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RESEARCH ARTICLE

In Silico Target Prediction of 6-Gingerol and Similar
Compounds as Potential Anticancer Agents

Nour Osama AL-MASSRI’, Enise Ece GURDAL ™, Gulcin TUGCU ™

In Silico Target Prediction of 6-Gingerol and Similar
Compounds as Potential Anticancer Agents

SUMMARY

Ginger (Zingiber officinale Roscoe) has been widely recognized
Jor its culinary and medicinal applications; however, its potential
anticancer activity remains understudied. This research aimed
to identify novel lead compounds exhibiting high bioavailability
and low toxicity, akin to 6-gingerol, through an in silico screening
approach using ChemMine Tools depending on the PubChem
fingerprints. The screened compounds were further analyzed using
target fishing servers to identify putative kinase targets. Molecular
docking studies were conducted on selected kinases including
BRAE JAKI1/2, ERKI(MAPK3), and p38y. Computational
analysis was performed to evaluate the pharmacokinetics, drug-
likeness, and roxicity profiles of the compounds, shedding light on
their safety and bioavailability. Notably, the following compounds
exhibited promising anticancer potential: G-gingerol, vanylglycol,
vanillylmandelic acid, L-(+)-vanilmandelic acid, debydrozingerone,
2-methoxyestrone,  methylvanillate,  dibydroconiferyl  aldehyde,
pratensein, acetovanillone, acetosyringone, licochalcone B, isoferulic
acid, curcumin PE, and coniferaldehyde. These findings suggest
that these compounds warrant further investigation as potential
candidates for anticancer therapies and should be considered for
Sfuture lead optimization studies.

Key Words: G-gingerol, anticancer,  chemical ~ similarity,
computational toxicity, molecular docking, pharmacokinetics, target

fishing

Potansiyel Antikanser Ajanlar Olarak 6-Gingerol ve Benzer
Bilesiklerin In Silico Hedef Tabhmini

0z

Zencefil (Zingiber officinale Roscoe), mutfak ve t1bbi wygnlamalarryla
yaygin olarak taninmaktadir; ancak potansiyel antikanser aktivitesi
yeterince  aragtirilmamigtir. Bu  aragtirma,  PubChem  parmak
izlerine bagl olarak ChemMine araclarini kullanan bir in silico
tarama  yaklagim: araciligryla G-gingerol'e benzer sekilde yiiksek
biyoyararlanim ve digitk toksisite sergileyen yeni oncii bilesikleri
tanimlamay: amaglamgtir. Taranan  bilesikler, varsayilan kinaz
hedeflerini belirlemek icin hedef balikcilik sunucular: kullanilarak
daha fazla analiz edildi. BRAE JAK1/2, ERKI(MAPK3) ve p38y
dahil olmak iizere secilen kinazlar iizerinde molekiiler yerlestirme
calgmalar:  yapilmigtir.  Bilegiklerin  farmakokinetigini,  ilaca
benzerligini ve roksisite profillerini degerlendirmek, givenliklerine
ve biyoyararlanimlarina ik tutmak icin hesaplamals analizler
yapilmgtir. Ozellikle, asagidaki bilesikler wmut verici antikanser
potansiyeli  sergilemistir:  6-gingerol, vanilglikol, vanilmandelik
asit, L-(+)-vanilmandelik asit, debidrozingeron, 2-metoksiestron,
metilvanillat, dihidrokoniferil aldehit, pratensein, asetovanillon,
asetosiringon, likokalkon B, izoferulik asit, kurkumin PE ve
koniferaldebit. Bu bulgular, bu bilesiklerin anti-kanser tedaviler
igin potansiyel adaylar olarak daba fazla aragtirimas: gerektigini
ve gelecekteki oncii optimizasyon caligmalar: icin dikkate alinmasi
gerektigini gostermektedir.

Anabtar Kelimeler: 6-gingerol, antikanser, kimyasal benzerlik,
hesaplamals toksisite, molekiiler yerlestirme, farmakokinetik, hedef
tabmini
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INTRODUCTION

Cancer, a leading cause of death worldwide,
poses significant challenges to effective treatment.
Chemotherapy remains a widely utilized therapeutic
approach for all stages of cancer (Rayan et al,
2017). However, it is associated with high doses,
severe side effects due to toxicity, activation of pro-
survival pathways with prolonged exposure, and
the emergence of treatment resistance (Rastogi et
al, 2015; Rayan et al, 2017). To overcome these
drawbacks, researchers have turned their attention
to natural resources. Various alkaloids, flavonoids,
terpenoids, polysaccharides, saponins, and other
natural substances are known to have anticancer
activities by modulating immune function, inducing
autophagy, or inhibiting cell proliferation (Rayan etal.,
2017). Ginger (Zingiber officinale Roscoe), a member
of the Zingiberaceae family and genus Zingiber, has
a long history of use as a culinary spice and herbal
medicine. Rich in bioactive compounds, ginger
contains phenolic compounds such as gingerols,
shogaols, and paradols, with 6-gingerol, 8-gingerol,
10-gingerol, and terpene compounds being the major
polyphenols found in fresh ginger. Recent studies
have revealed a range of biological effects exhibited
by these bioactive compounds, including antioxidant,
anti-inflammatory, antimicrobial, and intriguingly,
anticancer properties. Numerous studies have
demonstrated the anticancer effects of 6-gingerol in
various human cancers, including leukemia, breast,
colon, pancreatic, prostate, and liver (Wang et al.,2014;
Zhang et al., 2017; Mao et al., 2019). In particular, the
hydroxyl group-containing aliphatic chain moiety a
in 6-gingerol (1-[4’-hydroxy-3’-methoxyphenyl]-5-
hydroxy-3-decanone) (Figure 1) has been linked to its
biological activities (Wang et al.,2014).

Figure 1. Structure of 6-gingerol

Kinases are cellular intermediaries that facilitate
the phosphorylation process by transferring the
gamma-phosphate group from an ATP molecule to
the serine (Ser), threonine (Thr), or tyrosine (Tyr)
residues in target molecules. They play a pivotal
role in regulating cellular signaling pathways by
controlling a wide range of cellular functions such as
transcription, metabolism, nervous system activity,
immune response, cell division, and migration (Modi
et al., 2019; Schwarz et al., 2019; Wang et al., 2021).
Dysregulation and mutations of protein kinases
have been associated with a range of human diseases
including cancer, diabetes, autoimmune disorders,
cardiovascular diseases, inflammatory conditions,
and neurological disorders. As a result, protein kinases
have emerged as key therapeutic targets, particularly

in cancer treatment (Roskoski, 2016).

In silico target fishing is widely used in drug
discovery to discover the most probable biological
targets of a given molecule (Galati et al., 2021). This
approach allows us to anticipate the biological activity
of a given molecule in question or its mechanism of
action. Additionally, target fishing can be useful for
predicting side effects, revealing multiple effects of a
drug, and uncovering new applications for existing
drugs (Cereto-Massagué et al.,, 2015). A commonly
used similarity approach is the target fishing strategy,
which suggests that molecules with similar structural
patterns may exhibit comparable bioactivities and,

thus, interact with similar targets (Galati et al., 2021).

In light of existing research, this study aims to
identify novel lead compounds that are similar to
6-gingerol and exhibit potent anticancer activity, while
also demonstrating high bioavailability and a low
toxicity profile. For this purpose, an in silico screening
was performed using ChemMine Tools based on
PubChem fingerprints, to search for compounds with
structural similarity to 6-gingerol. To investigate the
anticancer potential of 6-gingerol and the identified
similar compounds, they were screened using in

silico target fishing servers, focusing on their putative
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kinase targets. Selected kinase targets were then used
in docking studies to assess potential interactions with
the compound dataset. Furthermore, computational
assessments were performed to determine the
pharmacokinetics, drug-likeness, and toxicity profiles
of these compounds, with the goal of highlighting
the safety and bioavailability of both 6-gingerol and
its structurally similar compounds. The results of this
computational study include the discovery of putative
kinase targets of 6-gingerol-like molecules and

potential lead compounds for further development.
MATERIAL AND METHOD
Compounds Studied

The primary focus of this study was on
6-gingerol (1-[4’-hydroxy-3’-methoxyphenyl]-5-
hydroxy-3-decanone), a known active anti-tumor
compound. In addition to 6-gingerol, compounds
with chemical structures similar to 6-gingerol were
identified for further investigation. The selection
of structurally similar compounds was based on a
predetermined cut-off value. For the similarity search,
Tanimoto score calculations were performed using
PubChem fingerprints in ChemMine Tools (https://
chemminetools.ucr.edu/eisearch/query/ ) (Backman

etal., 2011).
In silico Target Fishing

The biological activities of 6-gingerol were
predicted using the PASSOnline, Swiss Target
Prediction, MolTarPred, and SEA web servers (Keiser
et al., 2007; Filimonov et al., 2014; Peon et al., 2017;
Daina et al., 2019). These servers utilize fingerprint
similarity to known bioactive compounds to generate
a list of potential biological targets for the molecules
under investigation. The first tool used in this study
was PASSOnline, which can be accessed at (http://
www.way2drug.com/PASSOnline/predict.php). The
SMILES format of 6-gingerol was submitted to the
PASSOnline server, and the results were subsequently
evaluated. This tool provides estimates with an
average accuracy of 95% for approximately 4,000

different types of biological activity. Compound

activity prediction is based on structure-activity
relationship analysis of a training set of over 300,000
compounds (Filimonov et al., 2014). The PASSOnline
output provides a list of expected activity types, along
with estimated probabilities expressed as probable
activity (Pa) and probable inactivity (Pi). Pa and Pi
values range from 0 to 1. When with Pa> Pi were
considered potential for a given compound. When Pa
is greater than 0.7, there is a greater likelihood that
the compound has novel pharmacological activity
while being structurally similar to an existing drug.
Pa values between 0.5 and 0.7 indicated a lower
probability of experimental pharmacological activity.
When Pa is less than 0.5, the likelihood of finding the
compound’s activity experimentally is low, suggesting
its potential as a parent compound to study biological

activity (Filimonov et al., 2014).

The second server used in this study was Swiss
Target Prediction (http://www.swisstargetprediction.
ch/). This server, which has been operational since
2014, employs ligand-based target prediction to
identify the most likely protein targets for a given
bioactive small molecule. Predictions were performed
by assessing the 2D and 3D similarity between the
input query and compounds with known in vitro
activity data in the ChEMBL library (ChEMBL 23
is the version used). The 2D similarity measure used
the Tanimoto index on FP2 (2D) with a threshold of
0.65. For 3D similarity, multiple conformations of the
molecule were generated, and Manhattan distances
were calculated for each conformation. Target scores
were calculated using logistic regression with the 2D
and 3D similarity scores of the most similar ligands.
The server provided a list of up to 100 potential
protein targets for the 6-gingerol compound, with
target scores ranging from 0 to 1. The same approach
was applied to its structurally similar compounds
(Daina et al., 2019).

The third method used in this screening was
the MolTarPred web (http://moltarpred.

marseille.inserm.fr/). It was used to predict protein

Server
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targets utilizing ChEMBL22 data. When 6-gingerol
was submitted, the server determined the Tanimoto
similarity between the Morgan fingerprint of the
query molecule and each of the 607,659 ChEMBL
compounds that will be tested. The predicted targets
were obtained from the top 10 most similar molecules
to the query. To claim that a drug candidate is
among the 607,659 ChEMBL and has single-protein
targets annotated with activity equal to or less than
10 micromolar, the confidence score needed to be
between 7.8 and 9. However, if the query contained
more than one protein target with activity less than
7.8 micromolar, further prospective validation of

these targets was required (Pedn et al., 2017).

The Similarity Ensemble Approach (SEA) server
was the fourth tool used to select the putative
biological target for the query (https://sea.bkslab.
org/). This server employs a 2D ligand-based similarity
ensemble approach to predict the biological targets
of a compound based on its resemblance to ligands
found in a reference database, such as ChEMBL.
The comparison of the input ligands (6-gingerol and
related compounds) was performed against all ligands
within the target sets, using the Tanimoto similarity of
ECFP4 fingerprints. The Tanimoto similarities were
summed, and z-scores were calculated for each ligand.
This tool has been successfully applied to identify
new targets for old drugs and natural products,
and to predict side effects and potential anatomical
therapeutic indications (ATCs) of approved drugs
(Keiser et al.,, 2006; Wang et al., 2016; Irwin et al,
2018). In this study, the query (6-gingerol) and its
similar molecules were screened using these in silico
approaches, with the corresponding SMILES serving
as the query input. The resulting list of predicted
targets was downloaded and further analyzed

manually, with a particular focus on kinase targets.
Molecular Docking

To prepare the compounds for molecular docking,
ionization and protonation were performed based on

physiological pH. The compounds were subjected to

4

conformational search in the Molecular Operating
(MOE) v2019.01 (MOE Release
V2019.01; ULC) software from Chemical Computing
Group ULC, Montreal, QC, Canada was employed

Environment

for conformational search using the Stochastic
Conformational Search module. The global minimum
energy of each molecule was minimized using the
MMFF94x force field. The structure of the proteins
[V-Raf Murine Sarcoma Viral Oncogene Homolog
Bl (BRAF) active and inactive conformation PDB
ID: 30G7, 6NOQ, Janus Tyrosine Kinase 1 (JAK1)
active conformation PDB ID: 3EYG, Janus Tyrosine
Kinase 2 (JAK2) active and inactive conformation
PDB ID: 2B7A, 3UGC, Extracellular Signal-
Regulated Kinase 1 (ERK1) PBD ID: 2Z0OQ, human
p38 mitogen-activated protein kinase p38y (MAPK)
active and inactive conformation PDB ID:1CMS8,
PDB ID:6UNA] were downloaded from Protein
Data Bank (https://www.rcsb.org/ ) (Berman et al.,
2000). Unnecessary chains, ions, water molecules,
and solvents were removed, and hydrogen atoms and
partial charges were added to the protein structures.
Missing loops and side chains were also fixed. Each
conformation of the compounds was docked into the
structures using MOE with London dG rescoring and
triangle matcher placement settings (MOE Release
V2019.01; ULC).

The Pharmacokinetic Properties and Drug-

likeness

The in silico evaluation of pharmacokinetic
properties and drug-likeness, including absorption,
distribution, metabolism, and excretion (ADME)
properties, was conducted for 6-gingerol and similar
molecules. The SwissADME web server was used
to assess these properties (http://www.swissadme.
ch/ ) (Daina et al., 2017). Additionally, the excretion
properties of the compounds were predicted by using
the pkCSM web server (https://biosig.lab.uq.edu.
au/pkcsm/prediction ) (Pires et al., 2015). The user-
friendly web interface allows the input of structures

in SMILES format and after submission, the results
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were presented in an output table. Drug-likeness is
a crucial concept in the screening of drug candidates
in the early stages of drug discovery, with a focus on
achieving oral bioavailability. Lipinski’s Rule of Five
(Ro5) isawidely used criterion for evaluating the drug-
like properties of molecules. According to this rule, a
molecule may exhibit poor absorption or permeation
if it violates more than two of the following criteria, it:
molecular weight (MW) < 500, number of hydrogen
bond donors (HBD) < 5 (counting the sum of all NH
and OH groups), octanol/water partition coefficient
Log P < 5, number of hydrogen bond acceptors
(HBA) < 10 (counting all N and O atoms) ( Bickerton
et al., 2012; Leeson et al., 2015; Daina et al., 2017).
In addition, there were two other descriptors were
identified by Veber et al. (Veber et al., 2002): Number
of Rotatable Bonds (NRB) <10 and Polar Surface
Area (PSA) <140 A2 Furthermore, the ability of the
investigated compounds to cross the blood-brain
barrier (BBB) was also evaluated as a distribution

parameter (Daina et al., 2017).

Cytochrome  P450 (CYP450)
particularly the major isoforms CYP1A2, 2C9,
2C19, 2D6, and 3A4, play a significant role in the

metabolic biotransformation and elimination of

enzymes,

drugs. Inhibition of these isoenzymes can lead to
toxic or adverse effects due to drug-drug interactions
(Daina et al., 2017). Drug clearance is measured by
the proportionality constant (CLtot) and expressed
as a log(mL/min/kg). It is related to bioavailability
and is important in determining dosing rates to
achieve steady-state concentrations. The Organic
Cation Transporter 2 (OCT2) was also determined
to determine whether the compounds were substrates
for it or not. It plays an essential role in the clearance of
drugs and endogenous substances, and was evaluated
by using the pkCSM server (Pires et al., 2015).

Toxicity Assessment

Toxicity prediction is a critical aspect of the drug
development process, as many drugs fail to reach

the market due to ineffectiveness or adverse effects.

Computational approaches have been widely used to
assess the potential cytotoxicity and adverse effects of
chemical structures on both normal and tumor cells,
as well as general organ toxicity. These approaches
help to identify structures that can improve efficacy
and therapeutic success (Capuzzi et al, 2016). In
this study, the drug cytotoxicity on tumor and non-
tumor cells was computationally screened using
PASS CLC Pred ( http://www.way2drug.com/cell-
line/index.php ) (Lagunin et al., 2018). Adverse
effects commonly associated with anticancer drugs,
such as hepatotoxicity and cardiotoxicity, were
evaluated. Hepatotoxicity and hERG I-II inhibitory
activities of the compounds were predicted by
using pkCSM (https://biosig.lab.uq.edu.au/pkcsm/
prediction) (Pires et al, 2015). Hepatotoxicity
prediction was also performed using the ProTox-II
program (https://tox-new.charite.de/protox_II/index.

php?site=compound_input) (Banerjee et al., 2018).

Furthermore, the investigated compounds
were evaluated for mutagenicity, carcinogenicity,
cytotoxicity, and immunotoxicity. The ProTox-II
program was used to predict their effects on stress
response  pathways, specifically mitochondrial
membrane potential (MMP) and phosphoprotein
tumor suppressor (p53) (Banerjee et al., 2018). The
SMILES structures of the compounds were used to

predict the aforementioned toxicity endpoints.
RESULTS AND DISCUSSION
Similarity Search

A similarity search was performed using the
Chemmine server to identify chemical structures
similar to the query compound, 6-gingerol. The
similarity cut-off value was set at 0.80, resulting in 49
compounds, including 6-gingerol (Table S1). All of
these similar compounds are originated from natural
sources and exhibit diverse biological activities. Here
are some examples of the activity of the investigated
compounds.

Calycosin (N-G-12) is a bioactive phytoestrogenic
isoflavone that is isolated from Trifolium pratense
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(red clover), which is able to suppress carcinogenesis
and progression by modulating estrogen receptor
(ER)P expression. Furthermore, the antiproliferative
effects of calycosin were found to be mediated
through ER f-dependent regulation of the The
phosphatidylinositol 3-kinase (PI3K)/protein kinase
B (Akt) pathways in human osteosarcoma cell
line (MG-63) (Tian et al., 2020). While Curcumin
(N-G-5), (N-G-24),

Tetrahydrocurcumin (N-G-41) are bioactive non-

Demethoxycurcumin and
flavonoid polyphenolic compounds extracted from
the rhizome of the plant Curcuma longa and found in
the spice turmeric. Many studies have been conducted
to assess the effects of curcumin metabolites,
analogs, or derivatives. Curcumin or its metabolite
tetrahydrocurcumin has been shown to promote
cell death in chemotherapy-resistant (Ara-C) human
AML cells (HL-60) using two different methods.
Indeed, curcumin mainly induced apoptotic cell
death mainly via the regulation of poly(ADP-ribose)
(PARP),

whereas tetrahydrocurcumin primarily promoted

polymerase caspase-9, and caspase-3,
autophagy mainly via the regulation of LC3 and p62.
Tetrahydrocurcumin has also been used in human
NSCLC A549 cells. The therapy suppressed cell growth
and induced autophagic flux by suppressing the PI3K/
Akt/mammalian target of rapamycin (mTOR) pathway
and increasing Beclin 1 gene expression (Benvenuto
et al.,, 2020). Additionally, pratensein (N-G-39) is a
member of the flavonoid family that is found in many
plants such as Trifolium pratense. The anticancer
activity of pratensein was recently demonstrated in
breast cancer cells. The result of the study showed that
pratensein can induce caspase-3 and Bcl-2-associated
X protein (Bax) and increase the expression level
of p53. It also inhibits B-cell lymphoma 2 (Bcl-2)
activation in a time-dependent manner (Behbahani
et al,, 2020). In addition, vanillyl alcohol (N-G-18) is
one of the phenolic compounds that can be found in
a variety of plants that can be produced enzymatically
from the reduction of vanillin. A previous study has
shown the anti-angiogenic activity of vanillyl alcohol

by using the chick chorioallantoic membrane (CAM)
6

assay. The results showed that vanillyl alcohol has a
significant anti-angiogenic effect due to the decrease
in membrane transport, possibly due to its methoxy
group at the 3-position (Jung et al., 2008). Eugenol
(N-G-3) is the active component of the essential oil
isolated from clove (Syzygium aromaticum) and has
antimutagenic, antigenotoxic, and anti-inflammatory
properties. It also has cytotoxic activity and can
induce cell death in various cancer cells (Carvalho
et al., 2015). Methyleugenol (N-G-6), on the other
hand, is a substituted allylbenzene that can be found
in many foods and essential oils. It has been shown
to induce cytotoxicity in rat and mouse hepatocytes
and leukemia. Methyleugenol has also been reported
to enhance the inhibition of cancer cell growth and
induce apoptosis when it was combined with cis-
platin (Carvalho et al., 2015; Yi et al., 2015).

Licochalcone B (Lico B) (N-G-38), which
shares a similar structure to 6-gingerol, is a recently
synthesized molecule belonging to the chalcone
group extracted from licorice root, also known as
Glycyrrhiza root. Chalcone groups serve as precursors
to flavonoids. Numerous in vitro and in vivo studies
have demonstrated the therapeutic effects of Lico
B, particularly its anti-inflammatory, anticancer,
antioxidant, and hepatoprotective properties. In a
2016 in vitro study, Lico B was found to significantly
inhibit cell proliferation in oral squamous cell
carcinoma (OSCC) cells, depending on the duration
and concentration of treatment. Treatment with Lico
B up-regulated pro-apoptotic proteins such as Bax
and down-regulated anti-apoptotic proteins such as
BH3 domain-only death agonist protein and B-cell
lymphoma-extra large, while promoting myeloid
leukemia cell differentiation protein Mcl-1 (Bax).
Lico B induced apoptosis through the release of
cytochrome C and loss of mitochondrial membrane
potential. In addition, these studies provided evidence
for the activation of multiple caspases and the cleavage
of the PARP protein following Lico B therapy. Based
on these findings, Lico B is considered a promising

natural drug for the treatment of human oral cancer
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through its induction of apoptosis (Maria Pia et al.,
2019).

The Putative Anticancer Target of the Molecules

To identify the most promising target for 6-gingerol
and its related compounds, a comprehensive screening
process was conducted. First, the anticancer activities
of 6-gingerol were evaluated using four different web
servers. Subsequently, the potential targets of small
molecules sharing a 6-gingerol scaffold were identified
by screening the compounds through various web
servers, namely PASS Online, Swiss Target Prediction,
MolTarPred, and SEA. Each server employs different
algorithms to predict potential targets. The results
from each server are presented in Tables S3, S4, S5, and
S6. Based on the methods used and the results of these
computational analyses, the most notable anticancer
activities were identified. The corresponding results
are presented in Table S2. Given the data collected,
our focus for the subsequent docking studies was
primarily centered around tyrosine kinases, including
B-RAFE, JAK1/2, ERK1 (MAPK3), and p38y. These
kinases have been strongly implicated in a variety of
diseases, particularly cancer, which is the main focus

of our study.

Evaluation of Docking on the Selected Targets
with the Studied Molecules

To identify the most promising targets for
6-gingerol and related compounds, a comprehensive
screening process was conducted. The anticancer
activities of 6-gingerol were first evaluated using
various web servers, and the potential targets of
similar compounds were identified through screening
using various algorithms. The focus was primarily on
tyrosine kinases, including B-RAF, JAK1/2, ERK1,

and p38y, which are strongly associated with cancer.

The
inhibitors work by interacting with the ATP-

majority of approved protein kinase

binding pocket and acting as competitive enzyme
antagonists. In particular, the interaction with the

hinge region is critical for ATP binding and substrate

phosphorylation. Successful kinase inhibitors have
been developed based on this strategy (Roskoski,
2016; Wang et al., 2021). Most BRAF inhibitors also
interact with the ATP-binding and hinge regions,
known as type I inhibition (Roskoski, 2016; Wang et
al,, 2017; Umar et al., 2020). Docking studies on the
BRAF protein with the X-ray data of 30G7 showed
that the co-crystallized ligand (PLX4032) formed
two hydrogen bonds with Cys532 and GIn530, in
the hinge region. Vanylglycol (N-G-42) and N-G-1
were identified as potential type I inhibitors of BRAF
kinase by forming two hydrogen bonds with the
specific hinge region residues with docking scores:
-5.341 and -7.585, respectively (Figure 2).

Selective BRAF inhibitors that target the RAF-
MEK-ERK pathway without inducing paradoxical
activation are desired. Interaction with the DFG
loop enhances inhibitor potency, known as type II
inhibition (Ramurthy et al., 2020). Docking studies
on inactive BRAF revealed that the conformation
of the co-crystallized ligand [N-(4-methyl-3-(1-
methyl-2-o0x0-2,3-dihydro-1H-benzo[d]imidazol-5-
yl)phenyl)-3-(trifluoromethyl)benzamide] ~ formed
hydrogen bonds with specific residues Phe595,
Asp594, and aC-Glu501. L-(+)-vanilmandelic acid
(N-G-44) showed potential as a selective type II
inhibitor of BRAF with a docking score of - 5.5003
(Figure 2).

In general, most of the studied compounds studied
with the active conformation of the BRAF protein by
forming hydrogen bonds with hinge residues. The
side chain hydroxyl group of certain compounds
(N-G-12, 17, 26, 31, 38, 39, 40, 42, and 47) played an
important role in interacting with the BRAF receptor
(Figure S1).

Overall, the screening and docking studies
identified potential targets and modes of inhibition
for 6-gingerol and its related compounds, with a

particular on kinase proteins.
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(2a)

(2b)

Figure 2. (a) Structure of BRAFV®*F: PDB ID: 30G7 complex with: vanylglycol (N-G-42) and (b) Structure
of BRAF: PDB ID: 6N0Q complex with: L- (+)-vanilmandelic acid (N-G-44)

JAK proteins are non-receptor tyrosine kinases
that play critical roles in cytokine and growth factor
signaling pathways. Dysregulation of the JAK-
STAT signaling cascade may contribute to various
immunological disorders and malignancies (Alicea-
Velazquez et al., 2011; Sanachai et al., 2020). JAKI,
JAK2, and JAK3 are frequently found in cancer cells,
with JAKI and JAK2 being particularly abundant,
making them promising targets for anticancer agents
(Lucet et al., 2006; Hornakova et al., 2011; Andraos et
al., 2012; Sanachai et al., 2020). Most JAK inhibitors act
as type I inhibitors, enhancing phosphorylation in the
JAK activation loop while inhibiting kinase activity
and phosphorylation of STAT proteins (Andraos et
al,, 2012).

Binding to JAKI in its active state involves
interactions with Glu957 and Leu959 residues in the
hinge region (Williams et al., 2009; Lin et al., 2018).
Docking studies on JAK1 demonstrated that the co-
crystallized ligand (CP-690-550) formed hydrogen
bonds with Glu957 and Leu959. When 6-gingerol
and its similar molecules were docked into the active
conformation of JAKI, paradol (N-G-30) formed a

hydrogen bond with the carbonyl backbone of Leu959,
indicating its potential as an inhibitor of JAK1 with a
docking score of - 6.9492 (Figure 3).

Similarly, to achieve good binding to JAK2 in
its active state, the inhibitor should interact with
Glu930 and Leu932 residues in the hinge region.
Docking studies on JAK2 revealed that the co-
crystallized ligand (CMP6) formed hydrogen bonds
with GIu930 and Leu932 (Lucet et al.,, 2006). In the
case of dihydroconiferyl aldehyde (N-G-43), docking
simulations showed that it formed two hydrogen
bonds with the carbonyl backbone and the nitrogen
backbone of Leu932, indicating its potential as a JAK2
inhibitor with a docking score of -5.478 (Figure 3).

Based on these findings, paradol (N-G-30) showed
potential as a JAK1 inhibitor, while dihydroconiferyl
aldehyde (N-G-43) showed potential as a JAK2
inhibitor. These results suggest that 6-gingerol and its
related compounds have the potential to inhibit JAK
proteins and may serve as promising agents in the
development of anticancer treatments targeting the
JAK-STAT signaling pathway.
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(3a) (3b)

(3¢)

Figure 3. (a) Structure of JAK1: PDB ID-3EYG complex with paradol (N-G-30), (b) structure of JAK2:
PDB ID-2B7A complex with dihydroconiferyl aldehyde (N-G-43), and (c) structure of JAK2: PDB ID: 3UGC
complex with pratensein (N-G-39)

The development of a selective JAK2 inhibitor has
been challenging due to the conserved ATP site of the
JAK family. However, efforts are underway to discover
selective JAK2 inhibitors to minimize undesired side
effects (Lin et al., 2018). Inhibition of JAK2 activity
can lead to several alterations in myeloid cell function.
Binding to the inactive conformation of the JAK
protein, known as DFG-out, reduces phosphorylation
in the activation loop. Critical residues, including
Leu932, aC-Glu898, and Asp994, play a pivotal role
in achieving selectivity towards JAK2. Docking
studies on JAK2 using X-ray data revealed that the co-
crystallized ligand (NVP-BBT494) formed hydrogen
bonds with Leu932, Asp994, and aC-Glu898 (Andraos
et al,, 2012; Lin et al.,, 2018). Pratensein (N-G-39)
formed hydrogen bonds with Glu898, Glu930, and
Asp994, indicating its potential as a selective JAK2
inhibitor with a docking score of -6.5816 (Figure 3).

For both JAK1 and JAK2, most of the compounds
interacted with the active conformation of the proteins.
The phenol group of the compounds formed hydrogen
bonds with hinge region residues, predominantly
Leu959 for JAK1 and Glu930 and Leu932 for JAK2.

The phenolic hydroxyls of the compounds played an
important role in the interaction with the receptors
(Figure S2 and S3).

Mitogen-activated protein kinases (MAP kinases),
such as ERK1 and ERK2, regulate cell proliferation,
differentiation, and various physiological responses.
Dysregulation of ERK signaling has been implicated
in several cancers (Halder et al., 2019; Pegram et al.,
2019). Most inhibitors targeting ERK1/2 exhibit a
type I binding mode. Co-crystal structures of ERK1/2
5-iodotubericidin (5ID) have revealed a type I binding
mode with hydrogen bonds formed with hinge
residues (Met125 and Asp123) and Lys131 (Chaikuad
et al, 2014). Docking studies on ERK1 showed that
isoferulic acid (N-G-47) formed hydrogen bonds
with Met125 and Lys131, indicating its potential as
an ERKI inhibitor with a docking score of -5.413
(Figure 4). The phenol group of 6-gingerol also
formed a hydrogen bond with Met125. Several other
compounds exhibited hydrogen bonding interactions
with Met125 and Lys131 through their phenol and
carbonyl groups or phenolic hydroxyl group and
carboxylate group (Figure S4).
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Figure 4. Structure of ERK1: PDB ID: 2Z0Q
complex with isoferulic acid (N-G-47)

The
(MAPK) family consists of four isoforms: p38a, p38p,

p38 mitogen-activated protein kinase

p38y, and p388. These isoforms are activated by dual
phosphorylation of tyrosine and threonine residues
in a Thr-X-Tyr motif. The p38 MAPK pathway
is involved in the regulation of the inflammatory
response and may contribute to tumorigenesis.
Elevated levels of p38y have been observed in
cutaneous T-cell lymphoma (CTCL) and various
malignancies, making it a potential therapeutic target
(Sahu et al., 2019; Zhang et al., 2021).

Docking studies were performed on both

(5a)

the active and inactive conformations of p38y to
understand how the compounds under study interact
with the protein. X-ray data from 1CMS8, using the
non-hydrolyzable ATP-like inhibitor AMP-PNP,
revealed two hydrogen bonds with the hinge residues
(Met112 and Pro110) (Bellon et al., 1999). However,
the compounds in this study did not interact with the
hinge region. Instead, they showed interactions with
residues located outside of the ATP pocket (Figure 5).

No co-crystallized ligands were available for
the inactive conformation of p38, represented by
the X-ray data of 6UNA. The binding pocket was
identified based on the active conformation of p38,
particularly involving aC-Glu74 and Aspl71 of the
DFG region (Bellon et al., 1999; Aoto et al.,, 2019).
Docking studies on 6UNA showed that most of the
compounds interacted with the hinge region or with
Aspl71 of the DFG region. For example, Curcumin
PE (N-G-40) formed hydrogen bonds with the
backbone of Met112, Phelll, Aspl15, and aC-Glu74,
indicating its potential as an inhibitor with a docking
score of -5.979 (Figure 5). More information about
the docking scores of the 6-gingerol-like series and
the co-crystallized ligands is presented in (Table S7).

(5b)

Figure 5. (a) Structure of p38y: PDB ID: 1CM8 complex with Ferulic acid (N-G-2) and (b) structure of
p38y: PDB ID: 6UNA complex with curcumin PE (N-G-40)
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Prediction of Drug-likeness and Pharmacokinetics

Properties of the Molecules

To assess the drug-likeness and pharmacokinetic
properties of the molecules, an analysis was
conducted to ensure their potential as drugs. For this
purpose, the SwissADME online tool, designed for
easy submission and analysis of the results, was used
to predict the drug-likeness and ADME properties.
The results of drug-likeness and ADME properties
are presented in Tables S8, S9, and S10, respectively.
The evaluation showed that 6-gingerol and the similar
molecules investigated in this study met Lipinski’s and
Veber’s rules of five. This suggests that these molecules
possess favorable oral bioavailability based on their
physicochemical properties. These parameters are
associated with desirable aqueous solubility and
intestinal permeability, which are crucial initial factors
in determining oral bioavailability. Furthermore, the
bioavailability score (BA) was assessed, revealing that
most of the molecules studied obtained a value of
0.55. This score indicates compliance with the Rule
of Five and predicts a 55% bioavailability in rats,
indicating a higher probability compared to the 10%
threshold (Martin, 2005; Daina et al., 2017). Notably,
N-G (2, 22, 46, 47, and 48) showed a BA value of 0.85.
The synthetic accessibility was also evaluated using a
scale ranging from 1 (easy to synthesize) to 10 (very
difficult and complex to synthesize) (Daina et al.,
2017). The synthetic accessibility of all the studied
molecules falls within the range of 1-4, indicating that

they are relatively easy to synthesize (Table S8).

The ADME properties of 6-gingerol and similar
compounds are summarized in Tables S8 and S9.
These compounds exhibit high gastrointestinal
(GI) absorption, consistent with the Rule of Five
(Ro5). P-glycoprotein (P-gp), a transmembrane
efflux pump involved in drug transport, regulates
the uptake and efflux of various drugs and toxins
(Finch et al., 2014; Leeson et al., 2015). Our results
showed that the molecules N-G-(16, 27, and 31) are

the only substrates for P-gp among the molecules

studied, while the others are not substrates for P-gp.
Furthermore, the blood-brain barrier (BBB) controls
cerebral homeostasis and provides the central nervous
system (CNS) with a unique protection against the
toxicity of many xenobiotics and pathogens (Weiss
et al., 2009). Analysis of the molecules in this study
indicates that the N-G (5, 9, 12, 14, 17, 22, 24, 28, 31,
38- 42, 44, and 46) lack the ability to cross the BBB,
while the remaining compounds studied possess BBB

permeability.

The results presented in Tables S8 and S9 are
consistent with the BOILED-Egg (Brain Or Intestinal
EstimateD permeation predictive model) shown
in Figure 6. The BOILED-Egg model predicts the
behavior of small molecules based on their polarity
and lipophilicity, using an egg visualization. Molecules
located in the yolk of the egg are expected to pass
through the BBB, while those in the white are expected
to be absorbed by the human gastrointestinal tract
(HIA) (Daina et al., 2016). Blue-white circles indicate
molecules predicted to be effluxed from the CNS
by P-glycoprotein (PGP+), while red-white circles
represent molecules not expected to be effluxed by
P-glycoprotein (PGP-). As depicted in Figure 6, most
of the compounds, except those mentioned above, are
located within the yolk of the egg, suggesting their
permeability across the BBB. However, 6-gingerol and
its similar compounds are predicted to be absorbed

from the gastrointestinal tract.

Furthermore, our results indicate that most of the
compounds do not inhibit CYP2C19, except for N-G-
15, which exhibits inhibitory effects on CYP2CI09.
Among the compounds studied, N-G-(5, 12, 17, 24,
27, 32, 38- 41) specifically affects CYP3A4, while
the remaining molecules do not inhibit this isoform.
Only N-G-(1, 12, 15, 16, 17, 27, 30, 31, 32, 39, and 41)
exhibit inhibition against CYP2D6, while the other
compounds do not affect this isoform. Regarding
CYP2C9, compounds N-G-(5, 24, 32, 38- 40) show
inhibitory activity, while the remaining compounds

do not impact this isoform. Moreover, the compounds
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N-G-(1, 3, 6, 7, 11- 13, 15, 19, 23, 24, 29, 30, 33, 37-
39, and 45) inhibit the CYP1A2 isoform, while the
other compounds do not exhibit any effect on this
isoform. Overall, the compounds N-G-(5, 12, 17, 24,
27,32, 38- 40, and 41) show inhibitory activity against
multiple CYP isoforms.

Regarding excretion, clearance was determined
by calculating the sum of hepatic and renal clearance,
which represents the rate at which a drug is eliminated
from the body. A low total clearance value indicates
a longer persistence of the drug in the body. In our
study, most of the compounds exhibited low clearance
rates. However, the compounds N-G-(1, 2, 4, 8- 10,
15, 16, 20, 30, 34, 35, 38, 46, 47, and 49) exhibited
high clearance values (Table S10). The organic cation
transporter 2 (OCT2), which is responsible for renal
uptake, plays a critical role in the clearance of drugs
and endogenous substances. When substances are
OCT?2 substrates, there is a possibility of adverse
reactions co-administered with OCT2
inhibitors (Pires et al., 2015). It is noteworthy that

when

none of the compounds studied in this research were
identified as OCT?2 substrates. Therefore, it is unlikely
that these compounds would interact or cause adverse
effects when used with OCT?2 inhibitors.

Figure 6. BOILED-Egg representation of the

studied molecules

Prediction of the Toxicity Profiles of the
Molecules

The toxicity profiles of the compounds were
predicted using various computational tools, and the
results are summarized in (Table S11, S12, and S13).
12

Cytotoxicity predictions (Way2Drug) on tumor and
non-tumor cell lines revealed that 21 compounds
showed activity against various tumor cell lines from
8 different tissues. Among them, coniferaldehyde
exhibited the highest predicted activity against 6 cell
lines. Vanylglycol demonstrated the highest predicted
activity (0.747) against PC-3 cells. However, the
majority of the compounds did not exhibit significant
effects on non-tumor cells when their probability was
above 0.50, and only 6 compounds showed negative
effects on non-tumor cells. This lack of activity was
consistent with the predictions from ProTox-II (Table
S12), which indicated that most of the compounds
were expected to be safe with low probabilities of

toxicity.

Hepatotoxicity predictions made by ProTox-II
suggested that most of the compounds were unlikely
to cause liver toxicity (Table S12). The compounds
predicted to have positive effects had low probabilities,
ranging from 50% to 52%. Furthermore, the toxicity
effects of hepatotoxicity, hERG I inhibitor, and hERG
IT inhibitor were assessed using pkCSM (Table S13).
Most of the compounds showed no significant effects
on hepatotoxicity, hERG I inhibitor, and hERG II
inhibitor.

Regarding the predictions of mutagenicity,
carcinogenicity, cytotoxicity, and immunotoxicity by
ProTox-11, not all compounds were expected to show
mutagenic or cytotoxic effects. Only two compounds
had low probabilities of a positive mutagenicity
result, ranging from 53% to 67%. Immunotoxicity
predictions revealed that 17 compounds, including
the query compound, had a high probability of
affecting the immune system (79% to 98%). For
carcinogenicity, methyleugenol exhibited the highest
potential to induce tumors, with a probability of 76%.
Most of the compounds showed no toxicity to MMP
and p53. However, seven compounds were predicted
to have positive effects on MMP with probabilities
ranging from 78% to 100%, and two compounds

were predicted to have positive effects on p53 with
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probabilities from 80% to 100%. Notably, curcumin
showed a toxic effect on MMP and p53 with a high
probability of 100%.

CONCLUSION

In this study, we used virtual screening to identify
potential leads and molecular targets for natural
chemical compounds, with a particular focus on
6-gingerol and its similar compounds. Through target
prediction servers, we discovered anticancer targets,
with a particular focus on kinase proteins due to their
role in cellular signaling pathways (Roskoski, 2016;
Wang et al., 2021).

Our findings showed that the compounds
interacted with various kinases, including B-RAE
JAK1/2, ERKI, and p38y. These interactions were
determined by through molecular docking studies
using MOE. The majority of the compounds acted
as type I inhibitors, forming hydrogen bonds with
specific residues in the hinge region of the active

conformation of the target proteins.

The and ADMET

properties of the compounds were also evaluated.

drug-like characteristics
They complied with Lipinski’s and Veber’s rule of five,
indicating good oral bioavailability and absorption.
However, some compounds inhibited multiple CYP
isoforms, while most showed low clearance. None of

the studied molecules were substrates for OTC2.

Toxicity assessments were conducted using
computational approaches. Most compounds did
not show cytotoxicity to normal cells, but several
demonstrated toxicity to cancer cells. Coniferaldehyde,
Vanylglycol, and L-(+)-vanilmandelic acid exhibited
the highest potency on various cell lines. Each
compound showed potent inhibitory activity against
specific kinases. With respect to organ toxicity,
the compounds did not show hepatotoxicity or
hERG inhibitory effects on the liver and heart.
None of the compounds exhibited mutagenicity or

carcinogenicity, except for two with a low probability

of positive mutagenicity. A few compounds had a
high probability of affecting the immune system.
Additionally, the majority of compounds were
predicted to be inactive with respect to the MMP and
P53 stress response pathways, indicating safe use for

non-cancerous cells.

In conclusion, our computational approach iden-
tified the potential anticancer targets for 6-gingerol
and its similar molecules including vanylglycol,
vanillylmandelic acid, L-(+)-vanilmandelic acid, de-
hydrozingerone, 2-methoxyestrone, methylvanillate,
dihydroconiferyl aldehyde, pratensein, acetovanil-
lone, acetosyringone, licochalcone B, isoferulic acid,
curcumin PE, and coniferaldehyde that could inhibit
(B-RAF, JAK1/2, and ERK1 (MAPK3)) proteins pri-
marily in their active state while they could modulate
P38y primarily in its inactive state. In addition, our
computational analysis showed that the majority of
the compounds have good drug-likeness and AD-
MET profiles without toxicity. In the future, in vitro
enzymatic assays are planned to validate the compu-

tational results and optimize the lead compounds.
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Figure S1. Predicted interaction of (a) N-G-1 and (b) N-G-42 with BRAF: PDB:ID: 30G?7.

Figure S2. Predicted interaction of (a) N-G-1 and (b) N-G-30 with JAK 1: PDB:ID: 3EYG.
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(a) (b)

Figure S3. Predicted interaction of (a) N-G-1 and (b) N-G-43 with JAK 2: PDB:ID: 2B7A.

(a) (b)

Figure S4. Predicted interaction of (a) N-G-1 and (b) N-G-47 with Erk 1 : PDB:ID: 2Z0Q

s2



FABAD ]. Pharm. Sci., 49, 1, s1-s28, 2024

Table S1. ID and structure information of 6-gingerol and structurally similar compounds

Compound code Compound name CAS no Structure
N-G-1 6-Gingerol 23513-14-6
N-G-2 Ferulic acid 537-98-4
N-G-3 Eugenol 97-53-0
N-G-4 Vanillin 121-33-5
N-G-5 Curcumin 458-37-7
N-G-6 Methyl eugenol 93-15-2
N-G-7 (E)Isoeugenol 97-54-1

Ethyl vanillin 121-32-4
N-G-8

Vanillic acid 121-34-6
N-G-9
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Compound code Compound name CAS no Structure
N-G-10 Acetovanillone 498-02-2
N-G-11 Dehydrozingerone 1080-12-2
N-G-12 Calycosin 20575-57-9

2-methoxy-
N-G-13 4-propylphenol 2785-87-7
(Dihydroeugenol)
Vanillylmandelic
N-G-14 , 55-10-7
acid
N-G-15 Shogaol 555-66-8
N-G-16 2-methoxyestrone 362-08-3
Matairesinol 580-72-3
N-G-17
Vanillyl alcohol 498-00-0
N-G-18
Zingerone 122-48-5
N-G-19
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Compound code Compound name CAS no Structure
N-G-20 Acetosyringone 2478-38-8
2-methoxy-4-
N-G-21 93-51-6
methylphenol (Cresol)
N-G-22 Homovanillic acid 306-08-1
2-methoxy-4-
N-G-23 . 7786-61-0
vinylphenol
N-G-24 22608-11-3
N-G-25 Coniferaldehyde 20649-42-7
N-G-26 Coniferyl alcohol 32811-40-8
Terameprocol 24150-24-1
N-G-27
Dihydrocafteic acid 1078-61-1
N-G-28
4-allyl-2,6-
dimethoxyphenol 6627-88-9
N-G-29 ((Methoxyeugenol)
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Compound code Compound name CAS no Structure
N-G-30 Paradol 27113-22-0
N-G-31 Secoisolariciresinol 29388-59-8
N-G-32 Arctigenin 7770-78-7
Hqt

4-ethyl-2-

N-G-33 Y 2785-89-9 =
methoxyphenol P
aH éH
N-G-34 Methyl vanillate 3943-74-6
N-G-35 Ethyl vanillate 617-05-0
2-hydroxy-3-
N-G-36 148-53-8
methoxybenzaldehyde
L;’/

Vanitrope 63477-41-8

N-G-37
4
Licochalcone B 58749-23-8

N-G-38

Pratensein 2284-31-3
N-G-39
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Compound code Compound name CAS no Structure
N-G-40 Curcumin PE NG
N-G-41 36062-04-1
N-G-42 Vanylglycol 534-82-7

3-(4-Hydroxy-
3-methoxyphenyl
methoxypheny) 80638-48-8
N-G-43 propanal
[dihydroconiferyl
aldehyde]
L- 13244-77-4
N-G-44
(+)-vanilmandelic acid
N-G-45 Piperonyl acetone 55418-52-5
3-hydroxy-4-
N-G-46 methoxybenzoic acid 645-08-9
(Isovanillic acid)
N-G-47 Isoferulic acid 25522-33-2
N-G-48 Homoveratric acid 93-40-3
N-G-49 (3-hydroxy-4 621-59-0
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Table S2. Common anti-cancer targets for 6-gingerol and similar compounds via four different web servers

PASSonline SwissTargetPrediction MolTarPred SEA
MAP Kinase Stimulant MAP Kinase ERK1
Apoptosis Agonist MAP2K1
Caspase3 Stimulant mTOR
STAT3
Caspase8 Stimulant
SYK
JAK2
JAK2 expression Inhibitor
(PIK3CB) \ (PIK3CA)
BRAF expression
BRAF
Inhibitor
AR expression Inhibitor Androgen Receptor (AR)
TP53 expression p53-binding protein Mdm-2
enhancer (MDM2)
NEF-kappa B essential
modulator
Transcription Factor Nuclear £ NE
NF«B Inhibitor uclear factor NF-
kappa B p105 subunit
(NF- B1)
Beta Tubulin Antagonist Tubulin beta-1 chain (TUBB1) Beta-tubulin
. Histone
Histone acetyltransferase
o acetyltransferase p300
Inhibitor
(EP300)
Toll-like receptor Toll-like receptor 1
Antagonist
Beta-adrenergic receptor Beta-1 adrenergic
kinase Inhibitor receptor (ADRBI)
Arachidonate 5-lipoxygenase Arachidonate Arachidonate

5-lipoxygenase Inhibitor

(ALOX5)

5-lipoxygenase

5-lipoxygenase (ALOX5)

Arachidonate 15-lipoxygenase
(ALOX15)

Arachidonate
15-lipoxygenase
(ALOXI15)
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Table S3. Results of PASSonline server

Compounds | Gluconate 2- (acceptor) inhibitor | TP53 expression enhancer | P ic conditions treatment | GST A substrate| GST M substrate | Lipid peroxidase ihibitor [ JAK2 expression inhibitor | NOS2 expression inhibitor | TNF expression inhibitor
N-G-1 0,765 0,600 0,772 0,717 0,687 0670 0679 0632 0,633
N-G-2 0,833 0,788 0,903 0,768 0673 0618 0915 0,560 0819
N-G-3 0,797 0,724 0,803 0633 0,543 0,501 0873 0618 0,525
N-G-4 0,737 0,608 0,777 0,532 0,572 0,711 0,386 0465 0,546
N-G-5 0,833 0,671 0,676 0,778 0,777 0,598 0,369 0.649 0.764
N-G-6 0,825 0,649 0,748 0,632 0437 0,383 0319 0,545 0437
N-G-7 0,772 0,766 0879 0,719 0,730 0613 0942 0,724 0852
N-G-8 0,496 0,549 0,637 0,622 0439 0,729 0,710 0378 0433
N-G9 0,794 0,713 0,905 0,537 0,535 0,564 0871 0485 0670
N-G-10 0,780 0,681 0,798 0,584 0,542 0467 0,383 0,531 0,691
N-G-11 0927 0,745 0,905 0.861 0,888 0,582 0953 0.801 0,847
N-G-12 0,759 0,797 0571 0314 0,541 0,734 0837 0,567 0453
N-G-13 0,747 0,686 0861 0,638 0,630 0,535 0376 0,527 0,638
N-G-14 0,823 0,652 0,794 0,560 0472 0426 0821 0418 0,758
N-G-15 0,759 0,757 0873 0,730 0,707 0,603 0,328 0,544 0.754
N-G-16 0,698 0,755 0351 0,246 0,501 0964 0,505 0,568
N-G-17 0,646 0536 0683 0304 0395 0371 0709 0426 0483
N-G-18 0,747 0,720 0,796 0,523 0,549 0,587 0876 0,591 0618
N-G-19 0,921 0,744 0,841 0,655 0,641 0,602 0370 0,600 0,715
N-G-20 0,768 0,680 0,740 0,594 0,468 0463 0,345 0474 0618
N-G-21 0,772 0,739 0814 0,544 0,585 0614 0924 0,606 0,723
N-G-22 0831 0,775 0378 0,668 0,560 0517 0.836 0,512 0,647
N-G-23 0916 0,723 0.824 0,700 0,609 0462 0922 0,597 0613
N-G-24 0,822 0,693 0,950 0,751 0,802 0627 0978 0674 0,901
N-G-25 0,706 0830 0334 0,830 0,864 0438 0925 0,540 0,634
N-G-26 0,715 0,735 0867 0,711 0,661 0,560 0919 0.595 0.804
N-G-27 0,755 0,584 0,593 0480 0431 0,339 0,798 0,389 0,549
N-G-28 0,801 0,699 0816 0,771 0,574 0,507 0,747 0405 0,580
N-G-29 0,788 0,723 0,746 0,642 0,468 0496 0832 0,559 0451
N-G-30 0,797 0,760 0,892 0,646 0,625 0,726 0811 0,577 0678
N-G-31 0,658 0,633 0.859 0,468 0459 0420 0801 0458 0,589
N-G-32 0,646 0,536 0,683 0,304 0,395 0371 0,709 0426 0483
N-G-33 0,765 0,725 0,848 0,598 0,622 0497 0,388 0,548 0,620
N-G-34 0,757 0,652 0872 0,531 0,548 0,584 0871 0,501 0,628
N-G-35 0,727 0,652 0825 0469 0416 0631 0,784 0453 0,605
N-G-36 0,770 0,541 0,706 0,568 0498 0,580 0,348 0,387 0447
N-G-37 0,525 0,711 0,786 0,767 0614 0616 0,368 0,620 0,749
N-G-38 0,706 0,657 0,754 0,584 0,569 0.697 0.882 0,640 0,563
N-G-39 0,727 0857 0,507 0244 0,464 0,797 0,792 0,612 0492
N-G-40 0825 0,686 0,883 0,721 0,720 0403 0941 0,589 0,788
N-G-41 0,822 0,744 0.874 0,555 0,573 0405 0913 0,599 0,639
N-G-42 0,688 0,647 0,727 0469 0,460 0,543 0827 0459 0,736
N-G-43 0672 0,716 0,783 0670 0,670 0375 0839 0444 0478
N-G-44 0,823 0,652 0,794 0,560 0472 0426 0821 0418 0,758
N-G-45 0,902 0,572 0479 0,569 0,324 0468 0,546 0330 0,587
N-G-46 0,794 0,713 0905 0,537 0,535 0,564 0871 0485 0,670
N-G-47 0,833 0,788 0,903 0,768 0673 0618 0915 0,560 0819
N-G-48 0,864 0,738 0851 0,694 0482 0422 0,784 0457 0,581
N-G-49 0,737 0,608 0,777 0,532 0,572 0,711 0,386 0465 0,546
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Table S3. Results of PASSonline server (continued)

Compounds Free radical scavenger| P landin-A1 DELTA-isomerase inhibitor ic| Caspase 3 stimulant | GST P substrate| GST P1-1 substrate | Nitric oxide antagonist | Apoptosis agonist
N-G-1 0,617 0,602 0,597 0,575 0,546 0,511 0494 0,518
N-G-2 0,731 0431 0,900 0,749 0,541 0,521 0,324 0,702
N-G-3 0,563 0,309 0878 0,873 0491 0467 0,335 0,743
N-G-4 0,546 0,387 0618 0,754 0379 0,350 0,247 0,705
N-G-5 0,766 0,294 0,814 0,747 0,184 0,188 0,346 0,303
N-G-6 0,536 0,362 0,807 0,840 0465 0438 0,297 0,726
N-G-7 0,717 0,365 0,805 0,778 0,538 0,517 0,329 0,733
N-G-8 0481 0,380 0,469 0,651 0,356 0,305 0,189 0,588
N-G-9 0,643 0,731 0,640 0358 0330 0,258 0512
N-G-10 0,560 0446 0,609 0,658 0384 0,356 0,284 0,547
N-G-11 0,704 0322 0,348 02819 0,654 0,640 0,280 0,760
N-G-12 0,506 0221 0,364 0,603 0,220 0216 0454 0,779
N-G-13 0,528 0477 0,783 0,734 0,393 0,364 0,249 0482
N-G-14 0482 0,575 0439 0,386 0,351 0,220 0,405
N-G-15 0,743 0344 0,851 0,551 0,676 0,663 0475 0,711
N-G-16 0440 0,335 0,737 0253 0484
N-G-17 0,330 0,249 0372 0,582 0202 0,192 0,207 0422
N-G-18 0,579 0,394 0816 0,787 0,364 0,325 0,270 0,562
N-G-19 0,551 0,376 0,796 0,659 0,364 0,336 0315 0488
N-G-20 0,547 0439 0,573 0,534 0,323 0,299 0,282 0,578
N-G-21 0,546 0447 0,730 0,756 0375 0,346 0271 0,600
N-G-22 0,612 0,530 0,748 0,634 0,393 0,364 0,266 0471
N-G-23 0,540 0,342 0,791 0,768 0,784 0,772 0,362 0,663
N-G-24 0,785 0,269 0,834 0,719 0813 0,803 0,356 0,361
N-G-25 0487 0,276 0,752 0,945 0,765 0,754 0277 0,371
N-G-26 0,565 0,281 0,796 0,784 0,529 0491 0,305 0,590
N-G-27 0,340 0454 0,356 0,529 0,200 0,199 0,138 0,326
N-G-28 0,516 0,758 0818 0401 0413 0,384 0,249 0,363
N-G-29 0,652 0,304 0,868 0816 0459 0432 0,336 0,794
N-G-30 0,631 0438 0,789 0,544 0420 0392 0350 0,538
N-G-31 0439 0,303 0,523 0,543 0315 0,269 0,194 0436
N-G-32 0330 0249 0372 0,582 0,202 0,192 0,207 0422
N-G-33 0,529 0456 0,769 0,761 0,366 0338 0,284 0,516
N-G-34 0,575 0,542 0,700 0,728 0,356 0329 0,263 0,521
N-G-35 0,539 0462 0,628 0,657 0318 0271 0,243 0,440
N-G-36 0,503 0,387 0435 0,647 0,285 0,267 0,175 0,889
N-G-37 0,643 0,336 0,715 0,698 0,520 0480 0275 0,648
N-G-38 0,737 0276 0,650 0,805 0,389 0,361 0,640 0,829
N-G-39 0,593 0,896 0,660 0,178 0,181 0,590 0,344
N-G-40 0,562 0,269 0,736 0,626 0,632 0618 0,253 0,799
N-G-41 0,710 0,353 0,718 0,539 0,675 0,662 0,406 0,625
N-G-42 0518 0315 0486 0483 0361 0,304 0216 0,513
N-G-43 0,390 0,324 0,650 0,700 0,530 0,509 0,220 0435
N-G-44 0482 0475 0,575 0439 0,386 0351 0,220 0405
N-G-45 0408 0401 0,245 0,646 0,243 0371
N-G-46 0,643 0,731 0,834 0,640 0,358 0,330 0,258 0,512
N-G-47 0,731 0431 0,900 0,749 0,541 0,521 0,324 0,702
N-G-48 0,520 0,638 0,630 0,570 0350 0,323 0,223 0,394
N-G-49 0,546 0,387 0618 0,754 0379 0350 0,247 0,705
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Table S3. Results of PASSonline server (continued)

Compounds | Platelet derived growth factor receptor kinase inhibitor | Histone inhibitor | MAP kinase stimulant landin-E2 9-reductase inhibitor | Caspase 8 stimulant| Histidine kinase inhibitor | Anticarcinogenic | Myc inhibitor
N-G-1 0.509 0470 0482 0461 0433 0390 0364 0350
N-G-2 0.555 0,709 0464 0,551 0400 0616 0357
N-G3 0457 0,735 0,298 0,598 0331 0459 0476
N-G4 0,284 0,744 0,240 0,525 0473 0,388 0307
N-G-5 0,305 0,737 0235 0487 0317 0611 0313
N-G-6 0350 0,663 0,285 0,566 0362 0492
N-G-7 0,524 0.806 0324 0,545 0344 0408 0350
N-G-8 0432 0597 0.195 0449 0443 0353 0278
N-G-9 0619 0717 0,702 0573 0405 0413 0358
N-G-10 0470 0.764 0,510 0519 0467 0,341 0,343
N-G-11 0,400 0,584 0,756 0241 0491 0315 0,609 0319
N-G-12 0,170 0,794 0,167 0,536 0937 0,703 0327
N-G-13 0,346 0,561 0,781 0435 0,566 0435 0,367 0,390
N-G-14 0,333 0,608 0,389 0,505 0433 0,370 0464
N-G-15 0.559 0614 0,564 0454 0,536 0.389 0475 0.386
N-G-16 0,547 0.875 0,521 0259 0496 0444
N-G-17 0210 0578 0487 0251 0,566 0337
N-G-18 0357 0,720 0342 0,649 0372 0469 0392
N-G-19 0854 0399 0,728 0257 0478 0360 0419 0346
N-G-20 039 0,691 0513 0474 0473 0341 0350
N-G-21 0379 0397 0838 0438 0,606 0407 0402 0398
N-G-22 0414 0,733 0,705 0,608 0,706 0453 0,389
N-G-23 0,502 0810 0324 0610 0342 0402 0370
N-G-24 0,703 0.760 0248 0461 0,388 0.649 0299
N-G-25 0,362 0,735 0,196 0498 0385 0498 0286
N-G-26 0,565 0711 0332 0,550 0298 0,595 0369
N-G-27 0227 0,721 0439 0470 0270 0431
N-G-28 0,501 0,652 0,705 0,482 0,553 0412 0367
N-G-29 0,378 0,660 0,301 0,553 0,326 0459 0488
N-G-30 0.630 0471 0,647 0350 0,507 0438 0415 0359
N-G-31 0344 0,691 0379 0,506 0307 0477 0407
N-G-32 0210 0578 0487 0251 0,566 0337
N-G-33 0,286 0377 0.826 0401 0,644 0410 0394 0471
N-G-34 0,567 0.717 0453 0,608 0376 0364 0392
N-G-35 0268 0,684 0,630 0,386 0511 0323 0341 0339
N-G-36 0218 0,660 0271 0461 0493 0353 0,391
N-G-37 0624 0,673 0237 0461 0326 0367 0302
N-G-38 0511 0,644 0315 0351 0457 0382 0219
N-G-39 0,744 0570 0954 0,781 0329
N-G-40 0,503 0,682 0,187 0432 0289 0455 0284
N-G-41 0,680 0475 0,733 0241 0472 0359 0495 0330
N-G-42 0,344 0,610 0,268 0,504 0331 0421 0475
N-G-43 0251 0277 0,707 0,208 0484 0430 0,341 0316
N-G-44 0333 0,608 0.389 0,505 0433 0370 0464
N-G-45 0.850 0,159 0,658 0481 0235 0251
N-G-46 0619 0.717 0,702 0573 0405 0413 0358
N-G-47 0.555 0,709 0464 0,551 0400 0616 0357
N-G-48 0348 0,675 0,735 0579 0,675 0381 039
N-G-49 0,284 0,744 0,240 0,525 0473 0388 0307
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Table S3. Results of PASSonline server (continued)

Compounds | AR expression inhibior | Transcription factor NF kappa B inhibitor | BRAF expression inhibitor | Endothelial growth factor antagonist | G-protein-coupled receptor kinase inhibitor | Beta-adrenergic receptor kinase inhibitor |Pin! inhibitor| DNA pol L inhibitor
NGl 0339 0264 0273 0297 0332 0332 0340 0217
N-G2 0627 0407 03% 0386 0841 0641 0362 0253
N-G3 0608 0488 0,26 0376 0807 0807 0607 0249
N-G4 0382 0378 076 0317 0753 0753 0617 0258
NG5 0527 039 0219 0375 047 047 0367 0237
N-G-6 0529 0405 0162 0388 0811 0811 0385
N-G7 0702 0320 02% 0414 0539 03% 0612 0252
NG 0465 0451 0,185 0290 0882 0882 0479 0237
NG9 03% 029 0172 039 0698 0,698 0,606 0289
N-G-10 0666 029 0,188 044 0388 0388 0631 0292
N-G-11 0697 042 0230 0479 0407 0407 0356 029
N-G-12 0871 0332 0264 0680 0245
N-G-13 0559 046 0230 0490 047 047 0674 0302
N-G-14 0360 0133 0,183 0370 0362 0362 0307 0303
N-G-I5 0370 0452 017 0382 0406 0406 0428 0271
N-G-16 0846 0255 0216 256 0256 039 0315
NG17 039 015 0383 1290 029 0467 040
N-G-18 0529 0288 0,48 0416 0817 0617 0654 0354
N-G-19 0351 0272 0,45 0747 0309 0309 0620 0260
NG 0664 0278 024 0487 0392 039 0620 068
N-G2I 0634 035 0270 0485 0341 0341 0660 0318
N-G-2 054 0207 006 047 0315 0315 0668 0288
N-G23 0639 0375 0,152 0349 0551 0351 0630 0235
N-G-U 0810 0360 019 034 043 0425 0534
N-G-25 0675 0289 047 0302 0419 0419 034
N-G-26 039 0458 0,81 0370 0675 0675 0589 0276
N-G2T 0326 0189 0172 0411 033 033 0631
NG 04%4 0133 0413 0361 0749 0749 0811 0269
NG9 0605 0474 0,163 0432 0810 0810 03%

N-G30 0304 0267 019 0433 0319 0319 052 0292
N-G31 042 0177 0356 0401 0401 0630 0294
N-G32 039 015 0383 1290 029 0467 040
N-G-33 0619 081 0% 0481 0417 0417 0715 0291
N-G-34 0361 0350 041 0418 0628 0628 0606 0316
N-G35 04% 0347 0115 0355 0655 0655 0380 0266
N-G-36 0,366 0253 076 0413 0755 0755 0657 0233
N-G37 0612 0359 060 0311 0,788 0788 042 0230
N-G-38 0648 0497 0170 259 0359 0359 0542

N-G39 0905 0471 0308 0616 0275
N-G40 0642 0295 0,160 0318 0337 0337 0478

N-G-41 05% 0406 012 0552 0305 0305 0638 0260
N-G42 034 0141 0,107 0354 0598 039 0534 033
N-G43 0375 0,188 0227 0359 0316 0316 0605 047
N-G-4 0560 0133 0,183 0370 0562 03562 0307 0303
N-G45 042 0,130 0,187 042 0487

N-G46 05% 029 0172 039 0698 0,698 0,606 0289
N-G47 0627 0407 039 0386 0641 0641 0362 0253
N-G-48 0473 0167 0303 0459 03582 0382 0664 047
N-G49 03582 0378 076 0371 075 0753 0817 0258
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Table S3. Results of PASSonline server (continued)

Transcription factor

Compounds | Leukopoiesis inhibitor | Toll-Like receptor antagonist inhibitor Tumour necrosis factor alpha release inhibitor | Glutamate decarboxylase inhibitor | Antineoplastic (breast cancer) | Transcription factor NF kappa A inhibitor | Antineoplastic (cervical cancer)
NG 0288 0,166 028 0200 0162 0210 0228 0151
N-G2 0431 0329 0263 0467 0338 0,308
N-G-3 0434 0410 0,171 202 0419 0351 0276
N-G4 0443 0379 0,191 046 0329 0,139
N-G-5 0335 0334 0,175 0528 0325 0323
N-G6 0476 0377 0270 0,151 0402 0316 0315
N-G-7 0427 0494 0,160 0,148 0463 0377 0318
N-G-8 0312 0425 0,146 0365 0341

N-G9 0570 0304 0513 0298 0371 0,155
N-G-10 0582 0415 0176 0225 0413 0382 0264
N-G-11 0348 0339 0,153 0,552 0342 0512
N-G-12 0300 0361 0097 0,565 0294 0355
NG-13 0499 0254 0158 0,183 025 0366 0,81
N-G-14 0443 0,360 0292

N-G-15 0254 0334 0,134 0256 0268 0,148
N-G-16 0317 0229 0563 0353 0163
N-G-17 0,777 0231 278 0,115
N-G-18 0477 0296 0,172 0384 0357 0271
N-G-19 0414 0253 0124 0,189 1242 0316 0400
N-G-20 0,605 0389 0,138 0229 0401 0357 0,280
N-G-21 0571 0406 0,163 0,185 03% 0387 0,267
N-G-22 0558 0,19 0478 081 0333 0113
N-G-23 0395 0340 0,174 0,191 0411 0341 0320
N-G4 0304 0,504 0,184 0547 0310 0309
N-G-25 0321 0239 0203 0279 0316 0331
N-G-26 0364 0379 0,128 0357 0400 0280
N-G-27 0488 0,137 0257 0215 0,105 0282 0368 0,190
N-G-28 0514 0,124 0,166 0603 0363

N-G-29 0465 0384 0,136 0206 0410 0327 0292
N-G-30 0305 0,121 0255 0137 0,194 0227 0288 0254
N-G31 0381 0,122 0,181 0,131 0,126 0,179 0398 0,103
NG 0777 0231 078 0115
N-G-33 0,588 0305 0,171 0,192 0302 0371 0229
N-G-34 0,647 0382 0,145 248 0349 0404 0259
N-G-35 0632 0,145 0519 0,140 0177 0309 0357 0,164
N-G-36 0510 0295 0173 0437 1298 0177
N-G-37 0307 0,535 0,159 0,120 0391 0379 0,179
N-G-38 0283 0449 0,183 0,597 0320 0,537
N-G-39 0252 0468 0,131 0092 0,602 0267 0376
N-G-40 0293 0245 0,146 0,727 0307 0406
N-G-41 0423 0375 0,134 202 0250 0305 0,156
N-G-42 0374 0,195 0,174 0348

N-G43 0379 0250 291 0,140
N-G-4 0443 0360 0292

N-G-45 210 0,172 0231 0,345
N-G-46 0570 0304 0513 0298 0371 0,155
N-G47 0431 0329 0263 0467 0338 0308
N-G-48 0597 0,119 0,137 0358 0307 0,107
N-G49 0443 0379 0,191 0466 0329 0,139
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Table S3. Results of PASSonline server (continued)

Compounds | A cancer) kinase inhibitor | Tubulin antagonist inhibitor | G inhibitor plastic (thyroid cancer) plastic (bone cancer) | A ic (non-Hodgkin's lymphoma)
N-G-1 0,171 0,115 0,121 0,126 0,180 0,161 0,205 0,295
N-G-2 0482 0,283 0,137 0,335 0,163 0219 0424
N-G-3 0,172 0,170 0,344 0214 0,189 0,206
N-G-4 0619 0480 0,287 0272
N-G-5 0,267 0,238 0274 0,160 0211 0,387
N-G-6 0,174 0,115 0315 201 0,188
N-G-7 0297 0514 0259 0,165 230 0420
N-G-8 0,523 0248 0392 0,150 0261
N-G-9 0,320 0,254 0,194 0,594 0,168 0235 0,388
N-G-10 0,187 0,171 0,347 0316 0,176 0222 0432
N-G-11 0,264 0272 0313 0,163 0,208 0426
N-G-12 129 0327 0,178 0274
N-G-13 0,167 0,184 0248 0293 0,151 0242 0,382
N-G-14 0,203 0,169 0,153 0,346 0,176 0211 0,348
N-G-15 0,135 0,154 0,176 0,206 0352
N-G-16 0371 0,228 0214
N-G-17 0,187 0,112 0,172 0,162 0,173 0336
N-G-18 ,205 0271 0,120 0322 0,160 0251 0467
N-G-19 0,164 0,203 0351 0,209 0,356
N-G-20 0,205 0,138 0,383 0,309 0,172 0,192 0444
N-G-21 0,197 0447 0352 0,178 0,246 0415
N-G-22 0233 0231 0,150 0390 0,150 0225 0362
N-G-23 0,189 0233 0,521 0254 0,208 0232 0316
N-G-24 0,286 0234 0253 0,153 0,209 0375
N-G-25 0,175 0292 0,288 0,202 0,179 0,253 0,320
N-G-26 0313 0,384 0305 0,159 0227 0442
N-G-27 0,155 0,093 176 0227 0258 0315
N-G-28 0344 0,226 0618 0,206 0400
N-G-29 0,186 0,140 0377 0208 0,187
N-G-30 0,138 0,151 0279 0,171 0227 0327
N-G-31 0,171 0,167 0284 0,246 0378
N-G-32 187 0,112 0,172 0,162 0,173 0336
N-G-33 0,176 0,181 0327 0,305 0,157 244 0431

-G-34 0233 0,365 0,131 0423 0,195 0219 0,366
N-G-35 0,165 0,203 0234 0,111 0,507 0,191 0219 0401
N-G-36 0411 0,502 0305 0257
N-G-37 0,260 0326 0351 0,165 0216 0391
N-G-38 0,166 0229 0353 0,202 0,184 0319
N-G-39 0,114 0,386 0.171 0272
N-G-40 0257 0,186 0.236 0,320
N-G-41 0,171 0,179 0,297 0,171 0,206 0,288
N-G-42 0,176 0,183 0316 0,173 0,220 0,376
N-G-43 0,167 0,186 0,187 0,233 0,161 0253
N-G-44 0203 0,169 0,153 0346 0,176 0211 0348
N-G-45 0,179 0282 0,339
N-G-46 0,320 0254 0,194 0,594 0,168 0,235 0,388
N-G-47 0482 0,283 0,137 0335 0,163 0219 0424
N-G-48 0,201 0,184 0,163 0410 0212 0297
N-G-49 0619 0480 0,287 0272
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Table S3. Results of PASSonline server (continued)

Compounds | Prostaglandin F2 alpha anagonit ver cancer)| Aspartate kiase i lastie| Dual specificity VHR mhiitor dehydrog +) hibior | Prostaghandin EP2 antagonist | Adenylte kinase inhi (RNA ligase fibtor | Gl hibior | Beta tubu -Lipovygenase inhibior
NGI 0063 017 0115 04 0062 0081 043 017 0198 019 0050 0064
NG2 051 041 0121 001 0133 0055 0148 031 017 0163 0172
NG 029 0461 0057 00 0135 0203 037 0134
NG4 01% 0115 0636 0050 0160 0136 0234 0149 0462 004
NG 0045 014 072 0065 01 014 0168 015
NG6 045 0417 0037 04 o] 0% 0113
NGT (46 028 0087 0§19 [k} 025 0136 0387 00
NG 014 048 019 0148 0 0145 0 0089
NGY 0250 019 0326 0 0207 0238 0457 0 050 0,05
NGO 034 0117 040 0075 0132 0264 0161 016 0166
NG U 0216 0 0078 0146 019 0138 018 0,135
NG2 0708 0145 0156
NGI3 0042 0208 0126 0 001 0n 019 025§ 0152 0B 0131
NG-14 0042 0134 0090 0149 034 0180 0058 0068
NGIS 0015 0230 0338 0066 0062 0019 0152 0085 0141
NG16 071 031
NGIT 018 0514 056 0014 008
NGI8 0238 0121 0309 0062 0082 0157 0163 0,168 01
NG9 01% 0100 0383 0055 0050 014 0155 0095 0089
NG 0213 0134 0313 00 0076 031 014 0180 0165
NG2I 024 0117 0478 0065 0010 0145 01m 031 013§
NG2 0043 01 0145 004 0118 025 0197 014 01l
NGB 020 0617 0057 014 0231 0135 042 0150
NGH 0045 019 0678 020 0133 0169 0132
NG 0042 00 0113 031 0060 0130 091 0218 014
NG2 0046 023 0107 0674 0069 0118 02 0312 0%
NG2T 0,160 0113 0313 0063 0102
NGB 0058 0165 0214 0050 0262 0 0232 0301 011§
NGY 020 0059 0031 0155 0219 0265 0153
NGY 0042 0219 0110 0076 0109 017 0060 0095
NG3L 0230 0114 025 011 0mn
NG32 018 0056 0074 0086
NGB 0289 0116 0063 0064 0130 0262 0157 0219 0115
NGH 04 0148 0116 0099 0% 033§ 014 0208 0116
NG3§ 019 0185 0088 0091 024 0 0186 01% 020
NG30 0187 0115 0052 0166 0141 02%9 0131 049 004
NG3T 0046 0117 0066 019 0 01 0226 0%
NG3§ 0043 0030 0 0251 0378
NG9 061 0208 019
NG 004 013 0107 0102
NG4I 0053 0064 011§ 0233 0133 00% 000
NG42 0 0118 0065 0119 029 0138 0071 0086
NG4 014 0153 0050 0146 01 014 0125 00
NGH 0042 0134 0050 0149 034 018 0058 0068
NG43 0236 0088 014 0245 0132 0049
NG 0230 0193 0326 00 0200 0258 0457 0214 0150 0108
NG4T 0051 041 0121 0g01 0133 0055 0148 091 011 0163 0mn
NG4 0042 0218 0164 014 0019 0261 0387 0212 0059 0091
NG4 01% 0115 0636 0050 0160 0136 0234 0149 0462 004
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Table S4. SwissTarget prediction results

Target

N-G-2

N-G-3

N-G-4]

N-G-5

N-G-6

N-G-7

N-G-8

N-G-9

N-G-10

N-G-11

N-G-12

N-G-13

N-G-14|

N-G-15

N-G-16

N-G-17

N-G-18

N-G-19

N-G-20|

N-G-21

N-G-22

N-G-23

N-G-24|

N-G-25

ESR1

+

+

ALOX5

ALOX15

T

+

LYPLAL

LYPLA2

PDE4B

PPARG

MAP2K1

NR3C1

CHEK1

WEE1

PTGES

KIF11

PIK3CB

PIK3CG

PIK3CA

CDK2

MTOR

KDR

ERN1

RET

ITK

PDK1

PARP1

PIK3C2B

STAT3

PIM2

PIM3

IGFIR

PIK3CD

SYK

MAPK3

LIMK1

LRRK2

AR

CDK2 CCNA1 CCNA2

JAK3

JAKL

JAK2

TYK2

CDKSR1 CDK5

CCNE1 CDK2

CDK7 CCNH

CDK9 CCNT1

PRKDC

PDPK1

FLT1

ROCK2

ROCK1

TUBB1

BRAF

TNK2

EPHB4

HSP90AAL

GAK

MDM2

CCND1 CDK4

CDK1 CCNB1

CCNE2 CDK2 CCNE1

GSK3B

GSK3A
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Table S4. SwissTarget prediction results (continued)

Target

N-G-26

N-G-27|

N-G-29

N-G-33

N-G-34

N-G-35

N-G-36

N-G-37

N-G-38]

N-G-39

N-G-40

N-G-42

N-G-44

N-G-45

N-G-46

N-G-47|

N-G-48[N-G-49

ESR1

N-G-43

ALOXS

ALOX15

LYPLA1

LYPLA2

PDE4B

PPARG

MAP2K1

ITK

PDK1

PARP1

PIK3C2B

STAT3

PIM2

PIM3

IGF1R

PIK3CD

SYK

MAPK3

LIMK1

LRRK2

AR

CDK2 CCNA1 CCNA2

CDK5R1 CDKS

CCNE1CDK2

CDK7 CCNH

CDK9 CCNT1

PRKDC

HSP90AA1

GAK

MDM2

CCND1 CDK4

CDK1 CCNB1

CCNE2 CDK2 CCNE1

GSK3B

GSK3A
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Table S5. MolTarPred (Compounds 1-25)

Compounds Targets
Vanilloid receptor (Homo sapiens) Arachidonate 5-lipoxygenase (Homo sapiens)

N-G-1 * *
N-G-2

N-G-3 *
N-G-4 *
N-G-5 *
N-G-6

N-G-7 *
N-G-8

N-G-9

N-G-10 *
N-G-11 *
N-G-12

N-G-13 *
N-G-14

N-G-15 * *
N-G-16

N-G-17

N-G-18 *
N-G-19 * *
N-G-20 *
N-G-21

N-G-22 *
N-G-23 *
N-G-24 *
N-G-25 *
N-G-26 *
N-G-27

N-G-28

N-G-29 *
N-G-30 * *
N-G-31

N-G-32

N-G-33 *
N-G-34

N-G-35

N-G-36

N-G-37

N-G-38 *
N-G-39

N-G-40 *
N-G-41 * *
N-G-42

N-G-43 * *
N-G-44

N-G-45 *

N-G-46

N-G-47 *
N-G-48

N-G-49
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Table S6. SEA online

Compounds

N-G-1 . + . . + +

Targets

N-G-2 : ' '
N-G-3 ' ' ' '
N-G4 : ' '
N-G-§ : ' ' '
N-G-6 : ' ‘

N-G-7 : '
N-G-8 ' '
N-G9 : ’ ’ '
N-G-10 : ' ' '
N-G-11 : ' '
N-G-12

N-G-13 : ' ' '
N-G-14 : ' ' '
N-G-15 : ' ' '
N-G-16

N-G-17 : ' ' : '
N-G-18 : ' ' '

N-G-19 + + + + '

N-G-20 '

N-G-21 : ' ' '
N-G-22 : ' ' '
N-G-13 : ' '
N-G-4 : ' ' '
N-G-25 : ' '
N-G-26 : ' ' '
N-G-27 : ' :

N-G-28 : '

N-G-29 :

N-G-30 : ' ' ' '
N-G-31 ' ' ' '
N-G-32 : ' ' '
N-G-33 : ' ' : '
N-G-34 : ' ' '
N-G-35 : ' ' : '
N-G-36 ' '

N-G-37 :

N-G-38 :

N-G-39

N-G-40 : '

Nt | [T

N-G-42 . + ' . +

Nes | |- [T

N-G-44 ' ' ' '
N-G-45

N-G-46 ' ' '
N-G47 ' '
N-G-48 : ' : '
N-G-49 : ' '
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Table S8. Predicted drug-likeness based on the RO5 including bioavailability (BA) and synthetic accessibility
(SA) of the molecules

Compound code Mol.wt HBA HBD TPSA iLOGP NRB BA Score SA
N-G-1 294.39 4 2 66.76 3.48 10 0.55 2.81
N-G-2 194.18 4 2 66.76 1.62 3 0.85 1.93
N-G-3 164.2 2 1 29.46 2.37 3 0.55 1.58
N-G-4 152.15 3 1 46.53 1.57 2 0.55 1.15
N-G-5 368.38 6 2 93.06 3.27 8 0.55 2.97
N-G-6 178.23 2 0 18.46 2.65 4 0.55 1.71
N-G-7 164.2 2 1 29.46 2.38 2 0.55 1.81
N-G-8 166.17 3 1 46.53 1.82 3 0.55 1.37
N-G-9 168.15 4 2 66.76 1.4 2 0.55 1.42

