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A B S T R A C T   

Background: Coronavirus disease 2019 (COVID-19) is caused by severe acute –respiratory syndrome coronavirus 
2 (SARS- CoV-2) through interaction of the spike protein (SP) with the receptor-binding domain (RBD) and its 
receptor, angiotensin converting enzyme 2(ACE2). Repair mechanisms induced following virus infection can 
restore the protective barrier through wound healing. Then, cells from the epithelial basal layer repopulate the 
damaged area, followed by cell proliferation and differentiation, as well as changes in gene expression. 
Methods: Using Beas-2B cells and SP, we investigated whether ursodeoxycholic acid (UDCA) contributes to 
restoration of the bronchial epithelial layer. ACE2 expression was measured by RT-PCR and Western blotting. 
SP–ACE2 interaction was analyzed by flow cytometry and visualized through immunostaining. Cell migration 
was assessed using single cell path tracking and wound healing assay. 
Results: Upon ACE2 overexpression in HeLa, HEK293T, and Beas-2B cells following the transfection of pCMV- 
ACE2 plasmid DNA, SP binding on each cell was increased in the ACE2 overexpression group compared to 
pCMV-transfected control cells. SP treatment delayed the migration of BEAS-2B cells compared to the control. SP 
also reduced cell migration, even under ACE2 overexpression; SP binding was greater in ACE2-overexpressed 
cells than control cells. UDCA interfered significantly with the binding of SP to ACE2 under our experimental 
conditions. UDCA also restored the inhibitory migration of Beas-2B cells induced by SP treatment. 
Conclsion: Our data demonstrate that UDCA can contribute to the inhibition of abnormal airway epithelial cell 
migration. These results suggest that UDCA can enhance the repair mechanism, to prevent damage caused by 
SP–ACE2 interaction and enhance restoration of the epithelial basal layer.   

1. Introduction 

Coronavirus disease 2019 (COVID-19) is caused by severe acute 
respiratory syndrome coronavirus 2 (SARS-CoV-2), [1] which was first 
reported in Wuhan, China [2,3]. COVID-19 spread worldwide, emerging 
as a global pandemic [4]. SARS-CoV-2 uses the SARS-CoV receptor 
angiotensin converting enzyme 2 (ACE2) for entry [5,6], and the serine 
protease TMPRSS2 for spike protein (SP) priming [5]. Electron micro-
scopy shows that ACE2 receptor decorates the knobs at the wider end of 
SP trimers [6]. SP is a large type I transmembrane protein containing 
two subunits, S1 and S2. S1 consists mainly of a receptor-binding 

domain (RBD) that is responsible for recognizing the cell surface ACE2 
receptor, whereas S2 contains basic elements needed for membrane 
fusion [7]. The interaction of SARS-CoV-2 SP and ACE2 has been found 
to be a major determinant of virus replication and disease severity [5,8]. 

Airway epithelial cells play a role in the protection of airway mucosa 
from various sources of injury, including viruses. Structural and func-
tional alteration of these cells allows them to rapidly adapt to local 
environmental changes or repair the epithelium following injury [9–11]. 
Airway epithelial cell migration plays a pivotal role in airway repair 
[12]. The migration of neighboring cells is an important component in 
the rapid repair of damaged airway epithelia [13]. Therefore, it is 
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important to determine whether SARS-CoV-2 impairs airway epithelial 
cell migration, and molecules that may stimulate the regeneration of 
functional airway epithelia after loss of cellular epithelial integrity due 
to SARS-CoV-2 are of particular interest. 

Ursodeoxycholic acid (3α, 7β-dihydroxy-5β-cholanic acid, UDCA) is 
a hydrophilic dihydroxy bile acid that is commercially available for the 
remediation of various hepato-cholestatic disorders [14]. UDCA has 
been found to have non-hepatic effects in various pathophysiological 
models, such as cystic fibrosis lung disease [15], airway inflammation 
[16,17], colorectal carcinoma [18], and Parkinsonism [19]. UDCA also 
interacts in two distinct regions of SP sequences. UDCA may remain 
bound to the membrane, inhibiting the entry of SARS-CoV-2 into the 
host cell [20] through reduced RBD–ACE2 binding [21]. However, the 
physiological effects of UDCA on airway epithelium regeneration remain 
poorly understood. 

