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Red Clover and the Importance of Extraction Processes—Ways in Which Extraction Techniques
and Parameters Affect Trifolium pratense L. Extracts’ Phytochemical Profile
and Biological Activities
Reprinted from: Processes 2022, 10, 2581, https://doi.org/10.3390/pr10122581 . . . . . . . . . . . 4

Gabriela Nistor, Alexandra Mioc, Marius Mioc, Mihaela Balan-Porcarasu, Roxana Ghiulai,

Roxana Racoviceanu, et al.

Novel Semisynthetic Betulinic Acid−Triazole Hybrids with In Vitro Antiproliferative Potential
Reprinted from: Processes 2023, 11, 101, https://doi.org/10.3390/pr11010101 . . . . . . . . . . . 21

Abdur Rauf, Umer Rashid, Zafar Ali Shah, Gauhar Rehman, Kashif Bashir, Johar Jamil, et al.

Anti- Inflammatory and Anti-Diabetic Activity of Ferruginan, a Natural Compound from
Olea ferruginea
Reprinted from: Processes 2023, 11, 545, https://doi.org/10.3390/pr11020545 . . . . . . . . . . . 39

Talib Hussain, Muteb Alanazi, Jowaher Alanazi, Tareq Nafea Alharby, Aziz Unnisa,

Amir Mahgoub Awadelkareem, et al.

Computational and In Vitro Assessment of a Natural Triterpenoid Compound Gedunin against
Breast Cancer via Caspase 3 and Janus Kinase/STAT Modulation
Reprinted from: Processes 2023, 11, 1452, https://doi.org/10.3390/pr11051452 . . . . . . . . . . . 50

Narayanaswamy Radhakrishnan, Vasantha-Srinivasan Prabhakaran, Mohammad Ahmad

Wadaan, Almohannad Baabbad, Ramachandran Vinayagam and Sang Gu Kang

STITCH, Physicochemical, ADMET, and In Silico Analysis of Selected Mikania Constituents as
Anti-Inflammatory Agents
Reprinted from: Processes 2023, 11, 1722, https://doi.org/10.3390/pr11061722 . . . . . . . . . . . 70
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Preface

As science and modern medicine rapidly advance, natural compounds continue to inspire

drug discovery and design, reinforced by complex technologies such as high-throughput screening,

computational modeling, and synthetic biology. These innovations lead to new therapeutic developments

that hold the promise of addressing previously unmet medical needs and improving the lives of

patients. High-throughput screening allows for the rapid evaluation of thousands of potential drug

candidates, while computational modeling provides insights into the interactions between drugs and

their targets at a molecular level. Synthetic biology enables the creation of novel compounds and

pathways, broadening the scope of potential therapeutic agents.

The co-guest editors extend their sincere gratitude to the authors for sharing their latest

research, knowledge, and expertise in this field. Their contributions are invaluable in advancing

our understanding of how natural compounds can be harnessed for new drug discoveries. This

collaborative effort helps pave the way for future breakthroughs and reinforces the critical role of

interdisciplinary approaches in tackling complex health challenges.

Alina Bora and Luminita Crisan

Guest Editors
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Editorial on the Special Issue “Natural Compounds
Applications in Drug Discovery and Development”

Alina Bora * and Luminita Crisan *

“Coriolan Dragulescu” Institute of Chemistry, 24 M. Viteazu Avenue, 300223 Timisoara, Romania
* Correspondence: alina_bora@acad-icht.tm.edu.ro (A.B.); lumi_crisan@acad-icht.tm.edu.ro (L.C.)

Nature is an amazing source of natural bioactive compounds derived from numerous
species of plants, marine bacteria, and fungi [1]. Today, advanced scientific and technologi-
cal strategies allow researchers to systematically explore and manipulate the therapeutic
potential of these natural resources. The high structural diversity of natural compounds
offers important advantages in drug discovery through the wide variety of chemical scaf-
folds [2,3].

In contrast to synthetic compounds, which often rely on limited chemical libraries, nat-
ural products provide a wide range of molecular structures refined by evolution for specific
biological activities [4]. This structural complexity and their inherent affinity for biological
targets (enzymes, receptors, and signaling pathways implicated in various diseases), make
natural compounds valuable starting points for drug development efforts [5]. Besides their
pharmacological properties, natural compounds often possess favorable pharmacokinetic
and safety profiles, crucial features in drug development. Past research has led to com-
pounds that have improved bioavailability and are well tolerated in the human body, thus
minimizing the risk of adverse effects. In addition, the biodegradability and sustainability
of natural products aligns with the increasing focus on green drug discovery processes [6].

The applications of natural compounds in drug discovery are vast, encompassing
various therapeutic areas such as fungal and bacterial infections, cancer, neurogenera-
tive diseases, and many metabolic disorders [7]. Looking ahead, natural compounds
continue to inspire drug discovery design, sustained by technological advances such as
high-throughput screening, computational modeling, and synthetic biology. By explor-
ing the richness of biodiversity, researchers can open new therapeutic opportunities and
address today’s challenging medical needs [4].

In drug discovery and development, searching for effective and safe treatments often
leads scientists to explore the wonders of nature. It has always been known that natu-
ral compounds have played a key role in medicine, generating a multitude of bioactive
molecules with diverse therapeutic potential [8].

Considering the enormous potential of natural products reflected in the design, discov-
ery, and development of new drugs, we introduce a Special Issue in the Processes journal
entitled “Natural Compounds Applications in Drug Discovery and Development”. This
Special Issue comprises 10 original research articles out of 18 submitted for consideration
under the rigorous peer review process of the Processes journal (acceptance rate of 55.55%).
Open-access ensures high visibility and accessibility of the submitted articles, allowing
researchers worldwide to access the latest research in the natural compounds field, regard-
less of their institutional affiliations or financial resources. It also promotes transparency
and reproducibility, leading to broader dissemination of research findings and enhancing
articles’ impact and citation rates (Figure 1).

Processes 2024, 12, 1152. https://doi.org/10.3390/pr12061152 https://www.mdpi.com/journal/processes1
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Figure 1. The 10 articles of the Special Issue: authors, views, citations and article publication dates
(citations and views checked on 28 May 2024; for 1 to 10 articles, please see https://www.mdpi.com/journal/
processes/special_issues/9T0L5065FV).

The 10 articles of the Special Issue (Figure 1) cover a wide range of topics that provide
new insights into exploring the vast array of natural products and highlight the latest
advances and applications in the field. Starting from the extraction, synthesis, and com-
putational exploration of various natural compounds, continuing with the testing of their
biological activity, the elucidation of the mechanisms of action and repositioning, and
reaching the evaluation of drug-like properties, the influence of extraction methods, syn-
thesis, and characterization, this collection contributes to the ongoing efforts to utilize the
therapeutic potential of plants in the fight against challenging diseases. The comprehensive
review of these articles showcases the efforts of researchers in the fight against various
cancers, inflammation, and diabetes by proposing new candidates with enhanced phar-
macological and safety profiles, while highlighting the interdisciplinary nature of modern
pharmaceutical research (Figure 2).

Figure 2. Pharmacological potential of natural products, diseases and targets assessed by Special
Issues articles.

In conclusion, the research articles of this Special Issue offer a new perspective on
the exploration of natural compounds, representing an infinite quest at the intersection of
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science, medicine, and nature. By applying innovative approaches and technologies, natural
resources remain the best alternative to design new safe and sustainable candidates [9–11].
Leveraging natural resources as active components in medicine offers advantages since
numerous bioactive compounds derived from plants are already part of our everyday
diets. Even as technologies and methods for drug design and development have evolved,
remember to consider the extensive potential of the natural world to deliver new and
innovative treatments.

Author Contributions: Conceptualization, A.B. and L.C.; writing—original draft preparation, A.B.
and L.C.; writing—review and editing, A.B. and L.C. All authors have read and agreed to the
published version of the manuscript.
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Article

Red Clover and the Importance of Extraction Processes—Ways
in Which Extraction Techniques and Parameters Affect
Trifolium pratense L. Extracts’ Phytochemical Profile and
Biological Activities

Octavia Gligor 1, Simona Clichici 2, Remus Moldovan 2, Dana Muntean 3, Ana-Maria Vlase 1,

George Cosmin Nadăs,
4, Cristiana S, tefania Novac 4, Gabriela Adriana Filip 2,*, Laurian Vlase 3,*

and Gianina Cris, an 1

1 Department of Pharmaceutical Botany, Iuliu Hat,ieganu University of Medicine and Pharmacy,
8 Victor Babes, Street, 400347 Cluj-Napoca, Romania

2 Department of Physiology, Iuliu Hat,ieganu University of Medicine and Pharmacy, 8 Victor Babes, Street,
400347 Cluj-Napoca, Romania

3 Department of Pharmaceutical Technology and Biopharmaceutics, University of Medicine and Pharmacy,
8 Victor Babes, Street, 400347 Cluj-Napoca, Romania

4 Department of Microbiology, University of Agricultural Sciences and Veterinary Medicine, 3/5 Mănăs, tur
Street, 400372 Cluj-Napoca, Romania

* Correspondence: gabriela.filip@umfcluj.ro (G.A.F.); laurian.vlase@umfcluj.ro (L.V.)

Abstract: The purpose of this study was to gain an insight into the manner in which several extraction
processes (both classical as well as innovative) affected bioactive compound yield, and subsequently
to assess several of their biological activities. Red clover extracts were obtained using maceration,
Soxhlet extraction, turbo-extraction, ultrasound-assisted extraction, and a combination of the last
two. The resulting extracts were analyzed for total phenolic and flavonoid content. The extracts
presenting the best results were subjected to a phytochemical assessment by way of HPLC-MS
analysis. After a final sorting based on the phytochemical profiles of the extracts, the samples were
assessed for their antimicrobial activity, anti-inflammatory activity, and oxidative stress reduction
potential, using animal inflammation models. The Soxhlet extraction yielded the most satisfactory
results both qualitatively and quantitatively. The ultrasound-assisted extraction offered comparable
yields. The extracts showed a high potential against gram-negative bacteria and induced a modest
antioxidant effect on the experimental inflammation model in Wistar rats.

Keywords: red clover; extraction methods; biological activity; HPLC; phytochemical profile;
antimicrobial activity; oxidative stress reduction; anti-inflammatory activity; ultrasound-assisted
extraction; innovative extraction methods

1. Introduction

Having been cultivated no sooner than the third century by European farmers, red
clover is still to this day used in agriculture as a cover crop due to its weed suppression ca-
pacity, atmospheric nitrogen fixation, soil conservation, and multiple other advantages [1].

The genus Trifolium consists of hundreds of annual and perennial species, with short
stems, trifoliate compound leaves, and sessile, outwardly spread flowers, as is the case
for Trifolium pratense L. The corolla ranges in coloring from pink to red or even purple.
Flowering periods range from the early months of spring to summer, and even early
autumn [2,3].

Apart from its agricultural benefits, numerous applications for red clover have existed
in medicine throughout history. The plant is mainly known for its isoflavonic compounds,
such as formononetin, biochanin A, ononin, daidzein and genistein, which are considered as

Processes 2022, 10, 2581. https://doi.org/10.3390/pr10122581 https://www.mdpi.com/journal/processes4
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phytoestrogens with estrogenic, anti-tumor, anti-inflammatory activity, as well as showing
potential effects on cardiovascular risks, neuroprotective effects, and many others [4–10].

Conventional extraction methods have recently been regarded as more disadvanta-
geous due to the necessity of large volumes of solvents, which are often polluting or toxic.
These methods also involve many time-consuming steps. Maceration, decoction, infu-
sion, Soxhlet extraction, etc. can be considered major examples of conventional extraction
methods. Thus, unconventional extraction methods have come into focus by virtue of
their advantages, e.g., decreased solvent volumes, with lower toxicity, reduced extraction
time, and so on. Such examples of extraction methods imply the assistance of microwaves,
ultrasounds, pressurized fluids, etc. [11,12].

Based on current findings, few reports concerning the influence of extraction methods
over the phytochemical profile or biological activity of the species Trifolium pratense L.
exist [13,14].

The main objective of this study was to evaluate the influence of extraction methods
and parameters on the phytochemical profiles and biological activities of Trifolium pratense L.
extracts. Furthermore, the intention was to offer a comparison between the results of the
different extraction methods. The extraction methods that were taken into consideration were
maceration, Soxhlet extraction, turbo-extraction, ultrasound-assisted extraction, and finally, a
combination of the last two methods. Experimental Wistar rat plantar inflammation models
induced by carrageenan administration were employed to elucidate anti-inflammatory and
antioxidant effects. Antimicrobial activity was also assessed.

2. Materials and Methods

2.1. Plant Material

Dried aerial parts of Trifolium pratense L. were purchased from a local tea company
(Hypericum Impex, Baia Sprie, Maramures, , Romania). The plant material was ground to a
fine powder with an electric grinder.

2.2. Chemicals, Reagents, and Devices

Folin–Ciocâlteu reagent, sodium carbonate (Na2CO3), Aluminum chloride (AlCl3),
ABTS (diammonium 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate), DPPH (2,2-Diphenyl-
1-(2,4,6-trinitrophenyl)hydrazyl), TPTZ (2,4,6-Tris(2-pyridyl)-s-triazine), indomethacin, car-
boxymethylcellulose, o-phthalaldehyde, Lambda carrageenan type IV, were purchased from
Sigma–Aldrich (Taufkirchen, Germany). 2-thiobarbituric acid and Bradford reagent were ac-
quired from Merck KGaA (Darmstadt, Germany) and ELISA cytokines tests (TNF-α and IL-6,
respectively) were purocured from Elabscience (Houston, TX, USA). Bradford total protein
assay was purchased from Biorad (Hercules, CA, USA). All analytical grade, HPLC reagents
and standards were obtained from Sigma–Aldrich (Taufkirchen, Germany) and Decorias
(Valea Lupului, Romania).

The following devices were used: Bosch MKM6003 grinder (Gerlingen, Germany),
SER 148 solvent extraction unit (VELP® Scientifica, Usmate Velate, Italy), T 50 ULTRA-
TURRAX® disperser (IKA®-Werke GmbH & Co. KG, Staufen, Germany), Sonic-3 ultrasonic
bath (Polisonic, Warsaw, Poland), refrigerated high speed centrifuge Sigma 3–30 KS (Sigma
Laborzentrifugen GmbH, Osterode am Harz, Germany), Specord 200 Plus spectrophotome-
ter (Analytik Jena, Jena, Germany), Agilent 1100 Series HPLC Value System coupled with
an Agilent 1100 mass spectrometer (LC/MSD Ion Trap SL) (Agilent Technologies, Santa
Clara, CA, USA), Bioblock Scientific 94,200 rotary evaporator (Heidolph Instruments GmbH
& Co. KG, Schwabach, Germany), vacuum controller HS-0245 (Hahnshin Scientific Co.,
Tongjin-eup, Gimpo-si, Gyeonggi-do, Republic of Korea), Brinkman Polytron homogenizer
(Kinematica AG, Littau-Luzern, Switzerland).

2.3. Selected Extraction Methods

The following extraction conditions were maintained constant for all the selected
extraction techniques: the solvent was 70% alcohol and the solvent to sample ratio was
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10:1 (v/w). This decision was made in order to ensure the correspondence of the results
and to permit an accurate comparison between the selected extraction methods. After
each completed extraction, separation was further carried out through centrifugation at
12,000 rpm for 10 min.

2.3.1. Maceration

Extraction was carried out according to the specifications of the Romanian Pharma-
copoeia. Five grams of plant material were placed in a Falcon flask and 50 mL 70% alcohol
were added. The contents of the flask were kept at room temperature for 10 days and mixed
periodically. After the extraction was concluded, the sample was separated.

2.3.2. Soxhlet Extraction (SE)

In each extraction cup, 5 g plant material were added, followed by 50 mL 70% alcohol.
For this extraction method, the heating plate was set to 210 ◦C in order to permit the solvent
to reach its boiling point of approximately 79 ◦C. The duration of the extraction process
was varied from 20 min to 40 min, and to 60 min, respectively. Separation followed the
extraction process.

2.3.3. Turboextraction (TBE)

For each extract, 5 g plant material were added in a beaker, followed by 50 mL
70% alcohol. The parameters selected for study were extraction time and rotation speed.
Extraction time was calculated in such a way as to represent 10 min and 20 min, respectively.
For this, the extraction time of 10 min was divided into 2 extraction cycles, each of 5 min. In
addition, the extraction time of 20 min was divided into 4 cycles, each of 5 min. Dispersion
was carried out in the that manner in order to prevent device overheating and evaporation
of the solvent. The rotation speed values that were selected for study were as follows:
4.000 rpm, 6.000 rpm, and 8.000 rpm. The extraction process was followed by separation.

2.3.4. Ultrasound-Assisted Extraction (UAE)

Frequency was maintained at a constant of 50 Hz, and power at a constant value of
230 V, respectively. The assessed parameters were time, with values ranging from 10, 20
to 30 min and temperature, with values varying from 30, 40 to 50 ◦C, respectively. The
extracts were then subjected to separation.

2.3.5. Combination of Two Extraction Methods: UAE and TBE (UTE)

The ultrasonic bath was brought to 30 ◦C. The ULTRA-TURRAX® disperser speed
was set to 4.000 rpm. Extraction time was kept to a minimum of one cycle of 5 min. These
parameters were selected in order to maintain solvent evaporation to a minimum and to
avoid device overheating.

2.4. Determination of Total Phenolic Content (TPC)

The Folin–Ciocâlteu method was selected to determine the total polyphenolic content
(TPC). The experiment was carried out according to the specifications of Csepregi et al.
with several modifications [15]. Consequently, in a microtube, 270 μL Folin–Ciocâlteu
reagent were mixed with 60 μL plant extract, after which 270 μL Na2CO3 6% (w/v) were
added. Following an incubation period of 30 min, in a dark environment, absorbances of
the samples were measured at 765 nm, with the selected standard of gallic acid. The results
were expressed as mg gallic acid equivalents per mL extract (GAE mg/mL).

2.5. Determination of Total Flavonoid Content (TFC)

Total flavonoid content was analyzed through a modified version of the method used
by Pinacho et al. [16]. 400 μL solution containing AlCl3 20 mg/mL in 5% acetic acid in
ethanol 3:1 (v/v) ratio were added to 200 μL plant extract. Absorbances were determined at
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420 nm, with quercetin as standard. Subsequently, results were expressed as mM quercetin
equivalents (QE mM).

2.6. Antioxidant Activity Evaluation
2.6.1. DPPH Radical Scavenging Activity

The DPPH assay was carried out according to Martins et al. with slight modifica-
tions [17]. 800 μL DPPH radical methanolic solution were added to 200 μL extract. The
mixture was incubated for 30 min, in a medium deprived of light, at 40 ◦C temperature.
Absorbances were measured at 517 nm, having Trolox reagent as standard. The results that
followed were expressed as mg Trolox equivalents per mL extract (TE mg/mL).

2.6.2. ABTS+ Scavenging Activity

The experiment was performed using a method provided by Erel [18]. 200 μL acetate
buffer 0.4 M, pH 5.8 were added to 20 μL ABTS+ in acetate buffer 30 mM, pH 3.6 with
12.5 μL extract added to the previous mixture. The absorbances of the samples were
determined at 660 nm, using Trolox as standard. Results were expressed as mM Trolox
equivalents (mM TE).

2.6.3. FRAP Assay

The experiment followed the technique used by Csepregi et al. [15], with several
alterations. FRAP reagent was obtained by adding 25 mL acetate buffer (300 mM, pH 3.6)
to 2.5 mL TPTZ solution (10 mM TPTZ in 40 mM HCl) and 2.5 mL FeCl3 (20 mM in water).
The freshly prepared reagent was added to 30 μL plant extract. The mixture was left to
incubate for 30 min, then absorbances were measured at 620 nm. Trolox reagent was used
as standard. Results were expressed as mM Trolox equivalents (TE mM).

2.7. HPLC-MS Analysis

The apparatus used for phytochemical analysis was an Agilent 1100 HPLC Series
system (Agilent Inc., Santa Clara CA, USA) equipped with binary pump, degasser, au-
tosampler, column thermostat, and UV detector. An Agilent 1100 mass spectrometer
(LC/MSD Ion Trap SL) was coupled with the HPLC system. For the separation of the
phenolic compounds, a reverse-phase analytical column was selected (Zorbax SB-C18,
100 μm × 3.0 μm i.d., 3.5 μm particle size). The working temperature was set at 48 ◦C.
Compounds’ detection was performed on both MS mode and UV. The UV detector oper-
ated at different wavelengths (330 nm until 17.5 min, followed by 370 nm until the end
of analysis). For the MS system, an electrospray ionization source operated in negative
mode with a capillary potential of +3000 V, a nebulizer pressure of 60 psi (nitrogen), a
flow rate for nitrogen gas of 12 L/min, and a dry gas temperature of 360 ◦C. The MS
operated in monitoring specific ions mode (for polyphenol carboxylic acids) or AUTO Ms
(for flavonoids and their aglycones). Separation of the phenolic compounds was carried
out with a mobile phase of methanol:acetic acid 0.1% (v/v) and elution was in a binary
gradient (at start, elution was with a linear gradient, from 5% to 42% methanol at 35 min,
kept at isocratic elution for the following 3 min with 42% methanol, and then rebalance the
column with 3% methanol). The flow rate was set at 1 mL/min and the injection volume
was of 5 μL [19–21].

Another LC-MS analytical method was used to identify the following polyphenols in
the vegetal extracts: epicatechin, catechin, syringic acid, gallic acid, protocatechuic acid,
and vanillic acid. Chromatographic separation was carried out on a Zorbax SB-C18 column
(100 mm × 3.0 mm i.d., 3.5 μm particle size) under a binary gradient and with a mixture of
methanol:acetic acid 0.1% (v/v) as the mobile phase (3% methanol at start, 8% methanol at
3 min, 20% methanol from 8.5 to 10 min, followed by 3% methanol to rebalance the column).
The flow rate was set at 1 mL/min, while the injection volume was of 5 μL. The MS mode
(SIM-MS) was selected to detect the polyphenolic compounds. The MS system operated
under the same conditions as described above [22,23].
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Sterolic compounds separation was performed under isocratic elution conditions, with
a Zorbax SB-C18 RP analytical column (100 mm × 3.0 mm i.d., 3.5 μm particle size). The
mobile phase consisted of methanol:acetonitrile 10:90 (v/v). For MS analyses the positive
ion mode was selected and was performed with the apparatus Agilent Ion Trap 1100 SL MS,
with an APCI interface. The nitrogen gas temperature was set at 325 ◦C, with a flow rate of
7 L/min, a nebulizer pressure of 60 psi, and a capillary voltage of −4000 V. For identification
of sterolic compounds, the MS spectra and RTs were compared with those obtained under
the same conditions for standard compounds. The multiple reactions monitoring analysis
mode (MS/MS) was selected to decrease the background interference. Under the described
chromatographic conditions, the retention times of the four analyzed sterols were: 2.4 min
for ergosterol, 3.7 min for both stigmasterol and campesterol (coelution), and 4.2 min for
sitosterol [24,25].

Data Analysis (v5.3) and ChemStation (vA09.03) software from Agilent Inc. (Santa
Clara, CA, USA) were used to obtain and analyze the chromatographic data.

2.8. Assessment of Antimicrobial Activity
2.8.1. In Vitro Qualitative Evaluation of Antimicrobial Activity

The antimicrobial potential was assessed by the disk diffusion test, using standard
strains of Gram-positive and Gram-negative bacteria as well as yeasts. Four Gram-positive
microbial strains were selected: Staphylococcus aureus ATCC 6538P, Listeria monocytogenes
ATCC 13932, Enterococcus faecalis ATCC 29212, and Bacillus cereus ATCC 11778. Three
Gram-negative strains were selected: Escherichia coli ATCC 10536, Salmonella enteritidis
ATCC 13076 and Pseudomonas aeruginosa ATCC 27853. The selected yeast strain was
Candida albicans ATCC 10231. The selected standard antibacterial control was amoxicillin,
whereas ketoconazole was selected as a yeast standard control.

Screening was carried out according to EUCAST standards [26]. A suspension was
prepared from young microbial colonies (24 h old), grown on Mueller-Hinton (MH) agar
for bacteria, and Sabouraud dextrose agar (SDA). It was further adjusted at 0.5 density in
saline on McFarland scale using Densichek calibration standard (bioMérieux, Craponne,
France). 8.5 cm diameter plastic Petri dishes with MH agar for bacteria and SDA agar for
yeast were flooded with the resulted suspension. Once the excess fluid was eliminated,
the agar surface was left to dry, and 5 mm diameter filter paper discs were placed in a
radial model. 20 μL were added on each filter paper disk and the plates were incubated for
18 h at 35 ± 2 ◦C for bacteria and 48 h at 28 ◦C for the fungal strain [26]. The antimicrobial
activity was measured by determining the diameter of the growth inhibition area, with
results expressed in mm.

2.8.2. In Vitro Quantitative Evaluation of Antimicrobial Activity

The antimicrobial activity was quantitatively measured following the minimum in-
hibitory concentration (MIC) method for the eight above-mentioned microbial strains. The
assessment was accomplished by modified EUCAST protocols [26]. 96-wells titer plates
were used. The extracts were added, once diluted in liquid MH medium, and afterwards
inoculated with 20 μL microbial suspension. The stock solutions of the extracts were
diluted using a two-fold serial dilution system in ten consecutive wells, from the initial
concentration (1/1) to the highest (1/512). The total broth volume was adjusted to 200 μL.
Positive controls represented by microbial inoculum in MH broth and negative control
represented by microbial inoculum in 30% ethanol were also prepared and used to fill wells
11 and 12, respectively. The incubation period of the wells was 24 h at a temperature of
37 ◦C for bacteria and 48 h at 28 ◦C for Candida, respectively. MIC values were determined
as the lowest concentration of the extracts’ dilution that inhibited the growth of the mi-
crobial cultures (having the same OD as the negative control), compared to the positive
control, as established by a decreased value of absorbance at 450 nm (HiPo MPP-96, Biosan,
Latvia). MIC50 was also determined, representing the MIC value at which ≥50% of the
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bacterial/yeast cell growth was inhibited, considered as the well with the OD value similar
to the average between the positive and negative control.

