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Abstract. A simple experimental model system was 
developed and validated for the identification and char‑
acterization of molecules exhibiting the ability to inhibit 
the expression of genes activated during the coronavirus 
disease 2019 (COVID‑19) ‘cytokine storm’ for the present 
study. Biomolecules derived from herbal medicinal extracts 
have been proposed as anti‑inflammatory strategies for 
reducing COVID‑19 ‘cytokine storm’ and the associated 
Acute Respiratory Distress Syndrome. Considering this, the 
present study focused on a major component of Aged Garlic 
Extract (AGE), S‑1‑propenylcysteine (S1PC). The human 
bronchial epithelial IB3‑1 cell line was used to upregulate 
the expression of proinflammatory genes after exposure 
to the COVID‑19 BNT162b2 vaccine. The effects of S1PC 
were then studied following continuous treatment for 2 days 
in BNT162b2‑exposed IB3‑1 cells. The concentrations of 
S1PC were 1, 5, 10, 25, 50 and 100 µM. GC‑MS analysis 
was performed in order to characterize the S1PC used in 
the experiments. Reverse‑transcription‑quantitative PCR 
and western blotting analysis revealed the accumulation of 

Spike mRNA and protein in BNT162b2‑exposed IB3‑1 cells. 
Subsequently, the effects of S1PC on the several biological 
and biochemical parameters were analyzed, including cell 
viability, apoptosis, the NF‑κB pathway and the expression 
of proinflammatory factors. Molecular docking analysis 
was performed to obtain preliminary information on the 
putative mechanism(s) of action of S1PC. The results of the 
present study demonstrate that exposure of epithelial IB3‑1 
cells to the COVID‑19 BNT162b2 vaccine is associated with 
a sharp increase in the expression of the transcription factor 
NF‑κB and NF‑κB‑regulated genes, including IL‑6, IL‑8 and 
granulocyte‑colony stimulation factor 9 (G‑CSF). Treatment 
with S‑1‑propenyl‑l‑cysteine (S1PC) was found to reverse the 
BNT162b2‑induced upregulation of NF‑κB, IL‑6, IL‑8 and 
G‑CSF. These effects were not associated with inhibition of 
cell viability, induction of apoptosis or a decrease of the cell 
growth rate, as demonstrated by the results based on the analysis 
of cell number and the proportion of early and late apoptotic 
cells within the cell population. With respect to possible mech‑
anisms of action, molecular docking and molecular dynamics 
simulations strongly suggest that S1PC interacts with Toll‑like 
receptor‑4, possibly explaining the inhibitory effects on 
NF‑κB and NF‑κB‑regulated genes. Therefore, S1PC should 
be further evaluated as a potential inhibitor of this COVID‑19 
‘cytokine storm’. However, further experimental studies are 
needed to identify other agents that can also able to inhibit 
gene expression induced by the COVID‑19 BNT162b2 vaccine 
and to verify whether combined treatments with S1PC could 
be proposed to obtain even superior inhibitory effects.

Introduction

The coronavirus disease 2019 (COVID‑19) pandemic is char‑
acterized by high‑level infection by severe acute respiratory 
syndrome coronavirus 2 (SARS‑CoV‑2). The most severe of its 
symptoms is caused by a hyperinflammatory condition due to 
the excessive production of cytokines and chemokines, known 
as ‘cytokine storm’ (1,2). COVID‑19 cytokine storm primarily 
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originates from T cells, macrophages, monocytes, dendritic 
cells and endothelial cells  (3‑5), where it is induced by a 
molecular interaction between the SARS‑CoV‑2 S‑protein and 
angiotensin‑converting enzyme 2 (ACE2). This is followed by 
complex intracellular changes that include hyperactivation of 
the transcription factor NF‑κB by the IL‑6/STATs axis (6). 
These cellular changes are eventually associated with the 
life‑threatening acute respiratory distress syndrome (ARDS), 
which mainly affects the lung and is a typical feature of 
patients with COVID‑19 (7) exhibiting a severe form of the 
pathology (8,9). Accordingly, pharmacological anti‑inflam‑
matory strategies for anti‑SARS‑CoV‑2 treatment based 
on targeting of IL‑6 and IL‑8 are highly impactful (10,11). 
Despite these important developments, further novel pharma‑
cological approaches for treating hyperinflammatory ARDS 
are required, because different patients with COVID‑19 can 
respond differently to the available treatments (12).

In this respect, various biomolecules derived from herbal 
medicinal extracts have been proposed for anti‑inflammatory 
strategies to reduce COVID‑19 ‘cytokine storm’ and associ‑
ated ARDS  (13,14). Among the herbal medicinal extracts 
hypothesized to confer anti‑inflammatory activities, aged 
garlic extract (AGE) is of particular interest (15). The prepara‑
tion of AGE is performed by the immersion (which can be 
performed at room temperature) of fresh garlic in an aqueous 
ethanol solution over a prolonged period (≤20 months) (16). 
Experimental evidence exists demonstrating that this natural 
product possesses immunomodulatory and anticancer prop‑
erties (15,16). Among the bioactive compounds that can be 
isolated from AGE, S‑1‑propenyl‑l‑cysteine (S1PC) has previ‑
ously been studied, where it has been found to retain in vitro 
and in vivo biological (including anti‑inflammatory) activities 
of interest in biomedicine (17‑20).

The main aim of the present study was to assess the 
effects of S1PC on the expression of genes involved in the 
COVID‑19 ‘cytokine storm’. The effects were studied using 
an experimental in vitro model system based on the human 
bronchial epithelial cell line IB3‑1  (21) exposed to the 
COVID‑19 BNT162b2 vaccine, according to previously vali‑
dated protocols (22). After exposure to the BNT162b2 vaccine, 
the cells were cultured for 48 h in the presence of increasing 
concentrations of S1PC, before they were harvested for reverse 
transcription‑quantitative PCR (RT‑qPCR) analysis.

