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ARTICLE INFO ABSTRACT

Keywords: The escalating pandemic brought about by the novel SARS-CoV-2 virus is threatening global
Natural products health, and thus, it is necessary to develop effective antiviral drugs. Usenamine A is a dibenzo-
SARS-CoV-2

furan derivative separated from lichen Usnea diffracta showing broad-spectrum activity against
different viruses. We evaluate that usenamine A has antiviral effects against novel SARS-CoV-2
Delta variant pseudotyped viruses (PVs) in A549 cells. In addition, usenamine A significantly
suppresses SARS-CoV-2 PV-induced mitochondrial depolarization, elevated reactive oxygen
species (ROS) levels, apoptosis, and inflammation. Usenamine A also causes the SARS-CoV-2
spike protein to become less stable. Thus, usenamine A shows potential as an antiviral drug
that can provide protection against COVID-19.
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1. Introduction

The coronavirus (COVID-19) pandemic that resulted from the outbreak of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has seriously damaged public health and has brought about economic burden worldwide [1]. The SARS-CoV-2 spike
protein is highly conservative properties, which is a key factor in its infection pathway [2,3]. The S1 domain is mainly responsible for
binding the virus to receptors, and the S2 domain mainly contains HR domains that are closely related to viral fusion [4,5]. The
SARS-CoV-2 spike protein binds to cells that it recognizes through the cell surface receptor ACE2. The virus enters the host cell and
spike protein proteolysis activates the host to encode proteases, which remarkably affects replication and other coordinated processes
[6,7]. Inhibiting the spike protein may mitigate the invasion of the virus into host cells, and this could serve as a protective therapeutic
strategy against SARS-CoV-2 infections [8].

However, SARS-CoV-2 is a biosafety level-3 (BSL-3) pathogen, and experiments with actual pathogenic SARS-CoV-2 samples entail
stricter requirements corresponding to biosafety level-3 (BSL-3) laboratory conditions. These restrictions make it difficult to perform
antiviral evaluations [9]. Replication-restricted PVs that bear viral coat proteins can mimic some biological properties of actual viruses
in vivo, and thus, they can serve as safe and useful alternatives for antiviral research under less stringent biosafety conditions [10]. The
novelty of this research paper in the context of SARS-CoV-2 PVs lies in the utilization of liposomes. The PVs are primarily composed of
liposomes containing the SARS-CoV-2 spike protein within their membranes, and their genetic composition closely mirrors that of a
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live SARS-CoV-2 virus but with a restricted capacity for replication within host cells. Additionally, these PVs encapsulate spike RNA
from SARS-CoV-2, allowing for the monitoring of PV infection levels through PCR methods. Consequently, the PVs serve as a secure
platform for emulating the properties of highly pathogenic viruses without necessitating high-level biosafety facilities. This article
focuses on discussing the construction of a SARS-CoV-2 Delta variant pseudoviral production system and the potential use of such
pseudoviruses for cell infection experiments.

According to the clinical data from studies on the novel coronavirus study, severe inflammation and lung damage can result from
uncontrolled cytokine storms caused by the virus once patients are infected [11,12], and the intensity of such storms is linked to the
severity of the disease. IL-1f is the main inflammatory mediator in the human body and can be inhibited to alleviate cytokine storms.
Additionally, IL-6 is a multifunctional cytokine produced by immune cells to trigger inflammatory responses through multiple
pathways [13]. TNF-« is the main pro-inflammatory cytokine in acute and chronic inflammation [14], the level of which may be
significantly increased in the serum of patients with new coronary pneumonia [15,16]. Therefore, these three inflammatory factors
were used in this study to assess the severity of cellular inflammation.

Despite the remarkable advancements in vaccine development for COVID-19, the search for effective therapeutics remains a crucial
endeavor in controlling the pandemic [17]. Small molecule drugs have long been recognized as potent tools against viral infections due
to their ability to target specific viral or host functions [18,19]. However, with the SARS-CoV-2 virus, many current small molecule
drugs have exhibited limited efficacy or fewer bioavailability challenges in administration or resistance [20,21]. Natural products,
with their rich history and variety, offer a reservoir of bioactive compounds that have the potential to address these challenges. Several
natural products have demonstrated potent antiviral properties against various viral pathogens, suggesting their potential in the
context of COVID-19 [22,23]. Furthermore, natural products as immunomodulatory agents in the context of aid in public health have
garnered significant attention [24,25]. Immunomodulators hold promise in strengthening the body’s immune response, mitigating
inflammation, and enhancing antiviral immunity [26]. Considering this, the integration of insights from natural products into modern
therapeutic development may offer an irreplaceable strategy in the fight against SARS-CoV-2.