In this study, we used Beas-2B human bronchial epithelial cells to 
investigate the potential role of UDCA in the airway epithelium regen-
eration following damage caused by SARS-CoV-2 SP. 

2. Materials and methods 

2.1. Reagents 

Ursodeoxycholic acid (UDCA, 15121) was purchased from Cayman 
Chemical (Ann Arbor, MI, USA). MTT [3(4,5-dimethyl-thiazol-2-yl)-2,5- 
diphenyl tetrazolium bromide] (M5655), DAPI (D9542) and bovine 
serum albumin (BSA, A3059) were purchased from Sigma Chemical Co. 
(St. Louis, MO, USA). CellTiter-Glo® Luminescent cell viability assay kit 
(G9241) was purchased from Promega Co. (Madison, WI, USA). Mouse 
antibodies which are reactive with acetylated tubulin (T7451) were 
from Sigma-Aldrich Co. (St. Louis, MO, USA). Polyethylenimine (PEI, 
02371) was purchased from Polysciences, Inc. (Warrington, PA, USA). 
Rabbit antibodies which are reactive with Flag (14793) were from Cell 
Signaling Technology Inc. (Danvers, MA, USA). FITC-conjugated strep-
tavidin (554061) and PE-conjugated streptavidin (554060) were pur-
chased from BD Bioscience (Franklin Lakes, NJ, USA). Flag-tagged 
human pCMV-ACE2 plasmid (HG10108-CF) and a biotinylated SARS- 
CoV-2 (2019-nCoV) spike protein, RBD (40592-V08B-B) were pur-
chased from Sino Biological Inc. (Wayne, PA, USA). Fibronectin (5050) 
and bovine collagen type I (5005) were purchased from Advanced Bio-
Matrix, Carlsbad, C, USA). Except where indicated, all other materials 
are obtained from the Sigma Chemical Co. (St. Louis, MO, USA). 

2.2. Cell culture 

Beas-2B human bronchial epithelial cells (ATCC # CRL-9609) were 
obtained from Korea research institute of bioscience and biotechnology 
(KRIBB) cell bank (Daejeon, Rep.of Korea). Beas-2B cells are isolated 
from normal bronchial epithelium of noncancerous individuals. The 
cells are able to undergo squamous differentiation in response to serum. 
Cells were cultured as monolayers in Dullecco’s modified Eagle’s me-
dium (DMEM) with supplement of 10% fetal bovine serum (FBS) 
(GIBCO, Grand Island, NY, USA), 2 mM L-glutamine, 100 units/ml 
penicillin and streptomycin (GIBCO, Grand Island, NY, USA). Cells were 
incubated at 37 ◦C in a humidified atmosphere of 5% CO2 maintenance. 
For the induction of primary cilia formation, cells were incubated in 
serum-starved media without FBS for 24–36 h. 

2.3. Cell adaptation 

Beas-2B cells were originally maintained in the coated dishes with 
FBS-free BEBE containing BEBM™ bronchial epithelial cell growth basal 
medium along with all the additives, BEGM™ kit (Lonza/Clonetics Co., 
Basel Switzerland). Due to that ACE2 was not detected in Beas-2B cells 
cultured with BEBE under our experimental condition (data not shown), 
cells were adapted by replacing BEBE to DMEM with 10% FBS in the 

following manner. Culture medium was sequentially exchanged by 
feeding the fresh BEBE containing 25%, 50%, 75% and 100% DMEM 
supplemented with 10% FBS every 24 h. After 5 days, cells were sub- 
cultured into uncoated dishes with DMEM containing 10% FBS. The 
cells were fully adapted by sub-culture up to 40 times after the start of 
adaptation. All experiments were performed with Beas-2B cells at 40th- 
60th passage. 

2.4. Preparation of coated culture dish 

Culture dishes were coated by the instruction on product sheet of 
Beas-2B cells (https://www.atcc.org/products/crl-9609#detailed- 
product-information) as follows. The coating solution was prepared by a 
mixture of 0.01 mg/ml fibronectin 0.03 mg/ml bovine collagen type I 
and 0.01 mg/ml BSA dissolved in BEBE. Culture dishes were treated 
with coating solution and agitated gently to coat the entire surface. 
Then, culture dishes were incubated in a 37 ◦C incubator overnight and 
coating solution was removed. Coated dishes were washed with PBS and 
stored at room temperature under light-protected condition up to one 
month. 

