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A B S T R A C T   

Numerous cases of lung injury caused by viral infection were reported during the coronavirus disease-19 
pandemic. While there have been significant efforts to develop drugs that block viral infection and spread, the 
development of drugs to reduce or reverse lung injury has been a lower priority. This study aimed to identify 
compounds from a library of compounds that prevent viral infection that could reduce and prevent lung 
epithelial cell damage. We investigated the cytotoxicity of the compounds, their activity in inhibiting viral spike 
protein binding to cells, and their activity in reducing IL-8 production in lung epithelial cells damaged by 
amodiaquine (AQ). We identified N-(4-(4-methoxyphenoxy)-3-methylphenyl)-N-methylacetamide (MPoMA) as a 
non-cytotoxic inhibitor against viral infection and AQ-induced cell damage. MPoMA inhibited the expression of 
IL-8, IL-6, IL-1β, and fibronectin induced by AQ and protected against AQ-induced morphological changes. 
However, MPoMA did not affect basal IL-8 expression in lung epithelial cells in the absence of AQ. Further 
mechanistic analysis confirmed that MPoMA selectively promoted the proteasomal degradation of inflammatory 
mediator p65, thereby reducing intracellular p65 expression and p65-mediated inflammatory responses. MPoMA 
exerted potent anti-inflammatory and protective functions in epithelial cells against LPS-induced acute lung 
injury in vivo. These findings suggest that MPoMA may have beneficial effects in suppressing viral infection and 
preventing lung epithelial cell damage through the degradation of p65 and inhibition of the production of in
flammatory cytokines.   

1. Introduction 

Viral infections such as H1N1 influenza, severe acute respiratory 
syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome 
(MERS), and SARS-CoV-2, which is responsible for the recent corona
virus disease-19 (COVID-19), all share an important common feature. 
This feature is acute respiratory distress syndrome (ARDS), which can 
cause severe diffuse alveolar damage to the alveoli in the lungs [1–6]. 
Alveolar damage is accompanied by an excessive inflammatory 

response, which is strongly associated with increased mortality rates and 
severe long-term complications following recovery [7–9]. One of the 
hallmarks of alveolar damage is an increase in the levels of interleukin-8 
(IL-8). IL-8 is produced primarily by neutrophils, but can also be found 
in injured lung epithelial cells [10,11]. IL-8 is a potent neutrophil 
chemotactic factor that plays an important role in both physiological 
and inflammatory conditions. Sustained expression of IL-8 contributes 
to an inflammatory response that can be both beneficial and potentially 
dangerous for patients with lung disease. This is because IL-8 binds to 
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the CXC chemokine receptors, CXCR1 and CXCR2, triggering an in
flammatory response that protects host cells from pathogen-induced cell 
damage [12,13]. However, persistent expression of IL-8 in the bronchial 
epithelium can lead to higher numbers of neutrophils, increased 
neutrophil maturation and activation, and persistent chemotaxis, 
eventually leading to airway remodeling and dysfunctions such as 
hyperinflammation, mucus hypersecretion, and fibrosis [10,11,14]. 
Dysregulated IL-8/CXCR signaling has been identified as a possible 
cause of immunopathological lung injury due to the dangerous positive 
feedback loop of neutrophil activation [15]. Blocking alveolar damage is 
crucial for preventing the spread of the virus and reducing the compli
ances associated with infection [16]. While there has been significant 
recent development of substances capable of blocking viral infection, 
there has been relatively little development of other drugs capable of 
directly treating or protecting against IL-8-induced alveolar damage 
[17–21]. 

Lung epithelial cell injury can be caused by bacterial infection, 
exposure to bacterial lipopolysaccharides (LPS), and exposure to 
harmful substances in the air, such as cigarette smoke and asbestos [22, 
23]. Drug-induced lung toxicity has also been reported following the 
administration of toxic therapeutic drugs such as bleomycin or amio
darone [24–26]. Inhalation of the anticancer drug bleomycin can lead to 
severe inflammation of lung tissue and pulmonary fibrosis, which is 
characterized by an abnormal accumulation of collagen and fibronectin 
[27]. In addition, inadvertent overdose use or long-term administration 
of low doses of amodiaquine (AQ), used to treat malaria infection, can 
result in severe liver toxicity, causing a systemic inflammatory response 
and abnormalities in lung tissue, including pulmonary embolism or 
stenosis [28–30]. Lung injury is often accompanied by a severe in
flammatory response, including marked increases in the production of 
IL-1β, IL-6, and IL-8 [31–34]. 