Usnea sp. is a fruticose lichen renowned for its medicinal significance in various traditional practices. Several researchers have
reported the antibacterial activity of the Usnea sp. even before the antibiotic era. Usnea sp are known to exhibit promising antibacterial
effects on Gram-positive strains, including Staphylococcus aureus and Bacillus sp. For instance, U. florida and U. antarctic show anti-
bacterial activity against S. aureus [27,28]. The diverse biomolecules in lichen extracts often correlate with its antioxidant activities
[29]. The antioxidant potential of U. longissima methanolic extract showed potential DPPH scavenging activity [30]. Furthermore,
extracts of Usnea sp have also exhibited anticancer properties. For example, the extract of U. barbata illustrated dose-dependent
cytotoxicity in B16 (mouse melanoma cell line) and C6 (rat glioma cell line) yet remained non-toxic to the non-cancerous human
keratinocyte HaCaT cell line [31]. Meanwhile, the methanol extract of U. filipendula induced apoptosis in human breast cancer cells
(MCEF-7 cell line and MDA-MB 231 cell line [32].

Small molecule drugs are excellent complements to vaccines as prophylactic and post-exposure therapeutic agents [18]. However,
current small molecule drugs suffer from poor efficacy. As a key component of the COVID-19 treatment regimen, bioactive natural
products [33] and traditional medicine may play an irreplaceable role in the treatment of SARS-CoV-2 infections [34]. Usnea diffracta,
which belongs to the Usneaceae family, grows as a moss parasite in humid climates [35]. Like other varieties of Usneaceae, Usnea
diffracta is widely known as “songluo” in China and Korea and is applied as a medicinal product to treat different ailments. In previous
chemical research studies on Usnea diffracta, it has been suggested that the presence of phenyls, depsides, anthraquinones, di-
benzofurans, and terpenoids could produce insecticidal, antitumor, antiviral, antibacterial, and anti-inflammatory effects [36-38]. In
terms of antiviral efficacy, it is widely believed that Usnea diffracta affects the RNA replication of viruses [39-41].

This study presents a biological evaluation of usenamine A, a dibenzofuran compound extracted from the ethyl acetate part of
Usnea diffracta, in SARS-CoV-2.

2. Materials and methods
2.1. Isolation of usenamine A

Ultrasonication was employed to extract dry Usnea diffracta (1.5 kg) three times with 100 % MeOH at room temperature overnight.
We removed the solvent in vacuo to obtain a methanol extract (285.7g), which was suspended in distilled water and successively
partitioned with EtOAc (2Lx3) or n-butanol (2Lx3) to generate crude extracts of EtOAc (125.4g) and n-butanol (80.1g), respectively.
The EtOAc fraction was treated with silica gel CC and eluted with a gradient of CH2CL2-MeOH (100:1 to 1:100, v/v) as the mobile
phase to produce eight fractions (E1-E8). Fraction E3 (35.1g) underwent treatment with RP C18-MPLC (10 %-100 % methanol) to
obtain another 13 subfractions (M1-M13). Fraction M12 was again further separated with silica gel CC (hexane-ethyl acetate, 10:1 to
1:1, v/v = 100 % MeOH) to obtain five subfractions (M14-M18). Preparative HPLC was used to obtain usenamine A from subfraction
M17 with 70 % acetonitrile.

The molecular formula of usenamine A was detected as C;gH;7NOg from HR-ESI-MS data (m/z 344.0887 [M + H] ™, calculated for
C13H1gNOg, 344.0891). 'H NMR spectrum showed the signals corresponding to four distinct methyl groups with shifts at 5y 1.63, 1.96,
2.53, and 2.63. In addition, resonances for two hydroxy-group protons were noted at 5y 13.40 and 12.30, and two amino protons at 5y
11.54 and 9.83. An olefinic proton resonance was evident at 6y 5.85 (H-4). 13C NMR revealed 18 carbon resonances were discerned,
encompassing three ketocarbonyls, four oxygenated olefinic carbons, six olefinic carbons, four methyl carbons, and a sp3 quaternary
carbon resonating at 6c 56.5 (C-9b). By contrast with the compounds previously identified in U. diffracta [42,43], the dibenzofuran
core structure was ascertained. Furthermore, the compound structure was further validated by referencing the spectral data of
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usenamine A has been previously reported [44].
2.2. Cell culture

The human lung cancer cell line A549 was obtained from the Korean Cell Line Bank (KCLB, Seoul, Korea). HEK293T cells were
obtained from the American Type Culture Collection (ATCC, Rockville, MD, USA). The cells were placed in a culture dish containing
Roswell Park Memorial Institute 1640 (RPMI-1640) medium or Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Sci-
entific, Waltham, MA, USA) or supplemented with 10 % fetal bovine serum (FBS) and 1 % antibiotic-antimycotic (Thermo Fisher
Scientific, Waltham, MA, USA) before being cultured at 5 % CO2 at 37 °C.