2.9. Determination of Biological Activities

Once the phytochemical profile of the extracts was determined, the 60 min SE was
selected for further determination of in vivo biological activities. The selection was based
on number of identified compounds, and concentration levels of said compounds.

2.9.1. Inflammation Model in Rats Induced by Carrageenan

The in vivo determination was accomplished by way of an inflammation experimental
model in male Wistar rats (110–130 g mean weight). The specimens were acclimatized in
the ensuing conditions: 12 h light/12 h dark cycles, 35% humidity, free access to water, and
a normocaloric standard diet (VRF1), randomization in 4 groups, 8 specimens each. During
a period of 4 days, treatment was administered by oral gavage, in a maximum volume of
0.25 mL, such as: group 1—carboxymethylcellulose 2% (positive control group—CMC);
group 2—Indomethacin 5 mg/body weight (b.w.) in carboxymethylcellulose 1.5% (Indom);
group 3–20 mg TPC/b.w./day (60 min SE).

On the fifth day, inflammation was induced by injecting 100 μL of freshly prepared
1% carrageenan (λ-carrageenan, type IV, Sigma) diluted in normal saline in the right hind
footpad (32). An exact saline solution volume was injected at the level of the left hind paw,
serving as negative control. Subsequently, at 2 and 24 h after carrageenan administration,
soft paw samples were collected under intraperitoneally injected 90 mg/kg ketamine and
10 mg/kg xylazine. The samples were assessed for oxidative stress parameters and cytokine
levels, following homogenization in 50 mMTRIS–10 mM EDTA buffer (pH 7.4) [27]. The
protein content was evaluated using the Bradford method [28].

The experiments were permitted by the Ethic Committee Board of “Iuliu Hat,ieganu”
University of Medicine and Pharmacy, Cluj-Napoca, Romania (291/23.02.2022) on Animal
Welfare according to the Directive 2010/63/EU on the protection of animals used for
scientific purposes.

2.9.2. Evaluation of Oxidative Stress

The levels of malondialdehyde (MDA), glutathione reduced and glutathione oxidized
levels and GSH/GSSG ratio were determined in the from paw tissue homogenates. Spec-
trofluorimetry was used to quantify MDA levels, by 2-thiobarbituric acid method [29]. The
GSH and GSSG levels were determined by the Hu method [30].

2.9.3. Evaluation of Proinflammatory Cytokines

TNF-α and IL-6 levels from plantar tissue homogenates were evaluated by ELISA
assay following the protocol provided by the manufacturer. Results were expressed in
pg/mg protein.

2.9.4. Statistical Analysis

One-way analysis of variance (ANOVA) was used to analyze data, followed by the Tukey’s
multiple comparisons post-test, using GraphPad Prism 8 software. A p value < 0.05 was
considered statistically significant. The results were expressed as mean ± standard deviation.

3. Results

A final number of 20 extracts was reached after each extraction process was finished.
One extract was performed by maceration (M), three samples were obtained through SE (S),
six samples by turboextraction (T), nine samples were prepared through UAE (U) and the
last remaining sample was completed by UTE (UT). The initials used to label the samples
represent the abbreviation of the extraction method and the parameters that were studied
for each item: M for maceration, S for SE, U for ultrasound, and UT for UTE. Table 1
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represents the explained nomenclature of the extract samples which were evaluated in
this study.

Table 1. Nomenclature of the obtained extract samples of the study.

Extraction Method Studied Extraction Parameters Sample Name

Maceration * M

Soxhlet extraction (SE)

Time
(min)

20 S20
40 S40
60 S60

Turboextraction (TBE)

10 min
(2 cycles of 5 min) Rotation

peed (rpm)

4.000 T24
6.000 T26
8.000 T28

20 min
(4 cycles of 5 min)

4.000 T44
6.000 T46
8.000 T48

Ultrasound-assisted
extraction (UAE)

10

Temperature
(◦C)

30 U13
40 U14
50 U15

20
30 U23
40 U24
50 U25

30
30 U33
40 U34
50 U35

Combination of two
extraction methods: UAE

and TBE (UTE)
** UT

* Parameters remained constant, see Section 2.3.1. Maceration, ** Parameters remained constant, see Section 2.3.5.
Combination of two extraction methods: UAE and TBE (UTE).

Finally, the extracts that offered the highest yields were selected for further HPLC
analysis. After the phytochemical characterization of the respective extracts, the biological
activity of the samples presenting the highest concentration of antitumoral compounds
was evaluated.

3.1. Effect of Extraction Parameters on TPC and TFC Values

Table 2 contains the TPC and TFC values of the studied extracts.

Table 2. TPC and TFC of the extracts.

Sample TPC (GAE mg/mL) * TFC (QE mM) *

M 0.970 ± 0.022 1.216 ± 0.046
S20 1.146 ± 0.010 1.876 ± 0.019
S40 1.186 ± 0.013 1.331 ± 0.045
S60 1.223 ± 0.017 2.276 ± 0.009
T24 0.818 ± 0.020 1.465 ± 0.039
T26 0.624 ± 0.011 1.320 ± 0.004
T28 0.636 ± 0.014 0.930 ± 0.040
T44 0.708 ± 0.006 1.262 ± 0.024
T46 0.714 ± 0.016 1.070 ± 0.018
T48 0.619 ± 0.017 1.143 ± 0.009
U13 0.522 ± 0.009 0.770 ± 0.041
U14 0.823 ± 0.007 1.303 ± 0.008
U15 0.560 ± 0.017 1.148 ± 0.028
U23 0.728 ± 0.000 0.956 ± 0.028
U24 0.558 ± 0.004 0.970 ± 0.047
U25 0.747 ± 0.015 1.863 ± 0.047
U33 0.673 ± 0.019 1.854 ± 0.034
U34 0.610 ± 0.023 2.161 ± 0.043
U35 0.838 ± 0.030 1.414 ± 0.076
UT 0.687 ± 0.017 0.694 ± 0.038

* concentrations were expressed as mean ± SD.
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SE provided the extracts with the highest TPC values. The increase of extraction
time was inversely proportional to the polyphenolic content. Thus, in the case of SE, the
extraction period of 60 min proved to be the optimal extraction time for this particular
plant material and solvent. Maceration followed, having achieved a lower value than SE.
Turbo-extraction was comparable to the UAE, although the values resulted from these
extraction methods were greatly inferior to the previously mentioned methods. For TBE,
increasing extraction time (from two cycles of 5 min to four cycles of 5 min) and speed,
particularly from 6.000 rpm to 8.000 rpm, both determined lower yields. The highest TPC
value was reached with the parameters of two cycles of 5 min as extraction period and
the lowest speed value, 4.000 rpm, respectively. Highest values of TPC for UAE were
achieved when the parameter combinations of 10 min extraction time with 40 ◦C, and
30 min extraction time with 50 ◦C were used. The combination of UAE and TBE did not
reach a comparable value with either SE or maceration.

For TFC, even though SE reached the highest values in this case as well, UAE gave
comparable results with SE. Maceration showed a medium value. The lowest value was
attained by UTE. Prolonged extraction time, i.e., 60 min for SE enabled the highest yield.
This was followed by the UAE extracts, with optimal extraction conditions having been
30 min extraction time and 40 ◦C. Other UAE conditions comparable with these were the
combinations of 20 min with 50 ◦C and 30 min with 30 ◦C.

3.2. Effect of Extraction Parameters on Antioxidant Activity

Results are detailed in Table 3.

Table 3. Antioxidant capacity of the extracts.

Sample DPPH (TE mg/mL) * FRAP (TE mM) * ABTS+ (TE mM) *

M 2.721 ± 0.445 5.465 ± 0.196 2.97 ± 1.121
S20 2.541 ± 0.049 8.444 ± 0.165 4.687 ± 0.389
S40 2.718 ± 0.132 8.476 ± 0.365 3.525 ± 0.810
S60 2.822 ± 0.067 8.615 ± 0.326 5.646 ± 0.457
T24 3.740 ± 0.337 8.615 ± 0.217 3.551 ± 0.417
T26 4.430 ± 0.233 9.564 ± 0.405 3.626 ± 0.191
T28 2.270 ± 0.143 8.172 ± 0.027 3.576 ± 0.330
T44 2.894 ± 0.100 8.836 ± 0.270 4.131 ± 0.381
T46 2.549 ± 0.144 9.564 ± 0.377 3.778 ± 0.287
T48 2.801 ± 0.183 9.231 ± 0.190 2.843 ± 0.116
U13 2.271 ± 0.017 3.808 ± 0.027 2.894 ± 0.131
U14 3.452 ± 0.031 9.374 ± 0.142 4.535 ± 0.747
U15 2.241 ± 0.025 1.262 ± 0.047 3.475 ± 0.044
U23 2.231 ± 0.008 6.447 ± 0.123 4.182 ± 0.473
U24 1.648 ± 0.022 5.047 ± 0.179 3.475 ± 0.087
U25 3.345 ± 0.022 10.923 ± 0.152 5.04 ± 0.231
U33 2.802 ± 0.059 7.097 ± 0.207 4.485 ± 0.227
U34 2.434 ± 0.031 5.405 ± 0.072 4.081 ± 0.087
U35 2.444 ± 0.039 7.255 ± 0.198 5.167 ± 0.076
UT 3.253 ± 0.029 6.512 ± 0.152 4.056 ± 0.044

* concentrations were expressed as mean ± SD.

A prime example appeared for the DPPH assay, where the highest value was obtained
by TBE, at the shorter extraction time used, i.e., two cycles of 5 min and a medium speed
value, i.e., 6.000 rpm. This was followed by a similar combination of parameters, with the
exception of the speed value being 4.000 rpm.

FRAP assay results were generally high for multiple methods, i.e., SE and TBE.
Medium to low values were achieved for UAE overall. Nevertheless, the highest value of
TE was attained by UAE, at 20 min time with 50 ◦C, respectively.

For the ABTS+ assay however, the highest values were observed for SE, with the
longest extraction time of 60 min having been the optimal value in this case. This was
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followed by UAE, with the parameters most favorable consisting of 20 min extraction time
and 50 ◦C as well as 30 min and 50 ◦C, respectively.

3.3. HPLC-MS Analysis of the Extracts

Out of the initial 20 extracts, 11 were selected for further HPLC-MS analysis. The
selected extracts presented the highest values of the results obtained for the assays carried
out as mentioned above, in Section 3.1. and Section 3.2.

3.3.1. Evaluation of Polyphenolic Compounds

Table 4 details the results following the HPLC-MS detection and quantification of
polyphenolic compounds in the studied extracts.

Table 4. Polyphenolic compounds in the selected extracts.

Sample
Catechin
(μg/mL

Extract) *

Syringic Acid
(μg/mL

Extract) *

Protocatechuic
Acid

(μg/mL Extract) *

Vanillic Acid
(μg/mL Extract) *

Chlorogenic
Acid

(μg/mL Extract) *

p-Coumaric Acid
(μg/mL Extract) *

Caftaric Acid
(μg/mL

Extract) *

M ND 0.13 ± 0.004 1.31 ± 0.145 0.45 ± 0.022 3.57 ± 0.393 1.83 ± 0.201 ND
S40 ND 0.16 ± 0.013 0.88 ± 0.124 0.37 ± 0.026 8.78 ± 0.263 1.89 ± 0.283 ND
S60 ND 0.13 ± 0.005 1.11 ± 0.089 0.38 ± 0.042 9.76 ± 0.293 2.49 ± 0.174 ND
T24 ND 0.10 ± 0.011 0.55 ± 0.039 0.23 ± 0.028 5.61 ± 0.393 1.34 ± 0.040 ND
T26 0.05 ± 0.004 0.06 ± 0.004 0.39 ± 0.027 0.17 ± 0.017 5.46 ± 0.164 1.10 ± 0.113 ND
T46 0.08 ± 0.010 0.09 ± 0.003 0.48 ± 0.033 0.27 ± 0.008 6.97 ± 0.836 1.40 ± 0.211 4.51 ± 0.541
U14 0.02 ± 0.003 0.08 ± 0.005 0.56 ± 0.040 0.30 ± 0.024 6.04 ± 0.544 1.65 ± 0.181 ND
U25 ND 0.14 ± 0.012 0.78 ± 0.086 0.31 ± 0.016 5.91 ± 0.296 1.77 ± 0.159 ND
U34 0.05 ± 0.003 0.08 ± 0.009 0.49 ± 0.063 0.19 ± 0.013 4.78 ± 0.478 1.40 ± 0.098 ND
U35 0.11 ± 0.016 0.09 ± 0.013 0.81 ± 0.122 0.32 ± 0.044 7.73 ± 0.618 2.01 ± 0.281 ND
UT 0.04 ± 0.005 0.09 ± 0.014 0.75 ± 0.752 0.39 ± 0.043 8.10 ± 0.810 1.89 ± 0.245 ND

* concentrations were expressed as mean ± SD.

Low levels of catechin were identified. Only TBE, UAE and UTE extracts contained
this compound. Seemingly, the increase in extraction time, speed or temperature enabled
the extraction of catechin, i.e., four cycles of 5 min and 6.000 rpm for TBE and 30 min and
50 ◦C for UAE. However, UAE reached the highest yield.

Other polyphenolic compounds such as syringic acid, protocatechuic acid, vanillic
acid, chlorogenic acid, and p-coumaric acid were detected in all analyzed samples. The
highest levels of syringic acid were found in the SE sample that was subjected to 40 min
extraction time, with an increase in temperature showing a decrease in concentration. Other
notable extraction methods and conditions that enabled high yield levels for syringic acid
were UAE (20 min, 50 ◦C) and maceration. Protocatechuic acid reached the highest level in
the macerate, followed by the SE extract with 60 min extraction time. Vanillic acid was also
detected in high concentrations in the macerate, followed by the combination of TBE and
UAE, and SE, respectively. The chlorogenic and p-coumaric acids were both detected in
high concentrations in the SE extracts that were subjected to a 60 min process time.

Interestingly, the caftaric acid was detected only in one sample, namely the extract
obtained through TBE, at four cycles of 5 min and speed of 6.000 rpm, respectively.

3.3.2. Evaluation of Flavonoid Compounds

Results are illustrated in Table 5.
A total of 11 flavonoid compounds were identified in the studied extracts. With eupatilin

having been identified in strictly one of the samples. These findings were in accordance with
previous reports in scientific literature affirming the wide variety of flavonoid and isoflavonoid
compounds in the species pertaining to the genus Trifolium [2,3,31,32].

The highest concentrations were reached throughout all extracts for the compounds
jaceosidin and hispidulin. These were followed by hyperoside, isoquercitrin and quercitrin,
respectively. Generally, SE at 60 min extraction time enabled the highest yields. The
exception of rutin, where TBE led to the highest yield, and eupatilin that was identified
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solely in a UAE extract (30 min extraction time and 40 ◦C temperature). Overall, low to
medium values were detected in samples obtained by maceration, TBE and UAE. However,
in the case of rutin, the sample subjected to TBE at four cycles of 5 min and 6.000 rpm
enabled a large yield.

Table 5. Flavonoid compounds in the selected extracts.

Sample
Kaempferol

(μg/mL
Extract) *

Quercetol
(μg/mL
Extract) *

Isoquercitrin
(μg/mL
Extract) *

Quercitrin
(μg/mL
Extract) *

Rutin
(μg/mL
Extract) *

Hyperoside
(μg/mL
Extract) *

Luteolin
(μg/mL
Extract) *

Vitexin
(μg/mL
Extract) *

Apigenin
(μg/mL
Extract) *

Eupatilin
(ng/mL

Extract) *

Jaceosidin
(ng/mL Extract) *

Hispidulin
(ng/mL Extract) *

M ND 1.72 ± 0.069 ND ND ND ND 2.27 ± 0.113 1.77 ± 0.247 0.78 ± 0.078 ND 249.29 ± 19.943 371.04 ± 18.552

S40 0.35 ± 0.011 6.95 ± 0.208 2.05 ± 0.061 17.19 ± 1.547 ND ND 2.27 ± 0.249 2.85 ± 0.285 0.68 ± 0.081 ND 295.57 ± 17.734 343.90 ± 37.829

S60 ND 8.93 ± 0.268 1.58 ± 0.047 7.47 ± 0.672 ND ND 3.03 ± 0.393 3.26 ± 0.359 1.07 ± 0.128 ND 408.32 ± 48.999 453.76 ± 36.301

T24 ND 4.80 ± 0.144 1.28 ± 0.128 7.66 ± 1.072 ND ND 1.71 ± 0.086 1.50 ± 0.045 0.68 ± 0.082 ND 199.96 ± 13.997 280.16 ± 16.810

T26 ND 4.80 ± 0.240 0.97 ± 0.087 7.66 ± 0.230 ND ND 1.51 ± 0.211 1.50 ± 0.209 0.58 ± 0.058 ND 188.79 ± 11.328 260.63 ± 10.425

T46 ND 4.58 ± 0.412 0.66 ± 0.066 4.85 ± 0.146 ND ND 1.78 ± 0.160 2.58 ± 0.129 0.68 ± 0.088 ND 232.15 ± 20.894 313.70 ± 47.055

U14 0.28 ± 0.014 4.52 ± 0.633 2.35 ± 0.330 10.09 ± 1.513 ND ND 1.85 ± 0.259 2.17 ± 0.217 0.58 ± 0.081 ND 261.53 ± 28.768 272.18 ± 19.053

U25 0.28 ± 0.020 4.58 ± 0.595 3.59 ± 0.323 12.33 ± 0.740 15.55 ± 1.711 ND 1.99 ± 0.258 2.31 ± 0.277 0.68 ± 0.061 ND 300.05 ± 18.003 300.51 ± 21.036

U34 0.42 ± 0.012 4.03 ± 0.443 3.28 ± 0.492 15.14 ± 0.454 ND ND 1.51 ± 0.135 1.90 ± 0.133 0.58 ± 0.075 4.00 ± 0.360 224.71 ± 26.966 228.09 ± 6.843

U35 0.55 ± 0.082 5.90 ± 0.413 4.05 ± 0.445 20.56 ± 0.617 ND ND 2.20 ± 0.066 2.58 ± 0.155 0.78 ± 0.047 ND 301.81 ± 39.235 375.38 ± 15.015

UT 0.42 ± 0.058 5.02 ± 0.452 3.28 ± 0.361 15.14 ± 0.605 ND 1.86 ± 0.167 2.06 ± 0.288 2.45 ± 0.294 0.78 ± 0.023 ND 295.73 ± 17.744 328.26 ± 9.848

* concentrations were expressed as mean ± SD.

3.3.3. Evaluation of Isoflavonoid Compounds

Results of the evaluation of the isoflavonoid compounds are detailed in Table 6.

Table 6. Isoflavonoid compounds in the selected extracts.

Sample
Daidzein

(ng/mL Extract) *
Daidzin

(ng/mL Extract) *
Genistein

(ng/mL Extract) *
Genistin

(ng/mL Extract) *
Glycitein

(ng/mL Extract) *

M 483.11 ± 53.142 102.14 ± 14.299 388.73 ± 19.437 973.82 ± 48.691 ND
S40 361.67 ± 36.167 161.11 ± 8.055 337.51 ± 50.626 1524.99 ± 76.249 ND
S60 528.48 ± 15.854 235.53 ± 23.553 454.45 ± 59.079 1942.73 ± 58.282 33.11 ± 4.304
T24 367.83 ± 40.461 140.07 ± 9.805 295.98 ± 11.839 944.15 ± 75.532 ND
T26 277.34 ± 8.320 111.00 ± 3.330 240.41 ± 31.253 849.74 ± 101.969 ND
T46 371.48 ± 48.293 147.41 ± 19.164 352.37 ± 31.714 1450.72 ± 174.086 ND
U14 397.66 ± 55.673 223.70 ± 15.659 410.61 ± 49.273 1722.62 ± 241.167 16.24 ± 0.812
U25 431.24 ± 25.874 205.86 ± 10.293 416.65 ± 54.164 1686.72 ± 118.070 35.60 ± 2.136
U34 377.06 ± 37.706 139.86 ± 8.394 341.87 ± 51.280 1374.52 ± 68.726 ND
U35 483.47 ± 72.520 199.96 ± 9.998 443.84 ± 57.699 1714.08 ± 154.267 12.36 ± 1.112
UT 423.72 ± 25.423 177.90 ± 8.895 434.44 ± 26.066 1702.13 ± 85.107 20.84 ± 1.042

* concentrations were expressed as mean ± SD.

Five compounds, daidzein, daidzin, genistein, genistin, and glycitein were detected
in the samples, in large concentrations. For these compounds, SE proved to be the most
successful extraction method, with the extraction time of 60 min having been the most
favorable time parameter, as well. Glycitein was detected only in certain samples, for
instance, in the 60 min SE extract, three of the four UAE analyzed extracts and the UTE
sample. UAE at 20 min time and 50 ◦C led to the highest yield in the case of this compound.

3.3.4. Evaluation of Sterolic Compounds

Results discussed in this section are found in Table 7.
Three sterolic compounds were detected in high levels in the samples: stigmasterol,

β-sitosterol, and campesterol. For these compounds, UAE proved the most efficient ex-
traction method, with maximum compound levels being extracted at 20 min, 50 ◦C for
campesterol and 30 min, 50 ◦C for stigmasterol and β-sitosterol.
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Table 7. Sterolic compounds in the selected extracts.

Sample
α-Tocopherol

(ng/mL Extract)
γ-Tocopherol

(ng/mL Extract)
Ergosterol

(ng/mL Extract)
Stigmasterol

(ng/mL Extract) *
β-Sitosterol

(ng/mL Extract) *
Campesterol

(ng/mL Extract) *

M ND ND ND 2492.70 ± 99.708 62,032.15 ± 8684.501 1061.37 ± 127.364
S40 ND ND ND 1640.04 ± 246.007 34,113.14 ± 3070.183 498.55 ± 24.928
S60 ND ND ND 2609.65 ± 339.254 54,007.75 ± 6480.930 1100.60 ± 55.030
T24 ND ND ND 2356.91 ± 94.276 50,607.54 ± 5060.754 982.68 ± 29.480
T26 ND ND ND 2259.78 ± 293.771 42,076.96 ± 6311.544 710.98 ± 92.427
T46 ND ND ND 2370.90 ± 331.926 43,673.45 ± 3493.876 922.40 ± 27.672
U14 ND ND ND 3134.05 ± 282.065 56,018.75 ± 2800.938 1006.33 ± 140.887
U25 ND ND ND 3202.09 ± 320.210 68,060.97 ± 7486.707 1322.76 ± 52.911
U34 ND ND ND 2471.12 ± 197.690 52,752.50 ± 5802.775 1058.24 ± 148.154
U35 ND ND ND 3596.66 ± 323.700 83,130.15 ± 10,806.920 1277.69 ± 76.662
UT ND ND ND 2955.13 ± 295.513 63,322.55 ± 5065.804 1014.49 ± 40.579

* concentrations were expressed as mean ± SD.

3.4. Evaluation of Antimicrobial Activity
3.4.1. In Vitro Qualitative Evaluation of Antimicrobial Activity

The potential of microbial growth inhibition of the extracts was screened by the disk
diffusion test. The extracts showed high efficiency against Gram-negative bacteria, a moderate
level against gram-positive bacteria and Candida albicans. Results are shown in Table 8.

Table 8. Results for the risk diffusion test performed for selected samples.

U35 * S60 * Amoxicillin Ketoconazole

Staphylococcus aureus ATCC 6538P 9.28 9.01 24.38 -
Enterococcus faecalis ATCC 29212 9.51 9.51 16.8 -
Listeria monocytogenes ATCC 13932 9.44 9.44 18.96 -
Bacillus cereus ATCC 11778 8.82 8.82 8.83 -
E. coli ATCC 10536 12.59 12.31 13.72 -
Salmonella enteritidis ATCC 13076 12.73 11.47 18.43 -
Pseudomonas aeruginosa ATCC 27853 11.27 10.3 R -
Candida albicans 10231 9.11 8.83 - 23.74

* inhibition area diameter in mm; R—resistant.

The diameters of the inhibition areas were: 8.82–9.51 mm in the case of gram-positive
strains, 10.3–12.73 mm regarding the gram-negative strains, and 8.83–9.11 mm for Candida
albicans. Increased antimicrobial potential was demonstrated against gram-negative bacteria.

3.4.2. In Vitro Quantitative Evaluation of Antimicrobial Activity

Although the antimicrobial screening revealed high potential against gram-negative
strains, the MIC method was used to evaluate the quantitative antimicrobial potential of
the selected samples against all microbial strains that were used initially, in the qualitative
part of the evaluation.

As presented in Table 9, lower MICs could be noted for gram-positive strains in this
case, with an overall variation of the antimicrobial potential. A possible reason could be
explained by a limited diffusion on the agar surface. A general high inhibitory concentration
was observed for the wells with liquid MH medium.

Table 9. Results for the MIC test performed for selected samples.

U35 S60

MIC 100 MIC 50 MIC 100 MIC 50

Staphylococcus aureus ATCC 6538P 1/16 1/32 1/32 1/32
Enterococcus faecalis ATCC 29212 1/64 1/64 1/64 1/64
Listeria monocytogenes ATCC 13932 1/32 1/64 1/32 1/64
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Table 9. Cont.

U35 S60

MIC 100 MIC 50 MIC 100 MIC 50

Bacillus cereus ATCC 11778 1/32 1/32 1/32 1/64
E. coli ATCC 10536 1/16 1/32 1/16 1/32
Salmonella enteritidis ATCC 13076 1/8 1/16 1/8 1/16
Pseudomonas aeruginosa ATCC 27853 1/16 1/16 1/16 1/32
Candida albicans 10231 1/32 1/32 1/32 1/32

3.5. Evaluation of Oxidative Stress and Inflammation Markers

Oxidative stress was evaluated by determination of lipid peroxidation marker, MDA,
and by non-endogenous antioxidants levels such as reduced glutathione (GSH), oxidated
glutathione (GSSG), and their respective ratio (GSH/GSSG). The activity of enzymatic
antioxidants was also assessed: catalase (CAT) and glutathione peroxidase (GPx). Results
are shown in Figure 1.

