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Abstract

Human body odor is a result of the bacterial biotransformation of odorless precursor molecules secreted by the underarm
sweat glands. In the human axilla, Staphylococcus hominis is the predominant bacterial species responsible for the biotrans-
formation process of the odorless precursor molecule into the malodorous 3M3SH by two enzymes, a dipeptidase and a
specific C-S lyase. The current solutions for malodor, such as deodorants and antiperspirants are known to block the apocrine
glands or disrupt the skin microbiota. Additionally, these chemicals endanger both the environment and human health, and
their long-term use can influence the function of sweat glands. Therefore, there is a need for the development of alternative,
environmentally friendly, and natural solutions for the prevention of human body malodor. In this study, a library of second-
ary metabolites from various plants was screened to inhibit the C-S lyase, which metabolizes the odorless precursor sweat
molecules, through molecular docking and molecular dynamics (MD) simulation. In silico studies revealed that tannic acid
had the strongest affinity towards C-S lyase and was stably maintained in the binding pocket of the enzyme during 100-ns
MD simulation. We found in the in vitro biotransformation assays that 1 mM tannic acid not only exhibited a significant
reduction in malodor formation but also had quite low growth inhibition in S. hominis, indicating the minimum inhibitory
effect of tannic acid on the skin microflora. This study paved the way for the development of a promising natural C-S lyase
inhibitor to eliminate human body odor and can be used as a natural deodorizing molecule after further in vivo analysis.
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Introduction

Human body odor formation is a combination of odorless
precursor secretions from axillary sweat glands and the bio-
transformation of these precursors into malodorous mol-
ecules by a large and mixed population of microorganisms.
Once odor precursor molecules are produced and secreted
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responsible microorganism for body odor production in
humans (Bawdon et al. 2015).

In the human axilla, four major molecular components
are identified as the leading cause of body odor. First, the
presence of volatile odorous steroid precursors is identi-
fied in the male axilla malodor. Second, the contribution of
volatile fatty acids (VFAs) to the human axilla sweat odor
is the result of the bacterial transformation of precursor
molecules by Corynebacterium spp (Troccaz et al. 2004).
Third, (E)-3-methylhex-2-enoic (3M2H) acid was found to
be one of the abundant malodor-causing molecules. Both E-
and Z-3M2H are present in the axillary odor secretions. and
these constitute greater proportions of the odorous secretions
than those of steroids do. It was identified that 3M2H mole-
cules are accompanied by water-soluble proteins during their
transportation into the skin (Zeng et al. 1996). Lastly, vola-
tile fatty acids (VFAs) and thioalcohols are the predominant
malodor molecules with thioalcohols being the most pungent
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Fig. 1 Malodorous thioalcohol production process in S. hominis. The
secreted precursor, S-Cys-Gly-3M3SH, is first transported into the
cytoplasm of S. hominis via the PepTSh transporter which is facili-
tated by a proton co-transportation. Then, the p-elimination reaction,
in which the terminal glycine of Cys-Gly-3M3SH is cleaved by a
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molecules (James et al. 2004). For the human body malo-
dor, the main thioalcohol is 3-methyl-3-sulfanylhexan-1-ol
(3M3SH). Odor-causing molecule 3M3SH is generated from
S-Cys-Gly-3M3SH (S-[1-(2-hydroxyethyl)-1-methylbutyl]-
(L)cysteinylglycine), a malodor precursor molecule secreted
from the human apocrine glands (Fig. 1).