2.3. Microscopy

We seeded A549 cells in 6-well plates at 1 x 10° cells per well to perform microscopy analysis, and this was followed by a treatment
process with the compound (10 and 20 pM). 48 h later, we examined the cell morphology, and an EVOS M5000 Imaging System
(Thermo Fisher Scientific Inc., Waltham, MA, USA) was used to obtain cell images.

2.4. Cell viability assay

A549 cells underwent culturing in 96-well plates with 6 x 10* cells in each well before being exposed to various concentrations of
usenamine A. After 48 h of incubation, 3-(4,5-di-methylthiazol-2-yl)-2,5-diphenyl-2 tetrazolium bromide (MTT) solution was added to
each well, and the cells were then subjected to 2 h of incubation at 37 °C under 5 % CO2. A Synergy HTX Multi-Mode Microplate
Reader (BioTek Instruments, Inc., Winooski, VT, USA) was used to evaluate the cell viability against the absorbance of the resulting
solution at 490 nm.

2.5. Pseudovirus (PV) production

We co-transfected engineered pMD2.G (which encodes codon-optimized SARS-CoV-2 Delta spike proteins) and a psPAX2 plasmid
into HEK293T cells with Metafectene. After 48 h of transfection, we collected the supernatant that contained the SARS-CoV-2 Delta
pseudovirus and filtered the supernatant with cellulose acetate membranes (0.45 pm-pore). We replaced the medium with fresh DMEM
with 10 % FBS for additional harvests 72 h post-transfection. To avoid the titer of PVs being decreased due to freezing or thawing, the
supernatant was aliquoted to 1 mL and stored at —80 °C before use.

2.6. Real-Time PCR

We extracted total RNA from A549 cells that had been treated using usenamine A for 48 h with the RNeasy mini kit (Qiagen, Hilden,
Germany) or the QIAamp viral RNA kit following the manufacturers’ protocols. With the same amount of RNA, cDNA was synthesized
using the LunaScript RT SuperMix Kit (New England Biolabs, Ipswich, MA, USA). Nanodrop was used to measure RNA concentrations
(Thermo Fisher Scientific, Waltham, MA, USA). PCR reactions were carried out with specific primers that had 10 pL of 2 x qPCR Master
mix (SFC probes, Cheongju, Korea), 0.5 pL of PCR Forward Primer (10 pM), 0.5 pL of PCR Reverse Primer (10 pM), 1 pL of cDNA
template, and 8 pL of PCR-grade water. The reaction underwent amplification via a flowing step at 95 °C by being denatured for 3 min
followed by 40 cycles involving heating to 95 °C for 5 s and 60 °C for 30 s using a StepOnePlus Real-Time PCR system (Thermo Fisher
Scientific, Waltham, MA, USA). The primer sequences used in this study (5 — 3") were IL-6 (F: AGCCCTGAGAAAGGAGACAT, R:
TGGAAGGTTCAGGTTGTTTT), IL-1p (F: CTGTCCTGCGTGTTGAAAGA, R: TTCTGCTTGAGAGGTGCTGA), TNF-a (F:
AACCTCCTCTCTGCCATCAA, R: CCAAAGTAGACCTGCCCAGA), and Spike (F: TCTGCTTTACTAATGTCTATGC, R: GCTA-
TAACGCAGCCTGTAAA, P: TCAGACAAATCGCTCCAGGGCA).

2.7. Apoptosis assay

The cells underwent culturing in 6-well plates and were exposed to different concentrations of usenamine A (10 pM). We seeded
usenamine A-treated and untreated (control) A549 cells in 6-well plates and incubated them for 48 h at 37 °C. After 48 h of treatment,
we collected the cells and washed them with phosphate-buffered saline (PBS). The cells were then resuspended in a binding buffer (1 x
). The cells underwent annexin V-PE and 7-AAD staining according to the instructions of the manufacturer. Then, we classified the cells
into early (Annexin V+/7-AAD-) and late (Annexin V+/7-AAD-) apoptotic cells using a flow cytometer (BD FACSVerse, BD Bio-
sciences, San Jose, CA, USA). The FlowJo software (Version 10, BD Biosciences) was also used to analyze cell percentages.