Materials and methods

Materials. All chemicals and reagents were analytical 
grade. S1PC™ (S‑1‑propenyl‑l‑cysteine) were obtained from 
Wakunaga Pharmaceutical Co., Ltd., Japan. SARS‑COV‑2 
Spike recombinant glycoprotein (cat. no.  ab49046) was 
purchased by Abcam. The purity was >90% as determined by 
SDS‑PAGE.

Gas chromatography (GC)‑mass spectrometry (MS) analysis. 
S1PC was analyzed by GC‑MS as TBDMS derivatives 
according to Jiménez‑Martín et al (23).

S1PC was dissolved in 0.1 N HCl to a final concentra‑
tion of 4 mg/ml. In total, 5 µl these solutions were spiked 
with 10  µl internal standard (3,4‑dimethoxybenzoic acid, 
0.1  mg/ml) and dried under N2. Subsequently, 30  µl pure 

N‑tert‑butyldimethylsilyl‑N‑methyltrifluoroacetamide, followed 
by 30 µl pyridine, was added. The mixture was then heated 
at 80˚C for 1 h. The sample was neutralized afterwards with 
sodium bicarbonate and subjected to GC‑MS analysis. The 
same derivatization protocol was used for the AGE powder 
(4 mg/ml 0.1 M HCl).

For all GC‑MS analyses, an Agilent 7890B gas chromato‑
graph coupled to a 5977B quadrupole mass selective detector 
(Agilent Technologies, Inc.) was employed. For chromato‑
graphic separations, an Agilent HP5ms fused‑silica capillary 
column (30 m x 0.25 mm i.d.) (Agilent Technologies, Inc.) was 
used, coated with 5%‑phenyl‑95%‑dimethylpolysiloxane (film 
thickness, 0.25 µm) as stationary phase. Splitless injection was 
performed at 280˚C. The column temperature program was set 
to 70˚C (1 min), then to 300˚C at a rate of 20˚C/min and held 
for 10 min. The carrier gas was helium at a constant flow of 
1.0 ml/min. The spectra were obtained in the electron impact 
mode at 70 eV ionization energy, ion source of 280˚C and ion 
source vacuum of 10‑5 Torr. MS analysis was performed simul‑
taneously in total ion current (mass range scan in the range of 
m/z 50‑600 at a rate of 0.42 scans per sec) and selected ion 
chromatogram mode. GC‑SIM‑MS analysis was performed by 
selecting the following ions: m/z 332 for S1PC and m/z 239 for 
3,4‑dimethoxybenzoic acid (internal standard).

Cell culture conditions and treatment with the BNT162b2 
vaccine. The human bronchial epithelial IB3‑1 cell line (Thermo 
Fischer Scientific, Inc.) (21) was cultured in LHC‑8 medium 
(Gibco; Thermo Fischer Scientific, Inc.), supplemented with 
5% FBS (Biowest) without antibiotics at a temperature of 37˚C 
and 5% CO2 (21). The BNT162b2 vaccine (COMIRNATY™; 
lot. No. FP8191) was obtained from the Hospital Pharmacy 
of the University of Padova. The S1PC powder was freshly 
dissolved in culture medium, normally up to 50 mM, before 
each experiment. The solution was kept in the dark and used 
only once (15). For treatment with the BNT162b2 vaccine, 
IB3‑1 cells were seeded at 200,000 cells/ml concentration. 
After 24 h at 37˚C, 0.5 µg/ml vaccine (22) was added just 
before the indicated concentrations of S1PC were added for an 
additional 48 h at 37˚C of treatment, for determining the effects 
on S1PC on BNT162b2‑induced gene expression. Following 
incubation, cells were detached from the plate by trypsin‑
ization, counted using a Beckman Coulter® Z2 cell counter 
(Beckman Coulter, Inc.) viability assay was performed using 
the Muse Annexin V & Dead Cell reagent (Merck Millipore), 
and RNA was extracted for RT‑qPCR analysis using TRIzol 
reagent (Thermo Fischer Scientific, Inc.).

Quantitative analyses of mRNAs. For quantification of the rela‑
tive mRNA content, 500 ng of total cellular RNA was reverse 
transcribed to cDNA with the Taq‑Man Reverse Transcription 
Kit (cat no. N8080234; Applied Biosystems; Thermo Fisher 
Scientific, Inc.), as described by Gasparello et al (24). qPCR 
experiments were performed using an assay consisting of a 
PCR primer pair and a fluorescently labeled 5' nuclease probe 
or SYBR Green. Assays IDs: i) Hs.PT.58.40226675 (HEX) 
for IL‑6; ii) Hs.PT.58.38869678.g (Cy5) for IL‑8; iii) Hs.
PT.58.20610757 (FAM) for granulocyte‑colony stimulation 
factor (G‑CSF); iv) Hs.PT.58.38905484 (FAM) for NF‑κB 
p50; and v) Hs.PT.58.22880470 (FAM) for NF‑κB p65. The 
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primers and probes for ribosomal protein L13a (RPL13A) 
and b‑actin and were as follows: β‑actin forward, 5'‑ACG​
ATG​GAG​GGG​AAG​ACG‑3' and reverse, 5'‑ACA​GAG​CCT​
CGC​CTT​TG‑3'; β‑actin probe, 5'‑/5Cy5/CCT​TGC​ACA​TGC​
CGG​AGC​C/3IAbRQSp/‑3'; RPL13A forward, 5'‑GGC​AAT​
TTC​TAC​AGA​AAC​AAG​TTG‑3' and reverse, 5'‑GTT​TTG​
TGG​GGC​AGC​ATA​CC‑3'; RPL13A probe, 5'‑/5HEX/CGC​
ACG​GTC/​ZEN/​CGC​CAG​AAG​AT/​3IABkFQ/‑3' (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The primers 
used for the amplification of BNT162b2 Spike sequences 
using a Master Mix with the SYBR Green intercalating Dye 
were forward 5'‑CGA​GGT​GGC​CAA​GAA​TCT​GA‑3' and 
reverse, 5'‑TAG​GCT​AAG​CGT​TTT​GAG​CTG‑3', and β‑actin 
forward 5'‑CCT​CGC​CTT​TGC​CGA​TCC‑3' and reverse, 
5'‑GGA​TCT​TCA​TGA​GGT​AGT​CAG​TC‑3' (Integrated DNA 
Technologies), according to Aldén et al (25). qPCR amplifica‑
tion of cDNA was performed at 95˚C for 1 min, then 50 cycles 
of 95˚C for 15 sec and 60˚C for 1 min, using the CFX96 Touch 
Real‑Time PCR Detection System (Bio‑Rad Laboratories, 
Inc.). Relative expression was calculated using the compara‑
tive quantification cycle (Cq) method (2‑ΔΔCq method) (26) and 
the endogenous controls human β‑actin and RPL13A, used as 
normalizer. RT‑qPCR reactions were performed in duplicate 
for both target and normalizer genes (24).

