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COronaVIrus Disease 2019 (COVID-19) is a newly emerging infectious disease that spread across the world,
caused by the novel coronavirus Severe Acute Respiratory Syndrome CoronaVirus 2 (SARS-CoV-2). Despite the
advancements in science that led to the creation of the vaccine, there is still an urgent need for new antiviral
drugs effective against SARS-CoV-2. This study aimed to investigate the antiviral effect of Paulownia tomentosa
Steud extract against SARS-CoV-2 and to evaluate its antioxidant properties, including respiratory smooth muscle
relaxant effects. Our results showed that P. tomentosa extract can inhibit viral replication by directly interacting

with both the 3-chymotrypsin-like protease and spike protein. In addition, the phyto complex does not reduce
lung epithelial cell viability and exerts a protective action in those cells damaged by tert-butyl hydroperoxide , a
toxic agent able to alter cells’ functions via increased oxidative stress. These data suggest the potential role of
P. tomentosa extract in COVID-19 treatment, since this extract is able to act both as an antiviral and a cyto-

protective agent in vitro.

1. Introduction

The COronaVIrus Disease 2019 (COVID-19) pandemic has been
caused by the enveloped Betacoronavirus Severe Acute Respiratory
Syndrome CoronaVirus 2 (SARS-CoV-2), transmitted from person to
person through respiratory droplets and direct contact, and potentially
by indirect contact through fomites [1].

The clinical spectrum of COVID-19 ranges from asymptomatic or
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paucisymptomatic forms to clinical pathologies characterized by a wide
spectrum of symptoms involving severe conditions such as acute respi-
ratory failure requiring mechanical ventilation, septic shock, and mul-
tiple organ failure [2-6].

The disease resulted in high occurrences of fatal pneumonia with
clinical symptoms resembling those of severe acute respiratory syn-
drome (SARS), a viral respiratory illness caused by the SARS-associated
coronavirus (SARS-CoV), during the 2002-2004 SARS epidemic.

Received 14 September 2022; Received in revised form 23 November 2022; Accepted 2 December 2022

Available online 5 December 2022

0753-3322/© 2022 Published by Elsevier Masson SAS. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).


mailto:fabio.magurano@iss.it
www.sciencedirect.com/science/journal/07533322
https://www.elsevier.com/locate/biopha
https://doi.org/10.1016/j.biopha.2022.114083
https://doi.org/10.1016/j.biopha.2022.114083
https://doi.org/10.1016/j.biopha.2022.114083
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

F. Magurano et al.

Symptoms included persistent fever, chills/rigor, myalgia, malaise, dry
cough, headache and dyspnoea [7].

Since its appearance, up to the end of October 2022 over 615 million
cases have been reported worldwide, including over 6 million deaths
[8].

Epidemiological studies suggest that COVID-19 severity overall
correlates with several comorbidities, including diabetes, obesity, car-
diovascular diseases, and immunosuppressive conditions. Patients with
such comorbidities exhibit elevated levels of reactive oxygen species
(ROS) and oxidative stress caused by an increased accumulation of
angiotensin II and by the activation of the Nicotinamide Adenine
Dinucleotide PHosphate (NADPH) oxidase pathway. Moreover, evi-
dences suggest that oxidative stress coupled with the cytokine storm
contributes to COVID-19 pathogenesis and immunopathogenesis causes
endotheliitis and endothelial cell dysfunction and activates the blood
clotting cascade that results in blood coagulation and microvascular
thrombosis [9,10].

According to the World Health Organization (WHO), about 80% of
the world’s population relies on medicinal plants or herbs to fulfil their
medical needs [11]. Natural compounds with many biological activities
involving antiviral, antioxidant, anti-inflammatory and respiratory
smooth muscle relaxing properties were investigated in an attempt to
contribute to global research for discovering effective therapeutic agents
in the treatment of coronavirus infections and their clinical complica-
tions. Also concerning COVID-19, the identification of integrative
therapies or new antiviral therapies is still important. In this context, the
investigation of compounds from terrestrial and marine plants may also
lead to the discovery of new bioactive molecules [12-14].

Based on the literature, antioxidant substances may offer a potential
integrative option. Some plant secondary metabolites, including flavo-
noids and limonoids, exhibit both antiviral action in models of corona-
virus infections and antioxidant effects [15,16]. Several flavonoids, in
addition to inhibiting SARS-CoV-2 in vitro, exert a plethora of biological
activities resulting in cardiovascular system protection [17,18]. For
some flavonoids, the antiviral activity has been mainly attributed to the
inhibition of the 3-chymotrypsin-like protease (3CLP™) of SARS-CoV-2,
as this enzyme plays a major role during viral replication [19]. Also,
clinical data suggest the efficacy of vegetal extracts rich in polyphenols
as a coadjuvant in the treatment of COVID-19 [20].