2.8. Tetramethylrhodamine methyl Ester Perchlorate (TMRM) assay

After 48 h of incubation, we collected the usenamine A-treated A549 cells. After being washed with PBS, the cells were incubated in
100 nM cell-permeable fluorescent indicator TMRM (ThermoFisher Scientific, Waltham, MA, USA). TMRM was prepared by diluting
10 mM stock in PBS for 30 min at 37 °C. To assess the mitochondrial membrane potential, we used PBS to wash the cells. We used a
flow cytometer (BD FACSVerse, BD Biosciences, San Jose, CA, USA) for cell measurement, and the FlowJo v10 software (B Version 10,
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BD Biosciences) was used for cell analysis.

2.9. Measuring reactive oxygen species (ROS)

2,7-dichlorodihydrofluorescein diacetate (H2DCFDA; Thermo Fisher Scientific, Waltham, MA, USA) levels were assessed to analyze
intracellular ROS levels. We gradually perfused cells with PBS buffer (37 °C) and used an inverted fluorescent microscope (Olympus)
for imaging. The cells underwent half an hour of incubation in DCFDA (1 pM) at room temperature. Cold PBS was used to wash the
cells, which were then resuspended in 0.5 mL of PBS with 1 % fetal bovine serum. A flow cytometer (BD Biosciences, USA) was used
together with the FlowJo software for fluorescence analysis.

2.10. Western blot

A549 cells underwent 36 h of treatment with usenamine A (10 pM) in 6-well plates with 1 x 10° cells in each well. Total protein was
extracted by using a 2x sampling buffer and then boiling for 15 min. The proteins separated by SDS-PAGE were transferred to a
polyvinylidene difluoride (PVDF) membrane. Following 1.5 h of blocking in 5 % dry milk in TBST and 1 h of washing in 1 x TBST, the
PVDF membrane was incubated with primary antibodies provided by Santa Cruz Biotechnology (Dallas, TX, USA) and Cell Signaling
Technologies (Danvers, MA, USA) against green fluorescence protein (GFP) and p-actin. The membranes were first washed in 1x TBST
and then underwent 2 h of incubation with anti-mouse or anti-rabbit horseradish peroxidase-conjugated secondary antibodies. Finally,
the membranes were visualized with the assistance of enhanced chemiluminescent reagents purchased from Thermo Fisher Scientific.
An Image Quant LAS mini (Fujifilm, Tokyo, Japan) was used to detect signals, and the relative protein level was normalized to p-actin.

2.11. Molecular docking

The structure of the delta spike protein (PDB ID: 7W92) was retrieved from the RCSB Protein Data Bank in PDB format [45,46].
Protein models were built by excluding heteroatoms and water molecules. The 3D structure of usenamine A and remdesivir were
generated and their energy minimization was done using ChemOffice. Both receptor (delta spike protein) and ligands (usenamine A
and remdesivir) were generated using AutoDock4 [47] and saved in PDBQT format. Active site residues including (LYS417, GLY446,
TYR449, TRY453, LEU455, SER494, TYR495, GLY496, PHE497, GLN498, ASN501, and TYR505) were identified [48]. This active site
was targeted through a grid box to target residues binding pocket was established with the following dimension: A: (X, Y, Z) = (72 A,
62 1°\, 54 1°\) and center (X, Y, Z) = (163.567 10\, —-193.233 .ﬁo\, 244.390 f\). A total of ten docking runs were implemented for each ligand.
The most favorable binding poses of usenamine A and remdesivir were identified by determining the lowest binding energy (AG).
Binding energies were optimized by applying the search genetic algorithm and the Lamarckian genetic algorithm with the assistance of
AutoDock tools. The docked structures with high binding affinity were visualized using both PyMOL [49] and Discovery Studio
Visualizer [50]. FDA-approved drug remdesivir was used as reference control.

2.12. ADMET profiling

The ADME attributes of usenamine A were computationally assessed using the SwissADME tool, developed by the Molecular
Modeling Group at the Swiss Institute of Bioinformatics [51,52]. We used Lipinski’s "rule-of-five" as a framework to gauge the
biochemical properties of the compound that might impact its cellular permeation and absorption. To be considered drug-like, a
molecule must meet at least three of Lipinski’s stipulations: a molecular weight below 500 Da, a log P value under 5, less than 10
hydrogen-bond acceptors, and fewer than 5 hydrogen-bond donors. Additionally, the OSIRIS Property Explorer software was utilized
to predict potential toxicities of usenamine A, specifically its mutagenic, tumorigenic, irritant, and reproductive effects [53,54].

2.13. Statistical analysis

GraphPad Prism (GraphPad Software, Inc., version 7, San Diego, CA, USA) was used for statistical analysis, and the results took the
form of means + SEM. The Student’s t-test assisted in further analyzing the data. The resulting p-values indicated statistical signifi-
cance (*p < 0.05, **p < 0.01, *** < 0.001, ****p < 0.0001).