2.5. Cytotoxicity assay 

Cell survival was quantified by using colorimetric assay with MTT to 
measure intracellular succinate dehydrogenase content or by using 
luminescence assay with CellTiter-Glo substrate to measure intracellular 
ATP content [22]. For MTT assay, confluent cells were cultured with 
various concentrations of each reagent for 24 h. Cells were then incu-
bated with 50 μg/ml of MTT at 37 ◦C for 2 h. Formazan formed by MTT 
were dissolved in dimethylsulfoxide (DMSO). Optical density (OD) was 
read at 540 nm. For CellTiter-Glo assay, cell cultures were treated with 
CellTiter-Glo substrate (Promega, Madison, WI, USA). Luminescence 
was detected by using Glomax® luminometer (Promega, Madison, WI, 
USA). 

2.6. Transfection of nucleic acids 

ACE2, receptor for SARS-Cov2 spike protein was overexpressed by 
the transfection of cells with pCMV3-ACE2-Flag plasmid DNA, which 
was accompanied with pCMV for control group, respectively. Each 
plasmid DNA was transfected into cells as follows [23]. Briefly, each 
nucleic acid and Polyethylenimine (PEI) (Polysciences, Inc., Warrington, 
PA, USA) was diluted in serum-free medium and incubated for 5 min, 
respectively. The diluted nucleic acid and PEI were mixed by inverting 
and incubated for 20 min to form complexes. Pre-formed complexes 
were added directly to the cells and cells were incubated for 24–48 h 
until use [23]. 

2.7. Immunofluorescence staining 

The binding of a biotinylated SARS-CoV-2 spike protein to ACE2 was 
detected as follows. HEK293T cells with the indicated condition were 
grown on coverslip for 24 h. Cells were transfected with Flag-tagged 
pCMV-ACE2 plasmid DNA, which was accompanied with pCMV for 
control group (Mock) and incubated for 24 h. Cells were fixed with 4% 
paraformaldehyde (PFA) solution freshly prepared in phosphate buff-
ered saline(PBS) for 10 min and permeabilized with 0.1% Triton X-100 
in PBS. Then, cells were incubated with a biotinylated SARS-CoV-2 spike 
protein followed by the incubation with FITC-conjugated streptavidin 
for 20 min. Nucleus was visualized by staining cells with DAPI. Cells 
were observed and photographed at 1000 x magnification under a 
fluorescence microscope (Nikon, Tokyo, Japan). 

2.8. Measurement of SARS-CoV-2 spike protein− ACE2 interactions 

Inhibitory effect of UDCA on SARS-CoV-2 spike protein (SP)− ACE2 
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interactions was measured by a previous method modified [24]. Briefly, 
5 × 105 Beas-2B cells were suspended in 2% FCS containing Hank’s 
balanced salt solution (HBSS) and incubated with UDCA at 37 ◦C CO2 
incubator for 1 h. Then, 25 ng of a biotinylated SARS-CoV-2 
(2019-nCoV) SP were added and incubated for an additional 1 h on 
ice. After washing cells with HBSS containing 2% FBS twice, cells were 
incubated with PE-conjugated streptavidin for 30 min on ice. Cells were 
washed twice and suspended with HBSS containing 2% FBS. Then, 10, 
000 cells were evaluated by CELLQuest™ software in FACScalibur™ 
(Becton Dickinson, San Jose, CA). SP binding rates on ACE2 in Beas-2B 
cells were analyzed by using FlowJo™ software (ver. 10.8.0). 

2.9. Wound healing assay 

Cell migration was measured as described previously, with minor 
modifications [22]. Briefly, when Beas-2B cells reached confluence in a 
35-mm culture dish (Corning, NY, USA), three wound lines in the form of 
a cross were made by scratching the cellular layer with a plastic pipette 
tip. Floating cells were then washed out, and fresh medium was added. 
Cells were then incubated at 37 ◦C in a humidified atmosphere of 5% 
CO2 maintenance. Narrowing of the wound was then monitored using a 
phase-contrast microscope beginning 6 h after the scratch. The size of 
the wound at each time point was then quantified using NIH image 
analysis software (Image J, version 1.62), and compared with that in the 

initiation of cell migration.  