Computational studies. All the computational methodologies 
were performed on a 32 Core AMD Ryzen 93,905x, 3.5 GHz 
Linux Workstation (O.S. Ubuntu 20.04) equipped with GPU 
(Nvidia Quadro RTX 4000, 8 GB; Nvidia Corporation). The 
Toll‑like receptor 4 (TLR4) dimer structure was derived from 
available information (27). The structure of S1PC was drawn and 
minimized using the Avogadro software (ver. 1.2.0; Avogadro 
Chemistry) (28). A blind docking simulation was performed 
on the entire TLR4 dimer surface using the AutoDock Vina 
software (ver. 1.2.3; Center for Computational Structural 
Biology)  (29). The top scoring complex was submitted to 
all‑atom unbiased molecular dynamics (MDs) simulation, 
as described by Zurlo et al (22), using the GROMACS ver. 
2025.1 software, open source (30), patched with Plumed ver. 
2.6.5 (31) under the Charmm36 force field (32). The complex 
was included in a rectangular box of 8x10x7  nm length, 
solvated and neutralized using 0.15 M sodium chloride. The 
full system was submitted to energy minimization and equili‑
brated under constant temperature and volume and constant 
temperature and pressure (NPT) conditions. Long‑range elec‑
trostatic interactions were modelled using the Particle Mesh 
Ewald algorithm (33). The LINCS (34), Nosé‑Hoover  (35) 
and Parrinello  and Rahman  (36) algorithms were used in 
the simulations for restraints and as thermostat and barostat, 
respectively. MDs were conducted under the NPT condi‑
tions for 50 nsec with 2 fsec time steps. Root‑mean‑squared 
deviation (RMSD), root‑mean‑squared fluctuation, number of 
hydrogen bonds and interaction energy were obtained through 
the ‘rms’, ‘rmsf’, ‘hbond’ and ‘energy’ routines implemented 
in GROMACS.

Cell viability assay. Effects on cellular viability and apoptosis 
Annexin V and Dead Cell assay were performed using the 
flow cytometry‑based Muse Cell Analyzer (Merck Millipore) 
instrument, according to the protocols supplied by the 

manufacturer. Cells were washed with sterile DPBS 1X, tryp‑
sinized, and 150,000 cells were suspended in LHC‑8 medium 
and diluted (1:2) with Muse Annexin V & Dead Cell reagent 
(Annexin V‑PE and 7‑AAD) (Merck Millipore) and analyzed. 
After an incubation of 15 min at room temperature in the dark, 
samples were acquired and data were analysed using the Muse 
1.5 Analysis Software with the Annexin V and Dead Cell 
Software Module (Merck Millipore) (37).

Western blotting. For NF‑κB (p105/p50 and p65) protein 
quantification, 20 µg total protein extract in RIPA Buffer 
(Thermo Fisher Scientific, Inc.) quantified with BCA kit 
(Pierce; Thermo Fisher Scientific, Inc.) were denatured for 
5 min at 98˚C and loaded onto a SDS polyacrylamide (8%) gel 
in Tris‑glycine buffer (25 mM Tris, 192 mM glycine and 0.1% 
SDS). The electrotransfer to 0.2‑µm nitrocellulose membranes 
was performed overnight at 360 mA and 4˚C in electrotransfer 
with CAPS buffer (25  mM Tris, 192  mM glycine, CAPS 
10 mM and 10% methanol). Obtained membranes were stained 
in Ponceau S solution (Sigma‑Aldrich; Merck KGaA) to verify 
proteins transfer and incubated in 25  ml blocking buffer 
(TBS‑T with 5% nonfat dry milk (Cell Signalling Technology, 
Inc.) for 1 h at room temperature. After three washes in TBS‑T 
1X (containing Tween‑20 at 0.1%), membranes were incubated 
overnight at 4˚C in primary antibodies (NF‑κB p105/p50 Ab; 
cat. no. GTX133711; 1:5,000 dilution; GeneTex, Inc.). The day 
after, membranes were washed in TBST 1X and incubated for 
1 h at room temperature, with an appropriate HRP‑conjugated 
secondary antibody (anti‑rabbit IgG HRP‑conjugated; cat. 
no. 7074P3; 1:2,000 dilution; Cell Signalling Technology, 
Inc.). β‑actin (primary antibody: Cat. no. 4970S; 1:1,000; Cell 
Signalling Technology, Inc.) was used as a normalization 
control. After incubation with the ECL Solution (Claity™ 
ECL Substrate; Bio‑Rad Laboratories, Inc.) the gel images 
were acquired with the ChemiDoc (Bio‑Rad Laboratories, 
Inc.) with the software Image Lab version 6.1.0, used also for 
densitometric analysis (Bio‑Rad Laboratories, Inc.).

