocytes to HUVEC cultures
was next examined. After Poly(I:C) stimulation, the number and fluo-
rescence intensity of THP-1 cells that adhered to HUVEC cells was
markedly increased. Consistent with a major role of ACE2 in inflam-
matory cell adhesion to activated ECs, this phenomenon was attenuated
and exacerbated, respectively, by pre-treatments with DIZE and MLN-
4760 (Fig. 2D and 2E). Using TEER and FITC-dextran clearance as-
says, we next tested the barrier function of Poly(I:C)-treated HUVECs
grown on Transwell inserts. Preliminary experiments examining the
relationship between HUVEC growth kinetics and TEER development
showed that TEER values remained relatively stable between 48 and 60
h post-seeding (Fig. 2F). During this time window, Poly(I:C) stimulation
decreased TEER values, indicating that barrier integrity was damaged.
Consistent with protective effects, DIZE increased TEER values and thus
improved the EC barrier integrity. Conversely, decreased TEER values,
indicative of barrier integrity disruption, were recorded upon MLN-4760
treatment (Fig. 2G). Finally, the permeability coefficient (Pa%) of
HUVEC monolayers was estimated through FITC-dextran clearance as-
says. Results showed that Pa% increased by 85.96 % after Poly(I:C)
stimulation, decreased by 43.20 % after DIZE incubation, and increased
by 37.10 % after MLN-4760 incubation (Fig. 2H).

3.3. ACE2 alleviates ALI-related EC barrier dysfunction by
downregulating FAK/p-FAK expression

Recent research reported that DIZE inhibits lung p-FAK over-
expression in a mouse model of pulmonary arterial hypertension (PAH)
[41]. Thus, we explored whether DIZE would also modulate FAK/p-FAK
protein expression in ECs stimulated with Poly(I:C). FAK/p-FAK protein
expression and p-FAK/FAK ratio was elevated in HUVECs following Poly
(I:C) stimulation (Fig. 3A). Indicating that ACE2 is involved in the
regulation of FAK expression in ECs, DIZE and MLN-4760 down-
regulated and upregulated, respectively, FAK/p-FAK levels. However,
changes in the p-FAK/FAK ratio were not significantly different in Poly
(L:C)-treated HUVECs exposed to DIZE and MLN-4760 (Fig. 3B). As ex-
pected, treating HUVECs with the FAK inhibitor PF562271 resulted in
decreased FAK/p-FAK protein expression and p-FAK/FAK ratio
(Fig. 3C). Suggesting a critical role for FAK in ACE2-mediated
improvement of ALl-related EC barrier dysfunction, PF562271
enhanced the beneficial effect of DIZE and attenuated the disruptive
effect of MLN-4760 by reducing the number and fluorescence intensity
of adherent THP-1 cells (Fig. 3D and 3E), increasing TEER values, and
decreasing FITC-dextran Pa% by 37.93 % and 47.61 % (Fig. 3F and 3G).

3.4. ACEZ2 reduces ALI in mice by downregulating FAK/p-FAK expression

We then explored the role of decreased FAK/p-FAK expression in the
protective effects of ACE2 on ALI in mice. FAK/p-FAK protein expression
was elevated in ALI mice lung tissues, and this effect was counteracted
and exacerbated, respectively, after pre-treatment with DIZE and MLN-
4760. However, changes in the p-FAK/FAK ratio were not significantly
different in Poly(I:C)-treated mice exposed to DIZE and MLN-4760
(Fig. 4A). In addition, and consistent with the in vitro experiments
described further above, FAK/p-FAK protein expression and p-FAK/FAK
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Fig. 3. ACE2-mediated FAK/p-FAK downregulation reduces monocyte adhesion and improves barrier function in Poly (I:C)-treated HUVECs. (A) Western blot
analysis of FAK/p-FAK expression and p-FAK/FAK ratio in NC and Poly(I:C)-treated HUVECs. (B) Western blot analysis of FAK/p-FAK expression and p-FAK/FAK
ratio in Poly(I:C)-treated HUVECs exposed to DIZE and MLN-4760. (C) Western blot analysis of FAK/p-FAK expression and p-FAK/FAK ratio in NC or PF562271-
treated HUVECs. (D) Effect of PF562271 on the number of THP-1 cells adhering to Poly(I:C)-treated HUVECs exposed to DIZE and MLN-4760. (E) Effect of
PF562271 on the calcein-AM fluorescence intensity of THP-1 cells adhering to Poly(I:C)-treated HUVECs exposed to DIZE and MLN-4760. (F) Effect of PF562271 on
TEER values in Poly(I:C)-treated HUVECs. (G) Alterations in permeability coefficients (Pa%) of FITC-dextran in HUVECs treated with PF562271. *P < 0.05; **P <