It was recently discovered that the biotransformation of
the secreted malodor precursors to thioalcohol is catalyzed
by the activity of a dipeptidase and a specific C-S lyase
(Rudden et al. 2020). In the process of 3M3SH biotrans-
formation, S-Cys-Gly-3M3SH molecule is first transported
into the S. hominis by a proton-coupled peptide transporter,
a member of the proton-coupled oligopeptide transporter
(POT) family named PepTSh. Due to the specific binding
pocket of the transporter, it can easily recognize thioalcohol
groups (Minhas et al. 2018). Following the uptake into the
bacteria, the S-Cys-Gly-3M3SH molecule is first exposed
to the B-elimination process to remove the glycine by a
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dipeptidase, PepA, takes place to produce Cys-3M3SH. Subsequently,
cysteine residue is cleaved by a specific C-S lyase, ShPatB, gener-
ating the odorous free-thioalcohol (3M3SH) along with liberated
ammonia and pyruvate. The free thioalcohols are released outside the
cell by an unknown mechanism
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dipeptidase, PepA, which is commonly found in all staphylo-
coccal subspecies. Moreover, the cleavage of the precursors
by the lyase is a unique step in body malodor production. It
was identified as an uncommon C-S lyase, named ShPatB,
for the cleavage of Cys-3M3SH. Due to the hydrophobic
pocket of ShPatB, the enzyme can recognize Cys-3M3SH
with higher affinity (Rudden et al. 2020). As the cysteine
residue of the precursor is cleaved by the ShPatB in the cyto-
plasm of S. hominis, the malodorous molecule 3M3SH is
produced. It is, then, secreted into the skin by an unknown
mechanism (Fig. 1) (Minhas et al. 2018).

To suppress the pungent sweat odor, several cosmetic
products such as deodorants and antiperspirants are often
preferred. However, such cosmetic products mask the unde-
sired malodor by either blocking the apocrine glands or dis-
rupting the microbiota. Conventional deodorants and anti-
perspirants are widely used but come with a set of challenges
that have driven the demand for alternative solutions. These
challenges include their limited effectiveness over time,
reliance on potentially harmful chemical ingredients, inad-
equate performance for individuals with specific needs such
as hyperhidrosis, and their negative impact on the environ-
ment (Teerasumran et al. 2023). Furthermore, they contain
various chemicals that endanger both the environment and
human health. Of these chemicals, triclosan has a detrimen-
tal effect on aquatic microorganisms and bioaccumulation
in food (Oliveira et al. 2021). In addition, because of the
inhibition of apocrine ducts to secrete odorless precursors,
the application of such products for a long period of time can
have an effect on the function of sweat glands and even may
lead to loss of function (Benohanian 2001). With an increase
in estrogen alpha-receptor due to long-term aluminum expo-
sure from these products, a greater likelihood of cancer was
reported (Gorgogietas et al. 2018). Consequently, there is a
growing interest in novel approaches to address body odor,
and one promising avenue is targeting C-S lyase enzymes
within the skin’s microbiome. This innovative approach
seeks to mitigate body odor by modulating the breakdown
of sulfur-containing compounds found in sweat, address-
ing the issue at its source. Moreover, focusing on C-S lyase
aligns with the broader societal shift towards sustainable
and personalized solutions, potentially reducing the envi-
ronmental footprint associated with conventional deodorants
while providing more effective and tailored alternatives for
individuals.

For centuries, people have been traditionally using vari-
ous types of natural substances such as lemon, green tea,
and coconut oil in order to address this issue. In the recent
times, extensive efforts have been devoted towards the explo-
ration of herbal medicine as alternative medicine therapy
and because of their widespread utilization, medicinal plants
are considered to be most valuable assets of the ecosystem
to develop newer therapeutics for patient healthcare system

since the dawn of time, and because of their basic thera-
peutic curative role, they continue to play an essential role
in modern times. The rise in the recognition of medicinal
plants as a source of therapeutics and other products is
largely due to their efficacy, and as a cost-effective alterna-
tive to high-priced synthetic drugs (Watal et al. 2014; Behl
et al. 2021). Thus, in this study, we generated and screened
168 plant-based secondary metabolites from the tradi-
tional natural solutions against the active site of the ShPatB
using in silico techniques involving molecular docking
and molecular dynamics (MD) simulation. In silico results
revealed that three molecules (tannic acid, gossypetin, and
nimbandiol) had the strongest binding affinities to the tar-
get enzyme. Particularly, the stable binding ability of tannic
acid to ShPathB was also confirmed in the MD simulation.
Additionally, the tannic acid was tested in vitro, in which a
structural analog of Cys-3M3SH, namely L-felinine which
is putative pheromone precursor of cat urine (Miyazaki et al.
2006) and displays very similar enzymatic activity (Rudden
et al. 2020), was used as a non-odorous precursor molecule.
The in vitro biotransformation assay results indicated that
tannic acid at certain concentrations led to the significant
inhibition of malodor formation with minimum antimicro-
bial activity against S. hominis, suggesting that this natural
product is a promising candidate for preventing the sweat
malodor with a C-S lyase inhibitory activity.