Analysis of cytokines, chemokines and growth factors. 
Proteins released into culture supernatants were measured 
using Bio‑Plex Human Cytokine 27‑plex Assay (cat. 
no. M500KCAF0Y; Bio‑Rad Laboratories, Inc.), as suggested 
by the manufacturer. The assay allows the multiplexed quan‑
titative measurement of 27 cytokines/chemokines [including 
FGF basic, Eotaxin, G‑CSF, granulocyte macrophage‑colony 
stimulating factor, IFN‑γ, IL‑1β, IL‑1ra, IL‑2, IL‑4, IL‑5, IL‑6, 
IL‑7, IL‑8, IL‑9, IL‑10, IL‑12 (p70), IL‑13, IL‑15, IL‑17A, 
C‑X‑C motif chemokine ligand 10, chemokine ligand (CCL)2, 
CCL3, CCLe4, PDGFBB, CCL5, TNF‑α and VEGF] in a 
single well (21).

Briefly, an amount of 50 µl cytokine standards or samples 
(diluted supernatants recovered from IB3‑1 cells) was incu‑
bated with 50 µl anti‑cytokine conjugated beads in a 96‑well 
filter plate for 30 min at room temperature with shaking. The 
plate was washed by vacuum filtration three times with 100 µl 
Bio‑Plex Wash Buffer, 25 µl diluted detection antibody was 
added to each well and the plate was incubated for 30 min 
at room temperature with shaking. After three filter washes, 
50 µl streptavidin‑phycoerythrin was added and the plate 
was incubated for 10 min at room temperature with shaking. 
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Finally, the plate was washed by vacuum filtration three times, 
the beads were suspended in Bio‑Plex Assay Buffer and the 
plate was read by a Bio‑Rad 96‑well plate reader. Collected 
data were analyzed by the Bio‑Plex Manager Software (version 
6.2; Bio‑Rad Laboratories, Inc.) (21).

Statistical analysis. The data are presented as the mean ± stan‑
dard deviation of at least three independent experiments. 
Statistical differences between/among groups were analyzed 
using one‑way ANOVA. Prism (v. 9.02) by GraphPad software 
(Dotmatics) was used (followed by Bonferroni's test). P<0.05 
was considered to indicate a significant difference.

Results

Preliminary characterization of the bronchial epithelial 
IB3‑1 cellular system after exposure to the COVID‑19 
BNT162b2 vaccine. The effects of exposure of IB3‑1 cells to 
the COVID‑19 BNT162b2 vaccine (22) were first analyzed. 
After the treatment, total cellular RNA was extracted for 
RT‑qPCR analysis, whereas culture supernatants were 
isolated for the analysis of secreted proteins, to characterize 
BNT162b2‑induced alteration of the secretome profile. 
IB3‑1 cells treated with BNT162b2 vaccine were found to 
produce large amounts of SARS‑CoV‑2 Spike protein. To 
obtain this information, western blotting was performed 
using protein extracts from IB3‑1 cells treated with the 
BNT162b2 vaccine (Fig. 1). A concentration of 0.5 µg/ml 
of BNT162b2 was found to be sufficient to induce S‑protein 
(Figs. 1, S1 and S2) and cytokine and chemokine produc‑
tion (Fig. S3), with lower inhibitory effects on cell viability 
compared with 1 and 2  µg/ml of BNT162b2  (22). The 
western blotting data shown in Fig. 1 confirm that S‑protein 
is produced by BNT162b2 treated cells, which was reported 
elsewhere in other cellular model systems  (22,38,39). In 
addition, IB3‑1 cells treated with the BNT162b2 vaccine 
were found to accumulate large amounts of SARS‑CoV‑2 
Spike mRNA (Fig. S2) as discussed elsewhere (40). This 
suggests that the Spike protein was expressed by IB3‑1 cells 
treated with the BNT162b2 vaccine. When RT‑qPCR and 
Bio‑plex analyses were performed using RNA or secreted 
materials from BNT162b2‑treated IB3‑1 cells, it was found 
that they exhibited the increased expression and production 

of pro‑inflammatory factors, including IL‑6, IL‑8, G‑CSF, 
GM‑CSF and IP‑10 (Figs. S3 and S4).

GC‑MS analysis of S1PC. Fig. 2 shows the GC‑MS analysis 
of S1PC as a di‑TBDMS derivative. Both the total ion current 
(TIC) chromatogram and the selected ion chromatogram 
(SIM) are shown. Fig. 2A and B revealed the presence of two 
partially co‑eluting peaks at 10.55 and 10.57 min (Fig. 2B), 
exhibiting identical electron impact mass spectra (Fig. 2C) 
and the corresponding cis‑ and trans‑isomers of S1PC. Both 
cis‑ and trans‑S1PC have previously been identified in AGE, 
with the cis‑form believed to be generated through isomeriza‑
tion of its trans form (41). Furthermore, the GC‑MS analyses 
presented in Fig. 2 confirmed the purity levels of the S1PC 
preparation procedure, which was found to be >95%.

S1PC inhibits NF‑κB expression in IB3‑1 cells treated with 
the BNT162b2 vaccine. Considering the effects of the spike 
protein on the NF‑κB pathway (42‑44), RT‑qPCR was next 
performed to measure p50 and p65 mRNA expression in 
BNT162b2‑treated IB3‑1 cells (Fig. 3), following on from 
a previous study on the same system using SARS‑CoV‑2 
spike protein (45). Cells were therefore exposed for 24 h to 
BNT162b2 and then cultured for an additional 48 h in the pres‑
ence of increasing concentrations of S1PC.

In total, two important conclusions could be gathered 
from the results shown in Fig.  3. BNT162b2 stimulated 
the accumulation of NF‑κB p50 (Fig. 3A) and NF‑κB p65 
(Fig. 3B) mRNA expression, even though NF‑κB was already 
present at high concentrations in the cytoplasm of IB3‑1 
cells before BNT162b2 treatment (21,45). In addition, after 
the BNT162b2‑treated IB3‑1 cells were cultured with S1PC, 
reversal of the accumulation of NF‑κB p50 (Fig. 3A) and 
NF‑κB p65 (Fig. 3B) mRNA expression was observed. The 
effect of S1PC resembled that observed using the NF‑κB 
inhibitor sulforaphane  (46) on the IB3‑1 cellular model 
system (45). In agreement with the results shown in Fig. 3, the 
effects of 50 mM S1PC on NF‑κB were also evident on protein 
level according to the western blot analysis using an antibody 
recognizing the p50/p105 NF‑κB subunits (Fig. S5).