Figure 1. Soft paw tissue levels of MDA, GSG/GSSG ratio and the activity of CAT and GPx at
2, 24 h after carrageenan injection, in rats pretreated with SE extract. Values are means ± SD.
Statistical analysis was done by a one-way ANOVA, with Tukey’s multiple comparisons post-test
(* p < 0.05 ** p < 0.001 and *** p < 0.0001, all treated groups vs. control (CMC) group).
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MDA levels decreased significantly only after Indom administration, both at 2 h
(p < 0.05) and 24 h (p < 0.01) while the SE extract did not influence the lipid peroxidation
(p > 0.05). SE positively influenced the GSSG levels, both at 2 h (p < 0.001) and 24 h (p < 0.001)
after the carrageenan injection, similar to indomethacin and increased the GSH/GSSG ratio
at 24 h (p < 0.01). CAT activity increased significantly after indomethacin administration at
24 h (p < 0.05) while the GPx activity decreased at 24 h in the same group (p < 0.05). The TP
extract did not influence the antioxidant enzymes activity in paw tissue (p > 0.05).

Cytokine levels, such as IL-6 and TNF-α, were assessed in the plantar tissue ho-
mogenates compared with indomethacin, at 2 and 24 h after carrageenan injection. Results
are illustrated in Figure 2. Compared to Indomethacin, SE administration did not signifi-
cantly reduce the IL-6 and TNF-α secretions at 2 h and 24 h after induction of inflammation.
Only Indomethacin administration decreased the TNF-α levels in the soft tissues at 24 h
after carrageenan injection (p < 0.05).

Figure 2. Levels of IL-6 and TNF-α in paw tissue of experimental rats at 2 h and 24 h after injection
of carrageenan. Values are means ± SD. Statistical analysis was performed by a one-way ANOVA,
with Tukey’s multiple comparisons post-test (* p < 0.05 vs. control, CMC, group).

4. Discussion

According to the information available hitherto this study, few scientific reports were
recently made concerning the influence of extraction methods or extraction parameters
over the phytochemical profile or even biological activity of Trifolium pratense L. Two such
examples, were focused on compounds belonging to the class of polysaccharides, the first
consisting of an optimization of hot water extraction, with the second study following the
effect of several extraction methods on these compounds [13,14]. Mikhailov et al. studied
the influence of growth site on bioactive compounds, for samples of T. pratense L. and
T. repens L. [33]. Vlaisavljević et al. have also studied the influence of growth phase on
phenolic content on T. pratense L. extracts, obtained by means of a microwave-assisted
extraction [34]. In 2009, two studies using micropreparative techniques, by Zgórka G.,
attempted to elucidate the effect of extraction methods and the respective parameters over
the chemotaxonomy of isoflavonoid compounds from Trifolium species [35,36]. Visnevschi-
Necrasov et al. have optimized an extraction method based on matrix solid-phase disper-
sion for isoflavonoid compounds from T. pratense L. [37].

Based on the obtained TPC results obtained in this study, it could be presumed that the
subjection of the solvent to a higher temperature and prolonged extraction time, enabled
greater degradation of cellular walls. This led to a larger release of polyphenolic content.
As opposed to the TPC and TFC results, several differences were noticeable, with regards
to the antioxidant activity of the extracts. This suggests that this method enabled the
extraction of compounds with antioxidant capacity, contrary to the other implemented
methods. Other noteworthy differences were represented by the UAE and UTE. In those
cases, the parameters that permitted the achievement of higher TE values were 10 min
extraction time with the temperature of 40 ◦C and 20 min extraction time at 50 ◦C for UAE,

16



Processes 2022, 10, 2581

and 30 ◦C with 4.000 rpm and 5 min extraction period for UTE. A possible explanation
as to the reason why SE gave medium results might have been the degradation of said
antioxidant compounds at high temperature values. Additionally, the low or medium
parameters selected for TBE, and UAE showed similar results, in this case, antioxidant
compound extraction having been possibly insufficient. The differences between values for
each type of assay might reside in the particularity of each of these experiments: type of
reagent used, required incubation time, or lack thereof, necessary ambient temperature,
and so on.

Supposedly, UTE obtained a somewhat medium value due to the combination of
all three parameters (time, temperature, speed) although values for these parameters
were kept low due to the possible implications detailed in Section 2.3.5. Akbaribazm et al.
have reported similar results, using a liquid chromatography-electrospray ionization mass
spectrometry analysis method for hydroalcoholic extracts [32]. These findings were contrary
to the results reported by Tundis et al. in which case rutin and quercitrin exhibited the
highest values [31].

For isoflavonoid compounds, the findings were in accordance with previous scientific
reports not only for the T. pratense L. species, but also concerning other members of this
genus [32,38,39].

Despite newly developed industrial antibiotics, the resistance of microorganisms to
these substances has grown. Generally, bacteria possess the genetical capacity to transmit
and gain resistance towards therapeutic compounds. This fact becomes worrisome due
to the increase of in-hospital patients which are immunosuppressed, but also due to the
new multi-resistant strains. For this reason, new bacterial infections may arise, resulting
in the increase of infectious pathologies. Such medical issues, derived from bacterial
resistance, have found to be increasing. Thus, the use of antibacterial compounds has
become troublesome. In this manner, healthcare specialists face the need of taking measures
in order to reduce bacterial multi-resistance, by monitoring antibiotic use. Thus, the
improvement of antibiotic treatment is desired. For a long period of time, plants have been a
valuable resource of natural compounds used to maintain human health, and to this day, are
still considered a possible alternative treatment, by way of natural therapies. For this reason,
the pharmaceutical use of plant bioactive compounds has become a frontrunner. Current
research suggests the effectiveness of plant bioactive compounds in treating infectious
diseases. Therefore, plant-derived products can be considered promising, being used as
antimicrobial agents. Plant-derived compounds also lack secondary effects, are easily
available, and are low-cost [40].

Regarding the results of the antimicrobial activity of the presently studied extracts,
the samples were found to present a high potential against gram-negative strains high
potential against gram-negative strains. However, Khan et al. reported that for the extracts
of the species Trifolium alexandrium L., the studied extracts presented a greater efficiency
against gram-positive bacteria, rather than gram-negative bacteria [41].

Inflammation represents a defensive, restoring process, with the major objective of
protecting the organism. Causes of the inflammatory process may lie in the initial lesion,
e.g., bacteria, fungi, parasites, toxins, etc., or in the consequences resulting from such said
lesions, e.g., cellular and tissular necrosis [42]. The most important phenomenon consists
in the permanent migration and recruitment of macrophages from within the capillary
microcirculation. The regenerative tissular capacity is the result of two categories of factors.
The first consists of the capacity of resting cells to reenter the division cycle. The second
factor is represented by the efficient differentiation of stem cells from the lesioned tissue.
The regeneration capacity of tissues and organs is specific to animal organisms. Many of
the regeneration processes in mammals represent compensatory growth processes which
imply cell hyperplasia and hypertrophy [43].

The effect of SE on plantar inflammation was modest, probably due to the low dose or
the transitory effect of the phenolic compounds administered through the extracts. These
findings are similar to previous reports in the literature, which attested the antioxidant and
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anti-inflammatory activities of several Trifolium species determined by both in vitro and
in vivo studies, employing various cell lines as well as mice models. These pharmacological
properties are attributed to the genus’ abundance of phenolic and isoflavonic compounds,
as detailed in the previous subchapters of this study. These compounds have been reported
to inhibit cyclooxygenase activity in human monocytes as well as macrophages [2,44–46].
In this sense, plant-derived natural compounds have been recognized as safe substances,
with moderate effectiveness for the treatment of several inflammatory diseases [47]

5. Conclusions

A major observation was the tendency of extraction yields to increase proportionately
along with the values of extraction parameters. However, this progression in yields halted
abruptly once compound degradation temperatures were achieved, being also favored by other
amplified conditions such as extraction time or speed. This phenomenon was most notable for
TBE and UAE. One could conclude that the SE presented biological activity, considering the
results of the phytochemical profile of the red clover extracts. Therefore, red clover could also
constitute a medicinal herbal species with potential applications in complementary therapies,
demonstrating safety and efficacy for antioxidant and antimicrobial activities.
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Abstract: Betulinic acid, BA, is a lupane derivative that has caught the interest of researchers due
to the wide variety of pharmacological properties it exhibits towards tumor cells. Because of their
prospective increased anti−proliferative efficacy and improved pharmacological profile, BA deriva-
tives continue to be described in the scientific literature. The current work was conducted in order
to determine the antiproliferative activity, under an in vitro environment of the newly developed
1,2,4−triazole derivatives of BA. The compounds and their reaction intermediates were tested on
three cancer cell lines, namely RPMI−7951 human malignant melanoma, HT−29 colorectal adeno-
carcinoma, A549 lung carcinoma, and healthy cell line (HaCaT human keratinocytes). BA−triazole
derivatives 4a and 4b revealed lower IC50 values in almost all cases when compared to their precur-
sors, exhibiting the highest cytotoxicity against the RPMI−7951 cell line (IC50: 18.8 μM for 4a and
20.7 μM for 4b). Further biological assessment of these compounds executed on the most affected cell
line revealed a mitochondrial level induced apoptotic mechanism where both compounds inhibited
mitochondrial respiration in RPMI−7951 cells. Furthermore, the triazole−BA derivatives caused a
significant decrease of the anti−apoptotic Bcl−2 gene expression, while increasing the pro−apoptotic
BAX gene’s expression.

Keywords: betulinic acid−triazole derivatives; antiproliferative; cytotoxicity; melanoma; lung
carcinoma; colorectal adenocarcinoma

1. Introduction

Cancer chemotherapy has transformed cancer outcomes from terminal to treatable,
or even curable; since its beginning, anticancer chemotherapy has evolved based on the
continuous discovery in cancer cell biology so that today multitargeted therapy is being
used [1]. However, the side effects of the anticancer drug therapy are often very severe,
therefore the interests of oncologists have shifted from merely treating the tumor towards
well−tolerated approaches [2]. Although belonging to traditional medicine, plant−derived
compounds are currently recognized as reliable alternatives in the field of oncology con-
sidering their particular structures and mechanisms of action, which recommends them
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as alternatives to avoid the limitations of conventional chemotherapy [3]. There are many
classes of phytocompounds that have been used as such or served as scaffolds for the
development of semisynthetic derivatives with antitumor properties or able to act as
drug sensitizers.

Pentacyclic triterpenes are biologically active phytochemicals found in higher plants,
exhibiting a huge plethora of biological effects that include anti−inflammatory and an-
titumor activities and containing lupane, oleanane, and ursane as the main scaffolds [4].
Betulinic acid is a lupane derivative which gained immense interest in the medical field
not only due to its plethora of pharmacological effects but mainly due to its selective
cytotoxicity against tumor cells; nonetheless, it demonstrates two major drawbacks: the low
water solubility, which affects its bioavailability, and its insufficient supply from natural
sources [5]. Therefore, the chemical modulation of various positions in betulinic acid,
together with the development of new preparation methods from more abundantly found
compounds such as botulin, have paved the way to achieve semisynthetic derivatives able
to overcome the above−mentioned bottlenecks. The main molecular positions susceptible
to modulation are the C3, C28 sites, ring A, as well as the C20−29 double bond; recent re-
search emphasized that modifications on ring A and C20−29 double bond could significantly
augment betulinic acid’s biological effects (Figure 1) [6].

Figure 1. The main structural sites of betulinic acid susceptible to chemical modulation.

Among the many derivatization possibilities, the substitution with nitrogen−bearing
heterocycles generates the most valuable agents within the medicinal chemistry; currently
more than 75% of FDA approved marketed drugs bear nitrogen−containing heterocycles,
while more such compounds will presumably soon reach the pharmaceutical market [7].
Such 1,2,3−triazole derivatives prepared from betulinic acid using click chemistry at
C3 were revealed as effective anti−leukemia agents with remarkably small IC50 values
(within the micromolar range), thus showing a 5–7 fold increased potency compared to the
parent compound (Figure 2) [8].

Similar compounds were also synthesized by Shi et al. with compound 30−[4−(4−
fluorophenyl)−1H−1,2,3−triazol−1−yl] betulinic acid showing the highest potency as
revealed by the IC50 value of 1.3 μM [9]. The Huisgen 1,3−cycloaddition was used to
prepare 1,2,3−triazole derivatives at C30 via the corresponding azides in the structure of
betulinic acid, simultaneously conjugated at C3; the most active derivatives revealed IC50
values below 10 μM [10]. Functionalized triazole derivatives of betulinic acid were obtained
by means of click cycloaddition through the modulation of the C28−carboxyle group; the
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study revealed two series of lead compounds as anticancer agents against murine breast
cancer and human pancreatic cancer [11]. Sousa et al. published in 2019 a comprehensive
review emphasizing the main chemical processes able to functionalize betulinic acid and
several related compounds [12]; various modulations were applied starting from simple
transformations and click chemistry reactions and reaching complex molecules such as
heterocycle−fused derivatives and polymer conjugates.

Figure 2. 1,2,3−triazole−substituted derivatives of BA acid synthesized via click chemistry acting as
effective anti−leukemia agents.

The current study is a continuation of the previously published paper [13], which re-
ported the cytotoxic activity of a C3−acetylated 1,2,4−triazole derivative of BA; the compound
revealed significant and selective cytotoxic effects against melanoma cells through mitochon-
drial apoptosis. Some studies reported that by inserting aryl groups as substituents in the
triazole moiety grafted at C30 it may increase the antitumor activity of the resulting com-
pounds [9,10]; on the contrary, when modulating the carboxyl group at C28, the cytotoxic
activity increased with the increase of the molecule’s hydrophilic character imprinted par-
tially by the triazole substituent. In order to clarify the impact of such C30−substitutions on
the compound’s cytotoxic activity, the current study aims to synthesize some derivatives of
betulinic acid bearing the 1,2,4−triazole ring supplementary substituted with an aryl group
by the chemical modulation of C30, followed by their physicochemical characterization. Sub-
sequently, the semisynthetic derivatives will be biologically tested in terms of cell viability;
moreover, since their previously published triazole analogue revealed a pro−apoptotic activ-
ity, we aimed to identify the underlying anticancer mechanism by performing DAPI staining,
respirometry studies and rt−PCR assay.

2. Results

2.1. Chemistry

The synthetic preparation, together with the reaction media necessary to obtain
BA−triazole derivatives (4a, 4b), are shown in Figure 3. Using modifications of previously
reported methods [14,15], good yields (> 50%) were achieved for the triazole derivatives
(3a, 3b) and the brominated acetyl−BA (2). In comparison to earlier steps, the alkylation
of the thiol group on the triazole structure (3a, 3b) using BrBA in DMF/K2CO3 resulted
in lower yields of BA−TZ derivatives (4a, 4b). Although the precursors were rather pure,
TLC analysis showed that the reaction resulted in at least two additional major compounds
among the many lipophilic side products. Despite this, the chromatographic separation
(chloroform:acetate 1:1 eluent) remained feasible due to the substantial Rf value differences.
The structure of all synthesized compounds was validated through 1H and 13C NMR
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spectroscopy. All spectral data is available in the Supplementary Materials File uploaded
with the present manuscript.

Figure 3. Synthesis pathways used to obtain BA−triazol derivatives; TSC = thiosemicarbazide,
1—betulinic acid, 2—3β−O−Acetyl−30−bromo−betulinic acid, 3a—5−(4−methoxyphenyl)−1H−
1,2,4−triazole−3−thiol, 3b − 5−[4−(dimethylamino)phenyl]−1H−1,2,4−triazole−3−thiol, 4a—
3β−O−Acetyl−30−[5−(4−methoxyphenyl)−1H−1,2,4−triazol−3−ylsulfanyl]−betulinic acid, 4b—
3β−O−Acetyl−30−{5−[4−(dimethylamino)phenyl]−1H−1,2,4−triazol−3−yl)sulfanyl}−betulinic acid;
reaction conditions: i. pyridine/DMF, 1h, 50 ◦C; ii. H2O, NaOH, reflux; iii. acetic anhydride, pyridine,
DMAP, r.t, 12 h; iv. NBS, CCl4, r.t, 48 h; v. DMF, K2CO3, r.t, 72 h.

2.2. BA Triazole Derivatives Decrease Cell Viability of Malignant Melanoma Cells

Following a 48 h treatment period, the effect of 4a, 4b, as well as their precursors
(0.08, 0.4, 2, 10, and 50 μM) in HaCaT healthy human keratinocytes, RPMI−7951 malig-
nant melanoma, A549 lung carcinoma, and HT−29 colorectal adenocarcinoma cells was
determined by employing the MTT assay, which enabled the calculation of IC50 values
(Table 1); the recorded viability in all tested cell lines is depicted in Figure 4. Among all the
cell lines, malignant melanoma (RPMI−7951) proved to be the most sensitive toward the
BA derivatives, in particular compound 4a, which showed the maximum cytotoxic effect;
thus, RPMI−7951 was chosen for further detailed study regarding the compounds 4a and
4b cytotoxic mechanism.

Table 1. IC50 (μM) values of 4a, 4b, and their intermediates against normal and cancer cell lines;
compounds displaying IC50 values above 50 μM were considered not effective and, therefore, the
specific values were not shown.

Compound
HaCaT RPMI−7951 A549 HT−29

IC50 (μM/L) ± SD

1 >50 30.8 ± 3.63 44.3 ± 6.81 >50
2 >50 29.7 ± 3.96 22.6 ± 3.01 26.4 ± 2.74

3a >50 >50 >50 >50
3b >50 >50 >50 >50
4a >50 19.8 ± 2.25 28.3 ± 3.21 36.9 ± 4.57
4b >50 20.7 ± 2.21 32.4 ± 3.68 31.3 ± 4.02

5FU 30.5 ± 2.8 19.5 ± 1.72 6.9 ± 0.92 >50

Available literature data as well as our own previous experiments revealed that 0.5%
DMSO did not affect cell viability [16,17]. Subsequently we used DMSO−stimulated cells
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(at 0.5%) as negative control. All cytotoxic active compounds exhibited a dose dependent
activity (Figure 4). The starting compound, BA (1), and its brominated derivative, com-
pound 2, had a significant activity on all tested cancer cell lines except HT−29, where BA
was not effective, while the starting triazoles 3a and 3b did not exhibit IC50 values under
50 μM (Table 1). The BA−triazole derivatives (compounds 4a and 4b) displayed lower IC50
values against all tested cell lines, as opposed to their precursors, with one exception where
compound 2 acted slightly stronger in HT−29 cells. Simultaneously, among all tested cell
lines, 4a and 4b were the most effective against RPMI−7951 cells, exhibiting IC50 values of
19.8 ± 2.25 μM and 20.7 ± 2.21 μM, respectively. The cytotoxicity of compounds 4a and 4b

was compared to the positive control 5−fluorouracil (5FU). While 5FU was inactive in A549
lung cancer cells, no compounds were revealed to surpass 5FU in HT−29 cells. However, in
the case of RPMI−7951 melanoma cell line, compound 4a exhibited a similar IC50 (19.8 μM)
value when compared to the positive control 5FU (19.5 μM). These results suggested a high
cytotoxic effect of compounds 4a and 4b against the RPMI−7951 melanoma cell line.

Figure 4. MTT assay assessed the cell viability of HaCaT, RPMI−7951, A549, and HT−29 cell lines
after 48 h treatment with compounds 1–4b at 6 different concentrations. Negative control: untreated
cells. Positive control: 5FU. All results are expressed as percentages in cell viability (%) taking
negative control (DMSO-stimulated cells) as reference. All experiments were performed in triplicate
and data are presented as mean values ± SD. The statistical differences compared to negative control
were identified through two-way ANOVA analysis followed by Bonferroni’s multiple comparisons
post-test (* p < 0.05, ** p < 0.005, and *** p < 0.0001).
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2.3. BA Triazole Derivatives Induce Nuclear Alterations Associated with Apoptosis in Malignant
Melanoma Cells

Considering the high antiproliferative effect at the lowest IC50, the biological effects
of compounds 4a and 4b were further investigated by assessing their effect on nuclear
morphology using the DAPI staining. This particular dye that identifies nuclear modifica-
tions was employed, revealing that all tested compounds induced nuclei morphological
changes, including shrinkage and fragmentation accompanied by the disruption of the cell
membrane. All these changes were consistent with apoptotic processes; unlike necrotic
processes where the nuclei stay relatively intact, in apoptosis the nucleus undergoes early
degeneration and its morphological changes can be used as indicators of programmed cell
death [18]. The morphological alterations in various degrees are presented by the yellow
arrows in Figure 5, demonstrating changes that were consistent with apoptotic cell death,
while apoptotic signs were not present on normal human keratinocytes (HaCaT).

Figure 5. Morphological observation of HaCaT, RPMI−7951, A549, and HT−29 cell lines using DAPI
assay, following treatment with 4a and 4b (tested at their respective IC50) for 48 h. Positive control for
nuclei apoptotic changes: staurosporine (5 μM). The apoptotic morphological changes are indicated
by yellow arrows.

2.4. Compounds 4a and 4b Influence the Expression of Anti−Apoptotic (Bcl−2) and
Pro−Apoptotic (BAX) Genes

In order to investigate the apoptotic activity of compounds 4a and 4b in RPMI−7951
melanoma cells, the gene expression fold change of Bcl−2 and BAX was assessed by
using the quantitative real−time PCR method. Measurements were conducted after a 48 h
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incubation period with the tested compounds. The compounds were tested at 18.8 μM and
20.7 μM, respectively, with values that induced a 50% reduction in RPMI−7951 melanoma
cell viability. The results revealed that both compounds caused the upregulation of BAX
gene expression vs. control (Figure 6) thus indicating a pro−apoptotic effect. Specifically,
the highest effect was observed for compound 4a (3.892), followed by compound 4b (2.594)
vs. control (1). Upon evaluating the relative fold change expression in Bcl−2 mRNA,
compound 4a determined the strongest decrease (0.275), while compound 4b decreased
only to 0.505 vs. control (1) (Figure 5).

Figure 6. The difference in Bcl−2 and BAX mRNA expressions in RPMI−7951 cells following
treatment with 4a and 4b (tested at IC50: 18.8 μM and IC50: 20.7 μM) for 48 h. The fold change
expressions were compared to 18S RNA, while DMSO acted as the control. All experiments were
performed in triplicate and the results were reported as mean values ± SD. Statistical differences
vs. DMSO stimulated cells were determined using one−way ANOVA with Dunnett’s post−test
(** p < 0.01 and *** p < 0.001).

2.5. BA Triazole Derivatives Disrupt Mitochondrial Function of Melanoma Cells

The evaluation of mitochondrial function after the treatment with 4a and 4b at their
IC50 values revealed the inhibition of mitochondrial respiration of RPMI−7951 cells, while
normal HaCaT cells’ mitochondrial respiration remained unaffected (Figures 7 and 8). As
presented in Figure 7, treatment of normal HaCaT cells with either compound did not affect
the mitochondrial respiration. The expanded SUIT technique was performed to permeabi-
lized HaCaT as well as RPMI−7951 cells; mitochondrial respiratory rates assessed at 37 ◦C
demonstrated that all chemicals can severely impair RPMI−7951 mitochondrial activity
(Figure 8), while having no evident effect on HaCaT mitochondria. In particular, one mito-
chondrial parameter reduced by semisynthetic derivatives was routine respiration, which
was solely dependent on endogenous ADP. Later, digitonine was used to permeabilize the
cell membrane in order to assess the expanded OXPHOS (oxidative phosphorylation) and
enable the molecular transit between external environment and cytoplasm. Following that,
both basal and LEAK respiration was dramatically reduced, suggesting that the compounds
may reduce the basal respiration. Tested at 18.8 μM (the IC50 value for 4a) and 20.7 μM
(the IC50 value for 4b), the compounds considerably suppressed the OXPHOS respiration
reliant on glutamate and malate substrates for complex I (OXPHOSCI) and the OXPHOS
when succinate, a complex II substrate, was added (OXPHOSCI + II). The electron transport
system’s maximum respiratory capacity in the complete noncoupled state (ETSCI + II)
could be measured by quantifying the uncoupled state via FCCP titration. Compounds 4a

and 4b were able to decrease the ETSCI + II and ETSCII, thus suggesting that they might
lower the electron transport pathway capacity and impair ATP production. The mean
values of the respiratory rates [pmol/(s × mL)] obtained after the treatment of RPMI−7951
cells with compounds 4a and 4b are presented in Table 2.
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Figure 7. Rates of mitochondrial respiration measured in permeabilized HaCaT cells after treatment
with compounds 4a and 4b (tested at IC50: 18.8 μM and IC50: 20.7 μM) for 48 h. All experiments were
repeated five times and the results are reported as mean values ± SD. One−way ANOVA followed
by Bonferroni’s post−test were used in order to identify statistical differences vs. control (p > 0.05
implies no significant differences).

Figure 8. The rates of mitochondrial respiration in permeabilized RPMI−7951 cells after treatment
with compounds 4a and 4b (tested at IC50: 18.8 μM and IC50: 20.7 μM, respectively) for 48 h. All
experiments were repeated five times and the results are reported as mean values ± SD. One−way
ANOVA followed by Bonferroni’s post−test were used in order to identify statistical differences vs.
control (** p < 0.01 and *** p < 0.001).
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Table 2. Mitochondrial respiratory rates of RPMI−9751 cells treated with compounds 4a and 4b.

RPMI−7951

Control 4a 4b

Routine 22.95 15.947 16.79

State 2CI 6.28 3.82 4.30

OXPHOSCI 24.22 15.96 16.83

OXPHOSCI + II 34.71 25.92 26.85

State 4CI + II 6.35 4.47 4.81

ETSCI + CII 42.08 30.52 31.36

ETSCII 24.87 16.49 17.83

2.6. Irritative Potential of BA Triazole Derivatives

The HET−CAM assay was involved in assessing the toxicological potential of com-
pounds 4a−4b. As presented in Figure 9, the investigated compounds did not interfere
with the circulation process and did not produce any impairment on the vascular plexus.

Figure 9. The irritation assessment using the HET−CAM method. Stereomicroscope images of
the chorioallantoic membrane were taken before (T0) and 300 s (T5) after treatment with 300 μL
compounds 4a and 4b, respectively (tested at IC50: 18.8 μM and IC50: 20.7 μM); distilled water was
used as negative control while SLS 0.5% acted as positive control). Scale bars represent 500 μm.