2.10. Single cell path tracking 

Beas-2B cell culture dishes were focused under live cell imaging light 
microscope. Cells were treated with UDCA in the absence or presence of 
SARS-CoV-2 spike protein (SP). Video image of live cells were auto-
matically taken for 18 h. Cells were tracked every 30 min. Changes in 
single cell path were analyzed by tracking program, ImageJ plugin 
MTrackJ (Version 1.5.0) and represented with two-dimensional Rose 
diagram. Each cell path was overlayed on a polar grid with the 
normalization of start points to the origin. Movement trajectory was 
presented in coordinates for each cell [25]. 

2.11. Reverse transcription polymerase chain reaction (RT-PCR) 

Total RNA was extracted by using NucleoZol reagent (MACHEREY- 
NAGEL GmbH & Co., Duren, Germany). Complementary DNA (cDNA) 
was synthesized from 1 μg of isolated total RNA, oligo-dT18, and su-
perscript reverse transcriptase (Bioneer, Daejeon, Rep. of Korea) in a 
final volume of 20 μl. For standard PCR, 1 μl of template cDNA was 
amplified with Taq DNA polymerase. PCR amplification was performed 
with 25 ~ 35 thermocycles for 30 s at 95 ◦C, 30 s at 55 ◦C, and 60 s at 72 
◦C using human (h) oligonucleotide primers specific for ACE2 (sense: 5′- 

Fig. 1. Beas-2B cells bound SARS-CoV-2 spike protein and migrated time-dependently. (A) Total RNA was extracted from Beas-2B cells by using NucleoZol reagent 
and ACE2 transcripts were detected by PCR. (B-D) HeLa, HEK293T and Beas-2B cells were transfected with Flag-tagged pCMV-ACE2 plasmid DNA which was 
accompanied with pCMV for control group (Mock). Each cell was incubated with a biotinylated SARS-CoV-2 spike protein (SP) followed by the incubation with PE- 
conjugated streptavidin. Cells were analyzed by flow cytometry (B). Cell lysates were prepared and the expression of ACE2 was detected by western blot analysis 
using anti-Flag antibodies (C). Cells were fixed, permeabilized and incubated with a biotinylated SP followed by the incubation with FITC-conjugated streptavidin 
and DAPI. SP binding was observed under fluorescence microscope. The representative fluorescence image was shown. Processing (such as changing brightness and 
contrast is applied equally to controls across the entire image (D). (E) Beas-2B cells were treated with 25 ng SARS-CoV-2 spike protein for 0.5 or 1 h. Total RNA was 
extracted by using NucleoZol reagent and ACE2 transcripts were detected by PCR. (F, G) Beas-2B cells were plated on 35-mm2 dishes and incubated for 24 h. A 
confluent monolayer of Beas-2B cells was then scratched with a sterile pipet tip. Then, cells were incubated for 18 h. Migration of cells into the space left by the 
scratch was photographed using a phase-contrast microscope at 200 × magnification (F). Percentage of cell migration was quantified by the decrease of empty area 
remained at each time point compared to empty area of the 0-h time point using NIH image analysis software (version 1.62; National Institutes of Health). Data in bar 
graphs represented as means ± SD. *p < 0.05; ** p < 0.01, significantly different from the 0-h group (G). 
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cat tgg agc aag tgt tgg atc tt-3′; anti-sense: 5′-gag cta atg cat gcc att ctc a- 
3′) [26], and β-actin (sense: 5′-gtc acc aac tgg gac gac at-3; anti-sense: 
5′-gca cag cct gga tag caa cg-3′). Amplified PCR products were separated 
by 1.0 ~ 1.5% agarose gel electrophoresis and detected on Ugenius 3® 
gel documentation system (Syngene, Cambridge, United Kingdom) [23]. 