0.01; ***P < 0.001. N = 3 independent experiments.

ratio was significantly reduced in mouse lung tissues upon treatment
with PF562271 (Fig. 4B). As expected, PF562271 enhanced the pro-
tective effect of DIZE against ALI by further reducing alveolar wall
thickness alveolar vacuolization, inflammatory and erythrocyte infil-
tration of alveolar interstitium, and interstitial edema and congestion,
and the lung injury score strongly supports this conclusion (Fig. 4C), and
reduced the lung wet/dry weight ratio, BALF’s total protein content, and
TNF-a, IL-6, and IL-8 mRNA expression and protein content (Fig. 4D-G).

3.5. ACE2 decreases endothelial FAK/p-FAK expression by stimulating
the ANG1-7/MAS axis

We next explored the molecular mechanism by which ACE2 down-
regulates FAK/p-FAK protein expression. ACE2 hydrolyzes ANGII to
generate ANG1-7, which binds to downstream MAS receptors to exert
vasculoprotective effects [16]. It was reported that ANG II promotes FAK
expression and activation in intestinal and cardiovascular disease
models [38-40]. Therefore, we tested whether ACE2 downregulates
FAK/p-FAK expression through the ANG1-7-MAS axis. Western blot
analyses in HUVECs indicated that Poly(I:C) treatment downregulated
ANG1-7 and MAS protein expression, and this expression trend was
reversed and enhanced, respectively, by DIZE and MLN-4760 (Fig. 5A
and 5B). To verify the role of the ANG1-7-MAS axis in the down-
regulation of FAK/p-FAK expression mediated by ACE2, HUVECs were
transfected with small interfering RNA (siRNA) targeting MAS (si-MAS)
and subsequently treated with ANG1-7. Western blot results showed that
ANG1-7 inhibited FAK/p-FAK protein expression compared with the
DIZE-treated and MLN-4760-treated groups. However, there was no
significant difference in the change of p-FAK/FAK ratio (Fig. 5C). In
turn, MAS protein downregulation (Fig. 5D), paralleled by upregulated
FAK/p-FAK protein expression (Fig. 5E), were detected via western
blotting in si-MAS-transfected, compared to si-NC-transfected, HUVECs.
However, changes in the p-FAK/FAK ratio were not significantly
different in HUVECs transfected with si-NC and si-MAS.

3.6. ACE2 activates the ANG 1-7/MAS axis and downregulates FAK/p-
FAK expression in lung tissue from ALI mice

Finally, we explored whether ACE2 downregulates FAK/p-FAK pro-
tein expression in vivo through the ANG1-7-MAS axis. Consistent with
the above HUVEC experiments, in Poly(I:C) treated lung tissues ANG1-7
and MAS protein expression was reduced, and this effect was reversed by
DIZE and magnified by MLN-4760 (Fig. 6A and 6B). We further studied
FAK/p-FAK expression after treating mice with ANG1-7 and the MAS
receptor inhibitor A779. Western blot results showed that compared
with the DIZE-treated group, ANG1-7 downregulated, while A779
upregulated, FAK/p-FAK protein expression in the lungs of Poly(I:C)-
treated mice. On the other hand, compared with the MLN-4760-
treated group, FAK/p-FAK protein expression was downregulated by
ANG1-7 and upregulated by A779. However, there was no significant
difference between the effects of ANG1-7 and A779 on the change of p-
FAK/FAK ratio (Fig. 6C and 6D). These findings therefore indicate that
pharmacological activation of ACE2 decreases FAK/p-FAK expression
levels via Ang1-7-Mas axis regulation, leading to improved EC function
and reduced lung damage in ALI mice. A schematic depiction of the
molecular mechanisms intervening in ACE2-mediated ALI attenuation is
shown in Fig. 7.

4. Discussion

Increased expression of adhesion molecules in ECs and impaired EC
barrier function are critical determinants of ALI. The number of leuko-
cytes adhering to ECs is increased during ALIL, which allows leukocyte
migration across the capillary lung endothelium. Concomitantly, an
impaired EC barrier function increases vascular permeability and leads
to alveolar collapse [32,42,43]. SARS-COV-2 infection induces also
platelet activation, triggering a coagulation cascade that accelerates
thrombosis. In this way, and aided by increased vascular permeability, a
vasculopathy develops which ultimately accelerates the development of
ALI [44,45]. Therefore, restoration of EC function represents an enticing
target for ALI treatment.