S1PC inhibits the accumulation of proinflammatory mRNAs 
in IB3‑1 cells treated with the BNT162b2 vaccine. To verify if 
the BNT162b2‑induced production of proinflammatory mRNA 
expression could be affected in IB3‑1 cells treated with the 
BNT162b2 vaccine in the presence of S1PC, RT‑qPCR analysis 
was performed (Fig. 4). The BNT162b2 vaccine was used at 
0.5 µg/ml to minimize its anti‑proliferative effects (22). Analysis 
of mRNA accumulation was performed 48 h after treatment. 
IL‑1β, IL‑6 and IL‑8 (47), G‑CSF (48) and GM‑CSF (49) were 
first considered, before experimentally focusing on IL‑6, IL‑8 and 
G‑CSF, which are much more expressed in the IB3‑1 experimental 
model system employed as reported by Gasparello et al (21,45).

The results shown in Fig. 4 demonstrate that the expression 
of IL‑6 (Fig. 4A), IL‑8 (Fig. 4B) and G‑CSF (Fig. 4C) mRNA 
expression was significantly upregulated in IB3‑1 cells after 
exposure to the BNT162b2 vaccine. The BNT162b2‑mediated 
induction of expression was more efficient compared with that 
of SARS‑CoV‑2 Spike protein (Fig. S4 and data not shown). 
No major changes in the accumulation of mRNA expression 

Figure 1. Production of severe acute respiratory syndrome coronavirus 2 spike 
protein by IB3‑1 cells treated with the BNT162b2 vaccine. (A) Representative 
western blot images and (B) corresponding semi‑quantitative analysis of 
independent experiments (n=3) normalized using vinculin as internal stan‑
dard. (‑) Untreated samples. The uncropped original version of the western 
blot images shown in this figure can be found in Fig. S1.
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Figure 2. Gas chromatography‑mass spectrometry results analysis of S1PC. (A) TIC chromatogram of S1PC derivatized with TBDMS. (B) SIM of the sample 
derivatized with TBDMS acquiring the following ions: m/z 239 (3,4‑dimethoxybenzoic acid, the internal standard) and m/z 332 (S1PC). (C) electron ionization 
mass spectrum of cis/trans‑S1PC as di‑TBDMS derivative. S1PC, S‑1‑propenyl‑l‑cysteine; TIC, total ion current; SIM, selected ion chromatogram; TBDMS, 
tert‑butyldimethylsilyl‑; m/z, mass‑to‑charge ratio.
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of RPL13A were observed. The RPL13A mRNA was studied, 
due to its role in mitochondrial metabolism and that its expres‑
sion is highly stable in several cellular systems (50,51).

The effects of different concentrations (range 1‑100 µM) of 
S1PC on BNT162b2‑stimulated IB3‑1 cells were next studied by 
RT‑qPCR, using β‑actin as internal control (Fig. 4). A concentra‑
tion‑dependent inhibition of the accumulation of IL‑6 (Fig. 4A), 
IL‑8 (Fig. 4B) and G‑CSF (Fig. 4C) mRNAs was detectable, 
suggesting that 10 µM S1PC is sufficient to inhibit to some extent 
the expression of IL‑6, IL‑8 and G‑CSF induced in these cells 
by the BNT162b2 vaccine. However, higher S1PC concentrations 
were found to be more effective. By contrast, no inhibitory effects 
were observed in the RPL13A mRNA expression levels (Fig. 4D).

The results shown in Fig. 4 indicate that S1PC can be 
proposed as an anti‑inflammatory component of AGE to be 
considered in pre‑clinical studies (52,53). However, further 
studies on the biological effects of S1PC are required to assess 
possible anti‑proliferative and/or cytotoxic effects associated 
with the inhibition of proinflammatory gene expression.

Effects of S‑1‑propenyl‑1‑cysteine on BNT162b2 treated IB3‑1 
cells: analysis of cell proliferation efficiency and cell viability. 
To analyze in depth the effects of S1PC on cell viability, the 
proportion of live/dead cells was analyzed using the MUSE® 
Annexin V & Dead Cell Kit, which was used to discriminate 
among live cells, apoptotic cells and dead cells (24,37).

The results obtained are shown in Fig. 5. Fig. 5A shows that 
treatment of IB3‑1 cells with the BNT162b2 vaccine is asso‑
ciated with the reduction of cell viability, whereas S1PC did 
not induce anti‑proliferative effects in IB3‑1 cells treated with 
0.5 µg/ml of the BNT162b2 vaccine. In addition, Fig. 5B‑D 
indicates that treatment of IB3‑1 cells with the BNT162b2 
vaccine is associated with a decrease of the % live cells 
(Fig. 5B) and an increase of the % of dead cells (Fig. 5C). No 
major effects of S1PC on % live cells or % dead cells could be 
observed (Fig. 5B and C).

Molecular docking and molecular dynamics support the 
hypothesis that S‑1‑propenyl‑1‑cysteine efficiently interacts 
with TLR4. To propose the possible mechanism of action 

of S1PC, a molecular docking analysis was performed. 
Preliminary analyses demonstrated a lack of binding of 
S1PC to NF‑κB. The binding of low‑molecular‑weight drugs 
to this protein has however been previously reported, such 
as trimethylangelicin and analogues (54), corilagin (55) and 
sulforaphane  (45,47). In these cases, efficient interactions 
with NF‑κB were found. However, no evidence of molecular 
interaction between S1PC and NF‑κB could be found in in 
the present docking analysis (data not shown). Since TLR 
are upstream regulators of the NF‑κB signaling (56‑58), the 
possible interaction between S1PC and TLR4 was assessed 
using the docking AutoDock Vina software (Fig. 6) (29). The 
results obtained indicate that S1PC is able to bind in silico that 
to the Toll‑IL‑1 receptor domain of TLR4. The amino acids 
involved in the S1PC‑TLR4 interactions are His685, Val655, 
Arg722 and Tyr657.