Materials and methods
Molecular docking

The crystal structure of C-S lyase (6QP1) was retrieved
from the Protein Data Bank (PDB). Only the A chain
(chain A) of C-S lyase, which has a homodimeric struc-
ture, was used for molecular docking by removing the
other chain from the macromolecular structure. Prior to
docking, defining active binding sites, exclusion of water
molecules, the addition of polar hydrogens, and arrange-
ment of Kollman charges (Owen et al. 2023) were per-
formed by using the “MGL tool” program version 1.5.6.
(Goddard et al. 2018). The sphere that covered the bind-
ing site was maintained at fixed coordinates by covering
the extended conformations of the reference ligand, and
polar hydrogens were added to the structure and saved in
*.pdbqt format by using AutoDock 4.2 tool (Morris et al.
2009). Then, a natural product-based ligand library was
created by downloading their three-dimensional chemical
structures of the molecules from the “PubChem” database
in sdf format (Table S1). The energy minimization of the
files downloaded ligands was performed by using the
Rdkit program. Selected ligands were converted from sdf
format to pdbqt format using the Open Babel program for
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the execution of docking analysis (Garcia-Ortegén et al.
2022). Molecular docking was executed by using “Auto-
dock Smina,” an enhanced version of the “Autodock Vina”
program. Docking protocol was validated by redocking
the co-crystalized reference ligand within the macromo-
lecular cavity and superimposing the docked conforma-
tion with its bioactive crystallized conformation. For the
concerned macromolecular target, the ligand with the
best docking result was shortlisted (Masters et al. 2020).
Autodock software uses Lamarckian genetic algorithm
(LGA) as a primary conformational search for molecular
docking simulation. A large number of possible conforma-
tions were generated for selecting individuals with lowest
binding energy. The individual conformational search for
its local conformational space, discovering local minima
and then proceed this information to later generations is
performed by “Lamarckian” aspect, which is its additional
feature. The binding energy of the small molecules with
macromolecular targets is predicted by using the semi-
empirical force field (Agrawal et al. 2021; Kciuk et al.
2022; Fidan and Mujwar 2024). AutoDock 4.2 tool was
also used for the calculation of inhibition constants (K;)
for hit molecules (Khan et al. 2019). The interactions of
enzymes and ligands were visualized by using “PyMOL2”
and “Discovery Studio” softwares.

Molecular dynamics simulation

Molecular dynamics (MD) simulation of the C-S lyase of S.
hominis complexed with tannic acid was performed for 100
ns with the Desmond module of the Schrodinger program
version 2021-4 to assess the binding stability and patterns
of the tannic acid within the macromolecular target site by
using OPLS3e force field (Shah et al. 2020; Mujwar 2021;
Fidan et al. 2023). The single point charge (SPC) model was
used to infer the water molecules with an orthorhombic-
shaped simulation box, a 10 A gap was left between the
wall and the tannic acid-protein complex, and counter ions
were injected using 0.15 M NaCl to neutralize the existing
charge. The long-range electrostatic connections between
the macromolecule and the complexed ligand were com-
puted by applying the particle-mesh Ewald (PME) method
with 0.8 grid spacing and a cutoff radius of 9.0 for Coulomb
interactions after the NPT ensemble MD simulation was
run for 100 ns. Following that, 2000 iterations were per-
formed using a merging threshold of 1 kcal/mol to decrease
the system’s energy. Then, over the next 100 ns, a constant
temperature of 300 K and pressure of 1.013 bar were main-
tained. To create simulation interaction graphs, the trajec-
tory route was set to 9.6 with an energy interval of 1.2 ps
after the simulation process was completed (Mujwar et al.
2021, 2022; Fidan 2022; Shinu et al. 2022).
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Bacterial strains and chemicals