In this study, we aimed to identify small molecules that can inhibit 
both viral spike binding to the cell membrane and prevent drug-induced 
lung epithelial cell damage. We also aimed to evaluate the protective 

effects of small molecules against lung injury in vivo. 

2. Results 

2.1. Establishment of an in vitro model of lung epithelial cell injury 

An in vitro model of lung epithelial cell injury was established by 
treating normal human lung epithelial BEAS-2B cells with different 
concentrations of the antimalarial drugs AQ and chloroquine (CQ). At 
concentrations above 20 μM, both AQ and CQ reduced cell viability, 
causing cytotoxicity (Fig. 1A). However, AQ and CQ at a concentration 
of 50 μM induced a significant increase in the expression of the pro- 
inflammatory cytokine IL-6 (Fig. 1B). We also found that the produc
tion of the lung epithelial cell-specific cytokine IL-8 was increased by 
treatment with 50 μM of AQ and CQ, with AQ increasing IL-8 more 
potently than CQ (Fig. 1C). Furthermore, the expression of epithelial- 
derived fibronectin was increased in response to 50 μM of AQ, not CQ, 
with AQ showing greater production than CQ (Fig. 1D). Therefore, we 
have successfully established an in vitro model of lung epithelial cell 
injury, which was verified in BEAS-2B cells after treatment with 50 μM 
of AQ. 

2.2. Chemical synthesis and structural validation of synthetic antiviral 
compound derivatives 

We synthesized a group of diphenyl ether derivatives with the po
tential to inhibit viral infection and attempted to identify compounds 
that can reduce lung epithelial cell damage. To create these derivatives, 
we used Williamson ether synthesis of 4-(trifluoromethoxy)phenol (1a), 
4-(trifluoromethyl)phenol (1b), 4-methoxyphenol (1c) or 4-fluorophe
nol (1d) with 2-fluoro-5-nitrotoluene and generated the corresponding 
diphenyl ethers 2a-d with yields of 82%-100%. Subsequent Bechamp 
reduction of the nitro group present on the diphenyl ethers 2a-d resulted 
in the production of the corresponding amines 3a-d at excellent yields 

Fig. 1. Establishment of an in vitro model of lung epithelial cell injury. Normal lung epithelial BEAS-2B cells were treated with vehicle, AQ, or CQ for 24 h and 
subjected to cell viability assays and quantitative real-time PCR analysis. (A) Cytotoxic effects of AQ and CQ on cell viability of BEAS-2B cells. (B-D) Total RNA was 
prepared from BEAS-2B cells and the relative transcripts of hIL-6 (B), hIL-8 (C), and hfibronectin (D) were quantified. Data represent the mean ± SEM of at least three 
independent experiments. **P < 0.005; ***P < 0.0005 by ANOVA with Tukey’s HSD post-hoc test. 
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ranging from 96% to 99%. We further subjected the compounds 3a-d to 
reductive alkylation by paraformaldehyde, which generated the corre
sponding dimethylamines 4a-d (yield: 82%-95%). In parallel, we also 
induced amine acetylation of the compounds 3a-d with acetyl chloride 
to generate compounds 5a-d (yield: 86%-96%) and subsequently reac
ted them with methyl iodide to give the corresponding N-methyl acet
amides 6a-d (yield: 80%-97%). Finally, we prepared compounds 7a- 
d by reacting amines 3a-d with succinyl anhydride, with relative yields 
ranging from 93% to 99% (Fig. 2A). All compounds were purified by 
column chromatography, and their structures were confirmed by NMR 
spectrometry (Fig. 2B and Supplementary Information). We then tested 
the cytotoxicity of all synthetic compounds in BEAS-2B cells and found 
that compounds 6a and 6b were cytotoxic and reduced cell viability. 
However, the other synthetic compounds had no significant effect on 
cell viability, increasing their potential as beneficial compounds 
(Fig. 2C). 