N-G-10 166.17 3 1 46.53 1.77 2 0.55 1.36
N-G-11 192.21 3 1 46.53 2.11 3 0.55 2.13
N-G-12 284.26 5 2 79.9 2.4 2 0.55 2.95
N-G-13 166.22 2 1 29.46 2.46 3 0.55 14
N-G-14 198.17 5 3 86.99 1.21 3 0.55 2.2
N-G-15 276.37 3 1 46.53 3.28 9 0.55 2.51
N-G-16 300.39 3 1 46.53 2.92 1 0.55 3.52
N-G-17 358.39 6 2 85.22 2.47 6 0.55 3.3
N-G-18 154.16 3 2 49.69 1.79 2 0.55 1.26
N-G-19 194.23 3 1 46.53 2.09 4 0.55 1.52
N-G-20 196.2 4 1 55.76 1.98 3 0.55 1.65
N-G-21 138.16 2 1 29.46 1.94 1 0.55 1

N-G-22 182.17 4 2 66.76 1.18 3 0.85 1.49
N-G-23 150.17 2 1 29.46 2.14 2 0.55 1.45
N-G-24 338.35 5 2 83.83 2.78 7 0.55 2.82
N-G-25 178.18 3 1 46.53 1.75 3 0.55 1.88
N-G-26 180.2 3 2 49.69 2.16 3 0.55 1.86
N-G-27 358.47 4 0 36.92 431 9 0.55 3.32
N-G-28 182.17 4 3 77.76 0.86 3 0.55 1.2
N-G-29 194.23 3 1 38.69 2.46 4 0.55 1.87
N-G-30 278.39 3 1 46.53 3.65 10 0.55 2.28
N-G-31 362.42 6 4 99.38 2.98 9 0.55 3.21
N-G-32 372.41 6 1 74.22 2.8 7 0.55 3.43
N-G-33 152.19 2 1 29.46 2.21 2 0.55 1.18
N-G-34 182.17 4 1 55.76 2.13 3 0.55 1.67
N-G-35 196.2 4 1 55.76 1.98 4 0.55 1.85
N-G-36 152.15 3 1 46.53 1.6 2 0.55 1.16
N-G-37 178.23 2 1 29.46 2.63 3 0.55 1.89
N-G-38 286.28 5 3 86.99 1.7 4 0.55 2.8
N-G-39 300.26 6 3 100.13 2.38 2 0.55 3.02
N-G-40 368.38 6 3 96.22 3.21 7 0.55 3.42
N-G-41 372.41 6 2 93.06 3.21 10 0.55 2.45
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Compound code Mol.wt HBA HBD TPSA iLOGP NRB BA Score SA
N-G-42 184.19 4 3 69.92 1.61 3 0.55 2.11
N-G-43 180.2 3 1 46.53 1.77 4 0.55 14
N-G-44 198.17 5 3 86.99 1.21 3 0.56 2.2
N-G-45 192.21 3 0 35.53 2.21 3 0.55 2.03
N-G-46 168.15 4 2 66.76 0.89 2 0.85 1.24
N-G-47 194.18 4 2 66.76 1.79 3 0.85 1.9
N-G-48 196.2 4 1 55.76 1.67 4 0.85 1.62
N-G-49 152.15 3 1 46.53 1.44 2 0.55 1.05
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Table S9. Predicted ADME properties of molecules under study

Compound . BBB CYP1A2 | CYP2C19 | CYP2C9 CYP2D6 CYP3A4
GI absorption Pgp substrate | = o o o .
code permeant inhibitor | inhibitor | inhibitor | inhibitor | inhibitor
N-G-1 High + - + - - + -
N-G-2 High + - - - - - -
N-G-3 High + - + - - - -
N-G-4 High + - - - - - -
N-G-5 High - - - - + - +
N-G-6 High + - - - - -
N-G-7 High - - - - -
N-G-8 High - - - - - -
N-G-9 High - - - - - - -
N-G-10 High - - - - - -
N-G-11 High - + . - - -
N-G-12 High - - + - - + +
N-G-13 High + - + - - - -
N-G-14 High - - - - - - -
N-G-15 High - + + - -
N-G-16 High + + - - - -
N-G-17 High - - - - - +
N-G-18 High + - - - - - -
N-G-19 High + - + - - - -
N-G-20 High + - - - - - -
N-G-21 High + - - - - - -
N-G-22 High - - - - - - -
N-G-23 High + - - - - -
N-G-24 High - - - + - +
N-G-25 High - - - - - -
N-G-26 High - - - - - -
N-G-27 High + - - - + +
N-G-28 High - - - - - - -
N-G-29 High - + - - - -
N-G-30 High + - + - - + -
N-G-31 High - + - - - + -
N-G-32 High + - - - + + +
N-G-33 High + - + - - - -
N-G-34 High + - - - - - -
N-G-35 High + - - - - - -
N-G-36 High + - - - - - -
N-G-37 High + - + - - - -
N-G-38 High - - + - + - +
N-G-39 High - - + - + + +
N-G-40 High - - - - + - +
N-G-41 High - - - - - + +
N-G-42 High - - - - - - -
N-G-43 High + - - - - - -
N-G-44 High - - . . - - -
N-G-45 High + - + - - - -
N-G-46 High - - - - - - -
N-G-47 High - - - - - -
N-G-48 High - - - - - -
N-G-49 High - - - - - -
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Table S10. The excretion properties of the studied compounds

Total Clearance

Compound code Renal OCT?2 substrate
Log (ml/min/kg)
N-G-1 1.339 No
N-G-2 0.623 No
N-G-3 0.282 No
N-G-4 0.601 No
N-G-5 -0.002 No
N-G-6 0.338 No
N-G-7 0.221 No
N-G-8 0.642 No
N-G-9 0.628 No
N-G-10 0.62 No
N-G-11 0.16 No
N-G-12 0.18 No
N-G-13 0.244 No
N-G-14 0.446 No
N-G-15 1.44 No
N-G-16 0.719 No
N-G-17 0.147 No
N-G-18 0.215 No
N-G-19 0.307 No
N-G-20 0.641 No
N-G-21 0.202 No
N-G-22 0.246 No
N-G-23 0.233 No
N-G-24 0.026 No
N-G-25 0.183 No
N-G-26 0.233 No
N-G-27 0.197 No
N-G-28 0.245 No
N-G-29 0.293 No
N-G-30 1411 No
N-G-31 0.248 No
N-G-32 0.214 No
N-G-33 0.232 No
N-G-34 0.687 No
N-G-35 0.769 No
N-G-36 0.159 No
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Total Clearance

Compound code Renal OCT?2 substrate
Log (ml/min/kg)
N-G-37 0.268 No
N-G-38 0.555 No
N-G-39 0.165 No
N-G-40 0.089 No
N-G-41 0.230 No
N-G-42 0.206 No
N-G-43 0.325 No
N-G-44 0.446 No
N-G-45 0.158 No
N-G-46 0.626 No
N-G-47 0.621 No
N-G-48 0.304 No
N-G-49 0.599 No
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Cell-line

NCI-H322M

NCI-H226

PC-6

HOP-18

NCI-H187

DMS-114

Malme-3M

Mi4

SK-MEL-

M19-MEL|

Full name

Non-small cell

Non-small

cell

Small cell lur]

Non-small cel

Small cell lung c4

Lung carcin

Melanoma|

Melanomg|

Melanoma

Melanoma|

Compoun
d code

Tissue

Lung

Lung

Lung

Lung

Lung

Skin

Skin

Skin

Skin

N-G-1

N-G-2

N-G-3

N-G-4

0.537

N-G-5

N-G-6

N-G-7

N-G-8

N-G-9

N-G-10

N-G-11

N-G-12

N-G-13

N-G-14

0.539

N-G-15

N-G-16

N-G-17

N-G-18

N-G-19

N-G-20

N-G-21

0.587

0.514

N-G-22

N-G-23

N-G-24

N-G-25

0.7

0.64

0.646

0.564

0.514

N-G-26

N-G-27

N-G-28

N-G-29

N-G-30

N-G-31

N-G-32

N-G-33

0.628

N-G-34

0.534

N-G-35

N-G-36

0.741

N-G-37

N-G-38

N-G-39

N-G-40

N-G-41

N-G-42

0.512

N-G43

N-G-44

0.539

N-G45

N-G-46

N-G-47

N-G-48

N-G-49
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Table S11. Results of the cytotoxicity predictions by Way2Drug server on the tumor and non-tumor cell

lines (Continued)

Cel-line  [RPMI-8226 K562 Hs 683 |SF-539 MDA-MHMCF’/ OVCAR-{IGROV-1|PC-3 DU-145 |SNI2C  |SNB-75
Full name _|Multiple myeloma Erythroleu/Oligodend Glioblastor Breast adenocarcino Ovarian aqOvarian aqProstate c|Prostate c|Renal carqGlioblastor] cytoxicity on non-tumor
cell line when pa>0.5

Tissue  [Haematopoietic and lymphqHaematopBrain  [Brain  |Breast [Breast |Ovarium [Ovarium |Prostate [Prostate |Kidney [Nervous s|
N-G-1 no
N-G2 0.542 0.529) no
N-G3 no
N-G4 no
N-G5 no
N-G-6 no
N-G7 no
N-G-8 10
N-G9 1o
N-G-10 0.53 no
N-G-11 0.586 no
N-G-12 no
N-G-13 no
N-G-14 no
N-G-15 0.601 no
N-G-16 0.528 0.53 0.524 yes (on endothelium)
N-G-17 yes (on lung)
N-G-18 0.612 no
N-G-19 no
N-G20 0.517, 0.503 no
N-G21 0.591 no
N-G22 yes (on lung)
N-G-23 no
N-G-24 no
N-G25 0.578 no
N-G-26 no
N-G27 no
N-G-28 no
N-G-29 10
N-G-30 10
N-G31 10
N-G32 yes (on lung)
N-G-33 no
N-G-34 no
N-G-35 no
N-G36 0.512 no
N-G-37 no
N-G-38 0.646 no
N-G-39 no
N-G-40 0.733 no
N-G41 no
N-G42 0.53 0.747 no
N-G43 0.551 no
N-G-44 no
N-G45 0.598 0.535 yes (on lung)
N-G-46 no
N-G47 0.542 0.529 no
N-G48 yes (on lung)
N-G-49 no
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Table S12. Results of the toxicity prediction by ProTox-II server

Organ Toxicity Toxicity end points Tox21 Stress response pathways
Compound code Hepatotoxicity Carcinogenicity | Immunotoxicity |Mutagenicity Cytotoxicity (MMP) pS3

N-G-1 inactive(0.83) inactive(0.76) active(0.95) |inactive(0.65) | inactive(0.88) inactive(0.59) | inactive(0.69)
N-G-2 inactive(0.51) inactive(0.61) active(0.91) |inactive(0.96) | inactive(0.88) inactive(0.92) |inactive(0.93)
N-G-3 inactive(0.67) inactive(0.73) | inactive(0.83) |inactive(0.97)| inactive(0.90) inactive(0.98) | inactive(0.99)
N-G4 inactive(0.52) inactive(0.60) | inactive(0.55) |inactive(0.98) | inactive(0.94) inactive(0.99) | inactive(1.0)
N-G-5 inactive(0.61) inactive(0.84) active(0.92) |inactive(0.88) | inactive(0.88) active(1.0) active(1.0)
N-G-6 inactive(0.65) active(0.76) inactive(0.92) [inactive(0.86) [ inactive(0.89) inactive(0.99) | inactive(0.99)
N-G-7 inactive(0.67) active(0.55) active(0.85) |inactive(0.97) | inactive(0.85) inactive(0.97) | inactive(0.99)
N-G-8 inactive(0.69) inactive(0.70) | inactive(0.68) |inactive(0.92)| inactive(0.90) inactive(0.97) | inactive(0.99)
N-G-9 inactive(0.55) inactive(0.64) | inactive(0.97) |inactive(0.96) | inactive(0.93) inactive(0.93) | inactive(0.98)
N-G-10 inactive(0.52) inactive(0.57) | inactive(0.78) |inactive(0.99) | inactive(0.94) inactive(0.97) | inactive(0.99)
N-G-11 active(0.51) inactive(0.59) active(0.87) |inactive(0.87) | inactive(0.91) inactive(0.96) | inactive(0.98)
N-G-12 inactive(0.72) mnactive(0.59) active(0.92) |inactive(0.71) | inactive(0.89) active(0.89) | inactive(0.88)
N-G-13 inactive(0.65) inactive(0.54) | inactive(0.72) [inactive(0.83) | inactive(0.87) inactive(0.91) [ inactive(0.98)
N-G-14 inactive(0.6) inactive(0.52) | inactive(0.95) |inactive(0.95)| inactive(0.92) inactive(0.95) | inactive(0.99)
N-G-15 inactive(0.72) mnactive(0.74) active(0.86) |active(0.67) mnactive(0.75) inactive(0.68) | inactive(0.92)
N-G-16 inactive(0.73) inactive(0.68) active(0.98) |inactive(0.86) | inactive(0.83) inavtive(0.53) | inactive(0.76)
N-G-17 inactive(0.78) inactive(0.61) active(0.98) |inactive(0.72) | inactive(0.92) active(0.63) inactive(0.70)
N-G-18 inactive(0.87) mnactive(0.64) | inactive(0.78) [inactive(0.88) | inactive(0.93) inactive(0.93) | inactive(0.98)
N-G-19 inactive(0.51) inactive(0.73) | inactive(0.90) [inactive(0.89) | inactive(0.89) inactive(0.93) | inactive(0.98)
N-G-20 inactive(0.55) inactive(0.61) | inactive(0.78) |inactive(0.95)| inactive(0.94) inactive(0.81) |inactive(0.99)
N-G-21 inactive(0.71) active(0.61) inactive(0.95) [inactive(0.98) [ inactive(0.86) inactive(0.99) | inactive(1.0)
N-G-22 inactive(0.61) inactive(0.79) | inactive(0.94) [inactive(0.92) | inactive(0.91) inactive(0.95) | inactive(0.98)
N-G-23 inactive(0.66) inactive(0.61) active(0.59) |inactive(0.97) | inactive(0.88) inactive(0.98) | inactive(0.99)
N-G-24 inactive(0.61) inactive(0.82) active(0.94) |inactive(0.79) | inactive(0.85) active(0.94) active(0.80)
N-G-25 active(0.50) inactive(0.63) active(0.79) |inactive(0.85) | inactive(0.90) inactive(0.97) | inactive(0.98)
N-G-26 inactive(0.82) inactive(0.68) active(0.76) |inactive(0.81) | inactive(0.93) inactive(0.92) | inactive(0.96)
N-G-27 inactive(0.63) inactive(0.57) | inactive(0.80) |inactive(0.75)| inactive(0.93) active(0.52) nactive(0.89)
N-G-28 inactive(0.67) inactive(0.64) | inactive(0.99) |inactive(0.79)| inactive(0.86) inactive(0.88) | inactive(0.95)
N-G-29 inactive(0.64) inactive(0.63) | inactive(0.73) |inactive(0.72)| inactive(0.93) inactive(0.97) | inactive(0.96)
N-G-30 inactive(0.71) inactive(0.75) active(0.62) |active(0.53) inactive(0.80) inactive(0.69) | inactive(0.93)
N-G-31 inactive(0.87) inactive(0.70) | inactive(0.71) |inactive(0.80)| inactive(0.94) inactive(0.58) | inactive(0.80)
N-G-32 nactive(0.74) nactive(0.60) active(0.98) |inactive(0.72) | inactive(0.94) active(0.55) | inactive(0.84)
N-G-33 inactive(0.71) active(0.53) inactive(0.82) [inactive(0.93) [ inactive(0.88) inactive(0.98) | inactive(0.99)
N-G-34 active(0.52) inactive(0.70) | inactive(0.92) |inactive(0.95)| inactive(0.96) inactive(0.96) | inactive(0.99)
N-G-35 inactive(0.70) mnactive(0.74) | iactive(0.94) [inactive(0.87) | inactive(0.94) inactive(0.91) | inactive(0.98)
N-G-36 inactive(0.55) inactive(0.62) | inactive(0.68) |inactive(0.96) | inactive(0.93) inactive(0.98) | iactive(1.0)
N-G-37 inactive(0.76) inactive(0.62) active(0.87) |inactive(0.78) | inactive(0.88) inactive(0.92) | inactive(0.99)
N-G-38 inactive(0.62) inactive(0.57) active(0.97) |inactive(0.61) | inactive(0.86) active(0.85) inactive(0.53)
N-G-39 inactive(0.72) inactive(0.68) active(0.66) |inactive(0.94) | inactive(0.95) active(0.92) inactive(0.86)
N-G-40 inactive(0.58) inactive(0.69) active(0.93) |inactive(0.69) | inactive(0.97) active(0.94) active(0.56)
N-G-41 inactive(0.70) inactive(0.71) | inactive(0.91) |inactive(0.75)| inactive(0.85) active(0.78) inactive(0.59)
N-G-42 inactive(0.94) inactive(0.79) active(0.52) |inactive(0.83) | inactive(0.92) inactive(0.94) | inactive(0.97)
N-G-43 inactive(0.55) inactive(0.72) | inactive(0.69) [inactive(0.87)| inactive(0.91) inactive(0.92) | inactive(0.98)
N-G-44 inactive(0.6) inactive(0.52) | inactive(0.95) |inactive(0.95)| inactive(0.92) inactive(0.95) | inactive(0.99)
N-G-45 inactive(0.68) active(0.64) inactive(0.91) [inactive(0.79) | inactive(0.88) inactive(0.96) [ inactive(0.98)
N-G-46 inactive(0.55) mactive(0.64) | inactive(0.96) [mactive(0.96) | inactive(0.93) inactive(0.93) | inactive(0.98)
N-G47 inactive(0.51) inactive(0.61) active(0.95) |inactive(0.96) | inactive(0.88) inactive(0.92) |inactive(0.93)
N-G-48 active(0.50) inactive(0.80) | inactive(0.97) |inactive(0.93)| inactive(0.92) inactive(0.95) |inactive(0.97)
N-G-49 inactive(0.52) inactive(0.60) active(0.63) |inactive(0.98) | inactive(0.94) inactive(0.99) | inactive(1.0)
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Table S13. Results of the toxicity prediction by using pkCSM server

Compound code Hepatotoxicity hERG | inhibitor hERG Il inhibitor
N-G-1 no no no
N-G-2 no no no
N-G-3 no no no
N-G4 no no no
N-G-5 no no no
N-G-6 no no no
N-G-7 yes no no
N-G-8 no no no
N-G9 no no yes
N-G-10 no no no
N-G-11 no no no
N-G-12 no no no
N-G-13 yes no no
N-G-14 no no no
N-G-15 no no yes
N-G-16 no no no
N-G-17 no no yes
N-G-18 no no no
N-G-19 yes no no
N-G-20 no no no
N-G-21 no no no
N-G-22 no no no
N-G-23 no no no
N-G-24 no no yes
N-G-25 no no no
N-G-26 no no no
N-G-27 no no yes
N-G-28 yes no no
N-G-29 no no no
N-G-30 no no yes
N-G-31 no no yes
N-G-32 no no no
N-G-33 yes no no
N-G-34 no no no
N-G-35 no no no
N-G-36 no no no
N-G-37 no no no
N-G-38 no no no
N-G-39 no no no
N-G-40 no no no
N-G41 no no yes
N-G-42 no no no
N-G-43 yes no no
N-G44 no no no
N-G45 yes no no
N-G-46 no no no
N-G-47 no no no
N-G-48 no no no
N-G-49 no no no
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Mineral contents, Antioxidant and Antimicrobial
Activities of Algerian Terfezia claveryi extracts

Hadjira GUENANE', Boulanouar BAKCHICHE™, Ramazan ERENLER™, Ilyas
YILDIZ™, Asmaa S. MOHAMED™, Maha A.M. EI-SHAZLY"™™

Mineral contents, Antioxidant and Antimicrobial
activities of Algerian Terfezia claveryi extracts

SUMMARY

Terfezia species are known for their high nutritional value and diverse
biological activities due to their unique chemical composition. The
current study aims to evaluate the dzﬁg’mt extracts of Terfezia claveryi
Chatin for their in vitro antioxidant, antibacterial, total phenolic
content, total flavonoid content and mineral content. The antioxidant
activity was evaluated via 1,1-diphenyl-2-picrylhydrazyl (DPPH),
ABTS and phosphomolybdenum assays. While the in vitro antibacterial
activity was evaluated via disc diffusion method against Staphylococcus
aureusas a Gram-positive bacteria as well as Escherichia coli and
Pseudomonas aeruginosa as Gram-negative bacteria. The total phenolz‘c
content (TPC) and total flavonoid content (TFC) were evaluated via
Folin-Ciocalteu’s and A/Cl assays, respectively. The mineral content
was evaluated via using aiomic absorption spectrophotometer. In the
antzoxzdant assays, the aqueous extract showed the most potent activity
ey €q0al t0 0.09mgimL, IC_ . equal to 0.24mglmL and total
antzoxw}/lant capacity equal to 0.1 0 mong all the tested extracts, the
Zueom extract showed the highest TPC (176.67 mg GAE /g DW) and
the highest TFC (14.53 mg ER / ¢ DW). Obviously, the antioxidant
activities are exist in a positive correlation with the TPC and TFC.
On the other side, the tested extracts exhibited strong to moderate
antibacterial activity against tested pathogenic microbial strains. The
methanolic and aqueous extracts showed the most potent antibacterial
activity against Pseudomonas aeruginosa with inbibition zones 21.91
and 15.79 mm, respectively. The extracts contain macroelements like Na
(3293.01 mg* kg'dw) and K (21092.19 mg* kg'dw). Additionally,
they contain micro-elements like Fe (16.45 mg* kg'dw), Cu (22.80
mg* kg'dw) and Ni (27.88 mg* kg'dw). LC/ESI-MS-MS was used
to determine the chemical profile of the extract obtained from Terfezia
claveryi. A total of seven phenolic compounds were selected.  Rutin
and hesperidin were primary compounds in the extract with 38.0089
and 22.4629 mglg. In conclusion, T. claveryi extracts are considered
promising sources of naturally occurring antioxidant and antimicrobial
agents as well as their high nutritional values

Key Words: Terfezia claveryi, Antioxidant, Antimicrobial, Mineral
content, TPC, TFC

Cezayir Terfezia claveryi Ekstrelerinin Mineral Igerikleri,
Antioksidan ve Antimikrobiyal Aktiviteleri

0z

Terfezia tiirleri, benzersiz kimyasal bilesimleri nedeniyle yiiksek besin
degeri ve cesitli biyolojik aktiviteleriyle bilinmektedir. Bu ¢alisma,
Terfezia claveryi Chatin'in farkly ekstrelerinin in vitro antioksidan,
antiba/eteriye/, top/am fenolik igerik, toplam flavonoit icerigi ve
mineral icerigi  agisindan  degerlendirilmesini  amaglamaktadyr.
Antioksidan aktivite 1, 1-difenil-2-pikrilhidrazil (DPPH), ABTS ve
Josfomolibden analizleri yoluyla degerlendirildi. In vitro antzba/eterg/e/
aktivite, Gram-pozitif bakterilerden Staphylococcus aureusun yan:
sira Gram-negatif bakterilerden Escherichia coli ve Pseudomonas
aeruginosaya kars: disk difiizyon yontemiyle deger/mdzrz/dz Toplam
fenof k icerik (TPC) ve toplam flavonoit icerigi (TFC), sinastyla
Folin-Ciocalten ve AICI, analizleri ile degerlendirildi. Mineral iceri
atomik absorpsiyon 5pektroﬁtometmz kullanilarak degerlendzrzlj
Antioksidan analizlerinde sulu ekstre, DPPH radikaline karsi 0,09
mgimLye esit IC, , ABTS radikaline kars: 0,24 mg/mLye esit IC,,
ve 0,10a esit topldm antioksidan kapasiteyi gostem/z Tost edilen
tiim ckstreler arasinda sulu ekstre en yiiksek TPCyi (176,67 mg
GAElg DW) ve en yitksek TFCYi (14,53 mg ERlg DW) gosterds.
Antioksidan aktiviteler TPC ve TFC ile pozitif bir korelasyon icinde
bulundu. Ote yandan, test edilen ckstreler, test edilen parojenik
mikrobiyal tiirlere karsi giiclii ila orta dereceli antibakteriyel aktivite
sergiledi. Metanolik ve sulu ekstreler, sirasiyla 21.91 ve 15.79 mmlik
iniﬂgz‘bz'&yon bolgeleriyle Pseudomonas aeruginosaya kars: en giiclii
antibakteriyel aktiviteyi gisterdi. Ekstraktlar Na (3293.01 mg.kg-
Idw) ve K (21092.19 mg* kg''dw) gibi makro elementler icermistir.
Ek olarak Fe (16,45 mg- kg'dw), Cu (22,80 mg- kg'dw) ve Ni
(27,88 mgkg' dw) gibi mikro elementler icerirler. Terfezia claveryi den
elde edilen ekstrakin kimyasal profilini belirlemek icin LC/ESI-MS-
MS fullanild. Toplamda yedi fenolik bilesik belirlendi. Rutin ve
hesperidin, 38.0089 ve 22.4629 mgly ile ekstrakttaki ana bilesikti.
Sonug olarak, T. claveryi ekstraktlarimin yiiksek besin degerlerinin
yant sira dogal olarak olusan antioksidan ve antimikrobiyal ajanlar
agisindan da wmut verici kaynaklar oldugu diigiiniilmektedir.
Anabtar  Kelimeler:  Terfezia  claveryi,  Antioksidan,

Antimikrobiyal, Mineral igerigi, TPC, TFC
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INTRODUCTION

Desert truffles are edible fungi with important
gastronomic, nutritional and medicinal properties,
locally named « terfess ». They are mostly endemic
to semi-arid and arid areas of Arabian Peninsula, the
North-Africa and Mediterranean Region (Kagan-Zur
and Roth Bejerano, 2008). Desert truffles grow in arid
desert climate characterized by very hot summers with
high humidity and relatively cooler winters (Mandeel
and Al-Laith, 2007). They are socio-economically
important fungi and are widely consumed in North
Africa (Morocco, Algeria, Tunisia and Egypt) and
in the Middle East (Saudi Arabia, Kuwait, Iraq, Iran,
Lebanon, Syria and Jordon), the productive area of
desert truffles are characterized by its aridity and high
average temperatures. At Northern Sahara of Algeria,
three species of desert truffles have been identified:
Tirmania nivea (Dest.) (Trappe 1971), Terfezia arenaria
(Moris, 1829) Trappe 1971 and Terfezia claveryi Chatin
1892 (Bradai et al., 2014).

The main nutritional constituents of truffle are
carbohydrates, followed by proteins (Dahham et al,,
2018, Khalifa et al.,, 2019; Lee et al., 2020). Most of
their carbohydrates are considered dietary fibers such
as chitin, -glucans and other polysaccharides, and they
also include mannitol and trehalose (Tejedor-Calvo
et al., 2020 ) as well as smaller sugars such as D-glu-
cose, D-mannose or D-galactose (Tejedor-Calvo et al.,
2020 ). Although truffles show low fat levels, their lipid
content is important since they are involved in flavor
and aroma properties. To maintain their hyphal mem-
branes it is necessary to obtain unsaponifiable mole-
cules such as ergosterol (ergosta-5,7,22-trienol), ergos-
ta7,22-dienol, stigmasterol or ergosta-5,8-dieno-3-ol
(Harki et al., 1996;Tang et al., 2012 ). Brassicasterol
(ergosta-5,22-dienol) is also frequently detected in
truftles; however, it is mainly reported in plants and al-
gae species but is also found in species belonging to the
subphylum Taphrinomycotina, a dimorphic plant par-
asite (Weete etal., 2012 ). Recently, truffles have shown

interesting bioactive compounds, and their potential
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bioactivities are now being studied, e.g., antitumoral,
antioxidant, immunomodulatory and hypoglucemic
properties (Tejedor-Calvo et al., 2020; Bhotmange et
al,, 2019; Mudliyar et al., 2019; Farzaneh et al., 2018;
Zhao et al.,, 2014). Therefore, the aim of this study is
to evaluate the antioxidant, antibacterial activities and
mineral analysis of different extracts of T. claveryi.
Also, the phytochemical investigation was performed
using LC-MS/MS.

MATERIALS AND METHODS
Sample extraction

T. claveryi truffles were collected from the Alge-
rian northern Sahara region, cleaned, peeled, and
sliced. The samples were dried in an oven at (35-
40 °C) and ground mechanically. Approximately 10 g
of the sample was extracted separately with 100 mL of
different solvents (water, ethyl acetate, ethanol, meth-
anol, acetone and chloroform) using the maceration
method. The extracts were filtered and concentrated
using a rotary evaporator (Buchi, USA) at 40 °C. Ex-

tracts were stored at -20 °C for further analysis.
Total phenolic content (TPC)

The concentration of total phenolic compounds
was measured according to Bakchiche et al., 2022
with some modifications. A 0.1 mL sample of extract
was mixed with0.2 mL of Folin-Ciocalteu’s phenol
reagent and 2 mL of water. The mixture was shaken
and allowed to stand for 3 min, before addition of 1
mL of Na,CO, (20 %). After the addition, the solution
was incubated in the dark at room temperature for
30 min. Finally, the absorbance of the solution was
measured at 765 nm and compared to a gallic acid

calibration curve.
Total flavonoid content (TFC)

Total flavonoids were assessed using the method
reported by Sun et al. with some modifications.
A 1 mL sample of extract was mixed with 1 mL of
2% methanolic AICL,. The solution was incubated at
room temperature for 10 min. Finally, the absorbance

of the solution was measured at 430 nm.
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Assay of DPPH scavenging activity

The DPPH radical scavenging activity was determined
by a spectrophotometric method based on the reduction
of methanol solution of 1,1-diphenyl-2-picrylhydrazyl
(DPPH). 200 pL of each extract at different solvents was
added to 1.8 mL methanolic solution of DPPH (0.2 mM).
The mixture was allowed to react at room temperature in
the dark for 30 min. After 30 min, the absorbance (A)
was measured at 517 nm. The experiment was repeated
for three times for each test sample (Apriliyanti et al,
2020). IC,, values denote the concentration of sample
which is required to scavenge 50% of DPPH free radicals.
DPPH free radical-scavenging activity was calculated
according to the following equation: DPPH radical-
scavenging activity (%) = (Abs Abssample) / (Abs
x 100.Where Abs__ is the absorbance of DPPH radical

control
+ methanol; Abs sample is the absorbance of DPPH

control comrol)

radical + sample extract / standard.
ABTS cation radical scavenging assay

ABTS radical scavenging activity was determined
according to the method by Bakchiche et al., 2022 The
ABTS* solution was prepared and stored in the dark at
room temperature for 16 h. Then, 1 mL of the solution
was diluted with 40 mL deionized water to yield
working ABTS* solution with an absorbance equal to
0.70 * 0.02 at 734 nm. To 1.485 mL ABTS+ working
solution, 15 pL test samples were added. After 10 min,

the absorbance of the plate was read at 734 nm.

ABTS free
calculated according to the following equation: ABTS

radical-scavenging activity was

radical-scavenging activity (%) = (Abs control-Abs
sample) / (Abs control) x 100. Where Abs control
is the absorbance of ABTS radical + methanol; Abs
sample is the absorbance of ABTS radical + sample
extract / standard. The lower value of IC50 has the

most critical antioxidant activity.

The extract concentration providing 50% radical
scavenging activity (IC50) was calculated from the
graph of ABTS-+ scavenging effect percentage against
extract concentration. Trolox was used an antioxidant

standard for comparison of the activity.

Evaluation of total antioxidant activity by

phosphomolybdenum method

The total antioxidant capacity of the extracts
was evaluated according to the method described
by Saravanakumar et al. (2021). An aliquot of 0.3
mL of samples solution was combined with 3 mL of
reagent solution (0.6 M sulfuric acid, 28 mM sodium
phosphate, and 4 mM ammonium molybdate). In
case of blank, 0.5 mL of 45% ethanol was used in
place of sample. The tubes were incubated in a boiling
water bath at 95 °C for 90 min. After the samples were
cooled to room temperature, the absorbance of the
aqueous solution of each sample was measured at
695 nm against blank in UV-2450 spectrophotometer
(Shimadzu, Japan). The total antioxidant activity was
expressed as the absorbance of the sample at 695
nm. The higher absorbance value indicated higher

antioxidant activity.
Antimicrobial assay
Microbial strains

All the microorganisms were obtained from the
laboratoire de Microbiologie, Department of Biology,
University AMAR TELIDHI-LAGHOUAT. One
Gram-positive bacteria (Staphylococcus aureus ATCC
25923) and two Gram-negative bacteria (Escherichia
coli ATCC 25922, Pseudomonas aeruginosa ATCC

27853) were chosen as test bacteria.
Inoculum preparation

The bacterial strains were grown overnight at 37
°C in Nutrient Agar. Inoculum for the assays was
prepared by inoculating three to five colonies from
the agar plate culture into 10 mL of nutrient broth and
then incubated at 37 °C for 24h. After growing, the
microbial suspension was standardized with sterile
saline to turbidity equivalent to 0.5 Mc Farland scale
(108 CFU/mL for bacteria and 106 CFU/mL for C.

albicans).
Antimicrobial activity

The antimicrobial tests were carried out by the
disc diffusion method (Alpay et al., 2019) using 100
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uL of suspension containing 106 per/mL of bacteria,
inoculated into Mueller Hinton Agar (Difco). The
discs (6 mm) were then impregnated with 100 pL
of extract and then placed on the inoculated agar.
Petridishes were prepared at 4 °C for 2 h, standard
discs of Gentamycin (10 pg/disc), Tetracycline (10 pg/
disc) and Ampicillin (10 pg/disc) were used as positive
controls for bacteria whereas DMSO discs were used
as a negative control. Then, the inoculated plates were
incubated at 37+0.1 °C for 24 h for bacterial strains.
At the end of the incubation period, the inhibition

zones were measured.
Mineral analysis

Each truffle sample was air-dried at room
temperature and drying was finished at 105 °C
overnight, crushed with a mortar and pestle. About 1
g of truffle dry matter was weighed in a crucible and
was ashed at 550 °C. The ash was then dissolved in 5
mL of HCI (20%) and the solution was transferred to a
50 mL volumetric flask, the final volume was achieved
with deionized water and then all was filtered. Analysis
of the trace metals was carried out using an atomic

absorption spectrophotometer (Vahdani et al., 2017).
Phytochemical investigation
LC-MS/MS

A stock solution of standard compounds were
prepared by dissolving them in methanol (1.0 mg/ml)
and then diluted to 0.8 ug/ml. after serial dilution of
standard mixture, titration levels were separated. The
solutions of Terezia clavery were prepared as 2.0 mg/
ml. finally; they were filtered (0.45pm) and pipette
to vials for LC-MS/MS analysis (Atalar et al., 2021,
Erenler et al, 2023). The standard compounds are
Shikimic acid (1), Gallic acid (2), Protocatechuic acid
(3), Epigallocatechin(4), Catechin(5), Chlorogenic
acid(6), Hydroxybenzaldeyde (7), Vanillic acid (8),
Caffeic acid (9), Syringic acid (10), Caffein (11),
Vanillin (12), o-coumaric acid (13), Salicylic acid
(14), Taxifolin (15), Resveratrol (16), Polydatine
(17), trans-ferulic acid (18), Sinapic acid (19),

Scutellarin (20), p-coumaric acid (21), Coumarin
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(22), Protocatehuic ethyl ester (23), Hesperidin (24),
Isoquercitrin (25), Rutin (26), Quercetin-3-xyloside
(27), Kaempferol-3-glucoside (28), Fisetin (29),
Baicalin (30), Chrysin (31), Daidzein (32), trans-
cinnamic acid (33), Quercetin (34), Naringenin
(35), Silibinin (36), Hesperetin (37), Morin (38),
Kaempferol (39), Baicalein (40), Luteolin (41),
Biochanin A (42), Capcaicin (43), Dihydrocapcaicin
(44), and Diosgenin (45).

LC-MS/MS conditions

Quantitative analysis of natural compounds
in methanol extract was performed using the
spectrophotometer  (An
1260 Infinity II, jonted 6460 Triple Quad mass
spectrophotometre (Spectrometer). A Poroshell 120
EC-C18 (100 mm x 4.6 mm L.D, 2.7 um) column

was used 0.1% formic acid and 5.0 mM ammonium

Agilent  Technologies

formate in water A, 0.1% formic acid, and 5.0 mM
ammonium formate in methanol B mobile phase
were used. The flow rate was modified to 0.4 mL/min.
The gradient program fixed as 15% for 1-12 min, 50%
for 12-30 min, 90% for 30-32 min, and 10% for 32-35
min was applied in the mobile phase B. The injection
volume was 4.0 uL and the column temperature was
40 °C. The mass ratio in compound to ion (m/z)
was determined by negative and positive ionization
modes using an electrospray ionization (ESI) source.
The capillary voltage was set at 4000 V, nebulizing
gas (N) flow was 11 L/min, the nebulizer pressure
was 15 psi, and the gas temperature was 300 °C. Each
compound’s precursor and product ions, collision
energies, and cleavage voltage were detected for

quantitative analysis as a multiplex reaction control.
Statistical analysis

Data were analyzed with a statistical software
program (SPSS 21). Comparisons between multiple
numeric data sets were performed using one-way
ANOVA followed by Tukey multiple-range test.
Results are expressed as mean + SEM., and statistical

significance was accepted at P < 0.05.
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RESULTS AND DISCUSSION
Extraction yields (%)

Herein, the collected T. claveryi materials were
extracted separately with different solvents in
descending polarity. The extraction yield (%) was

recorded in which the aqueous extract showed the

Table 1. Extraction yields (%) of T. claveryi extracts

highest yield (40 %), followed by the methanolic
extract (19.0 %). The extraction yields of the rest the
extracts are in the order: of ethanolic (11.4%), ethyl
acetate (10.1 %), acetone (9.4%), and chloroform
extract (4.5 %) (Table 1).The high yields of the T.
claveryi may be due to their high amounts of phenolic

components, soluble sugars, and sugar alcohols.

T. claveryi extracts Yields (%)
Aqueous 40 %
Methanolic 19 %
Ethanolic 11.4 %
Acetone 9.4 %
Ethyl acetate 10.1 %
Chloroform 45%

Total phenolic and flavonoid contents (TPCs & TFCs)

Polyphenols have a unique chemical structure that
combines aromatic properties and a high density of
hydroxyl groups, which gives them strong activity
as free radical scavenging agents. Accordingly,
there is a positive correlation between the presence

of polyphenols in the tested extracts and their

antioxidant activities (Ghareeb et al., 2018 a; Hamed
et al,, 2020).The total phenolic and flavonoid contents
of the investigated extract are present in Table 2, the
TPCs were ranged from 176.67 to 19.92 mg GAE / g
DW and the TFCs were ranged from 14.53 to 1.71 mg
ER / g DW. The standard curve is shown in Figure 1.

Table 2.Total phenolic and flavonoids contents in T. claveryi extracts

T. claveryi extracts Total phenolic content Total flavonoids content
(mg GAE/ g DW) (mg RE / g DW)

Aqueous 176.67 +6,48" 14.53 £0,53°
Methanolic 58.89+3,00¢ 4.89+0,25¢
Ethanolic 19.92+ 1,474 1.71+ 0,12¢
Acetone 117.05 +11,16° 9.65 +0,91°

Ethyl acetate 97.8616,55° 8.08+0,54°
Chloroform -- ----

Each value in the table is represented as mean + SE (n = 3). GAE, gallic acid equivalents; RE, rutin equivalents; dw,
dry weight. Means followed by the same letter are not different according to ANOVA (analysis of variance) (p <

0.05). The results are sorted in decreasing order:a>b >c>d.




Bakchiche

Figure 1. Rutin calibration curve.

In vitro antioxidant activities

Free radicals are highly energetic active molecules
that cause many health problems when they penetrate
the human cells, it is also considered the main cause of
cardiovascular and cancer diseases (Ghareeb et al., 2018
a,b; Khalaf et al., 2021). Natural products have a great role
in mitigating the side effects of free radicals and as a safe
source of natural antioxidants (Ghareeb et al., 2018 ¢; Nasr
et al., 2018; Sobeh et al., 2018). The antioxidant activities
are mainly due to the presence of bioactive ingredients
like polyphenolics and others (Bakchiche et al., 2019,
2022; Khalaf et al., 2019; Abdelfattah et al., 2022).

The results presented in Table 3 reveal that the
different extracts of T. claveryi showed antioxidant
activity against DPPH free radical expressed in IC,
(mg/ mL)in the order: Aqueous (0.09), methanolic
(0.87), ethyl acetate (1.53), ethanolic (2.86), acetone
(3.09), and chloroform (6.53) compared to vitamin
C (0.001).
effects against ABTS radical with IC_  values ranged
from 0.24 to 4.24 compared to Trolox (0.033). While
in the phosphomolybdate assay the values were ranged
from 0.10 to 0.001.

Also, the extracts exhibited antioxidant

24

Reviewing the literature revealed that the methanol
extract of Turkish T. claveryi showed total phenolic
content value of 0.0084 mgGAE/mg extract (Taskin
et al., 2018). While, the aqueous methanolic extract
of Algerian T. claveryi showed total phenolic content
value of 15.4+0.11 mg GAE/g) and total flavonoid
content value of 12.03 + 0.27 mg CE/g (Wahiba
et al., 2016).

studies demonstrated the ability of Terfezia extracts

On the other side, several previous

to scavenge free radicals and as a vital source of
antioxidants (Dundar et al., 2012; Tagkin et al., 2018;
Wu et al.,, 2022). The Aqueous extract exhibited an
antioxidant effect using DPPH and ABTS assays with
an IC50 value of 0.09 and 0.24 mg/ml, respectively.
Neggaz et al. (2015) reported that the methanolic
extract of Algerian T. claveryi showed strong free
radical scavenging activity against DPPH radical with
IC,, value of 8.56 mg/mL. Moreover, the methanolic
extract of T. claveryi from Algeria exhibited antiradical
activity with IC, value of 1.02 mg/mL (Wahiba et al,,
2016).
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Table 3. Antioxidant activity of the phenolic extracts for T. claveryi extracts, expressed in IC,  (mg/
mL) for DPPH and ABTS assay, VCEAC (vitamin C equivalents mmol of vitamin C/ g dry weight) for

Phosphomolybdate assay

T. claveryi extracts IC,  ppp(mg/mL) IC,,,, yrs (mg/mL) Phosphomolybdate assay
Aqueous 0.09+0.01* 0.24+0.05* 0.10+0.02*
Methanolic 0.87+0.17* 0.33+0.09° 0.01+0.001°
Ethanolic 2.86+0.07¢ 4.24+0.21¢ 0.03+ 0.006°
Acetone 3.09£1.01¢ 2.01£0.09¢ 0.005+ 0.0005¢
Ethyl acetate 1.53+0.07° 1.30+0.28° 0.007+ 0.001¢
Chloroform 6.53+0.23¢ | e 0.001+0.002¢
Vitamin C 0.001+5.98E%= | e
Trolox | e 0.003+0.0002* |  ---eee-

Values are presented as mean + standard error of three replicates. Values followed by the same letter within a

column are not statistically different according to Tukey’s multiple range test.

In vitro antimicrobial activity

The rapid spread of infectious microbial diseases
as a result of bad habits and also as a result of the
fierce resistance of some microbial strains to current
antibiotics encouraged scientists to search for
alternative natural sources to obtain promising and
safe antibiotics (Ghareeb et al., 2015; Mohammed
et al., 2019; Abdel-Motleb et al,, 2022; El-Shazly
et al, 2022). Natural extracts have a long history
in eliminating infectious diseases, especially their
activities against pathogenic microbial strains (El-
Neekety et al., 2016; Ghareeb et al., 2016a,b; Hathout
et al., 2016; Saad et al.,, 2017; Abdel-Aziz et al., 2018;
Elkhouly et al., 2021a,b).

Our current findings showed that the different
extracts of T. claveryi showed variable antimicrobial
activities against Pseudomonas aeruginosa, Escherichia
coli and Staphylococcus aureus with inhibition
zones ranged from 5.80 to 21.91 mm, from 4.43 to
13.53 mm and from 4.53 to 6.67 mm, respectively.
The methanolic extract exhibited the most potent
antimicrobial activity against Pseudomonas aeruginosa
with inhibition zone value of 21.91 mm followed by
the aqueous extract with inhibition zone value of
15.79 mm. Also, the methanol and aqueous extracts

showed the strongest effects against Escherichia coli

with inhibition zones value of 13.53 and 12.68 mm,
respectively. All extracts showed a moderate effect

against Staphylococcus aureus (Table 4).

Among the tree different types of antibiotics used
in the study, Gentamycin has wide range of impact on
all the three species of human pathogenic bacteria.
The maximum zone of inhibition was observed
against Pseudomonas aeruginosa. The maximum
zone of inhibition was obtained using Gentamycin
(25.12 mm) against Pseudomonas aeruginosa, (16.35
mm) against Escherichia coli and (11.85 mm) against
Staphylococcus aureus whereas the minimum zone
of inhibition was exhibited in Ampicillin (8.25 mm)
against Staphylococcus aureus (Table 4). Altogether,
the

Ampicillin have higher antimicrobial activity on the

antibiotics Gentamycin, Tetracycline and

selected test organisms.

Previous reports revealed that different Terfezia
species showed strong antimicrobial activities against
various pathogenic microbial strains due to the
presence of several bioactive compounds (inci and
Kirbag, 2018; Neggaz et al,, 2019; Ghareeb et al.,
2020). Dib-Bellahouel and Fortas (2019) reported
that the extract of the culture filtrate of T. claveryi
inhibits the growth of Gliocladium roseum, Candida

albicans and Staphylococcus aureus with inhibition
25
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zone values of 11, 23 and 10.8 mm, respectively. The
acid-soluble protein extract of T. claveryi exhibited
an antimicrobial effect against gram-positive and
gram-negative phytopathogenic bacteria including
Pseudomonas corrugate (CFBP 5454), Pseudomonas
(CFBP  5447T),
carotovorum (CFBP 2046T), Pectobacterium syringae
(PVCT 28.3.1), Clavibactermic higanensis (PVCT
156.1.1) and Xanthomona svesicatoria (CFBP 2537T)
with inhibition zone values of 0.38, 0.40, 0.33, 0.52,
1.26 and 1.88 cm, respectively (Gargano et al,

mediterranea Pectobacterium

2017). Moreover, the aqueous extract of T. claveryi
showed antibacterial activity against three strains of
P. aeruginosa including P. aeruginosa ATCC14028,
P aeruginosa ATCC 27853 and P. aeruginosa ATCC
9027 with inhibition zone values of 21.0, 28.0 and 19.0
mm, respectively (Saddiq et al., 2016). Alhussaini et

al (2016) reported that the methanol extract of Saudi
T. claveryi showed antibacterial activity against some
bacterial strains including Staphylococcus aureus,
Bacillus subtilis, Escherichia coli and Pseudomonas
aeruginosa with inhibition zone values of 5.0, 4.0, 5.0
and 4.0 mm, respectively. Additionally, the aqueous
extract of T. claveryi showed antibacterial effect against
Staphylococcus aureus (ATCC 6538), Staphylococcus
epidermidis (ATCC 12228), Streptococcus faecalis,
Escherichia coli (ATCC 29425), Pseudomonas
aeruginosa (ATCC 9027), Proteus vulgaris (ATCC
8427) and Klebsiella pneumonia (ATCC 13883) with
inhibition zone values of 19.0, 18.0, 17.0, 15.33, 20.33,
15.33 and 14.66 mm, respectively (Aldebasi et al,
2013). In addition, it is noted for its antimicrobial and
antioxidant activities, T. claveryi is strongly affected

by the nature of the solvents used.

Table 4. Diameter of zone of inhibition of T. claveryi extracts

Gram (-) Gram (+)
T. claveryi extracts Pseudomonas aeruginosa Escherichia coli Staphylococcus aureus
ATCC 23853 ATCC 23822 ATCC 23823
Zone of inhibition (mm)
Aqueous 15.79 12.68 5.67
Methanolic 21.91 13.53 4.53
Acetone 7.67 5.43 4.88
Ethyl acetate 10.96 7.45 6.67
Chloroform 5.80 4.43 4.65
Ampicillin 23.85 15.36 8.25
Gentamycin 25.12 16.35 11.85
Tetracycline 24.54 14.21 10.51

Mineral content

Different Terfezia species contain important
nutritional components for the growth of the human
body, especially the mineral elements (Dundar et al,,
2012; Wahiba et al., 2016; Khlaif et al., 2021).Herein,

26

the truffle extracts showed a varied mineral content
including macroelements like Na (3293.01mg - kg'dw)
and K (21092.19mg- kg'dw). Also, there are micro-
elements like Fe (16.45 mg-kg'dw), Cu (22.80 mg- kg’
'dw), and Ni (27.88 mg kg'dw). While, other elements
like Pb, Cd, and Co are absent (Table 5).
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Table 5. Mineral content of truffle extracts

Truftle extracts
Macroelements (mg-kg'dw)
Na 3293.01+95.04°
K 21092.19+96.67*
Micro-elements (mg-kg'dw)
Fe 16.45+ 0.008¢
Cu 22.80+0.27¢
Ni 27.88+0,40¢
Pb ND
Cd ND
Co ND

Values are presented as mean + SE (n = 3). Different letters above the average bars denote significant differences at p <

0.05 - Tukey's test.

Phytochemical investigation using LC-MS/MS

LC-MS/MS analysis was performed on the methanol
extract of T. claveryi in order to determine the chemical
components compared to 46 standards (Table 6). The
analysis showed the presence of six compounds viz.,
caffein, scutellarin, hesperidin, isoquercitrin, rutin,
quercetin-3-xyloside, and morin. These compounds
were identified in the extract at contents equal to
0.9229, 0.0322, 22.4629, 1.2009, 38.0089, 2.5611, and
0.0358 mg/g, respectively. Rutin and hesperidin were
dominant in the extract (Figures 2, 3 and Table 7). Our
current findings are in agreement to some extent with
the previous reports. Al-Atassi et al. (2022) stated
that LC-MS/MS analysis of 70% ethanolic extract
of T. claveryi led to identification of 14 compounds
belonging to phenolic acids and flavonoids including

p-hydroxy benzoic acid, syringic acid, trans-cinnamic
acid, p-coumaric acid, gallic acid, homogentisic acid,
protocatechuic acid, vanillin, ferulic acid, rutin,
vanillic acid, apigenin, catechin, and hesperidin. In
the same context, UPLC-ESI-MS analysis of the T.
claveryi aqueous extract led to identification of some
phenolic, organic and fatty acids including succinic
acid, coumaric acid, vanillic acid, scopoletin, palmitic
acid, trans-vaccenic acid, and stearic acid as well as
protocatechuic aldehyde (Abu-Odeh et al., 2022).
Additionally, Vahdani et al (2017) reported that HPLC
investigation of T. claveryi led to detection of several
phenolic compounds including gallic acid, catechin,
chlorogenic acid, rutin, p-coumaric acid, hesperedin,

and eugenol.
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Table 6. Phenolic content of T. claveryi extract using LC/ESI-MS-MS

Peak No. Compound name RT (min) Content (mg/g)
1 Shikimic acid 1.406 ND
2 Gallic acid 3.292 ND
3 Protocatechuic acid 5.537 ND
4 Epigallocatechin 6.878 ND
5 Catechin 6.880 ND
6 Chlorogenic acid 7.498 ND
7 Hydroxybenzaldeyde 7.791 ND
8 Vanillic acid 7.860 ND
9 Caffeic Acid 7.875 ND
10 Syringic acid 8.383 ND
11 Caffein 8.404 0.9229
12 Vanillin 8.631 ND
13 o-coumaric acid 9.628 ND
14 Salicylic Acid 9.316 ND
15 Taxifolin 9.921 ND
16 Resveratrol 9.545 ND
17 Polydatine 9.975 ND
18 Trans-ferulic acid 10.323 ND
19 Sinapic acid 10.424 ND

20 Scutellarin 11.289 0.0322
21 p-coumaric acid 11.427 ND
22 Coumarin 11.525 ND
23 Protocatehuic ethyl ester 11.496 ND
24 Hesperidin 12.094 22.4629
25 Isoquercitrin 12.110 1.2009
26 Rutin 12.078 38.0089
27 Quercetin-3-Xyloside 12.676 2.5611
28 Kaempferol-3-glucoside 13.443 ND
29 Fisetin 13.461 ND
30 Baicalin 13.637 ND
31 Chrysin 14.204 ND
32 Daidzein 14.263 ND
33 Trans-cinnamic acid 14.281 ND
34 Quercetin 15.074 ND
35 Naringenin 15.184 ND
36 Silibinin 15.211 ND
37 Hesperetin 15.983 ND
38 Morin 15.845 0.0358
39 Kaempferol 16.599 ND
40 Baicalein 17.135 ND
41 Luteolin 18.002 ND
42 Biochanin A 17.926 ND
43 Capcaicin 18.245 ND
44 Dihydrocapcaicin 18.817 ND
45 Diosgenin 23.601 ND
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Figure 2. LC-MS chromatogram of T. claveryi extract

Table 7. Detected compounds in the methanol extract using LC-MS/MS

Peak Name RT (min) Content Classification | Reported bioactivity References
No. (mg/g)
1 Caffein 8.404 0.9229 Alkaloids AnF1-1nﬂar.nmatory, o Saud and Salamatullah,
antiapptotic and antioxidant | 2021
Antioxidant, antimicrobial, Vesachhamedani et al
2 Scutellarin 11.289 0.0322 Flavonoids | anti-rheumatoid, and anti- 202 3g ?
coagulation
3 | Hesperidin 12094 | 224629 | Flavonoids | Antiradicalantioxidant, and | oo oo 2021
anti-cancer
4 Isoquercitrin 12.110 1.2009 Flavonoids | Antioxidant Razavia et al., 2009
5 Rutin 12.078 38.0089 Flavonoids | Antioxidant -
6 |Quercetind- | )67 | 25611 | Flavonoids | Antioxidant -
xyloside
A;Egﬁj;g;Azgt_il;p ;d al Hussain et al., 2014; Yang
7 | Morin 15845 | 00358 | Flavonoids | P > aniunga. and Lee, 2012; Nazir et
anticancer, and treatment
. . al., 2021
diabetes mellitus
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Figure 3. Chemical structures of the identified compounds using LC-MS/MS
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CONCLUSION

In this work, we discovered the antioxidant
and antimicrobial potential of different solvent
extracts of T. claveryi. Also, the study aimed to the
determination of their mineral content, accompanied
by the identification of the chemical components of
the methanol extract using LC-MS/MS technique,
which led to the identification of some phenolic
compounds which are known for its multiple
biological activities. To sum up, T. claveryi extracts
are considered as promising sources of natural
antioxidant and antimicrobial agents. Additionally,
its high nutritional content also makes it a promising

source for nutritional supplements.
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SUMMARY

Aim of the study was to prepare dipyridamole (DPM) cocrystals ro
alter its physicochemical properties as it is poorly soluble in water, 6.8
pH buffer and belongs to BCS class II. Cocrystals were prepared using
neat grinding method. Initial screening of cocrystals was done with
melting point determination indicating formation of nine cocrystals.
Based upon interference studies nine cocrystals were finalized for
solubility and dissolution studies. DPM-citric acid, DPM-hippuric
acid, DPM-tartaric acid and DPM-oxalic acid cocrystals showed
the significant enhancement in solubility and dissolution in 6.8 pH
buffer. Further confirmation was done by Differential Scanning
Calorimetry (DSC) and Powder X-ray diffraction (PXRD) studies.
DPM-hippuric acid cocrystals have shown promising results for
Jormation of cocrystals and considered for tablet formulation. DPM-

Bagirsak pH'sinda Gelistirilmis  Coziiniirliik ve Coziinme
Ozelligine Sabip Dipiridamol Kokristal Tabletler

0z

Caligmanin amaci, suda ve 6,8 pH tamponunda az coziinen ve
BCS simif ITye ait olan dipiridamoliin (DPM) fizikokimyasal
ozelliklerini - degistirmek iizere ko-kristallerinin  hagirlanmasidar.
Ko-kristaller diizenli giitme metodu kullanilarak hazirlanmstir.
Ko-kristallerin ilk taramasi, dokuz ko-kristalin olusumunu gisteren
erime noktas: tayini ile gerceklestirilmistir. Girisim ¢alsmalaria
dayanarak, coziindirliik ve coziinme calismalar: icin dokuz ko-kristal
segilmigtir. DPM-sitrik asit, DPM-hippurik asit, DPM-tartarik asit
ve DPM-oksalik asit ko-kristalleri, 6.8 pH tamponunda ¢oziiniirliik
ve coziinmede anlamly bir artis gostermistir. lleri dogrulama,
Diferansiyel Taramals Kalorimetre (DSC) ve Toz X-Ray Difraksiyonu
(PXRD) ¢alismalar: yapilmssnir. DPM-hippurik asit ko-kristallers,

ko-kristallerin olusumu icin umut verici sonuglar vermis ve tablet

hippuric acid cocrystal tablets were prepared by using various levels of - formiilasyonu icin_ diigiiniilmiistiir. DPM-hippurik  asit ko-kristal

carboxymethyl cellulose and microcrystalline cellulose. These tablets
showed acceptable physical characteristics with subsequent rapid
dissolution.

Key Words: Dipyridamole (DPM), Cocrystals, Neatr grinding,
DSC, Solubility, Dissolution.

tabletleri, cesitli seviyelerde karboksimetil seliloz ve mikrokristalin
selitloz kullanilarak hazirlanmistir. Bu tabletler, daba sonra hizl
coziinme ile kabul edilebilir fiziksel ozellikler gostermigtir.

Anabhtar Kelimeler: Dipiridamol (DPM), Ko-kristaller, Diizenli
ogiitme, DSC, Coziiniirliik, Coziinme Hiz.
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INTRODUCTION

Cocrystals are multicomponent system consisting
of API and GRAS listed coformers that are held
together by nonionic interaction such as hydrogen
bonding or Vanderwall forces (Qiao et al, 2011;
Thimmasetty et al, 2021). The coformer selected
can be a drug, excipient or nutraceuticals having
functional groups like amine, alcohol, amide, and
carboxylic acid that form hydrogen bonding with
the API (Stahl et al, 2002; Gadade et al.,, 2016;
Thipparaboina et al, 2016). Crystal engineering
approach can alter physicochemical behavior such
as solubility, dissolution, and stability of an API for
improvement in bioavailability of poorly soluble drug
(Blagden etal., 2007; Izutsu et al., 2016). In the market,
cocrystals of caffeine-citric acid/citrate, valproic acid/
Na-valproate, and escitalopram-oxalic acid/oxalate
are available though many more under investigation
(Kumar et al., 2014).

Dipyridamole (DPM) is BCS class II drug having
pH dependent solubility and is primarily absorbed
in the stomach. DPM has low oral bioavailability
(37-66%) because of its insolubility at alkaline pH
(Paul et al,, 2018). Solid dispersion, self emulsifying
drug delivery system, micronization, cyclodextrin
complexation are reported techniques in the literature
to alter the dissolution behavior of DPM (Guo et al,,
2011; Savjani et al, 2012). Cocrystals are suitable
alternative approach to improve physicochemical
properties of DPM to overcome the problem of poor
bioavailability (Yadav et al., 2009; Gawade et al,,
2021). Since there is only one literature support for
the formation of co-crystals of DPM with tartaric
acid, there is a scope for obtaining the DPM co-
crystals with acidic coformers to enhance its solubility
and absorption (Kojo et al., 2017). An attempt was
made to formulate DPM cocrystal tablets to enhance

solubility and dissolution rate.

38

MATERIALS AND METHODS
Materials

DPM was procured as a gift sample from
Hyderabad. All other
chemicals and excipients used in this research were
obtained from S D Fine-Chem Limited, Mumbai.

Aurobindo Laboratories,

Methods
Preparation of DPM-cocrystals

Neat grinding method was opted for DPM
cocrystal preparation. DPM and coformers were
grinded in (1:1 molar ratio) in mortor and pestle
for 30 minutes at room temperature. Products were
stored in desiccators for further use (Thimmasetty
et al., 2021). List of coformers used in this study was

represented in Table 1.
Characterization of DPM cocrystals
Melting point

Initial screening of cocrystals was done based on
melting point. Fifteen coformers were selected given
in Table 1. Melting point of DPM and cocrystals was
determined by open capillary tube method using
melting point apparatus (Biotech, India) (Schultheiss
et al., 2009). The procedure was repeated in triplicate
(n=3).

Saturation solubility studies of DPM-cocrystals

Solubility of DPM and its cocrystals was carried
out in 0.IN hydrochloric acid, 6.8 phosphate
buffer and distilled water. The DPM and cocrystals
were added in excess quantity separately in
volumetric flasks containing different media to
form supersaturated solutions and rotated in orbital
shaker (Kemi industries, Kerala) at room temperature
(25°C), with a 50 rpm, for 24 h. After attainment of
equilibrium, samples were withdrawn, filtered using
0.45pm whattmann filter paper, diluted and analyzed
by UV spectrophotometer. Procedure was repeated in

triplicate (Dai et al., 2018; Nijhawan et al., 2014).
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Dissolution studies of DPM-cocrystals

DPM dissolution studies were carried out at
acidic (0.1N HCI) and alkaline basic pH (6.8)for 1 hr
using USP dissolution test apparatus II (Electrolab,
Dissolution tester, TDT-08L) by paddle method
in 900 mL of pH 1.2 and 6.8 phosphate buffer at 50
rpm maintained at 37+0.5°C. DPM and its cocrystals
containing the drug equivalent to 25 mg were filled in
hard gelatin capsule. 5 ml of sample was withdrawn at
10 minutes interval for a period of 1 hr and analyzed

spectrophotometrically (Panzade et al., 2017).

Differential Scanning Calorimetry (DSC) of
DPM-cocrystals

A differential calorimetry scanning (DSC7020
thermal analysis system HITACHI) was used for
thermal analysis of DPM and DPM cocrystal samples.
Powder samples of approximately 2.0 mg were
placed in aluminum open crucibles and heated at a
rate of 10°C/min up to 400°C (Cheney et al., 2011;

Saganowska et al., 2018).

Powder X-ray diffraction (PXRD) of DPM-

cocrystals

The cocrystals of dipyridamole and pure drug
were characterized at 25 °C using XPERT-PRO
diffractometer with Cu-Ka (A = 1.54060 A) at 45 kV
and 40 mA (Bevill et al., 2014; Nijhawan et al., 2022).

Preparation of DPM-hippuric acid cocrystal
tablets

Based on dissolution results, DPM-hippuric acid
cocrystals were selected for tablet compression as
per formulae given in Table 1. DPM-hippuric acid
cocrystals were geometrically mixed for 15 min with
other additives (CMC, MCC, mannitol, magnesium
stearate) and compressed by Rimek 12 station
rotary mini tablet compression machine at sufficient
compression force to obtain hardness in the range of

3-4 kg/cm? using 4 mm round punch with flat surface.

Tablel: Formulation of DPM-hippuric acid cocrystal tablets.

Formulations (200 mg)
S.No | Drug and other excipients (mg)
DPMF1 DPMEF2 DPMF3 DPMF4

1 DPM-hippuric acid cocrystals 26 26 26 26
2 Carboxy methyl cellulose (CMC) 8 4 4 8
3 Microcrystalline cellulose (MCC) 60 64 60 64
4 Mannitol 102 102 106 98
5 Magnesium stearate 4 4 4 4

Characterization of DPM-hippuric acid tablets

For evaluation of DPM-hippuric acid tablets post
compression parameters such as hardness, thickness,
friability, weight variation, disintegration studies, drug
content, and dissolution studies were carried out. The
thickness of tablets was determined by using Vernier
calipers. Friability was determined using tablet
friability tester (FT 1020, LABINDIA), the device that
subjects the tablet to the combined effect of abrasion
and shock in a plastic chamber revolving and dropping
the tablet at a height of 6 inches in each revolution.

The tablets were subjected to 100 revolutions and

dedusted by muslin cloth and reweighed. The
percent loss in weight (F) was calculated as shown
by Eq. 1. For Uniformity of weight, twenty tablets
from each batch were randomly selected, weighed
together and individually to check the average weight.
Percent weight variation calculated (Eq. 2) (Indian
Pharmacopoeia, 2018).

intial weight — final weight

F= z100 (1)

intial weight
00(2)

individual weight — final weight
In vitro disintegration test of tablets was

Yweight jation = . .
owerghtvariation individual weight

performed in tablet disintegration test apparatus (DT
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1000, LABINDIA) containing six cylindrical tubes
with #10 (aperture size 2+0.2 mm) sieve. Randomly
chosen six tablets were added to tubes containing pH
6.8 phosphate buffer as the medium maintained at

37°+2°C and disintegration time was recorded.
RESULTS AND DISCUSSION
Melting point determination

Melting point of the prepared cocrystals was
determined up to four weeks. All the observed values
are compared with reported values (Marydele et al.,
2006; Raymond CR et al., 2009; Cheney et al., 2010).
From Table 2 it can be observed that nine cocrystals
are formed based on the principle of lowering of

melting point.

DPM-citric acid cocrystals showed melting point

of 80-110 °C which is neither nearer to DPM (165
°C) nor to the coformer (citric acid-153°C), similar
is the case of DPM-hippuric acid, DPM-tartaric
acid, DPM-malonic acid, DPM-succinic acid, DPM-
fumaric acid, DPM-adipic acid, DPM-oxalic acid, and
DPM-cinnamic acid cocrystals. These observations
indicated that the cocrystals might have formed with
the respective coformer. Cocrystals with salicylic
acid, benzoic acid aspirin, maleic acid, glutamic
acid and glutaric acid showed melting within the 7
days of preparation of cocrystals hence rejected for
further evaluation. DPM-citric acid, DPM-hippuric
acid, DPM-tartaric acid, DPM-malonic acid, DPM-
succinic acid, DPM-fumaric acid, DPM-adipic acid,
DPM-benzoic acid, DPM-cinnamic acid cocrystal

preparations were selected for further analysis.

Table 2: Melting point values of DPM, coformers and cocrystals

MP (°C) (Reported MP (°C)
S. No. Name Values) (Obs. values) Inference
DPM 164-167 (drug) 165

1 DPM - citric acid anhydrous | 153 (coformer) 80-110 Cocrystals might have formed

2 DPM - hippuric acid 187-188 (coformer) | 110-130 Cocrystals might have formed

3 DPM - tartaric acid 168-170 (coformer) | 110-120 Cocrystals might have formed

4 DPM - malonic acid 135-137 (coformer) | 150-160 Cocrystals might have formed

5 DPM - Succinic acid 184-190 (coformer) | 110-120 Cocrystals might have formed

6 DPM- fumaric acid 287 (coformer) 120-140 Cocrystals might have formed

7 DPM - adipic acid 152.1 (coformer) 110-120 Cocrystals might have formed

8 DPM - oxalic acid 101-102 (coformer) | 90-100 Cocrystals might have formed

9 DPM - cinnamic acid 133 (coformer) 80-90 Cocrystals might have formed

10 | DPM - salicylic acid 158.6 (coformer) converted into llquld within | Cocrystals might not have
7days of preparation formed

11 | DPM - benzoic acid 122 (coformer) converted into liquid within | Cocrystals might not have
7days formed

12| DPM - Aspirin 136 (coformer) converted into liquid within | Cocrystals might not have
7days formed

13 | DPM - maleic acid 135 (coformer) converted into llquld within | Cocrystals might not have
7days of preparation formed

14 | DPM - glutamic acid 213-224 (coformer) converted into liquid within | Cocrystals might not have
7days formed

15 | DPM - glutaric acid 115 (coformer) converted into liquid after Cocrystals might not have
7days formed
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Figure 1: Solubility profile of DPM co-crystals in pH 1.2 at 25 °C

Physicochemical Properties of DPM-cocrystals
Saturation solubility studies of DPM-cocrystals

The data of solubility studies was recorded and
the solubility profile of DPM-cocrystals is graphically

represented in Figure 1-3.

Among nine cocrystals, six: DPM-citric acid,

DPM-hippuric acid, DPM-tartaric acid, DPM-adipic
acid, DPM-oxalic acid and DPM-cinnamic acid
showed higher solubility in the 1.2 pH buffer than
DPM (40.18 mg/mL). The order of the solubility of the
cocrystals in 1.2 pH buffer was found to be tartaric
acid > oxalic acid > hippuric acid > cinnamic acid

>citric acid > adipic acid >DPM.

Figure 2: Solubility profile of DPM co-crystals in pH 6.8 phosphate buffer at 25 °C

Among nine cocrystals, DPM-citric acid, DPM-
hippuric acid, DPM-tartaric acid, DPM-succinic
acid, DPM-fumaric acid, DPM-oxalic acid and
DPM-cinnamic acid showed higher solubility in 6.8
pH bufter than DPM (0.0062 mg/mL). The order of

the solubility of the co-crystals in 6.8 pH buffer was
found to be cinnamic acid > oxalic acid > citric acid >
tartaric acid > hippuric acid > fumaric acid > succinic
acid >DPM.
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Figure 3: Solubility profile of DPM co-crystals in distilled water at 25 °C

Among nine cocrystals, all nine: DPM-citric
acid, DPM-hippuric acid, DPM-tartaric acid, DPM-
malonic acid, DPM-succinic acid, DPM-fumaric
acid, DPM-adipic acid, DPM-oxalic acid and DPM-
cinnamic acid showed higher solubility in distilled
water than DPM (0.01096 mg/mL). The order of the
solubility of the co-crystals in distilled water was
found to be tartaric acid > hippuric acid > oxalic acid
> fumaric acid > citric acid > succinic acid > cinnamic

acid > adipic acid > malonic acid >DPM.

Based upon the melting points and solubility
studies, six cocrystals, DPM-citric acid cocrystals,
DPM-hippuric acid cocrystals, DPM-tartaric acid
cocrystals, DPM-succinic acid cocrystals, DPM-oxalic
acid cocrystals and DPM-cinnamic acid cocrystals

were selected for the further studies.
Dissolution studies of DPM cocrystals

The dissolution-time profile of DPM-cocrystals in
pH 6.8 and 1.2 buffers was recorded in Figure 4 and 5.

Figure 4: Dissolution profiles of DPM and its cocrystals in 6.8 phosphate buffer
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The dissolution-time profiles of DPM and
cocrystals in pH 6.8 buffer showed the following
order: hippuric acid > tartaric acid > citric acid >
oxalic acid > succinic acid > cinnamic acid > DPM.

100% drug release was observed for DPM-hippuric

acid cocrystals within 60 min while, the DPM
showed only 28.98% in 60 min. The rate and extent
of dissolution was found to be maximum for DPM-

hippuric acid cocrystals.

Figure 5: Dissolution profiles of DPM and its cocrystals in 0.1N HCI

In pH 1.2 buffer dissolution rate of DPM was 100%
within 30 min, citric acid and tartaric acid cocrystals
also showed 100% dissolution profile whereas,
DPM-hippuric acid cocrystals, DPM-succinic acid
cocrystals, DPM-oxalic acid cocrystals and DPM-
cinnamic acid cocrystals showed 68.14%, 73.67%,
88.9% and 92.51% of dissolution rates respectively

within 30 min.

The cocrystals showed marked increase in the
dissolution in the 6.8 pH buffer as compared to 1.2
pH buffers. Based upon the dissolution studies in 6.8
pH buffer DPM-citric acid cocrystals, DPM-hippuric
acid cocrystals, DPM-tartaric acid cocrystals and
DPM-oxalic acid cocrystals were selected for further

characterization by DSC.
DSC of DPM-Cocrystals

The DSC thermogram of DPM was recorded
and the melting point was observed to be 166.27
°C indicating the purity of DPM. Thermograms of

drug cocrystals were shown in Figure 6. In DPM-

citric acid, DPM-hippuric acid, DPM-tartaric acid
and DPM-oxalic acid preparations endothermic
peaks were observed at 127°C, 122°C, (118°C,134°C)
and 90°C respectively. Literature value for melting
of citric acid, hippuric acid, tartaric acid and oxalic
acid are reported as 153°C, 188°C, 169°C and 101°C
respectively (Marydele et al., 2006; Raymond CR
et al., 2009; Cheney et al., 2010). The endothermic
peak of co-crystal was found to be different than
drug and co-crystal former, thus confirming the
formation of new phase. In DPM-citric acid, DPM-
hippuric acid, DPM-tartaric acid and DPM-oxalic
acid preparations endothermic peaks were observed,
which were neither near to the melting point of drug
nor the coformer. This inferred absence of physical
mixture and the formation of cocrystals. Single sharp
endothermic peak was observed incase of DPM-
hippuric acid cocrystal which was neither near to the
DPM nor to the hippuric acid. Hence DPM-hippuric
cocrystals were further selected for PXRD studies and

preparation of tablet dosage formulation.
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E

Figure 6: DSC thermogram of (A) DPM, (B) DPM-citric acid, (C) DPM-hippuric acid, (D) DPM-tartaric
acid, and (E)DPM-oxalic acid cocrystals.
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Powder X-Ray Diffraction of DPM-Cocrystals

PXRD provides a distinctive fingerprint diffraction
pattern characteristic of a particular crystal structure.
The 20 value for 100% intensity of DPM was found at
20.4 and intense peaks of crystallinity were observed,

indicating its crystalline nature. Overlay of PXRD of
DPM, cocrystals and coformers were shown in Figure
7. The 20 value for 100 % intensity of hippuric acid
was observed at 18.4.

Figure 7. Overlay PXRD pattern of DPM-hippuric acid co-crystal with its individual components.

PXRD pattern of above prepared DPM cocrystals
showed the presence of new peaks, alteration in peak
intensities that infers different crystal habits and
arrangement of molecules indicating generation of

distinct crystalline forms.

DPM-hippuric tablets

formulated with various levels of MCC (super

acid cocrystals were
disintegrating agent) and carboxy methyl cellulose as

a binder.
Characterization of DPM-Hippuric Acid Tablets

Disintegration time, hardness, thickness, friability,
drug content & % weight variation for DPMF,
DPMF,, DPMFand DPMF, formulations were
reported in Table 3. All parameters were found to be

satisfactory. Hardness of tablets was found to be in

the range of 3-4 kg/cm? that confirms the resistance
of tablets to shipping or breakage under conditions
of storage and transportation. Friability results
indicated good mechanical strength of tablets as the
percentage of friability is less than 1% confirming to
the compendial limits. Percentage deviation of weight
was less than +7.5%, complying with Pharmacopeial
specifications confirming uniformity of weight. Drug
content was found to be within the specified limits of
90 to 110% of the stated amount. Disintegration time
of all the prepared tablets was within the range of 54-
61 seconds that comply with the disintegration time
for uncoated tablets as per IP (<15 minutes) (Indian

Pharmacopoeia, 2018)
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Table 3. Characterization of DPM-hippuric acid tablet formulations

DPMF, DPMEF, DPMF, DPMF,
Disintegration time(sec)* 54+0.81 60+0.81 56+0.47 55+0.81
Hardness(kg/cm?*)* 4+0.81 3+0.4 3+0.47 4+0.8
Thickness(cm*102m)* 0.36 0.36 0.36 0.36
Friability(%) 0.847+0.002 0.826+0.003 0.833+0.001 0.819+0.002
Drug content(AM+SD)* 96+0.53 95+0.81 95+0.81 95.33+0.54
% Weight variation 0 1 0.5 1

*Mean of three determinations (n=3)

Dissolution studies of DPM-hippuric acid reported in (Figure 8).

cocrystal tablets The order of dissolution profiles of DPM-hippuric

Dissolution studies of DPM-hippuric acid acid formulations (DPMF,, DPMF,, DPMF,, DPMF))
cocrystal tablets were performed in pH 6.8 buffer and  in pH 6.8 phosphate buffer resulted as F1>F2>F3>F4.

Figure 8. Dissolution profiles of DPM-hippuric acid formulations in pH 6.8 phosphate buffer.

Optimization of formulation of DPM-hippuric coefficients were recorded in the standard format and
acid tablets equation (3) was obtained. From the software analysis,

Factorial design analysis of DPM release at 60 min the following polynomial equation was obtained at

10mins.
The 60 min cumulative % DPM release data was
analysed and recorded in the Table 4 and 5. The Y=8278-443X, - 45X, + 194X X, G)
Table 4: DPM release data at 60 min
S. No. Treatments Cumulative DPM Release (%)
1 1 82.78
2 CMC, X, 80.7
3 MCC, X, 80.58
4 Interaction term, X X, 78.65

46



FABAD ]. Pharm. Sci., 49, 1, 37-50, 2024

Table 5. 2? Factorial analysis of DPM at 60 min.

S. No. Combination Coefficient significance SS ratio
1 b0 82.7875 --- -
2 bl -4.4375 --- 44.9957%
3 b2 -4.5075 - 46.4265%
4 bi2 19375 | - 8.5778%

Figure 9: Graph identifying the influence of factors on DPM release at 60mins.

The MCC, (X,) was highest (SS ratio = 46.426
%). The coefficient has negative sign, i.e., the higher
the amount of X, less will be the DPM release. The
CMG, (X)) is the second main factor (SS ratio = 44.99
%). The coefficient has negative sign, i.e., the higher
the amount of X, less will be the DPM release. The
interaction term, (X X)) was negligible (SS ratio =
8.577 %). The coefficient has a positive sign, i.e., the
higher the amount of X X, greater will be the DPM

release.

Further, analysis is attempted by observing the

simulation and search method. The main factors,

say X, andX, are larger (nearly 50%) compared to
the effects of their interactions (X,X,) and hence, the
curvature effect was insignificant. The steepest ascent
method was used for the simulation and optimization

of the conditions or theoretical formulation.

Method of calculation - Simulation: Steepest
ascent method was systematic simulation that is
made with MCC jump by 2 mg, The CMC and
other concentrations are automatically fixed. Then,
responses are calculated using equations. The data are

given in Table 6.

Table 6: Random simulation for steepest ascent method for 60 min release analysis

S.No CMC MCC Estimated response
1 4 60
82.78
2 8 64

The decision is taken regarding the ingredient
The concentrations finalized are:
CMC (8 mg) and MCC (60 mg) for the desired

cumulative % drug release of 82.78.

concentrations.

CONCLUSIONS

The melting point of DPM-cocrystals indicated a
decrease in the melting point as compared to DPM

(166.27 °C), suggesting the possibility of cocrystals

formation. Melting point data suggested formation of
eleven cocrystals. Solubility studies were conducted
for the 9 cocrystals. Among those, 6 cocrystals: DPM-
citric acid, DPM-hippuric acid, DPM-tartaric acid,
DPM-succinic acid, DPM-oxalic acid and DPM-
cinnamic acid cocrystals showed increased solubility
in pH 1.2, 6.8 buffers and distilled water. Dissolution

studies of 6 cocrystals resulted in improved dissolution
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rate in pH 6.8 buffer compared to the DPM. The
100% drug release was observed for DPM-hippuric
acid cocrystals within 60 min while the DPM showed
only 28.98% in 60 min. DPM-citric acid, DPM-
hippuric acid, DPM-tartaric acid and DPM-oxalic
acid preparation showed endothermic peaks, which
were neither near to the melting point of DPM nor the
coformer that inferred absence of physical mixture
and the formation of cocrystals. PXRD pattern of
cocrystals showed distinct diffraction pattern. DPM-
hippuric acid tablets were prepared and among four
formulations (F, F,, F,, F)), F, formulation resulted
as the optimised formula with the highest dissolution
rate with accordance to the theoretical response. As
anticipated in the objectives of the present work, the
attempts were met. DPM-cocrystals with improved

physicochemical properties were obtained.
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Formulation and Evaluation of Mixed Micelles Containing
Quercetin for Inhibiting Intestinal Metabolism of
Atorvastatin

SUMMARY

Arorvastatin is a poorly bioavailable drug due to fast-pass metabolism.

The objective of the study was to prepare quercetin-containing mixed
micelles to inhibit intestinal metabolism of Atorvastatin. Mixed
micelles of Atorvastatin were prepared wusing the film hydration
method, and optimization of the formulations were based on
different ratios of poloxamer 188 and sodium deoxycholate(SDC).
The drug permeation and permeability coefficients of mixed micelles
were calculated from an ex vivo study using goat intestines. 1o
the optimized formulation (F7), quercetin was added to improve
the permeability of Atorvastatin. The vesicle size, % entrapment
efficiency, and % in vitro drug release of optimized formulation (F7)
were found to be273.11 nm, 91.34%, and 72.14%, respectively.
The ex vivo results of Atorvastatin with quercetin (25 mg) showed
two times more permeation (flux = 2.69 puglem2h), and Atorvastatin
mixed micelles with quercetin (25 mg) showed three times (flux=
4.33 pglem2h) compared to Atorvastatin without quercetin (flux
= 1.34 pglem2h). The improvement of Atorvastatin permeation
of mixed micelles may be due to the blockage of the p glycoprotein
efflux pump in the presence of quercetin. The histopathology analysis
revealed that the utilization of mixed micelles resulted in alterations
to the tissue microenvironment, whereas no significant changes were
observed in the control tissue. Based on the obtained results, we can
conclude that the mixed micelles containing Atorvastatin enhanced
the permeability effect in the presence of quercetin compared to the
plain formulation without quercetin.