Poly(I:C), a synthetic analogue of double-stranded RNA, is often
utilized to mimic viral infections, as it leads to activation of immune
responses in cells and tissues [46]. While a normal, mild immune
response typically has an antiviral effect, an excessive immune response
can lead to inflammation [8,9]. Poly(I:C) was shown to induce virus-like
inflammation in neural, liver, and lung/airway tissues [10-13]. Our
previous study showed that Poly(I:C) effectively induces ALI in mice,
and increases the permeability of lung ECs [14]. In our current study, we
observed an increase in the number and fluorescence intensity of THP-1
monocytes adhering to Poly(I:C)-stimulated HUVECs. This was paral-
leled by decreased TEER and increased FITC-dextran clearance in
HUVEC monolayers, indicating that Poly(I:C) leads to inflammatory
immune cell adhesion and increases the permeability of ECs.

Endothelial ACE2 is critically involved in COVID-19-related ALI
[45], as the binding of the RBD sequence of the S protein on the surface
of SARS-COV-2 to ACE2 mediates the entry of the virus into the respi-
ratory tract [47,48]. ACE2 acts as a central regulator of the two major
axes of the RAS system, as it hydrolyzes ANG II, which exerts pro-
inflammatory effects by binding to ATR1, into ANG1-7, which binds
to MAS receptors to exert anti-inflammatory actions [49]. Dysregulation
of ACE2 leads to the disruption of the RAS system and the local micro-
environment, and eventually causes the development of inflammation
[16]. Some studies have shown that abnormal ACE2 expression occurs in
human cells during SARS-COV-2 infection. In airway epithelial cells,
SARS-COV-2 induces interferon (IFN) expression, which in turn pro-
motes ACE2 overexpression. Elevated expression of ACE2 further ac-
celerates the invasion of SARS-COV-2 in a positive-feedback manner
[19]. However, studies have shown that after SARS-COV-2 infection,
ACE2 expression in alveolar ECs is lower than in healthy individuals
[50]. In this regard, evidence shows that ACE2-mediated SARS-COV-2
infection activates ADAM-17, which leads to decreased ACE2 expression
and ultimately causes dysregulation of the RAS system, resulting in se-
vere lung disease [51,52]. Experiments in rodents indicated also that
SARS-COV-2 infection can directly lead to decreased ACE2 expression in
lung tissues, and the use of drugs that increase ACE2 enzyme activity
alleviates lung injury [53]. Given that dysregulation of ACE2 expression
entails deleterious effects on tissues and cells, we hypothesized that
severe EC dysfunction in ALI may be related to dysregulation of ACE2
expression. Our results showed that ACE2 expression and ACE2 enzyme
activity was decreased in both in vivo and cell-based models of ALI
induced by Poly(I:C). This is consistent with changes in ACE2 expression
occurring in ALI models induced by other agents and factors such as LPS,
acid inhalation and sepsis [54-56]. In addition, ACE2 protein expression
is decreased upon development of lung fibrosis and kidney injury
[57,58]. The demonstration that the phenomenon of decreased ACE2 is
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not only seen after SARS-COV-2 infection, but also in several other in-
flammatory diseases, suggests the importance of ACE2 downregulation
in the development of inflammatory conditions.

DIZE, a small-molecule antiprotozoal drug with ACE2 activating
properties [59], was shown to have beneficial effects in experimental
models of hypertension, myocardial infarction, type 1 diabetes mellitus,
and atherosclerosis [23,60,61]. Whereas the therapeutic effects of DIZE
had not been so far tested in animal models of Poly(I:C)-induced ALI,
DIZE was reported to reduce pulmonary fibrosis to alleviate ische-
mia-reperfusion-induced ALI [62,63]. We also used MLN-4760, a highly
specific ACE2 inhibitor [64], to downregulate ACE2 expression in vivo
and in vitro. We confirmed that upregulation of ACE2 expression and
enhancement of ACE2 enzyme activity by DIZE alleviated Poly(I:C)-
induced ALI as evidenced by decreased lung tissue damage, dimin-
ished EC adhesion capacity, and restoration of endothelial barrier
function. In contrast, downregulation of ACE2 expression by MLN-4760
exacerbated Poly(I:C)-induced ALIL, as evidenced by increased lung tis-
sue damage, enhanced EC adhesion capacity, and further disruption of
endothelial barrier function. Therefore, the upregulation of ACE2 by
DIZE may serve as a therapeutic strategy for ALIL