To further sustain the reliability of the molecular interac‑
tion reported in Fig. 6, the computed model was submitted to 
50 nsec of all‑atom unbiased molecular dynamics simulation. 
The results obtained demonstrated that the complex remained 
stable, as can be seen from the Cα‑RMSD values calculated 
over the simulation time (Fig. 7A). In particular, the hydrogen 
bonds reported in Fig. 7B were retained during the entire 
molecular dynamic's simulation, yielding an estimated inter‑
action energy of ‑65.2±7.3 Kcal/mol (computed as the sum of 
short‑range Lennard‑Jones and short‑range Coulomb contri‑
butions over the 50 nsec of simulation). In addition, binding 
with S1PC was found to reduce the intermolecular interaction 
between the TLR4 domains, as revealed by both the reduction 
in H‑bond numbers (Fig. 7B) and the increased per‑residue 
RMSF values in comparison to the apo complex (Fig. 7C‑E).

Discussion

One of the most important and clinically relevant character‑
istics of COVID‑19 is the high expression of IL‑6, IL‑8 and 
several other cytokines, chemokines and growth factors (2). 
This is frequently associated with a hyperinflammatory state 
and severe forms of COVID‑19 (59). Del Valle et al (60) previ‑
ously reported that high serum IL‑6, IL‑8 and TNF‑α levels at 
the time of hospitalization are associated with poor prognosis. 
In another study, Burke et al (61) also found that increased 
IL‑6 and IL‑8 levels can be used to predict clinical outcomes 
in patients with COVID‑19. Therefore, anti‑inflammatory 
molecules and novel anti‑inflammatory strategies are highly 
needed.

In the present study, the human bronchial epithelial 
IB3‑1 cell line was used, where it was stimulated by the 
COVID‑19 BNT‑162b2 vaccine to express proinflamma‑
tory factors. The IB3‑1 cell line has been previously used 
to study the inflammatory response (62‑64) and effects of 
anti‑inflammatory agents on the expression of proinflam‑
matory genes known to be involved in COVID‑19 cytokine 
Storm (21,45,54,55,65).

The main aim of the present study was to determine the 
possible effects of a major component of AGE, S1PC, on the 
expression of proinflammatory factors and hypothesize the 
possible mechanism of action. The beneficial effects of garlic 
have been previously reported, where they were proposed to 
be due to the presence of several bioactive molecules within its 

Figure 3. Effects of increasing concentrations of S1PC on BNT162b2‑induced 
accumulation of NF‑κB expression. Expression of (A) p50 and (B) p65 
mRNA. The mRNA expression was analyzed by reverse transcription‑quan‑
titative PCR using IB3‑1 cells exposed to 1 mg/ml BNT162b2 and treated 
for 72 h. *P<0.05. Relative expression was calculated using the 2‑ΔΔCq method 
and the endogenous control human β‑actin was used for normalization (22). 
S1PC, S‑1‑propenyl‑l‑cysteine.
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preparations, including lipid‑soluble allyl sulfur compounds 
and water‑soluble derivatives, such as SAC and S1PC (66). 
S1PC is a stereoisomer of SAC (17). This sulfur‑containing 
amino acid has important properties for the beneficial phar‑
macological roles of AGE (20). S1PC is present only in trace 
amounts in raw garlic, but its concentration will increase, 
approaching that of SAC levels, during the aging process of 
AGE (41). S1PC has been observed to show immunomodula‑
tory functions both in vitro and in vivo, in addition to reduce 
blood pressure in a hypertensive animal model  (67,68). In 

addition, a previous pharmacokinetic investigation showed 
that S1PC is rapidly absorbed after oral administration in rats 
and dogs, with high bioavailability (~100%) (17). In addition, 
S1PC exhibited a low inhibitory effect on human cytochrome 
P450 activities, even when it was used at a concentration of 
1 mM (67,68). Considering all these findings regarding the 
potential medicinal value of S1PC, this molecule was suggested 
to be another pharmacologically active and safe derivative of 
AGE similar to SAC, consistent with the proposal made by 
Kodera et al (17).

Figure 4. Effects of increasing concentrations of S1PC on the elevation of proinflammatory mRNA expression in BNT162b2‑stimulated IB3‑1 cells. White 
histograms represent the effects of 0.5 µg/ml of BNT162b2 vaccine on (A) IL‑6, (B) IL‑8, (C) G‑CSF and (D) RPL13A mRNA content. Reverse transcrip‑
tion‑quantitative PCR was performed 48 h after treatment. Black histograms represent the effects of increasing concentrations of S1PC on BNT162b2 treated 
IB3‑1 cells. Cells were exposed to 0.5 µg/ml of BNT162b2 vaccine and treated with the indicated concentrations of S1PC. Results represent the means ± stan‑
dard deviation. *P<0.05, **P<0.01 and ***P<0.001 from four independent experiments. Relative expression was calculated using the 2‑ΔΔCq method and the 
endogenous control human β‑actin was used for normalization. S1PC, S‑1‑propenyl‑l‑cysteine; G‑CSF, granulocyte‑colony stimulation factor; RPL13A, 
ribosomal protein L13a.

https://www.spandidos-publications.com/10.3892/etm.2025.12903
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The present GC/MS analysis confirmed that the S1PC 
preparation contains both cis‑ and trans‑isomers of S1PC. 
Concerning the biological activity of the applied S1PC 

preparation, the results presented in the present study suggest 
that the release of key proteins of the COVID‑19 ‘cytokine 
storm’ (69) can be inhibited by S1PC. Since control of this 

Figure 6. Simulation of S1PC binding to TLR4. Binding mode predicted for S1PC with the (A) TLR4‑Toll‑IL‑1 receptor dimer and (B) details of interactions. 
TLR4 monomers are depicted in green and blue respectively; S1PC is depicted as stick (magenta colored carbon). Hydrogen bonds are depicted as dashed black 
lines. S1PC, S‑1‑propenyl‑l‑cysteine; TLR4, Toll‑like receptor 4.