The irritation potential was assessed on the Luepke scale that assigned scores between 0
and 21 according to the severity of the reaction as follows: non-irritant compounds classified
between 0 and 0.9, a slight irritation was indicated by 1–4.9 values, 5–8.9 ranging values
depicted moderate irritation, while strongly irritant compounds reached 9–21 values [19]. As
presented in Table 3, the tested compounds did not show any irritation potential, and therefore,
were suitable for mucosal and cutaneous use. These findings were noteworthy because
pentacyclic triterpenes and their derivatives were known to be active in wound healing
and re-epithelization. Compounds with no irritative potential, such as the BA structurally
related triterpene, betulin, were currently being studied as topical formulations in phase III
clinical trials for their accelerated re-epithelization effects and efficacy against epidermolysis
bullosa [20,21].
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Table 3. The irritation potential of tested compounds.

Compound Name Irritation Score Effect

H2Od 0 Non-irritant

SLS 15.3 Strong irritant

4a 0 Non-irritant

4b 0 Non-irritant

3. Discussions

Lately, a huge amount of interest has been raised by the potent and targeted antitumor
effect of betulinic acid, a phytocompound identified by Pisha et al. in 1995 as an antime-
lanoma agent [22]. The precise underlying mechanisms have yet to be fully understood,
although many possibilities have been proposed, including various signaling pathways
involved in mitochondrial apoptotic death [23]. During research, poor water solubility
and, subsequently, low bioavailability were revealed as the main flaws that hampered the
therapeutic use of betulinic acid as an anticancer agent. There were multiple possibilities
to improve the phytocompound’s aqueous solubility, including structural modifications,
which may simultaneously improve the overall antitumor efficacy [6].

The triazole moiety was involved in numerous functionalizations due to its polar
character, as well as its ability to form non-covalent interactions with targeted ligands, thus
exhibiting pharmacophore properties. However, the introduction of a triazole moiety at
C30 in BA’s molecule was only performed twice: by Shi et al. and Sidova et al. [9,10], by
applying click chemistry on betulinic acid’s C30−bromo derivatives; both groups used
the 1,2,3−triazole moiety. As far as we are aware, C30−1,2,4−triazole derivatives were
only developed by our group, using the unsubstituted triazole as a reaction partner for the
brominated betulinic acid [13]. The resulted derivative revealed antitumor effects against
melanoma cells exerted through apoptotic mechanisms.

Continuing our research, we tried to develop betulinic acid derivatives using aryl
substituted−triazole moieties. The cytotoxic activities of both derivatives, as well as
their parent compounds were tested by means of MTT assay, in order to quantitatively
assess the change in cytotoxicity, induced by the chemical modulations, against various
cancer cells. In our current study, we used a 50 μM threshold for IC50 values, above
which we considered the cytotoxicity of any particular compound to be insignificant.
In all tested settings, the starting triazoles (3a–b) did not exhibit IC50 values less than
50 μM. This is consistent with previous findings by our group on melanoma and colorectal
cancer cell lines using structurally similar 1,2,4−triazole−3−derivatives [14,24], where the
most active 1,2,4−triazole derivative exhibited an IC50 value 149.25 μM. Meanwhile, both
BA−triazole derivatives (4a–b) increased cytotoxicity in all tested malignant cells, except
for HT−29 cells, where the 30−brominated BA derivative was slightly more active. The
RPMI melanoma cell line was the most affected by compound 4a and 4b’s induced cytotoxic
properties. These effects seem to be triggered by the presence of the triazole moiety that also
revealed cytotoxic activity but to a lesser extent; therefore, we may assume that the triazole
ring was included in the pharmacophore constellation of atoms in the molecule of betulinic
acid. These results were supported by Sidova et al. who reported that the modification of
the C30 position combined with the presence of an aromatic substituent on the triazole group
was part of the pharmacophore being responsible for the compounds’ cytotoxicity [10]. In
this case, a 1,2,3−triazole − BA derivative with a p−dimethylamino−phenyl substituent on
the triazole ring exhibited a highly similar cytotoxic behavior to our compound 4b against
colon and lung cancer cell lines. The compound had an IC50 of 26.6 μM against the A549
cell line and 32.9 μM against HCT116 cells. Furthermore, when tested in colon cancer cells,
the 3−acetyl−30−brominated BA revealed a higher cytotoxicity (IC50 = 15.9 μM) than most
other 1,2,3−triazole derivatives, similar to our case, where the same compound (2) acted in
a similar manner (IC50 = 15.9 μM) [10]. In addition, the presence of an acetyl group at C3
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provided the molecule with the necessary degree of lipophilicity to be able to penetrate
cell membranes and exert their biological effects; the above−cited study revealed that
hydroxyl groups may interfere with membrane permeability due to their hydrophilicity.
Similarly, Shi et al. revealed that, within C30−triazole substitutions, the cytotoxic activity
was favored by the presence of large side chains with lipophilic or aromatic fragments,
their antiproliferative effects being stronger than those reported for betulinic acid [9].
The introduction of triazole moieties in other positions on the triterpenic scaffold also
produced improved cytotoxicity; as such, ursane and lupane triazole−hybrids obtained by
the functionalization of the C28 carboxyl were identified as effective antitumor agents with
IC50 values comparable to doxorubicin, while the supplementary C3−acetyl substituent
further increased the cytotoxic effect, the respective derivatives becoming more cytotoxic
than doxorubicin [25]. Unfortunately, no other triazole derivatives of betulinic acid, other
than the ones mentioned above, had been evaluated against human melanoma in the
literature. Given that the triazole moiety was highly likely to enhance the compound’s
cytotoxicity, the lupane core structure of BA may have been responsible for the slightly
increased cytotoxic activity against melanoma. This was consistent with previous findings
according to which betulinic acid had similar or slightly higher antimelanoma efficacy
versus its activity against various types of colon or lung cancer [26]. For example, data from
two studies demonstrated that the IC50 values for BA against various types of colorectal
and lung cancers ranged between 6.1–12.3 μg/mL for lung cancers and 3.8–16.4 μg/mL
for colon cancers, while BA showed slightly lower IC50 values (1.5–1.6 μg/mL) against
melanoma. BA exhibited the same cytotoxic activity against H460 non–small lung cancer
cells (IC50 = 1.5 μg/mL) under the same environment [27,28]. With these considerations, we
may state that the newly synthesized 1,2,4−triazole compounds were an effective anticancer,
especially the antimelanoma agents, owing to their activity both to the triterpene scaffold
and the new triazole substitution; their activity was also improved by the presence of the
C3−acetyl moiety that contributed to an adequate membrane penetration.

Keratinocytes are primary cells found in human epidermis that play a role in skin in-
flammatory response; the immortalized human keratinocytes HaCaT cells were established
as the skin model since they do not alter the keratinocyte function [29], cellular responses,
or differentiation capacity. Moreover, monolayer HaCaT cell cultures are currently used
to test cellular toxicity and to conduct in vitro wound healing analysis [30]. In HaCaT
cells, neither compounds 4a–b nor their intermediates have IC50 values less than 50 μM,
indicating no increased cytotoxicity. The C28−benzotriazole esters of the three triterpenic
acids showed similar outcomes, with all compounds exhibiting high levels of antitumor
selectivity [31].

Very early studies on betulinic acid’s antitumor mechanisms revealed its capacity to
induce mitochondrial apoptosis [32]; many of its derivatives also revealed pro−apoptotic
properties [33–35]. Therefore, we hypothesized that the BA triazole derivatives 4a and
4b synthesized in the current study, will act by similar mechanisms; subsequently, DAPI
staining revealed apoptotic signs in all treated cancer cells. To further validate DAPI results,
RPMI−7951 melanoma cells were subjected to quantitative real−time PCR in order to
assess the variations in Bcl−2 and BAX gene expressions. Both compounds induced the
upregulation of BAX accompanied by the downregulation of Bcl−2 genes, thus showing a
clear pro−apoptotic activity. These results were consistent with similar reports regarding
the parent structure, where BA was revealed as a strong inhibitor of several signaling
pathways, being capable of selective apoptosis induction [36]. A novel triazole derivative
of BA induced the scindation of Bcl−2 combined with BAX translocation, finally resulting
in a decreased Bcl−2/BAX ratio in leukemia cells [37]. Our own research group already
obtained C28−triazole−substituted compounds starting from betulinic acid that acted in a
similar manner on the Bcl−2/BAX ratio [31]; in addition, the C30−triazole derivative of BA
synthesized by our group [13] also revealed similar results, certifying for the first time that
such compounds were able to induce apoptosis. Therefore, our findings were consistent
with these previously published data and, due to similar structures to the above−mentioned
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triazole derivatives, we may assume that the currently reported compounds also caused
the disruption of mitochondrial membrane potential.

Subsequently, the mitochondrial function was evaluated through high respirometry
after the treatment of both malignant melanoma and normal cells with compounds 4a and
4b; the results revealed the inhibition of mitochondrial respiration in RPMI−7951 cells,
while normal HaCaT cells mitochondrial respiration remained unaffected. These results
were consistent with previous data that reported a decreased mitochondrial activity in A375
melanoma cells for betulinic acid alone; BA considerably reduced all respiratory parameters:
routine, baseline, active, leak, and maximum uncoupled respiration [38]. A similar effect in
terms of mitochondrial respiration was observed when benzotriazole esters of triterpenic
acids were tested against the A375 melanoma cell line; all tested compounds were able
to inhibit respiratory rates thus causing mitochondrial dysfunction and cell death [31].
As previously stated, mitochondrial malfunction and ATP production impairment had a
beneficial impact in cancer cells, and any drugs that may have generated such alterations
at the mitochondrial level could be regarded as prospective cancer therapy approaches.

The HET−CAM assay assessed the irritation potency and toxicity of 4a and 4b, which
did not interfere with the circulation process and did not produce any impairment on the
vascular plexus. The application of CAM assay was an easy way to study intact tissues
including capillaries, arteries, and veins; various chemicals may have come in direct contact
with CAM, triggering inflammatory reactions such as: hemorrhage, lysis, and coagulation.
The test was a reliable opportunity to predict the irritant character of given compounds and
could select irritating and non−irritating substances [39]. According to the Luepke score,
the tested compounds did not show any irritation potential, and therefore, were suitable
for mucosal and cutaneous use.

4. Materials and Methods

4.1. Reagents

All reagents for both chemical and biological procedures were purchased from Sigma
Aldrich (Merck KGaA, Darmstadt, Germany) and further used without additional purification.

4.2. Chemistry
4.2.1. Instruments

The NMR spectrometry was conducted by using a Bruker NEO 400 MHz Spectrometer
configured with a 5 mm QNP direct detection probe with z−gradients. All spectra were
registered within standard parameters in DMSO−d6 or CDCl3 and calibrated on the solvent
residual peak (1H: 2.51 ppm for DMSO−d6 or 7.26 ppm for CDCl3; 13C: 39.5 ppm for
DMSO−d6 or 77.0 for CDCl3). Melting points were recorded on a Biobase melting point
instrument (Biobase Group, Shandong, China); thin−layer chromatography was conducted
on 60 F254 silica gel−coated plates (Merck KGaA, Darmstadt, Germany). LC/MS spectra
were recorded by using methanolic solutions on an Agilent 6120 Quadrupole LC/MS
system (Santa Clara, CA, USA) equipped with a UV detector, an ESI ionization source
and a Zorbax Rapid Resolution SB−C18 (1.8 μm; 50 2.1 mm) column in the negative ion
mode; the samples were analysed at 0.4 mL/min, 25 ◦C, and l = 250 nm. The mobile phase
contained a 1 mM isocratic combination of 85% methanol with 15% ammonium formate.

4.2.2. General Synthesis for 5−Substituted−1H−1,2,4−Triazole−3−Thiols

The synthesis of 5−R−1,2,4−triazole−3−thiol was accomplished according to previ-
ously published protocols [14]. A total of 20 mmoles of thiosemicarbazide were dissolved in
50 mL DMF under magnetic stirring, followed by the addition of 22 mmoles pyridine and
20 mmoles aroyl chloride. Magnetic stirring was continued at room temperature for 30 min
before the temperature was raised to 50 ◦C and maintained for approximately 1 h; the end-
point of the reaction was validated by TLC. The resulting aroyl−thiosemicarbazides were
precipitated with aqueous HCl, filtered, and dried. 5−substituted−1H−1,2,4−triazole−3−
thiols were obtained by cyclizing 10 mmoles of obtained aroyl−tiosemicarbazide in ethano-
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lic NaOH at reflux, until TLC control indicated the end of the reaction. The resulting
5−substituted−1H−1,2,4−triazole−3−thiols were precipitated using HCl.

5−(4−methoxyphenyl)−1H−1,2,4−triazole−3−thiol (3a); white powder, m.p. 234−237 ◦C
(uncorrected), yield 60%; 1H NMR (400.13 MHz, DMSO−d6, δ, ppm): 13.70 (s, 1H), 13.56 (s, 1H),
7.85 (d, J = 8.6 Hz, 2H), 7.07 (d, J = 8.6 Hz, 2H), 3.81 (s, 3H); 13C NMR (100.6 MHz, DMSO−d6, δ,
ppm): 165.6, 161.0, 150.1, 127.3, 117.8, 114.5, 55.4. LC−MS Rt = 0.427 min, m/z = 206 [M−H+]−.

5−[4−(dimethylamino)phenyl]−1H−1,2,4−triazole−3−thiol (3b); white powder, m.p.
282−287 ◦C (uncorrected), yield 70%; 1H NMR (400.13 MHz, DMSO−d6, δ, ppm):
13.39 (br s, 2H), 7.72 (d, J = 8.9 Hz, 2H), 6.76 (d, J = 8.9 Hz, 2H), 2.96 (s, 6H); 13C NMR
(100.6 MHz, DMSO−d6, δ, ppm): 165.1, 151.4, 150.9, 126.7, 112.4, 111.7, 39.7 (overlapped
with the residual solvent peak). LC−MS Rt = 0.49 min, m/z = 219 [M−H+]−.

4.2.3. Synthesis Procedure for 3β−O−Acetyl−30−Bromobetulinic Acid

BA was subjected to acetylation according to the modified version of the procedure
previously described by Petrenko et al. [15], which involved the reaction between 1 (1 Eq)
and acetic anhydride (4 Eq) in a medium of pyridine, while also adding DMAP (0.1 Eq);
the mixture was stirred for 12 h at room temperature. The resulting mixture was initially
diluted with water and further extracted with CHCl3. Anhydrous MgSO4 was used to dry
the organic phase, followed by the removal of the remaining solvent in a rotary evapora-
tor. Afterward, 1.78 g of recently recrystallized NBS (10 mmoles) was added to 2.5 g of
3−O−Acetyl−betulinic acid (5 mmoles) that had been solubilized in 50 mL CCl4. The reac-
tion continued under stirring for 48 h at room temperature followed by filtration, solvent
removal, and chromatographic separation over silica using a 40:1 volume ratio of CHCl3
and ethyl acetate. The spectral data collected for 3β−O−Acetyl−30−bromobetulinic acid
were reported by our group in a previously published paper [13] and were aligned with
the existing literature [10].

4.2.4. General Synthesis for 30−Triazole Substituted BA Derivatives

In total 5 mL DMF were added to 0.3 mmoles anhydrous K2CO3 and 0.2 mmoles
3β−O−Acetyl−30−bromobetulinic acid and magnetically stirred for 10 min at 25 ◦C;
after the addition of 0.2 mmoles 5−R−1H−1,2,4−triazole−3−thiol, the mixture continued
to be stirred for another 72 h at 25 ◦C. In the next step, 50 mL of water were added to
the mixture, which was then extracted with CHCl3 (4 × 15 mL). The organic phase was
dried using anhydrous MgSO4, the solvent was removed, and the crude product was then
chromatographed using 2:1 CHCl3: ethyl acetate (v/v).

3β−O−Acetyl−30−[5−(4−methoxyphenyl)−1H−1,2,4−triazol−3−yl)−sulfanyl]−betulinic
acid (4a); white crystalline powder, yield 22%; 1H NMR (400.13 MHz, CDCl3, δ, ppm): 8.01 (d,
J = 8.5 Hz, 2H), 6.84 (d, J = 8.8 Hz, 2H), 5.09, (s, 1H), 4.97 (s, 1H), 4.44 (dd, J = 6.0 Hz, J= 9.6 Hz,
1H), 3.91 (AB spin system, J = 14.0 Hz, 2H) 3.82 (s, 3H), 3.01 (td, J = 4.3 Hz, J = 11.3 Hz, 1H),
2.28 (d, J = 11.9 Hz, 1H), 2.17−2.09 (m, 2H), 2.04 (s, 3H), 1.92 (dd, J = 8.2 Hz, J = 12.9 Hz, 1H),
1.72 (t, J = 11.1 Hz, 1H), 1.57−1.14 (m, 15H), 0.97−0.72 (m, 21H); 13C NMR (100.6 MHz, CDCl3,
δ, ppm): 180.8, 171.3, 161.9, 155.9, 155.8, 149.5, 128.7, 128.4, 114.5, 112.2, 81.1, 56.3, 55.4, 50.7,
50.3, 43.8, 42.4, 40.7, 38.3, 37.8, 37.1, 36.8, 34.2, 32.7, 32.0, 29.7, 27.9, 27.0, 23.7, 21.4, 21.0, 18.2,
16.5, 16.2, 16.0, 14.7. LC−MS Rt = 1.85 min, m/z = 703 [M−H+]−.

3β−O−Acetyl−30−{5−[4−(dimethylamino)phenyl]−1H−1,2,4−triazol−3−yl)sulfanyl}−
betulinic acid (4b); pale yellow crystalline powder, yield 25%; 1H NMR (400.13 MHz, CDCl3,
δ, ppm): 7.86 (d, J = 8.7 Hz, 2H), 6.73 (d, J = 8.1 Hz, 2H), 5.08, (s, 1H), 4.96 (s, 1H), 4.44 (dd, J
= 5.9 Hz, J= 9.8 Hz, 1H), 3.87 (s, 2H), 3.02−2.99 (m, 7H), 2.28 (d, J = 12.0 Hz, 1H), 2.20−2.10
(m, 2H), 2.04 (s, 3H), 1.93 (dd, J = 7.8 Hz, J = 13.1Hz, 1H), 1.72 (t, J = 11.2 Hz, 1H), 1.57−1.00
(m, 15H), 0.94−0.73 (m, 21H); 13C NMR (100.6 MHz, CDCl3, δ, ppm): 180.7, 171.2, 157.7,
157.3, 151.4, 149.9, 129.0, 128.0, 112.3, 111.7, 81.1, 56.4, 55.4, 50.6, 50.3, 44.0, 43.5, 42.4, 40.7,
40.5, 38.3, 37.8, 37.1, 36.9, 34.2, 32.6, 32.1, 29.7, 27.9, 26.9, 23.7, 21.4, 21.0, 18.2, 16.5, 16.2, 16.0,
14.7. LC−MS Rt = 1.97 min, m/z = 716 [M−H+]−.
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4.3. Cell Culture

Immortalized human keratinocytes HaCaT (CLS Cell Lines Service GmbH, Eppel-
heim, Germany), human malignant melanoma RPMI−7951, human colorectal adeno-
carcinoma HT−29, and human lung carcinoma A549 (ATCC® HTB−66™, HTB−38™,
and CCL−185™, American Type Culture Collection ATCC, Lomianki, Poland) cell lines
were selected for this study. DMEM, EMEM, McCoy’s 5A Medium, and F−12K Medium
(Kaighn’s Modification of Ham’s F−12 Medium), respectively, were used to culture BaCaT,
RPMI−7951, HT−29, and A549 cells; 10% FBS and 1% penicillin/streptomycin mixture
(10,000 IU/mL) were added to all media. All experimental procedures were conducted
under standard conditions consisting in incubation at 37 ◦C under 5% CO2 atmosphere.

4.4. Cellular Viability

The 3−(4,5−dimethylthiazol−2−yl)−2,5−diphenyltetrazolium bromide (MTT) was
used to assess cell viability. Briefly, the different types of cells were seeded in 96−well
plates (1 × 104 cells/well) followed by stimulation with 0.08, 0.4, 2, 10, 25, and 50 μM
of the tested compounds (1−4b) previously solubilized in 0.5% DMSO. An amount of
10 μL/well MTT reagent were added to the plates after a 48 h stimulation period; the plates
were then maintained at 37 ◦C for 3 h, followed by the addition of solubilization buffer
(100 μL/well). The absorbance values were read at 570 nm using a xMark™ Microplate
Spectrophotometer, Bio−Rad. All experiments were conducted in triplicate allowing for
the presentation of data as mean values ± SD.

4.5. Immunofluorescence Assay

The 4, 6′−Diamidino−2−Phenylindole (DAPI) staining was used to assess the in-
dicative signs of apoptosis; briefly, RPMI−7951 cells (1 × 106 cells/well) were stimulated
for 48 h with tested compounds (4a, 4b) using concentrations matching their respective
IC50 values. Cells were fixated with 4% paraformaldehyde, permeabilized with 2% Tri-
ton X−100 in PBS and then washed 3 times with cold PBS, the cells were blocked for 1h
at 25 ◦C using 30% FCS in 0.01% Triton X. In the final step, the cells were treated with
300 nM DAPI and microscopically assessed by using the Olympus IX73 inverted microscope
(Olympus, Tokyo, Japan) equipped with CellSens V1.15 software.

4.6. Mitochondrial Respiration Assessment

Mitochondrial respiration was evaluated at 37 ◦C by high resolution respirometry
(HRR, Oxygraph−2k Oroboros Instruments GmbH, Innsbruck, Austria) using a previously
described modified substrate uncoupler−inhibitor titration (SUIT) protocol [40]. Malignant
cells (RPMI−7951, HT−29, A549) were cultured until reaching 80−85% confluence and
treated for 48 h with compounds 4a and 4b (at their respective IC50 values). Cells were
then washed with PBS, trypsinized, counted, and resuspended (1 × 106/mL cells) in
mitochondrial respiration medium (MIRO5: EGTA 0.5 mM, taurine 20 mM, K−lactobionate
60 mM, MgCl2 10 mM, D−sucrose 110 mM, HEPES 20 mM, 3mM KH2PO4, and BSA
1 g/l, pH 7.1). Cells were introduced in the respirometric device in the presence of MIRO5
and maintained under the oxygen flux for 15 min when routine respiration was recorded
followed by basal respiration (State2CI), after the addition of digitonine (35 μg/l × 106 cells,
a cell membrane permeabilizer) and CI substrates: glutamate (10 mM) and malate (5 mM).

The addition of ADP (5 mM) allowed for the measurement of the active respiration
reliant on CI (OXPHOSCI), and the addition of succinate (10 mM), a CII substrate, allowed
for the measurement of the active respiration reliant on both CI and CII (OXPHOSCI + CII).
The assessment of LEAK respiration dependent on CI and CII (State4CI + II) was enabled
by the consecutive suppression of complex V with oligomycin (1 g/mL). Subsequently,
successive titrations with p−(trifluoromethoxy) phenylhydrazone carbonyl cyanide −
FCCP (1 M/step) led to the measurement of the maximal respiratory capacity of the
electron transport system (ETSCI + II), whereas the addition of rotenone (0.5 M, a CI
inhibitor) ensured the measurement of the maximal respiratory capacity of the ETS that was
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dependent solely on CI (ETSCI). In the last phase of the process, mitochondrial respiration
was suppressed by adding antimycin A (2.5 M), a CIII inhibitor, and residual oxygen
consumption was then measured (ROX) and used to adjust all acquired values.

4.7. Quantitative Real−Time PCR

RPMI−795 cells were treated with compounds 4a and 4b (at their respective IC50 value)
for 48 h. The Quick−RNA™ purification kit (Zymo Research Europe, Freiburg im Breisgau,
Germany) and the TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) were
used to isolate the total RNA. Total RNA transcription was conducted using a Maxima® First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Quant Studio
5 real−time PCR system (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to
conduct the quantitative real−time PCR analysis, in the presence of Power SYBR−Green
PCR Master Mix (Thermo Fisher Scientific, Inc.). The primer pairs used were acquired from
Thermo Fisher Scientific Inc. (Waltham, MA, USA) and were as follows: 18 S (forward:
5′GTAACCCGTTGAACCCCATT3’ and reverse: 5′CCA−TCC−AAT−CGG−TAGTAG−
CG3′), BAX (forward: 5′GGCCGGGTTGTCGCCCTTTT3′ and reverse: 5′CCGCTCCCGGAG
GAAGTCCA3′) and Bcl−2 (forward: 5′CGGGAGATGTCGCCCCTGGT3′ and reverse: 5′−
GCATGCTGGGGCCGTACAGT−3′). Normalized, relative expression data were calculated
using the comparative threshold cycle (2−ΔΔCt) method.

4.8. Evaluation of Compounds 4a, 4b Irritation Potential Using the HET−CAM Assay

The HET−CAM in vivo protocol was applied in order to assess the safety profile for
use in living tissues; the protocol involved using the developing chorioallantoic membrane
in embryonated chicken (Gallus domesticus) eggs and followed the ICCVAM recommen-
dations [41] tailored to our own circumstances. According to a modified version of the
conventional methodology [42], the eggs were incubated at 37 ◦C and 50% humidity. On
the third day of incubation, 5–6 mL of albumen was extracted, followed by the construction
of a hole in the top of the eggs. On the developing chorioallantoic membrane of the chick
embryo, 300 μL of both the control and test chemicals 4a and 4b were administered at
their respective IC50 values. The CAM alterations were monitored using stereomicroscopy
(Discovery 8 Stereomicroscope, Zeiss), recording significant pictures (Axio CAM 105 color,
Zeiss) before the application and after five minutes of contact with the materials. During
the 5 min, the effect on three parameters, namely hemorrhage, lysis, and coagulability of
the vascular plexus, was detected. Every experiment was conducted in triplicate. The
results were expressed as irritation factor values, calculated using the given formula, and
compared to distillate water as a negative control and SLS 0.5% as a positive control
with an IF of 15.3 (according to the Luepke scale: 0–0.9 non−irritant, 1–4.9 weak irritant,
5–8.9 moderate irritant, and 9–21 strong irritant [19].

IS = 5 × 301 − Sec H
300

+ 7 × 301 − Sec L
300

+ 9 × 301 − Sec C
300

where H = hemorrhage; L = vascular lysis; C = coagulation; Sec H = start of hemorrhage
reactions (s); Sec L = onset of vessel lysis on CAM (s); Sec C = onset of (s).