S. hominis B10 strain was kindly provided by a researcher
Matthew Rose at University of York. 5,5-dithio-bis-(2-ni-
trobenzoic acid) (DTNB, Ellman’s Reagent) was kindly pro-
vided by a researcher at Harran University. Tannic acid and
L-felinine were purchased from Shanghai Aladdin Bio-chem
Technology Co. Ltd. The stock solution of L-felinine was
prepared at 80 mM concentration in DMSO and stored in
4 °C until used. The stock solution of tannic acid was pre-
pared at 40 mM concentration in DMSO and stored at 4 °C
until used. The stock solutions of 2 mM DTNB with 50 mM
sodium acetate and Tris-HCI were prepared in sterile dH,O.
The solution pH was set to 8. LB medium was utilized for
the growth of S. hominis, while M9 minimal medium was
used for the in vitro biotransformation assays.

In vitro biotransformation assay

S. hominis B10 strain was inoculated from a pure colony and
grown overnight in LB. Optical density measurements at
600 nm were performed in the spectrophotometer (Genesys
10s UV-Vis Thermo Scientific) to measure the cell density.
Afterward, bacterial cells were harvested and subsequently
suspended in the appropriate volume of M9 medium to reach
a final ODg,,, Of 10. Variable concentrations of tannic acid
(0.5 mM, 1 mM, 2 mM, 4 mM) from a 40 mM tannic acid
stock solution were used in biotransformation reactions, and
the bacterial cells in M9 medium, tannic acid, and L-felinine
with their corresponding amounts were added to sterile
microcentrifuge tubes (Table S2). Cells and tannic acid-only
(no added substrate) reactions were also performed as posi-
tive controls. All reactions were triplicated and incubated
at 37 °C for 5 h.

To measure the released thioalcohol yield quantitatively,
the samples were centrifuged at 13,000 rpm for 2 min. One
hundred microliters of supernatant from each reaction, 100
pl DTNB, and 100 pl Tris-HCI (pH 8.0) were added into
sterile microcentrifuge tubes by completing the total volume
to 1000 pl with sterile distilled water. The reactions were
incubated at room temperature for 5 min. Then, the OD, 5,
for each reaction was measured (Bawdon et al. 2015).

Antimicrobial susceptibility assay

Tannic acid solutions were prepared from the 40 mM stock
solution as followed: 0.5 mM tannic acid, 1 mM tannic
acid, and 2 mM tannic acid were diluted with ethanol to
a total final volume of 20 pl. Four millimolar tannic acid
was prepared with ethanol to a total final volume of 50 pl.
Ten microliters of diluted tannic acid solutions in ethanol
was added to sterile paper discs and dried. This step was
repeated until all the solutions were absorbed by the discs.
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One hundred microliters of ethanol as a negative control and
10 pl of 100-mg/mL ampicillin as a positive control were
added to the paper discs as described above. S. hominis was
spread on an LB agar plate, and after the paper discs com-
pletely dried, they were placed on the plate. Following the
overnight incubation at 37 °C, the diameter of the zone of
inhibitions for each disc was measured. All the procedures
for disc diffusion assay were performed in triplicate.

Statistical analysis

All measurements were performed in triplicates. and data is
analyzed statistically by one-way paired ¢ test using Graph-
Pad Prism (version 8.0.2).