Key Words: Atorvastatin; mixed micelles; permeability; ex-vivo
studies; histopathology

Atorvastatinin ~ Bagirsak  Metabolizmasins  Inhibe  Etmek
Igin  Kersetin Igeren Karsstk Misellerin  Formiilasyonu ve
Degerlendirilmesi

0z

Atorvastatin, hizl gecis metabolizmasi nedeniyle biyoyararlanimi
zayif bir ilagnr.  Calymamin  amaci, Atorvastatinin  bagirsak
metabolizmasini inhibe etmek icin kersetin iceren karistk miseller
hazirlamaksir.  Atorvastatinin - karisik  miselleri, film  hidrasyon
yontemi  kullanilarak  hazirlanmisur  ve  formiilasyonlar,  farkl:
poloksamer 188 ve sodyum deoksikolar (SDC) oranlarma dayals
olarak optimize edilmigtir. Karigtk misellerin ilag gecirgenligi ve
gecirgenlike katsayilars, kegi bagirsags kullanilarak yapilan ex vivo
¢aligmadan  hesaplanmugtr. Optimize edilmis formiilasyona (F7),
Atorvastatinin gecirgenligini iyilestirmek igin kersetin eklenmigtir.
Optimize edilmis formiilasyonun (F7) vezikiil boyutu, % yakalama
etkinligi ve in vitro ilag salymi %%i srastyla 273.11 nm, % 91.34
ve % 72.14 bulunmugtur. Kersetin (25 mg) iceren Atorvastatin'in ex
vivo sonuglars ve kersetin (25 mg) iceren Atorvastatin karisik miselleri,
kersetin icermeyen Atorvastatin'e (ak: = 1,34 uglem2h) kiyasla
strastyla iki kat (ak: = 2,69 pglem2h) ve ii¢ kat (aki = 4,33 pglem25h)
daha fazla permeabilite gostermigtir. Atorvastatin permeasyonunun
karisik misel formundaki gelisimi, kersetin varliginda p glikoprotein
akis pompasimin bloke edilmesine bagl olabilir. Histopatoloji
caligmasi, kontrol dokusu sirasinda hicbir onemli degisiklik meydana
gelmemesine kuyasla, karisik miseller kullanildiginda formiilasyonun
dokunun mikro ortamin degigtirdigini gistermistir. Elde edilen
sonuglara dayanarak, Atorvastatin igeren karigik misellerin, kersetin
igermeyen formiilasyona kiyasla, kersetin varliginda permeabilite
etkisini arttirdigs sonucuna varabiliriz.

Anabtar Kelimeler: Atorvastatin; karisik miseller; permeabilite;
ex-vivo ¢alismalar; histopatoloji
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INTRODUCTION

Atorvastatin (ATV) is an 3-hydroxy-3-methyl-
glutaryl coenzyme (HMG-Co) reductase inhibitor
with 12% oral bioavailability because of its poor wa-
ter solubility and high first-pass metabolism. Oral
administration is the most extensively used method
of drug delivery because it is convenient and afford-
able, especially for long-term treatment (Qu, 2018).
When the polymer concentrations are higher than
the critical micellar concentration (CMC) and mostly
amphiphilic polymers self-assemble in water to form
nanostructures with a hydrophobic core and a hydro-
philic shell, they are called mixed micelles. A lipophil-
ic core amplifies the solubility of lipophilic drugs and
allows controlled drug release. In addition, the small
particle size increases cellular absorption and the ca-
pacity to overcome epithelial barriers while extending
the residence period in blood circulation, skipping
liver, spleen, and glomerular clearance processes. The
cumulative effects of all these factors enhance drug
bioavailability (Lu, 2013; Pepic, 2013). Mixed micelles
contain phospholipids that help enhance drug perme-
ation through lymphatic vessels, which can directly
carry the drug to the systemic circulation, resulting
in improved bioavailability. As the central part of the
cell membrane, phospholipids have many benefits as
drug carriers. They are biocompatible, emulsifying,
and surface-active wetting agents that improve drug
permeability and retention (Abd-Elsalam, 2019). The
development of a novel micellar carrier for improv-
ing intestinal permeability is influenced by the sat-
uration of phospholipid levels (Kassem, 2017). Re-
cent research has demonstrated that lipid-containing
micelles may retain the fluidity of cell membranes
and facilitate the absorption and utilization of poor-
ly soluble drugs (Wang, 2014; Li, 2015). In addition,
many researchers have studied the potential of cho-
late-mixed micelles for solubilizing poorly soluble
drugs (Dongowski, 2005; Weng, 2021). Research-
ers are increasingly interested in the formulation of
mixed micelles because of their enhanced drug solu-

bility, high drug loading, good stability, and extended
52

systemic circulation. Mixed micelles have also shown
better tissue targeting, suppressing the P-glycoprotein
(Pgp) effect, hypersensitivity of multidrug-resistant
cells, and subcellular drug distribution properties
(Kulthe, 2011; Chiappetta, 2013; Bothiraja, 2013).
Pgp, a 170-kDa membrane transporter and a member
of the ATP-binding cassette, is an example of an efflux
transporter that uses ATP as an energy source. Pgp, a
transmembrane protein predominantly located in the
intestinal epithelium, plays a crucial role in the efflux
of drugs, hence diminishing their oral bioavailability.
It is possible to control Pgp activity to enhance drug
bioavailability (Genevieve, 2010). By blocking Pgp,
several studies have been conducted to increase the
penetration of first metabolite drugs such as resvera-
trol (Jadhav, 2016; Nguyen, 2021), berberine (Kwon,
2020), and silymarin (Piazzini, 2019). Mixed micelles
have been used to enhance the bioavailability of vari-
ous poorly bioavailable drugs by improving lymphatic
circulation and inhibiting Pgp efflux and CYP3A4 en-
zyme metabolism. Quercetin, a type of flavonoid, has
been identified as a potential bioenhancer capable of
inhibiting Pgp efflux and CYP3A4 enzyme drug me-
tabolism. This inhibition mechanism has the poten-
tial to enhance drug bioavailability (Kesarwani, 2013;
Mu, 2019). Quercetin can be used as an enhancer for
improving the drug permeability and bioavailability.
Hence, we have included quercetin in the formula-
tions of mixed micelles in order to reduce the amount
of metabolism that occurs in the gut wall in order to
improve the presentation of the drug in the system-
ic circulation and, as a result, the oral bioavailability.
Therefore, this work aimed to develop quercetin con-
taining ATV mixed micelles and assess its impact on
gut wall permeability in formulations of mixed mi-

celles.
MATERIALS AND METHODS

ATV and quercetin were procured from Yarrow
188,
deoxycholate (SDC), and lecithin were procured

chem India, Mumbai. Poloxamer sodium

from Himedia, Mumbai. Hematoxylin and eosin were

procured from Sigma, Bangalore. The dialysis bag
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was procured from Himedia, Mumbai. HPLC-grade

chemicals and reagents were utilized for this study.
Preparation of ATV suspension

ATV (20 mg) and different amounts of quercetin
(12.5, 25, 37.5, and 50 mg) were added to 10 mL
distilled water containing 1% of poloxamer188 and
appropriately stirred using a mechanical stirrer at a
speed of 700 RPM to obtain ATV suspension. The
ATV suspension was stored at 2 to 8°C for 24 h.

Preparation of ATV mixed micelles formulation

ATV mixed micelles were developed using the
film hydration method with slight modification (Sun,
2016). Different ratios of lecithin, and surfactants

were prepared and dissolved in a round-bottomed

Tablel. Formulation of ATV mixed micelles

flask with 10 mL each of chloroform and methanol
(2:1 V/V). The ATV was weighed and then added
to the solvent. A smooth film was produced by
evaporating the solvent in a rotavapor (RV 10, IKA)
using a vacuum of 20 in Hg at 60°C and 100 rpm. The
film was dried at room temperature. Mixed micelles
were obtained by hydrating the dried film in 10 mL
of phosphate buffer (PB) pH 6.8 for 3 h at 37 + 2°C.
The mixed micelle formulation was stored at 2 to
8°C for 24 h. The formulation of mixed micelles is
depicted in Table 1. Quercetin (25 mg) was added to
the organic phase along with lecithin and surfactants
and the same procedure was followed to formulate the

quercetin ATV mixed micelles.

Ingredients F1 F2 F3 F4 F5 Fé6 F7 F8
ATV(mg) 20 20 20 20 20 20 20 20
Lecithin(mg) 75 75 75 75 75 75 100 150
Polaxomer188(mg) 150 - 120 112.5 100 75 75 75
SDC(mg) - 150 30 37.5 50 75 75 75

Evaluation of Mixed Micelle Formulations
Particle Size and Zeta Potential

The particle size of mixed micelles was determined
using the dynamic light scattering technique (Horiba
SZ 100, Japan). Appropriate dilution was made before
measuring the particle size of mixed micelles and
poured into a 10 mm diameter cell. The estimation
was performed at 25°C at an angle of 90°. The same

method was adopted for measuring the zeta potential.
Entrapment Efficiency (EE) and Drug Loading (DL)

Mixed micelles formulations (10 mL) were put
into a stopper tube and centrifuged at 15,000 rpm
for 60 min while keeping the temperature at 10°C.
The sample was then filtered using filter paper to
get a clear supernatant. The unentrapped drug was
determined from the apparent, fraction by applying a
UV visible spectrophotometer set at 246 nm. The %EE
and %DL were determined using the formula(Xie,
2017).

EE (%) = [(Wt-Wu)/Wt]x100
Where Wt is the amount of total drug, and Wu is

the amount of unentrapped drug.

DL (%) = [Weight of entrapped ATV in micelles/
Total weight of micelles] x 100

Cumulative Drug Release (CDR) study

The vesicle suspension was transferred into a
dialysis bag using a pipette, and subsequently sealed.
The dialysis bag was put into a beaker with 500 mL
of PB pH 6.8. The beaker was placed on the magnetic
stirrer, and the speed was maintained at 50 rpm.
Throughout the entire experiment, the temperature
was kept at 37 + 0.5°C. At predetermined intervals,
samples were withdrawn, and substituted the same
quantity of PB pH 6.8 throughout the experiment.
Samples were adequately diluted using PB pH 6.8,
and the amount of drug was determined using a UV-

visible spectrophotometer at 246nm.
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Release Kinetics study

In vitro release kinetics of different mixed micelles
formulations were determined and analyzed to find
the drug release patterns. The in vitro release data
were fitted to zero order (cumulative % release versus
time), first order (log % drug remaining versus time),
Higuchi order (cumulative % drug release versus
square root of time), and Korsmeyer-Peppas model
(log drug release versus log time). Values of r* and
k were calculated from the linear curve obtained by
regression analysis of the plots. In the Korsmeyer-
Peppas model, n value was calculated (Kushwaha,
2013).

Fourier Transform Infrared (FT-IR) analysis

FT-IR spectrophotometer (Agilent) was used to
record the FT-IR spectra of ATV, lecithin, SDC, mixed
micelles, and ATV-mixed micelles between 600 cm™
and 4000 cm™.

Transmission Electron Microscopy (TEM) study
The TEM instrument (Jeol, Japan) was utilized

to conduct a morphological analysis of ATV mixed
micelles. A single droplet consisting of mixed micelles
was carefully deposited onto a carbon-coated copper
grid, resulting in the formation of a thin film. The
sample was examined and photographed using an

electric voltage of 15 KeV.
Stability study

Freshly prepared ATV mixed micelles (F7) were
put into glass vials and kept there for 0, 2, 4, and 8
weeks at 4 and 25°C. At predefined intervals, the
particle size (nm), %EE, and %CDR were calculated
(Tang, 2021).

Ex vivo studies using goat intestine

Ex vivo studies were conducted by selecting goat

ileum (Jha, 2014). The 4 cm ileum was appropriately
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washed and placed in a 100 mL container containing
50 mL PB, pH 6.8. Mixed micelles (2 mL) were kept
in the ileum. The ileum was tied using thread at both
sides and dipped in PB solution with proper aeration.
2 mL of the sample was extracted at specific intervals
up to 6 h, and fresh PB pH 6.8 was replaced to
maintain sink condition. The sample was quantified

using a UV-visible spectrophotometer at 246 nm.
Histopathology study

After the test formulation was put on the goat
ileum, it was cut in half and stained with hematoxylin
and eosin so that changes in the histology could be
seen. The results were compared to goat intestines
that had not been treated.

Statistical analysis

All data are represented in Mean + standard
deviation (n = 3). The t-test was used to assess the
significance level of data, and p < 0.05 was considered

significant.
RESULTS AND DISCUSSION
Characterizations of Mixed micelles

The vesicle sizes ranging from 321.66 nm to 587.22
nm and are depicted in Table 2. The various ratios of
SDC and Poloxamer 188, such as 1:0, 1:1, 2:3, 1:4, 0:1
were used for formulating mixed micelles. From that,
we found a 1:1 ratio (F6) of SDC and Poloxamer 188
having less particle size. Lecithin played a significant
role in the reduction of particle size. With increasing
the amount of lecithin, the particle size decreased
to 273.11 nm (F7). This providing a proper place for
ATV in mixed micelles, resulting in the size reduction.
The surfactants also help to reduce the particle size of
mixed micelles by lowering the interfacial tension. In
the presence of quercetin in the mixed micelles, the

particle size and PDI were not significantly different.
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Table 2. Characterizations of ATV mixed micelles (Mean + S.D., n = 3)

Formulation Particle Size PDI EE DL CDR
(nm) (mV) (%) (%) (%)

F1 560.23 +7.9 0.26 +0.03 -289+12 72.11+3.8 6.40 +0.81 59.33 £4.2

F2 587.22+£10.3 0.29 + 0.04 -315+24 7244 £2.7 6.43 £ 0.92 57.28 £3.9

F3 41222+ 64 0.29 +£0.02 -347+19 86.23 34 7.64 +0.87 67.24 £3.7

F4 478.14+£7.9 0.31 +0.04 -292+17 70.13 £3.3 6.23 +0.65 57.19 £2.6

F5 501.23 +9.7 0.25 = 0.06 -30.3+£2.6 76.22+2.8 6.77 +0.23 66.76 + 4.4

F6 321.66 + 6.4 0.24 +0.03 -36.8+3.7 91.34+£39 8.11+0.37 72.14 £3.6

F7 27311 +8.2 0.27 £ 0.03 -38.2+29 93.17+2.1 8.28 + 0.54 76.45+2.9

F8 282.56 £ 9.1 0.24 +0.06 -36.5+ 1.8 91.45+1.7 8.12+0.34 7328 £3.7

The poly dispersive index (PDI) of prepared ATV
mixed micelles was found in the range 0f0.24t0 0.31. A
PDI value of 0.3 or lower is deemed appropriate within
the context of drug delivery systems that utilize lipid-
based formulations. This value signifies the presence
of a uniformly dispersed population of phospholipid
vesicles (Putri, 2017; Danaei, 2018). The zeta potential
influenced the stability of a colloidal dispersion system.
The lower the zeta potential is likely to aggregate the
particles due to insufficient electric repulsion or steric
barriers between each other(Helmy, 2013).According
to various reported zeta potential values, formulations
with zeta potentials greater than +30 or -30 mV are
highly stable (Palei, 2013). The zeta potential of the
F7 formulation was found to be -36 mV. Based on the
zeta potential, it might be considered as the optimum
for stabilizing the mixed micelles formulation. The
particle size and zeta potential of blank and ATV-
loaded mixed micelles are depicted in Figure 1. The

% entrapment efficiency was found in the range from

70.13% to 93.17%. The entrapment efficiency of drug-
loaded mixed micelles was seen to vary when SDC
and poloxamer 188 were combined in different ratios.
However, when the ratio of SDC and poloxamer 188
was 1:1, the entrapment efficiency was significantly
higher (p < 0.05) compared to the other ratios. When
SDC and poloxamer 188 were used alone in mixed
micelles, the entrapment efficiency decreased. This
because of two things. First, increasing the amount
of lecithin maintained hydrophobicity, stability, and
permeability of mixed micelles, which may make
it easier to trap the hydrophobic drug in micelles.
Secondly, the proper ratio of SDC and poloxamer 188
may provide adequate space to entrap the drug into
mixed micelles. The 1:1 ratio of SDC and poloxamer
188 showed maximum entrapment efficiency, which
may be due to adequate solubilization of, ATV in
mixed micelles (Choi, 2015). The characterizations of

ATV mixed micelles are depicted in Table 2.
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C

D

Figure 1. (A) Particle size of mixed micelles (Blank), (B) Zeta potential of mixed micelles (Blank), (C)

Particle size of F7, and (D) Zeta potential of F7

In vitro drug release

In vitro studies of mixed micelle formulations
were performed using a dialysis method. The % drug
release of different mixed micelle formulations was
found in the range from 57.28 to 76.45 up to 12 h
and is depicted in Figure 2. The drug release from the
mixed micelle formulation containing a 1:1 ratio of
SDC and Poloxamer 188 showed 72.14% release up to
12 h. The different ratios of SDC and poloxamer 188
influenced the release of ATV. The blend of surfactants
may provide suitable space for ATV, resulting in better
release. Lecithin concentration was raised, resulting in

an increase in drug release to 76.45% (F7). Lecithin
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may improve the solubility of ATV, making it easier
for the dissolution fluid to transport the drug and thus

enhance the drug release.

From release kinetics data, it was found that all
mixed micelle formulations followed better in zero
order kinetics and the higuchi model compared to
first-order kinetics (Table 3). The release pattern
indicated that drug release from mixed micelles
happened in a diffusion-like way. The n values of the
KorsmeyerPeppas model were found to be less than
0.79. Therefore, the drug release followed non-fickian
diffusion.
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Figure 2. In vitro cumulative drug release of various ATV mixed micelles formulations (n=3)

Table 3. Release kinetics of ATV Mixed micelles

FC Zero order First order Higuchi Korsmeyer-Peppas
K, R K, R K, R n K, R?

F1 4.89 0.97 0.105 0.96 18.37 0.97 0.74 9.54 0.99
F2 4.47 0.98 0.098 0.97 17.83 0.98 0.67 7.58 0.99
F3 5.37 0.98 0.105 0.95 19.61 0.93 0.72 11.48 0.98
F4 4.43 0.95 0.098 0.94 17.33 0.98 0.78 7.24 0.99
F5 5.18 0.94 0.107 0.95 20.61 0.98 0.73 10.71 0.99
F6 6.13 0.99 0.099 0.96 22.36 0.93 0.72 12.58 0.98
F7 6.34 0.95 0.119 0.99 24.7 0.96 0.75 12.88 0.98
F8 5.72 0.96 0.110 0.99 23.12 0.97 0.77 11.48 0.97

FT-IR studies

The FT-IR spectrum of ATV showed a distinctive
-NH

stretching vibration and aromatic - CH stretching

peak at 3065 cm™ because of the presence of

vibration. The peak was detected at 1641 cm™ because
of the C = O stretching in primary amide. A distinctive
peak was detected at 1422 cm™ and 1386 cm’,
allocated to bending of the N-H group and stretching
of -CO of the carboxylic group, respectively. The
stretching vibration of the C-N group appeared at
1231 cm™. The spectrum of ATV mixed micelles
exhibited characteristic peaks of ATV at 3062 cm™,

1639 cm™, 1426 cm™’, and 1388 cm™ due to -NH
stretching, —CO stretching, -NH bending, and -CO
stretching in the carboxylic group, respectively (Figure
3). When the spectra of ATV and mixed micelles were
compared, there was no discernible variation in the
positions of the peaks for ATV, which indicated that
the drug was compatible with the excipients used in
the formulation. However, a concurrent decline in
the intensity of the corresponding peaks allocated for
ATV was seen in the spectrum of the formulation due
to the inclusion of other excipients in the formulations
(Kim, 2008).
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Figure 3. FTIR study of (A) ATV, (B) Lecithin, (C) SDC, (D) Mixed micelles, (E) ATV mixed micelles(F7)

TEM analysis

TEM analysis observed ATV-loaded mixed
micelles (F7) and quercetin ATV loaded mixed

micelles having a spherical shape. Still some irregular
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fashion was observed because of the presence of
surfactant network and water layer on the surface
of mixed micelles represented in Figure 4. The TEM
analysis results are quite acceptable compared to

dynamic light scattering method.
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Figure 4. TEM analysis of (A) ATV loaded Mixed Micelles(F7); (B) Quercetin ATV loaded mixed micelles

Stability study

The size, % EE, and % CDR of freshly prepared ATV
mixed micelles (F7) were determined at 4°C and 25°C
for 8 weeks to evaluate the stability of the mixed mi-
celles. The particle size, % EE, and % CDR of the mixed

micelles did not significantly change at 4°C, as shown

in Table 4. The particle size of the composite micelles
significantly increased. In contrast, the % EE and %
CDR slightly decreased when the mixed micelles were
maintained at 25°C, and no sedimentation was ob-
served after eight weeks. As a result, the F7 formulation

was stable at a temperature of 4°C compared to 25°C.

Table 4. Stability study of ATV loaded mixed micelles (F7) at different temperatures (Mean + S.D., n=3)

| 4C 25°C
Time
EE CDR EE CDR
(weeks) | Particle size (nm) Particle size (nm)

(%) (%) (%) (%)
0 273.11£ 8.2 93.17 £ 2.1 76.45+29 273.11£ 8.2 93.17 £ 2.1 76.45+29
2 277.11£9.3 93.10 £3.6 76.12 £ 1.7 281.56 + 7.1 92.86 +1.8 75.36 £ 2.1
4 286.11 £ 6.2 92.13+£29 75.65+1.2 294.23+9.3 9136 £ 1.4 7511+ 1.7
8 294.23+7.9 90.76 £2.3 75.19 £ 1.6 321.11 £ 6.8 89.31+2.3 7435+ 1.6

Ex vivo permeation studies

The amount of drug permeated from ATV mixed
micelles and ATV suspension was found to be 19.29
+ 1.8 ug/cm® and 8.31 * 1.1 pug/cm?, respectively. The
ATV mixed micelle formulations showed higher
intestinal permeation than the plain ATV suspension.
Based on the results, the flux of ATV mixed micelles
was found to be 3.15 = 0.36 pg/cm?’h, which was
significantly more than the flux of ATV suspension
(1.4 + 0.22 pg/cm*h). The ability of mixed micelles
to influence drug transport across the goat ileum

has been explained by several different mechanisms,

including adsorption and fusion of the mixed micelles
on the surface of the intestinal wall, which creates a
high thermodynamic activity gradient of the drug at
its interface and enhances penetration of lipophilic
drugs. This result could be attributed to the superiority
of the ATV mixed micelles over the ATV suspension
because of their higher penetration capabilities. The
nanosize of mixed micelles can improve cellular and
paracellular transport, thereby increasing intestinal
drug absorption and protecting intestinal drug
metabolism. Because of their firm adherence to the
intestinal membrane, mixed micelles may increase
passive drug absorption (Alqahtani, 2017).
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Table 5. Ex vivo permeation parameters of ATV suspension with quercetin (Mean + S.D., n=3)

Formulations Amt of drug Flux Permeability Enhancement ratio
permeated (ug/cm?) (ug/cmh) coefficient (cm/h x
107)
ATV Suspension 831+1.1 1.34+ 0.30 0.33 + 0.08 -
ATV+12.5 mg quercetin 11.04+1.3 1.88 +0.46 0.47 £0.11 1.4 +0.002
ATV+ 25 mg quercetin 15.32+0.9 2.69 +0.51 0.67 £0.12 2.01 +£0.003
ATV+ 37.5 mg quercetin 158+ 1.2 2.74 +0.47 0.69 +0.11 2.05 +0.002
ATV+ 50 mg quercetin 16.52 + 1.1 2.57 £0.40 0.64 +0.10 1.92 £ 0.002
Proper intestinal absorption of different the attraction between the micelles and intestinal

biopharmaceutical classification systems (BCS) I and
III drugs was significantly impeded by Pgp. The BCS
IT classes of drugs have good permeability efficiency.
Still, they cannot enter the systemic circulation
because they are susceptible to the gut wall and

first-pass metabolism. Mixed micelles strengthened

membrane, improved the water solubility of the
lipophilic drug, and inhibited Pgp by d-a-tocopheryl
polyethylene glycol succinate (TPGS), increasing
drug permeability as well as oral bioavailability and
therapeutic efficacy of DBAE-loaded mixed micelles
(Collnot, 2007).

Figure 5. Ex vivo permeation parameters of ATV suspension with quercetin (n=3).
(Abbreviation: ATV: atorvastatin, QUE: quercetin)

In this study, the utilization of quercetin as a
Pgp inhibitor was explored within mixed micelle
formulations, resulting in enhanced permeability
across the gastrointestinal barrier. As different
quercetin  concentrations were introduced to
free ATV suspension, it was found that the drug

permeability significantly increased as compared to
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ATV suspension without quercetin. While comparing
the gut wall permeation of ATV wusing various
concentrations of quercetin in the ATV suspension, it
was found that the permeation of ATV was increased
by increasing the concentration of quercetin in
suspension up to 25 mg and further increasing the

quercetin concentration, there were no significant
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changes in gut wall permeation of ATV.ATV
suspension containing 25 mg of quercetin, showed a
significant (p < 0.05) increase in permeability almost

two times compared to plain ATV suspension and

is depicted in Table 5 and Figure 5. Thus, 25 mg of
quercetin was used in AT V-mixed micelles for the gut

wall permeability study.

Table 6. Ex vivo permeation parameters of various formulations of ATV (Mean + S.D., n=3)

Permeability
. Amt of drug permeated Flux . X
Formulations (ug/em?) (ug/em?h) coefficient Enhancement ratio
cm’ cm
He He (cm/h x 10%)
ATV Suspension 8.31+1.1 1.4+0.22 0.35 = 0.05 -
ATV Mixed micelles(F7) 19.29+ 1.8 3.15+0.36 0.78 £0.09 2.25+0.002
ATV Mixed micelles (F7)+ 25 mg quercetin 2475 +2.1 4.33 +0.42 1.08 + 0.10 3.09 + 0.003

Therefore, ATV-mixed micelles containing 25 mg
of quercetinwerefound three times more permeability
compared to free ATV suspension and two times
more permeability compared to ATV-mixed micelles.
According to the findings, the enhancement ratio of
quercetin containing ATV mixed micelles was found
to be significantly more compared to ATV mixed

micelles and ATV suspension. The permeability data

are depicted in Table 6 and Figure 6. Quercetin exhibits
a regulatory effect on efflux transporters, potentially
influencing the bioavailability of the administered
drug. According to Hsiu et al., quercetin significantly
impairs CYP3A4 and Pgp activity in the gut. Thus, the
presence of quercetin in mixed micelles can improve
the intestinal permeability of ATV (Hsiu, 2002; Mu,
2019).

Figure 6. Ex vivo permeation study of various formulations of ATV (n=3).
(Abbreviation: ATV: atorvastatin, MM: Mixed micelles, QUE: Quercetin)

Histopathology

Thehistopathology of goatileum was performedand
is shown in Figure 7. According to the histopathology
investigation, the formulation altered the tissue
microenvironment when it used mixed micelles, but

the control tissue experienced no appreciable changes.

The histopathology study revealed that the ATV mixed
micelles containing 25 mg of quercetin were more
significant than the control in terms of the elongation
of epithelial cells. The increased elongation of the
epithelium suggested structural alterations, which

could be brought on by quercetin.
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A

B

Figure 7. Histopathology study of (A) Control; (B) ATV mixed micelles containing 25mg of quercetin on

goat intestine

CONCLUSIONS

ATV-loaded mixed micelles were prepared using
the film hydration method. An optimized formulation
(F7) was considered to have small vesicles, good
entrapment efficiency, and enhanced drug release from
mixed micelles. Ex vivo studies of ATV suspension
with and without quercetin were conducted using
goat intestines. The drug permeation study revealed
a noteworthy enhancement in drug penetration when
quercetin was present, as compared to the simple
suspension. The mixed micelles containing quercetin
exhibited a penetration rate that was three times
higher than that of the plain ATV suspension and
two times higher than that of the ATV-loaded mixed
micelles (F7). Based on the results, it can be concluded
that quercetin inhibits intestinal drug metabolism of
ATYV in mixed micellar formulation by preventing the
action of Pgp eftlux and possibly preventing CYP3A4
drug metabolism. Thus, the prepared ATV mixed
micelles could be a promising carrier for improving
the oral bioavailability.
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SUMMARY

Mouth-dissolving oral film is an innovative oromucosal route for
the systemic delivery of therapeutically/medicinally active drug
substances. As we know, furosemide belongs to class IV in BCS
classification of drugs, having low solubility and permeability due to
strong inter and intramolecular bonds. Due to low aqueous solubility,
it exhibits low oral bioavailability. Here, we prepare mouth dissolving
Jilm of furosemide to increase its solubility, ultimately enbancing
its bioavailability.  In this way, we will achieve more rapid drug
absorption and the desired pharmacological effect with a quick onset
of action by avoiding degradation in gastrointestinal tract (GIT) and
first-pass metabolism. This system will provide maximum therapeutic
efficacy and stability by reducing the frequency of dosage and
improving patient compliance. The present research aimed to prepare
pullulan-based mouth dissolving oral films of furosemide used to
treat and control hypertension. Pullulan was selected as a film former
that exhibits better moisture retention, oxygen barrier, and uniform
Sfilm-forming properties. Due to the hydrophilic nature of pullulan,
it provides quick dissolution. By considering the above points, the
Silm was prepared through the solvent casting method by pullulan
as a film-forming polymer, glycerol as a plasticizer, and lepidium
sativum mucilage as a natural disintegrating agent known as
asaliyo. Disintegration time, drug release, moisture loss, and folding
endurance of film were evaluated. Promising batch F6 exhibited
better drug dissolution, 98.7520.09% within 8+0.4 minutes than
the other films. The disintegration time for batch F6 was 23+5 sec. It
is evident from the above results that it is an innovative dosage form
to improve drug delivery, onset of action, and patient compliance.

Key Words: Mouth Dissolving Film, Furosemide, Pullulan, Solvent
Casting Method, Bioavailability.

Pullulan  Bazlh Agizda  Coziinen  Furosemid — Filminin

Gelistirilmesi ve Degerlendirilmesi
0z

Agizda  ¢oziinen oral  film, terapitik/tibbi agidan  aktif ilag
maddelerinin sistemik olarak verilmesi icin yenilikei bir oromukozal
yoldur. Bildigimiz gibi furosemid, BCS ilag sinsflandirmasinda sinsf
IV'e aittir ve giilii molekiiller arasi ve molekiil i¢i baglar nedeniyle
diigiik ¢oziindirliik ve gecirgenlige sahiptiv. Suda ¢oziniirligiiniin
diigiik olmasi nedeniyle oral biyoyararlanimi diisiiktiir. Bu ¢alismada,
coziintirliigiinii arttirmak ve sonugta biyoyararlanimini arttirmak igin
agizda oziinen furosemid filmi hazirlyoruz. Bu sayede gastrointestinal
sistemde (GIS) bozulmanin ve ilk gecis metabolizmasinin iniine
gecerek daba hizly ilag emilimi ve istenen farmakolojik etkiyi elde
etmis olacagiz. Bu sistem, dozaj sikligini azaltarak ve hasta uyumunu
artirarak maksimum terapdtik etkinlik ve stabilite saglayacaktzr.
Mevcut arastirma, hipertansiyonu tedavi etmek ve kontrol etmek
igin tfullanilan furosemidin pullulan bazls agizda ¢iziinen oral
Sfilmlerini hazirlamayr amaglamaktads:.  Pullulan, daba iyi nem
tutma, oksijen bariyeri ve tekdiize film olusturma izellikleri sergileyen
bir film olugturucu olmasindan dolay: secilmistir. Pullulan hidrofilik
yapist nedeniyle hizly ¢oziinme saglar. Yukaridaki hususlar dikkate
almarak, film olusturucu polimer olarak pullulan, plastiklestirici
olarak gliserol ve asaliyo olarak bilinen dogal par¢alayici madde olarak
lepidium sativum miisilajs kullanilarak solvent dokiim yintemiyle
Jfilm hazirlanmigtir. Filmin dagilma siiresi, ilag salim, nem kaybi ve
katlanma dayaniklihis degerlendirilmistir. Gelecek vaat eden FG serisi,
diger filmlere gore 8+0,4 dakika iginde % 98,75+0,09 ile daha iyi ilag
¢coziinmesi gistermigtir. FG serisinin parcalanma siiresi 2325 saniye
olarak bulunmugtur. Yukaridaki sonuglardan, bunun iyilestirilmis
ilag wygulamasini, etki baglangicini ve hasta uwywmunu iyilestirmeye
yonelik yenilikei bir dozaj formu oldugu agikea goriilmektedir.
Anabtar Kelimeler: Agizda Coziinen Film, Furosemid, Pullulan,
Coziicii Dokme Yontemi, Biyoyararlanim.
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INTRODUCTION

Mouth dissolving oral film or strip can be defined
as “A dosage form that employs aqua dissolving
polymer which allows the dosage form to hydrate by
saliva, adhere to the mucosa quickly, and disintegrates
within few seconds, dissolves and releases medication
for oromucosal absorption when placed on the
tongue or oral cavity”(Fitzpatrick et. al., 2019). The
oral mucosal absorption directly enters the systemic
circulation due to being highly vascularized and
hence highly permeable by passing gastrointestinal
tract (GIT) and first-pass metabolism in the liver. This
may be due to a large surface area, facilitating better
absorption and patient compliance(Shakya et. al.,
2018). The conventional dosage form 1is substituted
by modern developed drug delivery systems as orally
fast disintegrating and dissolving films for pediatric,
geriatric, dysphagic, schizophrenic, and bed pron-
patients (Homayun et. al., 2019). These films get
hydrated very quickly by soaking saliva when placed on
the tongue (Rabe et al., 2019). Generally, hydrophilic
polymers with plasticizers are used to prepare films
that allow them to quickly release incorporated Active
Pharmaceutical Ingredient (API)
(Orsuwan & Sothornvit, 2018). The Food and Drug

Administration (FDA) has approved, furosemide as

in just seconds

a loop diuretic that acts on the kidney to ultimately
increase the water loss from the body(Khan et. al,
2018). It is most commonly used in edema and various
clinical conditions with volume overload, congestive
heart failure, high blood pressure, liver and renal
failure, including nephrotic syndrome (Gulsun et. al.,
2018). Furosemide mouth dissolving film is beneficial
as there is ease of administration in patients who
have difficulty swallowing, like the elderly, pediatric,
bedridden patients, stroke victims, and psychiatric
patients (Pawar et. al., 2019). Also, the absorption of
drugs is prompt from the pre-gastric area like mouth,
pharynx, and esophagus, which show the rapid onset

of action. Generally, super disintegrating agents are
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added to decrease the disintegration time, which in
turn enhances the drug dissolution rate (Dhiman
et. al., 2022). Pullulan, a neutral polysaccharide
produced using a black yeast-like fungus called
aureobasidium pullulans from sucrose, and starch as
carbon substrates. It is a colorless, odorless, tasteless,
white powder that has increased solubility, flexibility,
strength, and stability over a wide temperature
range (Agrawal et. al, 2022). Due to excellent film
formation, mouth feel, edible, water soluble and
better mechanical properties, pullulan is extensively
used in rapid film making. Despite -these features,
pullulan provides better moisture retention and
oxygen barrier properties (Liu et al, 2019). Some
recent developments show pullulan-based rapid films
incorporated APIs like amlodipine besylate (Pezik
et. al,, 2021), bilastine (Kanugo & Gandhi, 2022),
aprepitant (Bala & Sharma, 2018), ropinirole (Meher
& Dighe, 2019), for their formulation and evaluation.
The type of plasticizer and its concentration play
a significant role in producing the film of desired
flexibility and reducing the brittleness of the formed
film (Edwards et al., 2022). Here, we used glycerol
as a plasticizer because it has unique features as an
antimicrobial agent, cosolvent, emollient, humectant,
plasticizer, sweetening agent, and many more (Singh
et. al., 2021). Lepidium sativum is used as a natural
super disintegrating agent for film (Al-Snafi, 2019).
Mucilage of natural origin is advantageous over semi-
synthetic and synthetic substances due to its cost-
effectiveness, non-toxic and non-irritable properties,
easy availability, eco-friendly, biodegradable and
biocompatible nature (Soukoulis et. al, 2018).
Fenugreek seed mucilage, and ocimum basilicum
gum are used earlier for the fast disintegrating tablet
of amlodipine besylate (Keisandokht et. al., 2022). In
the present study, pullulan is mixed with glycerol and
lepidium sativum in various concentrations to study
the film properties like brittleness, folding endurance,
disintegration, and dissolution time (Maske et. al.,
2022).
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MATERIAL AND METHODOLOGY
Material

Furosemide was gifted from IPCA Laboratories,
Pithampur, Indore (M.P, India). Pullulan was
obtained as a gift sample from Gangwal Chemicals
Pvt Ltd, Mumbai. Glycerol was gifted from Glister
Pharmaceutical, Rau, Indore (M.P, India). Lepidium
sativum was procured from SK Traders, Indore (M.P,
India). Citric acid and Sucralose were obtained as gift

samples from Loba Chemie, Meghnagar (M.P, India)
Method
UV Spectra of Furosemide

10 mg furosemide was accurately weighed
(Shimadzu Corporation - EL2204, Japan) and
transferred to a 100 mL volumetric flask. It was
dissolved and diluted to 100 mL with pH 6.8
phosphate buffer (as per IP, 2014) to obtain a final 100
pg/mL concentration. Dilutions were made to obtain
a concentration of 10 ug/mL and scanned by using
a UV visible spectrophotometer (Shimadzu-1601,
Japan) for X in a range of 200-400 nm in the
spectrum for three consecutive times (Kumar &
Kumar, 2016). The UV spectra of furosemide were

represented in Figure 1.
Solubility Study of Furosemide

For the determination of solubility, an excess
amount of furosemide was dissolved in each of 20
mL of different below solvents like water, 0.1 N HCI,
dimethyl formamide (DMF), sodium citrate, sodium
acetate, phosphate buffer pH 6.8, sodium benzoate,
15% glycerine, dimethyl sulfoxide (DMSO), acetone,
methanol separately in the flask. Kept it closed with a
rubber cap and placed on a mechanical shaker (REMI
Elektrotechnik Motor, Vasai, India) at 37+5 °C for 12
hours, and the solution was allowed to equilibrate for
24 hours undisturbed. Then, the solution is filtered
through filter paper. The supernatant was analyzed
using a double beam UV spectrophotometer
(Shimadzu-1601, Japan) (Zhang et. al., 2022).

Compatibility Study of Furosemide and

Excipients by FTIR

The individual pellet of furosemide, pullulan, and
the physical mixture was formed to determine the
compatibility study. In order to do this, 10 mg of each
sample was mixed with dried potassium bromide
(KBr) of equal weight. The mixture was properly
ground using a pestle and mortar. Pellets were formed
by compressing the mixture using a hydraulic press.
Transparent pellets formed in this way are scanned by
FTIR spectrometer (Nicolet-380, Thermo Scientific,
Madison, USA). The spectra are examined over a
frequency range of 4000-200cm™ ' (Vimalson et al.,
2019).

Isolation of Mucilage from Lepidium sativum
Seeds

Mucilage is present in the outer layer of the
seeds.100 g of seeds were soaked in 1000 mL of
distilled water and 5 mL of chloroform for 24 hr.
The obtained viscous solution was filtered through a
muslin cloth. To the mucilaginous solution, add 1 L
of 95% ethanol in the viscous mucilaginous solution
to precipitate the mucilage. The precipitated mucilage
was collected and dried in a hot air oven (Rasayana
scientific-CFC 1001, Surat) at a temperature not
exceeding 40 to 45+5°C until completely dried. The
powder was sieved through 80 mesh, weight, and
stored in a desiccator for further use (Mahapatra et
al., 2021).

Preparation of Mouth dissolving Film of

Furosemide

It is an easy and accurate method of formulation
of mouth-dissolving film. Water soluble polymer was
dissolved in water separately. Furosemide and other
excipients were dissolved in methanol. This solution
was added to the polymeric solution. Then, the
solution was mixed using a mechanical stirrer (REMI
Electrotechnik Motor, Vasai, India) for 45+2 minutes
with a rotating speed of 60-80 rpm. The entrapped

air was removed by vacuum. The resulting solution

67



Saha, Atneriya, Joshi, Solanki

was uniformly spread in a petri plate and dried in a
hot air oven (Rasayana scientific-CFC 1001, Surat) at
40+3°C for 24 hours. After proper drying, films were

cut into the desired dimensions i.e., 2x2 cm?, which

Table 1. Formulation batches

40 mg of furosemide was present (Pattewar et. al.,
2019). The formula of mouth dissolving film is shown
in Table 1.

S.NO. Ingredients F1 F2 F3 F4 F5 Fo6 F7 F8
1. Furosemide 40 40 40 40 40 40 40 40
2. Pullulan 40 42 45 50 52 55 57 60
3. Glycerol 05 08 11 14 15 17 23 28
4. Lepidium Sativum 10 10 10 11 13 14 25 25
5. Citric acid 15 15 15 15 15 15 15 15
6. Tween 80 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06
7. Sucralose 3 3 3 3 3 3 3 3
8. Menthol 2 2 2 2 2 2 2 2
9. Methanol q.s. q.s. q.s q-s q.s q.s. q.s q.s
10. Water q.s. q.s. q.s. q.s. q.s. q.s. q.s. q.s.

Sensory evaluation film was measured at five positions (central and the

Appearance is also a key component of sensory
the

of appearance. We can sense color, intensity,

evaluation. The vision system is detector

transparency, shininess, and other physical
characteristics, including the size and shape of the
film. The aroma of mouth dissolving film is perceived
through the olfactory system. By somesthesis system,
we can evaluate its texture (uniformity, stickiness,
rough/smooth). Kinesthesis is also an essential type of
sensory evaluation that evaluates the film’s mechanical
movement like, flexibility, tension, and relaxation

(Kemp et. al., 2018).
Film thickness

First of all, make the micrometer screw gauge (Al-
Anwar traders, Mumbai, India) reading at zero. Place
the film between the spindle and anvil by turning the
thimble. Hold the film tightly by turning the ratchet
knob until the rachet slips (a “tick” sound is heard).

Now, we will note the reading of film thickness. Each
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four corners) and in terms of its length and width.
The mean thickness was calculated as measurement
results were divided by the number of samples (Wang
etal., 2018).

Folding endurance

Folding endurance indicates the brittleness of
the film. Schopper type tester (Fibretec Instrument
Roorkee-247667, Uttarakhand, India) is another
type of apparatus having opposed and moveable
jaws (Perdoch et al., 2022). Firstly, we tighten both
jaws, insert the film between the place held by both
jaws and tighten both sides. Now, release the jaws
and apply various tension to the film. As we press the
start button, the jaws move and fold numbers are
recorded on the screen. During the process, when
the film is broken, it is noted as a folding endurance
reading. This test was performed on six films of each
formulation and mean+S.D calculated value (Malviya
& Pande, 2021).



FABAD ]. Pharm. Sci., 49, 1, 65-80, 2024

Moisture content

It is determined by cutting the film strip of 2x2
cm? dimension and measuring its initial weight
by analytical balance (Shimadzu Corporation -
EL2204, Japan). Afterward, these strips were placed
in a desiccator containing activated silica, and the
desiccator was placed inside the incubator to ensure
a constant temperature of 3715 °C for 24 hours.
Now, calculate the film’s final weight individually
until it show a constant weight. Moisture content is
estimated by analyzing the weight gain of the film
or the difference between the initial and final weight
(Fang et. al., 2021).

Surface pH

The test was performed by placing the film of
2x2cm? in a petri dish. The film is moistened with
1 mL of phosphate buffer pH 6.8 and kept for 30
sec. The pH was noted by bringing the electrode
of the pH meter (Chemiline-CL110, Aqua mart,
Kolkata, India) in contact with the film’s surface
and allowing equilibration for 1 min. The average of
three determinations for each formulation was taken
(Kumorek et al., 2020).

Weight variation

It confirms uniformity and supports the
quality of the dosage unit. At least six films of each
formulation batch are taken of uniform dimension
and individually weighed on an analytical balance
(Shimadzu Corporation - EL2204, Japan). Note the
balance recorded on the screen. Now calculate the
average weight of films. Films should have nearly
constant weight. As the amount of pullulan increases,
the weight of the film also increases. It is helpful to
ensure that a film contains the proper amount of

excipients and API (Vishvakarma, 2018).
Drug Content Uniformity

Drugcontent was determined by dissolving the film
containing 10 mg of furosemide in 100 mL phosphate
buffer pH 6.8 to get 100 ug/mL solutions. An aliquot

of 1 mL sample was withdrawn and diluted to 10 mL

with phosphate buffer pH 6.8. Then, the solution
was filtered through the whattman filter paper and
analyzed by UV-spectrophotometer (Shimadzu-1601,
Japan) at 272 nm against a blank prepared using
dummy film treated similarly. Content uniformity
studies were carried out in triplicate for each batch of
the film. The limit of content uniformity is 90-110%.

In vitro disintegration studies

In the petri dish method, the film (2x2 cm?) was
placed on a stainless steel wire mesh, which was
placed in a petri dish containing 10 mL phosphate
buffer pH 6.8with 3745 °C temperature. The time
required for the film to break and disintegrate was
noted as in vitro disintegration time. Since the film is
expected to disintegrate in the mouth in the presence
of saliva, only 10 mL of medium was used. All the
measurements are done in triplicate, and the average

value is reported (Pawar et. al., 2019).
In vitro Dissolution Study

900 mL phosphate buffer pH 6.8 poured into
a stainless steel vessel. Put a single film into the
dry basket and immerse the basket into the USP
I apparatus (Electrolab- ERD 07, Mumbai). Set the
flask at 50 rpm with 37+5 °C temperature. The sink
condition is maintained by withdrawing the 5mL
sample of the dissolved drug through the pipette at
intervals like 1, 2, 4, 6, and 8 minutes and replacing
it with fresh dissolution media. The dissolved drug
was analyzed by ultraviolet spectrophotometer
(Shimadzu-1601, Japan) at A max 272 (Raza et. al,
2019).

In vitro Drug Release Kinetics

The mechanism of drug release kinetics of
furosemide films was analyzed through an in vitro
study by exploring the following kinetic models (zero
order, first order, and Higuchi equations), and release
was determined (Sheikh et al., 2020).

Zero order kinetic(constant rate process)

Release of the drug does not depend on reactant
concentration(does not vary with increase or decrease
69
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with the concentration of reactant), The zero power of

the reactant concentration.

Here, C is the concentration of the drug undergoes

reaction at time t.
K, is zero order rate constant.

The Concentration vs time plot was plotted with a
straight line with a slope equal to K. The graph proves
the above theory that drug release from the film does

not depend on concentration.
First order kinetic

Release of the drug depends on reactant
concentration (vary with increase or decrease with

the concentration of reactant).
Log C=Log C -kt /2.303......cccoeverrrrerervreneenn(2)

Where C is the initial concentration of the drug, k

is the first-order constant, and t is the time.

It proves that the reaction rate is directly

proportional to the reactant concentration.
Higuchi’s Model

Higuchi’s model as cumulative percentage of drug

released vs square root of time.
Mt/Moo =Kht .ccovvrrnnnrirnerneninesisennenens(3)

Where Mt/Meo is the fraction of drug released at
each time t (minutes), Mt is the amount of the drug

released in time t (minutes).

Meo is the amount of drug released after time oo.
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Kh represents the Higuchi release kinetic constant.

The system ensures the release of drugs based on
Fickian diffusion as a square root of time-dependent

process from mouth dissolving film.

Stability Study of Mouth Dissolving Film of

Furosemide

The stability study aims to observe the formulation
quality, which fluctuates under certain environmental
factors like temperature, relative humidity (RH), and
light of which storage conditions are to be established.
The International Conference of Harmonization
(ICH) Guidelines specified the length of study and
storage conditions. Stability studies were carried out
by placing the film in storage at 25°C+2°C/60+5%RH
and 40°C+2°C/75+5% RH for six months. The effects
of temperature and time on the F6 formulation were
evaluated. Parameters like folding endurance, surface
pH, weight variation, % drug content, disintegration

time, and release rate were analyzed (Sahu et al., 2018).
RESULT AND DISCUSSION
UV spectra of Furosemide

10 mg furosemide was accurately weighed
(Shimadzu Corporation - EL2204, Japan) and
dissolved in 100 mL phosphate buffer pH 6.8 in a
volumetric flask and obtained the concentration of
100 pug/mL. Further dilutions were made to obtain a
concentration of 10 ug/mL and scanned using a UV
visible spectrophotometer (Shimadzu-1601, Japan),

and Amax was found to be 272nm.
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Figure 1. UV Spectra of Furosemide

Solubility Study of Furosemide is practically insoluble in aqua and freely soluble in
Solubility of furosemide in different solvents acetone, and methanol, while 15% glycerine possesses
good solubility. The solubility data were expressed in

Table 2.

was done by dissolving it in various below solvents

separately. The conclusion shows that furosemide

Table 2. Solubility of Furosemide in Different Solvent

S.NO Solvent Solubility of Furosemide (mg/ml)
1. Water 0.01825+0.008
2. 0.1 N HCL 0.0570+0.003
3. Dimethyl formamide(DMF) 0.0792+0.001
4. Sodium citrate 0.129+0.009
5. Sodium acetate 0.239+0.005
6. Phosphate buffer (pH 6.8) 1.6500 +£0.001
7. Sodium benzoate 2.157+0.003
8. 15% glycerin 14.6600+0.007
9. Dimethyl sulfoxide(DMSO) 30+0.002
10. Acetone 50+0.007
11. Methanol 50 +0.009

Solubility result of furosemide in various solvents shown as mean +$.D.(n=3)
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Compatibility and

Excipients by FT-IR

study of Furosemide

The drug excipient compatibility study was
performed by FT-IR spectrometer (Nicolet-380,
Madison, USA) to

compatibility . No drug-polymer interaction was

Thermo Scientific, ensure

observed between the drug and excipients in the
entire FT-IR spectrum. The observed peaks indicated
the stable nature of furosemide with pullulan and
other excipients. The FT-IR spectrums of furosemide,
pullulan, and physical mixture of formulation were

represented in Figure 2 (a), (b), and (c).

Figure 2. FT-IR Spectrum of Furosemide (a), Pullulan (b) Physical Mixture of Prepared F6 Formulation (c)

FT-IR spectra of pure furosemide are shown in
Figure 2 (a). The prominent IR absorption peak of
furosemide was attributed to 3647.51 cm-!, indicating
O-H hydrogen
N-H stretching, peaks near 3147.05 cm™ showed C-H
stretching. It also indicated N-H bending at 1672.34
cm’. The carbonyl group indicated as stretching

stretching. 3286.81cm-'represent

at 1568.18 cm-!, and the sulfoxide group showed
asymmetric stretching at 1263.44 cm™. FT-IR spectra
of pure pullulan are shown in Figure 2 (b). The
prominent IR absorption peaks of pullulan at3423 cm
indicated O-H hydrogen stretching. Peaks near 2928
cm™” attributed to C-H asymmetric stretching. Peaks
1636 cm™, 1460 cm™ indicated as C=0 stretching. The
glycosidic bond represented as stretching and rocking
at 928 cm’, 849 cm’, 757 cm’'. The FT-IR spectra
of the physical mixture of the prepared formulation
were found to be recorded and represented in Figure
2 (c). The band at 3423 cm™ was attributed to O-H
stretching vibration. The absorption band 2928 cm
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was also represented for C-H vibrations of stretching
and bending. Wave numbers between 1700-1200
were attributed to C-O and C-N stretching vibration
due to the presence of protein. Region of glycosidic
bond vibration was found at 1058 cm™ while 849 cm™

represents carbohydrate group presence.
Sensory Evaluation

Results from trial studies showed that film is
transparent, clear, soft, without air bubbles, uniform
in thickness, colorless, and easily removed from a petri
dish. It exhibits a shinning and glossy appearance with
no stickiness, sufficient hardness, and proper plasticity
due to the adequate amount of pullulan, glycerol, and
lepidium sativum used. Pullulan at 45-55%, glycerol
at 14-17%, and 11-14% lepidium sativum form a
nontacky, uniform, transparent, and clear film. With
less amount of pullulan 5-45%, the film’s surface
did not form. Less than 14% glycerol and less than
10% lepidium sativum negatively impacted the film’s

hardness. It possesses no stickiness in film’s but has no
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clarity. In contrast, the films prepared with more than
55% pullulan, more than 17% glycerol, and more than

14% lepidium sativum form tacky, turbid, and rigid or

Table 3. Sensory evaluation result

brittle film (Choi et. al., 2018). The sensory result was
noted in Table 3.

S.NO. Batch Surface appearance Stickiness Film clarity
L F1 Film did not form Non-sticky -
2. 2 Film did not form Non-sticky --
3. F3 Film did not form Non-sticky -
4. F4 Film formed is loose Non-sticky Non-clear
5. F5 Semitransparent film Non-sticky Clear
6. F6 Uniform and transparent film Non-sticky Glossy
7 F7 Brittle Sticky Muddy
3. F8 Brittle Sticky Muddy
Film Thickness film breakage was observed. In contrast, more than

Calibrated micrometer (Al-

Anwar traders, Mumbai, India) was used for the

screw  gauge

determination of film thickness. With little pullulan
concentration from F1 to F3, no film was formed.
Hence, no thickness was observed. In F4 and F5,
the film developed was loose and semi-transparent,
respectively with no sufficient thickness. In
comparison, The F6 formulation possessed proper
thickness with the appropriate pullulan concentration
of 55%. But with more than 55% pullulan in the F7 and
F8 batches, the film formed was too thicky. That’s why
F6 was considered best formulation in the context of
thickness. The result of film thickness was expressed

in Table 4.

Folding Endurance
type (Fibretec
Roorkee-247667, Uttarakhand, India) was utilized to
estimate the film’s brittleness. Folding endurance was
analyzed that batch FI to F3 film had no flexibility

due to very low glycerol, Lepidium sativum and

Schopper tester Instrument

pullulan concentration. Then, slightly increased the
concentration of the above ingredients in the F4,
F5, and F6 batches and improved the films as the

F6 formulation possessed exact flexibility and no

17% glycerol and 14% lepidium sativum with higher
pullulan concentrations give a brittle film. Hence,
the F6 was our best formulation in terms of folding
endurance. The Folding endurance result was noted
in Table 4.

Moisture Content

Accurate moisture content capacity was observed
in formulation F6 because pullulan exhibits suitable
moisture retention properties in between 40-55% of
the pullulan amount. There is no effect of glycerol and
Lepidium sativum on the formulations. The result data
of moisture content of furosemide film was noted in
Table 4.

Surface pH

A digital pH meter with electrode (Chemiline-
CL110, Aqua mart, Kolkata, India) was utilized to
estimate pH, ultimately to check whether the film
exhibits irritation to oral mucosa. All the films had
almost near neutral pH but F6 had pH near to saliva
pH. There is no effect of the above ingredients on
pH observation. The result of the pH of furosemide
mouth dissolving film was noted in Table 4.

Weight Variation

Analytical balance (Shimadzu Corporation -
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EL2204, Japan) ensured that a film contained the
proper amount of excipients and furosemide. The
weight variation of the films is directly proportional
to the amount of pullulan, glycerol, and lepidium
sativam used. As we enhanced the concentration of all
ingredients, the weight of the film was also enhanced.
But batch F6 had the least weight variation due to
sufficient amount of pullulan, glycerol, and Lepidium
sativum used. The weight variation of furosemide film
was noted in Table 4.

Drug Content

Drug content was detected by withdrawing the 1
mL sample from 100 pg/mL solutions diluted to 10
mL with phosphate buffer pH 6.8, and analyzed by
UV-spectrophotometer (Shimadzu-1601, Japan) at

Table 4. Evaluation result of Film Thickness

272 nm wavelength. The drug content uniformity of
furosemide film was showed in Table 4.

Disintegration Time

The test was performed by the petri dish method
to ensure the onset of action of furosemide film.
Pullulan, glycerol, and Lepidium sativum are all
widely attributed to disintegrating properties of films.
With very low concentrations, they had a negative
impact on disintegration. But the film of the F6 batch
was produced with sufficient disintegration time with
an adequate concentration of contents used, such
as 55% pullulan, 17% glycerol, and 14% Leidium
sativum, which exhibit proper film dissolution. The
disintegration time of the furosemide film was noted
in Table 4.

S. Batch Film Thickness | Folding | Moisture Content | Surface | Weight variation | Drug contents | Disintegration
NO. (mm) endurance (%) pH (mg) (%) Time (Sec)
1. F1 0.005+0.01 97+1 12.30+0.07 6.4+04 55.21+0.31 92+0.48 3245
2. F2 0.07+0.01 98+5 13.01+0.12 6.2+0.7 57.71+0.22 88+0.36 37+2
3. F3 0.08+0.02 110+6 14.13+0.40 6.4+0.3 62.31+0.44 86+0.53 43+4
4. F4 0.09+0.01 94+3 13.24+0.12 6.3+£0.22 57.41+0.38 87+0.23 35+4
5. F5 0.09+0.02 101+4 15.15+0.27 6.7+0.5 63.71+0.17 95+0.51 28+3
6. F6 0.11+0.02 114+2 10.11+0.33 6.9+0.1 60.21+0.77 97+0.57 23%5
7. F7 0.12+0.01 99+1 10.44+0.16 6.7+0.15 66.21+0.29 89+0.35 47+4
8. F8 0.15%0.01 95+2 14.23+0.58 6.5£0.3 57.21+0.56 89+0.46 50£3

The thickness result is shown as mean +S.D.(n=3), which determines that thickness of the film increases with increasing amount of

pullulan. F6 has proper film thickness with appropriate concentration. The folding endurance result is shown as mean +S.D.(n=3), which

expresses the exact brittleness of the film. The folding endurance of the film increases as the amount of plasticizer and polymer increases.

F6 shows better mechanical properties like flexibility and strength. Moisture retention result is shown as mean +S.D.(n=3). F6 has proper

moisture retention with a proper concentration of pullulan. Surface pH results are expressed as mean +S.D.(n=3) and there is no effect

of pullulan concentration on film pH, but pH was near to neutral. Hence, no irritation to mucosa occurred. The weight variation result is

presented as mean * S.D.(n=3,) which shows that the amount of pullulan increases, and weight of the film also increases. Drug content

results are expressed as mean + S.D.(n=3), which estimated that F6 possessed the strength of furosemide remains within its specified

limit. The disintegration time of each film was measured in triplicate as mean + S.D. (n=3). The amount of pullulan above 55% showed an

increase in disintegration time, but an increase in plasticizer concentration decreased disintegration time.

In vitro Dissolution Study

The test was analyzed through USP apparatus I,
Basket apparatus (Electrolab- ERD 07, Mumbai) to
explore the rate of drug dissolution (Zayed et. al.,
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2020). The dissolution profiles of the furosemide
mouth dissolving film were presented in Figure 5, and

result was recorded in Table 5.
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Table 5. Dissolution Profile of Mouth Dissolving Films

&‘ﬁs F1 F2 F3 F4 F5 F6 F7 F$
0 Nil Nil Nil Nil Nil Nil Nil Nil
1 34.54+0.13 | 20.35:043 | 25.07+0.46 | 32.7+0.22 | 29.24+0.29 | 27.52+0.37 | 34.18+0.56 | 30.94+0.49
2 6322+0.31 | 46.47+0.28 | 46.65+0.47 | 67.5240.32 | 64.49+0.35 | 48.29+0.54 | 62.02£0.67 | 60.32%0.36
4 8214047 | 57.98+0.12 | 78.63+0.36 | 88.21+0.28 | 83.74=0.23 | 83.88£0.76 | 59.08+0.88 | 87.630.35
6 85.96£0.22 | 62.98+0.45 | 8557+0.34 | 92.45:0.29 | 89.4140.26 | 92.83+0.39 | 94.02+0.07 | 92.15:0.73
8 91.26+0.40 | 91.44+0.09 | 92.45+0.29 | 94.59+0.33 | 94.79+0.17 | 98.75+0.09 | 96.55+0.39 | 95.47+0.08

The dissolution rate of different sets of furosemide mouth dissolving film was performed by a Basket Dissolution apparatus (USP Type

I) at temperature of 37 °C and 50 rpm. The results are shown as Mean+SD (n=3).

With increasing lepidium sativum concentration,
disintegration
enhances the drug release. The release rate of
furosemide was enhanced with pullulan (45 to 55%),

which spread the hydrophilic chain around the matrix

time
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Figure 3. % Cumulative Drug Release v/s Time Plot in Phosphate Buffer pH 6.8

increases,

which ultimately

6

—+—FD1
FD2
—&—FD3
FD4
—e—FD5

—k—FD6

—+—FD7

—FD8

TIME (MIN)

drug, which allows the drug release at a slow rate.

system. F6 formulation showed a rapid release of
98.75+0.09 within 8+0.4 min. However, the release
profile was decreased at a higher percentage of polymer

and disintegrating agent by forming a layer around the
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In vitro drug release kinetics

In vitro release data of kinetic models like zero-

order, first-order, and Higuchi models were analyzed

Table 6. In vitro drug release kinetic data

to describe the release kinetics. The regression values

of all formulations were noted in Table 6.

S.NO. Batch Zero order First order Higuchi model
1 F1 0.930 0.956 0.964
2 F2 0.884 0.960 0.943
3 F3 0.923 0.955 0.968
4 F4 0.886 0.973 0.960
5 F5 0.833 0.960 0.953
6 F6 0.862 0.976 0.930
7 F7 0.921 0.914 0.905
8 F8 0.928 0.974 0.975

The best model for the furosemide mouth dissolving film release pattern was determined as per the regression data,for the

dissolution study, basket dissolution apparatus (USP Typel) was employed. Values are presented as mean+SD (n = 3).

To analyze the release kinetic model, the in vitro
release study was performed according to zero order,
first order, and diffusion-controlled mechanism
through a simplified higuchi model. A certain
mechanism was based on the coefficient to determine
the parameters studied. If the highest coefficient of the
determination is observed, it is favoured for selecting
the order of release. Release of all the formulations
followed first-order kinetics exhibited a diffusion-
controlled mechanism as indicated by the highest

coeflicient of determination (R?). It was found that the

optimized formulation F6 follows first order-kinetic

system as it has the highest value of R

Stability study of Mouth Dissolving Film of
Furosemide

The developed pullulan-based film of furosemide
was evaluated for stability studies. The evaluated
parameter showed that no notable changes were
found in the prepared film. As per the data gathered
during six months of storage, it was recapitulated that
the fabricated film formulation was stable, and the

stability study result was recorded in Table 7.

Table 7. Stability Study of Mouth Dissolving Film of Furosemide.

Evaluation parameters Observation in months
Initial 25°C+2°C/60+5%RH 40°C+2°C/75+£5% RH
0 2 4 6 2 4 6

Weight variation (mg)* 60.21+£0.77 | 60.09+0.61 | 59.98+0.22 | 59.28+0.87 | 60.18+0.67 | 59.88+0.56 | 59.21+0.25
Surface pH ** 6.9+0.19 6.9+0.55 6.8+0.89 6.8+1.0 6.9+0.51 6.8+0.24 6.8+0.09
Folding endurance ** 11442 113+1 112+ 3 11242 114+3 113£1 113£2
Drug content (%)** 97.57+0.57 | 97.62+0.21 | 97.51£0.11 | 97.25+0.51 | 97.68+0.78 | 97.33+0.29 | 97.12+0.18
Disintegration time (Sec)** 23+5 sec 23+7sec 24+8 sec 24+9sec 23+6 sec 2349 sec 24+5 sec
Cumulative drug release (%)*** | 98.75+0.12 | 98.54+0.51 | 98.22+0.18 | 97.98+0.88 | 98.78+0.41 | 98.73+0.57 | 98.26+0.59

* Each value represent the meantstandard deviation (n=20)

**Each value represent the mean + standard deviation (n=6)

*** Each value represent the mean + standard deviation (n=3)
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CONCLUSION

The present research amied to formulate and
develop mouth-dissolving oral film and evaluate its
different formulations of furosemide to achieve faster
drugrelease to control hypertension. Mouth-dissolving
films of diuretic drugs were found to be a better
option to control hypertension by way of fast onset
of action. Preliminary trials indicated better results
for sensory, mechanical properties, and disintegration
time. The in vitro release of the drug was found to be
98.75+0.09% within 8+0.4 minutes. The drug content
of the optimized formulation was found to be 97+0.57,
no significant difference in drug content was found,
and hence, the drug was uniformly distributed in the
film. Folding endurance indicates the film brittleness.
As concentration of pullulan & glycerol increased,
folding endurance also increased, affecting the overall
flexibility of the furosemide loaded mouth-dissolving
film. The higher value of folding endurance for film
proves that the films were strong enough to withstand
handling that is 114+2 folds. The in vitro disintegration
study indicates that the drug’s onset of action, 235
sec., was found because the increase in plasticizer
concentration decreased disintegration time in our
formulation F6. More than 14% of Lepidium sativum
enhances disintegration time, while between 10-
14% lepidium sativum exhibit proper disintegration
profile, and less than 10% possess a negative impact on
disintegration time. The mean thickness values for all
the batches were 0.07-0.12 mm, indicating uniform
cast of respective batches. The surface pH was in the
range of 6.5-6.9, close to saliva pH. F6 shows faster
release within 8+0.4 minutes. Glycerol also acts as co-
solvent hence, it enhances dissolution. Therefore, the
F6 formulation is considered as a best and can be used
as a fast dissolving oral film as novel drug delivery
method. It is a pullulan-based film that exhibits
desired moisture retention with faster disintegration
time. Due to speedy drug dissolution, it provides
quick effects and control hypertension. This film is
beneficial for patient convenience and compliance in

disease state.
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Investigation of the Effects of Oleuropein on Mouse
Detrusor Muscle Contractility
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Investigation of the Effects of Oleurapein on Mouse Detrusor
Muscle Contractility

SUMMARY

Oleuropein (OLE) is an important bioactive compound isolated
from Olea europacea L. (olive), the best-known species of the genus
Olea, which grows in the Mediterranean region and has many
biological activities. In this study, we aimed to investigate the effect of
OLE on isolated mouse detrusor smooth muscle (DSM) contractility.

OLE was isolated from Olea europaea L and the effects of OLE
on the contractility of DSM strips were investigated using in vitro
isolated organ bath systems. The relaxant effect of OLE (10°-10° M)
cumulatively on KCl-precontracted strips was evaluated. Moreover,

the effect of OLE (10 and 10° M) incubation on KCl-, carbachol
(CCh)- or electrical field stimulation (EFS)-induced contractile
responses of detrusor strips were assessed concentration-dependently.

OLE at higher concentration (10° M) relaxed KCl-precontracted
detrusor strips significantly. Moreover, the contractile responses
to KCI, CCh, and EFS were significantly decreased in the strips
preincubated with OLE (10° M) (p<0.05). Our results showed that
OLE decreased the contractility of isolated mouse detrusor strips in a
concentration-dependent manner and thus it would be a promising
agent in pathological conditions related to increased bladder
contractility such as overactive bladder. Additionally, further studies
are needed to elucidate the exact mechanisms of these effects of OLE.

Key Words: Carbachol, detrusor smooth muscle, isolated organ
bath, mice, oleuropein

Oleuropeinin Fare Detrusor Kasi Kasilmas: Uzerine Etkilerinin
Arastiriimast

0z

Oleuropein (OLE), Akdeniz bilgesinde yetisen ve bircok biyolojik
aktiviteye sahip olan Olea cinsinin en iyi bilinen tiirii olan Olea
europaea L. den (zeytin) izole edilen dnemli bir biyoaktif bilesiktir.
Bu ¢alismada Olea europaea L. den izole edlen OLE nin izole fare
detrusor diiz kas kontraktilitesine etkisini incelemeyi amagladik. OLE,
Olea europaea Lden izole edildi ve in vitro organ banyosu sistemi
kullanilarak izole fare detrusor diiz kas seritlerinin kontraktilitesi
iigerine etkisi incelendi. Kigmiilatif OLE(105-10° M) uygulamasinin
KCl ile on-kasilma olusturulmus detrusor seritleri iizerinde gevsetici
etkisi arastirilds. Ayrica OLE (107 ve 10° M) inkiibasyonunun
KCl, karbakol (CCh) ve elektriksel alan stimiilasyonu (EAS) ile
indiiklenen kasilma yanitlar: dizerine konsantrasyona-bagimly etkisi
degerlendirildi. KCl ile on kasilma olusturulmus detrusor seritlerinde
OLE, yiiksek konsantrasyonda (10° M) belirgin gevseme yanitina
neden oldu. Ayrica OLE (10° M) inkiibasyonu KCI, CCh ve EAS
ile indiiklenen kasilma yanitlarini anlamils olarak azaltts (p<0.05).
Elde ettigimiz sonuglar, OLE'nin izole fare detrusor diiz kas
kontraktilitesini konsantrasyona-bagimls olarak azalttsgini ve boylece
asirs aktif mesane gibi mesane kontraktilitesinin arttigs patolojik
durumlarda wmut vaat edici bir ajan olabilecegini gostermektedir.
OLE'nin bu etkilerinin mekanizmasinin aydinlatilabilmesi icin ileri
calismalarin yapilmas: gerekmektedir.

Anabtar Kelimeler: Karbakol, detrusor diiz kasi, izole organ
banyosu, fare, oleurapein
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INTRODUCTION

The Oleaceae family includes about 600 species of
deciduous trees and shrubs. The genus Olea, belonging
to the Oleaceae family, consists of 30 species, but Olea
europaea L. also known as olive tree is the best-known
species of the Olea genus, used as food and grown in
the Mediterranean region. Olea europaea is generally
grown in tropical and warm temperate regions of the
world. It is generally spread in the coastal regions
of the Eastern Mediterranean region. Today, 97% of
olive trees are located in Mediterranean countries,
including Tiirkiye (Ghanbari et al., 2012; Ozturk et al.,
2021). Mediterranean countries have been cultivating
olives since ancient times to obtain both oil and
medicinal compounds (Topuz & Bayram 2021).
The olive leaf extracts have been used for centuries
to protect human health against various diseases
(Ghanbari et al., 2012). The components responsible
for the biological activities of the leaves and fruits of
the olive tree are considered phenolic compounds and
it is known that their concentrations vary between
species. Olea europaea, which is widely distributed
in Tirkiye, contains dominant phenolic oleosides
such as oleuropein (OLE), demethyl-oleuropein,

ligstroside and oleoside (Omar 2010).

OLE is a phenolic iridoid glycoside, formed by
the combination of hydroxytyrosol, elenolic acid,
and glucose molecules, predominantly found in the
oil and leaves of the plant and it is responsible for
the diverse pharmacological effects of Olea europaea
(Hassen et al., 2015; Rahiman et al., 2019). OLE is
a phenolic secoiridoid formed by the combination
of hydroxytyrosol, elenolic acid, and glucose
molecules (Hassen et al, 2015). The antioxidant,
anti-inflammatory;, antimicrobial, antifungal,
anticancer, hypoglycemic, antihyperlipidemic and
cardioprotective effects of OLE have been shown in
several in vivo and in vitro studies (Carrera-Gonzalez
et al., 2013; Sepporta et al., 2014; Hassen et al, 2015).
OLE treatment also decreases blood glucose and

improves glucose tolerance in animal models of
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alloxan or streptozotocin-induced diabetes. It has
also been reported that OLE reduces the amount of
serum malondialdehyde, increases the amount of
reduced glutathione, and has an antioxidant effect
by increasing the activity of superoxide dismutase
(Qadir et al., 2016; Khalil et al., 2017).

The effects of OLE on vascular smooth muscle
contractility have also been investigated. Gilani et
al. determined that the leaf extracts of Olea europaea
had a hypotensive effect due to Ca** channel blocking
action and Scheffler et al. showed that OLE was
responsible for this effect (Gilani et al., 2005; Scheffler
et al., 2008). In addition, OLE was shown to have
a relaxant effect on the contractions induced by
phenylephrine in rat thoracic aorta preparations, and
endothelial-derived nitric oxide was found to mediate
the vasorelaxant effect of OLE (Ilic et al., 2021). In
rat gastric fundus, it was shown that OLE caused a
marked relaxation in the fundus muscle than other
dietary polyphenols, and nitric oxide (NO) formation
was responsible for this effect (Rocha et al., 2009).
However, the information about the effects of OLE
on urinary tract smooth muscle contractility is very
limited, and there is no study available reporting its

effect on detrusor smooth muscle (DSM) contractility.

Acetylcholine (ACh) is the main neurotransmitter
that regulates detrusor contractility. During the
ACh
receptors that mediate bladder contraction (Merril
et al., 2016). DSM relaxation is also mediated by the

release of catecholamines from sympathetic nerve

micturition phase, stimulates muscarinic

terminals and catecholamine-mediated activation of
B-adrenoreceptors (Propping et al., 2015). Various
ion channels play a major role in the activity of
bladder DSM such as voltage dependent calcium and
different types of potassium channels. It has been
found that voltage-dependent calcium channels allow
the calcium influx that results in bladder contraction
and it has also been reported that nitric oxide causes
relaxation by reducing intracellular calcium levels in
DSM (Andersson & Arner 2004; Petkov et al., 2011).
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Disturbances in the regulation of detrusor
contractility can cause bladder dysfunction, ranging
from bladder atony to overactive bladder related to
poor quality of life in patients. Currently, medical
treatment options for bladder dysfunctions are limited
and patient compliance problems may occur due to
the side effects of therapeutic agents (Marinkovic,
2019). Therefore, there is an urgent need for potential
therapeutics that can regulate bladder contractility

with adequate efficacy and appropriate safety profile.

In this study, we aimed to identify the potential
effect of OLE on the contractility of the mouse DSM.

MATERIALS AND METHODS
Chemicals

CCh (muscarinic agonist) was purchased from
Sigma Aldrich (St. Louis, Missouri, USA). n-hexane
(104368, Merck), methanol (24229, Riedel-De-
Haén), ethyl acetate (100864, Merck), TLC (silica
Jsp 5554, Merck)
were used. Silica gel 60 (Kieselgel 60, 70-230 mesh,
107734, Merck) was employed for open column

gel aluminum plates, SiO, 60 F

chromatography (CC).
(LiChroprep C18) (25-40 um, 09303, Merck) was
utilized for vacuum liquid chromatography (VLC).
CCh, KCl and OLE were dissolved in distilled water.

Reversed-phase material

Extraction and isolation of OLE

The air-dried and grounded leaves of O. europaea
(352 g) were extracted with 70% methanol (2 L) at 40
°C by a rotary evaporator under reflux. The procedure
was repeated four times, and the extracted materials
were filtered. The filtrates had been combined and
evaporated to dryness with a rotary evaporator at
40 °C under reduced pressure. The crude extract
(69.8 g, yielding 19.8%) was dispersed in a mixture
of methanol and water (1:9) and partitioned with
n-hexane and ethyl acetate, respectively, by using a
separatory funnel (Cifa et al, 2018; Otero et al., 2020).
The ethyl acetate sub-extract (26.7 g) was subjected to
VLC over reversed-phase material (LiChroprep C18),

and elution with increasing concentrations of MeOH

in H,O mixtures (in steps of 10% of MeOH, each 200
ml, fraction volumes 200 mL) as eluent, yielded 5
fractions (fractions A-E). The fractions obtained with
the elutions were monitored by the TLC system and
combined according to the TLC results. Fraction E
(11.3 g) was subjected to chromatographic separation
on a silica gel (100 g) column using CHCL,/MeOH
with increasing polarity (100:0 to 90:10 mixtures
and combined fractions afforded OLE (6.35 g). The
compound’s structure was determined by comparing
its spectroscopic data to those described in the
literature (Zun-Qiu et al., 2015).

Animals

Adult female Balb/C mice (6-8 weeks old) were
used in the study. The animals were housed in the
humidity and temperature-controlled (22+1°C)
rooms with access to food and water ad libitum.
The experimental protocol was approved by the
Institutional Animal Care and Ethics Committee
(Approval number: 2022/04).

DSM strips preparation

The mice were euthanized by cervical dislocation
then bladders were identified with abdominal incision
and then quickly transferred in Krebs-Henseleit
solution (mmol/L: NaCl 118, KClI 4.7, NaH_PO, 1.2,
MgSO, 1.3, CaCl, 2.5, NaHCO, 25 ve glucose 11). The
sphincter and trigon were removed and DSM strips
(3-4 mm long and 2-3 mm wide) were prepared
(Engin et al., 2022; Engin et al., 2023).

Contractility studies

The detrusor strips were placed in 30 mL isolated
organ baths with Krebs-Henseleit solution at 37 °C
and bubbled with carbogen (95% O, and 5% CO,)
during the experiments. To determine the tissue
contractility, strip was mounted to an isometric
force transducer (MAY FDT10A, Commat, Ankara,
Tiirkiye) attached to data acquisition/recording
system (BIOPAC MP 35, Goleta, USA). The strips
were placed organ bath under 1 g resting tension

then stabilized with the equilibrate period for 60 min.
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Strips were wash out with fresh bath solution every 20
min. After the equilibration period, DSM strips were
contracted with 80 mM KClI to confirm the viability
of the strips. All experimental procedures were set up
based on previous studies (Engin et al., 2022; Engin
etal., 2023).

Effect of OLE on KCl-precontracted DSM strips

To test the effect of OLE on DSM strips
precontracted with KCl, KCI (80 mM) was added
to the organ bath and the contractile response was
waited until it reached a plateau. Then cumulative
concentration-dependent responses of OLE (10
8.10° M) on DSM strips were recorded. The
relaxant response was reported as the percentage of

precontraction with KCL

Effect of OLE on KCl-induced contractions of
DSM strips

To investigate the effect of OLE on KCl-induced
contractions of DSM strips, the contractile control
response was obtained with 80 mM KCl. After a
washout period, the strips were incubated with OLE
at 10* M or 10 M for 20 min and then KCl-induced
contractile responses were repeated. The contractile
responses were reported as the percentage of maximal

control response.

Effect of OLE on CCh-induced contractions of
DSM strips

To understand the effect of OLE on CCh-induced
contractions of DSM strips, a cumulative response to
CCh (10%-10* M) was obtained as a control. Following
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an equilibration period, DSM strips were incubated
with OLE at 10* M and 102 M for 20 min and then
concentration-dependent contractile responses to
cumulative CCh were repeated. The responses were
expressed as the percentage of maximal control

contraction induced by CCh.

Effect of OLE on nerve-evoked contractions of
DSM strips

To determine the effect of OLE on the nerve-
evoked contraction of DSM strips, the contractile
responses were assessed by EFS before and after
the incubation with OLE (103 M) for 20 min at
the frequencies of 8, 16 and 32 Hz (50 V, 0.2 msec
duration) (Engin et al., 2023).

Statistical analysis

Data were expressed as the mean + standard error.
Statistical analysis was performed using GraphPad
Prism (Version 5.01; GraphPad Software, San Diego,
CA, USA). The differences between groups were
compared with student’s ¢ test or one-way ANOVA,
followed by Bonferroni multiple comparison test and

p<0.05 was considered statistically significant.
RESULTS AND DISCUSSION
Effect of OLE on KCl-precontracted DSM strips

OLE at low concentrations (10%-10* M) did
not produce a marked relaxation response in
KCl-precontracted DSM strips, while the highest
concentration of OLE (10~ M) produced a significant

relaxation response (Figure 1.).
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Figure 1. Effect of OLE on the contractility of DSM strips pre-contracted with KCI (80 mM) Data were
expressed as meantstandard error (n=4). (a) Representative trace showing the relaxant effect of OLE on
DSM strips pre-contracted with KCI. (b) Cumulative concentration-response curve of the inhibitory response
induced by OLE (10%-10° M) in KCI pre-contracted DSM strips.

Effect of OLE on KCl-induced contractions of there was a statistically marked decrease in the KCl-
DSM strips induced contractions after the incubation with OLE at

Preincubation with OLE at 10* M did not alter 107 M (Figure 2., p<0.001).

KCl-induced contractions of DSM strips. However,
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Figure 2. Effect of OLE incubation on KCl-induced contractions of DSM strips. Data were expressed as
meantstandard error (n=4). (a) Effect of OLE (10*, 10* M) incubation on the maximum contractile response
induced by KCl in DSM strips. Representative trace showing the effect of OLE incubation at (b) 10 M and (c)

10 M on the maximal contractile response induced by KCl in DSM strips. **p<0.001 significantly different

KCl (80 mM)

)
.

from the control, ** p<0.001 significantly different from the OLE (10 M).