Several compounds extracted from plant matrices, in addition to
antioxidant and mildly anti-inflammatory activities, have antimicrobial
effects against different viruses, including coronaviruses. It is the case of
glycyrrhizin, withaferin A, curcumin, nigellidine and cordifolioside A,
able to inhibit SARS-CoV-2 replication and reduce host inflammation
response [21]. Similar observations may be reported for phyto com-
plexes [22,23]. The observation that the same substance is capable to
inhibit viral replication and reducing the molecular phenomena, trig-
gered by the infection that produces the inflammatory state, constitutes
an element of novelty. This spectrum of activity could be explained by a
multi-components-multitarget paradigm on the effects of different phyto
complexes and compounds isolated from the plant kingdom. These data
provided support to the investigation of phyto complexes and isolated
compounds as potential nutraceutical approaches in the management of
COVID-19 disease and its severe clinical complications, including
long-COVID-related symptoms [24].

In this paper, we present a study on an extract from waste wood of
Paulownia tomentosa Steud . This plant, with a long history of use for
medical purposes in China belongs to the family of Paulowniaceae, and
represents a rich source of biologically active secondary metabolites,
such as flavonoids, lignans, phenolic glycosides, quinones, terpenoids,
glycerides, phenolic acids, and other compounds [25,26].

Several geranylated flavonoids isolated from this plant were shown
to inhibit SARS-CoV papain-like protease [27], suggesting its antiviral
activity against SARS-CoV-2 in vitro.

P. tomentosa extract was obtained by the treatment of wood wastes in
an autoclave, in the presence of micrometric crystals of H3PMo012040,
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according to the method previously described [28].

The aim of our study was to investigate the biological effects of
P. tomentosa extract, including antiviral effects against SARS-CoV-2,
antioxidant and respiratory smooth muscle modulation properties,
using in vitro experimental models, that may result in clinical benefits in
COVID-19 patients.

The results obtained represent the basis for a further investigation
aimed at clinical applications of this phyto complex in COVID-19 and
may lead to the development of medical devices.

2. Methods
2.1. Sample preparation and treatment

In this work, wooden boards of P. tomentosa (0.5 m 3; dimensions: 30
x 180 x 1500 mm) without defects, supplied by the local manufac-
turers, were used as raw materials. Boards were thermally modified with
a vacuum plant, developed by WDE Maspell srl (Terni, Italy), located at
the University of Basilicata. This method consists in placing the boards
between two metal plates, which contain diathermic hot oil that pro-
vides conductive heat transfer to the boards. Pressure in the kiln can be
regulated in the range of 60-1000 mbar. The vacuum is maintained
through a water ring-type pump equipped with a heat exchanger. Under
pressure, the plates provide a force on the boards that prevents potential
deformation of the wood [29]. Drying and thermal treatment were
applied in the same plant.

The thermal modification started after drying by gradually
increasing the temperature to 210 °C (maintained for 3 h). Total treat-
ment including the cooling phase lasted 15 h. More details regarding the
Thermo-Vacuum process and its technical particularities were previ-
ously described [29,30].

The mass loss, due to the thermal treatment, was determined by
weighting each treated board immediately after the drying process
(when the wood moisture content was 0%) and at the end of the thermal
treatment.

2.2. Chemical characterization

Treated and untreated wood samples were randomly selected and
reduced to a small size with a mill saw and subjected to Soxhlet
extraction technique with 1:2 ethanol-toluene mixture for 7 h in a
Soxhlet apparatus by using the TAPPI test method T204 [31]; 1 g of
milled wood repeated three times was used.

The extraction apparatus consisted of a 500 ml flask, Soxhlet tube,
and 300-mm Allihn condenser.

Samples were put in cellulose thimbles (33 x 80 mm) of medium
porosity. After the extraction, the solution was dried in a previously
weighed 25 ml flask, by using a rotary evaporator connected to a vac-
uum pump (Vacuumbrand PC3001). The percentage of extractives were
determined gravimetrically by weighing the flask containing the residue
and comparing the weight to that of the initial dry mass wood.