2.3. Identification of compounds with antiviral and cytoprotective 
potential 

We then investigated the potential inhibitory effects of the synthe
sized compounds on the binding of the viral spike protein to cells. To do 
this, we established cell lines (hACE2/HEK-293T and hACE2/BEAS-2B) 
that overexpress human angiotensin-converting enzyme 2 (hACE2), a 
known cell membrane receptor for SARS-CoV-2 and measured the 
binding of a fluorescently labeled viral spike protein. We found that 
spike protein binding was approximately 40% for hACE2/HEK-293T 
cells and that spike protein binding to the cells was significantly 
reduced by treatment with compounds 4a, 4c, and 6c. Furthermore, 
approximately 15% of hACE2/BEAS-2B cells appeared to bind spike 
proteins, which was significantly reduced by 4a, 5a, 5b, 6a, and 6c 
(Fig. 3A). These results suggest that compounds 4a and 6c have common 
effective antiviral potential. We then analyzed the effects of these 
compounds on IL-8 production by AQ-injured lung epithelial cells. 

Compounds 5a, 6a, 6b, 6c, 6d, and 7a significantly reduced AQ-induced 
IL-8 production, with compound 6c being the most potent in reducing 
IL-8 production (Fig. 3B). Therefore, compound 6c is proposed to exert 
both antiviral activity and protective effects against lung epithelial cell 
injury without toxicity to normal cells. 

2.4. Dose-dependent suppression of IL-8 and pro-inflammatory cytokines 
by MPoMA 

Compound 6c is N-(4-(4-methoxyphenoxy)-3-methylphenyl)-N- 
methylacetamide, which we will refer to as MPoMA in the following 
experiments (Fig. 4A). As shown in Fig. 1A, 50 μM of AQ induced 
damage to lung epithelial cells, resulting in reduced cell viability. 
Treatment of BEAS-2B with MPoMA in the presence or absence of AQ 
did not cause cell damage at increasing concentrations (Fig. 4B). Inter
estingly, AQ treatment induced cell shrinkage in BEAS-2B cells, chang
ing their shape to elongated. Co-treatment of MPoMA with AQ blocked 
AQ-induced cell shrinkage, restoring them to their standard shape 
(Fig. 4C). MPoMA also reduced IL-8 production, which was increased by 
AQ treatment in a concentration-dependent manner. However, MPoMA 
did not affect basal IL-8 levels in the absence of AQ (Fig. 4D). Addi
tionally, we found that MPoMA treatment reduced the production of IL- 
6 and IL-1β in AQ-injured lung epithelial cells, as well as fibronectin, a 
hallmark of pulmonary fibrosis (Fig. 4E). Similarly, MPoMA also 
reduced IL-8 production, which was increased by CQ treatment 
(Fig. 4F). Our data demonstrate that MPoMA effectively inhibits the 
production of pro-inflammatory cytokines and prevents cell morpho
logical changes in AQ-injured lung epithelial cells. 

2.5. Inhibition of the transcriptional activity of nuclear factor-kB (NF- 
kB)/p65 by MPoMA 

To understand the underlying mechanism of inhibition of pro- 
inflammatory cytokines and IL-8 by MPoMA, we sought to determine 