2.12. Western blotting 

Cells were lysed in ice-cold RIPA buffer (Triton X-100,) containing 
protease inhibitor (2 μg/ml aprotinin, 1μMpepstatin, 1 μg/ml leupeptin, 

1 mM phenylmetylsufonyl fluoride (PMSF), 5 mM sodium fluoride (NaF) 
and 1 mM sodium orthovanadate (Na3VO4)). The protein concentration 
of the sample was measured using SMART™ BCA protein assay kit 
(Pierce 23228) from iNtRON Biotech. Inc. (Seoul, Rep. of Korea). Same 
amount of heat-denatured protein in sodium dodecyl sulfate (SDS) 
sample buffer was separated in sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE), and then transferred to nitrocellulose 
membrane by using electro blotter. Equal amount of loaded sample on 
membrane was verified by ponceau S staining. The membrane was 
incubated with blocking solution (5% non-fat skim milk in Tris-buffered 

Fig. 2. Beas-2B cell migration was inhibited by the treatment with SARS-CoV-2 spike protein. (A, B) Beas-2B cells were treated with 25 ng/ml SARS-CoV-2 spike 
protein (SP). Changes in single cell path (A) and migrated distance of each cell (B) were analyzed by tracking program, ImageJ plugin MTrackJ (Version 1.5.0). 
Movement trajectory was presented in coordinates for each cell on a polar grid with the normalization of start points to the origin (A). Migrated distance was 
represented as a bar graph (B). (C-G) Beas-2B cells were plated on 35-mm2 dishes and incubated for 24 h. Cells were transfected with Flag-tagged pCMV-ACE2 
plasmid DNA which was accompanied with pCMV for control group (Mock) (E-G). A confluent monolayer of Beas-2B cells was then scratched with a sterile pipet tip. 
Then, cells were incubated with SP for 18 h. Migration of cells into the space left by the scratch was photographed using a phase-contrast microscope at 
200 × magnification (C, E). Percentage of cell migration was quantified by the decrease of empty area remained at each time point compared to empty area of the 0-h 
time point using NIH image analysis software (version 1.62; National Institutes of Health) (D, F). Cell lysates were prepared and the expression of ACE2 was detected 
by western blot analysis using anti-Flag antibodies (G). Data in bar graphs represented as means ± SD. *p < 0.05; **p < 0.01, significantly different from SP- 
untreated control group at each time point (D, F). 
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saline with Tween 20 (TBST)), and then followed by incubation with the 
specific primary antibodies. Horse radish peroxidase (HRP)- or infrared 
(IR) fluorescence dye -conjugated secondary antibody were used for 
target-specific primary antibody. Immuno-reactive target bands were 
visualized by the reaction with enhanced chemiluminescence (ECL- 
PS250) (Dongin LS, Seoul, Rep. of Korea) on X-ray film (Agfa Health-
Care, Seol, Rep. of Korea) or by the detection of IRdye with Odyssey CLx 
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, Germany), 
respectively [23]. 

2.13. Statistical analysis 

Experimental differences were verified for statistical significance 
using ANOVA and student’s t- BEAS-2B cell migration was faster in the 
medium including FBS compared to that under serum starvation.test. P 
value of < 0.05 and < 0.01 was considered to be significant. 

3. Results 

3.1. SARS-CoV-2 SP bound to ACE2 on Beas-2B cells 

SARS-CoV-2 employs the ACE2 SARS-CoV receptor for cellular entry 
[5,8]. Then, we examined the interaction of SARS-CoV-2 SP and ACE2 
on Beas-2B human bronchial epithelial cells. The results showed that 
Beas-2B cells expressed ACE2 (Fig. 1A). SP–ACE2 interaction was 
confirmed through the overexpression of ACE2 into HeLa, HEK293T, 
and Beas-2B cells using flag-tagged pCMV-ACE2 plasmid DNA (Fig. 1B). 
The SP–ACE2 interaction in each cell line was also assessed by using 
flow cytometry analysis. SP binding rates on ACE2 in pCMV-transfected 
(mock) HeLa, HEK293T, and Beas-2B cells were 2.04%, 3.76%, and 
19.83%, compared to 0.01%, 0.22%, and 5.47% in unstained control 
cells, respectively. SP binding rates on ACE2 in pCMV-ACE2-transfected 
HeLa, HEK293T, and Beas-2B cells were 25.46%, 58.99%, and 27.28% 
higher compared to those in pCMV-transfected cells, respectively 
(Fig. 1C). SP binding on pCMV-ACE2-transfected Beas-2B cells was also 
observed by immunofluorescence staining (Fig. 1D). ACE2 expression 
was increased by SP treatment (Fig. 1E). Because airway epithelial cell 