The obtained mixture was fractionated as follows: the mixture was
treated with chloroform (20 ml) and filtered. The solvent was evapo-
rated, and the residue was chromatographed by using tin layer chro-
matography. The eluent was 1:1 hexane-ethyl acetate. Qualitative and
quantitative measurements of the extracts were then made by the
analytical method using a Gas Chromatography-Mass Spectrometry
(GC-MS) system. GC-MS analyses were performed on an HP 6890
(Agilent) GC system equipped with an HP 5963 MS selective detector,
with a high-temperature capillary column (HP-5MS, 30 m x 0.25 mm L.
D., 0.25-pm film thickness; J& W Scientific, CA, USA) and helium as
carrier gas. Samples were injected directly into the column at the tem-
perature of 80 °C. After injection, the temperature was held at 80 °C for
3 min, and then heated to 250 °C at a rate of 20 °C min — 1 and held for
20 min. Compounds were identified by computer comparison of the
mass spectra with NIST libraries and by mass fragmentation patterns.
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The lignin content was determined as follows. The sawdust was
transferred to a 50 ml beaker, a cold HySO4 solution (72%, 15 ml) was
added, and the mixture was frequently stirred for 2 h at room temper-
ature. The mixture was then diluted to 3% (w/w) with 560 ml of distilled
water, heated under reflux for 4 h, filtered, and washed with 500 ml of
water. The residue was dried at 105 °C to a constant mass. The hol-
ocellulose content was determined by the difference between the
amount of residue after extraction and the lignin content.

2.3. Cell cultures and treatment

Lung epithelial cell line H292 (ATCC NCI-H292 [H292] CRL-1848)
were cultured with Roswell Park Memorial Institute (RPMI) 1640 me-
dium and supplemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin and 100 U/ml streptomycin (Sigma) and 2 mM t-glutamine in
a humidified atmosphere of 95% air and 5% CO, at 37 °C. In cell
viability time-course and dose-effect experiments the cells received the
following treatment: 0.01, 0.1 and 1 mg/ml of P. tomentosa extract for 24
and 48 h. In Tert-Butyl Hydroperoxide (TBH, Luperox® TBH70X, Merck
Life Science S.r.1., Italy) cell viability dose-effect experiments, TBH 50,
100 and 150 uM for 24 h; in protection experiments against TBH-
induced toxicity and oxidative stress, TBH 150 uM for 24 h,
P. tomentosa extract (0.1 mg/ml) +TBH (150 uM) for 24 h (co-treat-
ment), P. tomentosa extract (0.1 mg/ml) for 24 h. The no-treatment
control (Ctrl) received an equal volume of the medium.

Vero E6 (Cercopithecus aethiops derived epithelial kidney, C1008
ATCC CRL-1586) cells were grown in Minimum Essential Medium (MEM
+ GlutaMAX, Gibco) supplemented with 10% Fetal Calf Serum (FCS),
100 U/ml penicillin, 100 U/ml streptomycin, 1 mM sodium pyruvate,
and 1% non-essential amino acids.

2.4. Cell viability and morphology

H292 cells were grown at a density of 2 x 10* cells/well on 96-well
plates in a final volume of 100 pL/well. After the treatment, cell viability
was assessed by 3-(4,5-dimethylthiazol-2-yl)— 2,5-diphenyltetrazolium
bromide (MTT, Sigma-Aldrich) assay, as previously described [32].
After 2 h of incubation, after dissolving formazan crystals with dimethyl
sulfoxide (DMSO) 100 pL/well, absorbance was measured at 570 nm
with background subtraction. Cell viability was expressed as arbitrary
units, with Ctrl set to 1. For the analysis of cell morphology, the cellular
images were obtained using the Zeiss Axio Scope 2 microscope (Carl
Zeiss, Oberkochen, Germany).

Vero E6 cells were grown at a density of 1 x 10* cell/well in 96-well
plates and treated for 24 h with P. tomentosa extract (from 1 mg/ml to
0.01 mg/ml). Then, a XTT assay (Cell Proliferation Kit II, Roche) was
performed as previously described [15]. The measured absorbance
directly correlates with the number of viable cells.

2.5. Antioxidant effect against Reactive Oxygen Species (ROS)

In the measurement of ROS generation, H292 cells were plated at a
density of 1 x 10 * cells/well on 96-well plates in a final volume of 100
uL/well. TBH at 150 uM was used to induce the oxidative stress, alone or
in combination whit 0.01 and 0.1 mg/ml of P. tomentosa extract. At the
end of the treatments, dichlorofluorescein diacetate (DCFH-DA) was
added to each sample at the final concentration of 1 mM (Invitrogen,
Monza, Italy) and incubated for 30 min in the dark at 37 °C. After
washing with PBS, the cells were analyzed by measuring the fluores-
cence intensity with a Microplate Reader GloMax fluorimeter (Promega
Corporation, Madison, WI 53711 USA) at Ex/Em: ~492-495/517-527
nm. In addition, the cells were analyzed by a fluorescence microscope
(Axio Scope 2 microscope; Zeiss, Oberkochen, Germany).
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2.6. Virus propagation

Viral isolate  BetaCov/Italy/CDG1/2020|EPI ISL  412973|
2020-02-20 (GISAID accession ID: EPI _ISL_412973), was propagated as
previously described [33]. Virus propagation was conducted within
biosafety-level-3 facilities at Istituto Superiore di Sanita (Rome, Italy).