Results
Molecular docking

Molecular docking-based screening of plant-based ligand
library from traditional natural products was performed
against bacterial C-S lyase to determine the most effective
natural inhibitor to prevent body malodor formation. In
addition to traditionally used molecules, a detailed litera-
ture review was conducted to propose a natural molecule
that would inhibit C-S lyase. Chamomile is one of the plants
frequently used for natural treatment. It is used for skin con-
ditions such as eczema, it also has anti-inflammatory char-
acteristics and deodorizing effects (Gardiner 1999). Simi-
larly, due to its anti-fungal and anti-inflammatory effect,

Fig.2 The binding scores of
the ligands docked against C-S
lyase. The threshold was set to 94
—8 kcal/mol

-10 -9,5

tea tree oil is used for deodorizing effects in antiperspirants
and deodorants with low concentrations (Priest 1999). The
most common plant that is used to suppress the smell is
lemon. The acidic properties of fruit lemon have anti-inflam-
matory effect (El-Desoukey et al. 2021). It stops odor by
killing the bacterial population. Furthermore, coconut oil
is used as an ingredient in natural deodorants because of its
antibacterial characteristics (Ng et al. 2021). The second-
ary metabolites from the traditional natural substance were
extracted from the literature, led to the creation of the ligand
library with 168 molecules. ChemDraw15 was used to draw
all 2-D chemical structures (ChembridgeSoft Corporation,
MA, USA). Marvin Sketch 5.3.7, Chem Axon, was used to
convert these 2D structures into stabilized 3D conformation
followed by the energy minimization process. MGLTools
1.5.6.rc1 was used to parametrize all structures (ligands)
(Mujwar and Tripathi 2022; Shinu et al. 2022). Docking
protocol was successfully validated as the docked confor-
mation of the co-crystallized reference ligand was perfectly
superimposed over its bioactive crystallized conformation.
The perfectly overlaid conformation of the docked confor-
mation of the co-crystallized reference ligand over its bioac-
tive conformation is shown in Fig. S1.

The molecular docking of 168 ligands was performed
against C-S lyase, and the binding energy scores for all
ligands were listed in Table S1. The ligands with the low-
est binding energy scores were shortlisted in Fig. 2 using
—8 kcal/mol as the threshold. Particularly, tannic acid and
gossypetin had the lowest binding energy of —9.4 kcal/mol,
and its dissociation/inhibition constant (K;) value was found
to be 126.41 nM. They were followed by nimbandiol and
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quercetin with binding energy scores of -—8.5 kcal/mol with
K; value of 578.42 nM. In this study, tannic acid was further
shortlisted to confirm the stability of the ligand in the bind-
ing pocket of the target protein through MD simulation since
the cost and the accessibility of the gossypetin are very high
and relatively difficult. Moreover, considering the economic
contributions of the inexpensive natural product in potential
cosmetic product formulations to be made in the future, MD
simulations and experimental procedures with tannic acid
were chosen for further in silico and in vitro analysis.

Molecular dynamics simulation

The C-S lyase of S. hominis complexed with the ligand was
found to be highly stable throughout the simulation process.
The C-S lyase of S. hominis was made up of 386 amino
acids, while the complexed ligand is having 11 rotatable
bonds and 122 heavy atoms out of a total of 170 atoms.
The RMSD was used to calculate the stability and structural
changes of the protein backbone. During the simulations,
the complex was shown to be stable with an average RMSD
for the macromolecular backbone ranging from 1.25 to 2.0
A, while tannic acid remained stable throughout with very
little fluctuation inside the receptor’s cavity with the RMSD
ranging from 4.0 to 5.6 A throughout the simulation process
(Fig. 3).

The RMSF of the target receptor was also calculated by
measuring the change of Ca atoms within the peptide chain

Fig.3 RMSD of the ligand, as
well as Ca-backbone of C-S

to quantify the vibrations of the amino acids relative to their
original conformations. The RMSF value of the macromo-
lecular backbone of C-S lyase of S. hominis was discovered
to be between 0.5 and 1.5 A. Following the investigation,
it was discovered that the RMSF for the active amino acids
was lower for the complex system and that the complexed
ligand mean alteration was in the range of 1.0-6.0 A, sug-
gesting that the ligand took a couple of moves within the
macromolecular cavity to achieve its most stabilized con-
formation. Fig. 4 depicts the RMSF of the C-S lyase Ca
backbone as well as complex ligands detected over the 100-
ns period of MD simulation.