4.9. Statistical Analysis

The statistical differences vs. control of the cellular viability and quantitative rtPCR
results were determined using one−way ANOVA analysis followed by Dunnett post−test.
For the high−resolution respirometry studies, the statistical differences vs. control of mito-
chondrial respiratory rates were determined using two−way ANOVA analysis followed
by Bonferroni’s multiple comparisons post−test (GraphPad Prism version 6.0.0, GraphPad
Software, San Diego, CA, USA). The difference between groups was considered statistically
significant if p < 0.05 and was marked with * (* p < 0.05, ** p < 0.01, and *** p < 0.001). The
IC50 values were calculated using the GraphPad Prism software (San Diego, CA, USA).
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5. Conclusions

The current paper described the synthesis and cytotoxicity investigation of two novel
aryl substituted−1,2,4−triazole derivatives of betulinic acid against RPMI−7951 (human
malignant melanoma), HT−29 (human colorectal adenocarcinoma), A549 (human lung
carcinoma), as well as healthy human keratinocytes HaCaT cell line. Among all cell lines
subjected to cytotoxicity screening, the two compounds were proven to induce the highest
cytotoxic effects against melanoma cells (IC50: 18.8 μM for 4a and 20.7 μM for 4b) and
were more cytotoxically active than their parent compounds as well. Bot derivatives
also induced apoptotic related nuclear changes, induced a pro−apoptotic fold change
expression in the Bcl−2/BAX gene ratio, and impaired mitochondrial function. While the
antiproliferative biological evaluation indicated that C30 substitution using 1,2,4−triazole
was highly advantageous for the overall antiproliferative potential, especially against
melanoma, the synthetic procedure needs future adjustments in order to produce higher
yields. Nonetheless, BA−1,2,4−triazole derivatives stand as promising scaffolds for the
development of novel heterocyclic triterpenoids with antimelanoma activity.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11010101/s1. Figure S1: 1H NMR spectra of compound 2;
Figure S2: 13C NMR spectra of compound 2; Figure S3: 1H NMR spectra of compound 3a; Figure S4:
13C NMR spectra of compound 3a; Figure S5: 1H NMR spectra of compound 3b; Figure S6: 13C
NMR spectra of compound 3b; Figure S7: 1H NMR spectra of compound 4a; Figure S8: 13C NMR
spectra of compound 4a; Figure S9: 1H NMR spectra of compound 4b; Figure S10: 13C NMR spectra
of compound 4b.
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Abstract: Inflammation is a complex response of the human organism and relates to the onset of
various disorders including diabetes. The current research work aimed at investigating the anti-
inflammatory and anti-diabetic effects of ferruginan, a compound isolated from Olea ferruginea.
Its in vitro anti-inflammatory activity was determined by using the heat-induced hemolysis assay,
while the anti-diabetic effect of the compound was studied by the yeast cell glucose uptake assay.
Ferruginan exhibited a maximum of 71.82% inhibition of inflammation and also increased the uptake
of glucose by yeast cells by up to 74.96% at the highest tested concentration (100 μM). Moreover,
ferruginan inhibited α-amylase dose-dependently, by up to 75.45% at the same concentration. These
results indicated that ferruginan possesses promising anti-inflammatory and anti-diabetic properties
in vitro, even if at high concentrations. To provide preliminary hypotheses on the potentially multi-
target mechanisms underlying such effects, docking analyses were performed on α-amylase and on
various molecular targets involved in inflammation such as 5′-adenosine monophosphate-activated
protein kinase (AMPK, PDB ID 3AQV), cyclooxygenase (COX-1, PDB ID 1EQG, and COX-2, 1CX2),
and tumor necrosis factor alpha (TNF-α, PDB ID 2AZ5). The docking studies suggested that the
compound may act on α-amylase, COX-2, and AMPK.

Keywords: Olea ferruginea; Oleaceae; ferruginan; anti-inflammatory; anti-diabetic; molecular docking

1. Introduction

Diabetes mellitus (DM) comprehends a group of metabolic diseases related to impaired
insulin secretion, insensitivity of the target tissues to insulin, or a combination of these
phenomena. The hallmark feature of DM is uncontrolled hyperglycemia, which causes
severe complications. Additionally, the occurrence of diabetes is aggressively increasing
worldwide, and this condition appears to be related to inflammation [1].

Natural products, especially those derived from plants, have been used for therapeutic
applications towards several diseases from the ancient ages, and there are several examples
of natural compounds being used or investigated as therapeutic agents also in more recent
times [2–4]. In particular, Olea is a genus that comprehends forty common species belonging
to the Oleaceae family. Olea ferruginea is one of the most widespread species of the Olea genus,
which is found in Afghanistan, Pakistan, and Kashmir, as well as in the Mediterranean
region [5].
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A variety of compounds and preparations isolated from Olea plants have been tradi-
tionally used to treat various diseases, and native peoples use its stem bark to treat fevers.
The bark and oil of this plant have been utilized to treat diabetes, headache, and asthma [5].
O. ferruginea also finds application as an antimalarial, anti-leprosy, and antitumor agent in
traditional medicine, and the O. ferruginea fruit oil can treat arthritis and bone fractures [6].
More specifically, the fruits of O. ferruginea are a source of antioxidants, antidiabetic, and
antihypertensive agents. Traditionally, O. ferruginea has shown antimalarial, anti-leprosy,
and antitumor activity [6].

The Olea genus is a rich source of many natural compounds such as flavonoids
and other phenolic substances including secoiridoid glycosides, lignans, and other com-
pounds [7]. Secoiridoid and triterpenoids were previously identified in O. ferruginea, and
their cytotoxic and alkaline phosphatase inhibitory activities were studied. A flavanone
and a secoiridoid glycosidic lignin ester were also reported as components in the Olea
genus [8]. Oleanolic acid, a biologically active compound isolated from the chloroform
extract of O. ferruginea R., was shown to exhibit antitumor, antimicrobial, hepatoprotective,
and antiallergic potential [9,10], while neuroprotective effects were observed in a focal
brain hypoxia rat model [11]. Olea europaea and other species have also potent antiviral
activity against several viruses [8]. More in general, the leaves of Olea species have been
traditionally used in Mediterranean and European regions for treating hypertension, bac-
terial infections, and hyperglycemia in diabetic patients [12]. Similarly, the Olea fruit has
been reported to have antihyperglycemic action in cell cultures and animal models [8].

On such basis, the present study aimed at investigating ferruginan from O. ferruginea
for its in vitro anti-inflammatory and anti-diabetic activity.

2. Results

2.1. Extraction and Characterization of Ferruginan

The ethyl acetate fraction of O. ferruginea extract was subjected to normal-phase liq-
uid chromatography, which yielded purified ferruginan (Figure 1). We obtained 1.02 g
of compound from 7.00 kg of dried plant material (extraction yield: 1.46 × 10−2% w/w).
Ferruginan identity was initially checked by precoated TLC visualized under UV light.
The structure of the isolated compound was identified previously by our research group
through UV analysis, advanced NMR analysis, and mass spectrometry, and the spectra
were in agreement with reported literature data [6]. In particular, the UV spectrum showed
maximum absorption at 230 and 283 nm, and the structure of ferruginan was fully sup-
ported by 2D-NMR spectral data such as HSQC, HMBC, and COSY spectra, which were
closely related to those reported [6,13].

 

Figure 1. Chemical structure of ferruginan isolated from O. ferruginea.
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It must be noted that ferruginan was previously investigated as a cytotoxic agent and
showed mild cytotoxic activity in MCF-7 cells (IC50 = 10.41 μg/mL) [6]. Moreover, our
group evaluated ferruginan as a potential leishmanicidal and antioxidant compound [6,13].

In the present study, the anti-inflammatory and anti-diabetic actions of ferruginan
isolated from O. ferruginea were investigated using in vitro models, and such studies were
paralleled by preliminary computational simulations.

2.2. In Vitro Anti-Inflammatory Activity

The role of ferruginan on membrane stabilization was evaluated by measuring the in-
hibition of the lysis of human red blood cells’ (HRBCs) membrane at high temperature. This
method is adopted to evaluate the anti-inflammatory effect of a molecule. The hemoglobin
level in the samples was measured, and the experiment showed that ferruginan inhibited
inflammation. For comparison, the standard drug diclofenac sodium was used as a refer-
ence in the experiment. Various concentrations of the compound were used, i.e., 10, 20, 30,
40, 50, 80, and 100 μM, which showed 10.96%, 21.89%, 38.74%, 50.61%, 59.75%, 65.91%, and
71.82% of inhibition, respectively. An IC50 value of 53.91 μM was calculated for ferruginan.
Concerning the positive control, diclofenac sodium was used at 10, 20, 30, 40, 50, 80, and
100 μM concentrations, which showed 32.66%, 64.23%, 73.80%, 77.38%, 78.57%, 80.95%, and
85.71% of inhibition, respectively. Figure 2 shows the results of the test, demonstrating that
the activity of ferruginan paralleled that of the standard. The minimum rate of inhibition
for ferruginan was measured at 10 μM (10.96%), while the maximum rate of inhibition was
shown at 100 μM and was 71.82%.
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Figure 2. Effect of ferruginan, in comparison with diclofenac sodium (standard), in the heat-induced
hemolysis assay. Experiments were performed in triplicate, and values are reported as mean ± SD.

2.3. In Vitro Anti-Diabetic Activity

To study the effects of ferruginan on glucose uptake in yeast cells in a 5 mM glucose
solution, various concentrations of the compound (from 5 μM to 100 μM) were tested.
Impaired glucose uptake by cells is one of the hallmarks of diabetes, and insulin-sensitizing
antihyperglycemic agents act by facilitating the action of insulin in promoting glucose
distribution. The studied compound increased glucose uptake from 6.71% to 74.96% in
yeast cells at 5 μM and 100 μM, respectively, showing an EC50 value of 47.12 μM and
indicating that the observed effect was dose-dependent. The standard drug metronidazole
has also a pronounced effect on glucose uptake by yeast cells. According to the assay,
there was an increase from 17.09% and 85.71% in glucose uptake at 5 μM and 100 μM of
metronidazole, respectively. The results of the test are reported in Figure 3, which shows
that the activity of the tested compound paralleled that of the standard.

41



Processes 2023, 11, 545

 

0 5 10 15 20 25 30 40 50 80 100
0

20

40

60

80

100

Glucose Uptake By Yeast Cell Assay

Concentration (μM/ml)

%
G

lu
co

se
 A

bs
or

pt
io

ns
G
lu
co
se
ab
so
rp
tio
n
(%
)

Concentration (μM)

Ferruginan

Metronidazole

Figure 3. Results of the glucose yeast uptake assay (5 mM glucose) for ferruginan and metronidazole
(standard). Experiments were performed in triplicate, and values are reported as mean ± SD.

2.4. α-Amylase Inhibition Assay

Noteworthy results were produced by ferruginan also in the α-amylase inhibition
assay. More specifically, the activity of the compound was determined at increasing
concentrations, i.e., 10, 20, 40, 60, 80, and 100 μM, for which the recorded inhibition
percentage was 12.51%, 15.32%, 31.90%, 50.12%, 67.68%, and 75.45%, respectively. The
compound expressed an IC50 value of 43.47 μM. Acarbose was used as a reference and, at
100 μM, inhibited the enzyme activity by 87.85%. The results of dose-dependent enzyme
inhibition are reported in Figure 4, together with a representative model of the interaction
of acarbose and ferruginan with the protein.

Figure 4. Effect of ferruginan on α-amylase activity at various concentrations. Acarbose was used as
a standard; the experiments were performed in triplicate, and the values are reported as mean ± SD
(a). Representative model showing the interaction of ferruginan (green, docked pose −7.6 kcal/mol),
in comparison with co-crystallized acarbose (black), with α-amylase (1B2Y, artwork produced with
UCSF Chimera) (b).

2.5. Molecular Docking towards Targets Involved in Inflammation

In the subsequent step of this study, we aimed at exploring the mechanism(s) of
action through which ferruginan may exert the observed biological effects, by means of
computational tools.

Target pathway prediction tools were utilized to hypothesize the involved molecular
mechanisms. According to the ligand-based study carried out using PathwayMap [14],
ferruginan was predicted to target several pathways. Nevertheless, the five mechanisms
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for a which a higher score was computed were “signal transduction” (in particular, cAMP
pathway, score 0.174), “endocrine system” (in particular, insulin secretion, score 0.158), “cell
proliferation” (score 0.135), “amino acid metabolism” (in particular, lysine degradation,
score 0.121), and “cardiovascular disease” (score 0.101).

Then, in our preliminary docking study, we considered four molecular targets known
to be involved mainly in inflammation but also in diabetes to perform the docking studies.
More in detail, 5′-adenosine monophosphate-activated protein kinase (AMPK), cyclooxy-
genase-1 (COX-1), cyclooxygenase-2 (COX-2), and tumor necrosis factor alpha (TNF-α)
were thus selected. The tree-dimensional (3D) crystal structures of all the target macro-
molecules were obtained from the Protein Data Bank (PDB). The PDB codes of the down-
loaded enzymes are the following: 3AQV (for AMPK), 1EQG (For COX-1), 1CX2 (COX-2),
and 2AZ5 (for TNF-α) [15–18]. After the preparation of the downloaded models, their na-
tive ligands were redocked into the binding pockets of their respective proteins to validate
the docking protocols, and procedures leading to RMSD values lower than 2.0 Å were used
for further studies.

The docking simulations showed that in the binding site of AMPK, the native ligand
interacts with Val96 via hydrogen bond interactions, while Tyr95 (π-π stack) and Met93 (π-
sulfur) form hydrophobic interactions. Ferruginan forms three hydrogen bonds with Val96,
Glu100, and Asp103, while Tyr95 establishes π–π stacking as a hydrophobic interaction.
The binding energy value computed for ferruginan was −7.67 kcal/mol. Overall, the two
compounds establish a similar interaction pattern with the target and bind to the same
region of the protein, as depicted in Figure 5.

 

(a)

(b) (c)

Figure 5. Predicted interaction pattern, in terms of involved residues, for (a) the native ligand and (b)
ferruginan in the binding site of AMPK. The involved residues are highlighted, and the amino acids
targeted by ferruginan are also reported in panel (c).
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For investigating its role in the context of the inflammatory response, ferruginan was
also docked into the binding sites of COX-1 and COX-2. In the binding site of COX-1,
hydrogen bond interactions with Leu352 were highlighted, while Val349, Ile523, and Ala52
appeared to interact via π–σ interactions (Figure 6a). In the binding site of COX-2, the
hydroxyl group appeared oriented towards the COX-2 specific pocket and to form hydrogen
bond interactions with His90 and Ser353. A weak π–alkyl interaction was also observed
between the phenyl ring and Val523, an important residue of this pocket. Tyr385 was also
shown to interact with the compound via a hydrogen bond (Figure 6b). The computed
binding energy values in the binding site of COX-1 and COX-2 were −4.81 kcal/mol and
−7.36 kcal/mol, respectively. Eventually, in the binding site of TNF-α, ferruginan was
found to interact with amino acid residues via hydrogen bond interactions. The residues
involved in the interaction were identified as Ser60, Gly121, and Tyr151 (Figure 6c). The
computed binding energy value for ferruginan in this site corresponded to −6.16 kcal/mol.

(a)

(c)

(e)

(b)

(d)

(f)

Figure 6. Predicted interaction pattern, in terms of involved residues, for ferruginan with COX-1
(a,b), COX-2 (c,d), and TNF-α (e,f). The targeted amino acids are highlighted, and 2D interaction
maps are reported.
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3. Discussion

O. ferruginea is a medicinal plant traditionally used to treat different diseases and
conditions such as teeth problems, fever, skeleton disorders, debility, and even cancer cell
proliferation [10]. Its bark possesses antidiabetic and cytotoxic potential. It has also been
reported as a possible tool to treat asthma, rheumatism, wounds, and malaria, and its dried
fruits are used for lowering the blood glucose level [19].

Inflammation is a complex response of the body that acts against various damages in
cells, tissues, and organs caused by stimuli such as mechanical injuries, allergens, burns,
microbial infections, and other toxic substances which activate macrophages, leukocytes,
mast cells, and complement factors [20]. Diabetes is related to inflammation, and the
treatment of DM in the current scenario is mainly based on parenteral insulin and oral
anti-diabetic drugs. Due to the serious side effects of oral hypoglycemic agents, there
is a need to search newer anti-diabetic agents having minimum side effects and high
therapeutic efficacy [21]. In Pakistan, medicinal plants are mostly used locally by the rural
population, since the soil is rich in this natural resource, especially in northern areas, where
lush green mountains still host unidentified wild plants. It is of primary relevance to gain
a deep knowledge concerning herbs and their constituents, especially considering their
therapeutic activity and potential synergistic effects with other drugs [22].

Ferruginan is a compound that, according to its physico-chemical properties calculated
using SwissADME, can be defined as drug-like. This molecule is predicted to be moderately
soluble in water. As reported in Supplementary Information, ferruginan falls within the
ideal chemical space in terms of lipophilicity, size, polarity, solubility, degree of instauration,
and flexibility for a drug-like compound (Figure S1) [23].

The effect of ferruginan from O. ferruginea on HRBC membrane stabilization was
tested by measuring the hemoglobin level in the samples after inhibiting HRBC membrane
hemolysis at high temperatures. Ferruginan counteracted inflammation by reducing the
hemolysis of HRBCs at high temperature dose-dependently. For comparison, diclofenac
sodium was used as a standard drug [24]. The maximum degree of inhibition for ferruginan
was reached at 100 μM (71.82%).

Then, to study the effect of the compound on glucose uptake by yeast cells in a 5 mmol
glucose solution, various concentrations of the isolated molecule (from 5 μM to 100 μM)
were tested. In fact, the utilization of carbohydrates is greatly affected by DM, which
leads to an imbalance in the metabolism of lipids [25]. The compound dose-dependently
increased the uptake of glucose to a maximum of 74.96% at 100 μM. The standard drug
metronidazole, which was used as a reference, had an even more marked effect on glucose
uptake, leading to an increase of up to 85.71% in yeast cells at a 100 μM concentration.

Moreover, ferruginan inhibited α-amylase, an enzyme that breaks polysaccharides
to produce glucose and maltose, dose-dependently and by up to 75.45% at 100 μM, in a
range similar to that of the control compound acarbose. This evidence further supports the
potential role of ferruginan as an anti-diabetic agent.

Then, we performed ligand-based target prediction studies which highlighted that
inflammation and glucose degradation pathways may indeed be involved in the activity of
ferruginan. Moreover, preliminary docking data showed that ferruginan binds to the same
pocket occupied by acarbose in the enzyme.

In general, the causes and risk factors of diabetes are genetic and environmental
conditions. The deregulation of the immunological and inflammatory systems increases
the vulnerability to type 1 and type 2 diabetes, according to evidence from the past 10 years.
On this basis, by means of computational tools, we explored the mechanism of action of
ferruginan isolated from O. ferruginea. For this purpose, we selected four molecular targets
for the docking studies. AMPK is considered a key target to design drugs against obesity,
metabolic syndrome, and type 2 diabetes. Detailed views of the predicted interaction
patterns of ferruginan with the studied targets are reported in Supplementary Information
(Figures S2–S5).
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These computational studies carried out on various macromolecular targets involved
in the abovementioned diseases suggested that ferruginan may preferentially act through
the interaction with COX-2 and AMPK, for which the most promising calculated binding
values were retrieved. More specifically, the docking scores computed for ferruginan were
overall not optimal. Nevertheless, it must be considered that the compound indeed showed
the higher number of hydrogen bonds with these two proteins compared to other targets
(Figures 5 and 6).

4. Materials and Methods

4.1. Plant Collection and Processing

The aerial parts of O. ferruginea Royle plants were collected from the Agriculture
Research Institute Tarnab, Peshawar, Khyber Pakhtunkhwa, Pakistan, in the month of May,
and the samples were identified by Dr. Muhammad Ilyas at the Department of Botany,
University of Swabi. The plant was washed with tap water to remove any dust particles
and then was shade-dried. The dried plant material (7.00 kg) was finally grinded to powder
and stored for further processing.

4.2. Extraction and Isolation

For the crude methanolic extract preparation, O. ferruginea powder (7.00 kg) was
suspended in methanol and kept for 7 days at room temperature with occasional mixing
and shaking. After that, all insoluble components were filtered. The filtrate was evaporated
through a rotary evaporator at 45 ◦C to obtain a semi-solid crude extract (87.00 g). Then,
22.54 g of the extract was dissolved in ethyl acetate and then subjected to further purification.
More in detail, silica gel column chromatography was performed after dry loading of the
sample by using hexane and ethyl acetate (75:25) as a mobile phase, affording ferruginan
as an isolated compound (1.02 g). The analytical profile of the extracted compound was in
agreement with data reported previously [6,13].

4.3. In Vitro Anti-Inflammatory Activity

The in vitro anti-inflammatory activity assay was performed to evaluate the heat-
induced hemolysis activity. This test examines the stabilization and lysis of the plasma
membrane of red blood cells. The assay was carried out by the method reported in [24],
with minor modifications. The potency of the compound was tested at high temperature,
measuring the inhibition of RBC membrane lysis through the assay. The experimental
protocol was approved by the Research grants and Experimentation Ethics Committee of
the Department of Zoology, Abdul Wali Khan University, Mardan, on the use of human
tissue samples and blood. Fresh blood was collected from healthy volunteers in EDTA
tubes and centrifuged at 3000 rpm for 15 min. The supernatant was discarded, while the
pellet was washed with an isosaline solution. The process was repeated 3 times until a clear
supernatant appeared. The pellet containing human red blood cells (HRBCs) was used to
prepare a 10% suspension in an isotonic saline solution. Diclofenac sodium in phosphate-
buffered saline (PBS, pH 7.4) was used as a control in this test. The control reaction mixture
contained 100 μL of the 10% blood suspension, 20 μL of distilled water, and 880 μL of PBS
solution. The standard reaction mixture contained 100 μL of the 10% blood suspension
and various concentrations of diclofenac sodium (DS) in PBS solution (10 μg DS + 890 μL
PBS, 20 μg DS + 880 μL PBS, 30 μg DS + 870 μL PBS, and 80 μg DS + 820 μL PBS). The
test sample reaction mixture contained 100 μL of the 10% blood suspension and various
concentrations of the compound in PBS solution (10 μM compound + 890 μL PBS, 20 μM
compound + 880 μL PBS, 30 μM compound +870 μL PBS, and 80 μM compound + 820 μL
PBS). Incubation was performed at 54 ◦C for 30 min, then the samples were centrifuged at
5400 rpm for 5 min. All samples were analyzed in triplicate, and absorbance was analyzed
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through a spectrophotometer (UV5100B, PIOWAY, Nanjing, China) at 560 nm. The formula
used for the determination of the percentage of inhibition of HRBC lysis is reported below:

%inhibition =
Abs(control)− Abs(sample)× 100

Abs(control)
(1)

All the tests were performed in triplicate, and the mean ± SD was calculated.

4.4. In Vitro Anti-Diabetic Activity

The in vitro anti-diabetic activity was tested by determining the glucose uptake using
the yeast cells assay. The assay was performed as per the method described in [17] with
slight modifications. Yeast cells have affinity for glucose uptake and thus they are used
as a model for diabetes. Baker’s yeast was washed by repeated centrifugation in distilled
water till the appearance of a clear supernatant. Then, a 10% colloidal suspension from
the pellet was added to distilled water. Different concentrations of the compound were
incubated with 1 mL of the solution containing glucose (5 mM). All samples were incubated
at 37 ◦C for 10 min, and then the yeast suspension was added to start the reaction. The
samples were vortexed and incubated further for 1 h at 37 ◦C, then they were finally
centrifuged at 3000 rpm for 5 min. The amount of glucose uptake was determined through
a spectrophotometer (UV5100B, PIOWAY, China) at 520 nm. The percentage increase in
glucose uptake in the yeast cells was measured using Formula (1). All the tests were
performed in triplicate, and the mean ± SD was calculated.

4.5. α-Amylase Inhibition Assay

Different concentrations of the compound and the reference standard drug were
incubated with 2 U/mL of porcine pancreatic amylase (500 μL) in phosphate buffer for
20 min at 37 ◦C. Then, 250 μL of 1% starch was added, and the reaction was incubated for
1 h at 37 ◦C. Afterwards, 1 mL of dinitro salicylate reagent was added, and the mixture
was boiled for 10 min. The absorbance was then measured at 540 nm, and the values were
compared to those obtained for the control to calculate the inhibitory activity. Formula (1)
was used for the calculations. All the tests were performed in triplicate, and the mean ±
SD was calculated.

4.6. Molecular Modeling

The physico-chemical parameters were computed using SwissADME [23], and the
target prediction studies were performed using PathwayMap [14].

For the docking studies, the 3D crystal structures of all the target macromolecules
were obtained from PDB (https://www.rcsb.org/ accessed on 23 December 2022). The PDB
codes of the downloaded enzymes are: 3AQV (AMPK), 1EQG (COX-1), 1CX2 (COX-2), and
2AZ5 (TNF-α). For α-amylase, shown in Figure 4, the 1B2Y model was used. The ligand
and downloaded targets were prepared by using previously reported procedures [18,19].
The docking studies were carried out by using Molecular Operating Environment (MOE
2016.0802). The downloaded proteins were prepared and 3D protonated by using the
“Prepare” module of MOE. Energy minimization was carried out by using AMBER 10EHT
forcefield. For the docking simulations, docking grids were determined within 10 Å from
the co-crystallized ligands. For all the ligands, 10 conformations were generated, and the
top-ranked conformations based on the docking score were selected. Ligand interaction
and visualization were carried out via Discovery Studio Visualizer (BIOVIA, Dassault
Systèmes, San Diego, CA, USA) and UCSF Chimera, which were also used for the analysis
of the docking results [26].