Fig. 2. Synthetic procedures and structures of diphenyl ether derivatives. (A) Synthetic procedures for diphenyl ether derivatives. (B) Structures of the syn
thetic diphenyl ether derivatives. (C) Effects of diphenyl ether derivatives on the viability of BEAS-2B cells. ***P < 0.0001 by ANOVA with Tukey’s HSD post-hoc test. 
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whether p65, a key regulator of pro-inflammatory cytokine production, 
could be modulated by MPoMA. AQ treatment appeared to increase the 
expression of p65 in BEAS-2B cells and also increased IL-8 promoter 
activity (Fig. 5A and B). However, MPoMA treatment led to a dose- 
dependent decrease in AQ-induced IL-8 promoter activity, which we 
confirmed with an NF-kB-luc reporter gene assay (Fig. 5B). Furthermore, 
when we introduced p65 expression in highly transfectable HEK-293T 
cells, both IL-8 promoter and NF-kB reporter activities were strongly 
increased by p65 overexpression. However, these effects were signifi
cantly decreased by treatment with MPoMA (Fig. 5C). These results 
indicate that MPoMA inhibits the expression of pro-inflammatory cy
tokines and IL-8 by inhibiting the transcriptional activity of p65, which 
is increased by AQ. 

2.6. MPoMA-induced proteasomal degradation of p65 

Since MPoMA inhibited p65-mediated transcription of pro- 
inflammatory cytokines, we next investigated whether MPoMA 
directly affects the expression of p65. We found that the relative tran
script levels of p65 were not affected by MPoMA in AQ-treated BEAS-2B 
cells. However, the p65 protein level decreased by MPoMA in a dose- 
dependent manner (Fig. 6A and B). Immunofluorescence staining 
further showed that intracellular p65 expression was reduced by 
MPoMA treatment (Fig. 6C), indicating that the regulation of p65 by 
MPoMA was at the protein level, rather than the transcript level. We 
then assessed whether MPoMA induced the proteasomal degradation of 
p65 by treating cells with the proteasomal inhibitor MG132. The 
MPoMA-mediated decrease in intracellular p65 levels was increased by 
the addition of MG132 (Fig. 6D). Furthermore, immunoblot analysis 
confirmed that the p65 protein, which was decreased by MPoMA 
treatment in the presence of CHX, was increased following the addition 

of MG132 (Fig. 6E). Thus, we suggest that MPoMA induces proteasomal 
degradation of the p65 protein, leading to a reduction in its intracellular 
levels. 

2.7. In vivo protective effect of MPoMA against acute lung injury 

Having shown that MPoMA inhibits the production of IL-8 and pro- 
inflammatory cytokines in lung epithelial cells injured by AQ treatment 
in vitro, we sought to verify its anti-inflammatory and protective effects 
against lung injury in vivo. Mice were injected intraperitoneally with 
MPoMA for 7 days and subjected to intratracheal instillation of LPS, 
followed by lung analysis. As shown by H&E staining, intratracheal in
jection of LPS caused severe lung inflammation and injury, and MPoMA 
treatment effectively attenuated LPS-induced lung injury (Fig. 7A). 
Furthermore, the pro-inflammatory cytokines IL-6 and IL-1β, epithelial 
cell-derived IL-8, and fibrosis-associated fibronectin were all signifi
cantly reduced in MPoMA-treated lung tissue (Fig. 7B). Consistent with 
reduced inflammatory cytokines, the expression of surfactant protein-C 
(SP-C), a lung epithelial cell marker [35], was decreased in inflamma
tory lung tissue; however, SP-C expression was increased in a 
dose-dependent manner by treatment with MPoMA. At the same time, 
the infiltration of CD11b-expressing macrophages into the lung was 
significantly reduced by MPoMA [36] (Fig. 7C). To further validate the 
protective role of MPoMA against lung injury, we used T-bet knockout 
(KO) mice, which are reported to lack a T helper 1-mediated immune 
response and are susceptible to pathogenic lung inflammation. T-bet KO 
mice were injected intraperitoneally with MPoMA for 3 days and 
analyzed 6 hours after intraperitoneal injection of LPS. Intraperitoneal 
LPS injection caused severe lung inflammation in T-bet KO mice, and 
MPoMA pre-treatment sufficiently blocked the inflammation and pro
tected airway epithelial cells against lung injury (Fig. 7D). At the same 