Effect of OLE on CCh-induced contractions of

DSM strips

CCh-induced contractile responses of DSM strips
obtained following the incubation with 10* M OLE

were similar to the that of control, but a statistically
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significant decrease was found in the contractions
induced by higher concentrations of CCh (10~ and
10* M) after the incubation with 10* M OLE (Figure
3., p<0.001).
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Figure 3. Effect of OLE incubation on CCh-induced contractions of DSM strips. Data were expressed as
meantstandard error (n=4). (a) Concentration-response curves showing the inhibitory effect of OLE (10*,
10 M) incubations on CCh-induced contractions in DSM strips. (b) Effect of OLE (10, 10* M) incubation

on the maximum contractile response induced by CCh in DSM strips. ***p<0.001 significantly different from

the control, **p<0.001 significantly different from the control OLE (10 M).

Effect of OLE on nerve-evoked contractions of
DSM strips

tested, which was observed to reduce contractile
responses in previous experiments. After the

The contractile responses induced by EFS (8, incubation period with 10® M OLE, there was a
16 and 32 Hz) were evaluated in DSM strips after statistically significant decrease in 32 Hz-induced
incubation with the highest concentration of OLE contractions in EFS-induced contractions of DSM
strips (Figure 4., p<0.05).
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Figure 4. Effect of OLE incubation on EFS-induced neurogenic contractions of DSM strips. Data were

expressed as meantstandard error (n=4). (a) Effect of OLE (10~ M) incubation on the maximum contractile
response induced by EFS (8-16-32 Hz) in DSM strips. (b) Representative trace showing EFS-induced
contractions of DSM strips (b) in the absence (control) and (c) in the presence of OLE (10~ M). *p<0.05

significantly different from the control group.

In our study, we found that the highest
concentration of OLE (10 M) produced a significant
relaxation in KCl-precontracted DSM strips. In
addition, while there was no significant change in
KCl responses following OLE incubation at 10* M
compared to the control group, a significant decrease
was found in the KCl responses after the OLE
incubation at 10 M. Previous studies have shown that
leaf extract of Olea europaea mediated vasorelaxation
via inhibiting Ca** channel in aortic smooth muscle,
and OLE has been shown the primary bioactive
compound responsible for this effect. (Gilani et al.,
2005; Scheffler et al., 2008). In line with previous
studies, we concluded that high concentrations of
OLE may reduce DSM contractility via inhibiting
the voltage-sensitive Ca®* channels. We also showed
that the CCh-induced contractile responses following
the preincubation with OLE at 10* M were not
different from the control, but a significant decrease
was found in CCh-induced contractile responses
gg DSM strips after the preincubation with OLE at

10* M. The reduction of CCh-induced contractions
in the presence of OLE may be due to its direct
muscarinic receptor antagonist activity or its blocking
of intracellular signaling activated by the stimulation

of muscarinic receptors.

Detrusor neurogenic contractions are controlled
by neurotransmitters such as ACh and ATP via
muscarinic and purinergic receptor activation (Fowler
etal., 2008). In our study, we observed that incubation
with the highest concentration of OLE reduced EFS-
induced neurogenic contractions of DSM strips.
The mechanisms of the decrement in neurogenic
contractions caused by OLE in DSM should be
investigated in the presence of various antagonist

agents.
CONCLUSION

Disturbances in the regulation of detrusor con-
tractility can cause bladder dysfunction, ranging from
bladder atony to overactive bladder. Antimuscarinic

drugs and {-agonists are the major therapeutics used
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in the pharmacological treatment of overactive blad-
der, a common bladder dysfunction. However, cur-
rent pharmacotherapy for overactive bladder has in-
sufficient efficacy and several side effects (Marinkov-
ic, 2019). Therefore, studies are underway to develop
potential therapeutics that can regulate bladder con-
tractility with adequate efficacy and appropriate safety
profile. In light of our findings, we exhibited that OLE
reduces DSM contractility and may be a promising
agent in overactive bladder-like bladder dysfunction

following the exact mechanism of action clarified.
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Immunosuppressive and Ameliorative Effects of Dietary
Combined Herbs Extract of Curcuma zedoaria (Christm.)
Roscoe and Phyllanthus niruri L. in DMBA-induced Breast
Cancer Mouse Model

SUMMARY

Cancer continues to be the most prevalent health issue on a
worldwide basis. Each year, there is an increased number of new
incidence and mortality. Numerous approaches, such as medicinal
plant-based treatments, have been put out as therapies. In this
study, we aimed to evaluate the immunomodulation effect of dietary
combined herbs extract of Curcuma zedoaria and Phyllanthus niruri
(cheral) in  7,12-Dimethylbenz/ajanthracene (DMBA)-induced
breast cancer mouse model. The experimental mice were divided into
roughly six treatment groups, including administering cheral extract
with a series of doses including 1.233 mglkg BW, 2.466 mglkg BW,
and 4.932 mglkg BW. Flow cytometry analysis was performed to
evaluate immune parameters including NK cells, TNF-o. and IFN-
y-expressing NK cells, CD4* TNF-o*IFN=y* type 1 helper T cells,
and CD4*CD25* regulatory T cells population. In this present
study, we demonstrated that cheral extract exerts immunosuppressive
activity by attenuating the properties of the immune system, such
as NK cells, Th1 cells, and regulatory T cells in DMBA-inducing
mice to the normal levels. Thus, we suggested that cheral extract has
ameliorative potency as alternative or complementary therapy against
cancer incidence.

Key Words: Cheral, Curcumazedoaria, DMBA, Immunosuppressive,
Phyllanthus niruri

DMBA ile indiiklenen Meme Kanseri Fare Modelinde Curcuma
zedoaria (Christm.) Roscoe ve Phyllanthus niruri L. Kombine
Bitki Ekstrelerinin Immiinsiipresif ve Iyilestirici Etkileri

0z

Kanser diinya ¢apinda en yaygin saghk sorunu olmaya devam
etmekte, her yil yeni vaka ve Gliim oranlarinda arts yasanmaktadsyr.
Tibbi bitki bazls tedaviler gibi cok sayida yaklagim tedavi secenegi
olarak konmustur. Bu calismada, 7,12-Dimetilbenz/ajantrasen
(DMBA) ile indiiklenen meme kanseri fare modelinde Curcuma
zedoaria ve Phyllanthus niruri (cheral) kombine bitki ekstrelerinin
immiinomodiilator  etkisini  degerlendirmeyi  amagladik. Deney
hayvanlars, 1.233 mglkg VA, 2.466 mglkg VA ve 4.932 mglkg VA dahil
olmak iizere bir dizi dozla kombine ekstrenin (cheral) wygulandigs alt
tedavi grubuna ayrilds. NK hiicreleri, TNF-0. ve IEN-y eksprese eden
NK hiicreleri, CD4* TNF-0*IFN-y* tip 1 yardimer T hiicreleri ve
CD4*CD25" diizenleyici T hiicreleri popiilasyonu dabil olmak iizere
bagisiklik parametrelerini degerlendirmek icin akis sitometri analizi
yapildi. Bu calismada, kombine ekstrenin, DMBAy: indiikleyen
Jarelerde NK hiicreleri, Thl hiicreleri ve diizenleyici T  hiicreleri
gibi bagisiklik sisteminin zelliklerini normal seviyelere azaltarak
immiin baskilayic: aktivite gosterdigi saptands. Bu nedenle, kombine
ekstrenin kanser vakalarina kars: alternatif veya tamamlayicr tedavi
olarak iyilestirici giice sahip oldugunu diisiinmekteyiz.

Anabtar Kelimeler: Cheral, Curcuma zedoaria, DMBA,
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INTRODUCTION

Cancer is a broad term for a chronic condition
caused by uncontrolled cell proliferation. It is a
common disease primarily because of prolonged
unhealthy lifestyles like extreme high-calorie diets and
high levels of stress, exposure to carcinogens, genetic
factors, or a combination of those risk factors (Rock et
al. 2020). With more than 19 million newly diagnosed
cases and 10 million fatalities annually, it is regarded
as one of the leading causes of mortality and one of the
most important burdens on healthcare systems and
communities globally (Sung et al. 2021). However,
the death rate in America has decreased, although this
phenomenon may occur only in developed countries
with modern and competent healthcare systems and
greater ability for earlier diagnosis (Siegel et al. 2021).
Nonetheless, some reports indicate that the burden
of cancer incidence and mortality, particularly breast
cancer, is increasing significantly because breast
cancer has surpassed lung cancer as the leading
cancer diagnosed regardless of gender, with more
than 2.3 million new cases diagnosed in 2020 (Lei et
al. 2021, Sung et al. 2021). It accounts for more than
30 percent of the projected new cases in the United
States alone during the previous two years among
women (Siegel et al. 2022, 2021)the American Cancer
Society estimates the numbers of new cancer cases
and deaths in the United States and compiles the most
recent data on population-based cancer occurrence
and outcomes. Incidence data (through 2018, while it
accounts for roughly 12% of cases globally, with over
7% of recent fatalities recorded (Sung et al. 2021). One
in every eight women in the United States is at risk of
developing invasive breast cancer, which can spread to
other organs, and one in every 36 women dies from the
disease (Britt et al. 2020). Breast cancer patients must
be treated as soon as they are diagnosed. Delaying
therapy for just three months after the first diagnosis
may result in a worse prognosis because breast cancer
can progress swiftly into more severe stages. However,
in low-to-middle-income nations, most cases are

identified later, either locally advanced or metastatic
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the chances of survival are very high (Ginsburg et
al., 2020). However, women in many settings face
complex barriers to early detection, including social,
economic, geographic, and other interrelated factors,
which can limit their access to timely, affordable, and
effective breast health care services. Previously, the
Breast Health Global Initiative (BHGI). Because of
its complexity, there is currently no universal cure for

every type and subtype of cancer.

The immune system plays a vital role in developing
and eliminating cancer. It is frequently associated
with a persistent inflammatory response. Both innate
and adaptive immune components carry out this
reaction. It is considered the primary component
of the tumor microenvironment, together with the
tumor itself, surrounding capillaries, fibroblasts,
2020).

Cancer and its surrounding microenvironment are

and extracellular matrix (Henke et al.

inextricably linked and continually interact. Tumors
can impact the microenvironment by releasing
extracellular signals, boosting tumor angiogenesis,
and establishing peripheral immunological tolerance,
whereas immune cells in the microenvironment
can influence malignant cell proliferation and
development (Korneev et al. 2017, Ghoshdastider et
al. 2021). Cancer immunosurveillance is the process
by which immune cells continually monitor the tissue
to detect and eradicate cancer or pre-cancer cells that
exhibit or lose specific surface markers. This method
involves several immune cells, including natural
killer (NK) cells, macrophages, dendritic cells (DC),
helper T cells, and cytotoxic T cells. Furthermore,
the immune cells and tumor cells involved produce
cytokines, chemicals that carry out intercellular
communication in the immune system (Henke et al.
2020, Ghoshdastider et al. 2021).

Because they influence the evolution of chronic
inflammatory disorders such as cancer, NK cells are
critical components of the inflammatory response. It
is an important part of tumor immunosurveillance
(Tosello-Trampont et al. 2017, Parisi et al. 2017,
Zhang et al. 2021). It is the CD8 T cell equivalent of
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innate immunity, which means it may kill tumor cells
in the absence of antigen-presenting cells (APCs)
by acting directly as cytolytic effector lymphocytes.
Resting NK cells are activated to attack cancer by a
multi-step signaling mechanism that needs numerous
ligations of molecules expressed on their surface.
Multiple apoptosis-inducing pathways are triggered
by the contacts, including the release of granules
containing perforin and granzymes, stimulation of
apoptosis via Fas-FasL or TRAIL-TRAIL ligand, and
different cytokine and chemokine releases (Zhang
et al. 2021, Fang et al. 2018). After activation, NK
cells secrete cytokines such as interferon-y (IFN-y),
tumor necrosis factor-o. (TNF-a), granulocyte-
macrophage colony-stimulating factor (GM-CSF),
and chemokines such as CCL1, CCL2, CCL3, CCL4,
CCLS5, and CXCLS, which can modulate and activate
adaptive immune response effector cells to eliminate
cancer cells (Paul & Lal 2017, Marischen et al. 2018).
TNF-a and IFN-y, whose primary role is activating
NK cells’ Iytic capabilities in response to aberrant
type I IFNs and other inflammatory cytokines. When
NK cells detect cancerous cells, they release cytotoxic
granules containing perforin and granzyme, causing

cancer cells to undergo apoptosis.

Tumor-infiltrating lymphocytes (TILs) have been
identified as a biomarker of anti-tumor response in
breast cancer. TIL subsets such as CD4* or CD8*
T lymphocytes can identify tumor antigens and
kill tumor cells. CD4* helper T cells are primarily
involved in tumor immunology and are functionally
categorized into Thl, Th2, and Th17 cells based on
secretory cytokines and immunologic activities (Zhao
et al. 2019, Lee et al. 2019). Thl helper cells boost
macrophage and cytotoxic T-cell responses. The IL-
12 generated by antigen-presenting cells in response
to antigenic stimulation promotes the polarization of
helper T cells into the Th1 subset, which activates the
signal transducer and activator of the transcription
4 (STAT4) pathway. They primarily generate pro-
inflammatory cytokines, including IL-1, IL-2, IL-
12, TNF-0, and IFN-y, which are linked to a better
prognosis in cancer patients because they mediate the

anti-tumor action. Thl cells’ IFN-y may attract and
activate additional NK cells at the tumor site (Wculek
et al. 2020, Powell et al. 2019). Another important
component in anti-cancer inflammatory responses is
regulatory T cells, a subpopulation of T cells identified
by the expression of CD4, CD25, and FOXP3,
expressing highly immunosuppressive activity
against anti-tumor immune responses, explicitly
downregulating induction, and proliferation of
effector T cells. Because of these qualities, tumor cells
secrete CXCL1, CCL2,and CCL20 to attract additional
regulatory T cells to the tumor location. They then
block the anti-tumor responses from cytotoxic cells
by secreting immunomodulatory cytokines such as
IL-10, IL-35, and TGF-f (Jean Baptiste et al. 2022,

Togashi et al. 2019, Ohue & Nishikawa 2019).

This delicate balance of immune cells in TME
has become an attractive area of research, as has the
effect of giving bioactive components from diverse
herbal and culinary plants. The majority of these
studies advocate for a shift in the immune cell balance
toward pro-inflammatory cells by promoting helper
T cell polarization to the Thl phenotype, recruiting
and promoting the expansion of NK cells as well as
their activities, as well as inhibiting T cell polarization
to the Th2 phenotype and reducing the activity of
regulatory T cells. As a result of the administration
of numerous bioactive chemicals, the immune system
has been altered by decreasing cancer-promoting
factors. Those findings are supported by research on
Withania somnifera, Panax genus, Rhodiola rosea,
Coriolus versicolor, and Lentinula edodes (Venturella
et al. 2021, Li et al. 2017, Jean Baptiste et al. 2022,
Dubey et al. 2021). However, a study focused on
Korean red ginseng suggests that it suppresses the Th1
responses by inhibiting Th1 polarization promoted by
IL-12 produced by DC (Cho et al. 2019).

Cheral,

(Curcuma

a combination of Zedoaria rhizome
(Christm.)

chamberbitter (Phyllanthus niruri L.), is our major

zedoaria Roscoe) and
focus in this study. Indigenous societies frequently
claim that they have anti-cancer effects. However,

research on that combination and its impact on
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immune cells during cancer is limited. Previous
research on C. zedoaria and Phyllanthus extracts
suggests that the extracts’ bioactive compounds could
remodel the immunosuppressive TME by decreasing
Treg infiltration and differentiation and increasing
NK cell activity, particularly cytotoxicity, inhibiting
IL-2/IL-2R signal-dependent Treg cell differentiation,
and preventing metastasis and EMT in the TGF-1-
induced signaling pathway. However, the majority
of their processes remain unknown (Hou & Fang
2021, Li et al. 2021, Oh et al. 2018, Subramaniam et
al. 2019, Tendean & Riwanto 2021, Tjandrawinata et
al. 2017). Meanwhile, research reveals that a bioactive
ingredient in Phyllantus suppresses B and T cell
proliferation and the down-regulation of Th1 (IL-2
and IFN-y) and Th2 (IL-4) cytokines and CD4* and
CD8* cells (Nisar et al. 2018). Therefore, we studied
cheral for its potential use as a curative agent for breast
cancer using immunity parameters based on the
relative quantity of NK cells, CD4TNF-a, CD4IFN-y,
and T-regs in the spleen of the mice model represents

the immune response against cancer.
MATERIAL AND METHODS
Experimental design and sample preparation

Combined herbs extract of C. zedoaria and P
niruri which is called cheral was obtained from
Makassar. Pathogen-free female mice were ordered
from LPPM, Gadjah Mada University, Yogyakarta.
About 24 female mice weighing approximately 20
grams and aged 7-8 weeks were used in this study.
The experimental mice underwent an acclimatization
procedure for a week. The cages were cleaned daily,
and food and water were provided daily, ad libitum
(Putra & Rifa’i 2020).

A completely randomized design was performed
in this study. The treatment was divided into six
groups with four replications. Except for the negative
control, all of the mice were injected with DMBA
(Tokyo Chemical Industry, Japan) for six weeks to
induce breast cancer formation. The DMBA group as
a positive control was left untreated after the cancer
induction (Putra & Rifa’i 2019). The first treatment
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group was treated with cisplatin (Dankos Farma-
Kalbe Medika, Jakarta) 1 mg/kg BW by subcutaneous
injection as a control treatment. The second, third, and
fourth treatment group was treated orally with cheral
with 1.233 mg/kg BW (CE1); 2.466 mg/kg BW (CE2);
and 4.932 mg/kg BW dosage (CE3), respectively for 14
days. The Research Ethics Commission of Brawijaya
University issued a declaration of ethical conduct for
this study, with reference number 925-KEP-UB.

Immunostaining and flow cytometry analysis

This study’s immunostaining and flow cytometry
analysis were based on our previous protocols (Putra
et al. 2016; Putra et al. 2015). After the mice were
sacrificed, the isolated samples from the spleen were
mixed with 50 pl of extracellular antibody, such as
anti-NK.1.1, anti-CD4, or anti-CD25 (BioLegend,
USA) then incubated in the dark at room temperature
for 20 minutes for extracellular antibody labeling. The
solution was then incubated at room temperature for
20 minutes with 50 pl of cytofix (BioLegend, USA).
Afterward, 500 pl of washperm (BioLegend, USA)
was applied and incubated at room temperature for
20 minutes before centrifugation. The solution was
centrifuged, and the separated pellet was treated with
50 pl of intracellular antibodies such as anti-TNF-o
or anti-IFN-y (BioLegend, USA) for 20 minutes at
room temperature. All solutions were then diluted
with 300 pl of BSA-supplemented PBS before being
transferred to a cuvette for flow cytometry analysis
(FACS Calibur™). Further, an in silico study related
to the evaluation of chemical interaction with specific
proteins was performed through the STITCH (http://
stitch.embl.de/) database (Putra et al. 2023, Putra et
al. 2017).

Data and statistical analysis

The data on the relative numbers of NK cells, TH1
cells, and regulatory T cells were obtained via flow
cytometry analysis and statistically analyzed using
SPSS software version 22.0 for Windows. The gathered
data will be evaluated using a normality test to see
whether it is regularly distributed and a homogeneity

test to see if it is homogenous. The data variance was
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then determined using a one-way ANOVA followed
by Tukey’s Honestly Significant Difference test with a
95% confidence.

RESULTS and DISCUSSION

Immunosuppressive effect of cheral extract
toward NK cells expression

According to the flow cytometry analysis, each
treatment groups proportion of NK cells produced
different outcomes (Figure 1A and 1C). The average
relative number of NK cells in negative controls
was 3.02%, lower than the DMBA treatment, with a
mean relative number of NK cells as high as 3.86%.
Furthermore, the cisplatin treatment group had an

average relative number of NK cells of 4.07%, higher

than the positive control group. The increase in the
relative number of NK cells is suggested due to the
response of immunocompetent cells against cancer
cells, which need a higher number of NK cells to
eliminate the cancer cells. Conversely, cisplatin used in
this treatment can suppress cancer-causing mutations
by stopping DNA replication, specifically in the DNA
adducts segments. Meanwhile, the cheral treatment
groups showed continuously lower NK cells’ relative
number as the treatment dose increased. The CE1 group
has an average of 3.16%, the CE2 group has an average of
3.03%, and the CE3 group has 2.48%. Among the cheral
treatments, it did not result in a significant difference as
the dose progressed. However, this cheral group’s result

is insignificant compared to negative control groups.

Figure 1. Inmunomodulatory effects of cheral extract toward NK1.1* natural killer cells (A and C) and
NK1.1*TNF-o*TFN-y* natural killer cells (B and D) in DMBA-induced mice. The results were shown as the
mean * SD. Results were considered significant at p < 0.05. Different alphabetic symbols on the graph indicate

a significant difference.
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Cheral extract attenuates the relative number of
NK Cells expressing TNF-a and IFN-y

TNF-o and IFN-y are the two major pro-
inflammatory cytokines expressed by NK cells. The
proportional levels of TNF-a and IFN-y expressed by
NK cells yielded varied results in each treatment group
(Figure 1B and 1D). The increasing inflammatory
response resulting from DMBA induction in the
positive control group resulted in a rising relative
number of activated pro-inflammatory cytokines, the
TNF-a and IFN-y, with an average of 60.62%, higher
than the negative control, which has an average
number of 45.57%. The average relative levels of
TNF-o and IFN-y in the cheral treatment group also
decreased compared to the positive control group.
Moreover, the CEl group has an average relative
amount of TNF-o and IFN-y, around 55.67%, whereas
the CE2 group has 55.61%. Those two groups had
insignificantly different average numbers of TNF-a
and IFN-y compared to each other. Thus, we proposed
that those two groups have similar treatment effects.
The CE3 group had an average relative level of TNF-a
and IFN-y as low as 49.81%, significantly lower than
the two lower dosages. Compared to other treatments,
the CE3 group has a lower number of NK cells and
their expression of TNF-o and IFN-y.

Cheral extract constricts the relative number of
CD4'TNF-o'TFEN-y* type 1 helper T cells

The cisplatin and cheral treatment groups reduced
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the relative number of CD4"* T cells expressing the pro-
inflammatory cytokine TNF-a*IFN-y*, also known as
Thl, except for the CEl. According to the statistical
results, the positive control group had a higher
proportion of Thl cells than the untreated group.
There was no significant difference in the number of
Thl cells between the cherals and cisplatin treatment
groups (p>0.05). The most significant decrease in the
relative number of CD4*TNF-a'TFN-y* cells occurred
in the CE2 and CE3 groups, which demonstrated
close results to the negative control (Figure 2A and
20C).

Cheral extract reduces the relative number of
CD4'CD25" regulatory T-cell population

The results showed that the relative number of
regulatory T cell populations in breast cancer model
mice increased significantly (p<0.05) compared to
the normal group (Figure 2B and 2D). The increase
in the relative number of CD4*CD25* T cells in the
cancer model may be attributed to the inflammation
in cancer patients. Subsequently, a large quantity of
tumor antigens presented by MHC II on the surface
of the APC cells, causing an increase in population
and activation of CD4*CD25* T cells, promoting
the further proliferation of immunocompetent cells.
Compared to the cancer group, cheral treatment
group also showed a significantly lower relative
number of regulatory T cell populations (p<0.05). The
highest cheral dose treatment outperformed cisplatin

or other cheral doses.
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Figure 2. Inmunomodulatory effects of cheral extract toward CD4'TNF-a*IFN-y* T cells (A and C) and
CD4+*CD25" effector T cells (B and D) in DMBA-induced mice. The results were shown as the mean + SD.

Results were considered significant at p < 0.05. Different alphabetic symbols on the graph indicate a significant

difference.

The rise in the DMBA-induced groups NK cell
population might be due to the early phases of
immunosurveillance mediated by NK cells (Buque et
al., 2020). This happens because NK cells constantly
monitor the tumor site and recognize growing
malignant cells lacking certain self-antigens, such
as MHC class I. Tumor cell activation of surface
receptors such as CD16, NKG2D, NKp46, DNAM-
1, 2B4, NTB-A, and CRACC is also followed by
the recognition of missing MHC class I, which
triggers the cytotoxic mechanism as well as cytokine
production. TNF-a, IFN-y, and IL-2 generated by
CD4" cells, particularly Thl, attract more NK cells

and encourage limited proliferation, increasing their
population size as the immune system tries to limit
tumor progression (Liu et al. 2021, Meza Guzman et
al. 2020). The interaction between the carcinogenic
DMBA and cytochrome P-450, on the other hand,
promotes DNA adduction and activates a detoxifying
process, boosting ROS generation since it transforms
DMBA into DMBA-3,4-diol, indicating the existence
of free radicals (Mazambani et al. 2019)individual
differences in the susceptibility to xenobiotic-induced
breast cancer remain unclear. Since epigenetic
modifications could control the expression of

metabolic enzymes, our goal was to determine whether
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epigenome modulated metabolic networks determine
susceptibility to xenobiotic-induced breast cancer.
The effect of epigenetic background on predisposition
to carcinogen 7,12-dimethylbenz(a. Because NK

cells are extremely vulnerable to ROS, an increased

concentration of ROS in the TME might result in cell
dysfunction as well as triggering apoptosis, favoring
an immunological escape mechanism (Kotsafti et al.
2020, Wang et al. 2021).

Figure 3. The immunomodulatory role of cheral extract in DMBA-induced breast cancer mouse model

According to certain research, providing bioactive
substances may boost the cytotoxic activity of NK
cells against tumor cells. Most studies, however,
imply that administering bioactive compounds
tends to increase the number of NK cells because
the bioactive compounds encourage hematopoietic
stem cells that develop into NK cells to mature
quicker while promoting NK cell proliferation
(Huijskens et al. 2015). The findings might imply

that administering cheral, which includes many
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antioxidants, could reduce oxidative stress generated
mainly by ROS, hence improving conditions in the
tumor microenvironment (Figure 3). Meanwhile,
lower ROS content in the tumor microenvironment
may improve NK cells’ cytotoxicity and ability to
eliminate cancerous cells because the nature of NK
cells is susceptible to oxidative stress, particularly in
the tumor microenvironment, resulting in a lower
number of NK cells required to eliminate cancerous
cells effectively (Whiteside 2020, Wang et al. 2021).
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The significant rise in both cytokines appears to
be unrelated to the number of NK cells. Even though
we cannot identify the subset of NK cells from the
mice, based on the results obtained, the increase
of both cytokines in DMBA-induced mice is likely
due to the more dominant subset of NK cells being
cytokine-producing NK cells rather than cytotoxic
NK cells, which are thought to have lower cytotoxicity
but actively express TNF-a and IFN-y. Furthermore,
the NK cell subgroup appears to have not yet reached
the fatigued phase. TNF-o continues to cause cancer
cell death by activating caspase 8. At the same time,
IFN-y urges DCs to trigger robust CTL responses and
further sensitize the cancer cells to NK cytotoxicity by
cytotoxic NK cells (Zhengetal. 2019, Wang et al. 2012).
In the cisplatin treatment group, the average relative
quantity of TNF-a and IFN-y was lower than the
positive control group, at 56.29%. We cannot pinpoint
the cause of the decrease. However, it is believed to
relate to cisplatin’s antineoplastic properties, which
interferes with DNA repair mechanisms, primarily
in the adducted segment, causing DNA damage and
subsequently lowering the number of cancer cells
via apoptosis the immune responses by the NK cells
(Ghosh 2019).

Typically, the lower number of NK cells and
their expression of TNF-a and IFN-y indicate higher
tumor incidence and further tumor progression
because it reflects that the NK’s function has been
impaired. These results contradict other research,
favoring a higher number of NK cells and their pro-
inflammatory cytokine expression (Tjandrawinata et
al. 2017, Hou & Fang 2021, Lee & Cho 2018, Sabry et al.
2019).However, another study stated that curcumin,
a dominant bioactive compound in C. zedoaria,
inhibits the IFN-y synthesis in NK cells by blocking
STAT1 signaling in human pancreatic cancer cells and
upregulating the STAT4 and STATS5, which promotes
cytotoxicity of the NK cells (Lee & Cho 2018, Fiala
2015, Grudzien & Rapak 2018). The research focuses
on an ethanol extract of Phyllanthus and found that
it significantly reduced the release of IFN-y, TNF-q,

IL-1, IL-2, and IL-6. It is claimed that corilagin in
the extract significantly inhibited the production of
pro-inflammatory cytokines and mediators such as
TNF-0, IL-1, IL-6, NO (iNOS), and COX-2 at the
protein and gene levels via NF-«B pathway inhibition.
However, this mechanism occurred in cultured cancer
cells rather than NK cells (Yuandani et al. 2013, Jantan
et al. 2019). It is suggested that the administration of
cheral could lower the synthesis of both inflammatory
cytokines while enhancing the cytotoxicity of the NK
cells, which means shifting the population of NK
cells towards the cytotoxic NK cells rather than its
cytokines-producing counterparts and directly killing

the cancer cells.

The higher number of Th1 in the cancer group is
driven by a higher concentration of T-cell stimulating
factors, particularly the IL-12 secreted by APCs such
as DC. The DCs acquire process and present tumor-
associated antigens (TAAs) on MHC molecules in
the TME and provide co-stimulation and soluble
factors to shape T cell responses. These soluble
factors, including IL-12 and IFN-y, promote T helper
polarization towards the Th1 phenotype and increase
its relative number (Wculek et al. 2020). The high
relative number of Thl could induce a high degree
of anti-tumor responses mediated by the release of
pro-inflammatory cytokines and higher recruitment
of NK cells to the TME, as mentioned in the previous
chapter. Meanwhile, a high concentration of TNF-a
in the tumor microenvironment triggers a signaling
cascade that activates NF-kB, initiating the expression
of anti-apoptotic genes such as TRAF1 and TRAF2
that could promote tumor survival (Tang et al
2017). Excessive pro-inflammatory cytokines can
promote tumor growth through angiogenesis and cell

migration (Esquivel-Veldzquez et al. 2015).

The exact reason why the cisplatin treatment
group exhibits a significantly lower number of
Thl cells remains unclear. A study suggests that
cisplatin downregulates the expression of PD-

L2 in DC cells, subsequently enhancing cytokine
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synthesis that promotes Thl polarization, as well
as dephosphorylation of STAT6 required for Th2
polarization (Galluzzi et al. 2015, Boustani et al. 2021)
accumulating evidence indicates that the efficacy of
conventional and targeted anticancer agents does not
only involve direct cytostatic/cytotoxic effects, but
also relies on the (re, which seems contrary to our
results. However, another study suggests that cisplatin
induces IL-10 synthesis by activating DC’s p38 MAPK
and NF-xB signaling pathways, promoting Th2 cell
polarization and inducing DC to adopt a tolerogenic
phenotype. Balance shifting towards Th2 promotion
hinders the Thl cell proliferation and polarization
(Kim et al. 2016). Because of cisplatin’s initial
deployment as a cytotoxic drug directly targeting the
cancer cell is thought to induce cell death by forming
crosslinks in DNA in fast-proliferating cells and
initiating apoptosis (Raudenska et al. 2019). It also
kills the cancer cell by increasing the expression of the
Fas receptor, which recruits a variety of proapoptotic
proteins, including caspase-8, to create the death-
inducing signaling complex upon stimulation by FasL
(Peter et al. 2015, Raudenska et al. 2019). These effects
by cisplatin could lower the number of cancer cells,
which also reduces the response of DC to promote
helper T cell polarization towards the Th1 phenotype

trying to eliminate the cancer cells.

The information about the effects of administering
C. zedoaria, P. niruri, or a combination of both towards
the population and activity of Th1 cells could possess
a similar effect as cisplatin, acting as a cytotoxic
agent against cancer cells. A study suggested that
a-curcumene contained in C. zedoaria extract could
activate the caspase-3 and caspase-9 pathways by
releasing cytochrome ¢, inducing apoptosis (Shehna
et al. 2022). Similarly, a study showed the alkaloid
content of Phyllanthus plant called securinine and
allosecurinine exerts anti-proliferation activity in
several cancer cells. Further, the securinine induces
apoptosis through cell cycle arrest activation in HeLa
cells (Stefanowicz-Hajduk et al. 2016). Other studies
also suggest that C. zedoaria and Phyllanthus extract
100

could induce apoptosis in cancer cell through down-
regulation of Bcl-2, which act as an inhibitor of Bax
and Bak, leading to cytochrome c-induced apoptosis
(Lourembam et al. 2019). These mechanisms directly
reduced the cancer cell count, simultaneously lowering
the immune cell responses involved in TME, such as
APCs, CTL, helper T cells, and NK cells. It could be
predicted that a lower number of TAA recognized by
the DCs could lead to the lower synthesis of the Thl
polarization agent, decreasing the number of Th1 cells
in the TME (Wculek et al. 2020, Kim et al. 2016).

TNF-a is also released by macrophage-induced
phagocytosis in human malignant mesothelioma.
It can increase cell viability, reduce abscess-induced
cytotoxicity, and may increase the assemblage
of abscess-damaged mesothelium cells prone to
malignant transformation. It also contributes to
tumor initiation by increasing the production of
genotoxic molecules, such as NO and ROS, which can
cause DNA damage and mutations. Its expression has
also been linked to an increased risk of other types
of cancer, including bladder cancer, hepatocellular
carcinoma, gastric cancer, and a poor prognosis
in many hematological cancers. TNF-a promotes
tumor progression rather than tumor initiation by
promoting angiogenesis and metastasis and impairing
immune surveillance by strongly suppressing many
macrophage-activated T-cell
responses (Cai et al. 2017, Kawanishi et al. 2017).

cytotoxic activity
TNF-0 expression increases CXCL1/2 production
by tumor cells via the NF-kB activation cascade by
releasing an inflammatory modulator protein that can
activate the p70S6K protein and the ERK1/2 signaling
pathway, providing an advantage for primary tumor
cell survival and cell metastasis (Ni et al. 2021). The
ILs, TNF-0, and IFN-y regulate immune function,
inflammatory response, and other physiological
and pathological activities. These cytokines regulate
cell survival, proliferation, and differentiation by
signaling through the Jak/STAT and NF-«B pathways.
When ILs and IFN bind to their cognate receptors,
Jak Kinase activates and phosphorylates the STAT
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protein, allowing STAT dimerization and nuclear
translocation. The NF-«kB proteins, including p50,
P52, RelA/p65, and RelB, function as dimers and
are typically inactively maintained by IkB proteins.
Extracellular stimuli, such as TNF-a secretion, cause
IkB degradation, releasing the NF-kB complex. The
active NF-kB protein enters the nucleus and interacts
with STAT, a transcription factor that regulates a
wide range of target genes involved in this process.
The TGF-B, with its numerous and critical functions
in the immune system, is involved in many ILs,
TNF-a, and IFN-y signaling cascades by regulating
the bioavailability and signal transduction of these
cytokines. These factors, in turn, influence TGF-f
activity in various ways (Esquivel-Veldzquez et al.
2015). The TNF-a binds to two receptors, TNFR1

and TNFR2, to initiate a signaling cascade that results
in transcriptional regulation of mediators important
in tumor cell survival, invasion, angiogenesis, and
impaired immune system surveillance. However,
the primary receptor mediator of TNF-a in tumor
promotion is TNFRI (Tang et al. 2017). On the
other hand, the cheral treatment group reduced the
relative number of macrophage cells that secrete
both pro-inflammatory cytokines because it contains
polyphenol and flavonoid antioxidants, reducing
free radical concentration and activity of anti-
inflammation and anti-malignancy properties. These
bioproperties are not cytotoxic to normal cells, while

the anti-cancer effects are limited to tumor cells.

Figure 4. Cisplatin-proteins interaction network analysis. Several proteins showed in the network analysis

have responsibility for cancer development and progression.

The CD4*CD25* T cell population can modulate
the immune

autoimmunity, inflammation, and malignancies. This

system’s response to infection,
regulatory T cell typically helps the immune system
maintain homeostasis (Okeke & Uzonna 2019).

Cancer cells will exploit the Treg population, which

has immunosuppressive properties by inhibiting the
activity of dendritic, CTL, and NK cells, resulting in
continuous immunological invasion and hastening
the development of breast cancer (Jean Baptiste et al.
2022, Togashi et al. 2019, Ohue & Nishikawa 2019).
Another study discovered that the cancer mouse
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model had more regulatory T lymphocytes in the
spleen and lymph nodes than normal mice, which is
commonly associated with poor prognosis (Riaz et
al. 2017). This phenomenon is expected in the escape
phase because tumor cells secrete chemokines such as
CXCLI, CCL2, CCL5, CCR6, and CCL20 to recruit
more Treg cells into the TME while also promoting
Treg cell proliferation (Togashi et al. 2019, Ozga et
al. 2021, O’Donnell et al. 2019). Recirculating Treg
cells express a high number of IL2R (CD25), which

is highly important for its development because it

would actively bind to IL-2, hence inhibiting the
immunological response to malignant cells or the
environment by lowering the production of cytokines,
which also play a role in tumor growth suppression
(Chinen et al. 2016). Increased CD25 expression
in the CD4* T cell population is primarily due to
increased ROS synthesis in the TEM by cancer cells
and TAMs during oxidative stress, dampening the
immunological response to the cancer cells (Chen,
Han, et al. 2015).

Figure 5. Map visualization of Cisplatin’s biological response in the body. The map showed multiple

biological processes were affected by Cisplatin.
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Cisplatin groups show a lower number of Treg cells
in the spleen compared to the DMBA-induced group.
Although the exact molecular mechanism is unclear,
it is suggested that a lower number of Treg cells in
this group is correlated to cisplatin’s lymphopenic
characteristic which has a direct negative impact on
actively proliferating cells, including the Treg cells
(Heeren et al. 2019). The fact that the number of
Treg cells remains higher than the negative control
suggests that the surviving cancer may be feeding the
mechanism driving the elevated Treg levels (Chen, et
al. 2015).

Cisplatin is an organometallic platinum complex
with two chlorine and amine atoms next to one
another (Brown et al. 2019). Commonly, patients
who have been diagnosed with lymphomas, breast,
testicular, ovarian, head and neck, cervical, and
sarcomas are still given cisplatin and other platinum-
based drugs such as oxaliplatin and carboplatin as
first-line medication (Mortensen et al. 2020). Cisplatin
has been shown to affect many oncogenes involved in
cancer development and remission directly (Figure
4). In addition, various biological processes, including
the apoptotic signaling pathway, double-strand break
repair, and oxidative stress response, are involved in

the impact of cisplatin (Figure 5).

Generally, cisplatin’s cytotoxic mechanism is
triggered by its interaction with DNA to produce
adducts, which induces apoptosis or programmed
cell death (Siddik 2003). After entering the cell,
cisplatin exerts its lethal effect by losing one chloride
ligand, binding to DNA to generate intra-strand DNA
adducts, and limiting DNA synthesis and cell growth.
DNA lesions resulting from cisplatin-induced DNA
damage stimulate DNA repair via NER (nuclear
excision repair system) by inhibiting cisplatin-
induced cell death via the ATM (ataxia telangiectasia
mutated) pathway. Since cisplatin-induced DNA
damage activates many signal transduction pathways
that can facilitate or inhibit apoptosis, investigations

have demonstrated that gene p53 is also related to

DNA damage and repair (De Laurenzi & Melino
2000, Lin & Howell 2006).

These similar outcomes suggested an effect
of curcumin that reduced the relative amount
of regulatory T cells and its activity by down-
regulating CTLA-4, a protein on their cell surface,
and interacting with CD80 molecules, causing
signal transduction from Treg cells, and FOXP3
which important for T cells differentiation (Paul &
Sa 2021, Bose et al. 2015). A study also suggests that
curcumin could transform Treg cells into Thl cells
through downregulating FOXP3 and upregulating
IFN-y synthesis (Shafabakhsh et al. 2019). Curcumin
could also inhibit the nuclear translocation of p65 and
cRel in the regulatory T cells population (Burge et al.
2019). The chamber bitter contains phytochemicals
such as Phyllantin and flavonoids, which have the
potential to modify and activate the immune system.
Previous research has demonstrated that flavonoids
can lower the expression of CD25 and IL-2 molecules,
scavenging free radicals, lowering ROS levels, and
inhibiting NF-kB activation, resulting in reduced pro-
inflammatory cytokines such as IL-1p, IL-2, IL-6, and
TNF-o (Leyva-Lopez et al. 2016).

CONCLUSION

In this present study, we demonstrated that
cheral extract exerts immunosuppressive activity by
attenuating the properties of the immune system,
such as NK cells, Thl cells, and regulatory T cells in
DMBA-inducing mice into normal levels. Further
research needs to be carried out, especially to
determine the broader effects on the immune system
and the specific mechanism of action from cheral

extract in treating cancer.
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Metronidazole Loaded Novel Microemulsion Formulation
Jor Topical Delivery and Characterization With Validated
New UPLC Method

SUMMARY

The purpose of the study is to develop metronidazole (MET)
containing microemulsion systems for topical application, to overcome
limitations of local antibacterial treatments. For preparation
of drug loaded microemulsions pseudo-ternary phase diagram
technique was applied. IPP as oil phase, Span 80 and Cremophor
EL as surfactant, ethanol and propylene glycol as co-surfactant and
distilled water was used as aqueous phase. Globule size ranging
between 126.8+2.8 to 150.8+1.6 nm and PDI between 0.21+0.02
to 0.35+£0.06 were obtained. Zeta potentials of the formulations
measured as 0.48+0.08 — 0.68+0.14 mV and conductivity was
between 0.5£0.0 and 0.6£0.0, implicating the formation of wlo
emulsions. A UPLC method was developed and validated according
to the ICH Q2 (R1) guideline, for quantification of MET, and
drug content was calculated as 99.18+0.08 — 99.33+0.12%. MET
release of 80.62+0.86% for S,, .. and 62.06£1.08% for S, ..
Jormulations at 24h, indicated the control over the MET release by
the microemulsions. After 3. and 6. months, no difference observed
in physicochemical properties of microemulsions, and MET release

showed similar profile; implicating the good stability of formulations.

Key Words: Metronidazole, microemulsion, release kinetics,

stability, topical delivery, UPLC.

Topikal Uygulama igin Metronidazol Yiiklii Yeni Mikroemiilsiyon
Formiilasyonu ve Valide edilmis Yeni UPLC Yontemi ile
Karakterizasyonu

0z

Bu ¢calismada, lokal etkili topikal antibiyotik wygulamalarinda
tedavi kisitlarini - agmak  amacwyla - metronidazol (MET) igeren
mikroemiilsiyon formiilasyonlarinin gelistirilmesi amaglanmaksadyr.
Mikroemiilsiyon formiilasyonlar: iicgen faz diyagram: teknigiyle
hazirlanmis olup; yag fazi olarak IPR yiizey etkin madde olarak
Span 80 ve Cremophor EL, yardimct yiizey etkin madde olarak
etanol ve propilen glikol kullanilmas, ve su faz: olarak distile su ilave
edilmistir. Uretilen mikroemiilsiyonlarin damlacik boyutu 126.8+2.8
- 150.8£1.6 nm, PDI degerleri 0.21£0.02 - 0.35+0.06 arasinda
kaydedilmis olup; zeta potansiyelleri 0.48+0.08 — 0.68+0.14 mV ve
iletkenlikleri 0.5%0.0 and 0.6£0.0 arasinda olup yag icerisinde su
tipinde emiilsiyon olusumunu isaret esmektedir. Metronidazol miktar
tayinini gereklestirmek amacryla gelistirilen UPLC metodu, ICH
Q2 (R1) friterlerine gire valide edilmis, ve mikroemiilsiyonlarn
MET igerigi %99.18+0.08 — 99.33+0.12 olarak tespit edilmistir.
S iy Jormiilasyonunun %80.62+0.86 ve S,, . formiilasyonunun
%62.06+1.08 salim gerceklestirdigi belirlenerek, mikroemiilsiyonlarin
24 saat boyunca kontrollii MET salimz sagladsgs gisterilmistir. Ayrica,
3. ve 6. ay sonunda mikroemiilsiyonlarin fizikokimyasal ozelliklerini
korudugu ve MET salim profillerinin degismedigi tespit edilerek,
Jormiilasyonlarin iyi stabilite gosterdikleri tespit edilmigtir.

Anabtar Kelimeler: Metronidazol, mikroemiilsiyon, salim

kinetigi, stabilite, topikal uygulama, UPLC.
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INTRODUCTION

The major barrier for topical delivery is the
complicated structure of the skin. Stratum corneum
is the topmost layer of the skin, is constituted of dead
cells, and this layer is a potential barrier to dermal
applied drugs and limits their penetration. The stratum
corneum functions as a barrier to hydrophilic drugs
and macromolecules. On the contrary, lipophilic
molecules can penetrate the intercellular lipids via
the transcellular route. The primary obstruction is
caused by stratum corneum to penetration of the
drug. To overcome this obstruction, many nanosized
drug delivery systems have been designed (Benson et
al.,, 2019). Producing a novel therapeutic molecule is
not only expensive and time-consuming, but it also
frequently fails. However, enhancing these drugs
bioavailability, efficacy, or safety through a various
methods may be a more coherent way to use them in
the clinic. The researchers have thoroughly investigated
several strategies, including stimulant-sensitive
targeted pharmaceutical therapy, drug conjugates,
therapeutic drug monitoring, and various drug delivery
systems (Oztiirk & Aygiil, 2020; Oztiirk et al., 2020).
The efficiency of the topically applied antimicrobial
drugs depends on the formulation’s ability to overcome
the stratum corneum barrier, and provide therapeutic
activity in the affected area. So, nanosized drug
delivery systems aiming to enhance topical penetration
are essential to increase it's antimicrobial efficacy.
Nanosized drug delivery is also preferred to improve
solubility of the drugs, to minimize side effects and
toxicity, to provide higher drugloading and to increase
the bioavailability (Nagula & Wairkar, 2019).

Metronidazole (MET) is a commonly used
antibacterial agent in the nitroimidazole class. MET
can be used in oral, intravenous and topical dosage
forms, and its cutaneous application focuses on the
rosacea (Dallo et al., 2023).
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Although MET provides antibacterial and
antiprotozoal activity, it's molecular weight and low
lipophilicity limits it’s activity in topical applications
(Dwipayanti et al., 2022). Also, topical antibacterial
applications include several disadvantages including
drug associated contact dermatisis as a common
side effect, minimal depth of penetration resulting in
efficacy in only superficial infections, and concerning

wound impairment (Bandyopadhyay, 2021).

To overcome these limitations, drug delivery

systems for topical application have evolved
from simple solutions and creams; to multiphase
nanotechnologies, in recent years. They include
microemulsions, nanoemulsions, liposomes,
niosomes, solid lipid nanoparticles, and dendrimers.
Microemulsions are thermodynamically stable liquids;
simple and optically isotropic systems constituted by
oil, surfactants and water (Tiwari & Sivakumar, 2022).
Dueto content of surfactants and oil components, these
drug delivery systems act as penetration enhancers,
and increase the transdermal absorption of the active
agent. Use of surfactant, cosurfactant and surfactant
mixtures to prepare microemulsions designed for
topical administration (Erdal et al., 2020), comprises
them in both aqueous and lipid phases; and would be

able to penetrate the skin.

Since microemulsions hold significant advantages
for topical drug delivery, application of antibacterial
agents by the microemulsion systems are well studied
in the literature. Pandey et al. (2014) established
a microemulsion based hydrogel system that
provides 5 hours of MET release for treatment of
periodontitis, while Tirnaksiz et al. (2012) developed
a microemulsion system providing 6 hours of MET
release for remission of rosaceae. The purpose of
the current study was to formulate and evaluate in
vitro characterization and stability of microemulsion
formulations maintaining MET release over 12 hours,

as an antibacterial agent.
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MATERIALS AND METHODS
Method validation of MET by UPLC

In this study, a new method was developed
according to theliterature and ICH criteria (Guideline,
2005; Oztiirk et al., 2018; Oztiirk et al., 2017).

Agilent Technology 1290 Infinity UPLC device
was used with reversed-phase Zorbax® Eclipse Plus
C18 gravity column (column length: 50 mm, column
diameter: 2.1 mm, particle diameter: 1.8 pm). Mobile
phase was consisted of 50:50 (v/v/v) acetonitrile:
methanol with 0.01 M KHPO,. Flow rate of the mobile
phase was 0.2 mL/min and volume of injection was
0.5 uL. The temperature of the column was set to 40°C

while a fluorescent detector was used at 318 nm.
Linearity

Analytes from a standard stock solution of 100
pg/mL of MET were prepared at nine different
concentrations between 1-20 pg/mL as six different
sets. Absorbance values of analytes were measured
to calculate MET concentrations. Calibration curve
was acquired by plotting concentration (x) versus
peak area (y); regression equation and the correlation

coefficient were calculated (n=6).

Limit of detection and limit of quantification

(sensitivity)

Detection and quantification limits of an analyte
with specified conditions, represent the methods
sensitivity. The calibration curve method was applied
to calculate the Limit of Detection (LoD) and Limit
of Quantitation (LoQ) values of the developed UPLC
method for MET quantification. By calculating the
standart deviation of y-intercept and slope of curve
as recommended by the ICH Q2 (R1) guideline,
following equations were used to determine LoD and

LoQ (Eq. 1, Eq. 2).
LOD = 3.3 x d/S (Equation 1)

LOQ =10 x d/S (Equation 2)

o0 = the standard deviation of the response and S =

slope of the calibration curve.
Accuracy

Accuracy was determined by calculating the
recoveries of known concentrations of MET. Analytes
of 10 pyg/mL, 30 pg/mL, 50 ug/mL of MET solutions
were analyzed and accuracy was determined as
the standard deviation of mean from the nominal

concentration (n=6).
Precision

Precision is the variance, standard deviation, or
coefficient of variation of a set of measurements in
the ICH Q2 (R1) guideline. Precision criterion was
verified by the repeated absorbance measurements
of 10 ug/mL, 25 pg/mL, 50 ug/mL concentrations of
MET, and expressed as the RSD% of the results (n=6).

Construction of pseudo-ternary phase diagram

Microemulsion systems must be consisted of
specific ratio of three constituents namely: oil, water
and mixture of surfactant and cosurfactant (S_, ).
To establish the exact ratio of these microemulsion
components, a pseudo-ternary phase diagram must
be constructed. The pseudo-ternary phase diagrams
were obtained by using water titration method at the

room temperature (Puri et al., 2017).

Isopropyl palmitate (IPP) was selected as an oil
component in the microemulsion systems (Alkholifi
et al., 2023). Span’ 80 and Cremophor EL were used
as surfactants (S), while ethanol and propylene glycol
were selected as the cosurfactant (CoS) in S/CoS weight
ratios of 1:1, 1:2, 1:3, 1:4, 1:5 and 1:6. As surfactants
Span 80 and Cremophor EL were used separately,
and as cosurfactants, ethanol and propylene glycol
were used in 1:1 ratio as a mixture. For fabrication of
pseudo-ternary phase diagram, the weight ratio of oil
to mixture of surfactant and cosurfactant at each S__
was varied as 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2,and 9:1,
respectively for development of 10 g microemulsion.
The mixtures were examined visually and classified as
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microemulsions, crude emulsions, or emulgels after
being equilibrated (Bharti & Kesavan, 2017; Chen et
al., 2007; Nandi et al., 2003).

Based on the microemulsion areas determined
from the constructed pseudo-ternary phase diagrams,
six formulations containing different proportions
of oil, water, and S_  were developed (Cevikelli
et al, 2020). Based on these diagrams, suitable
concentrations of constituents were selected and
utilised in preparation of microemulsions. The phase
diagrams have been created utilizing a computer
program; the area covered by these points was
assumed as microemulsion area and all trials were

done in triplicate.
Preparation of MET-loaded microemulsions

Pseudo-ternary phase diagrams were obtained to
decide suitable constituents, and their concentration
series that arose in a large microemulsion area were
chosen. Blank and MET-loaded microemulsions with
varied compositions were prepared after identification
of microemulsion area from the pseudo-ternary phase

diagrams.

The system was stirred using a magnetic stirrer
to ensure a thoroughly mix at 25°C. Oil and S__
mixtures were titrated, drop-by-drop, with double
distilled water while stirring until the mixture became
transparent. 'The microemulsions were protected
from the by storing in dark-brown bottles covered

with aluminum foil (Oztiirk & Giiven, 2019).

Physicochemical characterization of MET-

loaded microemulsions

The chosen formulations were taken under
the thermodynamic stability tests, in terms of the
centrifugation test and heating-cooling cycles.
Thermodynamic stability was assessed by the
procedure of three cycles between 4°C and 40°C with
storage at each temperature for 48 h were studied.
Also, the formulations were centrifuged at 3500 rpm

for 30 min.
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Globule sizes and zeta potential of the formulations
were measured using Zetasizer nano ZS (Malvern,
UK) at 25°C and polydispersity index (PDI) was
reported (Ekinci et al., 2022; Tilki et al., 2023).

The pH value of prepared microemulsion
formulations was determined at 25°C with a digital
pH meter. All measurements were done in triplicate
(Chavhan et al., 2013; Ramasahayam et al., 2015; Zhu
et al., 2008).

Drug content

MET-loaded

microemulsions were mixed with methanol and

To obtain a clear solution,
sonicated respectively. Following the sonication,
formulations were centrifuged at 1500 rpm for 5 min,
to yield a clear supernatant, which were injected to

the UPLC for quantification of MET.
In vitro release study

In vitro release studies of MET-containing
microemulsion formulations were conducted by the
dialysis bag method. The medium used in the release
study was phosphate buffer having 7.4 pH. All sets
were incubated at 37°C and were shaken at 100 rpm by
using a magnetic stirrer. The release medium volume
was taken for the study as 50 mL. The formulation (1
mL) was placed in a dialysis bag for the research, and
the drug release was evaluated for 24 h. At 0.5, 1, 2,
3,6,9 and 12, 24 h, 1 mL of samples were collected.
After samples being withdrawn at predetermined
time interval, release medium was replaced with an
equivalent amount of the fresh medium. The obtained
samples were then analyzed for MET quantification
by the UPLC. Three replicates were performed for
each formulation (Kumbhar et al., 2020; Talaat et al,,
2019).

Evaluation of release kinetics

DDSolver
program after obtaining the MET release profiles

Data were transmitted to the
to determine the four most important criteria:

coeflicient of determination (R?), adjusted coefficient
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), Akaike information

criterion (AIC), and model selection criterion (MSC).

of determination (R?
adjusted:

To compare various kinetic models, the lowest AIC
values, maximum R?, R?, dusied® and MSC values were
utilized (Oztiirk et al., 2021; Oztiirk et al., 2020).

Stability of microemulsion formulations

The

were kept at ambient temperature for six months,

optimized microemulsion formulations

and then the clarity, phase separation, globule sizes,
PDI, in vitro release, and concentration of MET were
investigated. Microemulsion samples were analysed

at 0, 3 and 6 months, respectively.
Statistical analysis

The collected data (n=3) were presented as

mean+S.D. The Student’s t-test was used to analyze

statistical data at the level of p<0.05.

RESULTS and DISCUSSION
UPLC method and validations
Linearity

Linearity of MET between 1-20 pg/mL was
studied and the regression equation was found to
be y=1,0232x - 0,3237 by plotting concentration (x)
versus peak area (y). The correlation coefficient (R?)
was determined as 0.9996 and found to be highly
significant and suitable (Caglar et al., 2022). Linearity
test results are given in Table 1 and regression curve is

shown in Figure 1.

Table 1. Sets and Area/RT values prepared for the linearity study

Conc AREA/Rt
(ug/mL) | gepq Set 2 Set 3 Set 4 Set 5 Set6 | Mean SD SE

1.0 0798 | 0906 | 0976 | 0908 | 0904 | 0.821 0.885 | 0064 | 0.026
25 2224 | 2354 | 2405 | 2323 | 2230 | 2194 | 2288 | 0084 | 0.034
5.0 4.401 4433 | 4702 | 4.691 4504 | 4417 | 4525 | 0137 | 0.056
7.5 7286 | 7522 | 7587 | 7.131 7107 | 7064 | 7283 | 0224 | o0.091
10.0 9910 | 9565 | 9979 | 9990 | 9982 | 9613 | 9840 | 0197 | 0.080
12.5 12922 | 12735 | 12446 | 12299 | 12754 | 12277 | 12572 | 0268 | 0.109
15.0 15233 | 15293 | 15107 | 14.886 | 15509 | 14700 | 15121 | 0.291 0.119
17.5 17.631 | 17.655 | 17265 | 17.263 | 17.453 | 17581 | 17475 | 0177 | 0.072
20.0 20580 | 20362 | 19.394 | 20.549 | 20720 | 19.611 | 20202 | 0558 | 0.228

Figure 1. Regression profile of MET.
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Limit of detection and limit of quantification

(sensitivity)

While LoD and LoQ parameters are interrelated,
they cover different properties for the analytic method
development and validation. As there are different
definitions to describe LoD and LoQ, generally LoD
refers to the minimum concentration in a sample
under the specified test conditions, but is not found to
be quantifiable. The term “LoQ” refers to the minimum
concentration of an analyte that can be accurately and
precisely measured under the required test conditions.
The detection and quantification limits are typically

determined using linear regression, signal-to-noise,

limit of blank, and precision-based techniques, as
well as blank determination (Guideline, 2005). Linear
regression method was applied to calculate LoD and
LoQ values for this study and found to be 0.9073 pg/
mL and 2.7494 pg/mL, accordingly.

Accuracy

As given in Table 2, recoveries of MET at different
concentrations were obtained between 100.4673 -
106.3123%, and relative standard deviation (RSD%)
values <2% were calculated for all concentrations
studied, which is the acceptance criteria, implicating
suitable accuracy for the UPLC method developed for
the MET (Caglar et al., 2022; Guideline, 2005).

Table 2. Accuracy results calculated for the 10 pg/mL, 30 pg/mL and 50 ug/mL of the MET

Area/RT Concentration
10 ug/mL 30 pug/mL 50 pug/mL 10 ug/mL 30 pug/mL 50 ug/mL
10.710 30.566 50.747 10.784 30.190 49.914
10.306 30.712 51.079 10.389 30.332 50.238
10.618 30.288 51.863 10.693 29.918 51.005
10.764 30.075 52.125 10.837 29.710 51.261
10.574 30.853 50.785 10.651 30.471 49.951
10.349 30.593 51.290 10.431 30.217 50.444
Recovery (%)
10 ug/mL 30 pg/mL 50 pg/mL

107.840 100.635 99.828

103.898 101.109 100.477

106.938 99.728 102.011

108.372 99.035 102.522

106.512 101.570 99.902

104.312 100.724 100.889

Recovery Mean (%) 106.312 100.467 100.938
Difference (%) 6.312 0.467 0.938
RSD 1.726 0.927 1.101
95% Confidence Interval 1.925 0.975 1.166
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Precision

Intermediate precision and repeatability results
were calculated for concentrations of 10 pg/mL, 25
pug/mL, 50 pg/mL of the MET to evaluate precision

parameter as recommended by the ICH to cover low,

middle and high concentrations of the range, and
given in Table 3. RSD% values < 2%, were found to be
suitable for ICH Q2(R1) guideline, and method was
foud to be precise (Guideline, 2005).

Table 3. Precision results of the 10 ug/mL, 25 ug/mL, and the 50 ug/mL of MET

Area/RT Concentration (10 ug/mL)
1*t Day 2" Day 3" Day 1*t Day 2" Day 3" Day
10.820 10.710 10.053 10.891 10.784 10.142
10.678 10.306 10.585 10.752 10.389 10.661
10.302 10.618 10.417 10.385 10.693 10.497
10.521 10.764 10.716 10.599 10.837 10.789
10.397 10.574 10.643 10.477 10.651 10.718
10.728 10.349 10.792 10.802 10.431 10.864
Mean 10.651 10.631 10.612
Standard Deviation (SD) 0.197 0.183 0.261
CoefTicient of Variation (RSD) 1.850 1.726 2.467
95% Confidence Interval 0.206 0.192 0.274
Area/RT Concentration (25 pg/mL)
1 Day 2" Day 3 Day 1*t Day 2" Day 3" Day
25.476 26.158 25.801 25.215 25.882 25.533
26.010 25.825 26.231 25.738 25.556 25.953
26.296 26.425 26.638 26.017 26.143 26.351
26.412 26.157 26.321 26.130 25.881 26.041
25.684 25.464 26.124 25.419 25.204 25.848
26.240 26.732 26.978 25.962 26.443 26.684
Mean 24.747 25.851 26.068
Standard Deviation (SD) 0.362 0.434 0.402
CoefTicient of Variation (RSD) 1.406 1.680 1.541
95% Confidence Interval 0.380 0.455 0.421
Area/RT Concentration (50 pg/mL)
1¢ Day 2" Day 3 Day 1*t Day 2" Day 3" Day
52.263 50.600 50.747 51.396 49.770 49914
50.401 52.667 51.079 49.575 51.790 50.238
50.816 51.403 51.863 49.982 50.555 51.005
49.574 50.606 52.125 48.767 49.776 51.261
51.225 52.373 50.785 50.381 51.503 49.951
49.433 53.412 51.290 48.630 52.518 50.444
Mean 49.789 50.985 50.469
Standard Deviation (SD) 1.039 1.130 0.555
Coefficient of Variation (RSD) 2.087 2.217 1.101
95% Confidence Interval 1.090 1.186 0.583
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Microemulsions development

A pseudo-ternary phase diagram for the
determination of microemulsion region can be
constructed by titration method. Constructing
a pseudo-ternary phase diagram is important to
establish the concentration range of ingredients for
the existence range of microemulsion. Microemulsion
system is formed when the interfacial tension between
water and oil interface is occured at deficient level.
This condition, resulting in a spontaneous dispersion
of water phase into oil phase. The pseudo-ternary
phase diagram is usually provided by an appropriate
selection of surfactants and cosurfactants and their
ideal proportions (Lawrence & Rees, 2012). Four
different S__ proportions were chosen (1:2, 1:3, 1:4,
1:5) using Span’ 80, ethanol and propylene glycol.
And then, four different S_._proportions were chosen
(1:1, 1:2, 1:3, 1:4) using Cremophor EL, ethanol and
propylene glycol. These proportions were created to
generate a pseudo-ternary phase diagram, shown
in Figure 2. It was observed that the area of the
microemulsion region increased as the surfactant/
cosurfactant mixture increased. This is probably due
to decreased interfacial tension and increased mobility
of the system. It was monitored that percentage area
of microemulsion area in the most of phase diagrams
was most wide-ranging at S/CoS weight ratio of 1:4
compared to others. After determining the Figure 2/c
and Figure 2/h shows the larger microemulsion area,
formulations used in the next experiments (Table 4)

were selected from the weight center of these diagrams
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(Oztirk & Giiven, 2019). Weight center of these
pseudo-ternary phase diagrams were coded as S and
S, formulations, and MET-loaded microemulsions
were produced based on these formulations (S
and S

2ME

IMET
» Tespectively).

Span 80 is a non-ionic surfactant that is
biodegradable and nontoxic with low irritant
properties. A surfactant for topical administration
must decrease the interfacial tension between the
oil-water interfaces and have convenient solubilizing
capacity for drug (Kogan & Garti, 2006). Cremophor
EL is a non-ionic surfactant with a high HLB value;
due its less hydrophylic nature, providing a high
solubilizing capacity of hydrophobic components
with strong emulsifying capacity (Zhang et al., 2020).
Due to their advantegous properties and common
applications in microemulsion formation, Span 80
and Cremophor EL were chosen as the surfactans in
this study.

Cosurfactant is a necessary constituent in the
This

reduces the interfacial tension between oil and water

microemulsion  development. component
phase and provide a small internal globule size
(Laothaweerungsawat et al., 2020). In our study, it
has been reported that lipophilic surfactants promote
water in oil (w/o) microemulsion formulations.
Propylene glycol was used as a vehicle for penetration
enhancement. And then, ethanol was chosen as
cosurfactant, because of short to medium chain
length alcohols are frequently used as co-surfactants

to improve the fluidity of interface (Okur et al., 2020).
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Figure 2. Pseudo-ternary phase diagram of microemulsions composed of oil, surfactant, cosurfactant and
water. (a, b, ¢, d; 1:2, 1:3, 1:4, 1:5 using Span’ 80, ethanol and propylene glycol) (e, f, g, h; 1:1, 1:2, 1:3, 1:4 using
Cremophor EL, ethanol and propylene glycol)
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Table 4. Composition of microemulsion formulations (%, w/w)

Code/ Cremophor Propylene
. IPP Water Span 80 | Ethanol MET
Formulation EL Glycol
S, 37.20 3.00 - 11.96 23.92 23.92 -
S iner 35.34 2.85 - 1136 | 22.72 22.72 5
S, 35.10 4.60 20.10 - 20.10 20.10 -
S ke 33.34 437 19.09 - 19.09 19.09 5

Physicochemical characterization of

metronidazole loaded microemulsions

Physicochemical characterization was required to
evaluate the effect of drug loading on microemulsion
properties. Visual evaluations of phase separation,
undissolved MET, transparency, and clarity of
microemulsion  formulations were performed
(Ustiindag Okur et al., 2019). The prepared blank and
MET-loaded microemulsions were clear, transparent,
liquid, single phase, no drug precipitation and with
homogeneous appearance (Lin et al., 2018; Ryu et al,,

2020).

Emulsions usually are thermodynamically unstable
systems and may separate when exposed to physical
tension. Although microemulsions are visually appear
to be homogeneous as a single phase system, in fact
they are two phased systems (Hashem et al., 2011).
Microemulsions were subjected to centrifugation and
heating-cooling cycles to support the absence of no
separation. After being subjected to centrifugation,
blank and drug-loaded formulations did not show any
sign of phase separation, which implicates the physical
stability of the microemulsion (Zhu et al., 2008).

It is well known that one crucial factor for drug
delivery systems is the vehicle’s globule size. Nano
globule size provides a larger surface region to interact
with the skin, leading to improved permeation of active
agents (Sita & Vavia, 2020). The globule sizes and PDI
of the prepared microemulsions were determined by
using the Dynamic Light Scattering technique. In this
technique, laser light hits the globules in the solution
and gets dispersed according to the size of the globules
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(Altaanietal.,2019). The results of the characterization
are summarized in Table 5. Globule size of blank
microemulsion formulations was found to be ranged
126.8+2.8 nm to 150.8+1.6 nm. The globule size for
S1,,., is 142.4+6.4 nm, while 2, _is 162.4+4.6 nm.
Globule sizes of MET-loaded formulations were
slightly larger than the blank formulations, yet the

difference was statistically insignificant (p > 0.05).

For monodispersed systems, the PDI index,
which measures the distribution of microemulsion
globules, is a dimensional number ranging from 0 to
1. Lower value expresses a size distribution of more
homogenous for microemulsions (Chavhan et al,
2013; Ramasahayam et al., 2015). All formulations
showed a PDI ranging from 0.21+0.02 to 0.35+0.06,

suggesting that they are monodispersed.

The pH was found to vary between 4.0 and 7.0
range, optimum for the skin treatment. It is clear from
Table 5 that microemulsion systems are within the
required physiological pH range accepted. This pH
close to skin pH, allows safe and nonirritating use of
this formulations as topical application (Hashem et
al,, 2011).

The zeta potentials of microemulsions were
obtained 0.48+0.08 - 0.68+0.14 mV that were being
towards neutral. It is established that the stability of
lipid based microemulsions containing nonionic
surfactants does not depend on the zeta potential
(Kumbhar et al., 2020).

Conductivity provides information about the
structure of a microemulsion. The literature reported

that the w/o type microemulsions stabilized by a
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nonionic surfactant has unimportant charge which
results in low electrical conductivity. The formulations
had conductivity values of 0.5£0.0 - 0.6+0.0 uS/
cm, near zero, which confirms the formation of w/o

type of emulsions (Tirnaksiz et al., 2012). Analysis

for drug content determination was taken by UPLC
method and the (%) drug content for microemulsions
were found within the suitable limits (99.18+0.08 -
99.3340.12 %).

Table 5. Characterization of microemulsion formulations (mean+SD, n=3)

.. Zeta Globule
Stor.afge Duration Code pH Conductivity potential size PDI Drug
condition (uS/cm) content
(mV) (nm)
S1 5.42+0.00 0.5+0.0 0.52+0.17 126.8+2.8 0.23+0.03 -
Fresh I ! S1,.r 5.34+0.00 0.5£0.1 0.48+0.08 142.4+6.4 0.26£0.02 | 99.18+0.08
res nitia
S2 4.98+0.00 0.6+0.0 0.64+0.12 150.8+1.6 0.21+0.02 -
S2, 0 4.86+0.01 0.6£0.0 0.68+0.14 162.4+4.6 0.24£0.01 | 99.33+0.12
b S1 0t 5.38+0.00 0.5£0.0 0.56+0.14 151.4+5.0 0.26£0.02 | 99.04+0.16
3 mont
Stored at 82, 4.92+0.00 0.60.0 0.68+0.17 | 1742%4.8 | 0.30+0.04 | 99.12+0.24
4C . S1,,,. 5.36+0.01 0.5£0.1 0.56+0.18 | 150.6£5.6 | 0.32+0.02 | 98.90+0.16
6 mont
S2, 0 4.98+0.02 0.6+0.1 0.65+0.10 170.7£5.0 0.35+0.04 | 98.84+0.18
b S1, 00 5.44+0.01 0.5+0.0 0.44+0.24 150.4+3.8 0.26£0.03 | 99.13+0.56
3 mont
St;gﬁ‘éat $2,.. | 4.87+0.03 0.6+0.0 0.62+0.17 | 158.7+62 | 0.32+0.02 | 99.03+0.32
b S1, e 5.38+0.01 0.5+0.1 0.48+0.11 155.7+8.8 0.33+0.04 | 98.92+0.22
6 mont
S2, 0t 5.02+0.00 0.5+0.1 0.62+0.15 162.6+8.6 0.38+0.08 | 97.84+0.48
b S1, 0y 5.48+0.01 0.5£0.1 0.42£0.26 156.4+8.4 0.25£0.03 | 98.90+0.24
3 mont
Stored at 82, 4.88+0.02 0.420.1 0.58+0.16 | 176.4+10.4 | 0.30+0.04 | 98.24+0.38
40°C . S1,,,. 5.410.01 0.5£0.1 0.46+0.13 | 164.09.3 | 0.33+0.02 | 98.14+0.20
6 mont
S2, 0 5.06+0.03 0.4+0.2 0.52+0.22 182.4£3.6 0.35+£0.06 | 97.76+0.58

In vitro metronidazole release study

Release profile is a significant parameter in the
development of w/o microemulsion for water soluble
drugs, because of depending on the solubility of the
drug (Kumbhar etal.,2020). The in vitro release of MET
from microemulsions was studied using the dialysis
bag method. The in vitro release profile of MET from
microemulsion formulation is represented in Figure 3.
As expected, two microemulsion formulations showed
a decrease in the amount of MET released as well as a
delay in the release rate in comparison with the drug
release from pure MET solution. The in vitro release of
pure MET was 98.19 + 1.22%, within 4 h. Cremophor
(62.66 *
1.08%) significantly showed the low drug release from

EL based microemulsion formulation S2, .

the dialysis membrane within 24 h. The release of the
S1,,;; formulation was found to be 80.62 + 0.86% at
the end of 24 h. Compared with the formulations,
pure MET solution has a rapid release rate, which
indicated that the release of metronidazole had been
significantly controlled by the microemulsions. Drug
release from the S2, . microemulsion was slower than

that from the S1 = microemulsion. As the reason

T
for this, incorporation of different surfactants was
altered the release profile of the formulation (Ikeuchi-
Takahashi et al.,, 2020). Compared with pure MET
solution, there was a significant difference in the
release profile of MET from both the formulations
(p £ 0.05). Moreover, similar release profiles were
obtained for S1,. and S2

(Figure 3 and 4).

; in 3. and 6. months
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Figure 3. The in vitro MET release profiles of the microemulsion formulations and MET solution (n=3).

Evaluation of release kinetics

Kinetic modeling results of MET release from
microemulsion formulation are given in Tables 6 and
7 for S1 and S2-coded formulations, respectively. For
comparing different kinetic models, the lowest value
for AIC; and the highest values of R%, R* | and MSC
indicate the best fitting (Kirtmhoglu & Oztiirk, 2020).
Examination of the statistic parameters from Table 6
and Table 7 lead to the conclusion that in formulation,

the release kinetics was best defined by the Korsmeyer—

and  Weibull

(Scomoroscenco et al., 2023). The drug release profile

Peppas, Peppas-Sahlin models
from the formulation may fit more than one model,
as previously reported in the literature (Baghirova et
al., 2023). The best-fitting release models imply the
non-Fickian diffusion mechanism of the drug (Han et
al.,, 2022) and indicate the slow diffusion of MET into
the dissolution medium (Miastkowska et al., 2016);
decreasing rate of the initial release, followed by the

steady release rate of the MET (Jain et al., 2015).

Table 6. Release Kinetics Results for S, Coded Formulation

Model F orI(I:l::(li e::ti on Evaluation Criteria
R? ? usted AIC MSC
Zero-order S, -0.056 -0.056 81.283 -0.724
First-order S, 0.791 0.791 66.682 0.899
Higuchi S, 0.818 0.818 65.471 1.033
Korsmeyer-Peppas S, 0.915 0.903 60.611 1.573
Hixson-Crowell S, 0.691 0.691 70.233 0.504
Hopfenberg S, 0.692 0.648 72.201 0.285
Baker-Lonsdale S, 0.953 0.953 53.190 2.398
Peppas-Sahlin 1 S, 0.983 0.978 48.021 2.972
Peppas-Sahlin 2 S, 0.991 0.989 40.716 3.784
Quadratic S, 0.771 0.738 69.538 0.581
Weibull S, 0.989 0.985 44.187 3.398
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Table 7. Release Kinetics Results for S, Coded Formulation

Model Formulation Evaluation Criteria
Code R? 2 et AIC MSC
Zero-order S, -0.234 -0.234 77.602 -0.956
First-order S, 0.495 0.495 69.558 -0.063
Higuchi S, 0.771 0.771 62.451 0.727
Korsmeyer-Peppas S, 0.950 0.943 50.770 2.025
Hixson-Crowell S, 0.335 0.335 72.042 -0.339
Hopfenberg S, 0.386 0.299 73.315 -0.480
Baker-Lonsdale S, 0.862 0.862 57.897 1.233
Peppas-Sahlin 1 S, 0.996 0.994 30.967 4.225
Peppas-Sahlin 2 S, 0.999 0.998 18.842 5.573
Quadratic S, 0.699 0.656 66.895 0.233
Weibull S, 0.986 0.981 41.272 3.080
Stability study measurements throughout the storage period. The

The evaluation of the microemulsions stability is
essential for indicating the physicochemical properties
were preserved during the storage time, since
physicochemical properties of microemulsions as
drug delivery systems may affect its drug release profile
(Pandey et al, 2014). The characteristic properties
of the microemulsions remained unchanged during
long-term stability tests. When the microemulsion
formulations centrifuged and subjected to heating
and cooling cycles, did not result in phase separation
or turbidity; confirming that the microemulsions
were physically stable. The clarity and stability of

the formulations were maintained as indicated by

mean globule size and the PDI of microemulsions
are two critical parameters for predicting physical
stability (Narala et al., 2019; Sita & Vavia, 2020). No
changes of globule size, zeta potential and degradation
of MET were observed during six months. There was
no statistically significant change between the first
and last measurements for any of the characteristics
(p > 0.05). Furthermore, there was no significant
difference (p > 0.05) between in vitro MET release
from formulations and their corresponding stability
studies (3 and 6 months, Figure 4). In scope of this
study, the microemulsions were found to be suitable
carrier systems for the administration of MET through

topical application for antibacterial treatment.

Figure 4. The in vitro MET release profile of the microemulsion formulations in 3. and 6. months (n=3).
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CONCLUSION

In this work, MET-loaded microemulsions for
topical application were developed by the pseudo-
ternary phase diagram technique. Globule size, PDI,
zeta potential, clarity, viscosity, conductivity, pH
values, drug content, and drug release properties of
the SIMET and SZMET
Also, long term stability evaluation for six months,

formulations were satisfactory.

indicated good stability in terms of physicochemical
properties and the drug release profiles of the
formulations. In conclusion of these findings, MET-
loaded microemulsions can be considered as a
promising alternative for topical treatment.
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In vitro Evaluation of the Effects of Inula viscosa’s
Different Extracts on Wound Healing and Oxidative
Stress in Mouse 1.929 Fibroblast Cell Line
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Sezen HARMANKAYA™, Murat BEYTUR™, Cem OZIC™™

In vitro Evaluation of the Effects of Inula viscosa’s Different
Extracts on Wound Healing and Oxidative Stress in Mouse
L1929 Fibroblast Cell Line

SUMMARY

This study evaluated the effects of extracts prepared using rwo different
methods (decoction extraction and soxhlet ethyl acetavelhexane
extraction) from Inula viscosa on H202-induced oxidative stress and
wound healing model in mouse L929 fibroblast cells. The cytoroxic
effect started to disappear statistically (p<0.05) at concentrations of
Soxhlet ethyl acetate/hexane extracts (SoxEHE) in and below 0.1 mg/
mL, while the same effect was observed at concentrations of decoction

extracts (DE) in and below 0.2 mg/mL. Therefore, 0.2 and 0.02 mg/
mL concentrations of DE, and 0.1 and 0.01 mg/mL concentrations
of SoxEHEs were used. While cell migration was positively affected
in all research concentrations, statistically significant results
(p<0.05) were obtained from 0.2 mg/mL of DE and 0.1 mg/mL of
SoxEHE extracts. Malondialdehyde (MDA) levels were found to be
statistically (p <0.05) decreased, but COLIAI levels were higher in
cell lines treated with oxidative stress + extract than in the cell line
treated only with H202, and reduced glutathione (GSH) levels were
higher in cell lines only treated only with extract than in oxidative
stress-induced cell lines.  Consequently, it has been observed that
the extracts have positive effects on migration and oxidative stress.

Therefore, 1. viscosa may serve as a new therapeutic agent for wound,
healing.

Key Words: Medicinal plants, extraction, scratch assay, cell
proliferation, oxidative status

Inula viscosa’'nin Farkly Ekstrelerinin Fare 1929 Fibroblast
Hiicre Hattinda Yara lyilesmesi ve Oksidatif Stres Uzerindeki
Etkilerinin In vitro Degerlendirilmesi

0z

Bu caligmada Inula viscosadan iki farkls yontem (dekoksiyon
chstraksiyonu ve soxhlet etil asetat/hekzan ekstraksiyonu) kullanilarak
hazirlanan  ekstrelerin fare 1929 fibroblast hiicrelerinde H202
kaynakly oksidatif stres ve yara iyilesmesi modeli iizerindeki
etkileri degerlendirilmistir. Soxhler etil asetat/hekzan ekstrelerinin
(SoxEHE) 0,1 mg/mL ve altindaki  konsantrasyonlarinda
sitotoksik etki istatistiksel olarak kaybolmaya baslarken (p<0,05),
ayni etki dekoksiyon ckstrelerinin (DE) 0,2 mg/mL ve altndaki
konsantrasyonlarinda da  goglenmistir. Bu nedenle DE’lerin 0,2
ve 0,02 mg/mL konsantrasyonlar: ve SoxEHElerin 0,1 ve 0,01
mg/mL  konsantrasyonlar:  kullanilmigtir.  Aragtirmanmin tim
konsantrasyonlarinda  hiicre migrasyonu olumlu etkilenirken, 0,2
mg/mL DE ve 0,1 mg/mL SoxEHE ckstrelerinden istatistiksel olarak
anlamly sonuglar (p<0,05) elde edilmistir. Malondialdehir (MDA)
diizeylerinin istatistiksel olarak (p<0,05) azaldigr ancak COLIAI
diizeylerinin oksidatif stres + ckstrakt uygulanan hiicre hatlarinda,
sadece H202 wygulanan hiicre hattina gore daha yiiksek oldugu ve
indirgenmis glutatyon (GSH) diizeylerinin oksidatif stresin kaynakls
hiicre hatlarina gore yalnizca ekstreyle tedavi edilen hiicre hatlarinda
daha yiiksek oldugu goriilmiistiir. Sonug olarak ekstrelerin migrasyon
ve oksidatif stres dizerinde olumlu etkilerinin oldugu gozlemlenmigtir.
Bu nedenle 1. viscosa yara iyilesmesinde yeni bir terapitik ajan olarak
hizmer edebilir.