2.7. Plaque reduction neutralization test

Plaque Reduction Neutralization Test (PRNT) assay was used to
assess the virucidal potential of P. tomentosa extract against SARS-CoV-
2. The natural compound was resuspended in 30% DMSO, to a final
concentration of 1 mg/ml that did not affect the growth of the cells in
vitro. Then, serial dilutions of the extract (from 0.1 to 0.001 mg/ml)
were incubated with 80 PFU of SARS-CoV-2 at 4 °C overnight (~16 h).
The mixtures were added in triplicates to confluent monolayers of Vero
E6 cells, grown in 12-well plates and incubated at 37 °C in a humidified
5% CO4 atmosphere for 60 min. Then, 4 ml/well of a medium containing
2% Gum Tragacanth + MEM 2X supplemented with 2.5% of heat-
inactivated FCS was added. Plates were left at 37 °C with 5% CO..
After 3 days, the overlay was removed, and the cell monolayers were
washed with PBS to completely remove the overlay medium. Cells were
stained with a crystal violet 1.5% alcoholic solution. The presence of
SARS-CoV-2 virus-infected cells was indicated by the formation of pla-
ques. The half-maximal inhibitory concentration (ICs¢) was determined
as the highest dilution of the substance resulting in a 50% (PRNTs5)
reduction of plaques as compared to the virus control and it was
calculated using GraphPad Prism software.

2.8. Antiviral activity

Vero E6 cells were seeded in 24-well plates at a concentration of 200
000 cells/well. After 24 h of incubation at 37 °C, plates were infected
with SARS-CoV-2 at 0.01 multeplicity of infection (MOI) and incubated
1 h at 37 °C. Then, 2 ml of P. tomentosa extract, diluted at the concen-
tration of 0.1 mg/ml in medium, was added to each infected well in
triplicate. Plates were left at 37 °C in a humidified 5% CO, atmosphere.
After 24 h, the cytopathic effect was observed, and each culture super-
natant was collected for RNA extraction and virus titration for viral
quantification. The 50% Tissue Culture Infectious Dose (TCIDs) assay
was performed on the harvested samples as previously described [33],
and the RNAs extracted were tested by Real-time PCR to target the N
gene of SARS-CoV-2 based on protocols developed by the Centers for
Disease Control and Prevention [34].

2.9. Surface Plasmon Resonance

Binding studies were performed through Surface Plasmon Resonance
(SPR) on Biacore X100 (Cytiva). 3CLP™ (ProteoGenix, Schiltigheim,
France) and SARS-CoV-2 (S) protein (Acc. # YP_009724390.1; R&D
Systems, Minneapolis, USA) were immobilized on a CM5 sensor chip by
the amine coupling method as per manufacturer instructions by using
Acetate pH 5.0 and pH 4.0 respectively and final protein concentration
of 50 pg ml?! [35,36]. PBS-P + (10 mM phosphate buffer, 150 mM NacCl,
0.05% surfactant P20) supplemented with 5% DMSO was used as
running and dilution buffer per manufacturer instructions. Serial di-
lutions of analyte were injected at 25 °C with a flow rate of 30 pL min'.
The surface was regenerated between samples with a 70% ethylene
glycol solution per manufacturer instructions. All data were zero
adjusted and the reference (blank) was subtracted. The quality of the
fitted results was evaluated by the y? parameter.

2.10. In vitro functional studies

2.10.1. Animals
Guinea-pig of either sex (200-400 g) obtained from Charles River
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(Calco, Como, Italy) were used. The animals were housed according to
the ECC Council Directive regarding the protection of animals used for
experimental and other scientific purposes. All procedures followed the
guidelines of the animal care and use committee of the University of
Bologna (Protocol PR 21.79.14). The animals were sacrificed by cervical
dislocation. The trachea and lungs were set up rapidly under a suitable
resting tension in 15 ml of an organ bath containing appropriate phys-
iological salt solution consistently warmed (see below) and buffered to
pH 7.4 by saturation with 95% O3 - 5% CO; gas.

2.10.2. Guinea-pig trachea

The method described by Budriesi et al. [37] was modified as
described above. The trachea was cut transversally between the segment
of cartilage and four groups of the tracheal segments, each one made up
of three rings, were tied together and mounted under a tension of 1 g at
37 °Cin an organ bath containing Krebs-Ringer solution of the following
composition (mM): NaCl 95, KCl 4.7, CaCl, 2.50, MgSO4 1.0, KHoPO4
1.17, NaHCOs 25, and glucose 10.6, equilibrated with 95% 02-5% CO2
gas at pH 7.4. Tissues were allowed to stabilize for 90 min. The tension
was recorded isometrically. The rings were allowed to stabilize for 60
min. A constant tone level was induced by Carbachol (CCh) chloride
(0.5 pM), and after 15 min, a cumulative concentration-response curve
to isoprenaline, extracts, magnolol and honokiol was done. All responses
to different concentrations of compounds and extracts were expressed as
a percentage of the maximal relaxation recorded isometrically. Data of
B-receptor agonism is presented as mean + S.E.M. The ICsy were
calculated from concentration-response curves and were analyzed by
the Student’s t-test and presented as means + S.E.M.