The SSE analysis revealed that the macromolecular struc-
ture of C-S lyase of S. hominis included 47.56% SSE, with
33.84% alpha-helices and 13.72% beta-sheets remaining
constant during the MD simulation. The stability of tannic
acid in the target macromolecule was determined by measur-
ing the strength of hydrogen bonds, hydrophobic contacts,
and ionic interactions created throughout the simulation
procedure. Furthermore, 2D and 3D interactions of tannic
acid with C-S lyase were investigated during the simulation
and demonstrated in Fig. 5. The results showed that the tan-
nic acid was hydrophobically attached to the amino acids
Tyr25, Tyr132, Lys246, and Ala251; whereas Aspl5, Metl7,
Glu20, Asp140, Met254, and Glu362 via forming hydrogen
bonds, and residues Ala47, Asp48, Asn249, 11e250, Gly252,
Phe255, Thr276, Asn278 were engaging with complexed
ligand through forming a water bridge (Fig. 6).
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Fig.4 RMSEF of the C-S lyase of S. hominis and its complex with tan-
nic acid was assessed after conducting an MD simulation for 100 ns

Effects of tannic acid at various concentrations
on the inhibition of C-S lyase

In order to quantify the extent to which different concentra-
tions of tannic acid interfere with the C-S lyase of S. homi-
nis, we spectrophotometrically measured the DTNB-labeled
thioalcohol production at 412 nm. Based on the average
absorbance values, when the biotransformation reactions
were treated with 1 mM tannic acid, the production of thio-
alcohol was dropped by 94%, indicating the highest efficacy
in the inhibition of C-S lyase. The concentrations of tannic
acid at 0.5 mM, 2 mM, and 4 mM generated 33%, 84%, and
88% reduction in thioalcohol yield, respectively (Fig. 7A).
These results are in line with the statistical analyses. The
data was subject to a one-way paired ¢ test, and the signifi-
cance threshold was set at 0.05. Tannic acid concentrations
at 1 and 2 mM exhibited greater significance when com-
pared to the control group. At this juncture, it is vital to
assess the effect of different concentrations of tannic acid on
bacterial viability. Therefore, an antimicrobial susceptibility
assay was performed in order to determine the concentration

at which tannic acid is most efficient in the inhibition of
C-S lyase of S. hominis, but has the minimum effect on the
growth of S. hominis.

Antimicrobial susceptibility assay

The impact of tannic acid on the survival of bacterial cells
was evaluated by measuring the zone of inhibition observed
around the discs which were impregnated with different con-
centrations of tannic acid (0.5 mM, 1 mM, 2 mM, 4 mM)
and placed on S. hominis spread LB Agar plate. It has been
shown that at various concentrations, tannic acid influenced
cell viability. As seen in Fig. 7B and Fig. S2, a higher con-
centration of tannic acid resulted in a larger diameter of the
zone of inhibition, which is proportional to the antimicrobial
activity of the compound.

Based on the in vitro biotransformation assay, 1 mM
tannic acid was determined as the most efficient concentra-
tion to inhibit C-S lyase (p value 0.001). Since the higher
concentrations have significant antimicrobial effect on cells
and suggesting that it may damage microflora when used
as a deodorizing compound, use of lower concentrations of
tannic acid is necessary to protect microflora. Therefore, 1
mM tannic acid was determined as the most optimum con-
centration by considering both the inhibitory effect of tannic
acid on the target enzyme and its antimicrobial activity on
cells to prevent biotransformation of S-Cys-Gly-3M3SH to
malodorous thioalcohol by C-S lyase while preserving the
microflora.