Fig. 3. Ursodeoxycholic acid inhibited SARS- 
CoV-2 spike protein-ACE2 interaction. (A) 
Beas-2B cells were treated with various con-
centrations of ursodeoxycholic acid (UDCA) for 
24 h. Cell viability was measured by MTT assay. 
(B-D) Cells were transfected with Flag-tagged 
pCMV-ACE2 plasmid DNA which was accom-
panied with pCMV for control group (Mock) 
and incubated for 24 h . Then, cells were 
treated with 100 or 200 μM UDCA for 24 h. Cell 
viability was measured by CellTiter-Glo assay 
(B). Cell lysates were prepared and the expres-
sion of ACE2 was detected by western blot 
analysis using anti-Flag antibodies (C). Cells 
were pre-incubated with 20 or 40 μM UDCA at 
37 ◦C CO2 incubator for 1 h. Then, a bio-
tinylated SARS-CoV-2 spike protein were added 
and incubated for an additional 1 h on ice. After 
washing cells with HBSS containing 2% FBS 
twice, cells were incubated with PE-conjugated 
streptavidin for 30 min on ice. Cells were 
washed with HBSS and analyzed by CELL-
Quest™ software in FACScalibur™ (D).   
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migration plays a pivotal role in airway repair [12], we tested whether 
Beas-2B cells could migrate after wounding. Beas-2B cell migration was 
faster in medium including fetal bovine serum (FBS) than under con-
ditions of serum starvation (data not shown). When a monolayer of 
Beas-2B cells was scratched, we observed approximately 55% cell 
migration after 18 h of incubation (Fig. 1F, G). These findings suggest 
that Beas-2B cells are appropriate for testing changes in airway epithelia 
caused by SP. 

3.2. SARS-CoV-2 SP inhibited Beas-2B cell migration 

The effect of SP on airway epithelial cell migration was examined by 
the measurement of changes in Beas-2B cell migration using single cell 
path tracking. Following SP treatment, Beas-2B cell migration was 
significantly reduced (Fig. 2A) and the total cell migration distance was 
decreased (Fig. 2B). A monolayer of Beas-2B cells was scratched and 
treated with SP, and cell migration was reduced by approximately 
15–10% after 12–18 h of incubation (Fig. 2C, D), confirming that airway 
cell migration was inhibited in pCMV-ACE2-transfected Beas-2B cells. 
Cell migration was more significantly inhibited (~40%) by SP treatment 
in ACE2-overexpressed cells following 18 h of incubation compared to 
control (Fig. 2E, F). ACE2 overexpression was detected by Western blot 
analysis (Fig. 2G). These results suggest that airway epithelia can be 
injured through SP–ACE2 interaction. 

3.3. UDCA inhibited SARS-CoV-2 SP–ACE2 interaction 

Membrane-bound UDCA may reduce the internalization of SARS- 
CoV-2 in the host cell [20]. Therefore, we investigated whether UDCA 
can prevent SP binding on ACE2. We detected no changes in the viability 
of Beas-2B cells (Fig. 3A) or ACE2-overexpressed cells (Fig. 3B) 
following UDCA treatment up to a concentration of 100 μM. According 
to flow cytometry analysis, overexpression of ACE2 in Beas-2B cells 
(Fig. 3C) pretreated with UDCA inhibited the SP–ACE2 interaction. 
SP-ACE2 interaction rates were 23.8% and 22.5% in the 20 and 40 μM 
UDCA pretreatment groups, respectively, compared to 26.5% in the 
control group (Fig. 3D), suggesting that UDCA may inhibit SP binding on 
ACE2. 

3.4. UDCA ameliorated Beas-2B cell migration inhibited by SARS-CoV-2 
SP 

Furthermore, we investigated whether UDCA could recover SP- 
mediated inhibition of airway cell migration. Cells were incubated 
with 20 μM UDCA, and the increase in cell migration was measured by 
single cell path tracking (Fig. 4A). The total distance of cell migration 
increased 2.5-fold following UDCA treatment compared to the control 
(Fig. 4B). A wound healing assay showed that cell migration was 
enhanced approximately 10–15% following UDCA treatment compared 
to control (Fig. 4C, D). In cells treated with SP in the absence or presence 
of UDCA, SP-mediated single cell path tracking was ameliorated by 
UDCA treatment compared to the UDCA-untreated control (Fig. 5A). 