Figure 5. Effects of S1PC on viability of BNT162b2 treated cells. Effects of 0.5 µg/ml of BNT162b2 vaccine and increasing concentrations of S1PC on 
BNT162b2 treated IB3‑1 cells on (A) cell proliferation, (B) viability and (C) toxicity. Cells were exposed to 0.5 µg/ml of BNT162b2 vaccine and treated with 
the indicated concentrations of S1PC. Cell number and % of live and dead cells were evaluated after 48 h cell culture as described in the Materials and methods 
section. Viability and toxicity were analyzed using the MUSE® Annexin V & Dead Cell Kit. (D) Representative FACS analyses relative to panels B‑C. Results 
of panels A, B and C represent the means ± standard deviation of three independent experiments. ***P<0.001. S1PC, S‑1‑propenyl‑l‑cysteine.
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‘cytokine storm’ is a major issue in the management of 
patients with COVID‑19 (70), results from the present study 
may stimulate the development of protocols for controlling 
the hyperinflammatory state associated with SARS‑CoV‑2 
infection. In addition, experimental activity on plant extracts 
and food supplements containing S1PC for supporting the 
possibility of using ‘phyto‑preparations’ in combination with 
‘conventional’ medicine focusing on COVID‑19 treatment is 
encouraged as a result of the present study. The present study 
also extended recent observations by Gasparello et al  (71) 
on the effects of AGE and its component SAC on expression 
of pro‑inflammatory genes. In the present study, S1PC was 
considered for the first time and G‑CSF was included in the 
analysis, sustaining the conclusions of the previous study on 
AGE and SAC (71), suggesting an inhibitory effect of these 
agents on the expression of pro‑inflammatory genes. To the 
best of our knowledge, the present study was the first to 
consider potential cytotoxicity and anti‑proliferative effects of 
an AGE component on bronchial epithelial cells exposed to 

the BNT162b2 vaccine. In addition, in the present study low 
concentrations (1 and 5 µM) of the AGE component S1PC 
were considered.

One of the limitations of the present study is the lack of 
a full explanation on the mechanism of action of S1PC. This 
should be considered in future research plans, since it can be 
used to identify novel targets for therapeutic strategies. Among 
the several possibilities, S1PC can exert its anti‑inflammatory 
activity by inhibiting the JNK/activator protein‑1 (AP‑1)/NF‑κB 
pathway. This may be associated with the activity of TLRs, 
such as TLR4 (72‑74). The present study supports the hypoth‑
esis that S1PC interacts with and possibly inhibits TLR4, by 
destabilizing the dimer interactions. TLRs (including TLR4) 
are involved in SARS‑CoV‑2 entry into infected cells (75,76) 
and in NF‑κB expression (77,78). Therefore, it can be hypoth‑
esized that inhibitors of TLR4 can inhibit the early phases of 
SARS‑CoV‑2 infection, including activation of the NF‑κB 
pathway. The inhibition of NF‑κB by S1PC may be relevant in 
the context of possible inhibition by S1PC of proinflammatory 

Figure 7. Summary of molecular dynamics results. (A) Cα‑RMSD (nm) was calculated for apo‑TLR4 dimer (blue line) and for TLR4‑dimer in complex with 
S1PC (red line). The heavy atoms‑RMSD for S1PC are also reported (black line) showing a stable complex. (B) TLR4/TLR4/S1PC complex coloured as 
function of the largest per‑residue RMSF (yellow residues for TLR4‑chain A; red residues for TLR4‑chain B). (C) Intermolecular H‑bonds formed between 
TLR4 chains in apo (blue line) and in complex with S1PC (red line) dimers. Note that when complexed with S1PC, the TLR4 monomer binding is strongly 
destabilized. The H‑bonds formed between S1PC and the TLR4 chain A are also reported (black line). RMSF values are reported in detail for (D) chain A and 
(E) chain B. In both cases, blue lines represent the RMSF values computed for the apo dimer and red lines indicate the RMSF values computed for the ternary 
complex. RMDS, root‑mean‑squared deviation; RMSF, root‑mean‑squared fluctuation; S1PC, S‑1‑propenyl‑l‑cysteine; TLR4, Toll‑like receptor 4.

https://www.spandidos-publications.com/10.3892/etm.2025.12903
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genes, which contain NF‑κB binding sites in their promoter 
sequence. The effect of S1PC resembled that observed using the 
NF‑κB inhibitor sulforaphane (46) on the IB3‑1 cellular model 
system (45,47). The present study supports the hypothesis that 
TLR‑4 should be considered as a target of anti‑SARS‑CoV‑2 
therapeutic strategies (78,79). In particular, Yang et al (80) 
previously showed that an aptamer blocking the Spike‑TLR4 
interaction is able to selectively inhibit SARS‑CoV‑2‑induced 
inflammation. Docking data from the present study sustained 
this hypothesis, which showed in silico that S1PC is possibly 
able to bind to the Toll‑IL‑1 receptor domain of TLR4. The 
amino acids involved in the S1PC‑TLR4 interactions are 
His685, Val655, Arg722 and Tyr657, belonging to a TLR4 
region, serving a role in the molecular interaction with the 
SARS‑CoV‑2 Spike protein (81). Therefore, S1PC should be 
considered in further studies aimed at verifying its possible 
anti‑SARS‑CoV‑2 activity.

In conclusion, a simple experimental model system was 
developed and validated for the identification and character‑
ization of molecules able to inhibit the expression of genes 
involved in the COVID‑19 ‘cytokine storm’ in the present 
study. Specifically, exposure of epithelial IB3‑1 cells to the 
COVID‑19 BNT162b2 vaccine is associated with a potent 
increase in the expression of the transcription factor NF‑κB 

and NF‑κB‑regulated genes, including IL‑6, IL‑8 and G‑CSF. 
However, the present study did not explain the mechanism of 
action of BNT162b2 in inducing the upregulation of proinflam‑
matory gene expression. The activity of BNT162b2 may be due 
to the liposomal vaccine vector, to the Spike mRNA or both 
of these BNT162b2 components. Lipid‑based RNA nanopar‑
ticles can stimulate inflammatory responses (82‑84), whereas 
the purified SARS‑CoV‑2 spike protein (encoded by the 
BNT162b2 mRNA vaccine) can also induce the upregulation 
of proinflammatory gene expression, despite to an extent lower 
compared with BNT162b2. Therefore, both lipid formulation 
and spike RNAs can contribute to the activity of BNT162b2 on 
the expression of proinflammatory genes.