2.10.3. Guinea-pig lung

The procedure was previously described [38]. Briefly, strips of pe-
ripheral lung tissue, approximately 15 x 2 x 2 mm, were cut either from
the body of a lower lobe with the longitudinal axis of the strip parallel to
the bronchus or from the peripheral margin of the lobe and set up under
0.3 g tension at 37 C in organ baths containing Krebs-Henseleit buffer
solution (composition (mM): NaCl 118.78, KCI 4.32, CaCl, 2.52, MgSO4
1.18, KH2PO4 1.28, NaHCO3 25 and glucose 5.5). Tension changes were
recorded isometrically.

2.10.4. Trachea ring and lung spontaneous contractility

The experimental design was previously described [39]. Briefly, for
the trachea and lung the tracing graphs of spontaneous contractions
were continuously recorded with the LabChart Software (ADInstru-
ments, Bella Vista, New South Wales, Australia). After the equilibration
period (about 30-45 min according to each tissue) cumulative concen-
tration curves of extracts and reference compounds were constructed. At
the end of every single dose, the following parameters of the Sponta-
neous Contraction (SC) recording were evaluated considering a 5 min
stationary period: the Mean Spontaneous Contraction Amplitude (MCA),
evaluated as the mean force value (g); the standard deviations of the
force values over the period, as an index of the Spontaneous Contraction
Variability (SCV); and Basal Spontaneous Motor Activity (BSMA), as the
percentage (%) variation of each mean force value (g) with respect to the
control period. The SCs were investigated in the frequency domain
through a standard FFT analysis and a subsequent Power Spectral
Density (PSD) plot. The absolute powers of the following frequency
bands of interest—low [0.0,0.2[ Hz (LF), medium [0.2,0.6[ Hz (MF) and
high [0.6,1.0] Hz (HF) [40] were then calculated. The PSD percentage
(%) variations for each band of interest with respect to control were
estimated.

2.10.5. p-agonist activity

The trachea was prepared as previously described [37], using the PSS
described above. The rings were allowed to stabilize for 60 min. A
constant tone level was induced by CCh chloride (0.5 pM), and after 15
min, a cumulative concentration-response curve to isoprenaline,
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extracts, magnolol and honokiol was done. All responses to different
concentrations of compounds and extracts were expressed as a per-
centage of the maximal relaxation recorded isometrically. Data of B-re-
ceptor agonism are presented as mean + S.E.M. The ICsy were
calculated from concentration-response curves and were analyzed by
the Student’s t-test and presented as means + S.E.M.

2.11. Statistical analysis

Data analysis was performed using GraphPad Prism 8.4.3 software
(GraphPad Software, Inc, La Jolla, CA, USA). The results are presented
as mean =+ SE, and expressed as arbitrary units, with controls equal to 1.
Statistical evaluations were performed by one-way ANOVA, followed by
Tukey Post-Hoc test. Differences in a p-value less than 0.05 were
considered statistically significant.

The ICs¢ value from the PRNT assay was calculated using GraphPad
Prism version 9.0.0 (GraphPad Software, LLC., San Diego, USA) for
Windows. The potency of extracts defined as ICs were calculated from
concentration-response curves Probit analysis using Litchfield and Wil-
coxon [41] and GraphPad Prism® software [42,43].

3. Results
3.1. Chemical characterization

The thermo-treated wood showed the following composition: the
extractives represented 10.2% (w/w) of the wood, lignin was 39.5%,
while holocellulose represents 50.3% of the weight of wood.

A major part of extractives is soluble in chloroform (87.2%). Table 1
collects the compounds found in the GC-MS analysis of chloroform
soluble fraction of the extractives.

3.2. Effects of P. tomentosa extract on H292 cell viability

A dose-effect study on cell viability was performed by MTT assay on
lung epithelial cell H292, treated with P. tomentosa extract for 24 h. For
this analysis, we investigated three different P. tomentosa extract doses:
0.01 mg/ml, 0.1 mg/ml and 1 mg/ml. The results in Fig. 1 show that
0.01 mg/ml and 0.1 mg/ml P. tomentosa extract treatment did not
induce any significant change in cell viability (Fig. 1 A, C). Conversely,
cell viability significantly decreased after 1 mg/ml P. tomentosa extract
exposure (Fig. 1 B). When the treatment with P. tomentosa extract was

Table 1

GC-MS analysis of the chloroform soluble fraction of P. tomentosa extractives.
Total phenolic content was determined as 750 mg gallic acid equivalent (GAE)/
g, while total flavonoid content was 1800 mg quercetin equivalent (QE)/g.