Fig. 4. Beas-2B cell migration was enhanced by the treatment with ursodeoxycholic acid. (A, B) Beas-2B cells were treated with 20 μM ursodeoxycholic acid (UDCA). 
Changes in single cell path (A) and migrated distance of each cell (B) were analyzed by tracking program, ImageJ plugin MTrackJ (Version 1.5.0). Movement 
trajectory was presented in coordinates for each cell on a polar grid with the normalization of start points to the origin (A). Migrated distance was represented as a bar 
graph (B). (C, D) Beas-2B cells were plated on 35-mm2 dishes and incubated for 24 h. A confluent monolayer of Beas-2B cells was then scratched with a sterile pipet 
tip. Then, cells were incubated with UDCA for 18 h. Migration of cells into the space left by the scratch was photographed using a phase-contrast microscope at 
200 × magnification (C). Percentage of cell migration was quantified by the decrease of empty area remained at each time point compared to empty area of the 0-h 
time point using NIH image analysis software (version 1.62; National Institutes of Health) (D). Data in bar graphs represented as means ± SD. *p < 0.05; ** p < 0.01, 
significantly different from UDCA-untreated control group (B) at each time point (D). 
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The total distance of cell migration was increased by approximately 20% 
in cells co-incubated with UDCA and SP compared to the control group 
(Fig. 5B). The recovery of SP-mediated cell migration was confirmed by 
a wound healing assay (Fig. 5C). Cell migration by SP treatment was 
enhanced approximately 15% following incubation with UDCA for 24 h 
compared to the control (Fig. 5D). Together, these data suggest that 
UDCA may be a novel molecule for the prevention of SARS-CoV-2 
binding on ACE2 and abnormal airway cell migration (Fig. 6). 

4. Discussion 

COVID-19 is caused by SARS-CoV-2 [1]. Airway epithelial cells play 
a role in protecting the airway mucosa from various types of injury 
[9–11]. In particular, airway epithelial cell migration plays a pivotal role 
in airway repair [12,13]. Therefore, it is important to determine 
whether SARS-CoV-2 impairs airway epithelial cell migration, which 
can be attenuated by various molecules. UDCA interacts in two distinct 
regions of SP sequences, and may also bind to the cell membrane to 
inhibit SARS-CoV-2 entry into host cells [20]. However, the physiolog-
ical effects of UDCA on airway epithelium regeneration remain poorly 
understood. In this study, we investigated whether UDCA could help the 
restoration of bronchial epithelial layer using BEAS-2B cells. Our data 
demonstrate that UDCA can contribute to the inhibition of abnormal 
airway epithelial cell migration. 

The SARS-CoV-2 SP uses ACE2 for entry [5] after an RBD of the SP 
recognizes ACE2 as a receptor on the membrane [7]. The interaction of 
SARS-CoV-2 SP and ACE2 is a major determinant of virus replication and 
disease severity [5,8]. Our data showed that SP binds to control and 
ACE2-overexpressed Beas-2B cells (Fig. 1). SP treatment delayed the 
migration of both control and ACE2-overexpressed Beas-2B cells (Fig. 2), 
and UDCA interfered with the binding of SP to ACE2 (Fig. 3). These 
findings suggest that UDCA can enhance both the repair mechanism, to 
prevent damage caused by SP–ACE2 interaction, and restoration of the 
epithelial basal layer. 