Fig. 3. Evaluation of the inhibitory effects of diphenyl ether derivatives on virus binding to the cell membranes and IL-8 production. (A) hACE2-HEK 293 T 
(top) and hACE/BEAS-2B (bottom) cells were incubated with fluorescence-labeled SARS-CoV-2 spike proteins in the presence of diphenyl ether derivatives. Spike- 
binding cell populations were analyzed by flow cytometry and CellQuest analysis. (B) BEAS-2B cells were incubated with diphenyl ether derivatives in the presence 
of AQ for 24 h. The inhibitory activity of diphenyl ether derivatives on IL-8 production by AQ-treated BEAS-2B cells was determined by comparison with the vehicle 
control. Data are the mean ± SEM of three independent experiments. *P < 0.05; **P < 0.005; ***P < 0.0005 by ANOVA with Tukey’s HSD post-hoc test. 
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time, IL-1β production in the spleen, which was increased by LPS in
jection, was also significantly reduced by pre-treatment with MPoMA 
(Fig. 7E), indicating the potent anti-inflammatory and protective effects 
of MPoMA against LPS-induced lung injury in vivo. 

3. Discussion 

Here, we reported the establishment of an in vitro assay system to 
identify small molecules capable of inhibiting viral infection by inter
fering with the binding of the viral spike protein to the cell membrane 
and preventing AQ-induced lung epithelial cell damage. We then eval
uated the inhibitory activities of various small molecules and found that 
MPoMA, a synthetic small molecule capable of inhibiting viral infection, 
efficiently inhibited the expression of IL-8, pro-inflammatory IL-1β and 
IL-6, and fibronectin by inducing p65 protein degradation, thereby 
protecting against lung epithelial cell injury in vitro and in vivo. 

MPoMA has a naturally occurring diphenyl ether moiety that has 
been of interest in medicinal chemistry. Based on scaffold analysis and 
bioactivity analysis reported over 17 years (1998–2014), the diphenyl 
ether scaffold was the second most common moiety, after biphenyl, 
among 764 scaffolds by cumulative count. Moreover, this moiety is 
currently being used for drug development against cancer, inflamma
tion, and microbial infection [37,38]. Diphenyl ether and its 
naturally-occurring derivatives are predominantly found in the marine 
environment, and structurally diverse derivatives have been isolated 
from marine sponges, macro- and microalgae, fungi, and sea slugs 
[39–42] and have also been reported in higher marine animals, 
including turtles [43,44]. 

Diphenyl ether derivatives have shown a variety of biological 

activities, including cytotoxicity, antiviral, antibacterial, cell shape 
elongation, and peroxidizing activity [45–49]. Recently, a diphenyl 
ether-containing small molecule has been identified to play an inhibi
tory role in the interaction between programmed cell death-1 (PD-1) and 
programmed cell death-ligand 1 (PD-L1), acting as an alternative to 
existing immune checkpoint blockers [50]. In addition, several drugs 
containing a diphenyl ether moiety have already been developed and 
used to combat a variety of diseases, including cancers and infections. 
Examples include ibrutinib and sorafenib, used for the treatment of 
leukemia and advanced kidney cancer; nimesulide, used as a 
non-steroidal anti-inflammatory drug; difenoconazole and flufenox
uron, used as fungicides and insect growth regulators; and toltrazuril, 
prescribed as an anticoccidial agent [38,51–53]. 

MPoMA can protect against or treat lung injury due to its efficacy in 
inhibiting viral infection and reducing AQ-induced lung epithelial cell 
damage. To further develop MPoMA as a therapeutic drug for control
ling lung epithelial cell injury caused by infection, air pollution, and 
drug administration, the toxicity and stability of MPoMA should be 
evaluated in greater depth in the future. Moreover, further research is 
needed to determine whether it also exerts other biological functions 
within cells. 