Compound R.T. [min.]
Piperonal 8.26
2,6-Dimethoxyphenol 8.30
5-(1-propenyl)— 1,3-benzodioxole 8.47
1-(3,4-methylenedioxy) phenyl-1,2-propanedione 9.57
4-hydroxy-3,5-dimethoxybenzaldehyde 10.31
3-(4-hydroxy-3-methoxy)— 2-propenal 10.82
Heptadecene 10.84
Methyl hexadecanoate 11.52
Methyl 14-methylpentadecanoid acid 11.55
Hexadecanoic acid 11.74
3,5-dimethoxy-4-hydroxycinnamaldehyde 12.11
Methyl 8-octadecenoate 12.54
1,13-Tetradecadiene 12.64
Methyl stearate 12.70
Octadecanoic acid 12.94
Butyl citrate 13.70
Pentacosane 13.97
Eicosane 16.19
Sesamin 16.28
Episesamin 17.15
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Fig. 1. Effects of P. tomentosa extract (Paulownia) treatments on cell viability of H292 cells for 24 and 48 h. A) Histogram of MTT cell viability assay for 24 h. B)
Histogram of MTT cell viability assay for 48 h. C) Representative morphological images of untreated cells (Ctrl) and treated with 0.1 mg/ml of the P. tomentosa
extract (Paulownia). Bar: 50 pm. Tukey test: ## p < 0.01, ### p < 0.001 as compared to Ctrl group; * p < 0.05, * ** p < 0.001.

prolonged up to 48 h, a slight but significant decrease in cell viability
was associated with the 0.1 mg/ml dose.

3.3. Effects of P. tomentosa extract on cell viability impaired by TBH
treatment

We analyzed oxidative agent TBH sensitivity using MTT and DCHF-
DA assays on H292 lung epithelial cells [44]. As the dose-effect shown in
Fig. 2, H292 cells treated with TBH at 100 uM induce a 60% reduction in
cell viability (Fig. 2 A). Based on these results we choose a concentration
of 150 uM for the subsequent experiments. P. tomentosa extract was able
to protect the H292 cell under stress conditions; when treated with TBH
150 pM in combination with increasing concentrations of P. tomentosa
extract after 24 and 48 h. As detected by the MTT assay, the extract was
able to inhibit the toxicity induced by TBH in a dose-dependent manner,
reaching a viability value comparable to the control at the concentration
of 0.1 mg/ml of P. tomentosa extract after 24 h of treatment (Fig. 2B).
The long stimulation with TBH for 48 h is not able to revert the cell
damage (Fig. 2 C).

3.4. Effects P. tomentosa extract on ROS generation by TBH treatment

The ability of P. tomentosa extract to decrease ROS production
induced by TBH treatment was analyzed by DCFH-DA assay. The result
was evaluated by fluorescence microscopy observation (Fig. 2D) and
fluorimeter analysis (Fig. 2E), in which control cells (untreated) or
treated cells with P. tomentosa extract at different doses, did not show
any fluorescence, indicating that the extract did not induce oxidative
stress. In contrast, the treatment with P. tomentosa extract abolished the
TBH-induced ROS production (Fig. 2 D, E).

3.5. Virucidal Activity on SARS-CoV-2

Concentrations of P. tomentosa extract from 0.1 to 0.001 mg/ml were
chosen to test virucidal activity in Vero E6 monolayers. Cell viability
XTT analysis was not affected by the extract up to the concentration of
1 mg/ml (Fig. 3 A). The virucidal activity against SARS-CoV-2 was
evaluated in vitro through PRNTsg, tested in triplicates, and a

concentration required to inhibit 50% of infection was used as the cut-
off threshold of virucidal activity. The results demonstrated that
P. tomentosa extract was effective against SARS-CoV-2, with an ICsq
value of 0.0035 mg/ml, calculated using GraphPad Prism (V. 9.0.0), as
shown in Fig. 3B.

3.6. Antiviral Activity

The antiviral activity against SARS-CoV-2 was measured by
comparing infection levels in P. tomentosa extract -treated and untreated
Vero E6 cultures. The 0.1 mg/ml concentration (that did not affect the
growth of Vero E6 monolayers and showed a significant virucidal effect
in our previous experiments) was chosen to investigate SARS-CoV-2
replication inhibition and the antiviral activity of this compound. The
antiviral effects of P. tomentosa extract were evaluated using TCIDsq
assay in Vero E6 cells, to quantify the virus titer in the supernatants from
infected cells in which the P. tomentosa extract was added.

The quantification of the antiviral activity was also evaluated by
Real-Time RT-PCR in terms of Ct threshold of the amplification of the N
gene of the virus.