3. Results
3.1. Establishment of a SARS-CoV-2 delta pseudovirus system using A549 cells

SARS-CoV-2 delta PVs were produced via the co-transfection of human embryonic kidney (HEK) 293T cells with a pLVX-N1-Spike
(Delta) lentiviral vector, an envelope protein expressing plasmid pMD2.G.Spike (Delta), and a packaging plasmid psPAX2 expressing
Gag-pol. To obtain a high titer of PVs, the plasmid ratio was revised and optimized for transfection. Plasmid psPAX2 and modified
pMD2.G were optimized to a 2:1 parameter to generate the pseudotyped virus capsid. Because of the high amount of plasmid needed to
be transfected, Metafectene was used for its high transfection efficiency. HEK293T cells were also chosen due to their high infection
efficiency. Thus, we constructed a system that produced PVs of the SARS-CoV-2 Delta variant for the following study.
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3.2. Usenamine a has direct antiviral effects against SARS-CoV-2 infections in A549 cells

Fig. 1A displays the structure of usenamine A (Figs. S1-S7). Based on the MTT results (Fig. 1B), usenamine A possesses low
cytotoxicity against A549 cells. To reveal the anti-infectivity of usenamine A for inhibiting SARS-CoV-2 PV infections in A549 cells in
vitro, the concentration of usenamine A was set to 10 pM to quantitatively analyze the effect of viral RNA concentration in A549 cells.
To better demonstrate the antiviral effect exerted by the drug on A549 cells, usenamine A was first added to the cells and cultured in an
incubator for 4 h before transduction. Once the cells fully came into contact with usenamine A, the cells were infected with the PVs and
then placed in an incubator for 36 h. As shown in Fig. 1C, the 10 pM and 20 pM usenamine A-treated groups exhibited significant and
dose-dependent decreases in GFP signals (which indicates PV infection) compared to the no usenamine A treatment group. After the
cells were infected with PVs, RNA was extracted from the supernatant and cells. Then, the viral copies of spike RNA were counted via
quantitative PCR (qPCR), and the results showed a significant reduction in the amount of viral spike RNA in the cells treated with
usenamine A of 20 pL concentration (Fig. 1D). This indicates that usenamine A can inhibit PV infections and that usenamine A exerts
antiviral effects directly against SARS-CoV-2 PV infections in vitro. As a result, the PVs were barely able to enter the cells. Therefore,
usenamine A shows potential as an effective agent against COVID-19.
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Fig. 1. Anti-infectivity effects of usenamine A against SARS-CoV-2 PVs in A549 cells. (A) Structure of usenamine A. (B) Cell viability under MTS
assay measurements. A549 cells were exposed to different concentrations of usenamine A. (C) Fluorescence microscopy results to analyze the impact
of usenamine A after pseudoviral transduction (scale bar: 200 pm). (D) RNA expression levels of SARS-CoV-2 PVs. Data were in the form of mean +
standard deviation (n = 3). **p < 0.01 and ***p < 0.001 relative to those in the control group.
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3.3. Changes in mitochondrial membrane potential

Mitochondrial membrane potential (A¥m) can be used to effectively evaluate the function and state of mitochondria. To determine
any connections between the protective effect of usenamine A and the mitochondrial membrane, mitochondrial depolarization was
measured against the intensity of TMRM fluorescence through flow cytometry. As show in Fig. 2, the percentage of cells stripped of
A¥m increased sharply in the group treated with PVs relative to the control group. That is to say, the pseudovirus caused A¥m to
become unstable. However, usenamine A treatment reduced the percentage of cells stripped of A¥m, suggesting that usenamine A
reversed the effect induced by PVs in the cells.

3.4. Changes in reactive oxygen species (ROS)

Mitochondrial membrane potential is capable of triggering ROS that can vary mitochondrial membrane permeability, and high ROS
accumulation levels will result in cell damage and apoptosis by activating cell death signal pathways. We previously demonstrated that
usenamine A affects mitochondrial depolarization, and thus, we explored how this affected the production of ROS. As shown in Fig. 3,
ROS and mitochondrial ROS levels significantly increased to 60.9 % and 45.4 % in the PV treatment groups compared to the control
group levels of 5.09 % and 7.94 %, respectively. The results also showed that PV-induced ROS generation was suppressed by usen-
amine A to 39.8 % and 26.4 % in the two staining groups.

3.5. Usenamine a attenuates spike protein-induced apoptosis in A549 cells

To explore whether usenamine A could protect against spike protein-induced apoptosis, we carried out flow cytometric analysis on
damaged cells with annexin V/propidium iodide (PI). According to the Annexin V-FITC/PI staining assay, late apoptotic cell numbers
showed a significant increase in the PV-treated groups relative to the control group. When the cells were incubated with 10 uM
usenamine A, this effectively alleviated the late apoptosis induced by the formation of spike protein-mediated syncytium, as shown in
Fig. 4. In summary, usenamine A suppressed spike-induced late apoptosis in A549 cells, as confirmed by PI staining.