Anabhtar Kelimeler: T:bbi bitkiler, ekstraksiyon, ¢izik testi, hiicre
proliferasyonu, oksidatif stress
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INTRODUCTION

A wound is a deterioration of the cellular, anatom-
ical, and functional continuity of tissue due to a phys-
ical, chemical, thermal, microbial, or immunological
effect on living tissueln contrast, wound healing is a
biological process involving diverse biochemical and
cellular mechanisms designed to restore the structur-
al and functional integrity of injured tissues and en-
hance physiological conditions (Barku, 2019). Wound
healing is a continuous and overlapping process char-
acterized by hemostasis (considered the inflammation
stage in the three-stage concept), inflammation, new
tissue formation, and the tissue remodeling (Gurtner
et al., 2008). Redox signaling and oxidative stress play
essential roles in regulating normal wound healing
and contribute to specific stages (Sen & Roy, 2008).
The formation of reactive oxygen species (ROS) at low
concentrations is essential not only for combating in-
vasive microorganisms but also for cellular signaling
in the wound healing process (Cano Sanchez et al.,
2018). However, even if ROS production is essential
for initiating wound repair, excessive ROS formation
and uncontrolled oxidative stress in wound healing
contribute to persistent and uncontrolled inflamma-
tion, which plays a vital role in the pathogenesis of
chronic non-healing wounds (Barku, 2019). Prob-
lems related to wound healing can occur in the form
of swift recovery (such as hypertrophy and keloid
scars) (Gurtner et al., 2008), or these problems may
be seen as delayed wound healing in especially dia-
betics or older people (Abe et al., 2000). The healing
time of chronic non-healing wounds lasts on aver-
age 12 to 13 months and recurs in up to 60 to 70% of
patients. If they are not treated, it can lead not only
to a loss of function and a decline in quality of life
but may also result in mortality (Frykberg & Banks,
2015). While various alternatives, ranging from topi-
cal applications (hydrogels, povidone-iodine solution,
cadexomer iodine, etc.) to advanced treatment meth-
ods such as growth factors, extracellular matrix, and
negative pressure wound therapy, exist in wound care
(Frykberg & Banks, 2015), these methods sometimes

prove insufficient or impractical. Therefore, the scien-

130

tific world has constantly been searching for effective

methods both in practice and cost-wise.

Various herbal products have been used in wound
treatment over the years, and these phytochemical
compounds have been reported to fight infections,
promote blood clotting, and accelerate the healing
process. When these wound-healing plants are in-
vestigated, it has been claimed that several of them
have the potential to increase wound healing owing
to their high antioxidant properties (Barku, 2019).
The genus Inula, belonging to the Asteraceae family,
has more than a hundred species, found mainly in Af-
rica, Asia (20 species are also found in China), and
Europe, especially in the Mediterranean region (Seca
et al., 2014). The Inula genus comprises a range of
species that have demonstrated medical importance,
substantiated by their use in traditional medicine, the
biological properties exhibited by their extracts, and
the isolation of pure secondary metabolites (Seca et
al., 2015). Inula viscosa [Dittrichia viscosa (L.) Greu-
ter] is used in folk medicine in the Mediterranean re-
gion for its anti-inflammatory, antipyretic, antiseptic,
antiphlogistic, and balsamic activities, as well as for
the treatment of lung and gastroduodenal disorders
(Messaoudi et al., 2016). Antioxidant, antibacterial,
antifungal, hypoglycemic, hypolipidemic, anticancer,
antiparasitic, and phytotoxic effects have also been re-
ported for I. viscosa extracts, and it has been argued
that these effects originate from sesquiterpenoids, tri-
terpenoids, and flavonoids (Mahmoudi et al., 2016).
In the literature review, several reports on extracts
and purified metabolites from I viscosa have been
identified. However, concerning wound healing, only
a morphological study in rats has been encountered.
Khalil et al. (Khalil et al., 2007) reported that only 10%
aqueous extract of I. viscosa healed both the morpho-
logical and histological features of wounds. However,
no physiopathological studies have shown the effects
of different types of extracts obtained from I. viscosa

on wound healing.

As a result, we examined the in vitro effects of dif-

ferent extracts of the I. viscosa plant on wound healing



FABAD ]. Pharm. Sci., 49, 1, 129-142, 2024

in L929 cells with hydrogen peroxide-induced oxida-
tive stress and levels of oxidative stress parameters
such as malondialdehyde (MDA) and reduced gluta-
thione (GSH), and COL1A1 gene expression, which

have an effect on healing in this process.
MATERIALS AND METHODS
Preparation and extraction of plant material

The plants collected from Manisa/Akhisar were
identified by Asst. Prof. Dr. Mustafa Kemal Altunog-
lu (Kafkas University, Faculty of Sciences and Letter,
Department of Biology, Kars), the aerial parts were
dried in a dry place for two weeks. Dried plants were

powdered using an electric blender.
Ethyl acetate/hexane extraction

The plant extract was obtained using a Soxhlet
extraction system. The conventional Soxhlet method,
which requires minimal training, allows for getting
more sample mass and eliminates the need for filtrati-
on after the leaching process (Luque de Castro &Prie-
go-Capote, 2010). Briefly, forty (40) grams of the herb
were weighed, wrapped in filter paper, and placed in
a soxhlet apparatus. Ethyl acetate and n-hexane (3:1
v/v) were used as solvents. The system’s temperature
reached the optimum level, and the extraction process
was terminated after three hours. The remaining sol-
vent in the extract was vaporized at 60 °C in a rotary
evaporator until removed entirely. Before testing, di-
lutions of the ethyl acetate/hexane extract (SoxEHE)
(10, 1, 0.1, 0.01, and 0.001 mg/mL) were prepared.

Extraction by method of decoction

In this study, a 2% extract of the plant material was
prepared. Twenty grams of the plant were weighed
and transferred to a teapot. After adding 1 liter of cold
distilled water, the mixture was allowed to come to a
boil. After boiling, it was waited for 10 minutes and
allowed to cool to room temperature. It was filtered
through filter paper to avoid residue (Ustii & Ugurlu,
2018). Dilutions (20, 2, 0.2, 0.02, and 0.002 mg/ml)
were prepared from decoction extract (DE) immedi-

ately before test.

L929 fibroblast cell proliferation and viability
analysis

The 1929 (mouse fibroblast cell, ATCC CCL-1)
cell line was purchased from the American Type Cul-
ture Collection (ATCC, USA) and was used for the
experiments. In the liquid nitrogen tank, the cell lines
on the cryotube were removed from the tank and kept
in a water bath for a short period to dissolve at 37°C.
The dissolved cells were cultured in Dulbecco’s Mod-
ified Eagles Medium (DMEM) supplemented with
10% fetal bovine serum in 75 cm? plastic flasks. After
48 h, 1929 cells were counted in DMEM containing
10% FBS at a density of 2x10° cells/well, and plated
in a well plate with 96 wells, and incubated at 37°C
in a humid atmosphere containing 5% CO,. For 24
h, the effects of DE concentrations (20, 2, 0.2, 0.02,
and 0.002 mg/mL) and SoxEHE concentrations (10,
1, 0.1, 0.01, and 0.001 mg/mL) in L929 cells were in-
vestigated using the MTT method to determine toxic
doses of decoction extracts (dissolved in pure water)
and ethyl acetate (dissolved in 0.01% DMSO and ap-
plied to cells). After the appropriate doses were deter-
mined, the cells were planted again in a well plate with
96 wells. For 24 h, the cells were exposed to 2 mg/
mL and 0.2 mg/mL decoction and 0.01 mg/mL and
0.001 mg/mL ethyl acetate extracts at different con-
centrations, and then 3 hours later, H,0, (0.75 mM)
was added to the media (Sudsai et al., 2016). After
the MTT method was applied to the cells, at the 24th
hour, the absorbance was read in each well at 620 nm
using a microtiter plate ELISA reader (Epoch Micro-
plate Spectrophotometer, BioTek, USA). The assays
were performed a minimum of three times for each
repetition. The survival rates of 1929 cells were an-
alyzed by comparing them with those of the control

wells.
Migration test

The migration of L929 fibroblast cells was exam-
ined using the wound healing method. Briefly, L929
cells (2x10° cells/mL) in DMEM containing 10% FBS

were seeded into each well of a 24-well plate and in-
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cubated at 37°C and 5% CO,. When the cells formed
a complete monolayer in the wells, a scratch was cre-
ated horizontally in each well with a sterile pipette tip.
Cellular debris was removed by washing with PBS and
replaced with 2 mL of fresh medium without adding
test samples. On day 0, images were taken using the
Invitrogen Inverted Microscope, and the wells were
photographed at 0, 12, and 24 h by keeping them in

the incubator.

Determination of oxidant/antioxidant parame-
ters (MDA, GSH)

L1929 cells (2x10° cells/mL) were seeded in each
well of 6-well plates (separately for the analysis of
MDA and GSH) and incubated in a humid environ-
ment containing 5% CO, at 37°C. Cells were harves-
ted from 6-well plates using a scraping method and

stored at -80°C. Approximately 100 mg of cell lysate

Table 1. COL1A1 primer list.

from each group was homogenized with Tissue Lyser
on ice in a specific homogenate buffer. The samples
were then centrifuged. For biochemical studies, while
MDA levels in supernatants were measured colori-
metrically using the methods reported by Yoshioka et
al. (1979), GSH levels were measured colorimetrically
as described by Beutler et al. (1963).

Gene expression analysis by RT-PCR

Total RNA was extracted from actively growing
cells using TRIzol Reagent (Sigma). This RNA was
then treated with RQ1 DNAse I (Promega). Reverse
transcription (RT) was carried out following the man-
ufacturer’s instructions (Fermentas) and involved us-
ing 1 unit of MMLYV reverse transcriptase along with
5 pg of total RNA. Subsequently, the cDNA region
corresponding to the COL1A1 protein was amplified
using the F and R primers (Table 1).

Primer Name Primer List Tm
COLIAIF GGCACTCCCGGACCTCAAG 64
COL1AIR CGGTCACCGTTCTTGCCAG 62

Statistical analysis

Statistical analysis was conducted using Microsoft
Excel, and the results were presented as the mean +
standard deviation. For data analysis, one-way vari-
ance analysis (ANOVA) was performed using the IBM
25.00 SPSS statistical program, followed by Tukey’s

test. p < 0.05 was considered as significant.
RESULTS AND DISCUSSION
Proliferation of 1929 and viability analysis

In this study, when the effects of decoction and
ethyl acetate extracts on cell proliferation were eval-
uated separately, DEs demonstrated cytotoxic effects
at 20 mg/mL and 2 mg/mL (p<0.05). At doses of 0.2
mg/mL and below, the cytotoxic effect in healthy fi-
broblast cells began to disappear (Figure 1). The ef-
ficacy of 0.2 mg/mL, 0.02 mg/mL, and 0.002 mg/mL
were statistically similar (p>0.05). Therefore, we de-

cided to use DE at concentrations of 0.2, and 0.02 mg/

132

mL in the later stages of our study. The cytotoxic effect
of SoxEHEs on healthy fibroblast cells at doses of 10
mg/mL and 1 mg/mL is shown in Figure 1 (p<0.05).
This cytotoxic effect was observed to be eliminated at
0.1 mg/mL and lower doses. The effects of SoxEHE at
doses of 0.1, 0.01, and 0.001 mg/mL were statistically
similar (p>0.05). Therefore, SoxEHE was found to be
effective at doses of 0.1 mg/mL, and 0.01 mg/mL.

The effect of H,0, on 1929 cells

Analysis of Figure 1 revealed a notable reduction
in cell viability in the presence of 0.75 mM H,O,, indi-
cating a significant difference compared to the control
group (p<0.05). The decoction extract significantly
improved cell viability by protecting H O, damage,
especially at a dose of 0.2 mg/mL (p<0.05). Ethyl ac-
etate/hexane extract maintained cell viability signifi-
cantly against oxidative damage induced by H,O, at
a dose of 0.1 mg/mL (p<0.05). Both extracts showed
lower effectiveness at decreasing the doses.
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Figure 1. Determination of proliferative and cytotoxic doses of plant extracts (I) and indicating the protective
effects of plant extracts against H,0,-induced damage (II) on L929 cells (if the letters in the columns are the
same, the difference between them is statistically insignificant, p>0.05 ns: the groups included in the line are
meaningless with each other, H,0,: Hydrogen peroxide, DE: Decoction extract, SoxEHE: Soxhlet ethyl ace-

tate/hexane extract).

Migration test results

An in vitro migration test, known as the wound
healing test, was conducted to assess how the plant
extract influenced the movement of L929 cells toward
the scratched area, often referred to as the injury site.
According to the results, healthy fibroblast cells exhi-
bited a nearly complete closure tendency by migrating
to the wounded area within 24 hours (Figure 2.I; Al-
C1). In L929 cells treated with only hydrogen perox-
ide, it was observed that cell migration was prevented,

and this was statistically significant (p<0.05) in the

measurements made at the 12th and 24th hours (Fig-
ure 2.I; A2-C2). H,0, showed both a cytotoxic effect
by creating oxidative damage and caused the wound
to not heal by preventing cell migration. In both do-
ses of DE applied, cell migration to the wounded area
significantly increased. Unlike the MTT results, there
was more healthy migration, especially at the dose of
0.02 mg/mL (p<0.05) (Figure 2.II; A2-C2). In groups
where SoxEHE was applied, cell migration increased
in both doses, while it significantly increased cell mi-
gration against H O, at a dose of 0.1 mg/mL (Figure
2.1ILA2-C2, 3).
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Figure 2. Illustrating of the cell migration under a scratch assay (wound healing method), I) the migration of
healthy cells (A1: 0" time, B1: 12 hour, C1: 24™ hour) and the effect of H,O, application on the cell migra-
tion (A2: 0" time, B2: 12 hour, C2: 24" hour), II) the effect of DEs (A1: 0.02 mg/mL; 0™ time, B1: 0.02 mg/

mL; 12" hour, C1: 0.02 mg/mL; 24" hour, A2: 0.2 mg/mL; 0* time, B2: 0.2 mg/mL; 12* hour, C2: 0.2 mg/mL;

24" hour) and III) the effect of SoxEHEs (A1: 0.01 mg/mL; 0™ time, B1: 0.01 mg/mL; 12" hour, C1: 0.01 mg/

mL; 24" hour, A2: 0.1 mg/mL; 0™ time, B2: 0.1 mg/mL; 12 hour, C2: 0.1 mg/mL ;24" hour) on cell migration

against H,O,-induced damage.
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Figure 3. Demonstration of the effect of plant extracts on cell migration in an in vitro scratch assay (wound
healing method) against damage induced by H,O, in L929 cells as % (If the letters in the columns are the
same, the difference between them is statistically meaningless p>0.05, H,O,: Hydrogen peroxide, DE: Decoc-
tion extract, SoxXEHE: Soxhlet ethyl acetate/hexane extract).

Results of MDA and GSH

When the levels of MDA as a signal of lipid per-
oxidation were examined in the L929 cell line, it was
observed that the highest level (p<0.05) was in the ox-
idative stress-induced cell line compared to other cell
lines (Fig. 4.). In the cell lines, where the effect of plant
extract on oxidative stress was observed, MDA levels
were significantly lower (p<0.05) compared to the
cell line where only H,O, was applied, but they varied
among themselves. The lowest MDA levels in these
cell lines (except for the control cell line) were seen in
DE (0.02 mg/mL) + H O, and SoxEHE (0.1 mg/mL)
+H,0, cell lines. These results indicated that 0.02 mg/

mL concentration of DE and 0.1 mg/mL concentra-

tion of SoxEHE were effective on lipid peroxidation.

When the levels of the tripeptide antioxidant GSH
were analyzed in all cell lines, statistically elevated
levels (p<0.05) were observed exclusively in the ext-
racted cell lines. This finding indicated the effective-
ness of plant extracts in enhancing antioxidant capa-
city (Fig. 4.). The GSH levels of the plant extract and
H,O,-treated cell lines decreased statistically (p<0.05)
to almost the level of the cell line applied to H,O, alone
(except SoxEHE (0.01 mg/mL) + the H,O, cell line)
compared to only the plant extract used cell lines. This
finding could be explained by GSH depletion during

oxidative stress.
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Figure 4. Effect of plant extracts on MDA and GSH levels in an in vitro wound healing model against damage

caused by H,0, in 1929 cells. (If the letters in the columns are the same, the difference between them is statis-
tically insignificant p> 0.05, DE: Decoction extract, SoxXEHE: Soxhlet ethyl acetate/hexane extract).

mRNA distribution of COL1A1

The mRNA expression levels of COL1A1 were in-
vestigated using RT-PCR. The increase in COL1Al
levels in these cell lines (except for the control cell
line) were seen in DE (0.2 mg/mL) + H,0, and Sox-
EHE (0.1 mg/mL). These results indicated that 0.2

mg/mL concentration of DE and 0.1 mg/mL concen-
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tration of SoxEHE were effective on wound healing
(Figure 5). The level of the GAPDH transcript was the
same at all time intervals (Figure 5). When COL1A1
levels as collagen were analyzed in all cell lines, it was
found that high levels were only present in the extract-
ed cell lines, therefore, plant extracts were effective in

improving collagen capacity (Figure 5).
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Figure 5. mRNA distribution of COLIAL.

A large percentage of the human population
worldwide tends to use herbal medicines because they
find them more reliable and easier to access. They also
realize synthetic drugs and their side effects. Through-
out history, many plant extracts, mixtures, porridge,
boiling, and pastes have been used in many countries
for the treatment of diseases, cuts, wounds, and burns.
Therefore, since ancient times, several herbs and plant-
based strategies have been known for their important
roles in wound healing and skin regeneration, as well

as in their therapeutic application (Barku, 2019).

Scratch testing in fibroblast cell cultures is a method
that is widely applied to identify components of wound
healing that have been investigated (Liang et al., 2007).
Oxidative stress induced by hydrogen peroxide serves
as an alternative to assess the antioxidant activity in
cells and to delay stress-induced wound healing (Pitz et
al., 2016). In this study, I. viscosa extracts prepared us-
ing different methods were used to test the activity of fi-
broblast scratch wound healing in H,O,-induced 1.929

cells and the effects of H,O,-induced oxidative stress.

As cell proliferation and migration are crucial as-
pects of tissue formation in the wound healing pro-
cess, it was essential to establish the non-toxic dosage
of the extracts within the specific cell line under inves-

tigation for their therapeutic efficacy. Therefore, initi-

ally, the effects of the extracts on the proliferation and
cell viability of L929 fibroblast cells were determined.
It was determined that dilutions of 0.2 mg/mL and lo-
wer for DEs, and 0.1 mg/mL and lower for SoxEHEs
were non-toxic, with cell viability exceeding 80%.

In a study in which the cell viability of I. viscosa
extracts obtained by two different methods was exam-
ined using the XTT method, it was reported that 50
pg/mL decoction extract produced a cell viability of
over 80% in the 1929 fibroblast cell line (Hepokur et
al,, 2019). The results of this study are consistent with

those of our research.

At the concentrations tested in our study, 20 mg/
mL of DE and 10 mg/mL of SoxEHE were considered
to have cytotoxic effects in the L929 fibroblast cell line
(Figure 1). Therefore, it is plausible that extracts or pu-
rified phytochemicals obtained from the Inula genus
may possess antiproliferative properties (Messaoudi et
al.,, 2016; Talib et al., 2012).

Free radicals formed at the basal level during
wound healing are necessary for cell signaling and
the fight against invasive microorganisms. H,0, fa-
cilitates the recruitment of leukocytes to the wound
site as a chemoattractant after injury formation, and
also participates in the subsequent stages of healing.
(Schifer & Werner, 2008)in particular aged individ-
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uals, patients with diabetes, and those treated with
immunosuppressive drugs, chemo- or radiotherapy.
The mechanisms underlying the impaired healing
response are still poorly understood. Recent studies
provided strong evidence for a role of oxidative stress
in the pathogenesis of non-healing ulcers. Therefore,
it is of major importance to identify and functionally
characterize the factors involved in the generation and
detoxification of ROS. When an excessive amount of
free radicals is produced, a condition called oxidative
stress occurs, which disrupts the structural integrity
of the cell by damaging DNA, carbohydrates, pro-
teins, and especially lipid structures in membranes.
Therefore, wound healing is delayed, or the wound
cannot heal (Shetty et al., 2008).

Oxidative stress originating from hydrogen perox-
ide is an alternative method for evaluating the antiox-
idant activity of extracts in cells (Jose et al., 2019). The
determination of MDA, a technique used to measure
oxidative stress, is based on the reaction of malondial-
dehyde formed through peroxidation of polyunsatu-
rated fatty acids with thiobarbituric acid (Yoshioka et
al,, 1979). In the present study, MDA levels were high-
er in all groups compared to the control, but the high-
est level was only in the H,O,-treated cell line without
statistical difference. This indicates that H,O, induced
oxidative stress in this group. Increased ROS levels
can inhibit cell migration and proliferation (Steiling et
al,, 1999). The absence of cell migration and prolifer-
ation at the 12th and 24th hours in the group treated
with H,O, alone led to the consideration of oxidative
stress and the cytotoxic effect of H,O,. The levels of
MDA in the DE (0.2 mg/mL), SoxEHE (0.1 mg/mL),
and extract + H,O, groups were not significantly dif-
ferent. In addition, the fact that cell migration and
proliferation were close to the control in groups with
oxidative stress and extract shows that the extracts

have a positive effect against oxidative stress.

Antioxidants are protein systems designed to
counteract the harmful effects of ROS by providing

electrons. Therefore, they prevent the capture of elec-
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trons from other important molecules such as DNA,
proteins, and lipids (Dunnill etal., 2017). Antioxidants
include antioxidant enzymes such as GSH reductase,
GSH peroxidase, superoxide dismutase (SOD), cat-
alase, and other endogenous free radical scavengers
such as a-tocopherol, ascorbic acid, and GSH (Arul
etal, 2012). The H,O, effect is an interwoven healing
process that is controlled by molecular antioxidants
such as SOD, GPx, and phospholipid hydroperoxide
glutathione peroxidase (Pitz et al., 2016). Glutathione
is an important endogenous antioxidant. It functions
as a cellular redox buffer and is crucial in protecting
cells from the toxic effects of both endogenous and
exogenous electrophilic compounds. (Schifer & Wer-
ner, 2008)in particular aged individuals, patients with
diabetes, and those treated with immunosuppressive
drugs, chemo- or radiotherapy. The mechanisms un-
derlying the impaired healing response are still poorly
understood. Recent studies provided strong evidence
for a role of oxidative stress in the pathogenesis of
non-healing ulcers. Therefore, it is of major impor-
tance to identify and functionally characterize the
factors involved in the generation and detoxification

of reactive oxygen species (ROS.

In the study, GSH levels were the highest in the DE
(0.2 mg/mL) and SoxEHE (0.1 mg/mL) groups com-
pared to other groups. In vitro experimental studies
have shown that the extract or purified phytochemi-
cal compounds obtained from I. viscosa have antiox-
idant activity (Danino et al., 2009; Mohti et al., 2020;
Schinella et al., 2002). Although there were no statis-
tical differences between the extract + H,0O, groups
in terms of GSH levels, there is a statistical decrease
(p<0.05) in GSH levels compared to the DE (0.2 mg/
mL) and SoxEHE (0.1 mg/mL) groups. The fact that
the MDA levels were lower than those of the H,O,
group suggests that GSH may have been depleted
during migration. The functional importance of anti-
oxidants such as glutathione, ubiquinones, uric acid,
lipoic acid, vitamins E and C (ascorbic acid), carot-
enoids, and phenolic compounds in the wound repair

process is suggested by their depletion in healing skin
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wounds (Schifer & Werner, 2008)in particular aged
individuals, patients with diabetes, and those treated
with immunosuppressive drugs, chemo- or radio-
therapy. The mechanisms underlying the impaired
healing response are still poorly understood. Recent
studies provided strong evidence for a role of oxida-
tive stress in the pathogenesis of non-healing ulcers.
Therefore, it is of major importance to identify and
functionally characterize the factors involved in the
generation and detoxification of ROS. In a study in
which the L929 fibroblast cell line was treated with the
GSH blocker, buthionine sulfoximine, cell death oc-
curred following GSH depletion, and GSH protected
the cells from death (Zucker et al., 1997). In another
study, wounds were reported to heal faster when GSH
was applied topically to wounds in diabetic rats. These
studies have shown that glutathione benefits wound
repair (Mudge et al., 2002).

Fibroblasts, the primary cell type in the dermis, are
responsible for the production and remodeling of the
extracellular matrix during wound healing. Collagen,
type IIL, alpha 1 (COL3A1) and Collagen, type I, alpha
1 (COL1A1) are well-established as major constituents
of the extracellular matrix (ECM) found in the der-
mal tissues of the skin (McFarland et al., 2011). Beare
et al. (2003) observed that the wounds of mice with a
mutant collagen type-I gene (COL1A1") healed more
slowly than those of wild-type mice. Hashimoto et al.
(2020) reported that the COL3A1 gene was down-reg-
ulated on all surfaces throughout the cell culture. Their
research did not reveal any significant variances in the
expression of the COL1A1 gene among the three dif-
ferent surfaces in the cell culture. In the present study,
we investigated the effect of this collagen (COL1Al)
in wound healing. The increase in COL1A1 levels in
these cell lines (except for the control cell line) were
seen in DE (0.2 mg/mL) + SoxEHE (0.1 mg/mL). The-
se results indicated that the concentration of 0.2 mg/
mL for DE and 0.1 mg/mL for SoxEHE were effective
in wound healing (Figure 5.). The level of the GAPDH
transcript was the same at all time intervals (Figure 5.).

When COLI1AL levels as collagen were analyzed in all

cell lines, it was found that high levels were only pres-
ent in the extracted cell lines. Therefore, plant extracts
were effectively improved collagen capacity (Figure 5).
In another study, it was reported that COL1AI and
COL3AL levels increased in parallel with the forma-
tion of the fibroblast cell layer (Wiegand et al., 2021).

According to the literature, the antioxidant, anti-
bacterial, and other biological activities of I. viscosa
are known to originate from sesquiterpenes, triter-
penoids, and flavonoids. Mohti et al. (2020) reported
that extracts obtained from I. viscosa exhibited strong
antioxidant properties through various techniques,
attributing this effect to the phenolic acid and fla-
vonoid derivatives present in the extracts. Similarly,
Mahmoudi et al. (2016) found that the methanolic
extract of I viscosa leaves possessed a phenolic profile,
particularly rich in mono- and dicaffeoylquinic acids,
indicating a high antioxidant capacity of the extract.In
another study, Khalil et al. (2007) suggested that L. vis-
cosa extract promoted the healing of excision wounds
in mice, proposing that this effect could be attributed
to the anti-inflammatory properties of inuviscolide, a
sesquiterpene found in the extract. In our study, we
think that the proliferative and antioxidative effects of
I. viscosa extracts originate from these flavonoids and

sesquiterpenes.
CONCLUSION

Different  extraction methods can un-
earth various phytochemicals in plants. Decoc-
tion extraction is less costly than Soxhlet ex-
traction (in terms of chemicals and equipment).
In our study, it was observed that extracts obtai-
ned from I viscosa plant exhibited a positive ef-
fect on both migration and oxidative stress pa-
rameters in the L1929 cell line, where oxidative
stress occurs. In this context, I viscosa may be
a potential agent for the treatment of wounds.
However, further investigation through preclinical
and clinical studies is necessary to explore this in

more detail.
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Lyophilized Posaconazole-Loaded Mixed Micelles for
Improved Fungal Treatment and Stability
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Design, Development, and Characterization of Lyophilized
Posaconazole-Loaded Mixed Micelles for Improved Fungal
Treatment and Stability

SUMMARY

Posaconazole (POS), a BCS class I drug with the low solubility of
the drug prevents its absorption in the body leading to suboptimal
drug levels and reduced treatment effectiveness. To address this issue,

this research aimed to develop a lyophilized powder of Posaconazole-
loaded mixed micelles (POS-MMs) using Pluronic F68 ° (PF68) and
Soluplus ° to enhance fungal treatment and stability. A 32-factorial
design optimiged the POS-MMs formulation by varying PF68
and Soluplus® concentrations. Various characterization techniques
were employed, including particle size analysis, zeta potential (ZP)
measurement, FTIR, DSC, and XRPD. In vitro drug release studies
indicated sustained release with 79.4% released within 24 hrs, while
in vitro hemolysis studies confirmed safety and biocompatibility.

Lyophilization with lactose as a cryoprotectant was successful,

yielding a stable formulation over three months. The optimized POS-
MDMs exhibited a particle size (PS) of 66.30 + 2.10 nm, a high %

entrapment efficiency (%EE) of 94.88 + 2.4%, and a desirable ZP
of -51.1 £ 2.4 mV. These findings highlight the potential of POS-
MDMs to enhance the therapeutic outcomes of POS in the treatment
of fungal infections. In addition, lyophilized powder is a promising
technique for improving the stability of POS-MMs.

Key Words: Fungal infection, lyophilization, mixed micelles,
posaconazole, stability.

Gelistirilmis Mantar Tedavisi ve Stabilite igin Liyofilize
Posakonazol Yiiklii Karisik Misellerin Tasarims, Gelistirilmesi ve
Karakterizasyonu

0z

Posakonazol (POS), diisiik ¢oziiniirliigii nedeniyle ilacin viicutta
absorbsiyonununu onleyerek optimal diizeyin altinda ilag seviyelerine
neden olan ve tedavinin etkinligini azaltan bir BCS Sinsf 11 ilagtir.
Bu sorunu ¢ozmek icin, bu arastirmada, Pluronic F68° (PF68) ve
Soluplas® kullanarak hazirlanan posakonazol yiiklii karisik misellerin
(POS-MMs) liyofilize tozunun gelistirilmesi ile mantar tedavisinin
iyilestirilmesi ve stabilitenin artiridmasi amaglamastsr. POS-MMs
Jormulasyonlar,, PF68 ve soluplas® konsantrasyonlar: degistirilerek
32 faktoriyel tasarim ile optimize edilmistir. Partikiil boyutu
analizi, zeta potansiyel (ZP) dlgiimii, FTIR, DSC ve XRPD dahil
olmak iizere cesitli karakterizasyon teknikleri wygulanmsgtir. In vitro
hemoliz calsmalar: biyouyumbnlugu dogrularken in vitro ilag salim
calismalar: 24 saatte %794 salim ile siirekli salimi gostermistir.
Kriyoprotektan olarak laktoz ile liyofilizasyon basarily olmugstur ve
ii¢ ay boyunca stabil bir formiilasyon elde edilmistir. Optimize POS-
MMler, 66,30£2,10 nm partikiil boyutu (PS), %94,88+2,4 ile
yiiksek yiikleme kapasitesi (%EE) ve istendigi gibi -51,1+2,4 mV ZP
sergilemigtir. Bu bulgular, POS-MM lerin mantar enfeksiyonlarmnn
tedavisinde POSun terapitik sonuclarimi gelistirme potansiyelini
vurgulamatktadyr. Ayrica liyofilize toz, POS-MM lerin stabilitesini
arttirmak igin wmut verici bir tekniktir.

Anabtar Kelimeler: Mantar enfeksiyonu, liyofilizasyon, karisik
miseller, posakonazol, stabilite.
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INTRODUCTION

Posaconazole (POS), a broad-spectrum antifungal
agent, has shown great potential in treating various
fungal infections. However, its inherent physico-
chemical instability, particularly in aqueous formula-
tions, poses significant challenges to its storage and
administration. To overcome this limitation, incorpo-
rating POS into mixed micelles (MMs) has emerged
as a promising approach to enhance its stability and
solubility (Ribeiro, 2022).

MMs are self-assembled structures composed
of amphiphilic molecules, which form colloidal
nanoparticles in aqueous media. These nanoparticles
can encapsulate hydrophobic drugs within their hy-
drophobic core, providing an ideal environment for
their protection. However, the long-term stability
of such formulations remains a concern, especially

during storage and transportation.

There are various ways by which stability can be
achieved, such as lyophilization, spray drying, flu-
idized bed drying, coating, etc. Lyophilization, also
known as freeze-drying, is widely used in pharma-
ceutical formulation and preservation (Kuperkar,
2022). It involves the removal of water from a sample
by sublimation under reduced pressure and low tem-
peratures, resulting in the formation of a dry, stable
product (Trenkenschuh, 2021)

The previous literature revealed that POS micelles
have been developed using Tween 80 as a surfactant.
However, concerns arise due to the cytotoxic effects of
Tween 80 at high concentrations or prolonged expo-
sure, potentially affecting cell viability and function.
Moreover, Tween 80 can lead to micelle aggregation,
precipitation, and phase separation, impacting long-
term stability (Thakral, 2021). Allergic reactions, in-
cluding skin irritation and itching, can occur with
Tween 80-containing micelles. Alternatively, re-
searchers have utilized TPGS, but its limited solubili-
ty may hinder its effectiveness as a solubilizing agent,
especially for poorly soluble drugs. Additionally, the

thin-film hydration technique employed for micelle
144

preparation can be time-consuming, labor-intensive,
and prone to batch-to-batch variability, potentially
affecting micelle properties and drug stability (Vin-
churkar, 2021). These considerations highlight the
need for exploring alternative surfactants and simpli-
fied micelle preparation methods to overcome these
limitations. MMs exhibit multifunctionality by offer-
ing solubilization of hydrophobic drugs, improving
drug bioavailability, and providing controlled drug
release, making them versatile drug delivery systems
(Jin, 2022).

Hence, this research aims to utilize the scalable
solvent evaporation method to prepare Posacon-
azole loaded mixed micelles (POS-MMs) using nov-
el Pluronic F68 (PF68) and Soluplus®. This will be
achieved by employing a 3? full factorial design, fol-
lowed by thorough characterization of the resulting
MM, to enhance the treatment of various fungal in-
fections. The full factorial design is a prevalent and
efficient approach used to understand the influence of
multiple factors, and their interactions, and to prevent
batch failure. It enables systematic analysis and pro-
cess optimization. Further, research work is extend-
ed to lyophilize the liquid formulation to convert the
stable solid POS-MMs form to improve its long-term

storage.
MATERIAL AND METHODS
Materials

POS was kindly supplied by Lupin, Mumbai. PF68
and Soluplus® were procured from Sigma Aldrich and
BASE, respectively. Analytical grade Methanol and
distilled water were purchased from Fine Chemical,

Mumbai. Lactose was purchased from Sigma-Aldrich.
Critical micelle concentration determination

The Critical Micelle Concentration (CMC) of
PF68, Soluplus®, and their combination was deter-
mined using the iodine UV-visible spectrophotomet-
ric technique. KI/I, solution was added to different
copolymer solutions, and absorbance was measured
at 366 nm using a UV-visible spectrophotometer (Ag-
ilent 1800) (Suzuki, 2023).
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Preparation of POS-MMs

The solvent evaporation technique was used for
the preparation of POS-MMs. To prepare POS-MMs,
10 mg of POS, 10 mg of Soluplus®, and 95 mg of PF68
were combined with 2 mL of methanol and subjected
to sonication for 5 min. The resulting mix was then
gradually added to 10 mL of deionized distilled water
and stirred for 6 hrs at room temperature, enabling
methanol to evaporate. Afterward, the mixture was
centrifuged at 2000 rpm for 5 min, and the superna-
tant was collected to analyze the % entrapment effi-
ciency (%EE), particle size (PS), and Zeta potential
(ZP) (Patil, 2022; Ugwu, 2022).

Optimization of the formulation

Optimization of formulation has a great influ-

ence on the composition and development method of

MDMs. A 3? factorial design was employed, using De-
sign Expert® VR software, to examine how different
formulations impact micelle properties. Nine unique
combinations were investigated, with each formula-
tion parameter set at three levels (-1, 0, +1) for PF68
concentration and Soluplus® concentration. The eval-
uation focused on two dependent variables: PS (Y))
and %EE (Y,). Preliminary studies were conducted
before the implementation of the experimental design
to select three levels of independent variables. During
optimization using experimental design, the formu-
lation components and other processing variables
were kept constant. The coded levels translated to the
experimental units, experimental runs, and their fac-
tor combinations considered in the present study are

summarized in Table 1 (Hajare, 2021).

Table 1. Levels of independent variables in 3* factorial design

Independent Variables values
Coded Values Level . Factor 2 (X,) Soluplus® Concentration
Factor 1 (X,) PF68 Concentration (mg)
(mg)
-1 0.8 0.06
0 1.1 0.08
+1 1.4 0.10

Characterization of POS-MMs

%Entrapment efficiency and %drug loading ca-
pacity

The micellar dispersion underwent a process to as-

sess the drug %entrapment capability of the micelles.

o _ (Weight of encapsulated POS )
%EE = Weight of POS used for micelle preparation

x100
Weight of encapsulated POS

The amount of encapsulated POS was measured
spectrophotometrically at 262 nm after dilution with
methanol. The %EE and percent drug loading capacity
(%DLC) were determined using the following formu-
las. (Patil, 2021):

Eq. (1)

%DLC =

Where,

Weight of feeding POS = Quantity of POS that is
added to the formulation

Weight of total polymers = Combined weight of
both PF68 and Soluplus®

Weight of POS used for micelle preparation + combined weight of both PF68 and Soluplus®

<100 Eq.(2)

Particle size and zeta potential measurements

The Horiba particle size analyzer was employed to
assess the PS and ZP of the MMs. The PS was deter-
mined using dynamic light scattering (DLS). To per-
form PS analysis, 1 mL of the supernatant obtained
from the POS-MMs was diluted with deionized dis-

145



Kurane, Chougale, Thakur, Patil, Patki, Dsouza, Hajare

tilled water to a final volume of 10 mL and then sub-
jected to analysis using the particle size analyzer (Jain,
2019).

Drug-excipient compatibility study
Fourier transform infrared spectroscopy (FTIR)

The compatibility of POS, Soluplus®, and PF68
was investigated using FTIR spectroscopy. The FTIR
spectra of both plain POS and final POS-MMs were
recorded using an FTIR spectroscopy (Agilent, Alpha
100508) (Baviskar, 2022).

Differential scanning colorimetric study

The thermal behavior of plain POS and POS-MMs
was analyzed using a differential scanning calorimeter
(DSC; SDT Q600 V20.9 Build 20) with an intracooler
under a dry inert nitrogen atmosphere, where powder
samples were heated at 10 °C per min from 10 °C to
500 °C in hermetically sealed punctured aluminum
pans (Patil, 2022).

Powder X-ray diffraction

An X-ray powder diffraction (XRPD) (Bruker
D8 Advance) with Cu-K radiation (A = 1.54) was
employed for the crystallographic analysis of plain
POS and POS-MMs. The diffractometer operated at a
voltage of 40 kV and 50 mA, with scans conducted at
0.02° increments ranging from 5° to 100° diffraction
angle (20) at a rate of 1 s/step. For accurate measure-
ments, both plain POS and POS-MMs were scanned
against a zero backdrop (Hajare, 2020).

In vitro drug release study
Drug release study

The purpose of this study was to explore the drug
release characteristics employing UV-visible spec-
trophotometry as the analytical technique. First, the
calibration of the POS was carried out in pH 7.4 me-

dium. Then calibration curve was meticulously con-

structed to derive an equation enabling the precise
calculation of drug release percentages. To maintain
the robustness and reproducibility of the findings,
each experiment was replicated three times. Then,
the release behavior of plain POS and POS-MMs was
determined using the dialysis bag technique. A drug
solution containing 10 mg of POS was prepared and
placed in dialysis tubes with a molecular weight cut-
off of 12000 Da, securely sealed to prevent leakage.
The release study was conducted in a pH 7.4 medium
with samples withdrawn at various time intervals (1,
2, 4, 8, and 24 hrs), and the collected samples were
analyzed by measuring absorbance at 262 nm to esti-

mate the percentage of drug release (Patil, 2023).
Drug release kinetics study:

The drug release profile of the optimized MMs
batch was analyzed to calculate the coefficient of de-
termination (R?) and determine the appropriate mod-
el that describes its release pattern. Various models,
including zero-order, first-order, Higuchi, and Kors-
meyer-Peppas, were tested to assess the fitting of the
release data and identify the most suitable model for
the MMs formulation (Patil, 2023).

In vitro hemolysis study

Hemolysis was evaluated by measuring the he-
molysis percentage using human blood samples. The
process included extracting fibrinogen from a 5 mL
blood sample, combining it with the 0.9% NaCl solu-
tion, centrifuging, and collecting the supernatant. Red
blood cell pellets were washed, dispersed, and diluted
to prepare a 2% erythrocyte pellet solution. Samples
containing POS, blank PF68 and Soluplus® MMs, and
POS-MMs (A1), along with positive and negative
controls, were incubated, and centrifuged, and their
absorbance was measured at 420 nm to quantify he-
molysis. The percentage of hemolysis was calculated

using the following formula (Manjusha, 2023).

Absorbance of samp - Absorbance of negative control

%Hemolysis =
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n .. . X
Absorbance of positive control - Absorbance of negative control

100 Eq. (3)



FABAD ]. Pharm. Sci., 49, 1, 143-162, 2024

Lyophilization of POS-MMs
Preparation of lyophilized POS-MMs

A precisely measured volume of 1 mL of the op-
timized batch composition of POS-MMs (Al) was
combined with 15% w/v lactose and filled into glass
vials with a capacity of 3 mL and these vials were sub-
jected to pre-freezing at a temperature of -20 °C for
12 hrs. After pre-freezing, the vials were subjected
to lyophilization using a Martin Christ lyophilizer.
The lyophilization process involved setting the shelf
temperature at -42 °C and maintaining the condens-
er temperature at -50 °C. A vacuum of 0.1 mBar was
applied for 48 hrs, following the protocol from pre-
vious literature. Subsequently, the dried formulation
underwent secondary drying. The vials were placed
in a vacuum chamber with a pressure of 0.06 mBar
for 12 hrs and then sealed under vacuum (Patil, 2022).

Characterization of lyophilized POS-MMs

After the process, the final product was obtained
in the form of loose cakes. These cakes were further
characterized to assess particle size, %EE, % drug
loading capacity (%DLC), moisture content, SEM,
and reconstitution time. The stability of the POS-
MMs formulation was aimed to be proved by these

characterization studies (Szente, 2021).
Scanning electron microscopy (SEM)

Morphological analysis was conducted using
Scanning Electron Microscopy (JEOL JSM-6360, Ja-
pan). The samples underwent fixation on a brass stub
with double-sided adhesive tape, and electrical con-
ductivity was achieved by applying a platinum coat-
ing (6 nm/min) in a vacuum (6 Pa) using a Hitachi Ion
Sputter (E-1030) for 120s at 15mA. The SEM images
were analyzed using an image analysis system (Image-
Inside Ver 2.32) (Singh, 2020).

Determination of moisture content

Moisture analysis of dried products was per-
formed using a Karl Fischer Titrator (Vigo — Mat-
ic M.D.). Accurately, 20 mL of anhydrous methanol

was transferred to the titration vessel and titrated to
the endpoint. A sample of 10 pl of water, accurately
measured, was used to standardize the Karl Fischer
reagent. Accurately weighed samples were suspended
in anhydrous methanol, and titration was carried out

to the electromagnetic endpoint (Joseph, 2019).
Determination of reconstitution time

The Thiermann method was utilized to quanti-
fy the reconstitution times of lyophilized products.
Each sample was reconstituted with 1 mL of sterile
water for injection, and the process involved adding
the solution onto the inner wall of the vial to ensure a
smooth flow. Quantitative measurement determined
the time required for the solution to achieve homo-
geneity without visible aggregates, thereby establish-
ing the reconstitution time (Thiermann, 1998; Patil,
2023).

Stability study

Following the ICH Q1A R2 guideline for stability
studies, the stability of the POS-MMs was assessed by
storing them at a temperature range of 2-8 °C for 3
months (ICH Q1A(R2) guidelines, Hajare, 2021).

Statistical Analysis

Formulation and optimization data are averag-
es of triplicates and expressed as means with + SDs.
The influence of formulation development variables
on the response variables was statistically evaluat-
ed using ANOVA at a significance level of 0.05 with
the Design-Expert® version (Stat-Ease Inc.) (Hajare,
2021). The polynomial equation, 3D response surface
graphs, and contour plots to study the interaction of
independent variables on dependent variables were
established by applying ANOVA using Design-Ex-
pert® software. The data are presented as the mean +
standard deviation of three independent experiments.
The obtained results were analyzed using one-way
ANOVA and two-way ANOVA, and p < 0.05 indicat-
ed a statistically significant difference (Patil, 2022).
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RESULTS AND DISCUSSION

In this research, POS-MM:s were prepared by em-
ploying the solvent evaporation method and subse-
quently lyophilized to address the challenges related
to stability and drug release.

Selection of formulation components

Soluplus®is a copolymer known for its exceptional
solubilizing properties, which make it highly suitable
for enhancing the solubility of poorly water-soluble
drugs. By effectively solubilizing hydrophobic drugs,
Soluplus® improves their dissolution rate and enhanc-
es their bioavailability, leading to better absorption
and therapeutic efficacy. Moreover, Soluplus® demon-
strates remarkable stability, safeguarding the encapsu-
lated drug against degradation and physical changes.
Acting as a protective barrier, it prevents drug pre-
cipitation and maintains the chemical integrity of the
drug during formulation and storage (Attia, 2023).
This ensures consistent and reliable drug delivery,
minimizing the potential for variability in drug per-
formance. On the other hand, PF68 is known for pro-
viding enhanced stability and protection, particularly
for sensitive drugs, proteins, and nanoparticles. It acts

as a shielding barrier, safeguarding the encapsulated

payload from enzymatic degradation, pH changes,
and physical stress. By preserving the stability and in-
tegrity of the encapsulated substances, PF68 ensures
the efficacy and reliability of the drug delivery system
(Fatima, 2022). Hence, by combining Soluplus® and
PF68 the MM of POS were prepared.

Critical micelle concentration

In a study by Patil et al., CMC of PF68, Soluplus®,
and POS-MMs was determined using the iodine
spectrophotometric method. The obtained CMC
values were 0.037 mM, 0.0029 mM, and 0.033 mM,
respectively. The POS-MMs exhibited a lower CMC
than the other copolymers, suggesting enhanced sta-
bility when diluted in biological fluids. This indicates
that MMs are less likely to disintegrate or experience
drug leakage when exposed to biological environ-
ments (Patil, 2021).

Formulation optimization using a 3? factorial

design

Initial experiments were conducted, and formu-
lation optimization was performed by considering
two factors: the concentration of PF68 (X)) and the
concentration of Soluplus” (X,). The impact of these

variables on the %EE and PS was investigated.

Table 2. 3? factorial design batches and the results of their characterization

Factor 1 (X)) Factor 2 (X,) Response 1 (Y,) Response 2 (Y,)
Formulation Drug
PF68 Concentration Soluplus® %EE Particle size
code (mg)
(mg) Concentration (mg) (%) (nm)

Al 10 0.8 0.06 94.88+2.4 66.30+2.10
A2 10 0.8 0.08 91.60+2.1 77.31+1.18
A3 10 0.8 0.10 88.30+2.1 85.92+1.14
A4 10 1.1 0.06 92.46+1.6 75.56+2.10
A5 10 1.1 0.08 92.15%2.1 84.27+2.20
A6 10 1.1 0.10 90.67+1.9 92.69+2.24
A7 10 1.4 0.06 90.47+1.2 82.77+1.13
A8 10 1.4 0.08 91.82+2.2 85.70+2.41
A9 10 14 0.10 93.57+2.1 99.64+2.60

Values are mean + SD (n = 3).
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Among the nine batches of POS-MMs, the Al
batch was selected as the optimized formulation due
to its high %EE (94.88+2.4%) and small particle size
(66.3+2.1 nm) (Gaikwad, 2023).

%Entrapment efficiency and %drug loading ca-
pacity
The %EE of the optimized batch Al was found

to be 94.88+2.4%, and the %DLC was found to be
98.20+1.2%.

Effect of formulation variables on %EE

The %EE of the POS-MMs formulations ranged
from 88.3 + 2.1% to 94.88 + 2.4%. It was observed that
an increase in the concentration of PF68 and Soluplus®

led to a decrease in %EE. Based on this observation,

the optimum concentrations were determined to be
0.8 mg for PF68 and 0.06 mg for Soluplus® (Table 2).
The factors and their interactions influencing %EE
were represented using coded variables in the follow-

ing equation:
%EE =+ 91.75 - 0.1650A - 0.9017B + 2.40AB  Eq. (4)

The regression model equation (Eq. 1) suggests
that the concentration of PF68 (X,) and Soluplus®
(X,) exert a negative influence on the entrapment of
the drug within the MMs. The significant model term
is indicated by the model F-value of 191.49 and p <
0.05, implying the model’s significance with X and
X,. Moreover, the contour plot (Figure 1A.) and the
3D response plot (Figure 1B.) both illustrate the nega-
tive effects of X, and X, on the %EE (Li, 2023).

Figure 1A. Contour plot of %EE
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Figure 1B. 3D surface response plot of %EE

Effect of formulation variables on particle size

The particle size of the POS-MMs formulations
varied between 66.3 + 2.1 nm and 99.6 £ 2.6 nm. It
was observed that the particle size increased with an
increase in the concentration of PF68 and Soluplus®.
Consequently, the optimal concentrations were de-
termined to be 0.8 mg for PF68 and 0.06 mg for
Soluplus®. The factors and their interactions influenc-
ing the particle size were represented in the following

equation:

150

Particle size= + 83.34 + 6.43A + 8.93B Eq. (5)

The regression model equation (Eq. 2) suggests
that the concentration of PF68 (X ) and Soluplus® (X))
have a positive impact on the particle size of the MMs.
The significance of the model term is indicated by the
model F-value of 82.77 and p < 0.05, indicating that
the model is significant with X and X . Furthermore,
the contour plot (Figure 2A.) and the 3D response plot
(Figure 2B.) both illustrate the positive effects of X,
and X, on the particle size (Liu, 2022).
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Figure 2A. Contour plot of particle size

Figure 2B. 3D surface response plot of particle size

Particle size and zeta potential analysis

The optimized batch Al displayed a PS of 66.30
+ 2.10 nm (with a PDI of 0.062) and a ZP of -51.1 +
2.4 mV, as depicted in (Figures 3A and 3B). The PS
was determined using dynamic light scattering (DLS).

The nanoscale dimensions of the MMs are advanta-

geous in fungal treatment, as they enable better pen-
etration and more effective targeting of the infection
site. The smaller PS offers an increased surface area for
interaction, improved bioavailability, and enhanced
cellular uptake, as fungal cells have specific mecha-
nisms to internalize smaller particles more efliciently
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(Zhang, 2023). Further, the high observed ZP of the
MMs indicates excellent stability and the presence
of strong electrostatic repulsion between micelles.
This phenomenon plays a crucial role in preventing
micelle aggregation or coalescence, which is particu-

larly significant in applications such as drug delivery,

Figure 3A. PS of optimized batch

Drug-excipient compatibility study
FTIR spectroscopy

Figure 4 shows the overlain FTIR spectrum of
plain POS and the optimized formulation POS-MMs
(A1). In the FTIR spectrum of POS, characteristic
peaks were observed at 2966.73 cm™, corresponding
to the stretching vibrations of C-H in the aromatic

rings; 1685.72 cm™, representing the stretching vi-
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where the stable dispersion of micelles is essential for
the efficient transportation of active compounds. As
reported by Feng et al. (2016), higher zeta potentials
(usually > 30 mV) indicate stronger electrostatic re-
pulsive forces, which are beneficial for maintaining a

stable water dispersion formulation (Feng, 2016).

Figure 3B. ZP of optimized batch

bration of the C=0 bond; and 1509.46 cm™, indicat-
ing the stretching vibration of C=C in the aromatic
rings of POS. IR spectroscopic studies were conduct-
ed on POS, PF68, and Soluplus® to evaluate potential
drug-excipient interactions. The results indicate that
the characteristic drug peaks remain unaltered, sug-
gesting no significant chemical interactions between
POS and the excipients. This confirms the stability of
POS in its formulation (Hajare, 2021).
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Figure 4. Overlain FTIR spectra of (A) plain POS and (B) POS-MMs A1 formulation

DSC analysis
Figure 5 displays the DSC thermograms obtained

under a dry inert nitrogen atmosphere for plain POS
and the POS-MMs (A1) formulation. The DSC ther-
mogram of plain POS exhibited a broad peak at 169.98
°C, corresponding to its melting point. The DSC ther-

mograms of the excipients in the formulation showed

endothermic peaks at different temperatures, namely
138.58 °C, 155.17 °C, 215.00 °C, and 229.81 °C, rep-
resenting their respective thermal events. In the POS-
MMs (Al) formulation, the melting point peak of
POS was no longer observed, suggesting amorphiza-
tion within the MMs. This observation indicates that
POS has been successfully entrapped and dispersed
within the MMs (Hajare, 2020).
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Figure 5. DSC thermograms of (A) plain POS and (B) POS-MMs A1 formulation

XRPD analysis

Figure 6 presents the XRPD patterns of plain POS
and POS-MMs. The XRPD pattern of plain POS dis-
played distinct diffraction peaks, suggesting its crys-

talline nature. In contrast, the XRPD pattern of POS-
MMs exhibited broadened peaks with decreased in-
tensities, indicating partial amorphization of the drug

within the micellar formulation (Patil, 2022).

Figure 6. XRPD of (A) plain POS and (B) POS-MMs A1l formulation
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In vitro drug release study
Drug release study

Figure 7 illustrates the release profiles of POS from
both plain POS dispersion and POS-MMs (A1). In the
PBS (pH 7.4) medium containing 0.5% w/v Tween 80,
plain POS dispersion exhibited over 90% drug release

within 12 hrs, indicating a rapid release profile. On

the other hand, POS-MMs demonstrated sustained
release behavior, with a release of 79.4% within 24 hrs
(p < 0.01). The sustained release of POS from POS-
MDMs helps provide a continuous and controlled re-
lease of POS over an extended period, reducing the
frequency of administration, enhancing its efficacy
against fungal pathogens, and potentially improving

patient compliance (Gupta, 2020).

Figure 7. In vitro drug release study from (A) plain POS and (B) POS-MMs A1 formulation

Drug release kinetics study

To determine the mechanism of POS release from
MMs, in vitro release data was fitted to various drug
release kinetics models. The results indicated that the

Korsemeyer-Peppas model (Figure 8) provided the

A B

best fit, suggesting that the release of POS from the
MMs occurs through matrix diffusion. This implies
that the drug molecules diffuse from the micellar core
into the surrounding aqueous medium (Zlotnikov,
2023).

Figure 8. Comparative plots of (A) zero-order release kinetics, (B) first-order release kinetics, (C) Higuchi

(SQRT) release kinetics, and (D) Korsemeyer-Peppas model for in vitro release profile of the optimized POS-
MMS formulation
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In vitro hemolysis study

Devices and drug carriers derived from nanotech-
nology are becoming viable substitutes for traditional
small-molecule drugs, and assessing their compatibil-
ity with blood components in vitro is an essential as-
pect of early preclinical development (Dobrovolskaia,
2008). In micelle-based drug delivery systems, in vi-
tro hemolysis studies are of paramount importance,
serving as an early assessment of biocompatibility and
safety evaluation. These studies enable the detection
and mitigation of hemolytic activity, contributing to
safer drug delivery systems. They also provide predic-
tive value for in vivo behavior, help meet regulatory
requirements, and contribute to a deeper understand-

ing of micelle interactions with biological compo-

nents.

Figure 9 illustrates the results of the in vitro hemo-
lysis study, which compared plain POS, blank PF68
and Soluplus® MMs, and POS-MMs. The positive
control exhibited complete hemolysis, while the neg-
ative control showed minimal hemolysis. At various
concentrations, regular POS caused more hemolysis
at 50 pug/ml compared to both blank MMs and POS-
MDMs at the same concentration. Significantly, POS-
MMs showed much lower hemolysis (p < 0.01) than
plain POS at the same concentration. This finding
highlights the favorable biocompatibility and safety
of POS-MMs for intravenous administration (Khu-
maini, 2023).

Figure 9. Results of hemolysis studies of plain POS, blank MMs, and optimized formulation (A1)

Characterization of lyophilized POS-MMs

The lyophilization of POS-MM:s with 15% lactose
as a cryoprotectant, as reported by Cheng (2020), has
significantly enhanced the stability of the formulation.
The increase in PS to 70.1+2.5 nm after lyophilization
is due to the coating of the micelles by the cryopro-
tectant. When administered, these larger micelles

can exhibit prolonged circulation times in the blood-
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stream and enhanced drug release at the target site,
contributing to more effective and sustained treat-
ment against fungal infections. The decrease in ZP of
lyophilized POS-MMs to -25.3+2.8 mV demonstrates
that lyophilization effectively prevented particle ag-
gregation and maintained uniform particle dispersion.
Furthermore, the high %EE of 96.46+4.1% and %DLC
0f 99.21+0.9% indicate that the active pharmaceutical

ingredient (API) remains well-preserved within the
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microspheres. The low moisture content of 2.49+0.5%
confirms the absence of moisture-induced degrada-
tion. Additionally, the rapid RT of 4614 sec highlights
the ease with which the lyophilized POS-MMs can be
redispersed, emphasizing preserving the microsphere
integrity and drug release characteristics. Figure 11

represents the powdered formulation and the recon-

Figure 10A. PS lyophilized POS-MMs and

Figure 11A. Lyophilized POS-MMs and

SEM was utilized to investigate the surface mor-
phology of the POS-MMs, as depicted in Figure 12.
The SEM images revealed that the POS-MMs exhib-

stitution product of the lyophilized POS-MMs. These
collective findings underscore the critical role of lyo-
philization in maintaining the stability of POS-MMs,
making them an attractive option for pharmaceutical
applications where long-term stability and controlled

drug release are essential (Bergonzi, 2020).

Figure 10B. ZP of lyophilized POS-MMs

Figure 11B. Solution of POS-MMs

after reconstitution

ited irregularly folded, porous, and flocculated amor-
phous morphology, characterized by a smooth surface
(Baviskar, 2022).
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Figure 12. SEM images of POS-MMs

Stability study

Following the ICH Q1A R2 guideline for stabili-
ty studies, the stability of the POS-MM:s was assessed
by storing them at a controlled temperature of 2-8 °C
for three months. After this period, the %EE of the
POS-MMs was determined to be 80.34%, as reported
in Table 3 (Bhendale, 2023). A comparison between

Table 3. Stability study

the stability of POS-MMs and lyophilized POS-MM:s
revealed that the PS of the liquid MMs increased rap-
idly, accompanied by a significant change in the %EE.
In contrast, the lyophilized POS-MM:s remained sta-
ble with minimal changes in %EE and particle size,
demonstrating their superior stability compared to
the liquid formulation (ICH Q1A(R2) guidelines).

POS-MMs Lyophilized POS-MMs
Sampling Time %EE Particle Size %DLC %EE Particle Size %DLC
(%) (nm) (%) (nm)
0 day 94.88+2.4 66.31.2 98.20+1.2 96.46:4.1 70.12.5 99.21+0.9
1 month 90.20+0.8 68.4%0.5 97.1242.1 96.10+£3.2 71.243.1 98.45:+1.4
2 month 88.50+1.3 69.1+1.1 95.3440.7 95.84%+3.7 71.8+2.4 96.79£2.9
3 month 80.34+1.4 75.4%0.7 91.24%1.4 95.30+2.8 72.4%2.3 95.28+1.7
CONCLUSION The solvent evaporation method is simpler, less

In conclusion, using PF68 and Soluplus® as ex-
cipients in the formulation of POS-MMs offers sev-
eral advantages. The POS-MMs containing 0.08 mg
PF68 and 0.06 mg Soluplus® exhibit a high %DLC,
allowing for efficient encapsulation of POS. These ex-
cipients improve the stability of POS by protecting it
from degradation and interactions with external fac-
tors. The micelles formed using PF68 and Soluplus®
demonstrate controlled drug release, enabling sus-

tained therapeutic effects.
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time-consuming, and more reproducible. It allows for
the precise control of micelle composition and drug
loading. This method ensures uniform drug distri-
bution within the mixed micelles, resulting in con-
sistent drug release profiles. Furthermore, the stabil-
ity of the POS-MMs was further enhanced through
the lyophilization process. Lyophilization effectively
preserved the MMs structure, prevented drug degra-
dation, and maintained drug loading efficiency. The

resulting lyophilized powder exhibited improved sta-
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bility during storage and handling, making it a more
practical and reliable formulation. These findings
contribute to the development of stable and efficient
drug delivery systems, paving the way for improved

therapeutic outcomes in treating fungal infections.
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Bilayer Nanofiber Scaffold Incorporated with
Mupirocin and Thyme Essential Oil for Synergistic
Activity Against Bacterial Wound Infections

Kisan JADHAV™, Shivani GHARAT ', Shradha B. ADHALRAO™

Bilayer Nanofiber Scaffold Incorporated with Mupirocin
and Thyme Essential Oil for Synergistic Activity Against
Bacterial Wound Infections

SUMMARY

This study aimed to fabricate a bilayer nanofiber scaffold using an
electrospinning process, incorporating a drug and oil-containing
polymeric emulsion to enhance its effectiveness against bacterial
wound infections. The research focused on characterizing the
scaffold’s morphology, chemical composition, thermal bebavior,
porosity, swelling ratio, drug release kinetics, in-vitro permeation, ex
vivo skin permeation, and antimicrobial activity. Results from in-
vitro drug permeation studies demonstrated an initial rapid release
of Mupirocin (53% in 6 b) followed by sustained release (92.17% in
72 h). In comparison, Thyme Essential Oil exhibited a release profile
with an initial burst followed by sustained release (85.45% release in
10 h). The ex vivo skin permeation data revealed greater permeability
compared to conventional films; notably the bilayer nanofiber
scaffold exhibited superior antibacterial activity compared to single-
layer Mupirocin and Thyme Essential Oil scaffolds, indicating a
synergistic effect between Mupirocin and Thyme Essential Oil. This
research offers an innovative approach to wound management with
potential clinical implications.

Key Words: Bilayer nanofiber scaffold, Wound infections,
Mupirocin, synergistic activity, Thyme essential oil, Antibacterial
activity.

Baketeriyel Yara Enfeksiyonlarina Kars: Sinerjistik Aktivite icin
Mupirosin ve Kekik Ugucu Yag: ile Birlestirilmis Cift Tabakal:
Nanofiber Iskele

0z

Bu calisma, bakteriyel yara enfeksiyonlarina kars: etkinligi arttirmak
igin bir ilag ve yag iceren polimerik emiilsiyon iceren bir elektroegirme
islemi  kullanarak ¢ift tabakaly bir nanofiber iskele iiretmeyi
amaglamaktads.  Aragtirma,  iskelenin  morfolojisini,  kimyasal
bilesimini, termal davranising, porozitesini, sisme oranini, ilag salim
kinetigini, in vitro permeasyonunu, ex vivo deri permeasyonunu ve
antimikrobiyal aktivitesini karakterize etmeye odaklanmistir. In vitro
ilag permeasyon ¢aliymalarindan elde edilen sonuclara gore, Mupirosin
baslangicta hizly bir salim (6 saatte %53) ve ardindan siirekli salim
(72 saatte %92,17) gistermistir. Buna karsilik Kekik Esansiyel Yag,
siirekli salim (10 saatte %85,45 salim) ile devam eden bir ilk patlama
etkisi ile salim profili sergilemistir. Ex vivo cilt permeasyonu verileri,
geleneksel filmlere kiyasla daha fazla gecirgenlik ortaya ¢ikarmistir;
ozellikle, ¢ift tabakals nanofiber iskele, rek tabakal; Mupirosin ve
Kekik Ugucu Yag: iskelelerine kuyasla distiin antibakteriyel aktivite
sergilemis ve bu, Mupirosin ve Kekik Ugucu Yags arasinda sinerjistik
bir etki oldugunu gostermistir. Bu aragtirma, potansiyel klinik etkiler
ile yara tedavisine yenilikei bir yaklasim sunmaktadsr.

Anabtar Kelimeler: Cift tabakal: nanofiber iskele, Yara
enfeksiyonu, Mupirosin, sinerjistik aktivite, Kekik ucucu yag,
Antibakteriyel aktivite.
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INTRODUCTION

The presence of wounds is an inevitable part of pa-
tient care, and the risk of infection is a common con-
cern in wound management. Currently, commercially
available formulations of mupirocin, an antimicrobi-
al agent commonly used in wound care, have shown
effectiveness in preventing and treating infections.
However, there is growing concern about the emer-
gence of bacterial resistance to mupirocin, necessitat-
ing the exploration of alternative strategies to improve
its efficacy (Alkilani et al., 2015).

In recent literature, nanofiber-based wound dress-
ings have gained attention as a promising approach
for delivering antimicrobial drugs. Nanofibers offer
advantages such as a high surface area-to-volume
ratio, increased porosity, and the ability to precisely
control drug release. These attributes make them ideal
for targeted drug delivery to wound sites while min-

imizing microbial penetration (Kamble et al., 2016).

Electrospinning, a widely employed technology
for nanofiber production, offers ease of handling,
precise control over fiber diameter, and cost-effec-
tiveness. This method provides a platform to develop
innovative wound dressings that can optimize drug
release profiles and enhance therapeutic outcomes
(Thenmozhi et al.,, 2017).

Mupirocin (MUP), a potent antimicrobial agent
produced by the Gram-negative bacterium Pseudo-
monas fluorescens, has demonstrated effectiveness
against various bacterial strains. However, it is es-
sential to optimize its delivery to wounded tissues, as
oral administration leads to the gradual breakdown of
mupirocin into an inactive metabolite (Abbas et al.,
2019).

Addressing the concern of mupirocin resistance,
this study aims to formulate an electrospun bilayer
nanofiber scaffold incorporating bothMupirocin and
Thyme Essential Oil (TEO). The combination of these
agents is expected to synergistically enhance their

antibacterial effects, providing a potential solution to
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combat bacterial resistance and improve the thera-
peutic efficacy of wound care. Propolis and its combi-
nation with MUP against methicillin-resistant Staph-
ylococcus aureus (MRSA) in nasal carriage of rabbits
were found to result in a more profound reduction in
bacterial cell count and inflammatory response (On-
len et al., 2007). Thyme Essential Oil (Thymus vulgar-
is L.), known for its natural antimicrobial properties
and ability to reduce inflammation, holds promise
as an adjunct to mupirocin in wound management
(Rather et al., 2021).

In recent developments, MUP-loaded nanoemul-
sions have emerged as a promising solution for the
treatment of superficial skin infections. These na-
noemulsions, formulated with the inclusion of euca-
lyptus oil (EO), offer a novel approach to combat such
infections effectively ( Alhasso et al., 2023).

Moreover, for the management of invasive Staph-
ylococcus aureus infections, a parenteral delivery sys-
tem known as Nano-MUP has been devised. This
innovative approach, involving liposome protection
and enhanced drug delivery mechanisms, has shown
remarkable improvements in antimicrobial efficacy,
particularly within infected organs and Staphylococ-
cus aureus-harboring phagocytic cells (Goldmann et
al,, 2019).

Furthermore, an important endeavor in this field
has been the development of MUP nanoparticle-load-
ed hydrogel (MLH), with a primary focus on ensuring
its biocompatibility for rat model wound healing and
its safety for cell lines. Notably, the results have been
promising, as evidenced by wound contraction, re-
duced secretion, increased development of new blood
vessels, stimulation of hair follicle cells, and other
wound healing indicators in burn wounds. In com-
parison to alternative treatment groups, MLH, and
hydrogel have demonstrated superior performance
in facilitating the healing process, marking a signif-
icant advancement in wound care strategies. These
developments underscore the potential of Mupirocin

formulations to revolutionize the treatment of skin
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infections and wound management (Kamlungmak et

al., 2021).

Its worth noting that commercially available
Mupirocin formulations come in the form of creams
and ointments, providing additional options for pa-
tients and healthcare providers in addressing skin in-

fections (Bakkiyaraj et al., 2017).

In summary, this research focuses on developing
an innovative electrospun bilayer nanofiber scaffold
with MUP and TEO to address the challenge of bacte-
rial resistance and improve the treatment of bacterial

wound infections.

MATERIALS AND METHODS
Materials

Kawman Pharma Ltd. Mumbai, India. generous-
ly provided MUP. Polycaprolactone (Mn, 80,000)
was purchased from Otto Chemie Pvt Ltd. Mumbai,
India.The source of the Thymus vulgarisessential oil
was Naturalis essential oil, India. Polyvinyl alcohol
and Tween 80 were obtained from Research Lab Fine
Chem Industries and Loba Chemie Pvt. Ltd. Respec-
tively. Dichloromethane AR grade and Methanol AR
grade were gainedfrom S.D. Fine Chemicals, Mum-
bai, India.The additional ingredients together with

solvents belonging to analytical grade were utilized.

Preparation of MUP-PCL-TEO-PVA bilayer nanofiber scaffold

Figure 1. Electrospinning setup (E-SPIN NANO) for fabrication of MUP-PCL-TEO-PVA bilayer nanofiber scaffold.

Preparation of Electrospinning solutions
MUP-PCL polymeric solution

MUP-loaded PCL polymer solution was prepared
based on a modified version of an existing technique
(Chen et al., 2018). Using magnetic stirring, a precise-
ly weighed amount of PCL was solubilized in DCM
over 24 hours at room temperature, yielding a homog-
enous solution with a 10% (w/v) concentration. The
PCL solution was then gradually added MUP (2 %

w/v) while being vigorously stirred for 24 hours.

TEO- PVA loaded polymeric emulsion

To incorporate the oil in the polymeric solu-
tion, an o/w emulsion formulation was selected. The
TEO-loaded emulsion was prepared by accurately
weighing PVA (7% w/v) and dissolving in distilled
water at 60-80°C along with 2 hours of constant mag-
netic stirring, to get a homogeneous solution. Then
TEO (1% w/v) was dissolved in Tween 80 (3% w/v)
and this oil-surfactant mixture was slowly added to

the PVA solution (polymeric aqueous phase) and kept
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nearly to 24 hours on magnetic stirring at room tem-
perature to get a homogenous emulsion (KesiciGiiler
etal., 2019).

Preparation of bilayer nanofiber scaffold

The electrospinning technique for this investiga-
tion was carried out using the electrospinning de-
vice Espin Nano (as shown in Figure 1.). It consists
of an adjustable DC power supply, a syringe, a stain-
less-steel needle, as well a syringe pump. The exper-
imental criteria containing flow rate, supply voltage,
tip-to-collector distance, as well as drum speed, were
set based on previous literature as well as experimen-
tal conditions (Li et al., 2018). Processing for electro-
spinning was done at ambient temperature and 55%
relative humidity. A syringe pumps flow rate was
controlled using a 10 mL syringe having a 24-gauge
metallic needle. The metal needle was charged using a
high-voltage power source including an applied volt-
age of 18 kV, and on an aluminium foil-coated drum
collector moving at 400-500 rpm, the fibers were col-
lected. The flow rate was kept constant at 1 mL/h, and
the tip-to-collector distance was set to 13 cm. For the
preparation of bilayer nanofiber scaffolds, a first layer
containing, TEO loaded PVA emulsion was deposit-
ed on aluminum foil followed by the second layer of
MUP-loaded PCL solution. After that, a vacuum was
applied to the fibers that had gathered from the alu-

minium foil upon the collector.
Gas Chromatography
The investigation employed an HP 6890 gas chro-

matography with a flame ionization detector (FID)
and a 30 m x 0.25 mm HP-5 (cross-linked Phe-
nyl-Methyl Siloxane) column with 0.25 pm film thick-
ness from Agilent. The essential oil samples (0.1uL)
were injected straight into the column. With a flow
rate of 1,4 mL min™ and a split-less operation, helium
was employed as the carrier gas. The column was kept
at 40°C for five minutes, then elevated to 230°C at a
rate of 10°C min’, and lastly from 230 to 280°C at a

rate of 30°C min™.
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Mass spectrometry analysis

A Hewlett Packard 6890 mass selective detec-
tor and a Hewlett Packard 6890 gas chromatograph
were used to examine the oil using gas chromatogra-
phy-mass spectrometry (GC-MS). The MS operating
conditions were as follows: Ionisation potential is 70
Ev; ionization current, 2 A; ion source temperature is
200°C, and resolution is 1000. From 30 to 450 m/z,
mass units were tracked. With retention indices relat-
ed to n-alkanes.The chromatographic conditions were

the same as those employed for GC analysis.

Characterization of electrospun MUP-PCL-
TEO-PVA bilayer nanofiber scaffold

Scanning Electron Microscopy (SEM)

SEM was utilized for analyzing the surface mor-
phological properties as well as the fiber diameter of
electrospun nanofiber scaffolds.Using the FEI Quanta
200 SEM, nanofiber samples were imaged at varying
magnifications after being gold-sputter-coated. At
least 50 randomly chosen fibers were measured to es-
timate the fabrication’s nanofiber membrane’s average

diameter.
Thickness

A Yuzuki digital micrometer was used to measure
the nanofiber scaffold’s thickness. Three samples()
were measured at different areas of the nanofiber scaf-
fold.

Porosity

The porous nature produced by the patches was
measured using a procedure that has already been
discussed. Absolute ethanol was used to immerse
the scaffolds until they were saturated scaffolds were
weighed before and after they had been soaked in al-
cohol. Porosity was measured using the equation giv-

en below:

D _ — Wz'Wz
Eq. (A1) = P ==y x100

where W, and W, are the scaffolds’ relative
weights before and after being immersed in alcohol;

V1 represents the volume previously immersed in
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alcohol which was determined using the formula for
the dressing’s length, breadth, and height (Thakur et
al., 2008).

Swelling ratio:

The nanofibrous scaffold was cut into equal por-
tions and submerged in PBS (pH 7.4) for nearly 24
hours which represents medium conditions to gauge
the level of swelling. After using filter paper to gently
wipe away any water that had stuck to the surface, the

scaffolds were promptly weighed.

Eq. (A2): DS = DS =4z x100

In the above equation, DS stands for the amount
of swelling, while W,_and W, are the scaffolds’ respec-
tive wet and dry weights (Tanriverdi et al., 2018).

Fourier-transform  infrared

(FTIR)

spectroscopy

A Fourier transform infrared spectrometer (SHI-
MADZU IR spirit) was utilized to get the infrared
spectra of the electrospun scaffolds. After drying in
a vacuum oven, nanofibrous mats were applied to the
diamond crystal for investigation. The investigation
included the spectral region from 4000 cm™ to 400
cm’. For every spectrum, scans were recorded. To
determine whether the formulation was causing any
chemical interactions, the absorption peaks were ex-

amined.
Differential scanning calorimetry (DSC)

DSC (Hitachi 7020) was used to investigate ther-
mal characteristics. As a reference, an empty alumin-
ium pan was used. Using an aluminium sealed pan,
DSC measurements were conducted from 10 to 300
°C at a heating rate of 10 °C/minute.Oil or Liquid
holdingsample pans were used to characterize TEO.
For each measurement, a sample size of 5-10 mg was
used. During the measurement, nitrogen gas was used
to purge the sample cell. In the context of DSC, melt-
ing refers to the process of a substance transitioning
from a solid to a liquid state under the influence of
increasing temperature. DSC measures the heat flow

associated with the phase transition, allowing for the

characterization of melting temperatures and enthal-

pies of materials.
% Entrapment efficiency (% EE)

To ascertain the % EE, the quantity of medication
that was not trapped in the nanofibers was assessed.
The nanofiber mat formed was diluted appropriately
with methanol and then subjected to centrifugation
for 30 minutes at 10,000 rpm.Utilizing a UV/VIS
spectrophotometer with a wavelength of 230 nm, the
quantity of free medicine in the supernatant was cal-
culated. A similar process was followed to determine
the TEO content at 274nm. The quantity of drug that
was absorbed was determined by comparing the ini-
tial drug content with the free drug in the superna-
tant. The experiment was conducted in triplicate us-

ing three different samples.
In vitro drug release

In vitro drug release of nanofiber scaffold was car-
ried out as per described in the earlier method. By in-
serting a known mass and approximate size (4x4 cm?)
of material in 60 mL of PBS (pH=7.4) at 37° C, drug
release from the MUP-loaded nanofiber scaffolds was
assessed.1.0 mL of solution was moved to a sample
vial from the test solution at predefined sample col-
lection intervals. The amount of drug released was de-
termined by a UV spectrometer (Shimadzu UV-1800)
at a wavelength of 230 nm and the cumulative release
percentage of MUP at various times was determined
based on the calibration curve. TEO release was also
detected using a UV spectrometer at 274 nm wave-

length.
The amount of MUP and TEO released were cal-

culated from:
Eq. (B.1): y=10.0243¢ + 0.0397 (R?=0.995)

where c is the concentration of MUP (mg/L) and

y is absorbance.
Eq. (B.2): y = 0.0606x - 0.0044 (R* = 0.996)
where c is the concentration of TEO (mg/L) and y

is absorbance.
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In vitro drug permeation

In vertical Franz diffusion cells, 22 ml of pH 7.4
phosphate-buffered saline (PBS) were added to the
produced bilayer electrospun scaffolds (JN CIENCE-
TECH).The complete scaffold was present in the dif-
fusion cell’s receptor chamber, which was below the
sampling port.The scaffold showed promising wetta-
bility throughout the tests and maintained the entire
immersion without any additional support. The in-
terior compartments of the Franz cells were covered
with cellulose membrane, while the outside jacket of
the cells was kept at 37° C and agitated at 200 rpm.
1 ml of sample was taken out of the sampling port
and replaced at the proper intervals between 1 and 72
hours with an equal volume of the new buffer. Shi-
madzu UV-1800 spectrometer was used to measure
overall drug concentrations for MUP and TEO at

wavelengths of 230 nm and 274 nm, respectively.
Ex vivo studies

For the ex vivo study, a male white Wistar rat
weighing 180-200 g was sacrificed by chloroform in-
halation method. Abdominal hair was shaved oft af-
ter scarification.The sample of injured tissue had the
adherent fat and dirt thoroughly removed. Before be-
ginning the diffusion studies, the skin sample was im-
mersed in phosphate buffer saline solution for 30 min.
[Approval statement: The above-mentioned project,
“Bilayer Nanofiber Scaffold Incorporated with Mupi-
rocin and Thyme Essential Oil for Synergistic Activity
Against Bacterial Wound Infections” (Protocol No.-
BVCP/IAEC/07/2020) consisting of male white Wis-
tar rat has been reviewed and approved by the IAEC.
Humane care of the obtained animal used in animal
studies was done as per the IAEC guidelines].Vertical
Franz diffusion cells with a diffusional surface area of
1 cm? and 32 ml of receptor cell volume were used for
ex vivo permeation tests.First, the scaffold was fully
submerged in the diffusion cell’s receptor compart-
ment underneath the sampling port.Second, a pH 7.4
phosphate buffered solution was added to the recep-

tor compartments. The receptor phase was sustained
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at 37°C by employing a circulated water bath with
stirring at 200 rpm. Diffusion barriers were made out
of rat skin. Then, over 72 hours, 1 ml aliquots were
regularly taken out and refilled with a similar amount
of receptor fluid.This adequate further diluting of re-
ceiver contents was assessed with a UV spectropho-
tometer. The cumulative amount of drug permeat-
ed across the skin (ug/cm?) was plotted against time
(hr). The slope of the linear section of the graph was
used to calculate the steady-state flux “]” Eq. 1 was

used to calculate the Permeability Coeflicient “Kp”
Eq. (C): Kp=]/C,

Where C is the drug concentration in the donor
phase and ] is the flux (Tas et al., 2007)

Antimicrobial studies

For antimicrobial assessment of electrospun
nanofibers, the individual scaffolds of MUP-PCL,
TEO-PVA, and combined bilayer scaffold of MUP-
PCL-TEO-PVA was verified contrary to three micro-
organisms, S. aureus, E. coli, and P. aeruginosa using
zone inhibitiontechniques to evaluate their antimi-
crobial action. Cultures of S. aureus, E. coli, and P,
aeruginosa with a concentration of 108 CFU/ml were
prepared on nutrient agar plates. A scaffold specimen
with a diameter of 0.9 cm was positioned on top of a
100, 1 of 108 CFU/mL bacteria solution that had been
spread out on an agar plate. Each sample’s inhibitory

region was quantified (Chen et al., 2017).
RESULTS AND DISCUSSION
Chemical composition of the essential oil

The output of essential oils was 1.0%. Fresh-
ly separated essential oil was a golden liquid with a
strong, narcotic aroma. Sesquiterpene hydrocarbons,
oxygenated sesquiterpenes, monoterpene hydro-
carbons, and others were the five groups into which
the constituents of essential oils were divided (Table
1). Thyme essential oil's GC and GC-MS analysis
revealed 41 components, accounting for 97.85% of
all detectable compounds. The main components of
the oil were camphor (39.39%), camphene (17.57%),
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a-pinene (9.55%), 1,8-cineole (5.57), borneol (5.03%), ne,p-pinene, and myrcene, were present in thyme
and B-pinene (4.32%). Less than 2% of other compo-  essential oil. The oil’s most prevalent component class
nents were found overall (Table 1). The most signifi-  (54.82%) was oxygenated monoterpenes.

cant monoterpene hydrocarbons, camphene, a-pine-

Table 1. Chemical composition of the essential oil.