5. Conclusions

The present study on ferruginan extracted from O. ferruginea demonstrates that this
natural compound has anti-inflammatory and anti-diabetic multi-target potential, as proved
by a set of in vitro assays, including the α-amylase inhibition test, supported by computa-
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tional data. Ligand-based target prediction and preliminary docking studies suggest that
ferruginan may act on various molecular targets involved in diabetes and inflammation. On
the other hand, it must be observed that the compound showed promising bioactivity, ac-
cording to the tests performed on inflammation, glucose uptake, and α-amylase inhibition,
only at rather high concentrations. This suggests that optimization of the small molecule
is mandatory, as higher potency is needed for a future development as a drug candidate.
Moreover, it must be stressed that while this study paved the way for the investigation of
the bioactivity of ferruginan through computational and experimental evidence, further
in vitro and in vivo studies are needed to fully assess the pharmacological potential and
safety of this natural compound.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11020545/s1, Figures S1–S5: computational studies and inter-
action pattern of native ligands and docked compounds.
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Abstract: Breast cancer is the most prevalent type of malignancy among females as per the report
of the World Health Organization. There are several established chemotherapeutic regimes for the
clinical management of different solid cancers; however, the after-effects of these therapeutics serve
as a significant limiting factor. The natural triterpenoid compound, gedunin is one of the principal
phytoconstituent found in Azadirachta indica. In this study, we have investigated the anticancer poten-
tial of gedunin against human breast cancer MDA-MB-231 and MCF-7 cells. Based on computational
studies, gedunin exhibited significantly higher binding affinity of −7.1 and −6.2 Kcal/mol towards
Janus kinase (JAK) and STAT proteins, respectively. Further, the anticancer potential of gedunin
against human breast cancer was studied using hormone-independent and -dependent MCF-7 and
MDA-MB-231 cell lines, respectively. The results indicated that gedunin inhibited the growth and
multiplication of both MCF-7 and MDA-MB-231 cells. The nuclear fragmentation and ROS were
qualitatively enhanced in the treated MCF-7 and MDA-MB-231 cells in comparison to untreated
cells. The caspase-3 level was significantly enhanced with a concomitant decline in JAK1 and STAT3
mRNA expression. Based on these results, gedunin might be considered as a potential therapeutic
lead against hormone-dependent and -independent breast cancer MCF-7 and MDA-MB-231 cells,
respectively. However, further detailed mechanistic studies are warranted to conclusively establish
the anti-breast cancer effects.

Keywords: natural compound; anticancer; breast cancer; caspase-3; Janus kinase1/STAT3

1. Introduction

Breast cancer, as per the World Health Organization, represents the most common
carcinoma among females globally. The latest report by Global Cancer Observatory found
that 2,261,419 new cases of breast carcinomas were reported during 2020, constituting
nearly 11.7% of all the diagnosed 19,292,789 cases of various cancers globally. Subse-
quently, the report also stated that breast cancer was the reason behind 6.9% of deaths from
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9,958,133 cancer-associated demises globally in 2020 [1]. At the molecular biology level,
breast cancer exhibits considerable heterogeneity and is thus differentiated into various
subtypes based on the presence and absence of various receptors. Exhaustive investigations
costing billions of dollars have resulted in a better understanding of breast carcinoma’s
proliferation, invasiveness, and metastasis. These have further led to the development of fre-
quently used adjuvant chemotherapeutic regimes, including docetaxel/cyclophosphamide,
adriamycin/cyclophosphamide, and adriamycin/cyclophosphamide with combinatorial
administration of paclitaxel. However, these regimes also have adverse clinical side ef-
fects [2]. Apart from the chemotherapy, endocrine therapy had long been recognized as a
powerful and important adjuvant treatment for women with hormone receptor–positive,
early-stage breast cancer. Many randomized clinical trial data demonstrated the benefit of
ovarian function suppression, tamoxifen, and aromatase inhibitors alone, in combination,
and sequentially, of different durations, and according to menopausal state and risk. More-
over, recent data provided evidence of the role of adjuvant CDK-4/-6 inhibitor/endocrine
therapy combinations for those with high- and intermediate-risk disease [3]. Indeed, it has
previously been reported that a combination of anticancer chemotherapeutics exerts supe-
rior therapeutical efficacy by improving the survival rate and reducing treatment-associated
pain compared to a single chemotherapeutic [4]. Nevertheless, the adverse effects of these
combinatorial chemotherapeutics cannot be overlooked since these, apart from cancer cells,
also adversely affects normal healthy cells [5]. Intriguingly, breast cancer chemotherapy
was recently found to be associated with the instigation of several complications, including
cardiopathy, in patients [6].

Since ancient times, plants are not only a source of nutrition but have also been ex-
tensively used in the treatment of various ailments. The plants and their various isolated
secondary metabolites have been substantially investigated for their anticancer potential
apart from various other pharmacological characteristics [7]. One such natural compound
is gedunin belonging to limonoid falling in various genera of the Meliaceae family, such
as Carapa, Cabralea, Azadirachta, and Guarea [8]. In the epicarp of the fruit Azadirachta
indica A. Juss, gedunin was abundantly reported [9]. Indeed, various pharmacological
attributes have been previously associated with gedunin, which include anti-inflammatory,
anti-allergic, anticancer, and antimalarial properties, among others [10]. Concerning breast
cancer, previously anticancer effects of plants and their parts, along with purified com-
pounds usually considered nutritive, are reported to be biologically active and possess
pharmacological properties [10,11]. Limonoid is a particularly important bioactive phyto-
compound found abundantly in several member genera of the family Meliaceae. Among
several other bioactive compounds extracted from Azadirachta indica or Indian neem, as
presented in Figure 1, gedunin (C28H34O7) is a member of the tetranotriterpenoid family,
which has been explored for its anticancer effects against different cancer cell lines from
colon, prostate, and ovarian origin [12–14]. Gedunin chemically acts as a reactive-thiol
electrophile that activates the heat shock response by a mechanism closely similar to celas-
trol. Gedunin is readily soluble in organic solvents such as ethanol and DMSO; however, it
is known for its poor solubility in water. Gedunin has also been previously documented
for several pharmacological properties, including anti-allergic, neuroprotective effects,
anti-inflammatory, antimalarial, and anticancer attributes [15]. Multiple studies have
demonstrated that gedunin holds the therapeutic potential for the treatment of various
cancers and its underlying mechanistic action is extensively studied. Furthermore, previous
preclinical studies have shown that gedunin is capable of treating carcinomas of various
organs such as lung, brain, colon, pancreas, stomach, ovary, prostate, and stem cells [9].
However, subsequent studies are warranted to provide a better understanding relating to
the specific mechanism behind anticancer effects of gedunin. Gedunin is frequently used in
the Indian medicine system for treating infectious diseases such as malaria [16].
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Figure 1. Chemical structure of gedunin. (Adopted from ChEBI; CHEBI:65954).

On the molecular basis, several altered signaling pathways have been associated
with nearly all reported cancers. Janus kinase (JAK) signal transducer and activator of
transcription (STAT) signaling play a pivotal role during embryo development by regu-
lating various homeostatic cellular functions, including hematopoiesis, maintenance of
cells, and inflammatory response. The pathway is responsible for transducing signals
from growth factors, interleukins, and cytokines, which are functionally active through
various transmembrane receptors. Previously, it was demonstrated that JAK1 serves to
be an essential kinase required for cytokine-based activation of STAT protein in breast
cancer cells [17]. Furthermore, recently, it has also been demonstrated that hyper- and
constitutive-expression of STAT3 is involved in developing chemo-resistance, progression,
and metastasis of breast cancer. Intriguingly, upstream and downstream STAT3 target-
associated novel pathways have also been recently deciphered in breast carcinoma [18].
However, the anticancer effects of gedunin against human breast adenocarcinoma MCF-7
cells remain unexplored. Therefore, based on present evidence, the authors hypothesize
that gedunin may exert an antiproliferative effect on human breast cancer MCF-7 cells by
altering the expression of the JAK/STAT signaling pathway.

2. Results

2.1. Molecular Docking Results

3D structures of gedunin and gemcitabine were downloaded from the Pub Chem
database. These compounds were docked to the JAK1 and STAT3 proteins to predict the
mechanism of breast cancer cell suppression, as shown in Figure 2a–d. This report selected
the commercial anticancer drug gemcitabine as a reference compound. Our docking studies
have predicted that the binding energy of gedunin towards JAK1 and STAT3 are −7.1 and
−6.2 kcal/mol, respectively, which are nearer to the binding energies of gemcitabine to
JAK1 and STAT3 (−6.6 and −5.0 kcal/mol, respectively) as shown in Figures 3 and 4. More
negative binding energy correlates with the better stability of the protein–ligand complex.
Thus, it can be inferred from the results that gedunin showed better interactions with the
targeted JAK1 and STAT3 proteins than gemcitabine. Moreover, further analysis showed
the details of amino acids of JAK1 and STAT3 involved in hydrophobic interactions and
hydrogen bonding with gedunin and gemcitabine.

The residues involved in hydrophobic interaction of JAK1 with gemcitabine are
Phe1046 (A), Arg1041 (A), and Phe1044 (A). However, Gln1098 (B), Asp1042 (A), His885 (A),
Ser1043 (A), and Val1045 (A) are engaged in hydrogen bonding (bond lengths 2.93, 3.05, 2.80,
3.01, and 3.30). Furthermore, the amino acids involved in hydrophobic interactions of
STAT3 with gemcitabine are Tyr446 (A), Gln361 (A), Leu358 (B), Gln361 (B), His447 (B), and
Tyr446 (B). However, Glu357 (B) and Gln448 (B) are engaged in hydrogen bond interactions
(bond lengths 2.98 Å, 3.01 Å, and 3.25 Å) (Figure 3a,b).
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Figure 2. 3D chemical structures of (a) gedunin, (b) gemcitabine, (c) JAK1, and (d) STAT3.

Figure 3. 2D interaction complex of (a) gedunin and (b) gemcitabine with JAK1 protein; where red
shows the target protein, purple shows the ligand molecule, and red circle shows the enlarged view
of the residues of gedunin with respective target proteins.
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Figure 4. 2D interaction complex of (a) gedunin and (b) gemcitabine with STAT3 protein; where red
shows the target protein, purple shows the ligand molecule, and red circle shows the enlarged view
of the residues of gedunin with respective target proteins.

Gedunin has been hypothesized to interact with JAK1 and STAT3 proteins. It was
found that the JAK1 residues involved in hydrophobic interaction with gedunin are Gly1097,
Thr1100, Leu1089, Phe1046, Met1085, Pro1044, Ser1043, and Val1045, Gln1098, which are engaged
in hydrogen bonding (bond lengths 3.20 Å and 2.81 Å), whereas the amino acids of STAT3
involved in hydrophobic interactions with gedunin are Thr268 (A), Glu272 (A), Pro356 (B),
Pro356 (A), Gln357 (B), Gln357 (A), and Lys354 (A). However, Arg152 (A) and Asn265 (A)
engage in hydrogen bond interactions (bond lengths 3.31 Å, 2.93 Å, and 2.59 Å), as shown
in Figure 3a,b and Figure 4a,b. The binding energies of gedunin and gemcitabine with breast
cancer targets (JAK1 and STAT3) and the interacting amino acids have been summarized
in Table 1.

Table 1. Binding energies of gedunin and gemcitabine with breast cancer targets (JAK1 and STAT3)
and the interacting amino acids.

Compound Binding Energy (Kcal/mol)
Hydrogen Bonds

(Bond Length in Å)
Hydrophobic Interactions

JAK1–gedunin −7.1 Gln1098 engage in hydrogen bonding
(bond lengths 3.20 and 2.81)

Gly1097, Thr1100, Leu1089,
Phe1046, Met1085, Pro1044,

Ser1043, and Val1045

JAK1–gemcitabine −6.6

Gln1098 (B), Asp1042 (A), His885 (A),
Ser1043 (A), and Val1045 (A) engage in
hydrogen bonding (bond lengths 2.93,

3.05, 2.80, 3.01, and 3.30).

Phe1046 (A), Arg1041 (A),
and Phe1044 (A)

STAT3–gedunin −6.2
Arg152 (A) and Asn265 (A) engage in

hydrogen bond interactions (bond
lengths 3.31, 2.93, and 2.59).

Thr268 (A), Glu272 (A), Pro356

(B), Pro356 (A), Gln357 (B),
Gln357 (A), and Lys354 (A).

STAT3–gemcitabine −5.0
Glu357 (B), and Gln448 (B) engage in

hydrogen bond interactions (bond
lengths 2.98, 3.01, and 3.25).

Tyr446 (A), Gln361 (A),
Leu358 (B), Gln361 (B), His447

(B), and Tyr446 (B).
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2.2. Gedunin Impeded the Growth of MCF-7 and MDA-MB-231 Cells

To investigate the plausible cytotoxic effects of gedunin on MCF-7 cells, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide or MTT assay was performed
after incubating MCF-7 cells with various doses of gedunin (5, 15, and 20 μM) for 24 h.
The results showed that gedunin exerted substantial cytotoxic effects by suppressing the
growth of MCF-7 cells by 83.13 ± 3.70%, 61.09 ± 3.87%, and 33.06 ± 4.23% at the indicated
concentration of 5μM, 10μM, and 15μM, respectively (Figure 5a). Furthermore, the viability
of MCF-7 was reduced to 70.13 ± 4.03% (5 μM), 46.75 ± 4.56% (10 μM), and 27.40 ± 2.03%
(15 μM) after 48 h of incubation with gedunin (Figure 5c). Gedunin further reduced the
viability of hormone independent MDA-MB-231 cells to 88.98 ± 3.14%, 54.01 ± 3.17%,
and 29.75 ± 3.81% (Figure 5b) at above stated concentrations. The viability of MDA-MB-
231 cells was also further reduced to 79.65 ± 4.56% (5 μM), 48.35 ± 5.55% (10 μM), and
24.75 ± 4.72% (15 μM) after 48 h of incubation with gedunin (Figure 5d). Gemcitabine
used as a positive control in our study also significantly impeded the viability of both
the stated human-derived breast cancer cell lines. The IC50 of gedunin was found to be
11.80 ± 1.047 μM and 10.67 ± 1.02 μM % for breast cancer MCF-7 and MDA-MB-231 cells,
respectively (Figure 6a,b). Furthermore, we also inspected the toxicity of gedunin against
human normal cell line HEK-293. As shown in Figure 6c, gedunin exerts insignificant
cytotoxic effects on HEK-293 cells, which confirm its non-toxic nature.

Figure 5. Gedunin suppressed the proliferation of breast cancer cells. Cell viability percentage of
gedunin-treated after (a) 24 h and (b) 48 h in MCF-7 cells. The viability of MDA-MB-231 cells after
treatment with gedunin after (c) 24 h and (d) 48 h. A significant difference determined by the p value
< 0.05 was labeled with asterisk (*); p value < 0.01 was labeled with double asterisks (**); and p value
< 0.001 was labeled with double asterisks (***).
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Figure 6. IC50 calculation for gedunin against (a) MCF-7 cells, (b) MDA-MB-231 cells, and (c) non-
significant cytotoxicity of gedunin on HEK-293 cells.

2.3. Gedunin-Induced Nuclear Condensation and Fragmentation

4′,6-Diamidino-2-phenylindole also known as DAPI staining was performed to deter-
mine whether gedunin-mediated cell growth inhibition in breast cancer cells resulted from
the induction of apoptosis. After 24 h treatment with gedunin at different concentrations (5,
10, and 15 μM), changes in nuclear morphology for both the cell lines (MCF-7 and MDA-MB-
231) were observed. Fluorescence micrographs presented in Figure 7 showed bright-blue
fluorescence and condensed nuclei with the increasing concentration of gedunin in both
MCF-7 and MDA-MB-231 cells, indicating the onset of apoptosis. Gemcitabine-treated
MCF-7 and MDA-MB-231 cells also exhibited increased nuclear condensation as seen in
Figure 7. However, no substantial condensation was observed in untreated hormone-
dependent and independent breast cancer cells demonstrating diffusely stained intact
nuclei. The results, finally, suggested that gedunin-induced apoptosis in MCF-7 cells in a
dose-dependent manner.

 

Figure 7. Efficacy of gedunin in altering the homeostatic nuclear morphology in MCF-7 and MDA-
MB-231 cells as evaluated through DAPI stain. Scale bar = 20 μm; magnification: 30×.

Furthermore, the level of nuclear fragmentation and condensation induced by gedunin
at different concentrations was quantified using ImageJ software, NIH, Maryland, USA.
Gedunin succeeded in enhancing the levels of nuclear fragmentation and condensation by
33.38 ± 3.74 (5 μM), 54.35 ± 3.05 (10 μM), and 78.42 ± 4.61 (15 μM) after 24 h of incubation
with MCF-7 cells (Figure 8a). Furthermore, in MDA-MB-231 cells, gedunin-mediated
nuclear condensation and fragmentation was found to be escalated by 35.38 ± 4.32 (5 μM),
57.68 ± 4.68 (10 μM), and 73.42 ± 3.24 (15 μM) after 24 h (Figure 8b). Furthermore,
gemcitabine also showed its competence in elevating the levels of nuclear fragmentation
and condensation in both human-derived breast cancer cell lines.
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Figure 8. Quantification of gedunin-mediated nuclear condensation and fragmentation. (a) MCF-7
and (b) MDA-MB-231 cells as evaluated through DAPI stain. A significant difference determined by
the p value < 0.05 was labeled with asterisk (*); p value < 0.01 was labeled with double asterisks (**),
and p value < 0.001 was labeled with double asterisks (***).

2.4. Gedunin Treatment Elevated Caspase-3 Activity

Caspases are essential for transmitting the signals during apoptosis, and these are rep-
resented by a group of proteases mediating the essential functions of proteolytic cleavage of
various proteins. The investigators tried to substantiate whether gedunin-instigated apop-
tosis altered the expression of caspase-3 comparatively with untreated control MCF-7 cells.
The activity of caspase-3 was elevated by 37.40 ± 4.66% (at 5 μM gedunin concentration),
55.79 ± 5.46% (at 10 μM gedunin concentration), and 113.42 ± 3.77% (at 15 μM gedunin
concentration) within the MCF-7 cells (Figure 9a). In case of MDA-MB-231 breast cancer
cell lines, caspase-3 activity was found to be increased by 41.69 ± 4.45%, 59.12 ± 4.62%,
and 107.25 ± 5.29% at 5 μM, 10 μM, and 15 μM concentrations of gedunin, respectively
(Figure 9c). Thus, it can be concluded that the treatment of gedunin significantly increases
the activity of caspase-3 in both MCF-7 and MDA-MB-231 cells. Furthermore, gemcitabine
acted as a positive control and also elevated caspase-3 activity within MCF-7 (79.91 ± 3.662)
and MDA-MB-231 cells (67.25 ± 3.42) in comparison with respective untreated control.

Figure 9. Cont.
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Figure 9. Gedunin mediated the activation of caspase-3 in (a) MCF-7 (c) MDA-MB-231 cells. Pre-
treatment with caspase-3 inhibitor significantly ameliorated the cytotoxic effects induced by gedunin
in both MCF-7 and MDA-MB-231 cells (b,d). A significant difference determined by the p value < 0.05
was labeled with asterisk (*); p value < 0.01 was labeled with double asterisks (**), and p value < 0.001
was labeled with double asterisks (***).

2.5. Caspase-3 Inhibitor Alleviated Gedunin-Mediated Cytotoxicity

To confirm the activation of caspase-3 in MCF-7 and MDA-MB-231 breast cancer
cells by gedunin and its role in cytotoxicity, the cells pre-treated with caspase-3 inhibitor
(Z-DEVD-FMK) were further treated with 5, 10, and 15 μM concentrations of gedunin. It
was observed that caspase-3 inhibitor pre-treatment substantially impeded the gedunin-
mediated cytotoxicity against both MCF-7 and MDA-MB-231 cells (Figure 9b,d), indicating
a key role of caspase-3 activation during gedunin-induced effect. However, pretreatment
of caspase inhibitors did not completely attenuate the cell viability in both MCF-7 and
MDA-MB-231 cells, which indicated plausible role of the caspase-independent pathways as
well. Thus, it is reasonable to say that gedunin might induce effects on breast cancer cells
via both caspase-dependent and independent manner.

2.6. Gedunin-Instigated Intracellular ROS

Enhanced ROS production levels could be linked with the activation of apoptotic
pathways in the cancer cells [19]. Thus, we investigated the effect of ROS generation after
treatment with different concentrations of gedunin for 24 h in breast cancer cells. As shown
in Figure 10a,b, a substantial increase in ROS level by 17.32 ± 3.12% was seen as compared
to control cells following treatment with 5 μM of gedunin. Intriguingly, ROS generation was
further enhanced by 54.01 ± 3.14% and 101.08 ± 4.79% in MCF-7 cells at the concentrations
of 10 μM and 15 μM, respectively. Similarly, ROS levels increased by 26.38 ± 2.89% (5 μM)
in comparison with untreated MDA-MB-201 control cells. ROS levels further escalated by
58.68 ± 4.84% (10 μM) and 117.75 ± 3.53% (15 μM) (Figure 10c,d). Importantly, gedunin
also succeeded in instigating the production of intracellular ROS. As shown in Figure 10c,d,
gemcitabine also increased intracellular ROS level by 71.42 ± 4.90% in MCF-7 cells whereas
in MDA-MB-231 cells the levels of ROS increased by 77.75 ± 3.53% in comparison with
respective untreated control. The stated observations indicated that gedunin treatment
augmented ROS production in hormone-dependent and independent breast cancer cells.

2.7. NAC Pretreatment Abrogated Gedunin-Instigated Intracellular ROS

N-acetyl-l-cysteine (NAC; a potent ROS inhibitor) was used to ascertain the role of
gedunin in augmenting ROS within MCF-7 and MDA-MB-231 cells. Initially, both the cells
were treated with NAC for 15 min, followed by the treatment with various concentrations
of gedunin (5, 10, and 15 μM) for another 24 h, using MTT assay. It was demonstrated that
pretreatment with NAC significantly decreased the amount of gedunin-induced ROS in
breast cancer cells. Moreover, NAC pre-treatment also subdued ROS production in both
MCF-7 and MDA-MB-231 cells treated with gemcitabine. Thus, our results suggested that
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increased generation of intracellular ROS is crucial for apoptosis induced by the treatment
of gedunin (Figure 10e,f). However, it was intriguing to note that NAC did not entirely
ameliorate the inhibitory action of gedunin on the growth of MCF-7 and MDA-MB-231
cells, which suggested the involvement of various other ROS-independent pathways in
gedunin-treated breast cancer cells.

Figure 10. Gedunin-mediated effects on (a,b) instigation of intracellular ROS within human breast
adenocarcinoma MCF-7 and MDA-MB-231 cells, (c,d) percent DCHF-DA fluorescence in gedunin-
treated MCF-7 and MDA-MB-231 cells, and (e,f) the effects of NAC pretreatment in ameliorating
gedunin-mediated ROS. Scale bar = 20 μm; magnification: 30×. A significant difference determined
by the p value < 0.05 was labeled with asterisk (*); p value < 0.01 was labeled with double asterisks
(**) and p value < 0.001 was labeled with double asterisks (***).

2.8. Gedunin Reduced JAK1/STAT3 Expression

Among different cellular pathways that reported their abrupt regulation, the JAK/STAT
pathway was found to be crucial for proliferation, cellular differentiation, and immune
system responsiveness [20]. Gedunin-mediated modulation of the JAK1/STAT3 signal-
ing pathway in both the breast cancer cells was investigated. The observations indicated
that gedunin exposure impeded JAK1/STAT3 signaling by reducing JAK1 and STAT3
mRNA expression. Gedunin suppressed JAK1 mRNA expression to 0.88 ± 0.04% (5 μM),
0.50 ± 0.04% (10 μM), and 0.39 ± 0.05% (15 μM) (p < 0.05) and mRNA level of STAT3 to
0.92 ± 0.02%, 0.71 ± 0.05%, and 0.36 ± 0.03% (p < 0.05), respectively (Figure 11a,b), in
MCF-7 cells. Furthermore, gedunin succeeded in reducing the expression of JAK1 mRNA
to 0.78 ± 0.07%, 0.57 ± 0.06%, and 0.35 ± 0.09% at 5 μM, 10 μM, and 15 μM concentration
of gedunin in MDA-MB-231 cells, respectively. Similarly, STAT3 mRNA expression was
reduced to 0.76 ± 0.07%, 0.49 ± 0.05%, and 0.25 ± 0.05% at 5 μM, 10 μM, and 15 μM
concentration of gedunin in MDA-MB-231 cells, respectively (Figure 11c,d).
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Figure 11. The effect of gedunin in modulating the expression of JAK1 and STAT3 genes in
(a,b) MCF-7 and (c,d) MDA-MB-231 cells. A significant difference determined by the p value < 0.05
was labeled with asterisk (*); p value < 0.01 was labeled with double asterisks (**); and p value < 0.001
was labeled with double asterisks (***).

2.9. Gedunin Regulated the Gene Expression of JAK1/STAT3-Associated Genes

Intriguingly, constitutive STAT3 gene expression has been reported to promote the
proliferation, survival, and migration of cancer cells. Furthermore, an increase in STAT3
also plays a crucial role in limiting the responsiveness of cancer cells to the individual’s
immune response [21]. An earlier published report has demonstrated that docetaxel
can bind to Bcl-2, overexpressed in several different cancer cells, including breast and
prostate cancer cells. Bcl-XL is also downregulated by docetaxel [22]. Anti-apoptotic
proteins, including Bcl-2, Bcl-XL, and Mcl-1, are often elevated after activation of STAT3,
which subsequently assist cancer cell survival [23,24]. We observed that there was a
significant reduction in the level of expression of these stated anti-apoptotic markers
(Bcl-XL and Bcl-2) after gedunin exposure at the indicated concentrations of 5, 10, and
15 μM to 0.81 ± 0.04%, 0.66 ± 0.03%, and 0.44 ± 0.07%; 0.90 ± 0.02%, 0.74 ± 0.06%, and
0.57 ± 0.03% (Figure 12a–c), whereas the same in case of MDA-MB-231 cells was found
to be 0.87 ± 0.04%, 0.61 ± 0.04%, and 0.37 ± 0.05%; 0.83 ± 0.05%, 0.71 ± 0.05%, and
0.41 ± 0.05%, respectively (Figure 12d–f). Concomitantly, gedunin enhanced the expression
of Bax to 1.25 ± 0.03, 1.65 ± 0.05, and 1.99 ± 0.08 folds and was also seen in MCF-7 cells,
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whereas the same in case of MDA-MB-231 cells was found to be 1.32 ± 0.06, 1.53 ± 0.07,
and 2.08 ± 0.06 folds, respectively (Figure 12d).