3.6. Usenamine a alleviates PV-induced inflammation

To investigate the anti-inflammation effects exerted by usenamine A, we assessed the mRNA levels of IL-6, IL-1 beta, and TNF-
alpha, which are common markers of inflammatory pathways. As shown in Fig. 5, the levels of the three aforementioned inflam-
matory factors were upregulated after PV transduction, which suggests the possibility of an inflammatory response similar to cytokine
storms in cells. Conversely, the expression levels of the inflammatory factors were found to be significantly downregulated in the cells
treated with usenamine A compared to the untreated group. That is to say, usenamine A is effective in suppressing the expression of
inflammatory factors. Therefore, usenamine A could potentially be applied to reduce inflammatory responses and lung lesions in
patients with new coronary pneumonia, thus reducing patient mortality.

3.7. Usenamine a decreases S-glycoprotein syncytium formation in 4 VOC

To reveal the antiviral mechanism of usenamine A, the effect of usenamine A on the spike protein was analyzed through western
immunoblot assays. To increase spike protein synthesis, HEK293T cells were treated as hosts for the production of spike proteins. After
transfecting the HEK293T cells with spike proteins of four types of VOC linked to GFP for 24 h, usenamine A of 10 pM concentration
was added. Cell lysates were collected after 24 h of incubation and subsequently lysed. GFP levels were analyzed through western
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Z. Lietal

A

Spike +

Heliyon 9 (2023) e21742

CTL Spike UA (10 uM) 80
1007 ROS [1007] ros | "7 ROS .
- 5.09 60.9 39.8 60 -
o0 80 ] 80 7] —
: é ek
O e w0 n 404
o e]
Che 7 ] * 20
o 207 207 207
0] 0] 0] 0-
10° 10 10° 10° 10 10° 1©° 10 10 10° 10° 10° 10° 10 10° 10 10° 10° AV ‘9 ®
o < N3
DCFDA (ROS) Rl
)
x
"o.&o
C Spike +
CTL Spike UA (10 uM) 0
" ROS | %] Rros |"* ] ROS
- 794 454 26.4 40+
001 80 ] 80 ] —
3 32 30 *hx
8 60 -] 0 7 e0 7 ;
— O 204
T — | o o P
o J 10
20 20 20
[ [ 0l 0-
o' 102 o° w0t w0 1 100 100 16 w0t 0° W @ W @ & W 0«\/ é(_e Qé\\
MitoSOX (ROS) e ‘,\'\Q
x°
~2
K

Fig. 3. Usenamine A suppressing ROS generation triggered by SARS-CoV-2 PVs in A549 cells. (A) (C) Intracellular ROS and mitochondrial ROS

levels measured using a flow cytometer. (B) (D) Quantification of intracellular ROS and mitochondrial ROS levels. Values denote means + SEM. (n
= 3, ***p < 0.001).

A Spike + B ..
‘401 02 [n°q01 S4a1 02
“ Joss 159 36.3 N 154 284 30+ B3 Early apoptosis
104 10 104 2 Il Late apoptosis
€
——— 10° 10 3 204
o 8
10° 4 1004 0 s
o
] 10
o |"'Jas ©' Y04 a3
569 338 . {828 123
v vy - 10 ey L v " v v v
10" ‘03 ‘O.‘ 105 |0° IG‘ |0° |0‘ lﬂ: VOJ |0.‘ |05 o-
Annexin V

cTL Spike  Spike + UA (10 uM)

Fig. 4. Usenamine A alleviating SARS-CoV-2 PV-triggered apoptosis in A549 cells. (A) Apoptosis analyzed by Annexin V-PI double staining together

with flow cytometry. A549 cells were either treated or untreated with usenamine A for 48 h. (B) Early and late apoptotic cell quantification. Values
are represented as means + SEM. (n = 3, ***p < 0.001).

blotting to detect spike proteins. As suggested by the results in Fig. 6, the levels of the four VOC spike proteins declined significantly

following usenamine A treatment in comparison with the DMSO-only group. This implies that usenamine A reduces the stability of the
spike protein.
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Fig. 5. Relative gene expression levels of the inflammatory markers IL-6, IL-1 beta, and TNF-alpha in A549 cells. Values were in the form of means
+ SEM. (n = 3, **p < 0.01, ***p < 0.001).
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Fig. 6. Expressions of four VOC spike proteins in HEK293T cells as obtained via Western blot analysis. Whole cell lysates were analyzed to confirm
spike expressions after treating the cells with 10 pM usenamine A for 24 h.