Compound Content % Compound Content %
Tricyclene 0.64 Terpinene-4-ol 2.21
Alpha-thyjene 0.46 Para-cymen-8-ol 0.28
Alpha pinene 9.35 Alpha terpineol 0.57
Camphene 17.19 Verbenone 0.13
Beta pinene 4.23 Carveol 1 0.22
Myrcene 3.21 Carvarcrol methyl ethyl 0.11
Alpha terpinen 0.27 Bornyl acetate 0.40
Para cymene 1.19 Thymol 0.24
1,8-cineole 5.45 Alpha-copaene 0.30
Trans Beta ocimene 0.09 Beta-bourbonene 0.12
Gama terpinene 0.55 Alpha-Gurjunene 0.66
Cis-sabinene hydrate 0.46 Beta-caryophyllene 0.09
Camphenilone 0.31 Aromadendrene 0.11
Alpha-terpinolene 0.11 Alpha-elemene 0.22
Linalol 0.14 Germacrene-d 0.23
Alpha-thyjone 0.29 Bicyclogermacrene 0.13
Neoalloocimene 0.53 Spathulenol 0.73
Camphor 38.54 Caryophellene oxide 0.56
Borneol 4.92 Beta-oplepenone 0.07

Scanning Electron Microscopy (SEM) drug was encapsulated and molecularly disseminated

SEM was used to validate the creation of nanofi-  Within the electrospun fibers because the photos did

bers. SEM images revealed the development of casual- not indicate the existence of the drug crystals and/or

aggregates on the surface (Figure 2.)(Kamble et al,
2016).

ly oriented uniform and homogeneous fibers having a

diameter range of 325-419 nm. It is assumed that the

Figure 2. SEM images of electrospun MUP-PCL-TEO-PVA bilayer nanofiber scaffold.
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Thickness

The thickness of nanofiber scaffold was confirmed
by utilizing Yuzuki digital micrometer. Three samples
were measured which give thickness 107 um ,109 pm,
and 113 pumrespectively which shows the optimum
thickness of nanofiber scaffold attributed to the ideal
wound dressing material. The number of nanofibrous
layers that cover each other increases as the thickness
of nanofibrous scaffolds does, which causes a reduc-
tion in air permeability and an enhancement in the
compaction and tightness of the nanocomposite scaf-
fold (Ghasemi-Mobarakeh et al., 2009).

Porosity
The porosity of the MUP-PCL-TEO-PVA bilayer

nanofiber scaffold by the alcohol immersion method
was found to be 82% which indicates good porosity.
Electrospinning creates scaffolds with a greater poros-
ity compared to previous techniques (Li et al., 2019).
A bacterial wound dressing benefits from the scaf-
folds’ high porosity, which helps to promote hydra-
tion and prevent infection (Li et al., 2018).The highly
porous nature of the patches may assist in removing
discharge from the injury site as well as avoid wound
infection. Additionally, the great amount of porous
nature present acts as an advantage in delivering nu-
trients and O, to the cells connected to the dressings
(Liang et al., 2016).

Swelling ratio

A gravimetric approach was used to determine the
swelling index of electrospun nanofiber materials. The
loading and release behavior of medication is signifi-
cantly influenced by the nanofibers” swelling index.
The degree of swelling of MUP-PCL-TEO-PVA scaf-
folds in PBS pH 7.4 after 24 h was 257.43%. However,
after maximum swelling (351.57%) was noted at 12
h.In all cases, additional extensions of time revealed

a reduction in the intensity of edema. This decline in
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inflammation is mostly because of the breakdown of
polymers, which causes the leakage of polymer from
the nanofiber patch and reduces edema.The nanofi-
bers’ strong hydrophilicity and excellent swelling ca-
pabilities allow them to collect exudates at the wound

site and keep it moist.
FTIR

The physical and chemical interactions of the
polymers were studied using FTIR spectroscopy. The
spectra of the MUP-PCL-TEO-PVA bilayer nanofiber
scaffold exhibited preservation of all the characteris-
tic bands (Figure 3a). Due to the lack of any chemical
interaction, there was also no significant shifting of
the existing bands or the emergence of new bands,
indicating the compatibility of all nanofiber scaffold
components. From the above overlay plot (Figure 3b.)
of a pure drug (MUP), PCL, PVA, TEO, TWEEN 80,
and nanofibers scaffold it has been observed that the
medicine and the excipients utilized do not physically

interact.

In the comprehensive FTIR analysis, the spectra of
a film formulation containing the drug MUP along-
side excipients such as PCL, PVA, TWEENS80 along
TEO, were meticulously examined. By comparing
these spectra with the isolated peaks of the drug MUP,
a noteworthy revelation was observed. The distinct
peaks corresponding to C-H Bending (806.14 cm™),
CO-0O-CO Stretching (1044.04 cm™), C-O Stretching
(1143.17 cm™), C-N Stretching (1221.62 cm™), N-H
Bending (1469.79 cm™), and C=C Stretching (1653.78
cm™) in drug MUP were found to be harmoniously
echoed in the formulation’s spectra. Furthermore, the
presence of specific peaks associated with TEO and
PCL within the formulation was also noted. This com-
pelling evidence collectively suggests that there is no
discernible interaction between the drug MUP and
the selected excipients, thus affirming the compatibil-

ity of the drug with the formulation components.
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Figure 3a. FTIR spectra of MUP-PCL-TEO-PVA bilayer nanofiber scaffold.

Figure 3b. Overlay plot of the pure drug (MUP), PCL, PVA, TEO, and TWEEN 80.
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DSC

DSC is a technique for determining the tempera-
ture and energy variations associated with a com-
pound’s phase transitions, which aids in determining
the degree of crystallinity.The crystalline character of
MUP was confirmed by its abrupt endothermic peak
at 71.5°C, which corresponds to its melting point Fig-
ure 4a. Also, TEO oil exhibited an endothermic peak
at 215°C (Figure 4b). The DSC thermogram of both

the polymer used in formulation i.e., PCL shows en-
dothermic peaks at 57.7°C and PVA shows endother-
mic peaks at 192.7°C respectively. However, the MUP-
PCL-TEO-PVA bilayer nanofiber scaffold showed an
endothermic peak only at 53.3°C and 193.0°C for two
polymers PCL and PVA respectively as shown in (Fig-
ure 4c) whereas, peaks associated with MUP and TEO
melting points were not present which indicates the
whole amorphization and solubilization respectively
when nanofibers formulations were prepared.

Figure 4a. DSC thermogram of pure MUP.

Figure 4b. DSC thermogram of TEO.
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Figure 4c. Thermogram of MUP-PCL-TEO-PVA bilayer nanofiber scaffold

% Entrapment efficiency (% EE)

The % EE of the final optimized batch of bilayer
nanofiber scaffold of MUP-PCL-TEO-PVA was stud-
ied using the UV spectroscopic method. The %EE of
bilayer nanofiber scaffold was found to be 97.39 % and
93.06 % respectively for MUP and TEO.

In vitro drug release

The drug release profiles of an optimized batch
from the MUP-PCL-TEO-PVA bilayer nanofiber scaf-
fold are illustrated in Figure 5. The calibration curves
of MUP at 230 nm were R* = 0.995 and TEO at 274
nm was R* = 0.9961. MUP displayed a prolonged re-
lease from the bilayer nanofiber scaffold for 3 days. A
two-stage release profile initially showed rapid release
and thereafter showed a slower sustained release. Fig-
ure 5 displays the results of a sustained release pro-
file of MUP from the Bilayer nanofiber scaffold for 3
days. The initial rapid release of MUP from the bilayer
nanofiber scaffold resulted in the release of 40.55%
of the total MUP content in the first 6 hours. With
the sustained release, another approximately 53% was
released from the bilayer scaffold in the following
72 hours.TEO exhibited a two-stage release, initially
showed rapid release, and thereafter slower sustained
release was observed. About 48% of TEO was released
from the bilayer nanofiber scaffold in the first hours.
The cumulative drug release increased steadily to 87%

in the following 10 hours.

Though identical drug release profiles could be
seen for MUP as well as TEO, 49% of the TEO exhib-
ited burst release during the first hour, whereas 27% of
the MUP dispersedout of the nanofiber scaffold simul-
taneously. This was explained by the fact thatintense
chemical linkage bonds of PCL and MUP conjugated
to the fiber, resulted in a lower release ability of MUP
in comparisonto TEO. Thyme essential oil with a burst
release profile can quickly reduce the microbial load
in the wound, promoting faster wound healing by cre-
ating a more favorable environment for tissue repair.
MUP, while slower to release, can provide a sustained
antimicrobial effect, ensuring continuous inhibition
of microbes even after the initial rapid action of thyme
essential oil. The combined action of both agents can
be effective in addressing both the immediate need for
rapid microbial reduction and the longer-term need
for sustained antimicrobial activity, ultimately con-
tributing to improved wound healing outcomes. Drug
release from the bilayer nanofiber scaffolds is depen-
dent on the concentration of polymers used and the
flow rate of polymeric solutions for electrospinning.
This means polymers with a smaller size range with a
larger interfacial area, thus promoting the controlled
release of the drug from the formulation. Multiple op-
tions for controlling release time profiles are available
with electrospun medicated fibers having a multilayer

structure.
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Figure 5. In vitro drug release of MUP and TEO from the MUP-PCL-TEO-PVA bilayer nanofiber scaffold.

In vitro drug permeation

The in vitro drug permeation study of the MUP-
PCL-TEO-PVA bilayer nanofiber scaffold was con-
ducted using a Franz diftusion cellfor 72 h. The drug
permeation study was conducted for 72 hours. From
acquired results (Figure 6), it was found that MUP

showed initial rapid release and thereafter a slower

sustained releaseachieving 92.17% drug release after
72 h whereas TEO showed 85.45% release in 10 h with
initial burst release and thereafter a sustained release
profile. In vitro, drug permeation studies interpret the
diftusion-derived drug delivery from nanofiber scaf-

fold by following the KorsmeyerPeppas plot.

Figure 6. In vitro drug permeation of MUP and TEO from the MUP-PCL-TEO-PVA bilayer nanofiber scaffold.
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Ex vivo studies

The ex vivo skin permeation study was performed
by utilizing Franz diffusion cell for the MUP-PCL-
TEO-PVA bilayer nanofiber scaffold. Here the skin
is not whole in injured tissue. The study was carried
out for 72 hours. From the results, it was found that
MUP showed initial rapid release followed by a slow-

er sustained release achieving 91.67% of drug release

whereas TEO showed 83.45% release in 10 h with ini-
tial burst release followed by sustained release profile
(Figure 7). The ex vivo skin permeation data displayed
that for the MUP-PCL-TEO-PVA bilayer nanofiber
scaffold the flux of nanofiber mats was found to be
5.12 and permeability was found to be 0.00425 which
is greater than that of conventional cast film. BVCP/
TAEC/07/2020 is the proposal no. for ex vivo studies.

Figure 7. Ex vivo skin permeation from MUP-PCL-TEO-PVA bilayer nanofiber scaffold.

Antimicrobial studies

Antibacterial activity of individual scaffolds of
MUP-PCL, TEO-PVA, and combined bilayer scaf-
fold of MUP-PCL-TEO-PVA was verifiedin contrast
to3 microorganisms, S. aureus, E. coli, and P. aerugi-
nosa to evaluate their antimicrobial action. The in-
hibitoryregionformed by the respective sample was
evaluated. Figure 8 shows the activity of MUP-PCL,
TEO-PVA, and combined bilayer scaffold. Zone of in-

hibition for S. aureus was shown as 17 mm, 11 mm,
and 21 mm by MUP alone, TEO alone, and bilayer
MUP-PCL-TEO-PVA respectively. The activity of
MUP-PCL, TEO-PVA, and combined bilayer scaffold
for P. aeruginosa, shows the inhibitory region as 14
mm, 8 mm, and 17 mmrespectively. The activity of
MUP-PCL, TEO-PVA and combined bilayer scaffold
for E. coli shows the inhibitory region as 11 mm, 6

mm, and 12 mm respectively.
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Figure 8. Antibacterial activity of MUP-PCL-TEO-PVA bilayer nanofiber scaffold against S. aureus, P. aeruginosa,
and E. coli. [ (a) MUP-PCL-TEO-PVA bilayer nanofiber scaffold, (b) MUP+PCL scaffold, (c) TEO+ PVA scaffold]

Figure 9. Statisticalrepresentationcomparing the antibacterial activity of MUP-PCL-TEO-PVA bilayer nanofi-
ber scaffold against S. aureus, P. aeruginosa, and E. coli. [ (a) MUP-PCL-TEO-PVA bilayer nanofiber scaffold,
(b) MUP+PCL scaffold, (¢) TEO+ PVA scaffold]

The bilayer MUP-PCL-TEO-PVA scaffold exhib-
itedoutstandingactionin contrast to all tested micro-
organisms, through the toughest action counter to
S. aureus (21 mm), following this with P. aeruginosa
(17 mm), and lastlyE. coli (12 mm).Generally, this bi-
layer nanofiber scaffold displayed noteworthy action
contrary to S. aureus, E. coli, as well as P. aerugino-
sa. The comparison is showcased in the Figure 9. To

determine whether the observed differences in anti-
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bacterial activity are statistically significant, a one-way
ANOVA was conducted followed by Tukey’s Honestly
Significant Difference test (post hoc Analysis). Based
on the post hoc analysis, the comparison between
MUP-PCL and TEO-PVA has a p-value of 0.08, which
is not statistically significant (p > 0.05). However, the
comparisons between MUP-PCL-TEO-PVA and both
MUP-PCL (p = 0.02) and TEO-PVA (p = 0.04) are

statistically significant (p < 0.05). In this scenario, it
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concludes that MUP-PCL-TEO-PVA has the highest
antibacterial efficacy among the tested scaffolds.Thus,
the scaffold produced here possibly will increase ef-
ficacy in treating bacterial-infected injuries due to
the combined antibacterial effect of MUP and TEO.
Mupirocin is a potent antibacterial agent and is ex-
tensively utilized by medical practitioners as a topical
ointment to cure various topical wounds MUP acts in
contrast to a wide range of bacteria by resisting bacte-
rial protein and RNA production by reversibly block-
ing isoleucyl-transfer RNA (Perumal et al., 2014).

CONCLUSION

In conclusion, this study successfully fabricated a
novel MUP-PCL-TEO-PVA bilayer nanofiber scaffold
using the electrospinning technique. The choice of
polymer concentrations and electrospinning parame-
ters played a critical role in determining drug release,
% EE, and nanofiber structure. Notably, nanofibers
composed of 10% PCL and 7% PVA exhibited favour-

able % EE and controlled drug release properties.

Characterization studies, including FTIR and
DSC analyses, provided compelling evidence of the
successful incorporation of both MUP and TEO with-
in the nanofiber matrix. Furthermore, SEM images
confirmed the formation of uniform and homoge-
neous nanofibers, essential for their efficacy as wound

dressings.

In vitro drug permeation studies revealed distinct
release profiles for MUP and TEO, with MUP initially
displaying a rapid release followed by sustained drug
release over 72 hours. Conversely, TEO exhibited an
initial burst release followed by a sustained release
pattern, reaching a significant level of release within
10 hours. This differential release kinetics could of-
fer a tailored approach to wound treatment, allowing

for rapid antimicrobial action (MUP) alongside lon-

ger-lasting benefits (TEO).

The ex vivo skin permeation data demonstrat-
ed that the MUP-PCL-TEO-PVA bilayer nanofiber
scaffold exhibited superior permeability compared
to conventional cast films, indicating its potential for

improved transdermal drug delivery.

Most importantly, the antibacterial activity as-
sessment highlighted the synergistic effect of MUP
and TEO within the bilayer nanofiber scaffold. The
increased zone of inhibition observed in the MUP-
PCL-TEO-PVA bilayer scaffold, as compared to sin-
gle-layer MUP and TEO scaffolds, underscores the
potential of this innovative approach in combating

bacterial infections more effectively.

Overall, our study offers a promising avenue for
advanced wound care through the development of a
bilayer nanofiber scaffold that combines the strengths
of MUP and Thyme Essential Oil, potentially reduc-
ing bacterial resistance and improving treatment out-

comes for bacterial wound infections.
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Protective Role of Pistacia palaestina Boiss. Fruit and Leaf
Extracts in Isoproterenol-Induced Cardiac Ischemia

SUMMARY

Myocardial infarction (MI) is one of the leading causes of death
worldwide. This study aimed to investigate the protective effects of
Pistacia palaestina Boiss (PP) leaf and fruit extracts, which are thought
to have antioxidant and anti-inflammatory activity, in isoproterenol
(ISO)-induced MI. 80 Sprague-Dawley rats were divided into ten

groups. The control group was given 0.9% isotonic sodium chloride
saline. PP leaf and fruit extracts at doses of 250 mglkg and 500 mg/
kg were administered by oral gavage for 21 days. 1SO 100 mglkg
subcutaneously was administered to the MI and MI-treatment groups
on the 17th and 18th days of the experiment. Thiobarbituric acid
reactive substances (TBARS) and glutathione (GSH) levels, catalase
(CAT), superoxide dismutase (SOD), and glutathione peroxidase
(GPx) activities were measured in heart tissue. In serum, troponin T,
CK-MB; pro-inflammatory cytokine necrosis factor-alpha (TNF-a,),

interlenkin-1p (IL-1B,) and IL-6; anti-inflammatory IL-10 levels
were determined by the ELISA method. Heart tissue was examined by
hematoxylin-eosin staining. While lipid peroxidation indicator TBARS
activity increased in the MI group, antioxidant enzyme activities and
GSH levels decreased. While troponin T, CK-MB, TNF-0, IL-1p,

and IL-6 levels increased, anti-inflammatory IL-10 levels decreased.

Low and high dose PP leaf and fruit extracts significantly decreased
TBARS, troponin T, CK-MB, TNF-0, IL-1f, and IL-G levels
improved antioxidant enzyme activity, and GSH and IL-10 levels.

PP ameliorated cardiac biomarkers and histopathological changes in

ISO-induced MI by suppressing oxidative stress and inflammation. PP
extracts may play an important cardioprotective role in the treatment
of MI through their antioxidant and anti-inflammatory effects.

Key Words: Pistacia palaestina  boiss, myocardial infarction,
isoproterenol, ~antioxidant, anti-inflammatory activity,  cardiac
markers.

Pistacia  palaestina Boiss. Meyve ve Yaprak Ekstrelerinin
ILzoproterenol Kaynakls Kardiyak Iskemide Koruyucu Rolii

0z

Miyokard enfarktiisii (M) diinya ¢apinda  onde gelen Gliim
nedenlerinden biridir. Bu ¢aligmada antioksidan ve antiinflamatuar
aktiviteye sahip oldugu diigiiniilen Pistacia palaestina Boiss (PP)
yaprak ve meyve ckstrelerinin izoproterenol (1SO)-indiiklii MIda
koruyucu etkilerinin arastirilmas: amaglanmigtir. 80 adet Sprague-
Dawley sigan 10 gruba ayrildi. Kontrol grubuna %0,9 izotonik
sodyum kloriir verildi. 250 mglkg ve 500 mglkg dozlarmda PP
yaprak ve meyve ekstreleri 21 giin siireyle gavaj yoluyla uygulands. MI
ve Ml-tedavi gruplarna deneyin 17. ve 18. giinlerinde 1SO 100 mg/
kg subkutan olarak wygulands. Kalp dokusunda tiyobarbitiirik asit
reaktif maddeleri (TBARS) ve glutatyon (GSH) diizeyleri, katalaz
(CAT), siiperoksit dismutaz (SOD) ve glutatyon peroksidaz (GPx)
aktiviteleri dlgiildii. Serumda troponin T, CK-MB; proinflamatuar
sitokin nekroz faktorii-alfa (TNF-0), interlokin-18 (IL-15) ve IL-
6; antiinflamatuar IL-10 diizeyleri ELISA yontemiyle belirlend;.
Kalp dokusu hematoksilen-eozin boyama ile incelendi. MI grubunda
lipid peroksidasyon gistergesi TBARS aktivitesi artarken, antioksidan
enzim aktiviteleri ve GSH seviyeleri azalds. Troponin T, CK-MB,
TNF-a, IL-1f ve IL-6 diizeyleri artarken antiinflamatuar IL-10
diizeyleri azalds. Diigiik ve yiiksek doz PP yaprak ve meyve ckstreleri
TBARS, troponin T, CK-MB, TNF-a, IL-1f, IL-G diizeylerini
onemli Glgiide azaltmis, antioksidan enzim aktivitelerini, GSH ve
IL-10 diizeylerini iyilestirmistir. PR oksidatif stres ve inflamasyonu
baskilayarak ISO-indiiklii MIdaki kardiyak biyobelirtecleri ve
histopatolojik degisiklikleri diizeltmigtir. PP ekstreleri antioksidan ve
antiinflamatuar etkileriyle MI tedavisinde onemli bir kardiyoproteksif
rol oynayabilir.

Anabtar Kelimeler: Pistacia  palaestina  Boiss, miyokard
enfarktiisii, izoproterenol, antioksidan, antiinflamatuar aktivite,
kardiak belirtecler.
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INTRODUCTION

In 2020, 928.741 people in the United States and
approximately 19.05 million people worldwide died
from cardiovascular disease (Tsao et al. 2023). Myo-
cardial infarction (MI), one of the most common
cardiovascular diseases, is characterized by insuffi-
cient blood circulation feeding the heart and causes
irreversible acute necrosis (Mechanic et al. 2022).
Although there are many surgical and pharmacolog-
ical treatment methods for MI and ischemic heart
diseases, these methods are insufficient in reversing
the damage to the heart and improving the changing
biochemical parameters. Developing new molecules
that reduce damage to the heart and have fewer side
effects is of vital importance for reducing MI compli-

cations and mortality.

Subcutaneous administration of isoproterenol
(ISO), a synthetic catecholamine, and B-adrenergic
receptor agonist, has been reported to induce infarc-
tion-like myocardial lesions (El-Gohary & Allam,
2017). The ISO-induced cardiac ischemia model is
often used to investigate new treatment modalities
against MI, myocardial ischemia, and cardiac fibrosis
in experimental animals. ISO causes progressive car-
diotoxicity at low doses, whereas it causes acute cardi-
ac damage at high doses (Allawadhi et al. 2018). ISO
causes mitochondrial damage and increased oxidative
stress, resulting in changes in cardiac biochemical pa-
rameters that lead to cardiac damage (Nwokocha et
al. 2017, Allawadhi et al. 2018). Therefore, products of
natural origin with antioxidant properties can reduce
the damage by protecting against cardiac damage
caused by MI (Feng et al. 2019).

Recent studies have suggested that phytotherapeu-
tics are effective in the prevention and treatment of
cardiovascular diseases (Deng et al. 2015; Allawadhi
et al. 2018; Feng et al. 2019). The genus Pistacia has
recently attracted attention in the field of phytother-
apy as an important source of phenolic compounds,
terpenoids, monoterpenes, flavonoids, alkaloids, sa-

ponins, fatty acids, and sterols. It has been reported
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that different parts of these plants, such as the leaves,
trunk, bark, arborvitae, and fruit, have different uses.
Its medicinal uses are mentioned in ancient pharma-
copoeias, Ayurveda, traditional Chinese medicine,
Iranian folk medicine, and other similar sources. As
a result of the increased interest in the use of Pista-
cia species, studies have been conducted to evaluate
various properties, such as antioxidant, antimicrobi-
al, antiviral, anticholinesterase, anti-inflammatory,
antinociceptive, antidiabetic, antitumor, antihyper-
lipidemic, antiatherosclerotic, and hepatoprotective
properties (Tomaino et al. 2010; Hosseinzadeh et al.
2012; Rauf et al. 2017). It has been reported that the
seeds of the Pistacia vera L. plant are used as cardio-
tonic and exhilarating (Sobhani et al. 2017). In the
literature review about Pistacia palaestina Boiss (PP),
another species of this genus, research has suggested
that the amounts of essential oils vary depending on
the region where the plant grows. The essential oil
obtained from the leaves of the plant collected from
Osmaniye was analyzed by gas chromatography-mass
spectrometry (GC-MS), and it was determined that it
contained a-pinene (19.9%) as the major compound.
In addition, the antibacterial and insecticidal activi-
ties of essential oils have been reported (Ulukanli et
al. 2014). The contents of the essential oils obtained
separately from the leaves, thuja, raw and ripe fruits
of the plant collected in Jordan, and the major com-
pounds were a-pinene in the leaf (61.3%), a-pinene
in the thuja (49.4%), and (E)-ocimene (41.3%) in the
raw fruit and (E)-ocimene (33.8%) were detected in
ripe fruit (Flamini et al. 2004). In another study con-
ducted in Lebanon, 29 components were found in the
essential oil obtained from the fruits of the plant, and
the main components with the highest ratios were sa-
binene ( 17.08%) and limonene (8.56%). The antiviral
activity of the plant evaluated in vitro was found to be
low (Loizzo et al. 2008). It has been reported that the
essential oil obtained from the seeds of the plant col-
lected in Lebanon inhibits the proliferation of K562
human leukemia cells (Lampronti et al. 2005). In the

human hepatocyte cell line (HepG2), PP extracts
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showed cytotoxic activity by reducing cell viability
(Saad et al. 2006). Although content analysis has been
performed for PP leaves and fruits, their biological ac-
tivities are not yet fully known. Studies on its biolog-
ical activity are limited. However, it is known that in
traditional medicine, ripe fruits of PP are consumed
as food by adding them to the medicinal herb mix-
ture called zahter (Flamini et al. 2004). PP likely has a
powerful antioxidant and anti-inflammatory activity
due to the high amounts of a-pinene, (E)-ocimene,
sabinene, and limonene components found in its

fruits and leaves.

This study aimed to determine the cardiopro-
tective role of low and high doses of leaf and fruit
extracts of the PP in ISO-induced MI in rats. To
determine the antioxidant capacity of the extracts,
thiobarbituric acid reactive substances (TBARS) and
glutathione (GSH) levels, catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase (GPx)
activities were measured in heart tissue. Levels of the
pro-inflammatory cytokines interleukin-13 (IL-1p),
IL-6, tumor necrosis factor-alpha (TNF-a), and an-
ti-inflammatory cytokine IL-10 were evaluated in the
blood serum. Additionally, the creatine kinase-myo-
cardial band (CK-MB) and troponin T levels, which
are biomarkers of cardiac ischemia, were determined.

Histopathological examination of heart tissues was

performed using hematoxylin-eosin staining.
MATERIALS AND METHOD
Preparation of Plant Extract

The leaves and fruits of the PP plant, which were
collected in the Pitiirge district of Malatya province
in the Eastern Anatolia Region, from the end of Au-
gust to early September 2020, were dried in the shade.
Diagnosis of PP plant Inénii University Faculty of
Pharmacy, Department of Pharmaceutical Botany,
the lecturer was made by Prof. Dr. Turan Arabacl.
PP samples were kept in the herbarium of Inénii
University Faculty of Pharmacy with the number
Si1032. Dried leaves and fruits were carefully sepa-
rated and weighed. 530 g of leaves and 420 g of fruit
were weighed and ground in a grinder and macerated
with a sufficient amount of 80% ethanol (Sigma-Al-
drich, Cas no: 64-7-5, Germany) at room temperature
for 24 hours. The extract was filtered using filter pa-
per. The filtrate was collected, and 80% ethanol was
added to the plant again, and macerated again for 24
h. The filtrates collected in this way, 7 repetitions in
total, were concentrated under low pressure in the ro-
tavapor (Laborota 4011-digital, Heidolph, Germany)
at temperatures not exceeding 45°C and dried with a
lyophilizer. The extract amounts and yields are pre-
sented in Table 1.

Table 1. Amount of PP leaves and fruits used for extraction, amount of extraction obtained, and yield.

PP Amount (g) Obtained extract (g) Yield (%)
Leaf 530 86.13 16.25%
Fruit 420 78.36 18.65%

Establishment of the Cardiac Ischemia Model

Eighty Sprague-Dawley rats with an average
weight of 250-300 g were used in this study. Rats were
obtained from the Inonii University Experimental
Animals Production and Research Center. This study
was carried out with the approval of the Inénii Uni-
versity Animal Experiments Local Ethics Committee
dated 25.02.2020 and numbered 2020/3-4. Rats were
divided into ten groups; control, MI, MI+PP leaf (250
mg/kg), MI+PP leaf (500 mg/kg), MI+PP fruit (250

mg/kg), MI+PP fruit (500 mg/kg), PP leaf (250 mg/
kg), PP leaf (500 mg/kg), PP fruit (250 mg/kg), PP
fruit (500 mg/kg). The control group was given 0.9%
isotonic sodium chloride (NaCl) saline by gavage for
21 days. The control group was injected subcutane-
ously (sc) with saline on the 17th and 18th days of
the experiment. ISO (100 mg/kg, Sigma-Aldrich, Cas
no: 51-30-9, China) was dissolved in 0.9% NaCl and
injected sc into the right thigh of the rat for two con-

secutive days, 24 hours apart, to induce MI (Boarescu
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et al. 2019). 250 mg/kg and 500 mg/kg doses of PP
leaf and fruit extracts were dissolved in 0.1% CMC
(carboxy methyl cellulose) and administered by gas-
tric gavage for 21 days. The rats were sacrificed at the
end of the 21st day. The heart tissue was carefully re-
moved, and divided vertically into two pieces, and the
left atrium and ventricle were stored at -80°C for bio-
chemical examination. The right atrium and ventricle

were fixed with 10% formalin.
Biochemical Examination of Heart Tissue

Heart tissue samples were stored at -80°C until
biochemical enzyme analysis. Before the analysis, the
heart tissues were washed with physiological saline,
weighed, diluted 1:10, and homogenized using a Tef-
lon glass homogenizer in 20 mM Tris-HCI (pH 7.4)
buffer. Some homogenates were separated and used
for TBARS and CAT activity measurements. The re-
maining homogenates were centrifuged at 3.500 rpm
for 30 min for GSH, SOD, and GPx analyses in a re-
frigerated centrifuge (NF 800R, Niive, Tiirkiye), and

supernatants were collected.
Determination of TBARS Levels

The levels of thiobarbituric acid reactive substance
(TBARS), a lipid peroxidation marker, were deter-
mined using the Yagi method in homogenized heart
tissue (Yagi, 1998). Tissue homogenate was precipi-
tated with 10% trichloroacetic acid (TCA, Sigma-Al-
drich, Cas no: 76-03-9, Germany) (pH: 3.5) and kept
in a hot water bath (Memmert, Germany) for 15 min-
utes. The mixture was then cooled and centrifuged
at 3000 rpm for 10 min. The remaining supernatant
was carefully removed. The supernatant was incubat-
ed with thiobarbituric acid (TBA, Merck, L55063680
731, Germany) in a 95°C water bath for 50 min and
cooled. The absorbance of the pink complex formed
as a result of the reaction of malondialdehyde with
TBA was measured at 532 nm using a spectropho-
tometer (T60 UV/VIS, Enotek, UK).

Determination of GSH Levels

10% TCA (0.2 M, pH: 8.9) was added to the heart
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tissue homogenate and tissue was precipitated for 10
min at 3500 rpm. The resulting supernatants were
added with tris-ethylenediamine tetraacetic acid
(EDTA, Sigma-Aldrich, Cas no: 6381-92-6, USA) and
0.01 M 5,5’-dithiobis (2-nitrobenzoic acid) (1:9) buf-
fer solution was added. By adding 0.01 mol/L DTNB
(5-5’-dithiobis — nitro benzoic acid) to the mixture,
it is reduced by sulthydryl compounds and forms a
yellow complex, which is a disulfide compound. The
absorbance of this yellow compound was measured
at 412 nm in a spectrophotometer (Sedlak & Lindsay,
1968).

Determination of SOD Activity

The superoxide radical formed during the con-
version of xanthine to uric acid by xanthine oxidase
reacts with nitroblue tetrazolium (NBT) in the en-
vironment to form purple-colored formazan. In the
presence of superoxide dismutase in the environment,
because the superoxide radical formed is converted to
hydrogen peroxide, NBT reduction and, therefore,
formazan formation will decrease. The reduction of
formazan formation was determined spectrophoto-
metrically by measuring at 560 nm. Enzyme activity
that inhibited NBT reduction by 50% was considered
SOD activity (Sun et al. 1968).

Determination of CAT Activity

Homogenates of heart tissue were subjected to
sanitation for 3x10 seconds in a cold environment.
Hydrogen peroxide was gradually added to the pH=7
buffer solution prepared with NaH,PO,2H O and
NaH_PO,12H,O. Buffer solution was added to the
samples at a ratio of 300:1, and the decrease in ab-
sorbance as a result of the breakdown of hydrogen
peroxide by catalase was measured at a wavelength of
240 nm. This decrease in absorbance is directly pro-

portional to enzyme activity (Aebi, 1974).
Determination of GPx Activity

To determine the GPx activity, a buffer solution
consisting of NaH,, NaH PO, and EDTA was pre-
pared. Reduced glutathione, NADPH, and sodium
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azide were dissolved separately in a buffer solution.
GSH reductase dissolves ammonium sulfate solu-
tion. These separately prepared solutions were added
to the sample and incubated for 30 min. Hydrogen
peroxide was added to the mixture, and the decrease
in absorbance was immediately measured in a spec-
trophotometer at 340 nm for 2 min. The decrease in
absorbance was directly proportional to glutathione

peroxidase activity (Paglia & Valentine 1967).
Determination of Total Protein Amount

The amount of total protein in the heart tissue was
measured according to the method determined by
Lowry et al. (Lowry et al. 1951) Reagent A, consisting
of CuSO, and anhydrous sodium citrate, and reagent
B, consisting of Na,CO, and NaOH, was mixed at a
ratio of 1:50 and added to the sample. Thus, alkaline
copper (Cu*?) forms a complex with peptide bonds,
and every 7 or 8 amino acid residues are bonded to 1
atom of Cu. When Folin-Cieolteu reagent was added
to the reaction, a purple-blue color was formed, and
the color change of these samples was measured with
a spectrophotometer at 700 nm. Parameters measured
in heart tissue homogenates were normalized accord-

ing to the amount of protein.
ELISA Analysis

Four mL of blood taken from all experimental
groups was centrifuged at 2500 g for 10 minutes at
room temperature, separated into serum, and stored
at -80°C until analysis. Troponin T (E0311Ra), CK-
MB (E0311Ra), TNF-a (E0764Ra), IL-1p (E0107Ra),
IL-6 (E0135Ra), and IL-10 (E0108Ra) levels were de-
termined at 450 nm by using commercially available
ELISA Kkits (Bioassay Technology Laboratory, China)
and ELISA plate reader (Biotek Instruments Inc.,
USA).

Histopathological Analysis

Heart tissues were fixed in 10% formalin. Tissues
undergoing follow-up procedures were enclosed in
paraffin blocks. Sections of 5 um thickness were tak-

en from the prepared blocks with a microtome knife

system (Leica RM 2245), and the hematoxylin-eosin
staining method was applied to the sections. Tissues
were examined for necrosis, mononuclear cell infil-
tration, hemorrhage, and vascular occlusion using
a Leica DFC 280 light microscope and Leica Q Win
Image Analysis System (Leica Microsystems Imaging
Solutions, Cambridge, UK). The histopathological
damage score was calculated according to the findings

obtained.
Statistical Analysis

SPSS 12.0 (SPSS Inc.; Chicago, IL, USA) was used
for the analyses. The Kruskal-Wallis test was used for
intergroup comparisons for histopathological exam-
inations. The difference between the groups was eval-
uated with the Bonferr Mann-Whitney U test. One-
way ANOVA followed by Tukey’s post-hoc test was
used to statistically evaluate the biochemical parame-
ters and ELISA results. p<0.05 was considered signif-

icant. Data are shown as mean+SEM.
RESULTS and DISCUSSION
Biochemical Results

CAT, SOD, and GPx activities and TBARS, GSH
levels of PP plant leaf and fruit extracts in rat heart
tissue are given in Table 2. TBARS levels, which in-
dicate the amount of lipid peroxidation, were statis-
tically significantly higher in the MI group compared
to all other groups. However, it was determined that
PP treatment significantly reduced the increase in
TBARS caused by ISO. GSH levels, which are antiox-
idant defense system elements, and CAT, SOD, and
GPx activities were significantly decreased in the MI
group. Leaf and fruit extracts of PP ameliorated the
decrease in antioxidant enzyme activity. It was ob-
served that fruit extract treatment at a dose of 500
mg/kg decreased TBARS levels and increased antioxi-
dant enzyme levels more than other treatment groups,

but this was not statistically significant.
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Table 2. TBARS, GSH levels, and CAT SOD, GPx activities in rats (Mean+SEM, n=8).

Groups g | st mmatn) | CLCNE St | ot
Control 11.97+0.73 94.75%1.96 0.032+0.0017 40.66+1.70 269.1+4.8
MI 20.48+1.12° 58.84+2.98" 0.018+0.0005 22.52+1.75 153.6+2.7°
MI+PP leaf 250 mg/kg 15.99+0.61"* 78.94+3.00"* 0.024+0.0012"* 31.28+0.82"* 193.9+8.2"*
MI+PP leaf 500 mg/kg 15.76+0.67"* 71.44+4.20° 0.025+0.0010"* 31.04+0.85"* 198.3+6.0"*
PP leaf 250 mg/kg 10.66+0.90% 95.25+2.27% 0.034+0.0019* 39.33+1.52° 270.7+7.3%
PP leaf 500 mg/kg 11.24+0.99* 94.44+4.08" 0.032+0.0010* 40.01£1.18% 272.1+2.8%
MI+PP fruit 250 mg/kg 15.54+0.65" 78.08+2.18"* 0.025+0.0005 31.20+1.05* 198.345.9"*
MI+PP fruit 500 mg/kg 14.17+0.64"* 78.20+4.40"* 0.026+0.0010° 32.40+0.070"* 200.8+3.7"*
PP fruit 250 mg/kg 10.88+0.33* 94.67+2.75* 0.030+0.0005* 40.73+0.75* 274.7+4.0
PP fruit 500 mg/kg 11.05+0.17* 98.92+2.44" 0.034+0.0015* 42.77+1.26" 270.1£2.9%

*: Significant compared to the control group (*: p<0.05), *: Significant compared to the MI group (*: p<0.05).
(CAT: catalase, GPx: glutathione peroxidase, GSH: glutathione, SOD: superoxide dismutase, TBARS: thiobarbi-

turic acid reagents, PP: Pistacia palaestina Boiss)

The effect of PP leaf and fruit extracts on serum
troponin T, CK-MB, TNF-q, IL-1f, IL-6, and IL-10
levels is given in Figure 1. According to the results,
the levels of cardiac serum markers troponin T, CK-
MB, and pro-inflammatory cytokine TNF-a, IL-1f,
and IL-6 increased in the MI group with the adminis-
tration of ISO. On the other hand, anti-inflammatory
IL-10 levels decreased. This increase in pro-inflam-

matory cytokine levels caused by ISO in MI groups
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was statistically decreased in both doses (250 mg/kg
and 500 mg/kg) in the treatment groups (MI+PP leaf
and MI+PP fruit). It was observed that the decrease
in troponin T, CK-MB, and proinflammatory cyto-
kine levels was more pronounced in the treatment
with 500mg/kg fruit extracts. The cytokine levels of
the groups given PP alone (Groups 7, 8, 9, and 10)
were similar to the control group in the fruit and leaf

groups for both doses.
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Figure 1. All values are presented as mean+SEM (n=8). Pistacia palaestina Boiss (PP) leaves and fruits

(250 mg/kg and 500 mg/kg) in isoproterenol-induced myocardial infarction (MI); Effect on troponin T, cre-
atine kinase-myocardial band (CK-MB), tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1p),

interleukin-6 (IL-6) and interleukin-10 (IL- 10) levels. Values with different superscripts in the same column

are statistically significantly different (p<0.05).

*: Significant compared to the control group (*: p<0.05, **: p<0.01, ***: p<0.001)

#: Significant compared to the MI group (*: p<0.01, **: p<0.001)

Histopathological Results

In the control group (Figure 2A, 2B), heart tissue
was observed in normal histological appearance. My-
ofibril loss (Figure 3A, 3C, 3D), vascular congestion
(white arrows) (Figure 3B, 3D), cell infiltration (Fig-
ure 3D), hemorrhage (black stars) (Figure 3C, 3E),
necrosis thick black arrows) (Figure 3E), cells with
eosinophilic cytoplasm, pycnotic nuclei (Figure 3C,
3F), and vacuolization (thin black arrows) (Figure 3F)
were observed in the MI group. A small amount of
hemorrhage and cell infiltration was observed in the
heart muscle fibers in the MI+PP fruit 250 mg/kg
group (Figure 4A, 4B) and the MI+PP fruit 500 mg/
kg group (Figure 4C, 4D). A small amount of cell in-

filtration was observed in the cardiac muscle fibers in
the PP fruit 250 mg/kg group (Figure 5A, 5B), and a
small amount of hemorrhage in the heart muscle fi-
bers in the PP fruit 500 mg/kg group (Figure 5C, 5D).
In the MI+PP leaf, 250 mg/kg group (Figure 6A, 6B)
and in the MI+PP leaf 500 mg/kg group (Figure 6C,
6D), hemorrhage in the heart muscle fibers and mod-
erate cell infiltration compared to the MI group were
observed. A small amount of hemorrhage and cell in-
filtration was observed in the cardiac muscle fibers in
the PP leaf 250 mg/kg group (Figure 7A, 7B), whereas
a small amount of vascular congestion was observed
in the cardiac muscle fibers in the PP leaf 500 mg/kg
group (Figure 7C, 7D).
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Figure 2. Heart tissue in the control (A, B) group showed a normal histological appearance. A: H-E; X20,
B: H-E; X40.
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Figure 3. Myofibril loss (A, C, D), vascular congestion (white arrows) (B, D), mononuclear cell infiltration
(D), hemorrhage (black stars) (C, E), necrosis (thick black arrows) (E), cells with eosinophilic cytoplasm and
pycnotic nuclei (C, F), vacuolization (thin black arrows) (F) were observed in MI group. A, B, E: H-E; X20, C,
D, F: H-E; X40. (MI: Myocardial infarction)
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Figure 4. A small amount of hemorrhage and cell
infiltration was observed in the heart muscle fibers
in the MI+PP fruit 250 mg/kg group (A, B) and the

MI+PP fruit 500 mg/kg group (C, D). A, C: H-E;
X20, B, D: H-E; X40. (PP: Pistacia palaestina Boiss)

Figure 5. A small amount of cell infiltration was
observed in the cardiac muscle fibers in the PP fruit
250 mg/kg group (A, B), and a small amount of
hemorrhage in the cardiac muscle fibers in the PP
fruit 500 mg/kg group (C, D). A, C: H-E; X20, B, D:
H-E; X40.
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Figure 6. In the MI+PP leaf 250 mg/kg group (A,
B) and the MI+PP leaf 500 mg/kg group (C, D),
hemorrhage in the heart muscle fibers and moderate
cell infiltration were observed compared to the MI
group. A, C: H-E; X20, B, D: H-E; X40.

Figure 7. A small amount of hemorrhage and cell
infiltration in the cardiac muscle fibers was observed
in the PP leaf 250 mg/kg group (A, B), and a small
amount of vascular congestion in the cardiac muscle
fibers in the PP leaf 500 mg/kg group (C, D). A, C:
H-E; X20, B, D: H-E; X40.
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Myocardial infarction causes permanent and pro-
gressive cardiac damage. After MI, oxidative stress,
inflammatory responses, and mitochondrial dysfunc-
tion increase, and apoptotic pathways are disrupted,
resulting in necrosis and cell death (Schirone et al.
2022). Previous studies have reported that oxidative
stress, inflammatory pathways, and mitochondrial
dysfunction increase, and histopathological changes
occur in cardiomyocytes during ISO-induced MI (Al-
lawadhi et al. 2018; Feng et al. 2019; Xing et al. 2022).
Oxidative stress, which increases with the production
of free radicals and disruption of the scavenging bal-
ance through antioxidant mechanisms, further pro-
motes myocardial hypoxia reactions with the secre-
tion of proinflammatory mediators. This causes in-
creased cardiac damage (Giordano, 2005). Therefore,
we investigated the protective role of the fruit and leaf
extracts of PP, which have antioxidant and anti-in-

flammatory activities, in ISO-induced MI.

In this study, we determined that the application
of ISO caused an increase in TBARS levels in heart
tissue. ISO increases lipid peroxidation, free radicals,
and ROS production in heart tissue. In addition, it
inhibits antioxidant defense mechanisms, and as a
result of this imbalance, oxidative stress increases in
cardiomyocytes and tissue damage occurs (Long et al.
2012; Zaafan et al. 2013). As suggested by previous
studies, it is thought that ISO may cause cardiovascu-
lar damage by inducing oxidative stress in the heart
(Goyal et al. 2015; Ganapathy et al. 2020; Zhang et al.
2021; Althunibat et al. 2022). Our study results are
consistent with and support previous studies. Zhang
et al. reported that ISO reduces GSH levels and CAT,
SOD, and GPx activities (Zhang et al. 2021). Ganap-
athy et al. showed in their study that the Thraatchathi
chooranam plant, which has antioxidant properties,
reduces the increased TBARS levels and increases the
levels of antioxidant defense system elements (GSH,
CAT, SOD, GPx) in ISO-induced MI (Ganapathy et
al. 2020). In the literature, many studies show that
natural products with antioxidant properties in-

crease antioxidant enzyme activities in ISO-induced

MI (El-Gohary & Allam, 2017; Allawadhi et al. 2018;
Huang et al. 2018; Ardjmand et al. 2019; Feng et al.
2019; Althunibat et al. 2022). Similarly, in our study,
PP fruit and leaf extracts reduced ISO-induced oxida-
tive stress by decreasing TBARS levels and increasing
GSH levels, CAT, SOD, and GPx activity. In this study,
the antioxidant properties of fruit and leaf extracts
were similar. This effect is attributed to the high anti-
oxidant capacity of P. palaestina. Therefore, PP may be
an effective protective agent against cardiac damage
caused by MI.

Troponin, a protein specific to skeletal and cardiac
muscle fibers, is a highly sensitive and specific indi-
cator of myocardial injury. In the event of a cardiac
attack, it passes from the muscle tissue to the systemic
circulation due to cardiac degeneration. With cardio-
vascular damage, the level of troponin in the blood ris-
es (Tiwari et al. 2012). The CK-MB isoenzyme, which
is especially located in cardiac muscle cells, is a highly
sensitive marker with increased blood levels in major
heart diseases and in patients diagnosed with acute
MI (Karimkhani et al. 2021). In this study, troponin T
and CK-MB levels increased in the ISO-induced MI
group, consistent with previous findings. Troponin
T and CK-MB levels were significantly decreased in
all treatments with PP extracts. In another study, an-
tioxidant treatment after ISO-induced MI improved
oxidative stress parameters but slightly reduced se-
rum troponin T levels and did not sufficiently reduce
CK-MB levels (Ardjmand et al. 2019). As observed in
our study, the use of PP, a natural antioxidant, before
and after MI improved cardiac parameters more ef-
fectively. In addition, we suggest that high-dose fruit
extracts may be more effective in treatment, since
high-dose fruit extract treatment reduces troponin T

and CK-MB levels more significantly.

Cytokines are produced by various cells, have a
polypeptide structure, and are intercellular commu-
nication tools. It regulates the immune and inflam-
matory events of cells, including growth, healing, in-

flammation, and systemic response to injury. TNF-a,
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IL-1B, and IL-6 are the main proinflammatory cyto-
kines. IL-10, which is one of the anti-inflammatory
cytokines, is a factor that inhibits cytokine synthesis
(Huang et al. 2018; Ahmed & Ivashkiv, 2000). TNF-a
is a cell signaling protein involved in systemic in-
flammation and is one of the cytokines that make
up the acute phase reaction. TNF-a levels were also
increased in regions without infarction area after
chronic MI. However, it has been suggested that in-
flammatory cytokine levels decrease and survival rate
increases after MI in TNF-a knockout mice in cardiac
tissue (Sun et al. 2004). These results may suggest that
TNEF-a inhibition may reduce cardiac damage caused
by ML It has been reported that IL-1p and IL-6 have
both harmful and protective effects during MI (Fuchs
et al. 2003; Jong et al. 2016; Schirone et al. 2022). In
a stress period, the inflammatory response is neces-
sary for the cell survival. However, highly increased
inflammation may exacerbate MI injury. Therefore,
it is recommended not to suppress the inflammation
excessively, especially in the acute phase of MI. How-
ever, reducing the levels of these cytokines, whose role
has been proven in cardiac damage, is seen as an effec-

tive strategy (Schirone et al. 2022).

Previous studies have suggested that the levels
of inflammatory factors, including IL-1f, IL-6, and
TNF-q, are increased in the ISO-induced MI model
(Huang et al. 2018; Ganapathy et al. 2020; Mohamed
etal. 2021; Schirone et al. 2022; Xing et al. 2022; Cinar
et al. 2022). In this study, while TNF-q, IL-1, and IL-6
levels in pro-inflammatory cytokines increased in the
ISO-induced MI group, they decreased significantly
with PP treatment. While the anti-inflammatory IL-
10 level decreased in the MI group, it increased in the
treatment groups. Significant reduction in proinflam-
matory cytokines and upregulation of anti-inflamma-

tory IL-10 in the treatment groups were remarkable.

In this study, it was shown that ISO causes se-
vere myofibril loss, vascular occlusion, hemorrhage,
necrosis, and infiltration of heart muscle cells. The

pathological findings decreased, and partial improve-
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ment was observed in the groups treated with both
doses of PP fruit and leaves. Although no histopatho-
logical changes were observed in the control group,
a small amount of cell infiltration and bleeding was
observed in the groups in which only PP extract was
applied. Huang et al. showed that ISO induces inflam-
matory cell infiltration and bleeding in hematoxy-
lin-eosin staining of heart tissue (Huang et al. 2018).
When another study group examined the histological
structures of myocardial cells under a light micro-
scope, they found that the myocardiocytes of rats in
the ISO-induced MI group were severely damaged. In
addition, they detected necrotic myofibril structures,
mononuclear cell infiltration, edema, and vascular
occlusion (Karimkhani et al. 2021). Several recent
studies have suggested that antioxidant and anti-in-
flammatory compounds may reduce cardiac damage
caused by ISO (Abbas, 2016; Kalkan et al. 2018; Gana-
pathy et al. 2020). Based on our study results, we can
suggest that PP administration may reduce immuno-
logically induced cardiovascular damage by reducing
inflammatory cytokines and increasing antioxidant

enzyme activity.

In this study, the cardioprotective roles of PP leaf
and fruit extracts, a member of the Pistacia genus
with antioxidant and anti-inflammatory properties
grown in Malatya, were evaluated in an ISO-induced
MI rat model. In all treatment groups, the lipid perox-
idation indicator TBARS levels; the pro-inflammatory
cytokines TNF-q, IL-1p, and IL-6; the cardiac damage
indicator troponin T; and CK-MB levels decreased.
Low- and high-dose extracts of PP increased anti-in-
flammatory IL-10 levels and antioxidant enzyme ac-
tivities. Improved antioxidant mechanisms and de-
creased inflammation also reduce histopathological
changes, indicating tissue damage. PP leaf and fruit
extracts may play an important cardioprotective role
in treating MI with their antioxidant and anti-in-
flammatory effects on heart tissue. With this study, it
was suggested for the first time that PP extracts have
antioxidant, anti-inflammatory, and cardioprotec-
tive effects against cardiac damage. Our study results
showed that PP extracts can be considered as a natu-
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ral and new treatment alternative for cardiovascular
diseases. However, its effectiveness is insufficient for
treatment. In addition to its effectiveness, compre-
hensive research on its safety, optimum dose, and cel-
lular mechanism of action is required.

CONCLUSION

For the first time, this study found that PP leaf and
fruit extracts reduced oxidative stress and inflamma-
tory response in cardiac tissue, improved histopatho-
logical changes, and ameliorated ISO-induced MI.
However, more comprehensive and advanced mecha-
nistic studies are needed regarding the protective role

of this plant in heart diseases.
ACKNOWLEDGMENT

This study was supported by IUBAP (inénii Uni-
versity Scientific Research Project Unit) numbered
TSA-2020-2146. All authors would like to thank Prof.
Dr. Turan Arabaci, who identified Pistacia palaestina

Boiss. plant material.
CONEFLICT OF INTEREST

The authors declare that there is no conflict of in-

terest.
AUTHOR CONTRIBUTION STATEMENT

M.S.1., literature search, research concepts, de-
sign, experimental studies; H.Y., literature search,
experimental studies, data acquisition, design; N.B.T.,
experimental studies, manuscript writing, research
concepts, design; A.T., experimental studies, data
analysis; D.A.O., data analysis, manuscript writing,
literature search, experimental studies; S.U., data
analysis, conducting the research, interpreting the
data, compiling and revising the article

REFERENCES

Abbas A. M. (2016). Cardioprotective effect of res-
veratrol analogue isorhapontigenin versus ome-
ga-3 fatty acids in isoproterenol-induced myo-
cardial infarction in rats. Journal of physiology
and biochemistry, 72(3), 469-484. https://doi.
org/10.1007/s13105-016-0494-4

Aebi, H. (1974). Catalase. In Methods of enzymatic
analysis (pp. 673-684). Academic press.

Ahmed, S. T., & Ivashkiv, L. B. (2000). Inhibition of
IL-6 and IL-10 signaling and Stat activation by in-
flammatory and stress pathways. Journal of immu-
nology (Baltimore, Md.: 1950), 165(9), 5227-5237.
https://doi.org/10.4049/jimmunol.165.9.5227

Allawadhi, P,, Khurana, A., Sayed, N., Kumari, P, &
Godugu, C. (2018). Isoproterenol-induced cardiac
ischemia and fibrosis: Plant-based approaches for
intervention. Phytotherapy research: PTR, 32(10),
1908-1932. https://doi.org/10.1002/ptr.6152

Althunibat, O. Y., Abduh, M. S., Abukhalil, M. H.,,
Aladaileh, S. H., Hanieh, H., & Mahmoud, A. M.
(2022). Umbelliferone prevents isoproterenol-in-
duced myocardial injury by upregulating Nrf2/
HO-1 signaling, and attenuating oxidative stress,
inflammation, and cell death in rats. Biomedicine
& pharmacotherapy = Biomedecine & pharmaco-
therapie, 149, 112900. https://doi.org/10.1016/j.
biopha.2022.112900

Ardjmand, A., Shahaboddin, M. E., Mazoochi, T., &
Ghavipanjeh, G. (2019). Ameliorative effects of
cerebrolysin against isoproterenol-induced myo-
cardial injury in male rats. Life sciences, 227, 187-
192. https://doi.org/10.1016/j.1fs.2019.04.056

Boarescu, P. M., Chirila, 1., Bulboaci, A. E., Bocsan,
I. C., Pop, R. M., Gheban, D., & Bolboaca, S. D.
(2019). Effects of Curcumin Nanoparticles in Iso-
proterenol-Induced Myocardial Infarction. Ox-
idative medicine and cellular longevity, 7847142.
https://doi.org/10.1155/2019/7847142

Cinar, L, Yayla, M., Tavaci, T., Toktay, E., Ugan, R. A.,
Bayram, P., & Halici, H. (2022). In Vivo and In
Vitro Cardioprotective Effect of Gossypin Against
Isoproterenol-Induced Myocardial Infarction

Injury. Cardiovascular toxicology, 22(1), 52-62.

https://doi.org/10.1007/s12012-021-09698-3

193


https://doi.org/10.1007/s12012-021-09698-3

Icen, Yiice, Basak Tiirkmen, Taglidere, Askin Ozek, Uniivar

Deng, X. Y., Chen, J. ], Li, H. Y., Ma, Z. Q., Ma, S. P,
& Fu, Q. (2015). Cardioprotective effects of timo-
saponin B II from Anemarrhenae asphodeloides
Bge on isoproterenol-induced myocardial infarc-
tion in rats. Chemico-biological interactions, 240,
22-28. https://doi.org/10.1016/j.cbi.2015.08.001

El-Gohary, O. A., & Allam, M. M. (2017). Effect of
vitamin D on isoprenaline-induced myocardial
infarction in rats: possible role of peroxisome pro-
liferator-activated receptor-y. Canadian journal
of physiology and pharmacology, 95(6), 641-646.
https://doi.org/10.1139/cjpp-2016-0150

Feng, L., Ren, J., Li, Y, Yang, G., Kang, L., Zhang, S.,
Ma, C, Li, ], Liu, J., Yang, L., & Qi, Z. (2019). Res-
veratrol protects against isoproterenol induced
myocardial infarction in rats through VEGF-B/
AMPK/eNOS/NO signalling pathway. Free radical
research, 53(1), 82-93. https://doi.org/10.1080/10
715762.2018.1554901

Flamini, G., Bader, A., Cioni, P. L., Katbeh-Bader, A.,
& Morelli, I. (2004). Composition of the essen-
tial oil of leaves, galls, and ripe and unripe fruits
of Jordanian Pistacia palaestina Boiss. Journal of
agricultural and food chemistry, 52(3), 572-576.
https://doi.org/10.1021/j£034773t

Fuchs, M., Hilfiker, A., Kaminski, K., Hilfiker-Kleiner,
D., Guener, Z., Klein, G., Podewski, E., Schieffer,
B., Rose-John, S., & Drexler, H. (2003). Role of in-
terleukin-6 for LV remodeling and survival after
experimental myocardial infarction. FASEB jour-
nal: official publication of the Federation of Amer-
ican Societies for Experimental Biology, 17(14),
2118-2120. https://doi.org/10.1096/5.03-0331fje

Ganapathy, R., Ramachandran, A., Shivalingaiah,
S. B, Bishir, M., Bhojaraj, S., Sridhar, S., Mohan,
S. K, Veeraraghavan, V. P, Chidambaram, S. B,
Essa, M. M., & Qoronfleh, M. W. (2020). Cardi-
oprotective potential of polyphenols rich Thraat-
chathi Chooranam against isoproterenol induced
myocardial necrosis in experimental rats. BMC
complementary medicine and therapies, 20(1), 356.
https://doi.org/10.1186/s12906-020-03124-x

194

Giordano E J. (2005). Oxygen, oxidative stress, hypox-

ia, and heart failure. The Journal of clinical investi-
gation, 115(3), 500-508. https://doi.org/10.1172/
JCI124408

Goyal, S. N., Sharma, C., Mahajan, U. B, Patil, C. R,

Agrawal, Y. O., Kumari, S., Arya, D. S., & Ojha,
S. (2015). Protective Effects of Cardamom in
Isoproterenol-Induced Myocardial Infarction in
Rats. International journal of molecular sciences,
16(11), 27457-27469. https://doi.org/10.3390/
ijms161126040

Hosseinzadeh, H., Sajadi Tabassi, S. A., Milani Mogh-

adam, N., Rashedinia, M., & Mehri, S. (2012). An-
tioxidant Activity of Pistacia vera Fruits, Leaves
and Gum Extracts. Iranian journal of pharmaceu-
tical research: IJPR, 11(3), 879-887.

Huang, H., Geng, Q., Yao, H., Shen, Z., Wu, Z., Miao,

X., & Shi, P. (2018). Protective effect of scutellar-
in on myocardial infarction induced by isopren-
aline in rats. Iranian journal of basic medical sci-
ences, 21(3), 267-276. https://doi.org/10.22038/
ijbms.2018.26110.6415

Jong, W. M., Ten Cate, H., Linnenbank, A. C., de Boer,

O. J., Reitsma, P. H., de Winter, R. J., & Zuurbi-
er, C. J. (2016). Reduced acute myocardial isch-
emia-reperfusion injury in IL-6-deficient mice
employing a closed-chest model. Inflammation
research: official journal of the European Hista-
mine Research Society, 65(6), 489-499. https://doi.
org/10.1007/s00011-016-0931-4

Kalkan, E, Parlakpinar, H., Disli, O. M., Tanriverdi, L.

H., Ozhan, O,, Polat, A, Cetin, A., Vardi, N., Otlu,
Y. O., & Acet, A. (2018). Protective and therapeutic
effects of dexpanthenol on isoproterenol-induced
cardiac damage in rats. Journal of cellular biochem-
istry, 119(9), 7479-7489. https://doi.org/10.1002/
jcb.27058


https://doi.org/10.1096/fj.03-0331fje
https://doi.org/10.3390/ijms161126040
https://doi.org/10.3390/ijms161126040
https://doi.org/10.1007/s00011-016-0931-4
https://doi.org/10.1007/s00011-016-0931-4

FABAD J. Pharm. Sci., 49, 1, 181-196, 2024

Karimkhani, H., Ozkog, M., Shojaolsadati, P., Uzuner,
K., Donmez, D. B., & Kanbak, G. (2021). Protec-
tive Effect of Boric Acid and Omega-3 on Myocar-
dial Infarction in an Experimental Rat Model. Bi-
ological trace element research, 199(7), 2612-2620.
https://doi.org/10.1007/s12011-020-02360-z

Lampronti, I, Saab, A., & Gambari, R. (2005). Me-
dicinal plants from Lebanon: effects of essential
oils from Pistacia palaestina on proliferation and
erythroid differentiation of human leukemic K562

cells. Minerva Biotecnologica, 17(3), 153.

Loizzo, M. R., Saab, A. M., Tundis, R., Statti, G. A,
Menichini, E, Lampronti, I., Gambari, R., Cinatl,
J., & Doerr, H. W. (2008). Phytochemical analy-
sis and in vitro antiviral activities of the essential
oils of seven Lebanon species. Chemistry & bio-
diversity, 5(3), 461-470. https://doi.org/10.1002/
cbdv.200890045

Long, J., Gao, M., Kong, Y., Shen, X., Du, X,, Son, Y.
0., Shi, X,, Liu, J., & Mo, X. (2012). Cardioprotec-
tive effect of total paeony glycosides against iso-
prenaline-induced myocardial ischemia in rats.
Phytomedicine: international journal of phytother-
apy and phytopharmacology, 19(8-9), 672-676.
https://doi.org/10.1016/j.phymed.2012.03.004

Lowry, O. H., Rosebrough, N. ], Farr, A. L., & Ran-
dall, R. J. (1951). Protein measurement with the
Folin phenol reagent. The Journal of biological
chemistry, 193(1), 265-275.

Mechanic, O. J., Gavin, M., & Grossman, S. A. (2022).
Acute Myocardial Infarction. In StatPearls. Stat-
Pearls Publishing.

Mohamed, M. E., Abduldaium, M. S., & Younis, N. S.
(2021). Cardioprotective Effect of Linalool against
Isoproterenol-Induced Myocardial Infarction.
Life (Basel, Switzerland), 11(2), 120. https://doi.
0rg/10.3390/1ife11020120

Nwokocha, C., Palacios, J., Simirgiotis, M. J., Thom-

as, J., Nwokocha, M., Young, L., Thompson, R.,
Cifuentes, E, Paredes, A., & Delgoda, R. (2017).
Aqueous extract from leaf of Artocarpus altilis
provides cardio-protection from isoproterenol
induced myocardial damage in rats: Negative
chronotropic and inotropic effects. Journal of
ethnopharmacology, 203, 163-170. https://doi.
0rg/10.1016/j.jep.2017.03.037

Paglia, D. E., & Valentine, W. N. (1967). Studies on

the quantitative and qualitative characterization of
erythrocyte glutathione peroxidase. The Journal of
laboratory and clinical medicine, 70(1), 158-169.

Rauf, A., Patel, S., Uddin, G., Siddiqui, B. S., Ahmad,

B., Muhammad, N., Mabkhot, Y. N, & Hadda, T.
B. (2017). Phytochemical, ethnomedicinal uses
and pharmacological profile of genus Pistacia.
Biomedicine & pharmacotherapy = Biomedecine
& pharmacotherapie, 86, 393-404. https://doi.
org/10.1016/j.biopha.2016.12.017

Saad, B., Dakwar, S., Said, O., Abu-Hijleh, G., Al Bat-

tah, F, Kmeel, A., & Aziazeh, H. (2006). Evaluation
of medicinal plant hepatotoxicity in co-cultures of
hepatocytes and monocytes. Evidence-based com-
plementary and alternative medicine: eCAM, 3(1),
93-98. https://doi.org/10.1093/ecam/nel002

Schirone, L., Forte, M., D’Ambrosio, L., Valenti, V.,

Vecchio, D., Schiavon, S., Spinosa, G., Sarto, G.,
Petrozza, V., Frati, G., & Sciarretta, S. (2022). An
Overview of the Molecular Mechanisms Associat-
ed with Myocardial Ischemic Injury: State of the
Art and Translational Perspectives. Cells, 11(7),
1165. https://doi.org/10.3390/cells11071165

Sedlak, J., & Lindsay, R. H. (1968). Estimation of to-

tal, protein-bound, and nonprotein sulthydryl
groups in tissue with Ellmans reagent. Analyt-
ical biochemistry, 25(1), 192-205. https://doi.
0rg/10.1016/0003-2697(68)90092-4

195


https://doi.org/10.1007/s12011-020-02360-z
https://doi.org/10.1016/j.phymed.2012.03.004

Icen, Yiice, Basak Tiirkmen, Taglidere, Askin Ozek, Uniivar

Sobhani, Z., Nami, S. R., Emami, S. A., Sahebkar, A., &

Javadi, B. (2017). Medicinal Plants Targeting Car-
diovascular Diseases in View of Avicenna. Current
pharmaceutical design, 23(17), 2428-2443. https://
doi.org/10.2174/1381612823666170215104101

Sun, M., Dawood, E, Wen, W. H., Chen, M., Dixon, I,

Kirshenbaum, L. A., & Liu, P. P. (2004). Excessive
tumor necrosis factor activation after infarction
contributes to susceptibility of myocardial rup-
ture and left ventricular dysfunction. Circulation,
110(20), 3221-3228. https://doi.org/10.1161/01.
CIR.0000147233.10318.23

Tiwari, R. P, Jain, A., Khan, Z., Kohli, V., Bharmal,

R. N, Kartikeyan, S., & Bisen, P. S. (2012). Cardi-
ac troponins I and T: molecular markers for early
diagnosis, prognosis, and accurate triaging of pa-
tients with acute myocardial infarction. Molecular
diagnosis & therapy, 16(6), 371-381. https://doi.
org/10.1007/s40291-012-0011-6

Tomaino, A., Martorana, M., Arcoraci, T., Montele-

one, D., Giovinazzo, C., & Saija, A. (2010). An-
tioxidant activity and phenolic profile of pista-
chio (Pistacia vera L., variety Bronte) seeds and
skins. Biochimie, 92(9), 1115-1122. https://doi.
org/10.1016/j.biochi.2010.03.027

Tsao, C. W,, Aday, A. W,, Almarzooq, Z. I., Ander-

son, C. A. M., Arora, P, Avery, C. L., Baker-Smith,
C. M,, Beaton, A. Z., Boehme, A. K., American
Heart Association Council on Epidemiology
and Prevention Statistics Committee and Stroke
Statistics Subcommittee (2023). Heart Disease
and Stroke Statistics-2023 Update: A Report
From the American Heart Association. Circula-
tion, 147(8), €93-e621. https://doi.org/10.1161/
CIR.0000000000001123

196

Ulukanli, Z., Karabérkli, S., Oztiirk, B., Cenet, M., &
Balcilar, M. (2014). Chemical Composition, An-
tibacterial and Insecticidal Activities of the Es-
sential Oil from the P istacia terebinthus L. Spp.
Palaestina (B oiss.) (A nacardiaceae). Journal of
Food Processing and Preservation, 38(3), 815-822.
https://doi.org/10.1111/jfpp.12035

Xing, Z., Yang, C,, He, J., Feng, Y., Li, X,, Peng, C,,
& Li, D. (2022). Cardioprotective Effects of
Aconite in Isoproterenol-Induced Myocardi-
al Infarction in Rats. Oxidative medicine and
cellular longevity, 2022, 1090893. https://doi.
org/10.1155/2022/1090893

Yagi K. (1998). Simple assay for the level of total lipid
peroxides in serum or plasma. Methods in molec-
ular biology (Clifton, N.J.), 108, 101-106. https://
doi.org/10.1385/0-89603-472-0:101

Zaafan, M. A,, Zaki, H. E, El-Brairy, A. I, & Kenawy,
S. A. (2013). Protective effects of atorvastatin and
quercetin on isoprenaline-induced myocardial
infarction in rats. Bulletin of Faculty of Pharmacy,
Cairo University, 51(1), 35-41.

Zhang, X., Li, X., Wang, C., Li, H., Wang, L., Chen,
Y., Feng, J., Ali Alharbi, S., & Deng, Y. (2021).
Ameliorative effect of ferruginol on isoprenaline
hydrochloride-induced myocardial infarction in
rats. Environmental toxicology, 36(2), 249-256.
https://doi.org/10.1002/tox.23030


https://doi.org/10.1161/01.CIR.0000147233.10318.23
https://doi.org/10.1161/01.CIR.0000147233.10318.23
https://doi.org/10.1002/tox.23030

FABAD ]. Pharm. Sci., 49, 1, 197-210, 2024
Doi: 10.55262/fabadeczacilik. 1391109
RESEARCH ARTICLE

Comparative Study of The Anti-Inflammatory Pathway
Enzyme Activities of Selected Plant Extracts from

Lamiaceae Family

Kubra SENER °, Murat EKICI”, Ekrem Murat GONULALAN™, Ebru BODUR"™

Comparative Study of The Anti-Inflammatory Pathway
Enzyme Activities of Selected Plant Extracts from Lamiaceae
Family

SUMMARY

In this study, the effects of selected plants from the Lamiaceae family
(Mentha piperita L., Salvia officinalis L., Lavandula officinalis
Chaix., Scutellaria orientalis L. and Melissa officinalis L.) on the
activities of lipoxygenase- 12/15 (LOX-12/15), cyclooxygenase-2
(COX-2) and acetylcholinesterase (AChE) enzymes, which have an

essential place in the inflammation pathway, were determined. They
have been studied as an alternative to inhibitor drugs thar have many
side effects. The metabolomic profiles of the extracts were defined by
GC-MS and LC-gTOF-MS methods. The antioxidant parameters of
the extracts were investigated by DPPH+ radical scavenging activity
and TAC methods. The time-dependent scavenging capacity of
extracts for DPPH+ radicals varies depending on the extracts, time,

and concentration. The potential inhibitory effects of the extracts
on 12-15-LOX, COX-2, and AChE enzymes were compared with

metabolomics analysis. Our combined results suggest that the extracts
have potential use as anti-inflammatory agents.

Key Words: Anti-inflammatory, ~ Lamiaceae,
cyclooxygenase, acetylcholinesterase, metabolomic.

lipoxygenase,

Lamiaceae Familyasindan Segilen Bitki Ekstrelerinin Anti-
Inflamatuar  Yolak Enzim Aktivitelerinin  Karsilagtrrmals

Caligmas:
0z

Bu calismada Lamiaceae familyasindan secilmis bitkilerin (Mentha
piperita L., Salvia officinalis L., Lavandula officinalis Chaix.,
Scutellaria orientalis L. ve Melissa officinalis L.) inflamasyon yolaginda
onemli bir yeri oldugu bilinen lipoksijenaz-12/15 (LOX-12/15),
siklooksijenaz-2 (COX-2) ve asetilkolinesteraz (AChE) aktiviteleri
iizerine ethileri aragtirilmgtir. Inflamasyon siirecinde yan etkileri
Jazla bulunan inhibitor ilaglara alternatif olmalar: agisindan bu
bitki ektstelerinin etkinlikleri incelenmistir. Ekstrelerin metabolomik
profilleri GC-MS ve LC-gTOF-MS yontemleriyle tanimlanmastar.
Ekstrelerin antioksidan  potansiyelleri, DPPH+ radikal siipiiriicii
etki ve TAC yontemleriyle aragtiribmisnr. DPPH+  radikalinin
zamana bagls siipiiviicii etkileri incelendiginde, ekstrelerin zamana
ve konsantrasyona bagly olarak etkilerinin degistigi bulunmugtur.
Ekstrelerin 12-15-LOX, COX-2 ve ACHE enzimleri iizerindeki
potansiyel inhibitor etkileri incelenmis ve elde edilen sonuglarim
metabolomik profilleri korelasyon analizi ile karsilagtirilmistr. Elde
edilen sonuglar, ekstrelerin  potansiyel anti-inflamaruvar ajanlar
olarak kullanima sahip oldugunu diisiindiirmektedir.

Anabtar Kelimeler: Anti-inflamatuvar, Lamiaceae, lipoksijenaz,
siklooksijenaz, asetilkolinesteraz, metabolomik.
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INTRODUCTION

Tissue damage, destruction, and prolonged
persistent infection are associated with chronic
inflammation. In this process, tissue damage
occurs through imbalances in blood flow, increased
permeability in vascular tissues, synthesis of reactive
oxygen derivatives (ROS), and activation and

migration of leukocytes (Shah, 2008).

Inflammation is a very complex process, and
various mediators such as prostaglandins (PGs),
(LTs), (PLA,),
cyclooxygenases (COXs), and lipoxygenases (LOXs)
are involved (Busse, 1998). COX and LOX enzymes

are convert arachidonic acid (AA) to biologically

leukotrienes phospholipase A,

active leukotrienes and prostaglandins (Gilroy,

Tomlinson, & Willoughby, 1998). The formation of
the inflammatory response also has various effects
on the nervous system, where acetylcholine (ACh)
is the neurotransmitter that plays a critical role
(Massoulié, Pezzementi, Bon, Krejci, & Vallette,
1993). Borovikova et al. (2000) reported that ACh
effectively inhibited peripheral macrophages and
mediated the inflammatory response by inhibiting
the release of proinflammatory mediators, including
tumor necrosis factor (TNF-a) (Borovikova et al.,
2000). These results show that acetylcholinesterase
(AChE) may induce ACh-dependent macrophage
deactivation, hence forming an important of the
cholinergic anti-inflammatory (CAI) pathway (Figure
1).

Figure 1. Potential inflammation pathways associated with AChE, LOX, and COX

Steroidal glucocorticoids can reduce cytokine-

induced gene expression, and non-steroidal
anti-inflammatory (NSAID) drugs, which target
cyclooxygenase (COX) enzyme isoforms, can regulate
the uncontrolled inflammatory response (Barnes,
1998; Vane, 1971). However, long-term use of these
drugs causes undesirable side effects, including
ulcers and cardiovascular disorders (Baron et al,,

2008; Rostom et al., 2002). The discovery of less toxic
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dual LOX/COX and AChE inhibitors is essential to

overcome these disadvantages.

Since the beginning of human history, medicinal
and aromatic plants have been used for many purposes,
such as food, medicine, cosmetics, and spices.
The first records of the use of plants for medicinal
purposes date back to B.C. (Demirezer, 2010). Turkey
has a very diverse ecosystem waiting to be discovered.

Advances in the biological sciences have enabled
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them to evaluate the therapeutic potential of various

plant species (Mesquita et al., 2019).

The Lamiaceae (Labiatae) family is a cosmopolitan
family that includes plants in herbaceous, shrub, or
tree forms and is of great economic importance in
many parts of the world. It is mainly distributed in
the Mediterranean and Central Asia (Suddee, Paton,
& Parnell, 2004). The Lamiaceae family also has a
vital role in the flora of Turkey and is the third most
affluent family, with a 44.2% endemism rate (Baser &
Kirimer, 2014). Plants of the Lamiaceae family have a
rich content of secondary metabolites and are used in
phytotherapy (Fecka & Turek, 2008). These secondary
metabolites display many biological activities such
as antioxidant, antimicrobial, antiviral (S6kmen et
al., 2004), anti-inflammatory effects -especially as
inhibitors of LOX-COX enzymes (Juergens, Stober,
& Vetter, 1998) and AChE (Orhan, Senol, Ozturk,
Akaydin, & Sener, 2012).

The development of technology leads to the
increased use of omics technologies. Metabolomics,
an omics technology that investigates all metabolic
components of the organism rather than scanning
a single metabolite, is beginning to be used in the
content analysis of plant extracts, especially in
pharmacology (Ulrich-Merzenich et al, 2007).
Metabolomics research leads to pharmacologically
active substances obtained by scanning the content
analysis of materials such as plant extracts. These have
formed new ways to treat various diseases (Kamatou,
Makunga, Ramogola, & Viljoen, 2008). Investigating
the correlation of biologically active components
determined by metabolomics studies with bio-activity
studies is a new approach and necessary for further

studies.

In this study, plant species of Mentha piperita
L., Salvia officinalis L., Lavandula officinalis Chaix.,
Scutellaria orientalis L., and Melissa officinalis L. from
the Lamiaceae family, known to have biologically
active secondary metabolites, were selected. Given

these selected plant extracts’ antioxidant and anti-

inflammatory potential, we aimed to determine
their inhibitory effects on COX-2, 12/15-LOX, and
AChE enzymes, if any. Determination of the possible
double/triple enzyme inhibitor potential of these plant
extracts would enable a new approach to develop

ligands in the inflammation pathway.

Our combined results display that S. officinalis L.
and M. officinalis methanol extracts have LOX/COX
dual inhibitor potentials. M. officinalis L. extract may
be a potential natural triple LOX/COX/AChE enzyme
inhibitor.

MATERIALS AND METHOD
Chemicals
Trizma hydrochloride, sodium hydroxide,

2,2-diphenyl-1-picrylhydrazyl (DPPH), lipoxidase
(Glycine max Type I), dimethyl sulfoxide (DMSO),
Quercetin and Tween-20 were obtained from
Sigma-Aldrich (St. Louis, MO, USA). Linoleic acid
was purchased from Calbiochem, Germany. Total
Antioxidant Capacity (TAC) Assay Kit and COX-2
Inhibitor Screening Assay Kit (Fluorometric) were
obtained from Biovision (USA). All other chemicals

used were of the best analytical grade.
Plant Materials and Extraction Procedures

Plants (Lavandula officinalis Chaix., Melissa
officinalis L., Mentha piperita L., and Salvia officinalis
L.) were collected from the culture area of Selcuk
University Faculty of Agriculture, Department of Field
Crops. Scutellaria orientalis L. was collected from the
Ankara-Beytepe region during flowering periods.
The herbarium specimen numbers of the plants are
as follows, respectively (TBC-L-001, TBC-M-001,
TBC-M-002, TBC-S-001 and HUEF 20016).

The parts to be used were separated after the
plant samples were dried at room temperature, free
from moisture, in a sun-free environment. The aerial
parts of the plants were used in this study. These
parts were powdered with the help of a grinder. 5 g
of dried and powdered plant samples were weighed,

extracted at 40°C under reflux for 30 minutes with
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50 ml of methanol, and then filtered. After the
filtrate was separated, the remaining solid phase was
extracted a second time at the same temperature, with
30 ml of methanol under reflux for 15 minutes. The
filtrates were combined, a rotary evaporator removed
the solvent, and a dry extract was obtained by
lyophilization. For DPPH radical scavenging assays,
powdered plant extracts were weighed and dissolved
in methanol. For Trolox equivalent determination,
the solvent used was absolute ethanol. The extracts
were dissolved in 1% dimethylsulfoxide (DMSO) for

enzymatic assays.
DPPH" radical scavenging activity

The radical scavenging capacity of extracts
determined by DPPH* (1,1-diphenyl-2-
picrylhydrazyl) assay according to Brand-Williams
Cuvelier method (Brand-Williams,
Cuvelier, & Berset, 1995). Briefly, 50 pl of the extracts
dissolved in MeOH (200-1.56 pg/ml, in the final) was
transferred to 96-well plates. 1 mM 150 ul DPPH*
radical was added to samples and standard. After 30

was

and Berset

min of incubation, the absorbance was read at 517 nm
with the microplate reader SpectraMax i3. In addition,
the radical scavenging effects of the samples were
investigated over time (0-90 minutes). Quercetin was
used as the standard for all radical scavenging activity
assays. All assays were carried out in triplicate. The
antioxidant activity values of all materials were

calculated according to the following formula:

A0 -Asample «

%Inhibition: A0 100 (1)

where A is the absorbance value consisting of
MeOH and DPPH* for extracts and Quercetin, Asample
is the absorbance with extracts or standard. The EC,

value was determined by a linear regression curve.
Total antioxidant capacity: Trolox equivalent

The

sulfonic acid) (ABTSe") radical is used to measure

2,2'-azinobis-(3-ethylbenzothiazoline-6-

the total radical scavenging capacity. This method is
based on the discoloration of ABTSe* by antioxidant

compounds. The stable free radical scavenging ability
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of the molecules is compared with Trolox (6-hydroxy-
acid),
a water-soluble analog of vitamin E (Huang, Ou,
Hampsch-Woodill, Flanagan, & Deemer, 2002).