Considering that ACE2 expression in epithelial/endothelial is crucial
for viral respiratory infection and subsequent development of ALI, our
investigation of the molecular mechanisms by which upregulated ACE2
expression alleviates ALI focused on potential changes in EC adhesive
properties and barrier function. The features of focal adhesions (FAs),

12

complex macromolecular structures that tightly connect the cytoskel-
eton of cells to the extracellular matrix, are well established [65]. FAs
regulate important EC activities, including adhesion, migration, prolif-
eration, and barrier function [66]. The composition of FAs, as well as the
signaling pathways mediated by these complexes, are dependent on the
activation of FAK [67]. In pathological conditions, FAK overactivation
triggers cellular dysfunction by altering fundamental cell processes. For
instance, FAK is highly expressed in several tumors, and promotes the
proliferation and migration of melanoma and gastric cancer cells
[30,31]. Inhibition of FAK activation reduces the expression of the cell
surface adhesion molecules ICAM-1 and VCAM-1, which inhibits in turn
inflammatory cell adhesion to ECs [68]. Furthermore, inhibition of FAK
activation promotes the restoration of the endothelial barrier function
and decreases ROS expression and mitochondrial damage in an ische-
mia-reperfusion-treated Bend.3 cell model [69]. In this study, we
showed that ACE2 activation improves EC function and alleviates Poly(I:
C)-induced ALI in mice by reducing FAK/p-FAK protein expression. Our
experiments using ANG 1-7 hinted that this effect is related to mecha-
nisms involved in RAS signaling, in line with evidence that ANGII pro-
motes FAK activation during the development of cardiomyopathy and
cardiovascular disease [38-40]. It is thus apparent that FAK activation
by ANG II contributes to ALI development, which would be restricted by
conversion of ANGII into ANG 1-7 by ACE2 to inhibit FAK activation.
Our results are indeed consistent with those obtained in a rat pulmonary
arterial hypertension (PAH) model, where DIZE inhibited p-FAK protein
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expression [41]. We also showed that ANG 1-7/MAS protein expression
was decreased, along with that of ACE2, in both lung tissue from ALI
mice and in Poly(I:C)-treated HUVECs in culture. In a rat model of
Alzheimer’s disease, DIZE treatment promoted ANG1-7 expression and
activated the MAS receptor, resulting in increase of acetylcholine levels
[70]. Our study showed that the ACE2 activator DIZE upregulated
ANG1-7 and MAS expression and decreased FAK/p-FAK expression both
in lungs from ALI and mice and in Poly(I:C)-treated ECs, indicating a
correlation between ANG 1-7/MAS axis activation and ACE2-induced
FAK/p-FAK downregulation in ALIL

Our studies strongly suggest that FAK is a potential target for the
treatment of ALIL Several small-molecule FAK inhibitors have shown to
specifically suppress FAK expression or activation, and are currently
being used to inhibit the migration and proliferation of tumor cells [71].
Another FAK inhibitor, PF562271, was evaluated for safety in 99 pa-
tients with solid tumors (mainly head and neck, prostate and pancreatic
cancers) in a phase I clinical trial that demonstrated that the compound
was generally well tolerated [36]. Interestingly, the FAK inhibitor PND-
1186 was shown to inhibit the macrophage-mediated inflammatory
response and thus alleviate LPS-induced ALI in mice [72]. In our Poly(l:
C)-induced mouse model of ALI associated with impaired EC function,
the therapeutic effect of DIZE was effectively enhanced upon adminis-
tration of PF562271.

In summary, we showed that ACE2 activity downregulates FAK/p-
FAK protein expression through the ANG 1-7/MAS axis in both mouse
lung tissues and cultured ECs. Specifically, we demonstrated that the
ACE2 activator DIZE, as well as the FAK inhibitor PF562271, alleviate
Poly(I:C)-induced ALI in mice and improves EC barrier function and
reduces the adhesion of immune inflammatory cells to ECs. This study
presents some limitations. It is well known that FAK is expressed and
regulates numerous pathophysiological processes in multiple cell types,
including ECs and inflammatory immune cells [73,74]. Thus, additional
experiments are warranted to determine the specific targets and mech-
anisms through which FAK inhibition attenuates ALI severity. We pro-
pose that DIZE in combination with PF562271 may represent a new
therapeutic strategy for the treatment of ALI and ARDS. In future
research, we plan to validate the results of this study using mouse lung
ECs.
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