3.8. Molecular docking

The binding efficiency of a molecule (usenamine A and remdesivir) to a target protein is evaluated through computer-assisted
molecular docking by calculating the highest binding affinity and lowest binding energy. In our study, docking analysis revealed
that usenamine A (—7.36 kcal/mol) exhibited a higher binding affinity than remdesivir (—6.23 kcal/mol). The potential binding
pocket of the spike protein with remdesivir and usenamine A is shown in Fig. 7A and B. The usenamine A conformation was stabilized
by the hydrogen bonds between the hydrogen atoms in amine, hydroxyl groups, and oxygen atoms in the aldehyde group. The 2D
visualization of remdesivir and usenamine A interaction with delta spike protein complex demonstrated that the interaction occurred
through extensive pi-alkyl bond interactions and pi-donor hydrogen bond interactions (Fig. 7C and D). The stabilization of the binding
interactions between usenamine A and the spike protein were mediated by amino acid residue such as ARG403, TYR453, SER494,
TYR495, GLY496, PHE497, ASN501, and TYR505. These results suggested that usenamine A and remdesivir exhibited similar docking
pose and target active pocket. Therefore, the results of the usenamine A binds to spike proteins were agreement with the reference drug
interactions thereby showing moderate binding affinity.
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Fig. 7. Insilico binding analysis between remdesivir and the spike protein of COVID-19 and their interacting residues (TYR-453 and GLY 496) were
labeled (A). In silico binding analysis between usenamine A and the spike protein, and their interacting residues (ARG 403 and GLY496) were labeled
(B). 2D visualization of remdesivir and spike protein docking complex (C). 2D visualization of usenamine A and spike protein docking complex (D).

3.9. Drug-likeness and ADMET prediction of usenamine A

The pharmacokinetic profile of usenamine A was evaluated using in silico absorption, distribution, metabolism, and excretion
(ADME) analyses. Lipinski’s rule of five served as the guiding principle to anticipate the compound’s druggability considering metrics
such as molecular weight, lipophilicity (expressed as the octanol-water partition coefficient), and counts of hydrogen bond donors and
acceptors. Notably, usenamine A met Lipinski’s criteria, indicating promising bioavailability and drug-like properties (Table 1). The
BOILED-Egg model, a visual representation correlating lipophilicity and polarity, was employed to forecast passive intestinal ab-
sorption and brain permeation potentials. Compounds situated in the yellow domain (yolk) are likely to penetrate the blood-brain
barrier (BBB), whereas those in the white region are inclined towards passive absorption in the gastrointestinal (GI) tract (Fig. 8).
Predictions highlighted usenamine A’s aptitude for efficient GI absorption but limited BBB permeability. Toxicological predictions,
encompassing mutagenicity, tumorigenicity, irritancy, and reproductive effects were carried out with the aid of the OSIRIS Property
Explorer (Table 2). Encouragingly, usenamine A did not exhibit any discernible toxic tendencies.

4. Discussion

As an emerging type of the severe acute respiratory infectious disease, COVID-19 has seriously threatened human health, the world
economy, and social stability [55]. To date, it remains a challenge to find a cure for COVID-19 [56]. Anti-viral drugs that have been
developed so far generally work in two ways [57]. One method involves reducing RARP levels in the virus [58]. Another class of
antiviral drugs aims to prevent viral infections by decreasing the levels of key proteases associated with viral replication [59]. The
other method involves taking advantage of the lopinavir/ritonavir mechanism and has been clinically proven to be help improve the

Table 1
Lipinski’s rule of five for ADME analysis of usenamine A.

Lipinski’s Rule of Five

Compound Molecular weight (g/mol) Lipophilicity (MLogP) H-bond donors H-bond acceptors Rule violations Drug-likeness
<500 <5 <5 <10 <2
Usenamine A 343 g/mol —0.52 3 6 0 Yes
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Fig. 8. Prediction of GI tract and brain permeation of usenamine A by brain or the intestinal estimated permeation predictive model (BOILED-
Egg) method.

Table 2

Predicted toxicity parameters of usenamine A.
Compound Mutagenicity Tumorigenicity Irritant Effect Reproductive Toxicity
Usenamine A None None None None

condition of COVID patients [60]. Besides these viral targets, researchers have also suggested using inflammatory cytokines generated
in critically ill COVID-19 patients as therapeutic targets. This is because significant complications can arise due to molecular storms
triggered by these cytokines [61,62]. For this reason, certain compounds that are capable of inhibiting inflammation (e.g., tocilizu-
mab) may also be suitable for treating COVID-19 patients [63,64]. However, there is still no specific drug that can treat all related
symptoms. Since naturally derived products have shown promising clinical effects when it comes to treating infectious diseases [65], it
is necessary to explore more effective intervention strategies based on naturally derived products to prevent and treat COVID-19 cases.