The results show a remarkable antiviral effect on the infected cells at
24 h post-infection (hpi) as shown in Fig. 3D, E.

3.7. Results of SPR

The P. tomentosa extract was utilized in SPR measurements to
investigate the interaction of its components with two major structural
and non-structural proteins hallmarks of SARS-CoV-2 host recognition/
insertion and viral replication, i.e. the S protein and the 3CLP™ (also
known as Main Protease Mpro), to explain its antiviral activity seen in in
vitro studies. Given the complexity of the sample, the affinity evaluation
was not possible due to the unknown concentration of the active com-
pounds and the diversity of molecular weights. Qualitative analysis of
the sensorgrams clearly shows that the extract interacts efficiently with
3CLP™ as well as with S protein (Fig. 4). The strength of the protein-
inhibitor complex is clearly visible from the rate of the signal decay
during the stability phase (t > 45 s) which is quite slow in comparison
with common small molecules between 400 and 200 Da, for which the
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Fig. 2. Oxidative insult and effects of P. tomentosa extract (Paulownia) treatment on ROS production in H292 cells. A) Dose-effect of TBH treatment (24 h) on cell
viability. B) Cytoprotective effect of P. tomentosa extract treatment (24 h) on cells treated with TBH (24 h, 150 uM). C) Cytoprotective effect of P. tomentosa extract
treatment (48 h) on cells treated with TBH (24 h, 150 pM). D) Bright field, Fluorescence microscopy (FITC-DCFHDA) and merged images of untreated cells (Ctrl) and
cells treated with TBH, or P. tomentosa extract or a combination of P. tomentosa extract and TBH for 24 h. E) FITC-DCFHDA fluorescence intensity quantification. Bar:

50 um. Tukey test: # p < 0.05 as compared to Ctrl group; * p < 0.05.

complete dissociation of the complex (the signal returns to the baseline
value) is usually observed within 30-40 s. From the association phase is
possible to deduce the stoichiometry of the interaction, which probably
involves more than a single compound since the sensorgram presents
discontinuities that suggest the participation of fast interactions added
to another slower ones.

3.8. Effects of P. tomentosa extract on airways contractility

The P. tomentosa extract was studied on trachea and lung sponta-
neous contractility and cumulative concentration-response curves were
realized.

The phyto complex, in the trachea, decreases tone up to the con-
centration of 0.5 mg/ml (Fig. 5). At the same concentration, low-
frequency waves undergo a significant increase.

In the lungs, the extract determines smooth muscle relaxation in a
concentration-dependent manner, up to a maximum percentage of 16%
(Fig. 5). In this tissue, P. tomentosa extract increases low-frequency
waves up to a stable value.

4. Discussion

After more than two years into the pandemic, with over one million
new infections and thousands of deaths around the world every day,
COVID-19 continues to strain healthcare systems and exact a terrible
human toll. Despite vaccines remaining the most important way to rein
in the pandemic, there is still a desperate need for better therapies to
treat people who cannot access vaccines, and whose immune systems
cannot respond fully to vaccination, or who experience breakthrough
infections. Moreover, new medications can intervene whenever vaccines
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with respect to the control phase.

cannot be administered.

P. tomentosa extract derives from wood wastes. It was chemically
characterized and its composition includes several compounds such as
episesamin and sesamin. The study described here confirms that
P. tomentosa extract exerts a virucidal effect from 0.1 to 0.005 mg/ml, a
concentration range not detrimental to cell viability (Fig. 3B). Given the
results of our assays, at the concentration of 0.1 mg/ml, P. tomentosa
extract clearly shows a relevant antiviral effect too. There is a strong
decrease in viral titers when the infected Vero E6 cells are treated with
P. tomentosa extract, confirmed also by the presence of the viral genome
by Real-Time RT-PCR (Fig. 3E).

The inhibition of the viral replication seems to be attributable, at
least in part, to the inhibition of the main protease, called 3CLP™,
involved in viral RNA transcription [45]. P. tomentosa extract inhibition
of this enzyme is likely due to the presence of flavonoids [27]. In silico

studies suggest that also sesamin may exert a role in this activity
[46-48].

In the nutraceutical field, several substances act along with a
different paradigm that we name host and guest-oriented, meaning the
ability of these mixtures or isolated compounds to both hit viral targets
and affect host functions involved in viral entry into host cells, and
functions related to viral infection-induced detrimental effects, such as
increased oxidative stress, inflammation, thrombosis and multiorgan
failure.

The lung is the primary site of SARS-CoV-2-induced immunopa-
thology, and blood vessels were presumed to be one of the main targets
for the infection. Therefore, COVID-19 may be considered a vascular
disease occurring mainly in the lungs.