4. Materials and methods 

4.1. Materials 

AQ, CQ, MG132, and LPS were purchased from Sigma-Aldrich (St. 
Louis, MO, USA). All compounds reported here, including MPoMA, were 
synthesized and validated according to the procedures described in the 

Fig. 4. Dose-dependent suppression of inflammatory cytokines by MPoMA. (A) Structure of MPoMA (6c). (B) BEAS-2B cells were incubated with different 
concentrations of MPoMA in the presence or absence of AQ (50 μM) for 24 h. Cytotoxic activity of MPoMA was determined in BEAS-2B cells. (C) BEAS-2B cells were 
treated with AQ (50 μM) in the presence or absence of MPoMA (100 μM), followed by Phalloidin staining. (D-E) Cells were incubated with different concentrations of 
MPoMA with or without AQ for 24 h and subjected to RNA extraction and quantitative real-time PCR analysis to measure the transcript of hIL-8 (D), hIL-6, hIL-1β, 
and hfibronectin (E). (F) BEAS-2B cells were treated separately with CQ (50 μM) and MPoMA (10, 50, and 100 μM) for 24 h and hIL-8 mRNA levels were then 
measured. *P < 0.05; **P < 0.005; ***P < 0.0005 by ANOVA with Tukey’s HSD post-hoc test. 
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Supplementary Information. Synthetic compounds with 98% purity 
were used for all in vitro and in vivo experiments. 

4.2. Cell culture and cell viability assays 

Human lung epithelial BEAS-2B cells (ATCC CRL-3588, Manassas, 
VA, USA) were cultured in DMEM supplemented with 10% FBS and were 
then treated with different concentrations of AQ, CQ, or synthetic 
compounds for 24 h. Subsequently, cytotoxicity or cell viability was 
determined by incubation with EZ-Cytox reagent for 30 min, with all 
procedures performed according to the manufacturer’s instructions (EZ- 
Cytox Cell Viability Assay Kit, DoGenBio, Seoul, Korea). Optical density 
was determined using a microplate reader (Molecular Devices, Sunny
vale, CA, USA) at the Ewha Fluorescence Imaging Core Center. 

4.3. Quantitative real-time polymerase chain reaction (PCR) 

BEAS-2B cells were incubated with different concentrations of 
compounds for 24 h, then harvested for RNA extraction using TRIzol 
reagent (Thermo Fischer Scientific, Carlsbad, CA, USA). Mouse lung 
tissue samples were lysed in TRIzol reagent for total RNA isolation, after 
which total RNA was subjected to reverse transcription and quantitative 

real-time PCR analysis using Thunderbird SYBR qPCR Mix (Toyobo, 
Osaka, Japan) and a Step One Plus real-time PCR system (Applied Bio
systems, Carlsbad, CA, USA). The relative transcript levels of genes were 
calculated after normalization with the Ct values of the hActin gene. The 
specific human gene primer sets used were as follows: hIL-8, 5′-aggtg
cagttttgccaag-3′, 5′-acttctccacaaccctctg-3′; hIL-6, 5′-tcctgatccagttcctg
cag-3′, 5′-aagagccctcaggctggactg-3′; hIL-1β, 5′-aatctgtacctgtcctgcgtg-3′, 
5′-tcccaggaagacgggcatg-3′; hfibronectin, 5′-tgggcaactctgtcaac-3′, 5′- 
aacacgttgcctcatgaggg-3′; hActin, 5′-catgtacgttgctatccaggc-3′, 5′- 
ctccttaatgtcacgcacgat-3′. The mouse specific primer sets used as follows: 
IL-6, 5′-accacttcacaagtcggagg-3′, 5′-tccaggtagctatggtactcc-3′; IL-1β, 5′- 
caaccaacaagtgatattctccat-3′, 5′-gatccacactctccagctgca-3′; IL-8, 5′- 
gatgctccatgggtgaagg-3′, 5′-tctcccgaattggaaaggg-3′; fibronectin, 5′-gtga
caactgccgtagacc-3′, 5′-ggtagagagacacttgtaggg-3′; actin, 5′- 
caccctgtgctgctcaccgag-3′, 5′-accgctcgttgccaatagtga-3′. 