Enhanced proliferation of cancer cells is usually associated with enhanced c-myc and
cyclin D1 expression [25]. The qPCR results revealed that cyclin D1 and c-myc mRNA
expression was lowered to 0.82 ± 0.03%, 0.64 ± 0.04%, and 0.33 ± 0.03% (p < 0.05) and
0.84 ± 0.02%, 0.61 ± 0.05%, and 0.23 ± 0.04% (p < 0.01), respectively, in MCF-7 cells
(Figure 13). In case of MDA-MB-231, the reduction was calculated to be 0.79 ± 0.07%,
0.59 ± 0.06%, and 0.38 ± 0.08%; 0.84 ± 0.06%, 0.62 ± 0.05%, and 0.37 ± 0.08%, respectively.
Gedunin-mediated modulation of cell cycle regulatory genes within MCF-7 cells were
also investigated. mRNA expression of p21Cip1 was significantly increased by 1.22 ± 0.04,
1.54 ± 0.02, and 1.76 ± 0.03 (p < 0.001) folds post-gedunin exposure whereas the same
in case of MDA-MB-231 cells was found to be 1.64 ± 0.05, 1.94 ± 0.06, and 2.53 ± 0.11
folds, respectively. STAT3 downregulation is also associated with regulating protein ex-
pression such as p53, which is important for apoptosis induction [26,27]. The results
indicated that gedunin declined p53 expression by 1.14 ± 0.02, 1.37 ± 0.04, and 2.16 ± 0.05
(p < 0.001) folds in MCF-7 cells. In case of MDA-MB-231, the reduction in p53 expression
was calculated to be 1.32 ± 0.03, 1.60 ± 0.09 and 2.06 ± 0.04 folds, respectively (Figure 13e,f).

Figure 12. The modulation of JAK/STAT-associated gene expression in gedunin-treated human breast
adenocarcinoma (a–c) MCF-7 and (d–f) MDA-MB-231 cells. A significant difference determined by
the p value < 0.05 was labeled with asterisk (*); p value < 0.01 was labeled with double asterisks (**);
and p value < 0.001 was labeled with double asterisks (***).
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Figure 13. The modulation of JAK/STAT-associated gene expression in gedunin-treated human breast
adenocarcinoma (a–d) MCF-7 and (e–h) MDA-MB-231 cells. A significant difference determined by
the p value < 0.05 was labeled with asterisk (*); p value < 0.01 was labeled with double asterisks (**)
and p value < 0.001 was labeled with double asterisks (***).

3. Discussion

Several natural compounds are usually associated with considerable anticancer efficacy
because their intrinsic capabilities restrain several carcinomas’ proliferation, angiogenesis,
growth and metastasis. Furthermore, these natural compounds usually exhibit reduced
cytotoxic effects against normal cells, reducing the chances of adverse side effects upon
treatment. These attributes have compelled the exhaustive investigation of natural prod-
ucts for their anticancer potential because of their competence in inhibiting growth and
metastasis despite instigating considerable side effects [26]. Despite the critical pharmaco-
logical relevance of gedunin, its anticancer efficacy against human breast adenocarcinoma
MCF-7 cells and triple negative MDA-MB-231 cells remains unexplored. Thus, the au-
thors hypothesized that in light of the pharmacological activities, gedunin might impede
the proliferation of MCF-7 and MDA-MB-231 cells by modulating the expression of the
JAK/STAT pathway.

In the present investigation, the efficacy of gedunin in modulating JAK1 and STAT3
protein was evaluated through molecular docking studies to elucidate the modulation of
JAK/STAT signaling during breast cancer. The observation during the in silico studies
indicated that gedunin could be an effective inhibitor of the JAK/STAT pathway due to the
considerable binding efficiency of gedunin against JAK1 and STAT3 proteins. The binding
efficiency of gedunin was comparable with the standard breast cancer chemotherapeutic
gemcitabine. Thus, this observation served to be an initial indicator that gedunin may be
involved in altering the expression of the JAK/STAT pathway, which in turn was implicated
generally with cancer development and progression of breast cancer. Our preliminary
in vitro observation also indicated that gedunin exerted a significant cytotoxic effect against
MCF-7 and MDA-MB-231 cells exhibiting a dose and time-dependent effect. Notably, the
onset of cellular death in response to several chemotherapeutics may be through autophagy,
apoptosis, and necrosis. However, instigating apoptosis or cell death through either of the
other stated pathway is plausibly considered a therapeutical intervention against several
carcinomas [28]. An essential attribute during the instigation of apoptotic pathways was
the condensation of the nucleus and the generation of apoptotic bodies [29]. Moreover,
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the qualitative data of DAPI staining was also supported by quantitative data suggest-
ing that these findings were in line with the reported observation. They elucidated that
gedunin instigated the condensation of the nucleus upon exposure, with gedunin exhibit-
ing a dose-dependent effect against breast adenocarcinoma MCF-7 and triple negative
MDA-MB-231 cells.

Activating caspases during apoptosis is a peculiar characteristic defining the site-
specific cleavage of aspartate residues [30]. Thus, the level of **Caspase-3 activity was
estimated post-gedunin treatment in MCF-7 and MDA-MB-231 cells. The activation of
caspase-3 was evident by its higher activity post-gedunin treatment, indicating apoptosis
instigation by gedunin. This was further reaffirmed by the ameliorative effect of caspase-3
inhibitor in alleviating the induction of apoptosis after MCF-7 and MDA-MB-231 cells were
exposed to gedunin. Cancer cells are also accredited with enhanced levels of basal ROS,
which act as a dual-edged sword by supporting pro-oxidants’ actions.

Nevertheless, ROS instigation resulting in the onset of apoptosis is regarded as a
productive strategy for the clinical management of different carcinomas. The results
presented in the report also explicitly indicated that gedunin exposure was competent
in inducing ROS generation within the MCF-7 cells. Importantly, gedunin-induced ROS
augmentation was significantly ameliorated in NAC-pretreated MCF-7 and MDA-MB-231
cells. Also, NAC pretreatment considerably ameliorated gedunin-mediated cytotoxicity.
These results indicated that ROS instigation was essential in gedunin-mediated cytotoxicity
against MCF-7 and MDA-MB-231 cells.

As previously stated, JAK/STAT **signaling is reported to be closely associated with
the progression and development of metastatic carcinomas. Due to its substantial in-
volvement in the progression of breast cancer, several antagonistic or inhibitor molecules
targeting JAK/STAT pathways have been developed [29]. Indeed, the constitutive expres-
sion of JAK/STAT signaling is implicated with the downstream activation of several genes
involved in modulating apoptotic pathways, including Bcl-XL, Bax, and Bcl-2 [31]. The
gene expression analysis observations established that gedunin reduced the expression of
anti-apoptotic genes with a concomitant increase in their apoptotic counterparts. Signifi-
cantly, consecutive expression of STAT3 is further associated with enhanced proliferation,
metastasis, and drug resistance of several carcinomas [32]. Thus, the elucidation of STAT3
inhibitor is a valued strategy for preventing different associated carcinomas. During our
investigation, it was also found that gedunin reduced the mRNA expression of STAT3
protein, which could be attributed to reduced proliferation and instigation of apoptosis in
breast adenocarcinoma MCF-7 and MDA-MB-231 cells in the present study.

In summary, our present article has demonstrated the anticancer efficacy of gedunin
against MCF-7 and MDA-MB-231 breast cancer cells via attenuating the JAK1/STAT3
signaling pathway. It was observed that gedunin substantially instigated apoptotic cell
death by modulating the mRNA expression of BcL-2, BclXL, and Bax genes involved in
apoptosis. Therefore, it is concluded that gedunin could be an adjunct therapeutic for the
treatment and management of breast cancer.

Although gedunin holds the potential to treat various human cancers and its anti-
cancer efficacy is associated with the alteration of various signaling pathways, the low
hydrophobicity of gedunin reduces its bioavailability and pharmacokinetic profile [33].
Moreover, the employment of advanced research techniques such as liposomal drug deliv-
ery and nanoformulation could ameliorate the efficacy of gedunin as a cancer therapeutic
along with the combination with various chemotherapeutic drugs. Therefore, subsequent
studies are needed to better understand the underlying mechanism and also substantiate
the safety of gedunin for human consumption by conducting pre-clinical and clinical trials.
Furthermore, it is difficult to produce gedunin in larger amounts and also cannot be easily
chemically synthesized, which poses a limitation on its usage. Thus, it is recommended to
encourage the production of gedunin at commercial levels for research analysis [34]. The
molecular mechanistic action of gedunin against breast cancer cells has been summarized
in Figure 14.
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Figure 14. Schematic flowchart representation of gedunin against breast cancer cells.

4. Materials and Methods

4.1. Materials

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) dye (cata-
logue no: RM1131) was commercially obtained from Himedia, India. 2′, 7′-Dichlorofluorescin
diacetate (DCF-DA) (catalogue no: 21884), acridine orange (catalogue no: MB071), ethidium
bromide (catalogue no: TC262-5G), and Z-DEVD-FMK; ** caspase-3 inhibitor (catalogue no:
264156-M), gemcitabine hydrochloride (cas no. 122111-03-9) were procured from Sigma.
Gedunin (purity > 95%) was obtained from Santa Cruz Biotechnology, USA. Minimum
essential medium **Eagle (MEM) with Earle’s salt (catalogue no: AT154], fetal bovine
serum (FBS) (catalogue no: 26140087), and the antibiotic–antimycotic solution were com-
mercially obtained from Gibco. The caspase-3 colorimetric assay kit used was purchased
from BioVision (San Francisco, CA, USA).

4.2. Cell Culture Maintenance

Human-derived estrogen, progesterone, and glucocorticoid receptor positive MCF-7
cells, MDA-MB-231, and human normal cell line HEK-293 were procured from the cell
repository of the National Center of Cell Sciences, Pune. They were allowed to proliferate
in minimum essential medium (MEM) with Earle’s modification and DMEM-high glucose
media under humidified atmosphere constituted by 5% CO2 maintained at 37 ◦C. The media
was supplemented with 10% fetal bovine serum (FBS) and 1% **antibiotic-antimycotic
solution. Cells were monitored regularly and were passaged once the flask attained
<85% confluence.

4.3. Methods
4.3.1. In Silico Investigations
Retrieval of 3D Protein Structure

The crystal structure of JAK1 and STAT3 with PDB ID: 4I5C and 6TLC, respectively, used
during the present study were taken from Brookhaven Protein Data Bank (www.rcsb.org/pdb;
accessed on 28 January 2023). The structures of JAK1 and STAT3 (x = 0.26, y = 32.3, z = 33.52)
transcription factors employed for docking were devoid of any heteroatoms, including
the non-receptor atoms, namely water, ions, etc. The binding pocket coordinates for JAK1
(x = 9.844, y = 31.334, z = 9.614) and STAT3 (x = 0.26, y = 32.3, z = 33.52) were set as default,
and the grid box of proteins was put within a cubic box of magnitudes 40 × 40 × 40 Å [35].
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Retrieval of 3D Structure Ligands

Required ligands were searched on a database of Pub Chem (http://pubchem.ncbi.
nlm.nih.gov). The structural and functional details of the different organic compounds were
retrieved from the database of PubChem, having a unique CID or compound identification
number. The structural details about the desired ligands were collected using the Simplified
Molecular Input Line Entry Specification string, which was further deposited in CORINA
(http://www.molecular-networks.com/products/Corina) software. This software utilizes
the SMILES string to create a 3D structure of the desired molecules, which can then be
retrieved in PDB format for AutoDock Vina 4.0. We have utilized the Linux subsystem
command line and used MMFF94 force filed for energy minimization (EM); after EM, we
prepared the ligand molecules by using mgltools 1.5.6.

Docking Complex Visualization

The visualization of best-docked position was selected out of nine possible confirma-
tions on the basis of interacting residues including hydrogen bonds with large binding
energy (kcal/mol). Thereafter, LigPlot was employed to visualize the protein–ligand inter-
action of docked complexes in two dimensions [36], and PyMol was utilized to generate
all the binding pockets [37,38]. The interactions among protein and ligand are mediated
by hydrogen bonds or may arise due to hydrophobic interactions. Hydrogen bonds are
represented by dashed lines within the interacting atoms. Contrastingly, hydrophobic
interactions in these regions are shown by an arc with spokes radiating towards the atoms
within the ligand interacting with the protein whereas the atoms contacted are represented
with spokes radiating backwards.

4.3.2. In Vitro Assessments
Cytotoxic Effects of Gedunin against Breast Cancer

To investigate the cytotoxic potential of gedunin against breast cancer MCF-7 cells
and HEK-293 cells, an MTT-based colorimetric assay was undertaken, as described pre-
viously [39]. Concisely, 5 × 103 MCF-7 and MDA-MB-231 cells were exposed to varying
gedunin concentrations (5, 10, and 15 μM) for 24 h and 48 h under standard conditions of
tissue culture. Subsequently, the treated cells were exposed to MTT dye (5 mg/mL) for
an additional 4 h. Finally, the formazan crystals were read for their absorbance intensity
at 570 nm by solubilizing them with tissue grade DMSO (100 μL) through a microplate
reader BioRad (Hercules, CA, USA). The results were elucidated in terms of cell viability
percentage (%) in contrast with untreated using the formula

Cellular viability % = (Absorbance of treated MCF-7 and MDA-MB-231 cells)/(Absorbance of untreated
MCF-7 and MDA-MB-231 control cells) × 100

Assessment of Nuclear Morphology

Changes within the nuclear morphology, such as condensation of the nucleus in breast
adenocarcinoma MCF-7 and MDA-MB-231 cells, were assessed using DAPI staining, as earlier
reported [40]. Precisely 5 × 104 cells/well was exposed to varying stated concentrations
of gedunin for 12 h. Subsequently, after washing the cells with 1× PBS, these were fixed
using chilled methanol for around 10 min. The treated and untreated cells were exposed
to permeabilizing buffer constituted by TritonX100 (0.25% v/v) and stained with DAPI.
Eventually, DAPI-associated blue fluorescence was visualized and recorded using Carl Zeiss
GmbH microscope (Model: LSM780NLO, Oberkochen, Baden-Württemberg, Germany).

Evaluation of Gedunin-Induced ROS Production

ROS-mediated oxidative stress was assessed qualitatively and quantitatively through
DCF-DA stain, as reported previously [41]. A total of 5 × 104 MCF-7 and MDA-MB-231
cells were initially allowed to adhere in each well of a 96-well plate under optimum culture
conditions. Subsequently, the cells were exposed to varying concentrations of gedunin for
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12 h and, after that, stained with DCFH-DA (10 μM) for 30 min at dark 37 ◦C. The cells
were then washed cautiously using PBS, and finally, the cells were visualized through Carl
Zeiss GmbH microscope (Model: LSM780NLO).

To quantify the generation of intracellular ROS, 1 × 104 cells were allowed to adhere
in each 96-well black bottom plate well under optimum culture conditions. Cells were
treated and incubated with gedunin for 12 h, as stated above. Eventually, the fluorescence
of treated and untreated control MCF-7 cells was quantified in terms of fluorescence inten-
sity percentage in comparison with untreated control at excitation: emission wavelength
of 485:528 nm.

Effects of ROS Inhibitor

To ascertain the involvement of gedunin in augmenting ROS within human breast
adenocarcinoma MCF-7 cells, a potent ROS inhibitor, N-acetyl cysteine (NAC), was used.
Briefly, post-adherence 5 × 104 MCF-7 and MDA-MB-231 cells in each well of a 96-well
plate were pretreated with NAC (10 mM) and incubated under standard conditions for
2 h. Subsequently, the cells were re-exposed to the above-stated concentrations of gedunin
and incubated for 12 h. This was followed by treated and untreated control treatment
with DCFH-DA (10 μM; 37 ◦C for 30 min) in the dark as described previously [42]. Finally,
the fluorescence intensity of different treated and untreated cells was quantified, as stated
above in evaluation of Gedunin-induced ROS production.

Assessment of Caspase-3 Activation

Caspase-3 activation in gedunin-treated human breast adenocarcinoma MCF-7 and
triple negative MDA-MB-231 cells was assessed colorimetrically using a commercially
available kit (BioVision). Around 3 × 106 gedunin-treated and/or untreated cells were
lysed using lysis buffer (50 μL). The lysate was centrifuged at 10,000× g, and the resulting
supernatant was collected and immediately transferred on ice. The lysate belonging to
various treated and control group (50 μL) was aliquot in each well of the 96-well plate
and mixed with reaction buffer (50 μL; 10 mM DTT). Subsequently, DEVD-pNA substrate
was also supplemented in each well at a volume of 50 μL for one h** at 37 ◦C. Finally, the
absorbance of each well was recorded at 405 nm. Compared with the untreated control, the
observations were interpolated as caspase-3 activity percentage (%).

Effects of Caspase-3 Inhibitor

To further characterize the cytotoxic effects of gedunin, MCF-7 and MDA-MB-231 cells
with pretreated for 2 h with caspase-3 specific inhibitor and subsequently were re-exposed
to varying concentrations of gedunin as stated above for 24 h. Finally, the cell viability of
cells belonging to different groups was estimated through MTT assay, as stated above in
Cytotoxic Effects of Gedunin against Breast Cancer.

Quantitative Real-Time PCR (qRT-PCR)

A total of 1 × 106 MCF-7 and MDA-MB-231 cells, after adherence, were subjected to
varying stated concentrations of gedunin for 24 h. Subsequently, the mRNA content of both
treated and untreated control cells was isolated and **two μg of this was used for cDNA
synthesis using commercially available cDNA synthesis kits. The primers involved in the
present investigation were synthesized using the NCBI pick primer designing tool, which
is mentioned in Table 2. GAPDH was used as a housekeeping gene for normalization. The
results were interpolated by the 2ΔΔCT method [42].
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Table 2. List of the primer sequences used in the study.

Genes Forward Primer Reverse Primer NCBI Gene Number

GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA 2597
Bcl2 ATCGCCCTGTGGATGACTGAGT GCCAGGAGAAATCAAACAGAGGC 596

BclXL GCCACTTACCTGAATGACCACC AACCAGCGGTTGAAGCGTTCCT 598
Bax TCAGGATGCGTCCACCAAGAAG TGTGTCCACGGCGGCAATCATC 581

Cyclin D1 TGAACTACCTGGACCGCT GCCTCTGGCATTTTGGAG 595
c-myc AGCGACTCTGAGGAGGAACAAG GTGGCACCTCTTGAGGACCA 26,292

p21Cip1 AGGTGGACCTGGAGACTCTCAG TCCTCTTGGAGAAGATCAGCCG 5058
p53 CCTCAGCATCTTATCCGAGTGG TGGATGGTGGTACAGTCAGAGC 7157

JAK1 GAGACAGGTCTCCCACAAACAC GTGGTAAGGACATCGCTTTTCCG 3716
STAT3 CTTTGAGACCGAGGTGTATCACC GGTCAGCATGTTGTACCACAGG 6774

4.4. Statistical Inferences

Data of the present investigation are the average + SEM of discrete experiments
performed thrice at least in triplicate. Differences in comparison with control and different
groups were considered statistically significant in the case of p < 0.05 and were analyzed
using one-way ANOVA followed by Dunnett’s post hoc and Student t-test using GraphPad
Prism Ver. 5 software as per their applicability. * p < 0.05, ** p < 0.01, and *** p < 0.001.

5. Conclusions

Conclusively, these findings demonstrated the anticancer efficacy of gedunin against
MCF-7 and MDA-MB-231 breast cancer cells by inhibiting the JAK1/STAT3 signaling
pathway. Gedunin competently instigated apoptotic cell death by altering the expression
of BcL-2, BclXL, and Bax genes involved in apoptosis. Significantly, the other target genes
of the JAK1/STAT3 pathway, such as c-Myc, cyclin D1, and p21Cip1, were modulated upon
treatment with gedunin. Therefore, it may be affirmed that gedunin could be a plausible
therapeutic against breast cancer, owing to its capability of regulating the JAK1/STAT3
pathway, which warrants a further detailed mechanistic study of gedunin in preclinical
disease models.
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Abstract: The Mikania genus has been known to possess numerous pharmacological activities.
In the present study, we aimed to evaluate the interaction of 26 selected constituents of Mikania
species with (i) cyclooxygenase 2 (COX 2), (ii) human neutrophil elastase (HNE), (iii) lipoxygenase
(LOX), matrix metalloproteinase ((iv) MMP 2 and (v) MMP 9), and (vi) microsomal prostaglandin
E synthase 2 (mPGES 2) inhibitors using an in silico approach. The 26 selected constituents of
Mikania species, namely mikamicranolide, kaurenoic acid, stigmasterol, grandifloric acid, kaurenol,
spathulenol, caryophyllene oxide, syringaldehyde, dihydrocoumarin, o-coumaric acid, taraxerol,
melilotoside, patuletin, methyl-3,5-di-O-caffeoyl quinate, 3,3′,5-trihydroxy-4′,6,7-trimethoxyflavone,
psoralen, curcumene, herniarin, 2,6-dimethoxy quinone, bicyclogermacrene, α-bisabolol, γ-elemene,
provincialin, dehydrocostus lactone, mikanin-3-O-sulfate, and nepetin, were assessed based on the
docking action with COX 2, HNE, LOX, MMP 2, MMP 9, and mPGES 2 using Discovery Studio
(in the case of LOX, the Autodock method was utilized). Moreover, STITCH (Search Tool for
Interacting Chemicals), physicochemical, drug-likeness, and ADMET (Absorption, Distribution,
Metabolism, Excretion, and Toxicity) analyses were conducted utilizing the STITCH web server, the
Mol-inspiration web server, and Discovery Studio, respectively. In the present study, STITCH analysis
revealed only six ligands (dihydrocoumarin, patuletin, kaurenol, psoralen, curcumene, and nepetin)
that showed interactions with human proteins. Physicochemical analysis showed that seventeen
ligands complied well with Lipinski’s rule. ADMET analysis showed eleven ligands to possess
hepatotoxic effects. Significantly, the binding free energy estimation displayed that the ligand methyl-
3, 5-di-O-caffeoyl quinate revealed the highest binding energy for all the target enzymes, excluding
LOX, suggesting that this may have efficacy as a non-steroidal anti-inflammatory drug (NSAID). The
current study presents a better understanding of how Mikania is used as a traditional medicinal plant.
Specifically, the 26 ligands of the Mikania plant are potential inhibitor against COX 2, HNE, LOX,
MMP 2, MMP 9, and mPGES 2 for treatments for acute and/or chronic inflammatory diseases.

Keywords: STITCH; ADMET; docking; Mikania; methyl-3,5-di-O-caffeoyl quinate; cyclooxygenase;
human neutrophil elastase; lipoxygenase

1. Introduction

The Mikania genus belongs to the Asteraceae (Daisy) family and it is reported to have
around 450 subspecies in the Central America and Asia–Pacific regions [1]. Traditionally,
the decoction of M. micrantha leaves has been used indigenously to treat tumors by the
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ethnic people of Assam, India [2,3]. Moreover, the Mizoram tribes in India have tradition-
ally used M. micrantha juice to treat cuts and open wounds [4]. M. cordata has been used
indigenously in Bangladesh to treat various ailments, such as bronchitis, cough, diabetes,
fever, influenza, jaundice, muscle spasms, septic sores, and snake bites [5]. Da Silva et al. [6]
have reviewed the pharmacological properties of the Mikania genus and reported that
it possesses antibacterial, antidiarrheal, antifungal, anti-inflammatory, antinociceptive,
antiophidian, antiparasitic, antiprotozoal, antispasmodic, antiulcerogenic, antiviral, bron-
chodilating, cytotoxic, mutagenic, and vasodilating properties. Recently, Radhakrishnan
et al. [7] have reported the mosquitocidal activity of M. scandens.

Our research team identified 26 ligands of the phytoconstituents of Mikania species
during the development of mosquito repellents [7]. The present study focuses on Mikania
species to demonstrate the relationships among their pharmacological actions and the phy-
tochemicals. Recently, species of Mikania have attracted the interest of researchers due to
their numerous pharmacological actions [6]. In this work, therefore, we conducted a dock-
ing study with the phytoconstituents of Mikania species, viz., mikamicranolide (sesquiter-
pene dilactone), kaurenoic acid (diterpenoid), stigmasterol (phytosterol), grandifloric acid
(diterpenoid), kaurenol (diterpenoid), spathulenol (sesquiterpenoid), caryophyllene oxide
(sesquiterpenoid oxide), syringaldehyde (hydroxybenzaldehyde), dihydrocoumarin (ben-
zopyrone), o-coumaric acid (hydroxycinnamic acid), taraxerol (triterpenoid), melilotoside
(phenylpropanoid), patuletin (flavonol), methyl-3,5-di-O-caffeoyl quinate (cyclitol deriva-
tive), 3,3′,5-trihydroxy-4′,6,7-trimethoxyflavone (flavonol), psoralen (furanocoumarin), cur-
cumene (sesquiterpenoid), herniarin (coumarin), 2,6-dimethoxyquinone (quinone deriva-
tive), bicyclogermacrene (sesquiterpenoid), α-bisabolol (monocyclic sesquiterpene), γ-elemene
(triterpenoid), provincialin (sesquiterpene lactone), dehydrocostus lactone (sesquiterpene lac-
tone), mikanin-3-O-sulfate (flavonoid sulfate), and nepetin (flavonoid). The above-mentioned
phytoconstituents of Mikania species were investigated for docking with (i) cyclooxygenase
2 (COX 2), (ii) human neutrophil elastase (HNE), (iii) lipoxygenase (LOX), matrix metal-
loproteinase ((iv) MMP 2 and (v) MMP 9), and (vi) microsomal prostaglandin E synthase
2 (mPGES 2), with an examination of the enzymes’ apparent binding sites using Discovery
Studio (in the case of LOX, the Autodock method was applied). Furthermore, STITCH
(Search Tool for Interacting Chemicals), physicochemical, drug-likeness, and ADMET anal-
yses were conducted utilizing the STITCH web server, the Mol-inspiration web server, and
Discovery Studio, respectively.