Although our PV infection system is rapid and safe, it does not fully replicate the complexities of SARS-CoV-2 under in vivo con-
ditions. However, we are working on establishing an appropriate in vivo model to study the in vivo antiviral activity of usenamine A.
Furthermore, in in vivo studies, greater focus is placed on determining physiological factors, such as biodistribution, metabolism, and
clearance on antiviral effects. These factors can potentially impact the efficacy and stability of the drug, necessitating comprehensive in
vivo investigations to assess the drug’s performance as well as its susceptibility to drug resistance stemming from the continuous
evolution of SARS-CoV-2.

As new variants of the virus continue to emerge and evolve, the potential development of drug resistance to usenamine A must be
taken into serious consideration. Viruses can adapt and mutate to develop resistance to most antiviral drugs [66,67]. A recent research
paper discusses the emergence of mutations in SARS-CoV-2 to evade the effects of remdesivir [68], highlighting the risk of SARS-CoV-2
developing resistance to existing antiviral drugs. Therefore, we considered the potential of combining different antiviral drugs and
immunomodulatory/anti-inflammatory drugs to enhance treatment efficacy against COVID-19 by mitigating the risk of drug-resistant
virus variants being introduced. Furthermore, considering that the drug will be administered in tandem with active viral clearance by
the immune system, including any potential resistant forms that may have emerged, it becomes advisable to focus surveillance efforts
on immunocompromised individuals receiving usenamine A treatment.

As the medical community continues to grapple with the complexities of COVID-19, the introduction of new therapeutic agents like
usenamine A is both promising and challenging. One of the potential complexities of usenamine A involves understanding and pre-
dicting its drug-drug interactions (DDIs) with existing therapeutic regimens. The first consideration is pharmacokinetics — how the
body absorbs, distributes, metabolizes, and excretes the drug — as this can influence usenamine A’s potential interactions with other
drugs. If usenamine A is metabolized by the same liver enzymes as another anti-COVID-19 drug, there is potential for competitive
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inhibition where both drugs vie for the same metabolic pathway, leading to altered blood levels of one or both drugs [69,70]. Ab-
sorption dynamics can also play an important role. If usenamine A affects the gut’s pH or interferes with transport proteins, it could
influence the absorption rates of other orally administered drugs [71,72]. Given such considerations, in-depth studies are of paramount
importance. Combination drug therapy trials — where usenamine A is administered alongside standard anti-COVID-19 drugs — can shed
light on any synergistic or antagonistic effects. Additionally, computational models and databases can help predict potential in-
teractions based on the known properties of usenamine A and other drugs [73]. While these models cannot replace clinical studies,
they can guide researchers to potential areas of concern, making subsequent in vivo and in vitro investigations more targeted and
efficient. As we look to integrate usenamine A into the arsenal against COVID-19, it is essential to understand not just its standalone
effects, but also how it fits into the broader therapeutic landscape. Ensuring usenamine A’s compatibility with existing drugs will be
key to harnessing its full potential safely and effectively.

According to our research results, usenamine A, which is extracted from the ethyl acetate layer of Usnea diffracta, can exert
inhibitory effects against SARS-CoV-2 PVs. These inhibitory effects may arise due to the cleavage of the coronavirus spike protein.
Additionally, due to the similar crown structures of various spike proteins, we found that usenamine A also inhibited four other VOC
mutant coronavirus infections. The data from our study proves the suitability of usenamine A for effective broad-spectrum anti-
coronavirus therapies and suggest the potential of developing usenamine A as an antiviral agent that acts directly on spike proteins.
Furthermore, we discovered that usenamine A exhibits anti-inflammatory effects and can suppress the synthesis of IL-6, IL-1, and
TNF-a, all of which have been reported to be associated with the severity of COVID-19.

5. Conclusion and perspectives

Herein, we proposed that usenamine A could effectively help in inhibiting SARS-CoV-2 delta PV infections and provide cells with
protection against cell damage via mitochondrial depolarization, elevated ROS levels, and cell death. Moreover, usenamine A was
found to be effective in reducing molecular storms caused by the virus and in suppressing the expression of inflammatory factors.
Usenamine A is also capable of destabilizing other coronavirus spike proteins, which means that it could potentially be applicable for a
variety of antiviral drugs. This study aimed to assess the anti-SARS-CoV-2 activity of usenamine A by establishing pseudovirus
infection models through human lung epithelial cells, namely, A549 cells. According to the research results, usenamine A suppressed
PV infections, and thus, we conclude it has the potential to produce anti-SARS-CoV-2 effects.
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