4.4. Cell-based spike-hACE2 binding inhibition assays 

BEAS-2B and HEK-293T cells were maintained in DMEM with 10% 
FBS and transfected with pCMV3-human ACE2-Flag plasmid DNA, fol
lowed by selection in the presence of hygromycin B (Sigma-Aldrich). 
Next, hACE2-BEAS-2B cells and hACE2-HEK293T cells, which 

Fig. 5. Inhibition of NF-kB activity by MPoMA. (A) Immunofluorescence staining of p65 in BEAS-2B cells treated with either vehicle or AQ. (B) BEAS-2B cells were 
transfected with the reporter genes NF-kB-luc and pIL-8-luc and then treated with MPoMA and AQ for an additional 24 h, followed by a reporter gene assay. (C) HEK- 
293T cells were transfected with the reporter genes NF-kB-luc and pIL-8-luc together with a p65 expression vector and then incubated with MPoMA for 24 h. 
Subsequently, cells were subjected to immunoblotting and a reporter assay. Data are expressed as the mean ± SEM (n = 5) and were statistically analyzed by ANOVA 
with Tukey’s HSD post-hoc test. 
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overexpress human ACE2, were then established and subjected to spike 
binding assays. Briefly, stable cells were incubated with or without 
100 ng of biotinylated SARS-CoV-2 spike protein in the absence or 
presence of synthetic compounds at 37 ℃ for 1 h. Cells were then 
incubated with streptavidin-APC on ice for 20 min, followed by flow 
cytometry analysis using a BD FACS Caliber (BD Biosciences, San Jose, 
CA, USA). Finally, cell populations were quantitatively analyzed using 
the CellQuest software (BD Biosciences). 

4.5. Immunofluorescence staining 

For immunofluorescence staining, BEAS-2B cells were plated on 
poly-L-lysine-coated glass coverslips (Marienfeld, Lauda-Königshofen, 
Germany) and were incubated with different concentrations of MPoMA 
in the presence or absence of AQ (50 μg/mL) for 24 h. Cells were then 
fixed and subjected to staining with antibodies against NF-kB p65 or 
Phalloidin staining (Alexa Fluor 488-Phalloidin, Thermo Fischer Scien
tific), followed by DAPI staining (1 μg/mL, Sigma-Aldrich) and micro
scopic observation under a confocal laser scanning microscope (ZEISS 
LSM 880 with Airyscan, Oberkochen, Germany). 

4.6. Hematoxylin and eosin (HE) staining and immunohistochemistry 

Lung tissues were sectioned at 4 μm thickness, fixed in para
formaldehyde solution, and subjected to hematoxylin and eosin (HE, 
Sigma-Aldrich) staining or immunohistochemistry. Whole lung tissue 
images were acquired using the MoticEasyScan device (Motic, Van
couver, Canada), and image analysis was performed by separating the 
HE staining data into hematoxylin (blue) and eosin (red) channels. The 
intensity of hematoxylin-stained inflammatory nuclei was quantified 

and expressed as a fold relative to the intensity of the vehicle-treated 
control [54]. Lung tissues were observed and photographed under an 
upright microscope (Nikon Eclipse Ci, Nikon, Japan) equipped at the 
Ewha Drug Development Research Core Center. For immunohisto
chemistry, lung tissues were fixed and incubated with antibodies against 
lung epithelial cell marker SP-C and macrophage marker CD11b, fol
lowed by incubation with fluorescence-conjugated antibodies and DAPI 
solution (1 μg/mL, Sigma-Aldrich). Fluorescence images were obtained 
by observation with a confocal microscope (ZEISS). 

4.7. Reporter gene assay 

BEAS-2B cells were transfected with the reporter genes pIL-8-luc and 
NF-kB-luc, which contain NF-kB/p65-binding sites, and then treated 
with AQ and various amounts of MPoMA for 24 h. Highly transfectable 
HEK-293T cells were transfected with the p65 expression vector and the 
reporter genes pIL-8-luc and NF-kB-luc and incubated with MPoMA for 
an additional 24 h. The reporter gene RSVβ was also transfected to 
provide positive control of transfection efficiency. After 24 h, cells were 
harvested and subjected to luciferase and β-galactosidase assays 
(Promega, Madison, WI, USA). Luciferase reporter activity was then 
normalized to β-galactosidase activity and expressed as induction fold. 