Discussion

The presence of body odor is a result of the enzymatic
reactions in bacteria found in the axillary microbiota. C-S
lyase converts the precursor Cys-Gly-3M3SH thioalcohol
into 3M3SH, which is the predominant volatile molecule
leading to body odor in humans. Although there are differ-
ent species responsible for this biotransformation, the main
contributor is S. hominis (Rudden et al. 2020). In this study,
our focus was to target C-S lyase in S. hominis as a way to
reduce body malodor formation because, to our knowledge,
natural products have not been tested against C-S lyase. The
cosmetic industry is largely shifting from chemical addi-
tives to enzyme-based solutions due to potential adverse
effects of these ingredients on the skin and health conditions.
Therefore, need for safer and more effective skin products
in cosmetic industry has accelerated the research to reveal
enzyme-based alternatives for replacing active chemicals
in cosmetic formulations (Sung et al. 2019). The present
study addresses this current problem in the context of safer
and more effective anti-odor products from natural sources.
For this purpose, the natural product library was formed
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from the natural substances traditionally used to prevent
body malodor. The virtual screening of the ligand library
against C-S lyase led to the discovery of potential inhibitor
molecules with strong binding affinities. The majority of
the hit molecules are polyphenolic compounds, dominantly
flavonoids. Among them, tannic acid and gossypetin had the
lowest binding energy scores. Tannic acid and flavonoids,
specifically quercetin, showed similar biological activities
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such as anti-biofilm and anti-inflammatory effects. They
both also displayed a therapeutic effect in atopic dermatitis
(Park et al. 2006; Rogerio et al. 2007; Jung et al. 2010; Lee
et al. 2013). Thus, it is expected to have similar binding
scores of flavonoids and tannic acid. In addition, following
in silico studies, we have decided to exclude gossypetin from
in vitro tests due to its high cost. On the other hand, tannic
acid with versatile bioactivities is easily available and cheap
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Fig.7 A The comparison of absorbance values of DTNB-labeled
thioalcohol yield between the control group and the four concentra-
tions of tannic acid (TA) measured by the spectrophotometer at 412
nm. One-way paired 7 test performed; ns, p value ~ 0.05; ***p value
< 0.0005. Threshold set as p value < 0.05, and the most efficient con-

natural product for the development of affordable natural
cosmetic product. Therefore, the MD simulations for tan-
nic acid complexed with C-S lyase was performed for 100
ns. Tannic acid structure has a central glucose molecule
attached to ten gallic acid molecules. The reason why tan-
nic acid showed the highest affinity is that higher enzyme
suppression occurs in the presence of aryl residue linked to
two vicinal hydroxyl groups which found in the tannic acid
structure (Egert et al. 2013). This correlation has been dem-
onstrated through the application of the molecular dynam-
ics method, which confirmed the stability of tannic acid in
the binding pocket of C-S lyase during 100-ns simulation.
The docking-based screening revealed that the tannic acid
showed best binding energy of —9.4 kcal/mol for the bacte-
rial C-S lyase enzyme, and thus the macromolecular com-
plex of tannic acid within the active site of the concerned
target was shortlisted to execute MD simulation for 100 ns
to reveal their thermodynamic stability with time. The MD
analysis have revealed that the tannic acid remains highly
stabilized within the macromolecular cavity throughout the
simulation with the RMSD value in the range of 4.0-5.5A,
while the RMSF value was also observed within the range of
0.5-2.0 A indicating very low fluctuation with high degree
of thermodynamic stability. Also, the tannic acid was found
to be interacting with good number of key macromolecular
residues throughout the simulation via hydrogen bonding,
van der Waal’s forces, and alkyl interactions contributing to
their stabilized binding. While in the other hand, the mac-
romolecular backbone remained stabilized without any fluc-
tuation or conformational change required to initiate their
bioactivity. Therefore, by analyzing the observed docking
and MD simulation results, it was concluded that the tannic
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1 1 1 |
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centration determined as 1 mM with p value 0.0001 while 2 mM and
4 mM have p value 0.0003. B The zone of inhibition diameter (mm)
of tannic acid concentrations (0.5 mM, 1 mM, 2 mM, 4 mM) and
ampicillin as the control group

acid is a competitive inhibitor of the bacterial C-S lyase
enzyme, and the same has been validated by performing
in vitro assay.