Determination of the total antioxidant capacity of

2,5,7,8-tetramethylchroman-2-carboxylic

the extracts was performed using the TAC Assay Kit
(Biovision, Catalog No: #K274-100, USA) according
to the manufacturer’s instructions. Trolox was used as
a standard in the concentration range of 0-20 nmol/
pl. The total antioxidant capacities of the extracts are
given as nmol/pl Trolox equivalent value. All assays
were carried out in triplicate. All samples (Trolox and

extracts) were prepared in absolute methanol.
COX-2 activity assay

A commercial COX-2 Inhibitor Screening Kit
(Biovision, Catalog #K547-100, U.S.A) was used
to determine the effects of extracts on COX-2 (EC:
1.14.99.1) enzyme activity. Generally, this assay is
based on the fluorometric detection of prostaglandin
G, produced by the COX enzyme in AA metabolism.
The extracts were dissolved in 1% DMSO and were
transferred to the microplate with 80 pl of substrate-
free activity medium. The reaction was initiated by
adding 10 pl of AA as the substrate. The change in
fluorescence intensity was measured at Ex/Em =
535/587 nm wavelengths, kinetically at 25°C for 10
minutes in a microplate reader (SpectraMax i3). All
assays were carried out in triplicate. % Inhibition
values were given according to Formula (1): where A |
is the initial, -uninhibited- enzyme activity consisting

of enzyme, substrate and solvent; A___ is an enzyme
sample

pl
activity with extracts. A linear regression curve

determined the IC_| value.
12-15/LOX activity assay

The protocol used to determine the effects of
extracts on 12/15-LOX enzyme activity was carried
out with some modifications (Tappel, 1962; Ulusu,
Ercil, Sakar, & Tezcan, 2002). The activity mixture
was prepared as 1 ml. It contained 1.5 pg/ml of the
enzyme (Lipoxidase from Glycine max, Type-1, EC:

1.13.11.12) and various concentrations of extracts in
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50 mM sodium borate buffer (pH 9.0) in the final.
The reaction was started by adding substrate (Linoleic
acid, LA) after extracts were incubated with enzyme
for 5 minutes at 25°C. The change in absorbance was
monitored with quartz cuvettes in Schimadzu UV1700
UV-Vis spectrophotometer at 234 nm, kinetically at
25°C for 1 minute. While all extracts were dissolved
in 5% DMSO, LA was suspended in 50 mM sodium
borate buffer pH 9.0 containing % 0.2 Tween-20 in
the final. % Inhibition values were given according
to Formula (1): where A is the initial, -uninhibited-
enzyme activity consisting of enzyme, substrate, and

solvent; A is an enzyme activity with extracts. A

sample

linear regression curve determined the IC_ value.
ACHhE activity assay

The Ellman assay in 96-well plates determined
Acetylcholinesterase (AChE, EC 3.1.1.7) activity with
a final volume of 200 pl (Ellman, Courtney, Andres Jr,
& Featherstone, 1961; Gok, Zeybek, & Bodur, 2016).
AChE activity was measured using acetylthiocholine
(ATCh) as substrate at a final concentration of 1
mM in 50 mM 3-(N-morpholino) propanesulfonic
acid buffer (MOPS) pH 7.4, 0.25 mM 5,5’-Dithiobis
(2-Nitro Benzoic Acid (Ellman’s Reagent, DTNB)
and varying concentration of extracts (containing
%0.05 DMSO in the final) at 412 nm for 1 minute,
kinetically. % Inhibition values were given according
to Formula (1): where A is the initial, -uninhibited-
enzyme activity consisting of enzyme, substrate and,

solvent; A is an enzyme activity with extracts. A

sample

linear regression curve determined the IC,_ value.
Metabolomics analysis
GC-MS

Gas chromatography-mass spectrometry (GC-
MS) analysis was carried out as described previously
(Nemutlu et al., 2015). 100 pg/ml plant sample was
prepared with methanol. GC-MS (Shimadzu GCMS-
QP2010 Ultra) was used for metabolomic profiles, and

DB-5MS was chosen as the stationary phase column.
After the procedure, the data were analyzed with
AMDIS and SpectConnect software. Myristic acid
was used as an internal standard in this metabolomics

analysis.
LC-qTOF-MS$S

LC-qTOF-MS  metabolomic  analysis
performed as described previously with minor
modifications (Gonulalan et al., 2020). Metabolites
were separated by C18 column in LC-qTOF-MS
system (Agilent 6530). Natural product databases
[Universal Natural Products Database (UNPD),
KNAPpSAcK, and PlantCyc] were scanned for

metabolite identification. The mass tolerance is fitted

was

at ten ppm. Only structures with a score greater than
six were correctly identified. Phenylalanine was used

as an internal standard in this metabolomics analysis.
Statistical analysis

Statistical analyses of enzymatic and scavenging
activity assays were performed with GraphPad
Prism 8.4.2 software. Values are given as means *
SEM (Standard error mean) of at least triplicate
experiments. Statistical analyses for all experiments
were calculated using one-way ANOVA analysis,
followed by Post-Hoc tests. Values of p <0.05 were
considered statistically significant. Microsoft Excel
was used for the correlation analysis between

metabolomic and activity data.
RESULTS and DISCUSSION
DPPH" radical scavenging activity

In comparing the results of the DPPH* radical
scavenging activity of the plant extracts, Quercetin
was used as a control. The EC_ of quercetin was
found as 2.92+8.54 ug/ml. M. officinalis L. displayed
the highest DPPH* radical scavenging activity; EC,
25.75+13.41 pg/ml (Figure 2). EC,  values of all
extracts were statistically significant as compared to
Quercetin (P < 0.05, Figure 2).
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Figure 2. DPPH" radical scavenging effect of the Lamiaceae extracts

n=3, EC_  values are given +SEM * Compared to quercetin p<0.05.

The results confirm that all extracts have
antioxidant properties comparable to Quercetin.
Next, we evaluated the time-dependent radical
scavenging effects of extracts. When the time-
dependent scavenging capacities of DPPH* radicals
were examined, reliant on the extracts, time, and

concentration, the effects were varied (Figure 3).

Generally, all extracts displayed a steady inhibition
over the observed period. M.piperita L., S. officinalis. L
and S. orientalis L. extracts displayed a concentration-
dependent increase in DPPH" scavenging activity. M.
officinalis L. and S. officinalis L. displayed the highest
DPPH* scavenging activity (Figure 3).

Figure 3. Time-dependent DPPH* radical scavenging effect of the Lamiaceae extracts
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Total antioxidant capacity: Trolox equivalent

The total antioxidant capacities of the extracts

are given as Trolox Equivalent values (nmol/pL). The

highest antioxidant activity belonged to M. piperita
L. (Table 1; 50 pg/ml: 726.62+0.02 nmol/ pl Trolox
Equivalent).

Table 1. Total antioxidant capacity of Lamiaceae extracts as Trolox equivalent

Concentration (pg/ml) M.piperita L. S.officinalis L. L'(gﬁ;i;alis S. orientalis L. M. officinalis L.
nmol/ pl Trolox Equivalent
6.25 128.15+0.01 103.87+0.01 53.06+0.02 132.64+0.01 222.57+0.02
12.5 298.08+0.01 171.31+0.01 59.80+0.02 137.14+0.01 312.50+0.01
25 578.24+0.02 336.33+0.01 60.25+0.01 192.00+0.01 553.51+0.01
50 726.62+0.02 400.63+0.02 73.29+0.02 260.34+0.01 676.2620.01

n=3, Trolox equivalent values are given +SEM
COX-2 enzyme activity assay

Inhibitory potentials of the extracts were screened
against COX-2 enzyme activity at 0-400 pug/ml. The
results are given in Table 2 as IC, values. According
to our results, all of the extracts displayed COX-2
enzyme inhibition in varying degrees. The highest
inhibitory activity belonged to L. officinalis Chaix.
(IC,;: 6.24+13.70 ug/ml), which was followed by M.
officinalis L., with the IC, value of 16.65+9.09 ug/
ml. The plant extract with the highest IC_; value and
the lowest inhibitor potential was determined as M.
piperita L. for the COX-2 enzyme (Table 2).

12-15/LOX enzyme activity assay

The IC, values indicating the effects of Lamiaceae
different 12/15

Lipoxygenase enzyme activity are in Table 2. The

extracts at concentrations on
highest inhibitory activity belonged to M. piperita L.
which was 14.98+9.23 ug/ml (Table 2). M. officinalis
L. and S. officinalis L. extracts displaying similar IC,

values also have high 12/15 LOX inhibitory potential
(Table 2).

AChE enzyme activity assay
In addition to COX-2 and 12-15/LOX enzymes,

the effects of Lamiaceae extracts on AChE enzyme
were investigated. According to our results, all extracts
except S. orientalis L. displayed AChE inhibition. The
highest AChE inhibitory potential was displayed by M.

officinalis L., which had an IC, value of 157.97+1.62
ug/ml. The other three plant extracts displayed IC,
values in 345-455 pg/ml (Table 2).

Table 2. Inhibitory effects (IC, values) of
Lamiaceae extracts on COX-2, 12-15/LOX, and

AChE enzyme activities

Extracts Enzymes, IC, | (ug/ml)
COX-2 12-15/LOX AChE
M. piperita L. 69.98+13.70 | 14.98+9.23 455.55+6.77
S.officinalis L. 26.44+17.68 | 42.54+37.70 432.31+£5.22
L. officinalis 6.23+13.25 329.48+44.77 | 345.52+1.86
Chaix.
S. orientalis L. 30.43+£12.32 | 96.63+£55.70 ND*
M. officinalis L. 16.65+£9.09 35.73+16.75 157.97+1.62
*Not detected.
GC-MS

After analysis of GC-MS chromatograms, 1745
mass spectral properties were found, of which 295
were analyzed using retention index libraries. We
determined 81 organic acids and derivates, 69 organic
compounds, 48 lipids and lipid-like molecules,
37 benzonoids, and 28 organoheterocylic-type

compounds (Supplementary data 1a).
LC-qTOF-MS

Secondary metabolites were determined with
LC-qTOF-MS analysis, and 362 metabolites were
identified using MS/MS databases. Among the
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identified, 60 flavonoid

and aglycones with flavone, isoflavone, flavonol,

metabolites glycosides
methylated flavonoids, and flavonol skeletons were
the most common group. Fourteen anthocyanidin
glycosides were determined as the other major
secondary metabolite group. In addition, coumarin,

catechin, terpenoids, and hydroxycinnamic acid-type

Table 3. Fatty acyls determined in extracts

compounds were detected (Supplementary data 2a).

Also, we have found that metabolites belong to
fatty acyls (fatty acid esters, fatty acids and conjugates,
fatty acyl glycosides, fatty amides, fatty alcohols, and
linoleic acids and derivatives) as a result of GC-MS
and LC-QTOF-MS analyses (Table 3).

Class Sub Class

Compound Name Presence in membrane

Fatty acid esters

Methyl Stearate +

Lactobionic acid -

Lactitol -

Fatty acyl glycosides

Maltitol -

Turanose -

Palatinitol +

Fatty amides

Adipamide -

Fatty alcohols

1-hexadecanol

Linoleic acid +

Lineolic acids and derivatives

Methyl linolenate -

Oleic acid

+
Capric acid +
Pimelic acid +

Maleamic acid -

Methyl oleate -

2-isopropylmalic acid

3-hydroxy-3-methylglutaric -

acid (dicrotalic acid)

Citramalic acid +

Methyl palmitate

Methyl palmitoleate -

Fatty Acyls

Palmitic acid

Stearic acid

Arachidic acid

Myristic acid

Fatty acids and conjugates

+
+
+
Heptadecanoic acid +
+
+

Palmitoleic acid

4-acetylbutyric acid -

Lauric acid -

Trans,trans-muconic acid +

2,3-dimethylsuccinic acid

Behenic acid +

Methyl hexacosanoate -

Itaconic acid

Tetracosanoic acid

16-Hydroxyhexadecanoic
acid

+ |+ |+

cis,cis-Muconic acid

Sebacate

Suberic acid

+ |+ |+

Methyl octadecanoate -

3-Hydroxyisovaleric acid +
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Correlation analysis

The findings obtained by correlation analyses of
LC-QTOF-MS and GC-MS analysis are shown in
Table 4. LC-qTOF-MS correlation analyses show that
13, 24, and 77 positively correlated metabolites with

12-15/LOX, COX-2, and AChE enzymes, respectively.
On the other hand, GC-MS correlation analyses show
that 22, 13, and 66 positively correlated metabolites
with 12-15/LOX, COX-2, and AChE enzymes,
respectively (r 2 0.70; Table 4).

Table 4. Correlation analyses between metabolites and enzyme activities

Number of positively correlated metabolites Number of negatively correlated metabolites
(r>0.70) (r <-0.70)
12-15/LOX COX-2 AChE 12-15/LOX COX-2 AChE
LC-QTOE-MS 13 24 77 63 47 33
GC-MS 22 13 66 44 24 29

*r: Correlation coefficient

Antioxidant activity is widely used to characterize
biological materials (Lopez-Alarcéon & Denicola,
2013). Plants contain various phytochemicals or
bioactive molecules that can neutralize free radicals
and delay the progression of many chronic diseases
associated with oxidative stress and ROS (Ani,
Varadaraj, & Naidu, 2006). Lamiaceae family plants
have rich secondary metabolite content (Fecka
& Turek, 2008). It is known that these secondary
metabolites have many antioxidant properties and are
effective in many anti-inflammatory pathways (Paun
etal, 2018).

This study determined the radical scavenging
effects and the total antioxidant capacity of the
When the radical
scavenging effects of M. piperita L., S. officinalis L.,

selected Lamiaceae extracts.

and M. officinalis L. extracts were compared with
the literature our extracts were found to have higher
antioxidant activity than previous studies (Albano et
al., 2012; Derwich, Chabir, Taouil, & Senhaji, 2011;
Koksal, Bursal, Dikici, Tozoglu, & Gulcin, 2011).
Moreover, L. officinalis Chaix. results are very close to

those reported in literature (Spiridon et al., 2011).

In addition, time-dependent (0-90 minutes)
radical scavenging capacities of the extracts’ at
determined concentrations (12.5, 25, and 50 ug/ml)
were investigated. Generally, all extracts displayed

a steady scavenging effect over the observed period.

While the radical scavenging capacities of the extracts
did not change over time, they were nevertheless
concentration-dependent. ~ All  plant  extracts
displayed a higher scavenging effect with higher
(50 pg/ml) extract concentrations. M. officinalis L.
and Salvia officinalis L. plant extracts displayed the
highest DPPH* scavenging activity. These two plants
displayed an 80 % inhibition on the DPPH* radical
formation over a period of 90 minutes (Figure 3). It
is thought that the high efficiency of our extracts in
antioxidant and radical scavenging activities may be
related to the secondary metabolite components in
their content. A comparison of the radical scavenging
effects with Quercetin and the total antioxidant
capacity with Trolox suggests that our extracts have
strong antioxidant properties (Table 1).

inhibit
cyclooxygenase (COX) and lipoxygenase (LOX)

Given the extracts potential to
enzymes, the results of S. officinalis L. and M.
officinalis L. extracts are promising. The IC, values of
S. officinalis L. and M. officinalis L. for COX-2 enzyme
were 26.44+17.68 and 16.65+9.09 ug/ml, respectively.
Moreover,12/15-LOX enzyme IC,, values of the S.
officinalis L. and M. officinalis L. were 42.54+37.70
and 35.73+16.75 pg/ml, respectively (Table 2). It is
seen that the inhibition values of both extracts for
both enzymes are very close. These findings may be

related to the similarity of secondary compounds
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and, or the synergistic and antagonistic effects of the
secondary metabolites in the extract. Metabolomics
analyses show that our extracts are rich in flavonoids
and anthocyanidins. Coumarin, catechin, terpenoids,
and hydroxycinnamic acid-type compounds are

commonly found in these extracts.

Plants from the Lamiaceae family display
inhibitory effects on the inflammation pathway
enzymes. Alonazi et al. (2021) showed that Salvia
lanigera ethanol and water extracts inhibited COX-
2 and 5-LOX enzymes in human colorectal cancer
cell lines (HCT-116 and Lovo) without causing any
cytotoxicity (Alonazi et al., 2021). Another study on
COX enzyme showed that hydroalcoholic extracts
of L. officinalis inhibited inflammation through
and COX-1 COX-2 activity (Husseini et al., 2016).
Also, the anti-inflammatory activity of menthol
and peppermint oil was investigated on human
monocytes in vitro. Juergens et al. found that menthol
and peppermint oil are potential inhibitors for LOX
and COX pathways (Juergens et al., 1998). In another
study with rats, 800 mg/kg of M. officinalis L. was
found to cause 50% inhibition of COX-2 levels in
tissues (Hamza, Ahmed, Elwey, & Amin, 2016). In
vitro study with S. baicalensis L., the IC, value for the
COX-2 and 5-LOX enzyme of the extract was found
to be 15 pg/ml and 25 pg/ml, respectively (Burnett,
Jia, Zhao, & Levy, 2007).

Acetylcholinesterase (AChE) enzyme is the
neurotransmitter in cholinergic synapses (Massoulié
et al., 1993). Several plants and their metabolites are
used in folk medicine to alter cognitive function,
alleviate other neurodegenerative disorder symptoms,
and prevent memory loss (Howes, Perry, & Houghton,
2003). Literature findings show that Salvia and Melissa
genus have promising key metabolites that inhibit
AChE and butyrylcholinesterase enzymes (Castro et
al,, 2021; Giilgin et al., 2016). In addition, the large-
scale study by Miyazawa et al. showed that Mentha
essential oils and their metabolites also have a strong
AChE inhibitory potential (Miyazawa, Watanabe,
Umemoto, & Kameoka, 1998).

206

This is the first study that incorporates both the
metabolomic profiles and correlation of the inhibition
potentials of these metabolites on LOX COX and
AChE enzymes, especially fatty acyl metabolites.
Through correlation analyses of LC-qTOF-MS and
GC-MS, it was seen that a group of metabolites were
positively correlated with the inhibitions of AChE>12-
15/LOX>COX-2 enzymes, respectively (Table 4). We
found 77 and 66 metabolites positively correlated
with the AChE enzyme with LC-qTOF-MS and GC-
MS analyses, respectively. Surprisingly, correlation
analyses revealed that through LC-qTOF-MS and
GC-MS analyses, 63 and 44 negatively correlated
metabolites were found for 12-15/LOX enzyme. The
number of metabolites correlated with COX-2 enzyme
by LC-qTOF-MS and GC-MS analyses were 47 and
24, respectively. The correlation type was negative, as
it was with the 12/15/ LOX enzyme (Table 4).

The inhibition studies of our extracts show
promising results. The extracts contain many primary
and secondary metabolites that display antioxidant
and anti-inflammatory activity. We believe that these
activities of plant extracts may be due to the synergistic/
antagonistic effects of different metabolites instead of

single active metabolites.

It is known that the fatty acyls linoleic and
arachidonic acid are involved in anti-inflammatory
effects. Considering AChE is a member of the

cholinergic  anti-inflammatory  pathway, we
have previously investigated their potential as
acetylcholinesterase inhibitors. We found that
linoleic acid, linolenic acid, and arachidonic acid
have inhibitory effects on human erythrocyte AChE
and characterized the interaction of these fatty acyls
with the AChE enzyme through docking studies
(Akay, Sener, Sari, & Bodur, 2023). In this study,
we determined that the Lamiaceae feature fatty
acyl metabolites (fatty acid esters, fatty acids, and
conjugates, fatty acyl glycosides, fatty amides, fatty
alcohols, and linoleic acids and derivatives) as a result

of GC-MS and LC-QTOF-MS analyses. Through
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these analyses, we find that the dual LOX/COX
inhibitory potential of S. officinalis L. and the triple
LOX/COX/AChE inhibitory potential of M. officinalis
positively correlate with fatty acyl type compounds.
M. officinalis contains relatively more of these
compounds than others, which may be the source of
the triple effect. Therefore, further studies are needed
to clarify the metabolite or metabolites responsible for

the activity.
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SUMMARY

This study examines the effects of the COVID-19 pandemic on
the financial performance of the Turkish pharmaceutical industry
between 2018 and 2022. Financial indicators in the sector were
examined and analyzed through the data set covering the periods
before, during and, afier the pandemic. The hypotheses on which the
research focuses predict the impact of the pandemic process on the
pharmaceutical industry. The ADF unit root tests concentrate on four
different financial indicators in the sector and, it was determined
that these indicators were stationary at normal levels. Hausman
test results showed that a fixed-effect model is the most suitable for
the panel data model. However, upon detecting autocorrelation
and heteroscedasticity problems in the model, the Panel GLS model
was applied. Structural break analysis revealed unexpected changes
in the periods determined as the second quarter of 2020 and the
Sirst quarter of 2022. These periods mark when the effects of the
COVID-19 pandemic are particularly evident. Additionally, new
recorded case data of COVID- 19 shows how the pandemic’s impact on
the industry has changed. It was observed that pandemic conditions
became evident in April and May 2020, and February 2022 marked
the highest number of cases. This study aims to evaluate the sector’s
future potential by examining in detail the changes in the financial
performance of the Turkish pharmaceutical industry before, during
and, after the pandemic.

Key Words: COVID-19 Pandemic, Turkish Pharmaceutical
Industry, Financial Performance, Panel Data Analysis, Sectoral
Changes

Pandemi Dénemi ve Sonrasinda Tiirkiye Ilag Sektiriiniin
Finansal Gelisimi: 2018-2022 Donemi Sektor Panel Veri Analizi

0z

Bu ¢alsma, COVID-19 salgimimin Tiirk ilag sektoriiniin 2018-
2022 yillar: arasindaki finansal performans: iizerindeki etkilerini
incelemektedir.  Arastirmamin  odaklandiys - hipotezler,  pandemi
siirecinin ilag endiistrisi iizerindeki etkisini ongoriiyor. ADF birim
kok testleri sektirde dort farkly finansal gostergeye odaklanmisur ve
bu gostergelerin normal seviyelerde duragan oldugu tespir edilmigtir.
Hausman testi sonuglar: sabit etkili modelin panel veri modeli
igin en uygun secenek oldugunu gostermigtir. Ancak modelde
otokorelasyon ve degisen varyans sorunlarinin tespit edilmesi dizerine
robust tahminci Panel GLS modeli wygnlanmstar. Yapisal kiribma
analizi, 2020 yilinin ikinci ceyregi ve 2022 yilinn ilk ceyregi olarak
belirlenen dinemlerde beklenmedik degisikliklerin yasandigini ortaya
koymustur. Bu donemler, izellikle Covid-19 salgimnin etkilerinin
belirgin oldugu donemlere isaret etmektedir. Ek olarak, kaydedilen
yeni COVID-19 vaka verileri, salginin sektir iizerindeki etkisinin
zaman iginde nasil degistigini gostermektedir. Pandemi kosullarinin
2020 Nisan ve Mayis aylarinda belirginlestigi, en fazla vaka sayisinin
ise Subat 2022de goriildiigii tespit edilmistir. Bu calima, Tiirk ilag
sektoriiniin pandemi incesinde, pandemi sirasinda ve sonrasinda
Jinansal performansinda meydana gelen degisiklikleri detayl bir
sekilde inceleyerek sektoriin gelecek potansiyelini degerlendirmeyi
amaglamaktadr.

Anahtar Kelimeler: COVID-19 Pandemisi, Tiirkiye llag Sektirii,
Finansal Performans, Panel Veri Analizi, Sektirel Degisimler
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INTRODUCTION
The COVID-19 pandemic has significantly and

extensively affected global health systems, economies,
and industries (IME, 2020, October 13). The analysis
of these impacts is crucial for comprehending the
performance of specific sectors and evaluating
the long-term effects of the pandemic (Company,
2020). The pharmaceutical industry is essential in
contributing to treatment and prevention processes
during this pandemic period and providing a
remarkable case study in terms of industry and
financial performance (World Bank, 2020). The
COVID-19 pandemic has spread rapidly worldwide
since its first days and has affected many sectors. This
impact has revealed how critical investments and
health policies in public health are on a global scale.
However, the effect of the pandemic was not only
limited to the health field, it also radically shook the

economic balances.

This study examines the financial performance of
the Turkish pharmaceutical industry between 2018
and 2022. It evaluates the effects of the COVID-19
pandemic on the sector over a broad time, including
before, during and, after the pandemic. This analysis
is carried out to understand the short and long-term
effects of the pandemic on the financial performance
of the industry, to evaluate the resilience of the
industry and, to predict possible future scenarios.
Turkey has seriously felt the effects of this global crisis
in terms of both public health and, the economy. One
of the sectors where economic waves are felt is the
pharmaceutical sector, which is directly at the center
of the pandemic. The pandemic has been a period in
which research on vaccines and treatment methods
has accelerated and, the pharmaceutical industry has
entered an important race on a global scale. In this
process, Turkey has closely experienced the dynamics,
national and international competition and, financial

performance of the pharmaceutical industry.

The flow of the study consists of an analysis

section that will start with a literature review to
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understand the effects of the COVID-19 pandemic
on the pharmaceutical industry, then provide a
detailed explanation of the methodology and data set
used, and then present the findings. The findings will
conclude by a summary of the sector’s performance
during pandemic periods and a discussion of possible

future directions in the conclusion.

Purpose of the Study and Contribution to the

Literature

This study analyzes the financial performance
of the Turkish pharmaceutical industry between
2018 and 2022 with the impact of the COVID-19
pandemic. Existing studies in the literature generally
focus on a specific time or avoid covering broader
periods. This study examines financial changes in the
sector in detail by covering a broad period, including
the periods before, during and, after the pandemic. It
offers a solid methodology with panel data analysis.
This study contributes signicantly to the literature
by providing a more comprehensive perspective
to understand the effects of the pandemic on the

pharmaceutical industry.

Turkish Pharmaceutical Sector Analysis Before
and After Covid-19

Turkey has a crucial pharmaceutical market due
to its geographical location, population density and,
investments in health services. In previous years,
the Turkish pharmaceutical industry has shown
stable growth, generally recording an increase of
5-7% on an annual basis. Both local pharmaceutical
manufacturers and branches of global companies
in Turkey play an active role in the market. While
Turkey is very active in pharmaceutical imports, it
also exports medicines to many regions, especially
the Middle Eastern countries, North Africa, and the
Turkish Republic. Primarily domestic pharmaceutical
companies have allocated more budget to Research
and Development (R&D) investments every year and
thus tried to encourage domestic drug production
(TISD, 2022).
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The COVID-19 pandemic has significantly affected
the pharmaceutical industry in Turkey, as well as all
over the world. There has been a tremendous increase
in demand, especially for drugs used to combat the
virus. The pandemic has caused disruptions in supply
chains, leading to temporary issues in drug availability.
The pandemic has again shown how critical domestic
pharmaceutical production and R&D studies are.
In this direction, state-supported R&D projects and
domestic pharmaceutical production incentives have
increased (TUIK, 2023).

Turkey experienced difficulties importing some
critical medicines, especially during the pandemic.
However, in this process, it tried to eliminate this
deficiency by increasing its domestic production
capacity. At the same time, Turkey’s export capacity
in some pharmaceuticals has also increased (TITCK,
2023).

The demand for pharmaceuticals, which showed
a stable growth in the pre-COVID-19 period,
has increased significantly during the pandemic,
especially in antiviral drugs and drugs used in
supportive treatment. The pandemic has revealed
how vital supply chains are. In this process, the
Turkish pharmaceutical industry has taken essential
steps in diversifying the supply chain and supporting
domestic production (TISD, 2022). It is predicted
that R&D investments and innovation will increase
further in Turkey after COVID-19. Domestic drug
production and domestic vaccine studies sector’s
potential in this field. While Turkey’s pharmaceutical
industry continues to be a part of global supply chains,
it is expected to have a more active role, especially in
the regional market (TUIK, 2023).

The COVID-19 pandemic has brought challenges
and opportunities to the Turkish pharmaceutical
industry. In this process, the sector has taken crucial
steps to strengthen the supply chain, increase R&D
investments and, support domestic production. In
the coming years, it is expected that the sector will

continue to grow by maintaining its resilient structure

and, playing a more active role in the international

market.

The statistics of the pharmaceutical industry for
the period 2018-2022 are shown in (Table 1) below:

Table 1. World Pharmaceutical Market Size and
Growth Rate for the Period 2018-2022 (www.statista.

com)
- World pharmaceutical World pharmaceutical
ear
market size (billion USD) | market growth rate (%)
2018 1.200 5.2%
2019 1.320 6.4%
2020 1.450 10.3%
2021 1.600 11.7%
2022 1.750 10.0%

As seen in the table, the world pharmaceutical
market grew by approximately 50% from 2018 to
2022. This growth is due to increasing population,
aging population and, increase in chronic diseases.
The pharmaceutical industry has a sector with high
growth potential and, is expected to grow further in

the coming years.

Expenditures and R&D investments in the
pharmaceutical sector in Turkey in the 2018-2022

period are shown in Table 2 below:

Table 2. Pharmaceutical Expenditures and R&D
Investments in Turkey for the Period 2018-2022

(www.tuik.gov.tr)

Pharmaceutical Pharmaceutical Sector
Year Expenditures R&D Investments
(billion TL) (billion TL)
2018 24.7 1.9
2019 27.2 2.2
2020 30.6 2.6
2021 34.7 3.1
2022 389 3.6

The table shows pharmaceutical expenditures
and pharmaceutical sector R&D investments in
Turkey between 2018-2022. As seen in the table,
pharmaceutical expenditures are increasing every

year. Pharmaceutical spending, which were 24.7
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billion TL in 2018, increased to 38.9 billion TL in
2022. Pharmaceutical industry R&D investments
are also growing every year. R&D investments in
the pharmaceutical industry, 1.9 billion TL in 2018,
increased to 3.6 billion TL in 2022. The reason for
the increase in pharmaceutical expenditures is the
growing and aging population of Turkey. While
Turkey’s population was 84 million 339 thousand 385
in 2018, it increased to 84 million 681 thousand 757 in
2022. Turkey’s population is aging and, the proportion
of the population aged 65 and over is increasing. The
population rate of 65 years and over, 12 million 419
thousand 529 in 2018, increased to 13 million 244
thousand 979 in 2022.

Increasein R&D investmentsin the pharmaceutical
industry is due to the development of new drugs
and the improvement of existing drugs. New drugs
with enhanced effectiveness in treating diseases and
fewer side effects are currently under development.
By improving existing drugs, more effective and
affordable medicines are being developed to treat

diseases.

As a result, pharmaceutical expenditures and
pharmaceutical sector R&D investments in Turkey
are increasing yearly. The reason for this increase is
the increase and aging of Turkey’s population, the
development of new drugs and, the improvement of
existing drugs.

Statistics of the Turkish pharmaceutical market

for the period 2018-2022 are shown in Table 3 below:

Table 3. Tiirkiye Pharmaceutical Market Size and
Growth Rate for the Period 2018-2022 (www.statista.

com)

Year Turkish pharmaceutical | Turkish pharmaceutical
market size (billion TL) market growth rate (%)

2018 40 billion 9.7%

2019 44 billion 9.2%

2020 48 billion 8.9%

2021 52 billion 8.6%

2022 56 billion 8.3%
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According to the table above, Turkey’s
pharmaceutical market grew by approximately 20%
from 2018 to 2022. This growth is due to increasing
population, aging population and, increase in chronic
diseases. The Turkish pharmaceutical industry has a
high growth potential and is expected to grow further
in the coming years. Many foreign pharmaceutical
companies operate in the Turkish pharmaceutical
market,

along with domestic pharmaceutical

manufacturers. Turkeys largest pharmaceutical

companies include Abdi Ibrahim, Bayer, Bristol-
Myers Squibb, GlaxoSmithKline, Janssen, Novartis,

Roche, Sanofi and Pfizer.

Turkish Pharmaceutical Industry Crisis
Management and Future Expectations During The

Covid-19 Pandemic

The Covid-19 epidemic rapidly affected Turkey,
as it did worldwide. The epidemic deeply affected
the Turkish pharmaceutical industry. During the
epidemic, the demand for medicines increased,
and, the supply chain was disrupted. This situation
led to an increase in drug prices and a decrease in
drug availability (TITCK, 2023). While the health
systems of countries attempted to respond quickly
to this situation, the pharmaceutical industry also
played a critical role in the process. Representatives
of the pharmaceutical industry in Turkey swiftly
implemented crisis management strategies. The
Turkish pharmaceutical industry took various
measures against the COVID-19 epidemic. These
measures include the development of new drugs and
vaccines, increasing drug production and, improving

drug distribution (Health, 2023).

In the meetings held under the leadership of
TITCK, strategies regarding potential drug shortages,
raw material supply and, how to maintain the drug
distribution network were determined. The measures
taken, especially to maintain chronic patients’
medication access, became one of the cornerstones
of crisis management (TITCK, 2023). According to
data from the World Health Organization, the impact
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of Covid-19 on the global pharmaceutical industry
was significant (WHO, 2023). Turkey managed
this process by increasing domestic production
and strengthening the supply chain. Domestic
pharmaceutical manufacturers have developed
alternative solutions to the problems experienced in
global pharmaceutical supply by making additional

investments in R&D studies.

The pandemic process has revealed the adaptive
and innovative capacity of the Turkish pharmaceutical
industry. The pharmaceutical industrys successful
management of this crisis can serve as an example
for similar situations in the future (OECD, 2020).
In this process, the importance of digitalization for
the pharmaceutical industry was once again seen.
Digital health platforms, telemedicine, and, e-health
solutions will have a vital place in the future of the
2020). In
particular, pharmaceutical tracking and tracing

pharmaceutical industry (Company,
systems will rapidly be included in the digitalization

process.

Additionally, Turkey is expected to take a more
active role in global competition in biotechnological
drugs and vaccine development. Increasing in R&D
investments will further strengthen Turkey’s position
in the pharmaceutical industry. A continuous
observation and analysis process is required to
understand how the epidemic shapes the global
pharmaceutical market and Turkey’s position. These
analyses will play a critical role in shaping the future

of the pharmaceutical industry.

The Turkish pharmaceutical industry is expected
to grow after the epidemic. This growth will result
from factors such as the developing of new drugs and
vaccines, increasing drug production and, improving
drug distribution (TUBITAK, 2023).

Literature Review

Acar and Ozturk (2020) examined the impact
of the COVID-19 epidemic on the Turkish
pharmaceutical industry. The study consists of

data collected from all pharmaceutical companies

in Turkey. The data set includes variables such as
companies’ financial performance, research and
development expenditures, workforce and, exports.
In the study, time series analysis and comparative
analysis were used. According to the findings, the
COVID-19 epidemic had a significant negative
impact on the Turkish pharmaceutical industry. As a
result, according to the study, the epidemic negatively
affected companies’ financial performance, research
and development expenditures, workforce and,
exports (Acar & Oztiirk, 2020).

Bayraktar and Demirtas (2021) their study aims
to examine the effects of the COVID-19 epidemic on
the Turkish pharmaceutical industry using time series
analysis. For this purpose, they worked on a data set
consisting of data collected from all pharmaceutical
companies in Turkey. This data set includes variables
such as companies’ financial performance, research
and development expenditures, workforce and,
exports. The findings of the study indicate that the
COVID-19 epidemic has a significant negative impact
on the Turkish pharmaceutical industry. As a result,
it has been determined that the COVID-19 epidemic
negatively affects the financial performance, research
and development expenditures, workforce, and,
exports of companies (Bayraktar & Demirtag, 2021).

Cakarand Gunes (2022) examined the effects of the
COVID-19 epidemic on the Turkish pharmaceutical
industry using comparative analysis. Companies’
financial performance, research and development
expenditures, workforce and, exports are included
in the analysis. According to the analysis results,
it has been determined that the global perception
has a significantly negative impact on the Turkish

pharmaceutical industry (Cakar & Giines, 2022).

Gurcan and Sonmez (2021) examined the impact
ofthe global epidemic on the production of the Turkish
pharmaceutical industry in their study. The data set
includes variables such as companies’ production
quantity, production value, and production cost.

In the study, time series analysis and comparative
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analysis were used. The findings of the study show
that the COVID-19 pandemic has had a significant
negative impact on Turkish pharmaceutical industry
production. The epidemic has negatively affected the
industry’s production amount, production value and,

production cost (Giircan & Sénmez, 2021).

Sen and Ozturk (2021) aim to examine the
impact of the COVID-19 epidemic on the financial
performance of the Turkish pharmaceutical industry
in their study. The data included in the analysis in
the study comprise variables such as companies’ sales
revenue, net profit, and equity capital. In the study,
time series analysis and, comparative analysis were
used. According to the analysis results of the survey,
COVID-19 negatively affected the sales revenue, net
profit, and, equity capital of the sector (Sen & Oztiirk,
2021).

Gokcek and Oztekin (2022) examined the
impact of the COVID -19 epidemic on the Turkish
pharmaceutical industry using econometric analysis.
The study includes variables such as sales revenue,

net profit and, equity capital collected from all

pharmaceutical companies in Turkey. In the study,
regression analysis was used. The analysis results
show that the COVID-19 epidemic negatively affected
the sales revenue, net profit, and, equity capital of the
sector, indicating a significant negative impact on the
Turkish pharmaceutical industry (Gokgek & Oztekin,
2022).

Covid-19 and Financial Performance Of The

Turkish Pharmaceutical Industry
Sample Structure

Quarterly or annual financial reports of nine
pharmaceutical companies whose shares are traded
on Borsa Istanbul in Turkey between 2018 and 2023
will be used to compare performance before, during
and, after the pandemic. In addition, the amount of
pharmaceutical sales in Turkey during COVID-19
and, the revenues obtained from these sales and,
the periodic data of the investments made by
pharmaceutical companies for R&D will also be used

in the analysis.

Summary information of the companies included

in the sample is shown in Table 4 below:

Tabe 4. Summary information of the companies included in the sample (www.isyatirim.com)

. Closing Market X
Equity . . Market Free Float Capital
Title Price Value (mn
Code Value (mn) Rate (%) (mn TRL)
(TRL) $)
ANGEN Anatolia Biotechnology 14.57 3205.4 118.5 29.5 220
DEVA Deva Holding 72.6 14521.4 536.7 17.8 200
ECILC Eczacibag Ilag 44.58 30548.9 1129.2 18.7 685.3
GENIL Gene Pharmaceuticals 67 20100 742.9 226 300
LKMNH Lokman Hekim Engurusag 35.8 1288.8 47.6 71.6 36
MEDTR Meditera Medical Equipment 37.02 4405.4 162.8 20.5 119
SELEC Selcuk Pharmaceutical Warehouse 51.3 31857.3 1177.5 14.9 621
TNZTP Tapdi Oxygen 37.34 4779.5 176.7 21.9 128
TRILC Turk Pharmaceuticals and Serum Industry 11.4 1844.6 68.2 59.9 161.8
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The table shows the share values of 10 publicly
traded pharmaceutical companies in Turkey. As seen
in the table, Anatolia Biotechnology has the highest
market value, with 3205.4 million TL. Deva Holding
has the second highest market value, with 14521.4
million TL. Eczacibagi ilag has the third highest
market value, with 30548.9 million TL.

The data in the table points to the growth potential
of the pharmaceutical industry in Turkey. The high
market values of the companies operating in the
sector show that the industry attracts attention from
investors. It is expected that the sector’s growth will
continue as companies operating in the industry open

up to foreign markets and develop new products.
MATERIAL and METHOD

The research aims to answer the hypotheses set

below:

H: The financial performance of the pharmaceu-
tical industry in Turkey was positively affected during
the COVID-19 pandemic.

H,: Financial growth expectations in the pharma-

ceutical industry are high after the Covid-19 pandemic.

Research data was conducted between 2018 and
2022 with a quarterly frequency. E-VIEWS 13 and
STATA 17 statistical programs were used to analyze

study’s hypotheses.
A-Hypothesis-1

The study will consider the five most influential

companies in the pharmaceutical industry in this

Table 6. Variables

research. The data of these companies were collected
from the Public Disclosure Platform (www.kap.org.
tr). The five companies researched are shown in Table
5.

Table 5. Pharmaceutical Industry Companies of
the Study

Firm
No

Title

1 Deva Holding (DEVA)

EIS Eczacibasi Ilag Industrial and Financial Investment
Inc. (ECILC)

Lokman Hekim Engurusag Health Tourism Education
Services and Construction Contracting Inc. (LKMNH)

4 Selguk Pharmaceutical Inc. (SELEC)

Turkish Pharmaceuticals and Serum Industry Inc.
(TRILC)

To analyze the first hypothesis, data will be
utilized in quarterly and, cross-sectional forms for
five companies. Since the data of the study are cross-
sectional, the Panel Data model was used to investigate
the effect of independent variables on the dependent
variable (Baltagi, 2005). Before estimating the panel
data model, a unit root test will be performed to
determine whether the data is stationary. Hausman
and LM tests will be used to select the method of the
panel data model from common effect, fixed effect
and, random effect methods. Panel data assumptions
will be tested and, the final model will be estimated.
The variables used in the first hypothesis are shown in

Table 6 (Hausman, 1978).

Variables Abbreviation

Inventory Turnover Ratio Inventory Turnover Ratio SD
Independent Variable Net Profit and Loss Margin % Net Profit and Loss Margin % NKZM

ROA Return on Asset ROA
Dependent Variable ROE Return on Equity ROE

For the first hypothesis, the financial performance
measure ROE ratio was determined. Other variables

were determined as independent variables. Structural

break tests were conducted to answer the final panel
model estimated hypothesis. Before the analysis, the

series will be tested to be stationary.
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RESULTS and DISCUSSION
Unit Root Test

First of all, since the data are quarterly, seasonal
effects were investigated and, the seasonality effects of
the series were eliminated in the residual and average
values of the series (Levin, 2002). Dickey and Fuller
(1979) ADF method was used for standard unit root
tests (Dickey & Fuller, 1979). The results of the ADF
test are shown in Figures 1 to 4.

. xtunitroot fisher SD, dfuller lags(1)

Fisher-type unit-root test for SD
Based on augmented Dickey-Fuller tests

He: All panels contain unit roots
Ha: At least one panel is stationary

5
20

Number of panels
Number of periods

AR parameter: Panel-specific Asymptotics: T -> Infinity

Panel means: Included
Time trend: Not included

Drift term: Not included ADF regressions: 1 lag

Statistic p-value

Inverse chi-squared(10) P 40.4624 0.0000

Inverse normal z -3.2793 0.0005

Inverse logit t(29) L* -4.1940 0.0001

Modified inv. chi-squared Pm 6.8116 0.0000

Figure 1. SD ADF Unit Root Test

PM statistic values of the ADF test show the final
ADF result. If the probability value of this statistic is
less than 0.05, the test rejects the null hypothesis. The
SD variable rejects the null hypothesis in the ADF
test. Therefore, the SD series is stationary.

. xtunitroot fisher NKzM, dfuller lags(1)

Fisher-type unit-root test for NKzZM
Based on augmented Dickey-Fuller tests

He: All panels contain unit roots
Ha: At least one panel is stationary

Number of panels

= 5
Number of periods =

20

AR parameter: Panel-specific
Panel means: Included

Asymptotics: T -> Infinity

Time trend: Not included
Drift term: Not included ADF regressions: 1 lag
Statistic p-value
Inverse chi-squared(10) P 28.6305 0.0014
Inverse normal z -2.1335 0.0164
Inverse logit t(29) L* -2.7323 0.0053
Modified inv. chi-squared Pm 4.1659 0.0000

Figure 2. NKZM % ADF Unit Root Test

Figure 2 shows the ADF test results of the NKZM.
The NKZM variable rejects the null hypothesis in the
ADF test. Therefore, the NKZM series is stationary.
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. Xtunitroot fisher ROE, dfuller lags(1)

Fisher-type unit-root test for ROE
Based on augmented Dickey-Fuller tests

He: All panels contain unit roots
Ha: At least one panel is stationary

Number of panels = 5
Number of periods = 20

AR parameter: Panel-specific
Panel means: Included

Asymptotics: T -> Infinity

Time trend: Not included

Drift term: Not included ADF regressions: 1 lag
Statistic p-value

Inverse chi-squared(10) P 26.5194 0.0031

Inverse normal z -2.3066 0.0105

Inverse logit t(29) L* -2.4297 0.0108

Modified inv. chi-squared Pm 3.6939 0.0001

Figure 3. ROE ADF unit root test

Figure 3 shows the ADF test results of the ROE
variable. The series of the ROE variable rejects the
null hypothesis in the ADF test. Therefore, the ROE
series is stationary.

. xtunitroot fisher ROA, dfuller lags(1)

Fisher-type unit-root test for ROA
Based on augmented Dickey-Fuller tests

Ho: All panels contain unit roots
Ha: At least one panel is stationary

Number of panels
Number of periods

5
20

AR parameter: Panel-specific Asymptotics: T -> Infinity

Panel means: Included
Time trend: Not included

Drift term: Not included ADF regressions: 1 lag

Statistic p-value

Inverse chi-squared(10) P 69.7479 0.0000

Inverse normal z -4.9131 0.0000

Inverse logit t(29) L* -7.9865 0.0000

Modified inv. chi-squared Pm 13.3600 0.0000

Figure 4. ROA ADF Unit Root Test

Figure 4 shows the ADF test results of the ROA
variable. The series of the ROA variable rejects the
null hypothesis in the ADF test. Therefore, the ROA

series is stationary.
Hausman Test

After estimating the panel data model with
random and fixed effect models, the Hausman test
was used to select the most appropriate and safe
model between these two models. The null hypothesis
of the Hausman test is that the coefficient difference
is not systematic, and this shows that the appropriate
model is a random effect model. Figure 5 shows the

Hausman test results.
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. hausman fixed random, sigmamore

Coefficients

(b) (B) (b-B) sqrt(diag(V_b-V_B))
fixed random Difference Std. err.
NKZM -.1268414 -.1342088 .0073674 0079524
ROA -1.000361 -.0044389 -.9959225 2093532
SD .0032511 -.0011773 .0044284 .001984

b = Consistent under H@ and Ha; obtained from xtreg.
B = Inconsistent under Ha, efficient under H®; obtained from xtreg.

Test of HO: Difference in coefficients not systematic

chi2(3) = (b-B)'[(V_b-V_B)"(-1)](b-B)
= 29.61

Prob > chi2 = 0.0000

Figure 5. Hausman Test

According to the continuation of the Hausman
test, the null hypothesis is rejected. Therefore, the
most suitable model is the fixed-effects panel data
model. Tests for autocorrelation, heteroskedasticity,
and multicollinearity were conducted to examine the

identified panel data model.

Heteroskedasticity, = Autocorrelation  and,

Multiple Linear Dependency Test

Heteroskedasticity refers to a situation where
the variance of the residual term or error term in a
regression model varies significantly. Wald test was
used to detect heteroscedasticity. The null hypothesis
of this test is that the model has no heteroskedasticity.
Figure 6 shows Wald Heteroskedastic Test results.

. xttest3

Modified Wald test for groupwise heteroskedasticity
in fixed effect regression model

He: sigma(i)”2 = sigma”2 for all i

chi2 (5) =
Prob>chi2 =

39.49
0.0000

Figure 6. Wald Heteroskedasticity Test

The probability values of the Wald Heteroskedastic
test reject the null hypotheses. This result shows that

the model has heteroscedasticity.

The Breusch-Godfrey test was used to determine
the absence of autocorrelation in the model variables.

The null hypothesis of this test is that there is no

autocorrelation between the variables. Figure 7 shows
the results of the Breusch Godfrey autocorrelation test
(Breusch & Pagan, 1979).

. estat bgodfrey, lags(1)

Breusch-Godfrey LM test for autocorrelation

lags(p) chi2 df Prob > chi2

1 34.658 1 0.0000

He: no serial correlation
Figure 7. Breusch-Godfrey Autocorrelation Test

The results of Breusch-Godfrey (1979) test reject
the null hypothesis. Therefore, it was determined
that there was autocorrelation between the series.
The specified fixed-effect panel data model has
autocorrelation and heteroskedasticity problems,
and the fixed-effect Panel GLS model will be used to

eliminate these problems.

Belsley (1973), variance inflation factor (VIF)
measures theamount of multicollinearity in regression
analysis. Multicollinearity exists when there is a
correlation between more than one independent
variable in a multiple regression model. Figure 8
shows the results of the VIF test (Belsley, 1973).

. estat vif

Variable VIF 1/VIF
SD 1.00 0.999024
ROA 1.00 0.999048
NKZM 1.00 0.999976
Mean VIF 1.00
Figure 8. VIF test

If the VIF test values are more than 3, it is
determined that there is a variance inflation factor,
but since the VIF test results of the study are less than
3, it is determined that there is no VIF problem in the

model.
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Panel GLS Model and Panel Structural Break
Tests

. xtgls ROE NKZM ROA SD, panels(correlated) corr(arl)
Cross-sectional time-series FGLS regression
Coefficients:

Panels:
Correlation:

generalized least squares
heteroskedastic with cross-sectional correlation
common AR(1) coefficient for all panels (0.5605)

Estimated covariances = 15 Number of obs = 100
Estimated autocorrelations = 1 Number of groups = 5
Estimated coefficients = 4 Time periods = 20
Wald chi2(3) = 91.52

Prob > chi2 = 0.0000

ROE | Coefficient Std. err. z P>|z| [95% conf. interval]

NKZM -.110125 .0135335 -8.14 0.000 -.1366501 -.0835998

ROA -.6485697 2194349 -2.96 0.003 -1.078654 -.2184852

SD 0066564 .0026107 2.55 0.011 .0015395 .0117733

_cons .1962587 .0199419 9.84 0.000 .1571734 .2353441

Figure 9. Panel GLS model

Figure 9 shows Greene’s (1986) panel GLS results.
Panel GLS results determined that the effects of the
determined independent variables were significant,
and, this result indicates that the variables in the
future Structural Break tests were selected correctly
(Greene, 1986).

In econometrics and statistics, a structural break is
an unexpected change in the parameters of regression
models over time that can lead to significant forecast
errors and overall unreliability. This issue has been
popularized that instability of coefficients often
leads to prediction failure and, therefore we should
routinely test for structural stability. Structural
stability is a central issue in all applications of linear

regression models.

Dvoretzky, Kiefer and Wolfowitz (1956)
investigate the possibility of a structural break in the
regression using the DKW test (Dvoretzky, Kiefer, &
Wolfowitz, 1956). The null hypothesis of the DKW
test is that there is no structural break. Additionally,
this test will predict the date of the structural break.
Figure 10 shows the results of the DKW test.

. xtbreak test ROE NKZM ROA SD, breaks(2) hypothesis(1)

Test for multiple breaks at unknown breakdates
(Ditzen, Karavias & Westerlund. 2021)
HO: no break(s) vs. H1l: 2 break(s)

——————— Bai & Perron Critical Values
Test 1% Critical

5% Critical 10% Critical
Statistic Value Value Value
supW(tau) 4.43 4.82 4.00 3.58

Estimated break points:
Trimming: ©.15

202092 2022q1

Figure 10. DKW Structural Fracture Test

In the regression determined according to the
results of the DKW test, structural breaks occurred in 2
data. These dates are determined as the second quarter
data of 2020 and the first quarter data of 2022. This

estimate was estimated at the 5% significance level.

KT test tests whether each series has a structural
break at specified dates. This test is performed once
on each series and makes predictions by observing
only the data of the series. According to the KT test
results, a structural break exists in the series on the

dates determined in the DKW test results.

Figure 11 shows the data on recorded new cases
of COVID-19.

Figure 11. COVID-19 daily cases
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According to the figure, COVID-19 reached
pandemic conditions in April and May 2020. In
addition, the COVID-19 pandemic was the cause of
the highest number of cases in February 2022. These
data confirm the result of the study.

Table 7. Second hypotheses variables

B- Hypothesis 2
To analyze the second hypothesis of the study, data

were collected in time series. Since time series models
are used in this hypothesis, the financial growth
variables will be the three variables determined in
Table 7. The other variable was determined as the

independent variable.

Abbreviation Variable Frequency

Snkzm Net profit and loss margin Quarter Dependent
CCv Covid-19 quarter cases Quarter Independent
sROE Return on Equity Quarter Independent
sHSG Stock returns of five companies in the pharmaceutical industry Quarter Independent

In the second hypothesis, the NKZM variable
was determined as the financial growth rate in the
pharmaceutical industry. After creating a VAR model
in this hypothesis, the effects of the independent
variables on the dependent variable will be investigated
in the following eight quarters with the impact-
response test. Since the series of this hypothesis are

quarterly data, seasonal effects have been eliminated.

VAR takes into account the lags of the variables
of the model, so the optimal lag of the model must be
determined (Akaike, 1974). VAR lag criteria were used
to determine the optimal lag, and, the statistical values
of these criteria are shown in Figure 12. Among the
requirements in Figure 12, AIC, SC and, HQ, the most
appropriate with the smallest value at zero lag. The
values of the results show that the AIC information
criterion is the most appropriate. The AIC shows that
the most appropriate lag of the VAR model is only the
first lag.

Figure 12. VAR Optimal Lag

The optimal lag of the VAR is the second lag
determined in the AIC criterion, so that the VAR
model will be estimated with lags of 1 and 2 for
Hypothesis tests.
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Figure 13. VAR Stability Test

If the values of the VAR Stability test are less than
1, it will be determined that the VAR model is stable.
Since the values of the results were less than 1, it was
determined that the estimated VAR model was stable.

VAR serial correlation LM test checks whether the
model passes with the LM test. The null hypothesis
of this test is that the model has a serial correlation at
the specified lag. The results of the LM test are shown
in Figure 14.

Figure 14. VAR Serial Correlation Test

According to the results of the LM test, the model
accepts the null hypothesis at the first and second lags,
but it was determined that the third lag had a serial
correlation. Therefore, it was determined that there
was no serial correlation with the estimated VAR

model 1 and 2 lags.
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The Johansen Co-integration approach uses
maximum likelihood estimation to estimate the
number of cointegration relationships and the
parameters of these relationships (Johansen, 1991). It
consists of VAR estimates that include the differences
and levels of non-stationary series. Figure 15 shows
the Johansen Co-integration test results. According
to the Trace test statistics in Figure 15, it is seen
that there is a long-term relationship between the
variables examined. The null hypothesis of this test
is the absence of a long-term relationship. As shown
in the figure, rejecting at most one probability value,

there are two cointegration equations in the model.

Figure 15. Cointegrating Test

Figure 16 shows the estimated cointegration
equation. To determine the significance of the
estimate, which is the model of the study, in the
cointegration equation, the coeflicients of the
equation will be divided by the standard error of the
series. If the positive result is greater than two, it will
be determined that the variable significantly affects

the dependent variable in the long term.

1 Cointegrating Equation
Log-Likelihood: -108.9619

Normalized coitnegrating coefficients (standard error in parenth...
SNKZM CccVv SROE SHSG

1 -8.04237104... 6.731303407... 0.276394823...

1.328705940... 0.121655790... 0.009158676...

Figure 16. Cointegration Equation

According to the results of dividing the coefficients
by the standard error, CCV, SROE and, SHSG variables
significantly affect the dependent variable in the long

term.

After determining that the VAR model and
cointegration equation are significant, we can be sure
of the results of the impulse response model. Figure

17 shows the results of the impulse test.
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Figure 17. Impulse Test Results

According to the results of the impulse response
test, a positive shock effect of the CCV variable
negatively affects the NKZM value for up to three
periods. After the third period, the shock will have a
positive impact, and, this effect will continue until the

eighth period.

The positive shock of the SROE variable affects the
NKZM variable positively. This effect has a positive
growth rate and will only have a negative growth rate

in the fourth and sixth periods.

The positive shock of the SHSG variable affects the
NKZM variable positively. This effect will continue at
a constant growth rate.

This study has examined the financial performance
of the Turkish pharmaceutical sector from 2018 to
2022 in the context of the impacts of the COVID-19
pandemic. Other studies have similarly investigated
how the Turkish pharmaceutical sector was affected
by the pandemic. These studies have emphasized the

adverse effects of the pandemic on significant variables
within the industry, such as financial performance,
R&D expenditures, workforce, and exports.

Acar and Ozturks study indicated a significant
negative impact of the pandemic on the Turkish
pharmaceutical industry, supporting the notion that
it affected a broad spectrum of elements, including
financial performance, R&D expenditures, workforce,
and exports. Likewise, the studies conducted by
Bayraktar and Demirtas, and Cakar and Gunes also
supported these findings, highlighting the adverse
effects of the pandemic on various facets of the sector.

Moreover, the studies by Gurcan and Sonmez, as
well as Sen and Ozturk, yielded similar outcomes,
demonstrating the adverse effects of the pandemic
on the Turkish pharmaceutical industry. Gurcan and
Sonmez delved into production-oriented elements
like production quantity, value, and cost, indicating
the sector’s exposure to this unfavorable impact on

production activities.

Additionally, the panel data analysis in this study
revealed distinct fluctuations in the effects of the
pandemic during specific periods. The structural
break analysis emphasized the pronounced impact
of the pandemic starting from the second quarter
of 2020, showing significant alterations in sector
performance during these periods. Furthermore, it
observed how the relationship between COVID-19

case data and financial performance evolved.

These comparative analyses underscore the
extensive and diverse adverse effects of the pandemic
on the Turkish pharmaceutical industry. However,
this study, in particular, provided a more detailed
perspective by focusing on the evolution of pandemic

effects over time.
CONCLUSION

In conclusion, these comparativeanalyses highlight
the value of employing different analytical methods
to understand the sector’s response to the pandemic
and the changes in its financial performance. Future

studies could expand on these findings and deeply
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evaluate the sector’s potential by utilizing larger

datasets or employing different methodologies.

The COVID-19 pandemic has had profound
social, economic and, health impacts in Turkey, as
well as all over the world. As stated at the beginning
of this study, we aim to analyze in depth how the
pharmaceutical industry in Turkey responded to
this unexpected and far-reaching crisis, and what the

industry’s future expectations are.

Turkish

pharmaceutical industry has faced a sudden increase

Throughout the pandemic, the
in drug demand, disruptions in supply chains, and,
fluctuations in drug prices. However, the sector has
taken a series of strategic measures to overcome these
difficulties, thus managing to keep supply continuity
at the highest level and meet the pharmaceutical

needs of the public.

With the active contributions of the Turkish
Ministry of Health and TUBITAK, studies on new
drugs and vaccines continue rapidly. At the same
time, improvements in pharmaceutical production
and distribution processes have increased the overall
resilience of the sector and enabled it to respond to

quickly changing needs.

This study examined in detail the financial
performance of the Turkish pharmaceutical
industry between 2018 and 2022 under the impact
of the COVID-19 pandemic. Analyses conducted
to understand the short and long-term effects of the
pandemic on the sector have highlighted unexpected
changes in financial indicators during specific
periods. In particular, the financial resilience and
volatility of the industry were observed in the periods
ranging from before the pandemic to during and after
the pandemic. The panel data analysis and structural
break analysis showed that the pandemic had a
substantial impact, especially from the second quarter
of 2020, and that there were substantial changes in
sector’s performance during these periods. It was also
observed how changes in the financial performance of
the industry evolved in correlation with COVID-19
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case data. The results of this study provide a significant

perspective to understand the pharmaceutical
industry’s ability to adapt to pandemic conditions and
the resilience of the sector. Future studies may expand
on the findings of this study through analysis with
larger data sets or the use of different methodologies
and evaluate the future potential of the sector in more

detail.
Limitations of the Study

This study has some limitations. For example,
the data set used in the analysis covers a specific
period, which may not allow long-term trends to
be fully captured. Additionally, since the panel data
analysis method is based on certain assumptions, the
results may be affected if these assumptions are not
met. However, since the study was limited to specific
financial indicators, the impact of other variables in

the sector may not have been thoroughly evaluated.
Future Directions

The findings of this study provide an essential
basis for future research. In particular, more in-depth
studies can be conducted on companies’ strategies,
international competition and, sectoral innovations
in the post-pandemic period in the pharmaceutical
industry. In addition, analyzing other variables such
as labor force dynamics and R&D investments, in
addition to the financial indicators on which this
study focuses, may provide a vital breakthrough for

future research.
Implications

The findings of this study may influence the

decision-making processes of companies and

regulators in the pharmaceutical industry. In

particular, considering the uncertainties and
changing trends in the sector during the pandemic is,
crucial for companies to make their strategies flexible
and adaptable. Additionally, the impact of these
findings on regulations in the industry may shape
future policy-making processes and contribute to the

sustainable growth of the industry.
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The Inhibitory Effect of Trimethylamine (TMA),
an Intestinal Bacterial Metabolite, on Endothelial
Vasorelaxation in Rat Mesenteric Artery
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The Inhibitory Effect of Trimethylamine (TMA),
an Intestinal Bacterial Metabolite, on Endothelial
Vasorelaxation in Rat Mesenteric Artery

SUMMARY

The effect of the gut microbiota metabolite trimethylamine-(TMA)
in isolated vessels is unknown. Previously TMAO, the hepatic
oxidation product of TMA, at 3 mM has been shown to inhibit
endothelium-dependent vasorelaxations of isolated arteries only
after 24-hour interaction. In this study, the effects of TMA (at 1
mM) on endothelium-dependent relaxations with acute (1 or 4
hours) and longer (24 hours) incubation periods were evaluated
in superior mesenteric arteries of rats. Acute exposure to TMA of 1
hour significantly inhibited acetylcholine-stimulated endothelium-
derived hyperpolarizing (EDH) type relaxations, and this inbibition
gradually intensified as the incubation period was prolonged to 4
and 24 hours. The area under the curves (AUCs) of the relaxation-
response curves after 1 and 24 hours after TMA incubation were
Jfound to be significantly different from each other. In contrast, similar
AUC wvalues were obtained after 4 and 24 hours of incubation.
Contractile responses to phenylephrine, and nitric oxide (NO)-
mediated relaxations of acetylcholine were similar in arteries before
and after pretreatment with TMA for 24 hours. These data indicate
that TMA selectively inhibits EDH-type relaxations in rat isolated
mesenteric arteries. Although the inhibitory effect of TMA intensifies
over time, it appears to be more pronounced during acute incubation
periods. The findings strengthen the evidence that TMA is a more
toxic metabolite on vascular tone than TMAO.

Key Words: Endothelial dysfunction, TMA, vascular, metabolite,

mesenteric artery, rat.

Bagirsak Bakteriyel Metaboliti Trimetilaminin (TMA) Sigan

Mezenter Arterinde Endotel-aracth ~ Gevseme Uzerindeki
Inhibitor Etkisi
0z

Bagirsak mikrobiyota  metaboliti - trimetilaminin  (TMA) izole
damarlardaki etkisi heniiz bilinmemektedir. Daba once, TMAnin
hepatik oksidasyon iiriingi olan TMAOnun izole arterlerde 3 mM
konsantrasyonda 24 saatlik inkiibasyon sonrasi endotel-bagimls
gevsemeleri segici  olarak inhibe ewtigi  gisterilmistir. Buradaki
calismada sigan izole superior mezenter arterlerinde TMAnmn (1
mM) akut (1 ve 4 saat) ve daha uzun (24 saat) siireli inkiibasyonu
sonrasi endotel-  bagimly  gevsemeler iizerindeki direkr  etkileri
incelendi. TMAYya 1 saatlik akut maruz kalma, asetilkolin ile stimiile
edilen  endotel-kaynakly ~ hiperpolarizan (EDH)-tip  gevsemeleri
anlamly olarak inhibe etti ve bu inhibisyon inkiibasyon siiresi 4 ve
24 saate uzatildikea siddetlendi. Ne var ki, 1 ve 24 saatlik TMA
inkiibasyonu sonrasinda gevseme-yant egrilerinin egri altinda kalan
alanlar: (AUC) birbirine gore anlamly derecede farkls iken, 4 ve 24
saatlik inkiibasyon sonrasinda benzerdi. Fenilefrin ile elde edilen
kasilmalar ve asetilkolin ile stimiile edilen nitrik oksit (NO)-aracils
gevsemeler, 24 saatlik TMA inkiibasyonu sonras: degismedi. Bu
veriler TMAnin EDH-tipi gevsemeleri selektif olarak inhibe ettigini
gostermektedir. Her ne kadar TMA'nin inhibitr etkisi zamana bagl
siddetlense de, bunun akut inkiibasyon donemlerinde daba belirgin
oldugu goriilmektedir. Bulgular, TMAnin vaskiiler tonus iizerinde
TMAOdan daba toksik bir metabolit olduguna dair kanitlar:
giiglendirmektedir.

Anabtar Kelimeler: Endotel disfonksiyonu, TMA, vaskiiler,
metabolit, mezenter arter, sican.
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INTRODUCTION

Trimethylamine (TMA) is produced as an inter-
mediate digestion product of animal foods through
the metabolism of the intestinal microbiota. After
passing the systemic circulation, TMA is immediate-
ly metabolized to trimethylamine N-oxide (TMAO)
via flavin-monooxygenase-3 (FMO-3)-mediated ox-
idation in hepatic tissue (al-Waiz, Mikov, Mitchell,
& Smith, 1992). Clinical studies show that TMAO is
independently associated with cardiovascular disease
(CVD) and that the risk of myocardial damage can be
predicted by the plasma level of TMAO (Roncal, Mar-
tinez-Aquilar, Orbe, Ravassa, Fernandez-Montero,...
Paramo, 2019). Essentially level of both metabolites in
the circulatory system increases in patients having re-
nal dysfunction or trimethylaminuria (Treacy, Aker-
man, Chow, Youil, Bibeau, Lin,... Forrest, 1998; Bain,
Faull, Fornasini, Milne, & Evans, 2006). However, the
direct vascular effects of these metabolites remain to
be solved. Although TMA is known to be a more tox-
ic metabolite on cells than TMAO, a limited number
of in vitro studies have comparatively examined the
vascular effects of TMA together with TMAO in the
same experimental design. Both TMA and TMAO
might change vascular tone. In human umbilical
arteries, the potency and efficacy of TMA-induced
contractile responses have been reported to be sig-
nificantly higher than TMAO (Ongun, Orgul, Celik,
& Bariskaner, 2023). We have also reported at phar-
macological concentrations that TMAO impairs en-
dothelium-derived and hyperpolarizing vasodilation
in the rat isolated mesenteric artery, which implies
the contribution of TMAO to endothelial disruption
(Hamad, Ozkan, & Uma, 2021; Ongun, Orgul, Celik,
& Bariskaner, 2023). However, no studies have inves-
tigated whether TMA could influence the function of
endothelium in rat isolated mesenteric arteries. In the
current study, the experimental protocol was applied
with TMA at 1 mM concentration in both acute (1
hour and 4 hours) and long-term exposure times (24
hours) in rat small-sized arteries by measuring ex vivo

isolated vessel function.
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MATERIAL AND METHODS

Twenty-eight male Sprague Dawley rats 200-250
g in weight were purchased from Kobay Company
(Ankara, Turkiye). The ethical approval was obtained
by the local ethics committee of Hacettepe University
(No: 2018-45). The animals were anesthetized by
CO, and euthanized by decapitation. The feeding
branch of superior mesenteric artery was carefully
dissected and cleaned from adipose and connective
tissues. The four mesenteric arterial rings were
obtained from one rat mesenteric artery, and the
rings were mounted into the organ baths of 5 ml
Isometric tensions were measured using a transducer
and recorded on a computer. The rings were
precontracted with phenylephrine submaximally,
and then endothelium-dependent relaxations were
obtained by cumulative acetylcholine concentrations
(0.1 nM - 10 uM). After the first relaxation responses
to acetylcholine, N(gamma)-nitro-L-arginine methyl
ester (L-NAME) (100 pM)+indomethacin (INDO; 10
uM) were applied into the baths for 45 min to obtain
endothelium-derived hyperpolarizing (EDH)-type
vasorelaxations. Thereafter, the rings were incubated
with TMA (1 mM) at increasing exposure times. For
1- and 4-hour incubations, the rings were exposed
to TMA in Krebs-Henseleit Solution (KHS) of organ
baths. Then acetylcholine responses were repeated in
the presence of the inhibitors, as mentioned above.
24-hour-incubations (unpaired data) were carried
out with tissue culture studies, in which arterial
rings were pretreated with TMA in a cell culture
medium containing DMEM (0.5 mL) and penicillin/
streptomycin (1%) in an incubator at 37 °C for 24
hours. PBS was applied to the rings as a solvent control.
At the end of the incubation period, TMA- and PBS-
treated rings were mounted to organ baths, and the
remaining experimental protocol were conducted, as
mentioned over. In addition to EDH-type relaxations,
NO-mediated relaxations of acetylcholine were also
obtained in TMA-treated rings in the presence of
apamin (APA; 50 nM)+INDO (10 uM) and TRAM-34
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(1 uM) for 45 min. To examine vascular contractility,
cumulative contractions to phenylephrine (10 pM -
100 uM) were obtained in TMA-treated rings for 4

hours and 24 hours.

Phenylephrine (Sigma, P6126), acetylcholine
(Sigma-Aldrich, A6625), L-NAME (Sigma, N-5751)
and apamin (Sigma-Aldrich, A-1289) were prepared
in distilled water. Indomethacin (Sigma, I-7378) was
prepared with sodium bicarbonate-water mixture.
KHS (mM): NaCl 118.0, KCI 4.7, MgSO, 1.2, CaCL
2.5, KH,PO, 1.2, NaHCO, 25.0 and glucose 11.1.
NaCl was replaced with equimolar KCI to create an
80 mM KCI solution.

DMEM (D-5796) and penicillin-streptomycin
(P-4333) were from Sigma. TMA (Sigma-Aldrich,
243205) was dissolved in PBS at pH 7.4.

Results are shown as the Mean + Standard Er-
ror of the Mean (SEM). Contractions are expressed
% of contraction obtained with high KCI (80 mM),
and relaxations % of precontraction. The area under
the curves (AUCs) are expressed as arbitrary units
(a.u). pD, values are represented as the -logEC_, the
half maximal effect occurred by sigmoid curve fitting
(GraphPad, Prisim 8). Two response curves were an-
alysed with two-way ANOVA. Multiple comparisons
were done using one-way ANOVA and Tukey’s or
Dunnett’s post-hoc tests. P<0.05 was considered sig-

nificant.
RESULTS AND DISCUSSION

In this ex vivo study, it was examined whether

TMA showed similar disruptive effects as its hepatic

TMAO on

relaxation in the rat isolated mesenteric artery. The

metabolite endothelium-dependent
TMA concentration was chosen as 1 mM to avoid
a possible cytotoxic effect that may occur above
this concentration (Jaworska, Bielinska, Gawrys-
Kopczynska, & Ufnal, 2019). In rat mesenteric
arteries, relaxations are
mainly mediated by EDH and NO. To examine EDH-

type vasorelaxations, cumulative and endothelium-

endothelium-dependent

dependent relaxations of acetylcholine were first
obtained in the presence of L-NAME (100 pM)+INDO
(10 uM). The same preparations were then pretreated
with 1 mM TMA in bath media for 1 and 4 hours of
acute exposure. Acetylcholine-induced EDH-type
relaxations were significantly reduced by 1- and 4-hour
TMA incubation (Figure 1A and 1B). The acute effects
of TMA on the EDH-type relaxations were detected
as early as 1 hour and intensified within 4 hours. We
have previously shown that acute treatment with
3 mM TMAO does not cause any changes in EDH-
type in the same preparations, and the responses to
acetylcholine are significantly reduced by increasing
the incubation time to 24 hours (Hamad, Ozkan,
& Uma, 2021). Similar to this data, extending the
incubation period with 1 mM TMA up to 24 hours
caused a more significant decrease in EDH-mediated
relaxations compared to 1-hour incubation (Figure
1C). However, similar inhibitions were obtained
with 4 and 24 hours of incubations. The AUC values
of the relaxation-response curves obtained with
acetylcholine after 1 and 24 hours of TMA incubation
were found to be significantly different compared to
each other (p< 0.05) (Figure 1D).
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Figure 1. Acetylcholine-induced EDH-type vasorelaxations after 1-, 4- or 24-hour TMA exposure in
mesenteric arteries after precontraction with phenylephrine (PE; 0.3 uM). Concentration-dependent
relaxations obtained with acetylcholine in the presence of L-NAME (100 uM) and indomethacin (INDO: 10
uM) significantly decreased after 1 hour (A), 4 hours (B), and 24 hours (C) of incubation with TMA (1 mM).
The AUC values (D) of the relaxation-response curves obtained with acetylcholine after 1 and 24 hours of
TMA incubation were significantly different compared to each other (n=7) (*significantly different from its
control; ®significantly different from 1-hour incubation with TMA) (p<0.05).

In another series of experiments, long-term TMA
incubations were done in organ culture media to
evaluate its effect on NO relaxations. After 24 hours
of exposure to TMA in cell-culture medium, the
arterial rings were placed in organ baths, and then
acetylcholine-stimulated ~ endothelium-dependent
and NO-mediated relaxations were obtained in the
presence of TRAM-34+INDO+APA. Interestingly,
these responses were unchanged in mesenteric
arteries treated with 1 mM TMA or its solvent PBS for

24 hours (Figure 2).
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Figure 2. Acetylcholine-induced NO-mediated
vasorelaxations after 24 hours of TMA (1 mM) or
PBS (control) exposure in rat mesenteric arteries

incubated with TRAM-34+INDO+APA. The long-
term tissue presence of TMA did not lead to a change
in the amplitude or sensitivity of the relaxations to
acetylcholine (n=7).
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Phenylephrine-induced cumulative contractions
were also found to be TMA-resistant after 24-hour

incubation (Figure 3).

Figure 3. Phenylephrine-induced contractions after
24 hours of TMA (1 mM) exposure in rat isolated
mesenteric arterial rings. The long-term presence

of TMA in bath media did not affect the contractile

responses in the mesenteric arterial rings (n=7).

In this study, we conducted ex vivo experiments to
examine the possible effects of TMA, the precursor of
TMAO, on endothelium-dependent vasorelaxations
obtained with acetylcholine. TMA and TMAO lev-
els in plasma increase in cardiovascular patients with
decreased glomerular filtration rates, and in aged rats
(Jaworska, Bielinska, Gawrys-Kopczynska, & Utfnal,
2019). Previously, we have shown no deterioration
in endothelium-dependent relaxations obtained with
acetylcholine after 1 or 4 hours of acute exposure to
TMAO (1 or 3 mM) in rat isolated mesenteric arteries.
However, TMAOQO at 3 mM concentration selectively
inhibited EDH-type relaxations in response to acetyl-
choline when the incubation period was prolonged
up to 24 hours (Hamad, Ozkan, & Uma, 2021). In the
current study, a similar experimental protocol was ap-
plied to investigate whether TMA would worsen en-
dothelium-dependent relaxations similarly to TMAO.
Interestingly, TMA at 1 mM concentration inhibited
EDH-type vasorelaxations to acetylcholine as early
as acute incubations of 1 and 4 hours. However, ex-
tending the duration of treatment with TMA to 24
hours maintained a decrease in EDH-type responses,
but those were similar to that obtained at 4-hour in-
cubation group. Although previously we have shown
that TMAO has a time-dependent progression in its

destructive effects, leading to a decrease in EDH-
type vasorelaxations (Hamad, Ozkan, & Uma, 2021),
the inhibitory potency of TMA on the same type of
relaxations might appear more pronounced and se-
vere in the acute exposure periods. These data pro-
pose that TMA can worsen endothelial function in
a much shorter time and more severely than TMAO
when its level increases in acute cardiovascular events
(Jaworska, Konop, Hutsch, Perlejewski, Radkows-
ki, Grochowska, ... Ufnal, 2020; Hamad, Ozkan, &
Uma, 2021). The signaling pathways and subsequent
events triggered by TMA in vascular endothelium
are precisely unknown. The inhibition of EDH-type
relaxations with TMA may be due to TMA some-
how inhibiting membrane hyperpolarization through
post-receptor events, thus preventing calcium-ac-
tivated potassium channels from opening and vaso-
relaxation. However, to support this, some specific
experiments such as membrane potential or calcium
measurements in the vascular endothelium need to be
done. Previously some G-protein coupled receptors
like Olr78 and Gpr41 expressed on endothelium, the
target of short-chain fatty acids, which are gut micro-
biota metabolites, which implies such a target may
also apply to TMA or TMAO (Natarajan, Hori, Flava-
han, Steppan, Flavahan, Berkowitz, & Pluznick, 2016).
Recently, TMA has been suggested to be an agonist for
trace amine-associated receptor 5 (TAAR5) in human
olfactory epithelial cells (Wallrabenstein, Kuklan, We-
ber, Zborala, Werner, Altmuller, ... Gisselmann, 2013).
However, it remains unclear what the target mole-
cules are that mediate the effect of TMA on vascular
endothelium or smooth muscle layer. Interestingly,
the FMO-3 enzyme subtype, which is responsible for
the oxidation of TMA to TMAO, has also been detect-
ed in rat aortic perivascular adipose tissue (Restini,
Fink, & Watts, 2021). Since perivascular adipose tis-
sue functions with anticontractile effects in regulating
vascular tone (Chang, Garcia-Barrio, & Chen, 2020),
it may also play a modulatory role in TMA metabo-
lism and trigger the conversion to TMAO, a less toxic
molecule, against increasing plasma TMA levels. All
these studies provide that TMA might play a potential
role in vascular diseases and contribute to endothelial
dysfunction through direct and, or indirect effects on
the endothelium.
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In conclusion, the findings of the current study
confirm that TMA inhibits EDH-type vasorelaxations
without causing disruption with NO-mediated relax-
ations like TMAO. Moreover, short exposure periods
to TMA are sufficient to reduce EDH-type relaxations

in rat isolated mesenteric arteries.
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Effect of n-Hexane Extract from Tanacetum argenteum
(Lam.) Willd. subsp. argenteum on the Secretion of
Proinflammatory Cytokines in THP-1 Cell Line

SUMMARY

Inflammation is an initial biological process that involves the
activation of the immune system in response to injury, infection or
exposure to toxic agents. During this process, cytokines, small proteins
produced by immune cells, play a vital role in regulating the immune
response. Inflammatory cytokines, including interleukins, tumor
necrosis factor-a, nitric oxide, and interferon-gamma, initiate the
immune response and promote inflammation. Natural products are
Jrequently a source of potential anti-inflammatory compounds, and
screening natural products can lead to the discovery of novel bioactive
compounds. The present study aimed to investigate the effects of
n-hexane extract from Tanacetum argenteum subsp. argenteum on
the lipopolysaccharide-induced inflammatory response in human
macrophages THP-1 cell. Cells were incubated with different
concentrations of n-hexane extract, and the inhibitor effects of the
extract exposure on various cytokine secretions were determined. The
findings demonstrated that n-hexane extract dramatically decreased
the levels of interleukin-6, interleukin-15, and tumor necrosis
Jactor-o. in differentiated THP-1 cells, indicating the remarkable
anti-inflammatory potential of the extract. The n-hexane extract
inhibited the secretion of interleukin-G and interleukin-15 even
at the lowest dose of 1 pg/ml. However, a significant reduction in
tumor necrosis factor-o. secretion was observed at 5 pgiml and above
concentrations. Importantly, the results of the study indicated that
both the n-hexane extract and its active component, parthenolide,
exhibit comparable effects. Furthermore, in silico analysis of
toxicogenomic data revealed the interactions between the active
component of the n-hexane extract and interleukin-6, interleukin-
1B, and tumor necrosis factor.

Key Words: Tanacetum argenteum subsp. argenteum, inflammatory
response, human macrophage cells, toxicogenomic data analysis

Tanacetum argenteum (Lam.) Willd subsp. argenteum n-Hekzan
Ekstresinin THP-1 Hiicre Hattinda Proinflamatuar Sitokinlerin
Salgilanmas: Uzerine Etkisi

0z

Inflamasyon, infeksiyon, hasar ya da toksik ajanlara maruz kalmaya
yanit olarak immiin sistemin aktivasyonunu iceren biyolojik siirectir.
Bu siireg sirasinda, immiin hiicreleri tarafindan iiretilen kiiciik
proteinler olan sitokinler, inflimatuar cevabin diizenlenmesinde
hayati bir rol oynar. Interlokinler, timor nekroz faktorii-a, nitrik oksit
ve interferon-gama gibi inflamatuar sitokinler immun yanits baglatir
ve inflamasyonun indiiklenmesine yol agar. Dogal iiriinler siklikla
anti-inflamatuar aktivite potansiyeli olan bilesiklerin kaynagi olup ve
calismalar yeni biyoaktif bilesiklerin kegfine yol agabilir. Bu ¢alisma,
Tanacetum argenteum subsp. argentewmdan hazirlanan n-hekzan
ekstresinin THP-1; insan makrofaj hiicresinde lipopolisakkarit ile
indiiklenen inflamatuar yamit digerindeki etkilerini - aragtirmay:
amaglamignr. Hiicreler farkly konsantrasyonlarda n-hekzan ekstresi
ile inkiibe edilmis ve hiicrelerin ckstreye maruziyetinin  gesitli
sitokinlerin sekresyonlar: dizerindeki inhibitor etkisi belirlenmistir.
Sonuglar, n-hekzan ekstresinin farklilastiribmss THP-1 hiicrelerinde
interlokin-6, interlokin-1 ve tiimor nekroz faktorii-o diizeyini
dnemli dlgiide azaltuigini ve ekstrenin anti-inflamatuar potansiyelini
ortaya koymustur. N-hekzan ekstresi, en diisiik doz olan 1 ug/mlda bile
interlokin-6 ve interleukin-1p ekspresyonunu inhibe etmistir. Ancak,
interlokin-G sekresyonunda 5 pgiml ve dizeri konsantrasyonlarda
anlamls azalma gozlenmistir. Daba da 6nemlisi, calismanin sonuglar:
n-hekzan ekstresi ile aktif bileseni olan partenolidin karsilastirilabilir
etkiler sergiledigini gostermistir. Ayrica, toksikogenomik verilerin
in silico analizi n-hekzan ckstresinin aktif bileseni ile interlokin-6,
interlokin-1P ve tiimir nekroz faktorii arasindaki etkilesimleri ortaya
koymustur.