4.8. Immunoblot analysis 

BEAS-2B cells were treated with MPoMA for 24 h and subjected to 
protein extraction using RIPA lysis buffer. Protein lysates were resolved 
by SDS-PAGE and transferred to PVDF membranes, followed by incu
bation with p65 antibody (Cell Signaling Technology, Danvers, MA, 
USA), and β-actin (Bioss, Woburn, MA, USA). The protein signal was 

Fig. 6. Proteasomal degradation of p65 by MPoMA. BEAS-2B cells were incubated with MPoMA with AQ (50 μM) for 24 h and harvested for RNA and protein 
analysis and immunofluorescence staining. (A) Quantitative analysis of p65 transcripts in AQ-treated BEAS-2B cells. n = 5. (B) Protein extracts were harvested and 
subjected to immunoblotting analysis (n = 3). Protein band intensity was quantified using the ImageJ software (NIH). (C) Cells were fixed and stained with p65 
antibody for immunofluorescence staining and subsequent quantitative analysis (n = 6). Immunofluorescence was quantified using the ImageJ software. (D-E) BEAS- 
2B cells were incubated with either vehicle or MPoMA (100 μM) in the presence of AQ and additionally treated with MG132 for 4 h and subjected to immuno
fluorescence staining (D, n = 6) and immunoblotting analysis (E, n = 4). **P < 0.005; ***P < 0.0005 by ANOVA. Data are expressed as the mean ± SEM. 
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visualized after incubation with the ECL detection reagent (Cytiva, 
Marlborough, MA, USA). 

4.9. Acute lung injury animal model 

For in vivo efficacy testing, C57BL6/J mice (male, 8–10 weeks old) 
were pretreated with different doses of MPoMA (0, 10, 20, or 50 mg/kg) 
daily for 7 consecutive days via intraperitoneal injection. The mice were 
then exposed to LPS (5 mg/kg, intratracheal instillation) overnight. 
Separately, T-bet KO mice (male, 8–10 weeks old) were given MPoMA 
(20 mg/kg) for 3 consecutive days and injected with LPS (5 mg/kg) by 
intraperitoneal injection for 6 h. Lung tissue samples were harvested 

from all mice for further analysis. All animal experiments were con
ducted according to the international animal welfare guidelines and all 
procedures were approved by the Institutional Animal Care and Use 
Committee of Ewha Womans University (IACUC 19–010 and 21–072). 

4.10. Statistical analysis 

All experiments were performed at least three times, and all data are 
expressed as mean ± standard error of the mean (SEM). All statistical 
analysis was performed using Prism 7.0 (GraphPad Software Inc., San 
Diego, CA, USA). The statistical significance of mean differences was 
analyzed using one-way analysis of variance (ANOVA) with Tukey’s 

Fig. 7. In vivo protective effect of MPoMA against acute lung injury. (A-B) C57BL6 mice (male, n = 5) were injected with either vehicle or MPoMA (at 10, 20, or 
50 mg/kg) for 7 consecutive days. Mice were then exposed to LPS (5 mg/kg) via intratracheal instillation overnight. Lung tissue samples were collected and subjected 
to HE staining and quantification (A). Total RNA was harvested from lung tissues and the relative transcripts of IL-6, IL-1β, IL-8, and fibronectin were analyzed by 
quantitative real-time PCR. (C) Lung tissue was subjected to immunohistochemistry analysis with antibodies against SP-C and CD11b as well as DAPI staining. (D-E) 
T-bet KO mice (n = 5), which are susceptible to infection and inflammation, were pre-treated with MPoMA (20 mg/kg) for 3 days and injected with LPS for 6 h. Lung 
tissue samples were collected from the mice and subjected to HE staining (D). Spleen samples were collected and IL-1β transcripts were analyzed in the spleen by 
reverse transcription and quantitative real-time PCR (E). Representative images are shown, and data represent the mean ± SEM. ANOVA with Tukey’s HSD post- 
hoc test. 
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HSD post-hoc test. P values less than 0.05 from Tukey’s multiple com
parison test were considered to be statistically significant. 
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