Previous studies have demonstrated that various molecules are 
associated with signaling pathways involved in cell migration. Although 
many studies have reported a correlation between cell migration and the 
repair of damaged airway epithelium, the mechanism by which UDCA 

Fig. 5. Ursodeoxycholic acid attenuated inhibitory effect of SARS-CoV-2 spike protein on Beas-2B cell migration. (A, B) Beas-2B cells were treated with SARS-CoV-2 
spike protein (SP) in the absence or presence of 20 μM ursodeoxycholic acid (UDCA). Changes in single cell path (A) and migrated distance of each cell (B) were 
analyzed by tracking program, ImageJ plugin MTrackJ (Version 1.5.0). Movement trajectory was presented in coordinates for each cell on a polar grid with the 
normalization of start points to the origin (A). Migrated distance was represented as a bar graph (B). (C, D) Beas-2B cells were plated on 35-mm2 dishes and incubated 
for 24 h. A confluent monolayer of Beas-2B cells was then scratched with a sterile pipet tip. Then, cells were incubated with SP in the absence or presence of 20 μM 
UDCA for 24 h. Migration of cells into the space left by the scratch was photographed using a phase-contrast microscope at 200 × magnification (C). Percentage of 
cell migration was quantified by the decrease of empty area remained at each time point compared to empty area of the 0-h time point using NIH image analysis 
software (version 1.62; National Institutes of Health) (D). Data in bar graphs represented as means ± SD. *p < 0.05, significantly different from SP-untreated control 
group. &p < 0.05, significantly different from SP-treated group (B, D). 

Fig. 6. Scheme about action of UDCA on Beas-2B cell migration. Beas-2B cell 
migration might be retarded by binding SARS-CoV-2 spike protein (SP) to ACE2 
receptor followed by the production of some molecules and their action which 
were represented as ‘?’ and gray dotted lines, respectively. UDCA could be 
effective to restore SP-mediated inhibition of Beas-2B cell migration by the 
interference of SP-ACE2 interaction or the inhibition of some molecules. Our 
findings are presented by gray solid lines. 
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influences the regenerative migration of airway epithelial cells has 
remained controversial. Rapid re-epithelialization is promoted by 
microcirculation-derived factors, together with an intact basement 
membrane [13]. Actin polymerization is involved in airway epithelial 
cell migration and repair [27,28]. Cell migration involves anchorage 
onto type IV collagen via focal contacts, and metalloproteinases control 
repair cell migration by remodeling the provisional extracellular matrix 
[29]. In this study, Beas-2B cell migration was increased by UDCA 
treatment (Fig. 4) Therefore, further study of the mechanism underlying 
the effects of UDCA on cell migration is required. 

The role of UDCA-mediated cell migration in epithelium regenera-
tion following damage was examined by the effect of SP on airway 
epithelial cell migration. A wound healing assay and single cell path 
tracking showed that SP decreased airway epithelial cell migration, 
which was recovered by UDCA treatment (Fig. 5). This finding suggests 
that UDCA can regenerate SP-mediated abnormal migration of airway 
epithelial cells. 

Although our results do not provide a straightforward explanation of 
the mechanism of UDCA action in SP-mediated cell migration, we 
demonstrated that UDCA can recover abnormal epithelial cell migration 
following airway damage. However, the signaling molecules that regu-
late cell migration and their mechanism remain unclear, and many 
questions remain about the mechanisms of SP- and UDCA-mediated cell 
migration. It is also required to further validate our data through in vivo 
studies. 

Anti-inflammatory function of UDCA in bronchial epithelium may be 
a possible mechanism as previously proposed in the literature with in 
vivo lung injury model [17, 30, 31]. Pre-treatment with UDCA 
remarkably alleviated the pathologic and biochemical changes by in 
vivo perinephric fat which induced acute lung injury and respiratory 
distress syndrome in rats [30]. UDCA attenuated pulmonary edema and 
lung inflammation induced by lipopolysaccharide in rats [31]. UDCA 
also suppress mouse eosinophilic airway inflammation by inhibiting the 
function of dendritic cells (DC) through the expression of nuclear far-
nesoid X receptor and by modulating the DC/T cell interaction [17]. So, 
these reports could indirectly support our results that UDCA-induced 
cell migration prevent damage caused by SP–ACE2 interaction and 
enhance restoration of the epithelial basal layer. 

Our results are summarized in Fig. 6, which shows the amelioration 
of SP-mediated airway epithelial cell migration due to interference by 
the SP–ACE2 interaction or the inhibition of signaling molecules. 
Together, our findings suggest that UDCA could represent a therapeutic 
molecule for restoring airway epithelial cell damage caused by SARS- 
CoV-2, and that UDCA may be useful in treating certain types of struc-
tural changes in individual airways exposed to various types of injury. 
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