SARS-CoV-2 binds to angiotensin-converting enzyme 2, decreasing
the conversion of Angiotensin II to Angiotensin-[1-7] and favouring the
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production of O3z and other radicals such as OH~ through the
NADPH-oxidase, which increases along with the augment of neu-
trophils/lymphocytes ratio [49]. This increase in oxidative stress results
in endothelium alterations and tissues damages. Furthermore, also S
protein alone is able to damage endothelium cells as it enters mito-
chondria and inhibits endothelial nitric oxide (NO) synthase activity
[50]. In this study, P. tomentosa extract was shown to inhibit viral
replication interacting directly with 3CLP™ and S protein, potentially
reducing also S protein-induced damages. Despite the lack of the
dissociation constant determination due to the complexity of the sample,
the interaction of P. tomentosa extract with the two proteins mentioned
above is clearly visible and significant. Indeed, from the association
phase (Fig. 4) it is possible to deduce the stoichiometry of the interac-
tion, that probably involves more than a single compound since the
sensorgram presents discontinuities that suggest the participation of fast
interactions added to other slower ones, encouraging the study of the
activity of each component of the sample with 3CLP™ and S protein.

In addition, P. tomentosa extract not only does not reduce lung
epithelial cell viability at concentrations higher than those producing
the antiviral effects (0.001-0.01 mg/ml), but it also exerts a protective
action in those cells damaged by TBH, a toxic agent able to alter cell
functions via increased oxidative stress. These data suggest a potential
role of P. tomentosa extract in COVID-19 treatment, since its use in in
vitro experimental models, can act both as an antiviral and a cytopro-
tective agent. The ability to abolish ROS production in H292 cells may
be relevant in patients infected with SARS-CoV-2, decreasing the
oxidative consequences of the viral infection. Moreover, airway smooth
muscle contraction has a fundamental role in lung effective ventilation,
and it is affected by some cytokines such as Interleukin 13 (IL-13) and
Interleukin-17 [51] and it is related to inflammatory conditions. In fact,
f2-agonist-induced response inhibition is associated with inflammatory
conditions, characterized by an increase of inflammatory cytokines such
as IL-13, Tumor Necrosis Factor (TNF)-a and Transforming Growth
Factor (TGF)-p [52-54]. This event is due to, at least in part, the phos-
phorylation of f — 2 adrenergic receptors triggered by G
protein-coupled receptor kinase 2 and 3 that are upregulated in in-
flammatory conditions [55]. These phenomena partially explain the
reduced functionality of smooth muscle of the trachea and lungs during
inflammation. For this reason, we evaluated the effects of P. tomentosa
extract on the trachea and lungs smooth muscle contractility, and we
observed that this phyto complex exerts a relaxant effect in both tissues.
These effects may be due to the presence of sesamin for its ability to
affect the levels of NO and endothelin-1 [56] that influences respiratory
smooth muscle contractility [57].

In addition, the maintenance of low-frequency oscillations and the
reduction of tone that may result in a better flow of the gas, favouring
exchange processes and producing a desirable effect in the treatment of
respiratory tract infections, such as COVID-19, were observed.
Furthermore, the P. tomentosa extract f-agonist action may be relevant
in view of the use of the phyto complex in a respiratory medical device.

This extract may improve not only the oxidative stress and inflam-
matory status, but also the respiratory functions that undergo critical
alterations in COVID-19 patients, in particular in those suffering from
comorbidities, whose respiratory functions may be further worsened by
opportunistic infections, such as mucormycosi [58].

5. Conclusion

This study originated with the goal of testing the biological activities
of P. tomentosa extract. The results obtained from these tests are very
promising. They confirm that P. tomentosa extract is an effective anti-
viral against SARS-CoV-2 and could involve directly the interaction with
3CLP™ and S protein. At the same time, they report cytoprotective,
antioxidant and respiratory smooth muscle relaxant properties. The data
suggest a potential role of P. tomentosa extract in COVID-19 treatment.
However, this study has some limitations which we are aware of. Firstly,
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we focused on the treatment of cells after the infection of wild type of
SARS-CoV-2 and not its major variants: we are planning to test
P. tomentosa biological activities against Alpha, Beta, Delta and Omicron
variants of SARS-CoV-2. Another limitation is the choice to use the Vero
E6 cells only to assess virucidal and antiviral activities, although this
model is commonly used to isolate, propagate and study SARS-CoV-like
viruses and provide a suitable basis to perform antiviral compound
screening [59].

In future studies, further experiments may be exerted in order to
investigate the possibility to set up effective systems, such as nano-
technological systems, aimed at improving this vegetal extract’s phar-
macokinetic features [60,61]. Indeed, nanotechnology may exert a
central role in the delivery of natural bioactive compounds and nutra-
ceuticals in the management of COVID-19-related conditions.

In conclusion, this research confirms the relevant properties of
P. tomentosa extract and paves the way for future studies in order to
permit to confirm in vivo these significant results.
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