The inhibition characteristics of the tannic acid were
tested by in vitro biotransformation assay, and the statisti-
cal analyses revealed that both 1 mM, 2 mM, and 4 mm
tannic acid show significant inhibition of the odor-causing
molecule. Since the human axilla consists of various spe-
cies, it is required to further investigate the effect of tannic
acid on axillary microbiota. For this reason, antimicrobial
susceptibility assay was performed to establish a potential
risk for disrupting the bacterial populations. Previous studies
revealed that a concentration of 20 pM tannic acid does not
exhibit inhibitory effects on the growth of S. aureus, one of
the bacterial species found in axillary microbiota. While tan-
nic acid demonstrated its antibacterial characteristics against
both Gram-positive and Gram-negative bacteria, there is a
scarcity of preclinical and clinical studies addressing the
efficacy of tannic acid against bacterial infections (Payne
et al. 2013). The results of the antimicrobial susceptibility
assay indicated that lower concentrations of tannic acid have
shown less bacterial disruption. Therefore, 1 mM tannic acid
has been chosen as the best candidate for enzymatic inhibi-
tion in S. hominis with the most significant p value (0.0001)
and less antimicrobial activity.

This study establishes the potential of tannic acid, a nat-
ural phenolic compound found in herbaceous and woody
plants such as nutgalls, as an anti-odor agent against sweat
glands. Tannic acid has various biological activities such
as antimicrobial, antiviral, anti-cancer, and antioxidant
(Kaczmarek 2020). For instance, it exhibited a great poten-
tial as chemotherapeutic agent by blocking cancer-feeding
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pathways while promoting the activity of tumor-suppressive
elements (Youness et al. 2021). Another beneficial effect of
tannic acid is its antioxidant activity. It is established that
tannic acid has a protective influence on cells against oxida-
tive lesions (Perumal et al. 2019). Additionally, tannic acids
show restorative impacts against neurological and cardio-
vascular damage (Jing et al. 2022). However, the applica-
tions of tannic acid are not yet fully developed due to low
lipid solubility and its limited bioavailability (Youness et al.
2021). The deodorizing effect of chestnut inner shell extracts
(CISE) containing tannins and flavonoids was tested against
trans-2-nonenal and methyl mercaptan which are odorous
compounds. It was found that inhibition of the odor is posi-
tively correlated with the concentration of CISE (Ham et al.
2015). In this study, an extract was used, yet tannic acid
was not directly tested for its potential deodorizing activity.
Furthermore, tannic acid was also reported to significantly
prevent the production of fishy smell-related volatile com-
ponents such as heptanal and (E, E)-3, 5-octadiene-2-one
(Wang et al. 2023). This recent study clearly indicated the
potential of tannic acid in blocking the odor due to a variety
of molecules. In our study, we not only extended the odor
blocking spectrum of tannic acids to thioalcohols, but also
revealed its inhibitory role in the odor formation process of
S. hominis by blocking C-S lyase.

Conclusion

This article investigated a natural-based solution to inhibit
odor-causing enzyme from S. hominis due to concerns
about the environmental and health impacts of commonly
used cosmetic products like deodorants and antiperspirants.
Molecular docking analysis identified tannic acid as a potent
inhibitor, confirmed by biotransformation assays. Tannic
acid at 1 mM concentration yields the maximum inhibitory
effect on the C-S lyase of S. hominis with less intervention
on bacterial viability. Therefore, this study proposes tannic
acid as a promising candidate in the field of natural-based
cosmetics, offering both deodorant efficacy and microbiota-
friendly properties, along with economic benefits. Further-
more, this study paves the way for the development of a
promising natural C-S lyase inhibitor, tannic acid, for the
elimination of human body odor and can be used as a natu-
ral deodorizing molecule. Future investigations, including
in vivo and clinical studies, are crucial to comprehensively
assess tannic acid’s impact on the microbiota.
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