Anabtar Kelimeler: Tanacetum argenteum subsp. argenteum,
inflamatuar cevap, insan makrofaj hiicreleri, toksikogenomik veri
analizi
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INTRODUCTION

The inflammation process is a coordinated
response involving the activation of signaling
pathways and aims to initiate tissue repair and protect
the body from further damage (Chen et al., 2017).
Inflammatory stimuli, including pathogens, toxins,
or endogenous factors, can trigger signaling pathways
in cells, stimulating the production of inflammatory
mediators. Inflammatory cytokines bind to specific
receptors on the surface of immune cells, including
interleukin-1 receptor (IL-1R), toll-like receptors,
tumor necrosis factor (TNF) receptor and IL-6
receptor (Dinarello et al, 2018; Parameswaran &
Patial, 2010; Tanaka et al., 2014). Once activated,
these receptors can initiate intracellular signaling
pathways that stimulate the excessive production
of pro-inflammatory cytokines and chemokines.
These molecules recruit immune cells to the area of
inflammation, enhance their activation and survival,
and induce tissue damage or repair (Kany et al., 2019).
The precise balance of these inflammatory responses
is critical for protecting cells from infection or tissue
injury and maintaining tissue homeostasis. However,
dysregulated, excessive and chronic inflammation
contributes to the development of various diseases,
such as diabetes, rheumatoid arthritis, cancer and
cardiovascular diseases (Chen et al., 2017). Therefore,
the underlying mechanisms of inflammatory processes
in multiple diseases and developing or identifying
novel and effective inflammatory compounds are
essential for the therapeutic strategies of numerous

diseases (Furman et al., 2019).

Multiple investigations have been conducted to
identify natural products, including herbal extracts
and phytochemicals, that can act as anti-inflammatory
agents and improve the therapeutic effect of synthetic
drugs (Nisar et al, 2023). Tanacetum argenteum
(Lam.) Willd. subsp. argenteum (Asteraceae) is an

essential annual plant found exclusively in Inner
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and South Anatolia (Albayrak et al., 2017). Previous
studies have shown that the subspecies of T. argenteum
differ in their total flavonoid components and levels of
parthenolide. T. argenteum subsp. argenteum has been
found to have the highest levels of both parthenolide
and total flavonoid among all the subspecies (Orhan
et al., 2015). Therefore, it is essential to investigate the
biological activities of T. argenteum subsp. argenteum
and determine the potential therapeutic effects of all
extracts and pure compounds. In our previous study,
we demonstrated that the n-hexane extract of this
plant exhibited significant activity in the iNOS assay,
and we also conducted an MTT assay to determine
the cytotoxicity potential of related plant extracts.
N-hexane extract was found to exhibit potent
cytotoxicity to PC-3 cells (Albayrak et al., 2017).
However, the anti-inflammatory activity of this
extract had not been examined in terms of possible

suppression of the secretion of various cytokines.

In the present study, we aimed to investigate the
potential anti-inflammatory effects of the n-hexane
extract from T. argenteum subsp. argenteurmn on
lipopolysaccharide (LPS)-treated THP-1 cells. LPS
was utilized to induce inflammation and promote
the secretion of inflammatory cytokines in cells. We
incubated differentiated THP-1 cells with increasing
concentrations of n-hexane extract following LPS
stimulation to determine the effects of the extract on the
levels of interleukin (IL)-6, IL-1p and tumor necrosis
factor-a (TNF-a). Furthermore, we performed an i silico
toxicogenomic data analysis to predict the compound
responsible for suppressing cytokine secretion. In our
previous publication, we confirmed the presence of the
parthenolide compound in the n-hexane extract using
thin layer chromatography (TLC) (Albayrak et al., 2017),
and in the current study, we employed high performance
liquid chromatography (HPLC) for the same purpose.
Moreover, we conducted a toxicogenomic evaluation
of its interaction with genes and proteins based on the

parameters we measured experimentally.
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MATERIAL AND METHODS
Cell Culture and Materials

THP-1 (ATTC, TIB-202, USA) human
monocyte cells were grown in RPMI-1640 medium
supplemented with 10% fetal bovine serum. The
cells were kept at 37°C under 5% CO, to maintain
an appropriate environment for their survival. All
experiments were conducted after the treatment of
the monocytes with 25 uM of phorbol 12-myristate
13-acetate (PMA) for 24 hours. This treatment was
applied to differentiate the monocytes into adherent
macrophages used in the subsequent experiments.
IL-6 (cat. no. ab46027), IL-1P (cat. no. ab214025) and
TNF-a (cat. no. ab181421) assay kits were provided
by Abcam (MA, U.S.A.). PMA, parthenolide, and all
other chemicals were obtained from Sigma-Aldrich

(Darmstadt, Germany).

Preparation and HPLC-UV Analysis of

N-hexane Extract

The aerial parts of the plant were collected from
Mount Nemrut, Adiyaman, in 2022, and the plant
material was identified by Prof. Sura Baykan Ozturk.
A voucher specimen was stored in the herbarium
of the Faculty of Pharmacy of Ege University (IZEF
6029). The aerial parts of the plant were dried with a
constant airflow in shadow. Then the dried material
was powdered in a grinder to be ready for extraction.
The plant parts (100 g) were extracted with n-hexane
(200 mL) using an ultrasonic water bath 2 times,
each for 6 hours. After filtration with filter paper,
the obtained extract was evaporated to dryness with
a rotary evaporator under low pressure at 40°C.
The extract was kept at 4°C until the bioactivity

experiments.

HPLC analysis was performed to determine
whether the activity of n-hexane extract is due to
the presence of parthenolide, a significant bioactive
molecule of T. argenteum. The HPLC analyses
were carried out in accordance with the previously
described method (Avula et al., 2006). In brief, the
solutions of parthenolide and extract were prepared

in DMSO and diluted with mobile phase B. 500 ppm
standard parthenolide solution and 200 ppm n-hexane
extract were analyzed by employing the ACE5-C18
column (100 A, 5 pm, 4.6 x 250 mm) with gradient
elution of mobile phase A (water) and mobile phase
B (acetonitrile: methanol (90:10, %v/v)). The flow rate
was 1 ml/min, and the wavelength range detection

was 210 nm.

Treatment of Cells with N-hexane Extract and

Inflammation Induction by LPS

Differentiated THP-1 cells (pretreated with 25 uM
PMA for 24 hours) were categorized into four groups:
one group served as the control (medium without
LPS and extract), another group was exposed to LPS,
the third group was treated with parthenolide before
LPS treatment, and the last group was treated with

n-hexane extract before LPS treatment.

Stock solutions of parthenolide and n-hexane
in DMSO. Following,

appropriate amounts of cell medium were used to

extract were prepared
dilute stock solutions to desired final concentrations.
The final concentration of DMSO did not exceed
1%. The cells were incubated with increasing
concentrations of parthenolide (0-5 upg/ml) or
n-hexane extract (0-100 pug/ml) for 2 hours. After the
incubation period, the cells were then stimulated with
the LPS (final concentration: 2uM) for 24 hours. The
working final concentration of LPS was selected in
accordance with the literature (Liu et al., 2018). 2 uM
is the dose level of LPS that induces inflammation
and the secretion of inflammatory cytokines without
leading to cytotoxicity in the differentiated THP-
1 cells. Moreover, the cytotoxicity of 2 uM LPS was
also controlled in our laboratory via MTT assay, and
no significant cytotoxic effect was seen (data not
shown), similar to a previous study (Liu et al., 2018).
Subsequently, the measurement of IL-6, IL-1f and
TNEF-o were conducted by commercial Kits.

Measurement of IL-1J3, IL-6 and TNF-a Levels

The levels of IL-1p (ab214025), IL-6 (ab46027) and

TNF-a (ab181421) in the cell supernatant were mea-
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sured using ELISA kits according to the manufactur-
er’s instructions. After the incubation period, as de-
tailed above, 40 pl of supernatants were collected and
transferred to novel wells. Subsequently, the specific
antibody cocktails of each ELISA kit were added to
wells, and the mixture was incubated for 1 hour again
at room temperature. Then, TMB solution was added,
and following 10 minutes, absorbance was measured
by operating a microplate reader at a wavelength of
450 nm (Zhang et al., 2020). Experiments were repeat-

ed three times and conducted in triplicate.

Identification of Shared Genes Associated with

Both Parthenolide and Inflammatory Processes

We examined the Comparative Toxicogenomics
Database data to investigate the potential correlation
between parthenolide and inflammation (Davis et al.,
2023). The MyVenn tool was utilized to identify shared
genes associated with parthenolide and inflammation
from a dataset retrieved on December 25, 2023 (Davis
etal., 2023).

Investigating Interactions Among Genes and

Proteins

GeneMANIA was employed to examine the
network of interactions among genes, with a specific
focus on Homo sapiens as the target organism
(Franz et al, 2018). In the investigation of protein-
protein interactions (PPI) linked to parthenolide and
inflammation, the String v.12 database was utilized,
setting a minimum required interaction score
threshold of 0.9, and the organism chosen was Homo
sapiens (Szklarczyk et al., 2023). The analysis included
the utilization of Cytoscape version 3.10.1 (Shannon
et al.,, 2003). Furthermore, to pinpoint the essential
proteins contributing to inflammation, the Network
Analyzer Cytoscape plugin was employed to evaluate
betweenness (BC), closeness (CC), degree centralities

(DC), and number of undirected edges.
Statistical Analysis

All data were expressed as mean + standard error.
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Results were compared by one-way ANOVA analysis
employing the GraphPad Prism. A statistically
significant difference was considered when the

p-value was less than 0.05%.
RESULTS AND DISCUSSION

Previous studies of Tanacetum species primarily
focused on their chemical composition and potential
therapeutic effects, including anti-inflammatory,
anti-oxidant and anti-cancer properties (Jain et al.,
1999; Rosselli et al., 2012; Vilhelmova et al., 2020).
Nasri et al. reported that the anti-inflammatory
effects were detected only in the alcoholic extract
of T balsamita, and quercetin is responsible for
the observed effects (Nasri et al., 2014). Bukhari et
al. studied several extracts of T. artemisioides and
demonstrated that n-hexane extract had the highest
anti-inflammatory potential. T. argentum subsp.
argenteum is an endemic and essential plant (Bukhari
et al., 2007). However, there is limited research on its
biological and therapeutic potential. In our previous
study, we evaluated the anti-inflammatory activity
of T. argenteum subsp. argenteum employing NF-xB
and iNOS assays, and we found that the n-hexane
extract had higher anti-inflammatory potential than
the others similar to T. artemisioides (Albayrak et
al., 2017). Therefore, in this follow-up study, we
investigated the possible inhibition of the n-hexane
extract on the secretion of inflammatory cytokines in
THP-1 cells.

First, we determined the presence of parthenolide
in n-hexane extract by the HPLC-UV system. As
shown in Figure 1, the blue chromatogram displays
the retention time of the standard parthenolide
molecule. The retention time of parthenolide (500
ppm) was 17.85 min. The red chromatogram indicates
the primary molecular peak in the 200 ppm n-hexane
extract. The retention time of the main peak was 17.9
min. Upon analyzing the two chromatograms, it was
observed that the n-hexane extract predominantly

comprised parthenolide (Figure 1).
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Figure 1. The HPLC-UV (210 nm) analysis. Blue chromatogram, parthenolide standard; red chromatogram,

n-hexane extract.

Then, we exposed differentiated THP-1 cells
to 2 uM LPS for 24 hours and detected IL-6, IL-1f,
and TNF-o expression levels using ELISA. The final
concentration level of LPS was determined as the
dose value that triggers inflammation without causing
cytotoxicity in the cell based on a previous study
(Liu et al., 2018) and our laboratory experience. The
incubation of differentiated THP-1 cells with 2 pg/

mL LPS resulted in a significant increase in the levels
of inflammatory cytokines, including IL-6, IL-1,
and TNF-a, compared to the control. Following LPS
exposure, IL-6,IL-1B levels and TNF-alevels increased
from 8.6+0.44 pg/ml to 31.2+0.57 pg/ml, 325.12+1.56
pg/ml to 570.3+1.75 pg/ml, and 180.33+1.18 pg/ml
to 420.63+1.77 pg/ml, respectively, indicating the

efficient induction of inflammation (Figure 2-4).

Figure 2. The effects of n-hexane extract on the levels of IL-6 in LPS-treated THP-1 cells. Cells were

incubated with various concentrations of parthenolide (0.5-5 pg/ml) or n-hexane extract (1-100 pg/ml)

for 24h. The control group comprised cells incubated solely in the medium, without LPS, parthenolide or

n-hexane extract. *** p < 0.0001.
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Then, the anti-inflammatory effects of increasing
concentrations of n-hexane extract were investigated
in the presence of excessive inflammation in THP-
1 cells stimulated with LPS. In order to evaluate the
anti-inflammatory potential of the extract, cells were
also treated with parthenolide standard. As shown in
Figure 2, IL-6 secretion was measured as 31.2+0.57 pg/
ml in LPS-treated cells. Unsurprisingly, parthenolide

exposure decreased IL-6 levels compared to cells

incubated with LPS alone. Cells treated with 0.5, 1,
and 5 pg/ml of parthenolide exhibited 22.4+0.57,
12.33+0.31, and 9.27+0.12 pg/ml IL-6 secretion,
respectively. Furthermore, n-hexane extract markedly
reduced the secretion of IL-6 compared to only LPS-
treated cells; the inhibitory effect started at 1pg/ml and
increased in a dose-dependent manner. Treatment
with 1-100 pg/ml n-hexane extract resulted in

24.3+0.31-10.2+0.57 pg/ml IL-6 secretion in cells.

Figure 3. IL-1p levels of LPS-treated THP-1 cells after the incubation with the n-hexane extract or
parthenolide. The cells representing the control group were incubated only in the medium, without the

presence of LPS or extract. *** p < 0.0001.

Moreover, parthenolide or n-hexane extract
treatment dramatically diminished the secretion
of IL-1p and TNF-a in differentiated THP-1 cells,
as illustrated in Figures 3-4. IL-1B levels were
measured as 445.3+1.12 pg/ml, 414.02+0.94 pg/ml,
and 344.5+0.84 pg/ml with the treatment of 0.5 pg/
ml, 1 pg/ml, and 5 pg/ml of parthenolide, while the
level was 570.3£1.75 pg/ml in cells treated only with
LPS (Figure 3). In a similar trend, 0.5, 1, and 5 mg/
ml parthenolide also decreased TNF-a levels from
420.63+1.77 pg/ml to 382.67+1.18pg/ml, 342.23+0.27
pg/ml, and 215.08+0.61 pg/ml in LPS-treated cells,
respectively (Figure 4). At a concentration of 1 pg/
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ml, the n-hexane extract did not significantly alter
the level of TNF-a, while a significant decrease in
IL-1B levels was detected. 1 pg/ml n-hexane extract
decreased IL-1P levels from 570.3+1.75 pg/ml to
507.9+0.41 pg/ml (Figure 3). Furthermore, the levels
of IL-1B and TNF-a secretion were significantly
reduced with higher doses of the extract; treatment
with 5 pg/ml extract resulted in 353.16+0.82 pg/ml
TNF-a and 453.64+1.15 pg/ml IL-1B secretion. At the
highest dose studied (100 pg/ml), IL-1f and TNF-a
levels were measured as 321.36+0.81 and 201.7+1.26
pg/ml, respectively (Figures 3-4).
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Figure 4. The effects of n-hexane extract and parthenolide on the levels of TNF-a in LPS-treated THP-
1 cells. The control group comprised cells incubated solely in the medium, without LPS or extract. *** p <
0.0001.

The observed effect of n-hexane extract might be
caused by apolar sesquiterpene lactones that contain
y-lactone (Goren et al, 2002). These lactones have
multiple biological activities, including cytotoxic,
anti-oxidant

anti-inflammatory  and

(Pican et al., 1986; Goren et al., 2002). Our previous

properties

study determined the presence of parthenolide in
n-hexane extract by TLC (Albayrak et al., 2017),
and in the current study, we demonstrated that
n-hexane extract contains parthenolide by HPLC
(Figure 1). Parthenolide is a natural compound
belonging to the sesquiterpene lactone family known
as germacranolides (Mathema et al., 2012). It is well-
known for its potent anti-inflammatory (Kwok et al.,
2001) and anti-oxidant properties (Al-Fatlawi et al.,
2015). These activities make it a promising candidate

for developing new drugs to treat various diseases.
Therefore, we suggest that parthenolide contributes to
the anti-inflammatory effects of the n-hexane extract.
Indeed, n-hexane extract exhibited similar effects on
anti-inflammatory markers as parthenolide. As part of
our research, we carried out a toxicogenomic analysis
to anticipate how parthenolide interacts with the
parameters that we measured by in vitro studies. First,
genes related to parthenolide and inflammation were
identified from the CTD database. Then, common
genes were extracted using the MyVenn tool. The
initial exploration of CTD data revealed that 197 genes
are associated with inflammation, while 66 genes are
linked to parthenolide. Nineteen genes were identified
as shared between inflammation and parthenolide
(Figure 5A).
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Figure 5. Toxicogenomic analysis. A, Venn diagram shows overlapped genes for inflammation and

parthenolide; B, Gene-gene interactions were predicted by GeneMANIA; C, Protein-protein interactions were

predicted using the String database and visualized with the Cytoscape software.

The common genes were input into the
GeneMANIA online plug-in, generating hypotheses
and analyzing the function and interaction of genes,
resulting in a connected network. The analysis
revealed that co-expressions accounted for 73.45% and
were the predominant factors among the overlapping
genes. This result suggests that these genes exhibit
similar expression levels across conditions in a gene
expression study. Nodes in the inner ring represent
common genes, while nodes in the outer ring depict

genes associated with these common genes, according
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to GeneMANIA. Additionally,

nodes indicate genes related to the regulation of the

fourteen green

inflammatory response, with a false discovery rate of
5.52e-15 (Figure 5B). Furthermore, the PPIs of the
nineteen common genes displayed 19 nodes and 39
edges (Figure 5C), with a PPI enrichment p-value of
<1.0e-16. In the centrality analysis, the most critical
genes among these common genes, related to both
parthenolide and inflammation, were identified as
IL6, IL-1B, and TNE, ranking in the top three (Table
1).
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Table 1. Centrality analysis of common genes between parthenolide and inflammation

Common Genes Degree Closeness Centrality Between1'1ess Number Of Undirected
Centrality Edges

TNF 10 0.750 0.242 10
IL-1B 10 0.750 0.242 10
IL-6 9 0.714 0.109 9
CXCL8 8 0.625 0.032 8
CCL2 7 0.556 0.004 7
ILIA 6 0.536 0 6
PTGS2 6 0.577 0.257 6
CXCL2 6 0.536 0 6
ICAM1 5 0.517 0 5
MMP9 5 0.556 0.257 5
COL18A1 1 0.366 0 1
FGF2 1 0.366 0 1
NLRP3 1 0.441 0 1
IKBKB 1 0.441 0 1
PTGES 1 0.375 0 1
NOS2 1 0.375 0 1
PPARA 0 0 0 0
STS 0 0 0 0
TSLP 0 0 0 0

We have concluded that the anti-inflammatory
properties of n-hexane extract may be due to
parthenolide, based on both in silico and in vitro

analyses.
CONCLUSION

The findings indicated that exposure to the
n-hexane extract of T. argenteum subsp. argenteum
reduced the secretion of IL-6, IL-1B, and TNF-qa in
differentiated THP-1 cells as similar to parthenolide
standard. Moreover, toxicogenomic data also
demonstrate that parthenolide interacts with these
three cytokines, considering the shared genes between
parthenolide and inflammation. This study suggests

that parthenolide, the significant component of the

extract, may be responsible for the anti-inflammatory
effects of n-hexane extract. Further experiments
are being conducted to examine the phytochemical
other of

parthenolide and n-hexane extract from T. argenteum

properties and biological activities

subsp. argenteum.
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Endocrine Disrupting Effects of Flame Retardants on

Thyroid System

frem IYIGUNDOGDU’, Ismet COK™

Endocrine Disrupting Effects of Flame Retardants on
Thyroid System

SUMMARY

Accumulating  scientific evidence shows that thyroid hormone
synthesis and signaling are now recognized as one of the critical
targets of environmental chemicals, especially of endocrine disruptors.
Endocrine disrupting chemicals (EDCs) are artificial chemicals and
consist of different types of molecules, for instance some pesticides,
plasticizers, flame retardants (FRs), surfactants, many of which
can interfere with thyroid hormone synthesis or their actions. FRs,
essential members of endocrine disruptors, share similarities in their
chemical structures when compared with thyroid hormones, and
there are accumulating scientific findings pointing out that they
may take part in dysfunction of thyroid hormone homeostasis. The
primary aim of using FRs is to minimize the risk of fire and prevent
its spreading. The potential effects of exposure to FRs on the thyroid
and thyroid hormones have gained importance since they may easily
migrate into the surrounding environment and are mainly found in
house dust. Within the framework of the results of some experimental
animal and in vitro studies, as well as limited human studies
researching the consequences of FRs on the thyroid system, this paper
aims to make a general assessment of whether these chemicals have
a role in some thyroid diseases. Although the information that FRs
with endocrine disrupting properties may have an effect on thyroid
hormone levels and cause disruption in the thyroid system is still in
its infancy, there is emerging evidence that some members of FRs may
have thyroid disrupting properties.

Key Words: Flame retardants, thyroid hormones, endocrine
disruptors, thyroid roxicity.

Alev Geciktiricilerin Tiroid Sistem Uzerindeki Endokrin Bozucu
Etkileri

0z

Sayist giderck artan bilimsel bulgular cevreden maruz  kalinan
kimyasallar i¢in, dzellikle de endokrin bozucular olarak adlandirilan
kimyasal grubu agisindan, tiroid hormon sentezi ve sinyalizasyonunun
dnemli bir hedef haline geldigini gostermektedir. Endokrin bozucu
kimyasallar (EBK) insan  yapimi  kimyasallardir ve cok  ¢esitli
molekiillerden  olusur. Bunlara bazi  pestisitler, plastizerler, alev
geciktiriciler (AG), surfaktanlar irnek verilebilir, bu kimyasallarin cogu
tiroid hormon sentezine veya bu hormonlarmn aktivitelerine miidahale
etmektedir. AGler endokrin bozucularin dnemli bir diyesidir, kimyasal
yapilar: tiroid hormonlartyla benzerlik gistermektedir ve tiroid hormon
homeostazinin disfonksiyonunda rol oynayabilecegini gosteren bulgularin
sayist artmaktadrr. AGlerin kullaniminin birincil amaci yangin rviskini
olabildigince azaltmak ve yayimasini inlemektir. Kolayca cevreye
sizabilmeleri ve izellikle ev tozunda bulunabilmeleri nedeniyle AGlere
maruziyetin tiroid ve tiroid hormonlar: iizerine potansiyel etkileri onem
kazanmugtrr. Tiroid sistem iizerine AGlerin etkilerini inceleyen baz:
deneysel hayvan ¢aligmalar: ve in vitro ¢aliymalay, bunun yan: sira
stmarly sayida insan calismasinin sonuglar: gercevesinde, bu calismamizin
amact bu kimyasallarin bazi tiroid hastaliklarimda bir role sabip olup
olamayacag hakkinda genel bir degerlendirme yapmaknr. Her ne
kadar endokrin bozucu etkileri olan AGlerin tiroid hormon seviyelerini
etkileyebilecegi ve tiroid sistemde bozukluklara yol acabilecegi bilgisi
cok yeni olsa da, AGlerin baz: viyelerinin tiroid bozucu izelliklere sahip
olduguna dair bulgular ortaya ¢tkmakiadsr.

Anabtar Kelimeler: Alev geciktiriciler, tiroid hormonlars,
endokrin bozucular, tiroid toksisitesi.
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INTRODUCTION

A significant number of synthetic chemical
compounds have emerged; they have been produced
and transferred into our surrounding environment
since the mid-1930s till today (Yeung et al., 2011).
Between 1950-2000, the production of chemical
substances increased 60 times in mass, and global
chemical sales increased over two times between 2004-
2014 (Bolinius et al., 2018). The precise amount of
chemicals on the global market is unknown; however,
recently it is reported that the number of industrial
chemicals and mixtures which have been registered
more than 350,000 (Brack et

al., 2022). In 2018, total chemical consumption was

for production are

303 million tons in 27 member countries of the EU,
and 221 million tons of this amount consisted of
chemicals that are accepted to be hazardous to health.
In addition, the use and production of chemical
substances increased 16 times over the last 70 years
in the USA (Sutton et al., 2012). It is calculated that
this number refers to 13.000 kg for every individual
living in the USA (Wang et al., 2016). In a research
conducted by FDA, over 1800 chemicals were
determined to interfere with one or more of three
different pathways of endocrine system (androgen,
eustrogen, and thyroid) (De Falco & Laforgia, 2021).
Evidence is increasing day by day that exogenous
chemicals, which have an effect on hormone
production and hormone effects and are classified
under the name of Endocrine Disrupting Chemicals
(EDCs), can disrupt the established biological balance
and cause significant changes in the protection of
both our body and public health (Kahn et al., 2020).
World Health Organisation (WHO) characterizes an
endocrine disruptor as “an exogenous substance or
mixture that alters function(s) of the endocrine system
and consequently causes adverse health effects in an
intact organism, or its progeny, or (sub) populations”
(WHO, 2013). In light of this definition, ten critical
characteristics of EDCs have now been identified.
These characteristics include interaction or activation

of hormone receptors, antagonizing these receptors,
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altering hormone receptor expression, changing
signal transduction among cells that respond to
hormones, causing differences in synthesis, transport,
distribution, or circulating levels, and finally,
metabolism or clearance of hormones; and lastly
altering the fate cells that function in the production
of hormones or responding to hormones (La Merrill

et al., 2020).

EDCs are a group of compounds with different
chemical structures (Cok, 2021). There is a consensus
today that acknowledged or potential EDCs might
be present in industrial and consumer products.
EDCs, which we might be exposed to intentionally
or unintentionally in our daily life through different
consumer products, are seen in a wide range of
possible exposure sources from our food to the air we
inhale.. In addition to regulatory health authorities
such as WHO, the US Environmental Protection
Agency (EPA), United Nations
Programme (UNEP) and European Union (EU);

many scientific establishments, mainly Endocrine

Environment

Society, accept EDCs as a global problem and work
on developing programmes in order to decrease the
number of EDCs and exposure to these compounds.
Due to the accumulating scientific evidence regarding
the role of EDCs, particularly in hormone-related
diseases such as diabetes, reproductive diseases,
neurodevelopmental diseases, breast cancer, prostate
cancer, both the public and health authorities are
concerned about exposure and potential adverse

effects of these substances (Encarnacéo et al., 2019).

Thyroid hormones, which are among the most
important hormones vital for a healthy life, are
involved in various physiological processes. These
include bone remodelling, mental status, cardiac
function and regulation of metabolism. Therefore,
normal functioning of the thyroid is substantial for
maintaining psychological and physiological health.
Furthermore, thyroid hormones have a crucial
role in fetal development because levels of thyroid

hormones need to be normal for the development
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of the brain. In case of deficit in the levels of these
hormones; neuronal growth and differentiation in
the hippocampus, cerebral cortex, and cerebellum is
reduced. Moreover, maternal thyroid homeostasis has

a vital role in fetal development (Boas et al., 2012).

The synthesis and storage of thyroid hormones
take place in the thyroid gland. Their transportation
to target cells occurs through binding to thyroid
hormone-distributing  proteins facilitating  the
process; however, free hormones are the ones that
can be transferred into the cell. The levels of thyroid
hormones in our bloodstream are strictly controlled
by the hypothalamus-pituitary-thyroid (HPT) axis
which consists of the hypothalamus, the pituitary and
thyroid gland; and it depends on a negative feedback
mechanism. If the levels of T4 and T3 in the blood
are perceived to be low, pituitary gland secretes
thyroid stimulating hormone (TSH) and forms a
stimuli promoting the thyroid gland. Consequently,
additional thyroid hormones are synthesized and
increasingly released to preserve the levels of
hormones in a narrow range. The liver and kidney
take part in the deactivation and clearance of these
hormones. Deiodinating enzymes regulate the levels
of thyroid hormones at the cellular level. In order to
evaluate thyroid function clinically, levels of TSH/
T4/T3 in serum or plasma are used. If a decrease in
serum T4 without the combination of increased TSH
is observed, it gives an idea of hypothyroxinemia;
however, differing from this case, if both a reduction
in T4 and increased TSH are observed, then overt
hypothyroidism can be considered. Total T4 seems to
be the main parameter in developmental toxicology
guideline studies. The main purpose of thyroid
hormones is to control gene transcription. The control
of the thyroid signaling mechanism is essential for
mammalian brain development because different
degrees of thyroid hormones are needed for some
specific brain subregions. Maternal T4 seems to be
the only source of hormones for the developing fetus
during the early stages of pregnancy; therefore, it is

precisely controlled by transporters and deiodinases

in the placenta T3 concentrations in the brain only
depend on deiodinase activity in the brain since
only T4 is able to be transferred to the fetal brain.
Functioning of the thyroid gland of human fetuses
begins in mid pregnancy. In the later stages of the
pregnancy, during the third trimester, majority of
neural circuits are seen to appear and they continue

developing beyond adolescence (Gilbert et al., 2020).

Major causes of thyroid-related dysfunctions
thyroid thyroid
diseases and deficiencies in iodine and some other

include cancer, autoimmune
micronutrients (Brent, 2010). It has been suggested
that environmental iodine deficiency, some medical
treatments including radiation therapy, autoimmune
diseases and some genetic disorders may affect the
development of these disorders. Moreover, recent
researches have indicated that exposure to some
EDCs originating from consumer products that are
used in our daily lives, may have a role in the increase
of thyroid-related diseases (Alsen et al., 2021). Since
thyroid diseases are prevalent endocrine diseases
and affect approximately more than 200 million
people worldwide, there is an increasing awareness
of thyroid-related diseases in societies (Keestra et al.,
2021). Thyroid hormone system is very vulnerable
since EDCs can affect thyroxine and its active
metabolites throughout the whole process including
precise feedback regulation, synthesis and distribution
of this prohormone and metabolism, and action of
these compounds. Most of the effects attributed to
EDCs occur at the pre-receptor control of T3 ligand
availability to T3 receptors, which results in thyroid
hormone action due to mediation by ligands. All of
the different components of this system; including
thyroid hormone transporters, deiodinases, enzymes
functioning in metabolism and T3-receptor forms,
might play a role in mediation of adverse effects.
Epidemiological results concerning EDC exposure
and thyroid hormone related conditions point out
that human development, specifically the maturing of
the brain throughout the fetal and neonatal period,
growth, differentiation, can be affected by EDCs.
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When EDCs interfere with iodide or thyroid hormone
transport, they may cause substantial and irreversible
alterations on brain development and functions
which can be seen from the parameters including
cognition, behavior, or Intelligence quotient (IQ)
deficits in later life. Also, metabolic processes in adult

and aging humans may be open to adverse effects of

EDCs (Kohrle & Fradrich, 2021). It is observed that
bisphenol A, phthalates, perfluorinated chemicals, and
brominated flame retardants (BFRs) may be among
the substances with thyroid-disrupting properties
(Boas et al., 2012). Some examples of possible thyroid
disruptors are listed in Table 1 (Kabir et al., 2015).

Table 1. Examples of potential thyroid disruptors, the way they act, and the consequences on the thyroid

system (Kabir et al., 2015)

Thyroid Disruptors | Mechanism of Action Biological effect
Phthalates -Preventing the entry of iodide into thyroid cell -Reduced synthesis of T3 and T4
-Potential impact on fetal brain T4 production
-Binding with thyroid transport protein
competitively
Polychlorinated -Binding with thyroid transport protein - Potential impact on fetal brain T4 production
biphenyls competitively -Enhanced biliary metabolism of T3 and T4
(PCBs) -Elevated metabolism in the liver -Potential reduction of peripheral T3 synthesis due to
-Inhibition of sulfation reaction reduced sulfation of thyroid hormones
-Inhibition of TSH receptor -Lower level of production of T3 and T4
-Inhibiting the activity of the deiodinase enzyme | -Reduced peripheral T3 synthesis
- Changes in binding to thyroid receptor - Changes in the gene transcription mediated by thyroid
hormones
Triclosan -Inhibition of sulfation reaction -Potential reduction of peripheral T3 synthesis due to
reduced sulfation of thyroid hormones
Chlordane -Causing changes in the transport across the cell | -A higher level of biliary elimination of T3 and T4
membrane
Flame Retardants -Binding with thyroid transport protein -Potential impact on fetal brain T4 production
competitively -Changes in the gene transcription mediated by thyroid
-Changes in binding to thyroid receptor hormones

FLAME RETARDANTS

Flame retardants (FRs) are compounds that are
applied in order to lower flammability and prevent
fires from starting and spreading (Yao et al., 2021).
The idea of protection from fire appeared for the
first time in Egypt thousands of years ago, later on
alum solutions were applied to wooden battleships.
However, the first FRs patent was registered in 1735.
In 1820, J.L. Lussac played a major role in the history
of FRs with his work on the resistance of curtains to
flames in Parisian theaters. Afterwards progress of
working on flame retardancy continued; emerge of
halogenated, phosphorus and nitrogen based FRs in
1980 and organophosphate flame retardants (OPFRs)
in 2003 can be named as critical events throughout this
process (Vahabi et al., 2021). FRs are mainly applied to
furniture such as upholstery, mattresses, carpets and

curtains; electrical devices such as laptops, computers,
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phones and televisions; materials that are used in the
construction process, for example, wires and cables
that electricity runs through; materials that take part
in insulation, such as polyurethane and polystyrene
insulation foams; products like seats of the vehicle or
the covers of these seats and overhead compartments
and other materials in transportation such as cars,

planes, and trains (Shaw et al., 2014).

FRs are categorized into two main groups which
are additive FRs and reactive FRs. Additive FRs are
added to combustibles, in contrast reactive FRs take
part in chemical reactions to make that material more
resistant to flame (Yao et al.,, 2021). The difference
between additive and reactive FRs is that additives are
applied after polimerization and no covalent bonds
are formed between FRs and the material whereas
reactive ones are applied during polimerization and

have chemical bonds with the material (Dishaw et al.,
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2014). General characteristics of FRs (Kozlowski et
al., 2014) are described in Figure 1.

There are several advantages of FRs such as
prevention of fires or keeping the fire growth slow,
reduced loss of property, reduced injuries and death
due to fires, reduced environmental contamination
due to fires. At the same time, the critical disadvantage
of FRs is that they may migrate out of the products
and are released to the surroundings (Purser, 2014).
FRs are found in the indoor air, dust and outdoor
environment due to volatilization and leaching from
the treated materials (Dishaw et al., 2014). In addition,
the increasing amount of toxicity information due to
exposure from the use of these substances has become

a gener, al concern.

Exposure of human beings to FRs take place in
three ways which are diet, inhalation, and ingesting
or dermally absorbing dust particles. Children’s
exposure is higher than adults because of ingesting
more dust particles via hand-to-mouth and object-
to-mouth activities (Dishaw et al., 2014). Most FRs
share similarity with thyroid hormones in terms of
chemical structure and are thought to take part in the
disorder of thyroid hormone homeostasis (Mughal &
Demeneix, 2017). The disrupting effects of FRs, that
have been used from past to present or are used today,
on thyroid functions and hormones of laboratory

animals and humans are tried to be evaluated below

in groups.

Figure 1. General characteristics of FRs (Kozlowski et al., 2014)
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Polybrominated diphenyl ethers

Back in the 1970s after the application of

polybrominated  biphenyls = were  withdrawn,

(PBDEs) were
preferred to be used due to flammability standarts.

polybrominated diphenyl ethers

PBDEs have no chemical bonds with the material
that they are in; thus, they can be released from
those products, contaminate the air, and become
a component of dust. They may be released to the
surrounding environment during the manufacturing
process or due to wearing down of materials (Shaw et
al., 2014). Due to such concerns, PBDEs were phased
out and organophosphate esters (OPEs) appeared
as alternatives (Doherty et al,, 2019). Penta-PBDE
was limited in Europe in 2002 and in the US in 2005
(Castorina et al., 2017).

When possible effects of PBDEs are considered,
the thyroid system seems to be the primary target of
PBDEs and their hydroxylated metabolites (Dishaw
et al., 2014). Biotransformation of PBDEs results in
hydroxylated-BDEs (OH-BDEs) and bromophenols.
The structure of OH-BDEs has similarities with
endogenous thyroid hormones; therefore, it might be
the causing factor of part of PBDE toxicity. According
to these toxicity results, effects on neurodevelopment
can be seen as the prominent example of this toxicity.
Thus, thyroid hormones are substantial components
of cell migration and synaptogenesis in the brain and
generally appropriate neurodevelopment. It is thought
that behavioral/neurodevelopmental effects of PBDEs
might happen due to impaired regulation of thyroid
hormone throughout critical developmental windows
(Dingemans et al., 2011; Dishaw et al., 2014).

PBDEs have been chosen

as the subject because of their risk of resulting in

In various studies,

endocrine disruption and other adverse effects
(Kim & Oh, 2014). In a study conducted on human
serum, the disrupting mechanism of polychlorinated
biphenyls (PCBs), PBDEs, and new flame retardants
(NFRs) were evaluated by investigating TH-regulated

proteins and gene expression. In this study, some of
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the compounds in these groups were observed to have
a strong binding affinity towards thyroglobulin, TSH,
gene expression of thyroid hormone receptor a-(TRa)
and B- (TRP), thyroxine-binding globulin (TBG), and
iodothyronine deiodinase I (ID1). Levels of TSH,
TBG and expression of TRa were lower among highly
exposed group; however, higher expression of ID1
was observed (Guo et al,, 2019). In a different study,
serums from blood samples of 140 pregnant women
were analyzed for PBDEs, phenolic metabolites, and
thyroid hormones. A significant positive association
was found between BDE47, 99 and 100 and free and
total T4 levels, and also between these compounds and
total T3 levels higher than normal range (Stapleton et
al., 2011). In a different study concerning PBDEs, the
association of 10 PBDE congeners and free and total
T4 and TSH were investigated among 270 pregnant
women. It was found that as the concentration of
individual congeners increased 10-folds each time,
it resulted in a decrease of TSH between 10.9%
and 18.7%. There was a significant enhancement
in the odds of subclinical hyperthyroidism among
participants who were exposed the most to YPBDEs
and BDEs 100 and 153. No significant relation was
observed between PBDEs and free and total T4. Study’s
findings suggested that PBDEs are related to decreased
TSH during pregnancy (Chevrier et al., 2010). As a
different exposed group, office workers were seen as
the subject of a study in which serum samples were
used and whether an association exist between PBDE
concentrations in serum and thyroid hormones was
investigated. It was found that an inverse relationship
existed between total T4 and each PBDE congener. On
the other hand, total T3, free T4 or TSH and PBDEs
in the serum did not present a strong relationship.
The findings of the research pointed out that being
exposed to PBDE may cause a decrease in the binding
of T4 to serum T4 binding proteins (Makey et al,,
2016). As another possible exposure group, adult male
sport fish consumers were studied in order to observe
whether an association exists between PBDE body

burdens and several aspects concerning the thyroid
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system. Serums were collected from 405 participants
and analysed for different chemicals and hormones
including PBDE congeners, thyroglobulin antibodies,
T4, T3, TSH, and T4-binding protein. Measures of T4
and PBDEs were observed to be positively associated.
In contrast PBDEs were negatively related with total
T3 and TSH in 308 men who did not have conditions
of diabetes or thyroid dysfunction. In addition,
PBDE:s had a positive association with percentage of
T4 bound to albumin, on the contrary had an inverse
association with the percentage of T4 bound to TBG.
Study’s findings suggested that PBDE exposure had
a link with increased thyroglobulin antibodies and
T4 (Turyk et al., 2008). In a research, in which the
exposed population consisted of children, researchers
investigated the relation of PBDEs and NFRs with
thyroid hormone. The study was conducted on 174
school students who reside around a petrochemical
complex with questionnaires and blood samples. It
was found that there was a significant association
between the sum of thirteen PBDE congeners and
eight types of NFRs and T3 levels (Guo et al., 2018). In
another study, researchers examined serum hormone
levels in men recruited from an infertility clinic and
determined 31 PBDE congeners and 6 alternate FRs
in their house dust. Beside other findings of the
study, when hormones related to the thyroid system
was evaluated, considerable positive associations
between serum levels of free T4 and total T3 and
pentaBDEs were seen. In addition, octaBDEs were
found to be positively related with serum free T4
and TSH (Johnson et al, 2013). In a study, which
was conducted on female participants, whether
PBDE concentrations in serum had a link with
thyroid disease among women was investigated. The
possibility of thyroid disease increased among those
with the highest concentrations of BDE47, 99 and 100
in serum. Authors concluded that these compounds
were related to thyroid disease and that the effects
were observed to be greater in post-menopause
(Allen et al., 2016). In a different study considering

exposure of children, researchers collected serum

samples of children who attended to a school in
town with an e-waste recycling area and of children
from a school in a control area. Levels of PCBs and
halogen FRs were determined to be much higher in
the exposed group when compared with the control
group. It was shown that internal exposure levels were
closely related with responses of thyroid hormone
related proteins and gene expression. An increase
in the expression of ID1, a decrease in levels of TSH
and expression of TRa- were observed due to more
extensive exposure concentrations (Guo et al., 2020).
On the contrary to studies mentioned above, Eggesbo
and coworkers (2011) investigated the association
of BFRs including six PBDEs with neonatal TSH
via milk samples of 239 mothers. As a result, there
was no significant association between important
toxic PBDE congeners (BDE-47, 99, 153, 154, 209)
and hexabromocyclododecane (HBCD) and TSH
(Eggesbo et al., 2011).

When the effects of metabolites of PBDEs were
considered, Li and coworkers (2010) found in their
study that OH-PBDEs showed elevated thyroid
hormone activities compared to PBDEs. Hydrogen
bonding was seen between OH-PBDEs and TR (Li et
al., 2010). 172 adults, who were not exposed because
of occupation but lived in a FRs production region,
provided serum samples for a study. When levels of
PBDEs in serum and thyroid function parameters
were evaluated, it was seen that a significant and
positive association was seen between serum levels
of some BDE congeners (BDE-47, 100, 99) and FT3,
TT3, TT4 and thyroid peroxidase antibody (Zhao et
al,, 2021).

Inastudy conducted onadult male Sprague Dawley
rats, the effects of a BFRs mixture on the reproductive
system and thyroid function were examined. Beside
other findings of the study, when the impact on
thyroid system was examined, it was seen that the
highest dose led to thyroid toxicity which was seen
as hypertrophy of the thyroid gland epithelium and
decreased levels of serum T4. Epithelium of thyroid
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gland seemed thinner at lower doses; however, there
were no alterations in the hormone levels (Ernest et
al., 2012). In utero exposure of CD-1 mice in an in
vivo study demonstrated that PBDE-209 resulted in
reduced serum T3 in offspring; however, it did not
reduce T4 (Tseng et al., 2008).

Tetrabromobisphenol A, Tetrachlorobisphenol

A and Hexabromocyclododecane

Tetrabromobisphenol A (TBBPA) and
tetrachlorobisphenol A (TCBPA) are applied as FRs
in different products including plastic products,
building materials, synthetic textiles and paints,
their molecular formulas are shown in Figure 2.
Approximately one third of total FRs use consists
of TBBPA though TBBPA has the potential of being
persistent in the environment and bioaccumulate
(Kitamura et al., 2002). Due to phasing out of penta-
and octa- BDE-based FRs, different BFRs including
TBBPA and HBCDs have been seen as alternatives
to be used instead of PBDEs.

tissues, marine sediments and biota are among the

Besides human

environmental matrices in which these compounds

are detected (Kim & Oh, 2014).

Kim and Oh (2014) examined the relationship
between TBBPA and HBCDs and thyroid hormones
and environmental factors using serum samples
of infant-mother pairs (26 infants had congenital
hypothyroidism and 12 infants were healthy). It is
indicated that maternal transfer of these compounds
are important and a weak correlation was seen
between TBBPA and thyroid hormones, positively
related to fT4 while negatively related to T3 (Kim &
Oh, 2014). In another study focusing on TBBPA and
TCBPA, TBBPA and TCBPA were evaluated according
to their thyroid hormonal-disrupting activity, and a
comparison was made between these compounds
and bisphenol A. It was observed that TBBPA and
TCBPA caused an inhibition in the binding of T3 to
the thyroid hormone receptor. In rat pituitary cell
line GH3 cells, these compounds caused an increase
in proliferation and stimulated growth hormone
production. According to the results of this study it
is concluded that TBBPA and TCBPA may function

as thyroid hormone agonists (Kitamura et al, 2002).

Figure 2. Structural formulas of TBBPA and TCBPA (Kitamura et al., 2002)

Phosphorus Flame Retardants
PBDEs are

because of their toxic effects, some of which are

gradually being phased out

developmental toxicity, endocrine-disrupting effects,
immunotoxicity, and neurotoxicity. Phosphorus
flame retardants (PFRs) are seen as alternatives that
are relatively efficient and safe (Zhang et al., 2016).
PFRs consist of three main categories including
organic, inorganic, and halogen-containing PFRs.
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PFRs are mostly active in the solid phase of burning
materials however some of them might show their
action in the gas phase. Some PFRs are mixed into
the polymer, while some have chemical bonds with
the polymer. If the concentrations are compared, it
is observed that the concentrations of PFRs in the
environment seem to be higher than those of PBDEs.
When exposure through indoor air is considered,

exposure to concentrations of PFRs appears to be
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higher than concentrations of PBDEs (Van der Veen
& de Boer, 2012). Automobiles, offices, and homes are
among the places in which PFRs have been found. In
the US, Canadian, Asian, European, and Australian
populations, detectable levels of PFR metabolites
have been determined in urine. It is suggested that
metabolite levels differ according to age, and higher
exposures are seen in younger ages (Hoffman et al,,
2017).

Organophosphate Flame Retardants

This group of FRs have taken place in the
production for more than thirty years, and the
application of these compounds have been increased
as a result of the restriction of PBDEs, and some of
the most well-known examples of OPFRs are listed in
Table 2 (Castorinaetal.,2017). OPFRs show their effect
through increasing char formation, which results in a
physical barrier between the material and the ignition
source (Dishaw et al., 2014). OPFRs are classified as
additive FRs (Doherty et al., 2019; Yao et al,, 2021)
and categorized as halogenated and non-halogenated
aryl phosphates esters. They have primarily been used
instead of PBDEs in the past twenty years (Wang et
al., 2020). Textiles, glues, building materials, plastic
products, chemicals, paints, furniture, baby products,
electronic devices, and printed circuit boards are
among the usage areas of OPFRs (Du et al.,, 2019;
Ren et al., 2016; Yao et al., 2021). Therefore, they can
easily leach into the environment (Ren et al., 2016;
Yao et al.,, 2021) and have been detected in water, air,
sediment, and dust (Yao et al., 2021). Preliminary
data is suggesting direct human exposure to OPFRs
through the measurement of dust samples and foam
of baby products (Castorina et al., 2017).

Organophosphate esters (OPEs) are detected
in office spaces, residential housing, and childcare
environments. OPEs are particularly determined in
indoor air and dust of indoor environments (Doherty
et al., 2019). Routes of exposure to these compounds
include inhaling dust in the indoor environment,

ingesting dust or contaminated food, respiration

of contaminated air, consumption of contaminated
water, dermal absorption (Ding et al., 2019; Doherty
et al., 2019). Metabolites of OPEs were detected in
human biological matrices; placenta, urine, and breast
milk can be given as examples. This may suggest that
OPEs have the potential to accumulate in the human
body (Ding et al., 2019). Urinary metabolites of some
OPFRs are shown in Table 3.

An increasing number of studies have
demonstrated that OPFRs may lead to carcinogenesis,
neurotoxicity,
(Yao et al, 2021). Also, it is demonstrated in

experimental animal models that OPEs may lead to

and endocrine-disrupting activity

neurotoxicity, the disruption of the endocrine system,
developmental toxicity, adverse reproductive issues,
and other systemic effects (Ren et al., 2016).

As an example of OPFRs, when TDCPP is
examined, it is seen that this compound is found in
different environmental compartments such as indoor
air, dust, and drinking water. It is mainly applied to
polyurethane foams for the furniture. TDCPP is
found to be relatively toxic when compared to other
OPFRs according to acute toxicity results (Wang et al.,
2013). TDCPP can induce different types of toxicities
including developmental toxicity, nerve toxicity,
hepatic toxicity, endocrine disrupting toxicity,
nephron toxicity, acute toxicity and reproductive
toxicity in animals (Wang et al., 2020). Also, it is
suggested in an animal study that mRNA expression
of thyroid hormone receptors and associated genes
could be significantly upregulated due to TDCPP

exposure (Wang et al., 2013).

Another example of OPFRs is TPHP, which
is suggested in the literature to have the potential
to interfere with thyroid function (Preston et al.,
2017). According to present studies, several different
toxicities are related to TPHP, including genotoxicity,
reproductive  toxicity, developmental toxicity,
neurotoxicity, metabolic disruption, and endocrine

effects (Castorina et al., 2017).
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Table 2. Examples of OPFRs, their structural formula, chemical nomenclature, and abbreviated name

(Doherty et al., 2019)

Structural Formula Chemical Nomenclature Abbreviation
Cl
Cl \j\o Tris (1,3-dichloro isopropyl) phosphate
0 [e) TDCPP
cl P~ \Cm
Cl Cl
Cl
jo\ 0 o Tris (1-chloro-2-isopropyl) phosphate TGIPP
Cl /\( ~p- Y\Cl
cl I
o (0] o Tris (2-chloroethyl) phosphate TCEP
Cl- N P
©\o )
(o) |5 e) Triphenyl phosphate TPHP

In the study by Ren and coworkers (2016) the
activities of four OPEs including trimethylphosphate
(TMP), TCEP, triethylphosphate (TEP), and TDCPP
against thyroid hormone nuclear receptor were
examined via in vitro methods. Results demonstrated
that these compounds had agonistic activity towards
TRB, and TDCPP was found to be the most potent
compound. In addition, it was found that these studied
OPE:s could fit into the ligand binding pocket of TR,
and again TDCPP was bound more functionally.
Overall, the authors suggested that disruption of
the thyroid system by OPEs may occur through a
mechanism involving the activation of TR (Ren et al,,
2016). On the contrary to this study, in a study which
took place in China, researchers used in silico, in vitro
and in vivo methods in order to examine the thyroid
hormone disrupting activity of nine phosphorus

containing FRs. Their results suggested that some of
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these compounds showed antagonistic activity on
TRB, including tributyl phosphate (TNBP), tricresyl
phosphate (TMPP), TCIPP, and TDCPP. It is reported
that this effect may be observed due to the direct
binding of PFRs to TR. Due to the T3 antagonistic
activity of TNBP and TMPP, the viability of GH3 cell
lines significantly decreased in the presence of T3. The
authors concluded that some PFRs have the possibility
to disrupt thyroid hormones (Zhang et al., 2016).

In an in vivo study, domestic chicken eggs were
exposed to TCPP and TDCPP and several aspects
including thyroid hormone pathway and thyroid
hormone levels were examined. Beside its other effects,
TDCPP caused a reduction in plasma free T4 levels.
The authors suggested that findings on phenotypic
responses may be observed due to disruption of the
thyroid hormone axis since it has a substantial role

for normal growth and development of birds (Farhat
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et al,, 2013). In a different animal study, researchers
exposed chicken embryos to OPFRs which are tris(2-
butoxyethyl) phosphate (TBOEP), and TEP. Several
aspects were evaluated, including thyroid hormone
levels. Plasma T4 concentrations were observed to
be decreased due to TEP doses (Egloft et al., 2014).
An animal study conducted on fish demonstrated
the possible effect of parental exposure to TDCPP
on the thyroid endocrine system and the growth of
zebrafish. The results showed that this compound
was transferred to the offspring from adult zebrafish.
In F1 larvae, a critical decrease was observed in T4
while there was a considerable increase in T3, also the
transcription of some genes and expression of proteins
that take part in the HPT axis were disrupted. These
observations demonstrated that parental exposure
to TDCPP could lead to the induction of thyroid
disruption in the offspring (Ren et al.,, 2019). In a
study using zebrafish embryos some aspects, such as
whole-body concentrations of thyroid hormones and
transcriptional profiles of genes that take part in the
HPT axis, were evaluated. Due to TDCPP exposure,
whole body T4 levels decreased and whole body T3
levels increased, which suggested the disruption of
the thyroid endocrine system. Furthermore, being
exposed to TDCPP led to an important increase in
the transcription of genes that take part in thyroid
development and thyroid hormone synthesis.
According to the results of this study, it is reported that
TDCPP caused endocrine disruption of the thyroid
system (Wang et al., 2013). In another study, TDCPP
exposure on adult zebrafish was examined, and when
thyroid hormone homeostasis was evaluated, it was
seen that plasma T4 and 3,5,3-triiodothyronine levels
considerably reduced in FO females and F1 larvae/
eggs. According to the results of the study, the authors
concluded that TDCPP is capable of being passed on
to the offspring due to the exposure of the parent and
may result in the disruption of thyroid function and
developmental neurotoxicity (Wang et al., 2015). In
a study examining the transgenerational profile of
TDCPP and polystyrene nanoplastics (PS-NPs) and

their impact on thyroid disruption in zebrafish, it
was seen that when parent zebrafish were exposed
to TDCPP either alone or combined with PS-NPs,
it resulted in the induction of thyroid disruption in
both adult zebrafish and offsprings. T4 and T3 levels
decreased, and this seemed to affect the thyroid
dysfunction of offspring due to transgenerational
factors (Zhao et al., 2021).

In a study which examined the effects of a different
member of OPFRs, researchers used embryonic/
larval zebrafish to examine the toxic effects of TPHP
on thyroid endocrine system. In order to define the
underlying mechanisms of such effects, rat pituitary
(GH3) and thyroid follicular (FRTL-5) cell lines were
used. According to the findings on the cell lines, it was
suggested that TPHP stimulated thyroid hormone
synthesis in the thyroid gland. Results with zebrafish
larvae showed that TPHP caused important increases
in T3 and T4 levels. Also, the expression of genes in
thyroid hormone synthesis increased. In addition, the
expression of genes that are linked with metabolism,
elimination, and transport of thyroid hormones were
significantly upregulated due to TPHP exposure. The
authors indicated that in the early stages of zebrafish
life, due to the disruption of central regulation and
hormone synthesis pathways, TPHP could cause an

increase in thyroid hormone levels (Kim et al., 2015).

Meeker and Stapleton (2010) investigated the
association between TDCPP and TPHP and hormone
levels and reproductive system parameters, and house
dust was used in order to analyze the exposure. In
addition to the findings about the reproductive system,
the results showed that an increase in the TDCPP was
related to a decrease in free T4 (Meeker & Stapleton,
2010). Prenatal urinary levels of OPE metabolites
(mOPEs), concentrations of FT3, FT4, TSH, and
some oxidative stress parameters in pregnant women
and neonatal TSH heel blood were measured in
newborns in a different study. A positive relation was
seen between the concentrations of DBP and DPHP

and either maternal or neonatal TSH levels; however,
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no such relation was seen with maternal FT3 and FT4
levels. In addition, 8-OHdG was observed to mediate
the association between neonatal TSH and DPHP,
which led to the idea that DNA damage may take part
in the disorder of fetal thyroid function (Y. Yao et al.,
2021). Previous research has lead to the assumption
that disruption of thyroid hormones caused by FRs
may elevate cancer risk because increased TSH
levels and chronic iodine deficiency are well-known
factors on the risk of various types of cancer (Mughal
& Demeneix, 2017). However, a study in which 100
females who were diagnosed with papillary thyroid
cancer and 100 controls were recruited in order to
determine the levels of six PFRs metabolites in urine,
demonstrated a different perspective. The findings
suggested that there are no associations between PFRs
and papillary thyroid cancer risk (Deziel et al., 2018).
Also, Hoffman and coworkers (2017) investigated

whether higher exposure to FRs has an association

with an elevated risk of papillary thyroid cancer.
It is reported that higher concentrations of FRs in
household dust had a relationship with an increase in
the risk of papillary thyroid cancer. This was observed
especially for BDE-209 and TCEP. TCEP was linked
with larger and more aggressive tumors, while BDE-
209 was related to less aggressive tumors with smaller
sizes. Overall, it was indicated that there may be an
association between FRs in the home, BDE-209 and
TCEP in particular, and papillary thyroid cancer
(Hoftman et al., 2017b). In another study concerning
the metabolites of OPFRs, the association between
urinary DPHP concentrations and thyroid hormones
was investigated in 51 adults. No significant link was
seen between total T3, TSH, free T4 and DPHP, but
it was found that particularly among women, being
exposed to TPHP might be related to increased total
T4 levels (Preston et al., 2017).

Table 3. Examples of urinary metabolites of several OPFRs (Doherty et al., 2019)

Structural Formula of Metabolite Urinary Metabolite Parent Compound
Cl o Cl
Bis (1,3-dichloro isopropyl) phosphate (BDCIPP) TDCPP
Cl o 'B\o Cl
OH
O
©\ IB /@ Diphenyl phosphate (DPHP) TPHP
o 1.0
OH
@)
Cl |B Cl Bis (2-chloroethyl) phosphate (BCEP) TCEP
N0 N0 TN
0] 5 O
H
CONCLUSION thyroid disruption. Exposure to FRs has been linked

Although legal regulations are made by health
authorities and regulatory agencies try to prevent
people from being exposed to FRs from various
sources, the widespread use of these chemicals
makes exposure inevitable. In this review, we focused
on the effects of FRs on the thyroid system, but the
potential health effects of FRs are not limited to
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to various health risks, including neurological and
developmental disorders, reproductive problems, and
cancer. It should not be forgotten that the role of the
dysfunction of hormones and hormone homeostasis,
especially thyroid hormones, in the development of
these diseases cannot be denied. As the use of FRs is in
high amountsin all societies and new data are provided

about their toxicity profiles over time, the use of some
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members of these chemicals such as PBDEs has been
restricted or prohibited. Moreover, although some of
them were banned many years ago due to their toxic
effects, they can still be found in the environment in
high concentrations today. The best example of this
can be given as BDE 209, which was added to Annex
A of the Stockholm Convention on POPs (Persistent
Organic Pollutants) in 2017. Results of experimental
animal studies have shown that BDE 209 causes
reductions in thyroid hormone levels and thyroid
gland enlargement, and is an endocrine disruptor by

causing a decrease in serum triiodothyronine.

As can be understood from this review, although
there are enough scientific signals to draw our
attention to the effects of FRs on the thyroid system,
more human-sourced signals are needed to reach a
complete conclusion. In fact, this review is intended to
encourage further studies of human data on disorders

of the thyroid system resulting from FRs exposure.

This review has been prepared to serve as a
stimulus for further study of complex/controversial
experimental animal results as well as human data.
It is important to continue researching the potential
hazards of FRs, and take measures to minimize
exposure to these chemicals, especially for vulnerable
populations such as infants, young children and

pregnant women.
ACKNOWLEDGEMENTS

The authors would like to thank the Gazi University
Academic Writing Application and Research Center

for proofreading the article.
CONEFLICT OF INTEREST

The authors declare that there is no conflict of

interest.
AUTHOR CONTRIBUTION STATEMENT

Determination of the Subject (IC), Literature
Research (I, IC), Preparing the Study Text (Ii, IC),
Reviewing the Text (IC,1T)

REFERENCES

Allen, J. G., Gale, S., Zoeller, R. T., Spengler, J. D.,
Birnbaum, L., & McNeely, E. (2016). PBDE flame
retardants, thyroid disease, and menopausal status
in US women. Environmental Health, 15(1), 1-9.
doi: 10.1186/s12940-016-0141-0

Alsen, M., Sinclair, C., Cooke, P, Ziadkhanpour,
K., Genden, E., & van Gerwen, M. (2021).
Endocrine disrupting chemicals and thyroid
cancer: an overview. Toxics, 9(1), 14. doi: 10.3390/
toxics9010014

Boas, M., Feldt-Rasmussen, U., & Main, K. M. (2012).
Thyroid effects of endocrine disrupting chemicals.
Molecular and Cellular Endocrinology, 355(2),
240-248. doi: 10.1016/j.mce.2011.09.005

Bolinius, D. J., Sobek, A., Lof, M. F, & Undeman, E.
(2018). Evaluating the consumption of chemical
products and articles as proxies for diffuse
emissions to the environment. Environmental
Science: Processes & Impacts, 20(10), 1427-1440.
doi: 10.1039/c8em00270c

Brack, W,, Barcelo Culleres, D., Boxall, A., Budzinski,
H., Castiglioni, S., Covaci, A., . . . Kandie, E
(2022). One planet: one health. A call to support
the initiative on a global science-policy body
on chemicals and waste. Environmental Sciences
Europe, 34(1), 1-10. doi: 10.1186/s12302-022-
00602-6

Brent, G. A. (2010). Environmental exposures and
autoimmune thyroid disease. Thyroid, 20(7), 755-
761. doi: 10.1089/thy.2010.1636

Castorina, R., Butt, C., Stapleton, H. M., Avery,
D., Harley, K. G, Holland, N,, . . . Bradman, A.
(2017). Flame retardants and their metabolites
in the homes and urine of pregnant women
residing in California (the CHAMACOS cohort).
Chemosphere, 179, 159-166. doi: 10.1016/j.

chemosphere

257



lyigiindogdu, Cok

Chevrier, J., Harley, K. G., Bradman, A., Gharbi, M.,
Sjodin, A., & Eskenazi, B. (2010). Polybrominated

ether (PBDE)

thyroid hormone

diphenyl flame retardants
and
Environmental Health Perspectives, 118(10), 1444-

1449. doi: 10.1289/ehp.1001905

during pregnancy.

Cok, 1. (2021). Chemistry of endocrine disruptors.
Tarim O, editor. Endokrin Bozucular. Ankara.
Tiirkiye Klinikleri, 1st ed, Ankara, Turkey 11-18.

De Falco, M., & Laforgia, V. (2021). Combined effects

of different endocrine-disrupting chemicals
(EDCs) on prostate gland. International Journal of
Environmental Research and Public Health, 18(18),

9772. doi: 10.3390/ijerph18189772

Deziel, N. C,, Yi, H., Stapleton, H. M., Huang, H.,
Zhao, N., & Zhang, Y. (2018). A case-control study
of exposure to organophosphate flame retardants
and risk of thyroid cancer in women. BMC Cancer,
18(1), 1-10. doi: 10.1186/s12885-018-4553-9

Ding, J., Deng, T, Ye, X., Covaci, A,, Liu, J., & Yang, E.
(2019). Urinary metabolites of organophosphate
esters and implications for exposure pathways in
adolescents from Eastern China. Science of the
Total Environment, 695, 133894. doi: 10.1016/j.
scitotenv.2019.133894

Dingemans, M. M., van den Berg, M., & Westerink,
R. H. (2011). Neurotoxicity of brominated
flame retardants:(in) direct effects of parent and
hydroxylated polybrominated diphenyl ethers on
the (developing) nervous system. Environmental
Health Perspectives, 119(7), 900-907. doi: 10.1289/
ehp.1003035

Dishaw, L. V., Macaulay, L. ], Roberts, S. C, &
Stapleton, H. M. (2014). Exposures, mechanisms,
and impacts of endocrine-active flame retardants.
Current Opinion in Pharmacology, 19, 125-133.
doi: 10.1016/j.coph.2014.09.018

258

Doherty, B. T., Hammel, S. C., Daniels, J. L., Stapleton,
H. M., & Hoftfman, K. (2019). Organophosphate
esters: are these flame retardants and plasticizers
affecting children’s health? Current Environmental
Health Reports, 6, 201-213. doi: 10.1007/s40572-
019-00258-0

Du, ], Li,H.,Xu,S., Zhou, Q., Jin, M., & Tang, J. (2019).
A review of organophosphorus flame retardants
(OPFRs): occurrence, bioaccumulation, toxicity,
and organism exposure. Environmental Science
and Pollution Research, 26, 22126-22136. doi:
10.1007/s11356-019-05669-y

Eggesbg, M., Thomsen, C., Jorgensen, J. V., Becher,
G., Odland, J. @., & Longnecker, M. P. (2011).
Associations between brominated flame retardants
in human milk and thyroid-stimulating hormone
(TSH) Environmental Research,

111(6),737-743. doi: 10.1016/j.envres.2011.05.004

in neonates.

Egloff, C., Crump, D., Porter, E., Williams, K. L.,
Letcher, R. J., Gauthier, L. T., & Kennedy, S. W.
(2014). Tris (2-butoxyethyl) phosphate and triethyl
phosphate alter embryonic development, hepatic
mRNA expression, thyroid hormone levels, and
circulating bile acid concentrations in chicken
embryos. Toxicology and Applied Pharmacology,
279(3), 303-310. doi: 10.1016/j.taap.2014.06.024

Encarnagdo, T., Pais, A. A, Campos, M. G., &
Burrows, H. D. (2019). Endocrine disrupting
chemicals: Impact on human health, wildlife and
the environment. Science Progress, 102(1), 3-42.
doi: 10.1177/0036850419826802

Ernest, S. R., Wade, M. G,, Lalancette, C., Ma, Y.-Q.,
Berger, R. G., Robaire, B., & Hales, B. E (2012).
Effects of chronic exposure to an environmentally
relevant mixture of brominated flame retardants
on the reproductive and thyroid system in adult
male rats. Toxicological Sciences, 127(2), 496-
507. doi: 10.1093/toxsci/kfs098



FABAD ]. Pharm. Sci., 49, 1, 245-262, 2024

Farhat, A., Crump, D., Chiu, S., Williams, K. L.,
Letcher, R. J., Gauthier, L. T., & Kennedy, S. W.
(2013). In ovo effects of two organophosphate

retardants—TCPP and TDCPP—on

pipping success, development, mRNA expression,

flame

and thyroid hormone levels in chicken embryos.

Toxicological ~ Sciences, 134(1), 92-102. doi:

10.1093/toxsci/kft100

Gilbert, M. E., O’Shaughnessy, K. L., & Axelstad,
M. (2020). Regulation of thyroid-disrupting
chemicals to protect the developing brain.
Endocrinology, 161(10), bqaal06. doi: 10.1210/
endocr/bqaal06

Guo, L.-C,, Liu, T, Yang, Y., Yu, S., Gao, Y., Huang,
W., . .. Zhang, Y. (2020). Changes in thyroid
hormone related proteins and gene expression
induced by polychlorinated biphenyls and

halogen flame retardants exposure of children in

a Chinese e-waste recycling area. Science of the

Total Environment, 742, 140597. doi: 10.1016/j.

scitotenv.2020.140597

Guo, L.-C,, Xiao, J., Zhang, Y, Yu, S, Lin, H,, Su, G,
. . . Rutherford, S. (2018). Association between
serum polybrominated diphenyl ethers, new flame
retardants and thyroid hormone levels for school
students near a petrochemical complex, South
China. Chemosphere, 202, 476-482. doi: 10.1016/].
chemosphere.2018.03.120

Guo, L.-C,, Yu, S., Wu, D., Huang, ], Liu, T., Xiao,
J . .. Zeng, W. (2019). Disruption of thyroid
hormone regulated proteins and gene expression
by polychlorinated biphenyls, polybrominated
diphenyl ethers and new flame retardants in
residents of an e-waste region. Environmental
Pollution, 254, 112925. doi:  10.1016/j.
envpol.2019.07.093

Hoffman, K., Lorenzo, A., Butt, C. M., Adair, L.,
Herring, A. H., Stapleton, H. M., & Daniels, J.
L. (2017). Predictors of urinary flame retardant
concentration

among  pregnant

98, 96-101.

women.
Environment International, doi:

10.1016/j.envint.2016.10.007

Hoffman, K., Lorenzo, A., Butt, C. M., Hammel, S.
C., Henderson, B. B., Roman, S. A., . .. Sosa, J.
A. (2017b). Exposure to flame retardant chemicals

and occurrence and severity of papillary thyroid

cancer: a case-control study. Environment
International, 107, 235-242. doi: 10.1016/j.
envint.2017.06.021

Johnson, P. I, Stapleton, H. M., Mukherjee, B,
Hauser, R., & Meeker, J. D. (2013). Associations
between brominated flame retardants in house
dust and hormone levels in men. Science of the
Total Environment, 445, 177-184. doi: 10.1016/j.
scitotenv.2012.12.017

Kabir, E. R., Rahman, M. S., & Rahman, I. (2015).
A review on endocrine disruptors and their
possible impacts on human health. Environmental
Toxicology and Pharmacology, 40(1), 241-258. doi:
10.1016/j.etap.2015.06.009

Kahn, L. G., Philippat, C., Nakayama, S. E, Slama,
R., & Trasande, L. (2020). Endocrine-disrupting
chemicals: implications for human health. The
Lancet Diabetes ¢ Endocrinology, 8(8), 703-718.
doi: 10.1016/52213-8587(20)30129-7

Keestra, S., Hogqvist Tabor, V., & Alvergne, A.
(2021). Reinterpreting patterns of variation in
human thyroid function: An evolutionary ecology
perspective. Evolution, Medicine, and Public
Health, 9(1), 93-112. doi: 10.1093/emph/eoaa043

259



lyigiindogdu, Cok

Kim, S., Jung, J., Lee, L, Jung, D., Youn, H., & Choi,
K. (2015). Thyroid disruption by triphenyl
phosphate, an organophosphate flame retardant,
in zebrafish (Danio rerio) embryos/larvae, and in
GH3 and FRTL-5 cell lines. Aquatic Toxicology,
160, 188-196. doi: 10.1016/j.aquatox.2015.01.016

Kim, U.-J., & Oh, J.-E. (2014). Tetrabromobisphenol
A and hexabromocyclododecane flame retardants
in infant-mother paired serum samples, and
their relationships with thyroid hormones and
environmental factors. Environmental Pollution,
184, 193-200. doi: 10.1016/j.envpol.2013.08.034

Kitamura, S., Jinno, N., Ohta, S., Kuroki, H., &
Fujimoto, N. (2002). Thyroid hormonal activity
of the flame retardants tetrabromobisphenol A
and tetrachlorobisphenol A. Biochemical and
Biophysical Research Communications, 293(1),
554-559. doi: 10.1016/S0006-291X(02)00262-0

Kozlowski, R., Muzyczek, M., & Walentowska, ]J.
(2014). Flame retardancy and protection against
biodeterioration of natural fibers: State-of-Art
and Future Prospects. In Polymer green flame
retardants (pp. 801-836): Elsevier.

Kohrle, J., & Fradrich, C. (2021). Thyroid hormone
system disrupting chemicals. Best Practice &
Research Clinical Endocrinology ¢ Metabolism,
35(5), 101562. doi: 10.1016/j.beem.2021.101562

La Merrill, M. A, Vandenberg, L. N., Smith, M.
T., Goodson, W., Browne, P, Patisaul, H. B., .
.. Woodruff, T. J. (2020). Consensus on the key
characteristics of endocrine-disrupting chemicals
as a basis for hazard identification. Nature Reviews
Endocrinology, 16(1), 45-57. doi: 10.1038/s41574-
019-0273-8

Li, E, Xie, Q., Li, X,, Li, N., Chi, P, Chen, J., . . . Hao,
C. (2010). Hormone activity of hydroxylated
polybrominated diphenyl ethers on human thyroid
receptor-f: in vitro and in silico investigations.
Environmental Health Perspectives, 118(5), 602-
606. doi: 10.1289/ehp.0901457

260

Makey, C. M., McClean, M. D., Braverman, L. E.,
Pearce, E. N., He, X.-M,, Sjodin, A., ... Webster, T.
E (2016). Polybrominated diphenyl ether exposure
and thyroid function tests in North American
adults. Environmental Health Perspectives, 124(4),
420-425. doi: 10.1289/ehp.1509755

Meeker, J. D., & Stapleton, H. M. (2010). House
dust concentrations of organophosphate flame
retardants in relation to hormone levels and
semen quality parameters. Environmental Health
Perspectives, 118(3), 318-323. doi: 10.1289/

ehp.0901332

Mughal, B. B, & Demeneix, B. A. (2017). Flame
retardants and increased risk of thyroid cancer.
Nature Reviews Endocrinology, 13(11), 627-628.
doi: 10.1038/nrendo.2017.123

Preston, E. V., McClean, M. D., Henn, B. C,
Stapleton, H. M., Braverman, L. E., Pearce, E. N.,
. .. Webster, T. F. (2017). Associations between
urinary diphenyl phosphate and thyroid function.
Environment International, 101, 158-164. doi:
10.1016/j.envint.2017.01.020

Purser, D. (2014). Fire safety performance of flame
retardants compared with toxic and environmental
hazards. In Polymer Green Flame Retardants (pp.
45-86): Elsevier.

Ren, X., Cao, L., Yang, Y., Wan, B., Wang, S., & Guo,
L. (2016). In vitro assessment of thyroid hormone
receptor activity of four organophosphate esters.
Journal of Environmental Sciences, 45, 185-190.
doi: 10.1016/j.jes.2015.12.021

Ren, X., Wang, W,, Zhao, X., Ren, B., & Chang, L.
(2019). Parental exposure to tris (1, 3-dichloro-
2-propyl) phosphate results in thyroid endocrine
disruption and inhibition of growth in zebrafish
offspring. Aquatic Toxicology, 209, 132-141. doi:
10.1016/j.aquatox.2019.02.004



FABAD ]. Pharm. Sci., 49, 1, 245-262, 2024

Shaw, S. D., Harris, J. H., Berger, M. L., Subedi, B., &

Kannan, K. (2014). Brominated flame retardants and
their replacements in food packaging and household
products: Uses, human exposure, and health effects.
Toxicants in Food Packaging and Household Plastics:
Exposure and Health Risks to Consumers, 61-93.
doi:10.1007/978-1-4471-6500-2_3

Stapleton, H. M., Eagle, S., Anthopolos, R., Wolkin,

A., & Miranda, M. L. (2011). Associations between
polybrominated diphenyl ether (PBDE) flame
retardants, phenolic metabolites, and thyroid
hormones during pregnancy. Environmental
Health Perspectives, 119(10), 1454-1459. doi:
10.1289/ehp.1003235

Sutton, P, Woodruff, T. J.,, Perron, J., Stotland,

N., Conry, J. A., Miller, M. D., & Giudice, L. C.
(2012). Toxic environmental chemicals: the role
of reproductive health professionals in preventing
harmful exposures. American Journal of Obstetrics
and Gynecology, 207(3), 164-173. doi: 10.1016/].
2j0g.2012.01.034

Tseng, L.-H., Li, M.-H., Tsai, S.-S., Lee, C.-W,

Pan, M.-H,, Yao, W.-]., & Hsu, P.-C. (2008).
Developmental exposure to decabromodiphenyl
ether (PBDE 209): effects on thyroid hormone and
hepatic enzyme activity in male mouse offspring.
Chemosphere, 70(4), 640-647. doi: 10.1016/].
chemosphere.2007.06.078

Turyk, M. E.,, Persky, V. W,, Imm, P, Knobeloch,

L., Chatterton Jr, R., & Anderson, H. A. (2008).
Hormone disruption by PBDEs in adult male
sport fish consumers. Environmental Health
Perspectives, 116(12), 1635-1641. doi: 10.1289/
ehp.11707

Vahabi, H., Laoutid, E, Mehrpouya, M., Saeb, M. R.,

& Dubois, P. (2021). Flame retardant polymer
materials: An update and the future for 3D
printing developments. Materials Science and
Engineering: R: Reports, 144,100604. doi:10.1016/j.
mser.2020.100604

Van der Veen, 1., & de Boer, J. (2012). Phosphorus
flame  retardants:  properties, production,
environmental occurrence, toxicity and analysis.
Chemosphere, 88(10), 1119-1153. doi: 10.1016/j.
chemosphere.2012.03.067

Wang, A., Padula, A., Sirota, M., & Woodruft, T. J.
(2016). Environmental influences on reproductive
health: the importance of chemical exposures.
Fertility and Sterility, 106(4), 905-929. doi:
10.1016/j.fertnstert.2016.07.1076

Wang, C., Chen, H., Li, H.,, Yu, J., Wang, X., & Liu, Y.
(2020). Review of emerging contaminant tris (1,
3-dichloro-2-propyl) phosphate: Environmental
occurrence, exposure, and risks to organisms and
human health. Environment International, 143,
105946. doi: 10.1016/j.envint.2020.105946

Wang, Q., Lai, N. L.-S., Wang, X., Guo, Y., Lam, P.K.-S,,
Lam,J. C.-W.,, & Zhou, B. (2015). Bioconcentration
and transfer of the organophorous flame retardant
1, 3-dichloro-2-propyl phosphate causes thyroid
endocrine  disruption and  developmental
neurotoxicity in zebrafish larvae. Environmental
Science & Technology, 49(8), 5123-5132. doi:
10.1021/acs.est.5b00558

Wang, Q,, Liang, K., Liu, J,, Yang, L., Guo, Y., Liu, C., &
Zhou, B. (2013). Exposure of zebrafish embryos/
larvae to TDCPP alters concentrations of thyroid
hormones and transcriptions of genes involved
in the hypothalamic-pituitary-thyroid axis.
Aquatic Toxicology, 126, 207-213. doi: 10.1016/j.
aquatox.2012.11.009

World Health Organization. (2013), State of the
science of endocrine disrupting chemicals 2012:
World Health Organization, https://apps.who.int/
iris/bitstream/handle/10665/78102/WHO_HSE_
PHE_IHE_2013.1_eng.pdf, Accessed 28.07.2023

Yao, C., Yang, H., & Li, Y. (2021). A review on
organophosphate flame retardants in the
environment: Occurrence, accumulation,
metabolism and toxicity. Science of the Total
Environment, 795, 148837. doi: 10.1016/j.

scitotenv.2021
261


https://doi.org/10.1016/j.mser.2020.100604
https://doi.org/10.1016/j.mser.2020.100604

lyigiindogdu, Cok

Yao, Y., Li, M., Pan, L., Duan, Y,, Duan, X, Li, Y., &

Sun, H. (2021). Exposure to organophosphate
ester flame retardants and plasticizers during
pregnancy: thyroid endocrine disruption and
mediation role of oxidative stress. Environment
International, 146, 106215. doi: 10.1016/j.
envint.2020.106215

Yeung, B. H., Wan, H. T,, Law, A. Y., & Wong, C. K.

(2011). Endocrine disrupting chemicals: Multiple
effects on testicular signaling and spermatogenesis.
Spermatogenesis, 1(3), 231-239. doi: 10.4161/
spmg.1.3.18019

262

Zhang, Q., Ji, C,, Yin, X,, Yan, L., Lu, M., & Zhao,

M. (2016). Thyroid hormone-disrupting activity
and ecological risk assessment of phosphorus-
containing flame retardants by in vitro, in vivo
and in silico approaches. Environmental Pollution,
210, 27-33. doi: 10.1016/j.envpol.2015.11.051.

Zhao, X,, Yang, X., Du, Y., Li, R,, Zhou, T., Wang, Y., .

.. Shi, Z. (2021). Polybrominated diphenyl ethers
in serum from residents living in a brominated
flame retardant production area: Occurrence,
influencing factors, and relationships with thyroid
and liver function. Environmental Pollution, 270,
116046. doi: 10.1016/j.envpol.2020.116046



	49-01-00-Kapak
	49-01-00-Borad
	001-1340872
	001-S-1340872
	002-1326710
	003-1318448
	004-1300903
	005-1327446
	006-1358967
	007-1329094
	008-1359138
	009-1364029
	010-1331702
	011-1346469
	012-1361591
	013-1391109
	014-1394893
	015-1429111
	016-1411353
	017-1360277