Treatment with S1PC was not found to be toxic but it 
reversed the proinflammatory cytokine IL‑6, IL‑8 and G‑CSF 
upregulation induced by the BNT162b2 vaccine in IB3‑1 
cells. Considering the TLR4‑NF‑κB interplay, molecular 
dynamic results obtained in the present study suggest that the 
anti‑inflammatory effects of S1PC may be due to an inhibition 
of the JNK/AP‑1/NF‑κB interaction. Therefore, S1PC should 
be further evaluated as a potential inhibitor of proinflam‑
matory factors involved in the COVID‑19 ‘cytokine storm’, 
moving the study from in vitro experimental model systems 
to in vivo treatments (80‑85) and clinical trials. Examples of 
clinical trials based on AGE and reporting anti‑inflammatory 
effects are those published by Wlosinska et al (86) and by 
Xu et al  (87). Although in vitro experimental systems are 
viable for the analysis of short‑term effects, studies using 
in vivo systems and clinical trials are needed to study long‑term 
effects, including potential negative effects.

The present study has several limits that should be consid‑
ered in future studies. Only one cell line has been studied (the 
bronchial epithelial IB3‑1 cell line). Exposure of IB3‑1 cells to 
the BNT162b2 vaccine should be just considered as a simple 
method to induce the increased expression of proinflammatory 
genes to an extent higher than that exhibited by SARS‑CoV2 
Spike‑treated IB3‑1 cells (45,47). The possible inhibitory effects 
of S1PC on other experimental model systems closely resem‑
bling the cell types that are involved in the COVID‑19 cytokine 
storm, such as T cells, macrophages, monocytes, dendritic 
cells and endothelial cells, should also be investigated (3‑5). In 
addition, other well validated experimental systems mimicking 
the induced proinflammatory state can be employed, such as 
the same IB3‑1 exposed to Pseudomonas aeruginosa (88), to 
TNF‑α (54,55) or to lipopolysaccharide (89). In all of these 
aforementioned experimental model systems, cytokines and 
chemokines involved in COVID‑19 cytokine storm were 
found to be upregulated, including Il‑6 and IL‑8 (54,55,88,89). 
Furthermore, other model systems have been proposed, based 
on the Pseudomonas aeruginosa infection of other cell lines, 
such as NuLi (88), CuFi (88‑90) and A549 (91). Furthermore, 
experiments performed on skeletal muscle cells exposed to 
the BNT162b2 vaccine and on SARS‑CoV‑2‑infected lung 
epithelial Calu‑3 cells  (47) can be considered to closely 
mimic the vaccination procedure by intramuscular admin‑
istration  (92) and COVID‑19 lung infection, respectively. 
A possible inhibitory effect of S1PC on NF‑κB signaling in 
SARS‑CoV‑2‑infected lung epithelial cells should be consid‑
ered, as it was previously reported using the NF‑κB inhibitor 
sulforaphane (45,47).

Figure 8. Proposed mechanism of action of S1PC. Indirect inhibition of 
NF‑κB may be caused by a direct interaction/inhibition of S‑allyl‑L‑cysteine 
and S1PC with TLR4 (and/or other TLRs, including intracellular TLRs). 
NF‑κB inhibition is causative of the inhibitory effects of NF‑κB‑regulated 
genes, such as IL‑1β, IL‑6 and IL‑8. S1PC, S‑1‑propenyl‑l‑cysteine; TLR4, 
Toll‑like receptor 4; TIR, Toll‑IL‑1 receptor; MyD88, myeloid differentiation 
primary response 88; TRAF6, TNF receptor associated factor 6.
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Another limitation of the present study is that possible 
negative effects on gene expression of S1PC have not been 
considered. Global transcriptomic and proteomic analyses 
will be necessary to clarify this point. In terms of the docking 
and molecular dynamics experiments, a proposed model of 
possible interactions between S1PC and TLR4, along with their 
effects on TLR4 functions, was constructed (Fig. 8). It must be 
emphasized that it is a speculative model at this stage, where 
further experimental work based on biochemical evidence vali‑
dating the predicted S1PC‑TLR4 interaction and its effects on 
downstream TLR4 signaling is encouraged. The effects of the 
S1PC homologue SAC on TLR4 have been also reported previ‑
ously (93,94). An extensive study of AGE constituents (SAC 
and S1PC) on other members of the TLR family are highly 
warranted. In addition, further experimental effort is needed to 
identify other agents within the list of AGE components that can 
modify gene expression induced by the COVID‑19 BNT162b2 
vaccine. This is to verify whether combined treatment with 
S1PC could be possible to obtain the highest inhibitory effects, 
using also SARS‑CoV‑2 infected cells.

In conclusion, the present study should encourage further 
experiments based on western blotting and Bio‑plex analyses to 
verify whether the inhibitory effects of S1PC on the accumula‑
tion of NF‑κB and proinflammatory mRNAs are associated 
with a decrease of proinflammatory protein production and 
release. This will clarify the clinical impact of the present 
study. In addition, possible validation in clinical trials should 
be considered, given the potential relevance of the present study 
for COVID‑19 management. Furthermore, the present study has 
clinical relevance, considering the role of inflammation in lung 
pathologies, such as cystic fibrosis, asthma and COPD (95‑97), 
in neurological diseases (98), in osteoarthritis (53) and in skel‑
etal muscular atrophy (94‑99), cardiovascular diseases (100), 
diabetes (101) and cancer (102,103).
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