2. Results and Discussion

Computational approaches have been emerging as a new tool for evaluating the
therapeutic potential of medicinal plants. In particular, molecular docking is used to select
protein (enzymes/biomarkers) targets of interest and to identify the docking behavior of
particular phytoconstituents on these targets [8]. Computational approaches have great
potential for drug repositioning, target identification, ligand profiling, and receptor de-
orphanization [9].

Da Silva et al. [6] have demonstrated the anti-inflammatory activity of the Mikania
genus and they further reported that Mikania scandens (leaf extract) possesses stronger
anti-inflammatory activity than M. scandens (stem extract). Suyenaga et al. [10] have shown
the anti-inflammatory activity of Mikania laevigata (leaf decoction) under an in vivo (animal
model) approach. Perez-Amador et al. [11] have described the anti-inflammatory activity
of Mikania micrantha ethyl acetate (EA) extract in a TPA (12-O-tetradecanoylphorbol-13-
acetate)-induced animal model in an in vivo experiment. Della Pasqua et al. [12] have
demonstrated that M. laevigata (leaf aqueous extract) possesses superior anti-inflammatory
activity compared to M. glomerata (leaf aqueous extract). Thus, the above-summarized
anti-inflammatory studies were evaluated to perform the present study.

The search tool for interacting chemicals (STITCH) free web server provides compre-
hensive particulars regarding: (i) metabolic pathways of interactions, (ii) crystal structure in-
formation, (iii) binding investigations, and (iv) target–drug correlations [13]. In the present
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study, the STITCH analysis revealed that only six ligands, namely (a) dihydrocoumarin,
(b) patuletin, (c) kaurenol, (d) psoralen, (e) curcumene, and (f) nepetin (eupafolin), showed
interactions with human proteins (Figure 1). Interestingly, patuletin interacted with the
human lipooxygenase (LOX, inflammatory) protein, as presented in Figure 1b.

Figure 1. Representation of the protein network analysis (selected ligands of Mikania with human
enzymes). (A) Dihydrocoumarin, (B) patuletin, (C) kaurenol, (D) psoralen, (E) curcumene, and
(F) nepetin (eupafolin).

Prior to the docking experiments, it is vital to understand the (i) physicochemical,
(ii) drug- likeness/bioactivity score, (iii) ADME, and finally, (iv) the toxicity of the 26 chosen
phytoconstituents of the Mikania species. These analyses have been shown to help in the
computer-aided drug development (CADD) process [14]. Regarding the physicochemical
properties, six ligands (stigmasterol, taraxerol, curcumene, bicyclogermacrene, γ-elemene,
and provincialin) showed one violation, while only one ligand (3,5-methyl-di-O-caffeoyl
quinate) displayed three violations for the rule of five (Table 1). Similarly, with reference
to supporting the drug-likeness or the score of the bioactivity analysis, only one ligand
(mikamicranolide) revealed a bioactivity score of >0 towards the six descriptors; on the
other hand, the other ligands showed a bioactivity score range of active to moderate.
Moreover, the other 26 selected ligands showed an inactive score (<−5.0) (Table 2).

Table 1. The physicochemical analysis of 26 (Mikania) ligands using the Mol-inspiration free
web server.

Ligand Log A ♦ Natoms � MW � noN •• nOH NH ♦♦ Nviolations * Nrotb **

Mikamicranolide −2.14 22 308.3 7 1 0 0
Kaurenoic acid 4.67 22 302.5 2 1 0 1
Stigmasterol 7.87 30 412.7 1 1 1 5
Grandifloric acid 3.75 23 318.5 3 2 0 1
Kaurenol 4.79 21 288.5 1 1 0 1
Spathulenol 3.91 16 220.4 1 1 0 0
Caryophyllene oxide 4.14 16 220.4 1 0 0 0
Syringaldehyde 1.08 13 182.2 4 1 0 3
Dihydrocoumarin 1.79 11 148.2 2 0 0 0
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Table 1. Cont.

Ligand Log A ♦ Natoms � MW � noN •• nOH NH ♦♦ Nviolations * Nrotb **

o-Coumaric acid 1.67 12 164.2 3 2 0 2
Taraxerol 8.02 31 426.7 1 1 1 0
Melilotoside −0.58 23 326.3 8 5 0 5
Patuletin 1.70 24 332.3 8 5 0 2
Methyl-3,5-di-O-caffeoyl
quinate 2.04 38 530.5 12 6 3 10

3,3′,5-Trihydroxy-4′,6,7-
trimethoxyflavone 2.31 26 360.3 8 3 0 4

Psoralen 2.29 14 186.2 3 0 0 0
Curcumene 5.82 15 202.3 0 0 1 4
Herniarin 2.05 13 176.2 3 0 0 1
2,6-Dimethoxyquinone 0.53 12 168.2 4 0 0 2
Bicyclogermacrene 5.29 15 204.4 0 0 1 0
α-Bisabolol 4.68 16 222.4 1 1 0 4
γ-Elemene 5.42 15 204.4 0 0 1 2
Provincialin 1.91 37 518.6 10 2 1 11
Dehydrocostus lactone 2.29 17 230.3 2 0 0 0
Mikanin-3-O-sulfate 0.36 29 424.4 10 2 0 6
Nepetin 1.99 23 316.3 7 4 0 2

Note: ♦-Octanol–Water (O/W) partition coefficient; �-molecular weight; �-number of non-hydrogen atoms;
♦♦- number of hydrogen bond donors [OH and NH groups]; •• number of hydrogen bond acceptors [O and N
atoms]; *- no. of rule of five violations, and ** no. of rotatable bonds (Nrotb).

Table 2. The drug-likeness or bioactivity analysis of 26 (Mikania) ligands utilized the Mol-inspiration
free web server.

Ligand
GPCR �

Ligand
Ion-Channel
Modulator

Kinase
Inhibitor

Nuclear Receptor
Ligand

Protease
Inhibitor

Enzyme
Inhibitor

Mikamicranolide 0.28 0.03 0.01 0.66 0.07 0.56
Kaurenoic acid 0.29 0.15 −0.39 0.75 0.06 0.46
Stigmasterol 0.12 −0.08 −0.49 0.74 −0.02 0.53
Grandifloric acid 0.21 0.12 −0.47 0.78 0.10 0.43
Kaurenol 0.21 0.10 −0.21 0.67 −0.02 0.44
Spathulenol −0.42 −0.28 −0.68 0.28 −0.36 0.05
Caryophyllene oxide −0.08 0.14 −0.86 0.62 0.00 0.57
Syringaldehyde −0.95 −0.36 −0.80 −0.69 −1.27 −0.39
Dihydrocoumarin −0.90 −0.48 −1.25 −0.75 −1.13 −0.47
o-Coumaric acid −0.64 −0.37 −0.98 −0.25 −0.90 −0.21
Taraxerol 0.21 0.02 −0.20 0.54 0.00 0.49
Melilotoside 0.17 −0.03 −0.13 0.27 0.04 0.40
Patuletin −0.14 −0.34 0.22 0.13 −0.35 0.17
3,5-Methyl-di-O-caffeoyl
quinate 0.11 −0.07 −0.06 0.34 0.07 0.25

3,3′,5-Trihydroxy−4′,6,7-
trimethoxyflavone −0.14 −0.33 0.20 0.09 −0.34 0.14

Psoralen −0.89 −0.38 −1.11 −1.13 −1.19 −0.37
Curcumene −0.47 −0.12 −0.80 −0.24 −0.72 −0.14
Herniarin −1.23 −0.84 −1.28 −1.06 −1.28 −0.47
2,6-Dimethoxyquinone −1.48 −0.69 −0.78 −1.50 −1.36 −0.42
Bicyclogermacrene −0.75 −0.69 −1.11 −0.65 −0.88 −0.16
α-Bisabolol −0.06 0.26 −0.78 0.37 −0.38 0.43
γ-Elemene −0.46 0.02 −1.01 0.51 −0.71 0.24
Provincialin 0.32 0.23 −0.15 0.95 0.07 0.82
Dehydrocostus lactone −0.04 −0.02 −0.56 1.00 −0.22 0.66
Mikanin-3-O-sulfate 0.08 −0.30 0.02 0.01 0.06 0.45
Nepetin −0.08 −0.23 0.22 0.17 −0.31 0.16

Note: �- G Protein-coupled receptors (GPCR).
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Before docking, it is vital to know a compound’s/ligand’s properties, such as (i) physic-
ochemical, (ii) drug-likeness or score of bioactivity, and (iii) ADMET, along with its
(iv) toxicity. Moreover, standardized rule (Lipinski’s rule of five) and ADMET are avail-
able for determining such properties [15]. Concerning ADMET analysis, eleven ligands
(mikamicranolide, spathulenol, caryophyllene oxide, patuletin, 3,3′,5-trihydroxy-4′,6,7-
trimethoxyflavone, psoralen, herniarin, 2,6-dimethoxyquinone, dehydrocostus lactone,
mikanin-3-O-sulfate, and nepetin) have hepatotoxic properties, as displayed in Table 3.

Table 3. ADMET analysis of 26 (Mikania) ligands using Discovery Studio.

Ligand HIA ♦ AS � BBB a PPB ** CYP2D6 ♦♦ HT b

L * L ** L *** Predication

Mikamicranolide 0 4 3 F F T
Kaurenoic acid 0 2 0 T F F
Stigmasterol 3 1 4 T F F
Grandifloric acid 0 2 1 T F F
Kaurenol 0 2 0 T F F
Spathulenol 0 3 1 T F T
Caryophyllene oxide 0 2 0 T F T
Syringaldehyde 0 4 3 T F F
Dihydrocoumarin 0 3 1 T F F
o-Coumaric acid 0 4 3 F F F
Taraxerol 3# 0 4 T F F
Melilotoside 1# 4 4 F F F
Patuletin 1 3 4 F F T
3,5-Methyl-di-O-caffeoyl quinate 3# 3 4 F F F
3,3′,5-Trihydroxy-4′,6,7-trimethoxyflavone 0 3 4 T F T
Psoralen 0 3 2 F F T
Curcumene 1 2 0 T F F
Herniarin 0 3 2 T F T
2,6-Dimethoxyquinone 0 4 3 F F T
Bicyclogermacrene 1 2 0 T F F
α-Bisabolol 0 2 0 T F F
γ-Elemene 1 2 0 T F F
Provincialin 2 3 4 F F F
Dehydrocostus lactone 0 2 1 T F T
Mikanin-3-O-sulfate 1 3 4 T F T
Nepetin 0 3 4 T T T

Note: (�-AS—Aqueous solubility; ♦-HIA—Human intestinal absorption; ** PPB—Plasma protein binding;
a-BBB—Blood–brain barrier; b HT—Hepatotoxicity; ♦♦ CYP2D6—Cytochrome P450 2D6; T—True, F—False,
and L—Level). * [0—Strong. 1—Medium. 2—Weak, and 3—Very weak]; ** [0—Extremely weak, 1—Very weak,
2—Weak, 3—Strong, 4—Optimal, 5—Soluble, and 6—Warning]; *** [0—Very strong penetration, 1—Strong,
2—Moderate, 3—Low, and 4—Undefined].

Regarding the toxicological screening of 26 ligands, as illustrated in Table 4, 5 ligands
(dihydrocoumarin, patuletin, 3,3′,5-trihydroxy-4′,6, 7-trimethoxyflavone, 3-O-mikanin-
sulfate along with nepetin) are non-degradable in terms of aerobic biodegradability nature.
Two ligands (patuletin and 3, 3′, 5-trihydroxy-4′, 6, 7-trimethoxyflavone) are predicated
as mutagens.

The C-docking study and free energy binding analysis (Table 5) showed that 3,5-
methyl-di-O-caffeoyl quinate possesses the maximum energy interaction (−42.51 kcal/mol)
with the COX 2 enzyme (as presented in Figure 2a). In contrast, psoralen revealed the least
interaction energy (−15.57 kcal/mol). Moreover, eight ligands (grandifloric acid, kaurenol,
o-coumaric acid, melilotoside, patuletin, 3,5-methyl-di-O-caffeoylquinate, mikanin-3-O-
sulfate, and nepetin) showed interaction with the Glu539 residues of the COX 2 enzyme,
as displayed in Table 5. The present results were in good conformity with our previous
findings where 4-hydroxyisoleucine (4-HIL) and phytic acid (PA) showed interaction with
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(i) Glu539; (ii) Glu350; (iii) Asn546; and (iv) Trp531 amino acid (AA) residues of the COX 2
enzyme [16].

Table 4. The toxicological screening of 26 (Mikania) ligands using Discovery Studio.

Ligands AB � AM ♦ OI • SI ♦♦ Oral Toxicity *

Mikamicranolide D NM I I 1.02
Kaurenoic acid D NM I I 1.53
Stigmasterol D NM I I 1.18
Grandifloric acid D NM I I 1.44
Kaurenol D NM I I 1.85
Spathulenol D NM I I 0.75
Caryophyllene oxide D NM I I 1.13
Syringaldehyde D NM I I 1.26
Dihydrocoumarin ND NM I I 0.74
o-Coumaric acid D NM I NI 1.59
Taraxerol D NM I I 0.93
Melilotoside D NM I NI 1.32
Patuletin ND M I NI 1.08
Methyl-3,5-di-O-caffeoyl quinate D NM I NI 2.37
3,3′,5-Trihydroxy-4′,6,7-trimethoxyflavone ND M I NI 0.93
Psoralen D NM I I 0.30
Curcumene D NM NI I 2.47
Herniarin D NM NI I 0.68
2,6-Dimethoxyquinone D NM I I 0.63
Bicyclogermacrene D NM I I 0.48
α-Bisabolol D NM I I 1.65
γ-Elemene D NM I I 2.00
Provincialin D NM I I 3.11
Dehydrocostus lactone D NM I I 1.45
Mikanin-3-O-sulfate ND NM I NI NA **
Nepetin ND NM I NI 0.68

Note: (AM ♦—Ames mutagenicity, AB �—Aerobic biodegradability, SI ♦♦—Skin irritancy, I •—Ocular irritancy,
and Oral toxicity *—Oral toxicity in rat [LD50 in g/Kg]; D—Degradable, ND—Non-degradable, M—Mutagen,
NM—Non-mutagen, I—Irritant, NI—Non-irritant, and NA **—Not analyzed).

Stigmasterol has been described to inhibit thromboxane B2 (TXB2) production, which
afterwards leads to inhibition of cyclooxygenase 1 (COX 1) activity [17]. However, no
reports are available for stigmasterol’s cyclooxygenase 2 (COX 2) inhibition activity. Addi-
tionally, caryophyllene has been reported to exhibit cyclooxygenase-2 (COX-2) inhibition
activity in THP-1 (human monocytic) cells [18]. Psoralen, spathulenol, syringaldehyde, and
taraxerol acetate have been found to exhibit cyclooxygenase-2 (COX-2) inhibition activ-
ity [19–23]. All the above findings were in agreement with our results on cyclooxygenase
2 (COX 2) inhibition activity.

The HNE is an additional targeted enzyme whose docking analysis and free en-
ergy binding analysis showed that 3,5-methyl-di-O-caffeoyl quinate displayed the max-
imum energy of interactions (−54.66 kcal/mol), as presented in Figure 2b. Thirteen lig-
ands (kaurenol, syringaldehyde, o-coumaric acid, melilotoside, patuletin, 3,5-methyl-di-
O-caffeoyl quinate, trihydroxy-3,3′,5-trimethoxy-4′,6,7-flavone, psoralen, herniarin, 2,6-
dimethoxyquinone, provincialin, mikanin-3-O-sulfate, and nepetin) exhibited interaction
with Ser195 amino acid residue of HNE, as shown in Table 6. The present finding was in
good agreement with our previous study, where phytic acid (PA) and 4-hydroxyisoleucine
(4-HIL) demonstrated interaction with (i) Ser195; (ii) Arg147; (iii) Cys191; (iv) Phe192;
(v) Gly193; (vi) Asp194; and (vii) Ser214 amino acid (AA) residues of the HNE enzyme [16].

Five sesquiterpene lactones, namely (15- (3′-Hydroxy)-methacryloyloxy-micrantholide,
isobutyryloxy-15-(2′,3′-Epoxy) -micrantholide, isobutyryloxy-15-(2′-Hydroxy)-micrantholide,
4α hydroxy-1β-Acetoxy-15- eudesma-isobutyryloxy-12-8β-olide11-13-en from M. cordifolia,
and Scandenolide from M. micrantha have been reported to exhibit human neutrophil
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elastase (HNE) inhibition activity [24]. Similarly, p-coumaric acid and di-O-caffeoyl-3,5-
quinic acid, two phytochemicals, were described as possessing human neutrophil elastase
(HNE) inhibition activity [25]. Both reports were in close agreement with the present
findings on the human neutrophil elastase (HNE) inhibition activity.

Table 5. Energy interaction analysis of twenty-six (Mikania) ligands along with cyclooxygenase
2 (COX 2) utilizing Discovery Studio.

Ligands
c-Docker Energy
Interaction (-kcal/mol)

Amino Acid Interaction
Residue (AA)

Bond Distance (Å)

Mikamicranolide 22.37 Asn546 1.1
Kaurenoic acid F * - -

Stigmasterol 34.51
Lys346 2.5
Asp348 1.2

Grandifloric acid 24.17
Glu539 0.91
Asn546 1.5 and 1.7

Kaurenol 21.75 Glu539 0.55
Spathulenol 18.08 No interaction -
Caryophyllene oxide 17.20 No interaction -
Syringaldehyde 21.57 Asn546 1.5
Dihydrocoumarin 16.97 No interaction -

o-Coumaric acid 18.23
Glu539 2.0
Asn546 1.5
Lys543 � 6.5

Taraxerol 29.03 Glu350 0.96

Melilotoside 32.06

Lys346 2.2
Asp348 1.9
Glu539 1.7
Asn546 1.7
Lys328 � 6.3

Patuletin 28.65

Asp348 0.53
Glu350 2.2
Trp531 1.4
Glu539 2.3

Methyl-3,5-di-O-caffeoyl quinate 42.51

Lys346 2.4
Asp348 0.96
Glu350 1.8
Glu539 2.4
Asn546 2.2 and 2.3

3,3′,5-Trihydroxy-4′,6,7-trimethoxyflavone 28.20 Asn546 2.4

Psoralen 15.57
Asn546 0.8 and 2.2
Lys543 � 5.1 and 5.8

Curcumene 19.47 No interaction -
Herniarin 17.10 Asn546 2.4
2,6-Dimethoxyquinone 18.20 Asn546 1.3
Bicyclogermacrene 17.12 No interaction -
α-Bisabolol 23.26 Asn546 2.2
γ-Elemene 17.41 No interaction -
Provincialin 37.74 Lys346 1.8
Dehydrocostus lactone 19.95 No interaction -

Mikanin-3-O-sulfate 29.99
Glu539 2.1
Asn546 2.2 and 2.5
Lys328 � 6.6

Nepetin 32.50

Asp348 0.31
Glu350 2.2
Trp531 1.7
Glu539 2.1

Note: [F *—Failed to dock; �—+-π interaction].
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Figure 2. The two-dimensional (2D) structure of methyl-3,5-di-O-caffeoyl quinate with (A) COX
2 and (B) HNE; hydrogen atoms have been excluded in two-dimensional (2D) images for good
explanation and bond distances are expressed in (Å) angstroms; (C) three-dimensional (3D) structure
of 3,3′,5-trihydroxy-4′,6,7-trimethoxyflavone with LOX (docked using Autodock and analyzed using
pyMOL method) and (D) two-dimensional (2D) structure of provincialin with mPGES 2.

The docking study and free binding energy analysis showed that 3,3′,5-trihydroxy-
4′,6,7-trimethoxyflavone (Figure 2c) had the least binding energy (−9.71 kcal/mol) (Table 7).
Moreover, five ligands (mikamicranolide, syringaldehyde, patuletin, 2,6-dimethoxyquinone,
and mikanin-3-O-sulfate) exhibited interactions with the His518 amino acid residue of LOX.
The current finding was in good accord with our previous study, where the compound-3e
(Geranylacetophenone derivative) showed interaction with His518 amino acid residue of
the LOX enzyme [26]. Similarly, our earlier study also displayed that 4-hydroxyisoleucine
(4-HIL) showed interaction with (i) Ser510; (ii) His513; and (iii) Gln716 amino acid (AA)
residues of the LOX enzyme [16].
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Table 6. Energy interaction analysis of 26 ligands (Mikania) along with HNE using Discovery Studio.

Ligands
Energy Interaction of
c-Docker (-kcal/mol)

Amino Acid Interaction
Residue (AA)

Bond Distance (Å)

Mikamicranolide 31.32 No interaction -
Kaurenoic acid F * - -
Stigmasterol 34.31 No interaction -
Grandifloric acid 26.95 Gly219 2.8
Kaurenol 28.05 Ser195 2.3
Spathulenol 23.55 No interaction -
Caryophyllene oxide 23.54 No interaction -

Syringaldehyde 30.11

Cys191 1.8
Gly193 2.6
Asp194 2.8
Ser195 2.8
Val216 3.1

Dihydrocoumarin 20.95
Arg147 2.2
Phe192 2.8

o-Coumaric acid 22.74

Cys191 2.0
Gly193 2.8
Asp194 3.1
Ser195 1.9, 2.6 and 2.9
Ser214 2.1

Taraxerol 28.96 No interaction -

Melilotoside 37.79

Arg147 2.4
Phe192 1.9 and 2.9
Gly193 3.0
Ser195 3.1
Gly219 2.5

Patuletin 35.32

Cys191 2.0
Gly193 2.8
Asp194 3.1
Ser195 2.8
Ser214 2.1
Gly218 3.0
Gly219 2.8

3,5-Methyl-di-O-caffeoyl quinate 54.66

Cys58 1.8
Asn99A 2.4
Arg177 2.9
Phe192 3.1
Ser195 2.4
Phe215♦ 3.9

4′,6,7-trimethoxy-3,3′,5-
Trihydroxyflavone 34.66

Gly193 3.0
Ser195 3.1 and 3.1
Gly219 2.9

Psoralen 19.74
Phe192 3.2
Ser195 2.1

Curcumene 24.66 No interaction -

Herniarin 24.89
Arg147 2.9
Phe192 2.8
Ser195 2.1

2,6-Dimethoxyquinone 22.60
Gly193 2.7
Ser195 2.9 and 3.0

Bicyclogermacrene 23.35 No interaction -
α-Bisabolol 25.75 No interaction -
γ-Elemene 18.53 No interaction -

Provincialin 49.20

Gly193 2.9
Ser195 2.7 and 3.1
Gly219 2.6
Val216 3.1

Dehydrocostus lactone 25.02 No interaction -
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Table 6. Cont.

Ligands
Energy Interaction of
c-Docker (-kcal/mol)

Amino Acid Interaction
Residue (AA)

Bond Distance (Å)

Mikanin-3-O-sulfate 40.31

Cys191 1.8
Phe192 2.6
Gly193 3.0
Ser195 2.8 and 3.1
Ser214 3.2
Val216 1.7 and 2.7

Nepetin 31.90

Cys191 2.1
Gly193 2.9
Ser195 3.0
Gly218 2.8
Gly219 2.6

Note: [F *—Failed to dock].

Table 7. Energy interaction analysis of twenty-six (Mikania) ligands along with LOX utiliz-
ing Autodock.

Ligands
Minimal Binding Energy
(-kcal/mol)

Amino Acid Interaction
Residue (AA)

Bond Distance (Å)

Mikamicranolide 8.21
His518 2.2
Trp519 3.2

Kaurenoic acid 6.50
His513 3.3
Gln716 2.0 and 3.2

Stigmasterol 7.03 Ile557 2.6
Grandifloric acid 4.82 No interaction -
Kaurenol 8.37 No interaction -
Spathulenol 7.43 No interaction -
Caryophyllene oxide 8.00 No interaction -

Syringaldehyde 5.33
Gln514 2.0
His518 2.7

Dihydrocoumarin 5.74
His523 3.6
Ile557 3.2

o-Coumaric acid 4.44
Ser510 2.1
Gln514 2.1

Taraxerol +11.79 ND * ND *

Melilotoside 6.79
Ser510 1.8 and 3.4
Gln514 2.3

Patuletin 9.32

His513 1.9 and 3.4
Gln514 2.7
His518 3.2
Arg726 2.1

3,5-Methyl-di-O-caffeoyl quinate +30.23 ND * ND *
4′,6,7-3,3′,5-Trihydroxy-trimethoxyflavone 9.71 Ser510 2.1
Psoralen 6.51 No interaction -
Curcumene 7.73 No interaction -
Herniarin 5.79 No interaction -
2,6-Dimethoxyquinone 4.93 His518 3.1
Bicyclogermacrene 7.94 No interaction -
α-Bisabolol 8.11 Gln716 1.9 and 3.2
γ-Elemene 7.54 No interaction -
Provincialin +46.86 ND * ND *
Dehydrocostus lactone 8.26 His523 2.7

Mikanin-3-O-sulfate 4.88

Ser510 1.7
His513 3.2
Gln514 1.8 and 2.4
His518 3.5

Nepetin 9.21 Arg726 2.1 and 3.4

Note: [+—Positive sign represents the (weak) binding energy, which may be due to an improper binding feature
as demonstrated by Castro et al. [27]; ND *—Not determined].

Mikania micrantha (leaves and stems—ethyl acetate extract) [11], Mikania lindleyana
(aerial parts of the plant—methanolic extract), and Mikania cordata (root—methanolic
extract) have been described to have anti-inflammatory properties [28,29], whereas three
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other Mikania species (M. glomerata, M. hirsutissima, and M. laevigata) have been reported
to inhibit 5- lipoxygenase (5-LOX) activity in a dose-dependent manner [30,31]. Jyothi
Lakshmi [32] reported the cyclooxygenase (COX), lipoxygenase (LOX), and nitric oxide
synthase (iNOS) inhibition activities of Mikania micrantha (leaf and flower extract). Similarly,
(i) 6,7-dihydroxy coumarin, (ii) β- caryophyllene, and (iii) β- caryophyllene oxide have
been reported to inhibit 5- lipoxygenase (5-LOX) activity [33], whereas stigmasterol has
been described to inhibit 15- lipoxygenase (15-LOX) activity [34]. Kaurenoic acid has
been reported to have weak lipoxygenase (LOX) inhibition activity [35]. All the above-
mentioned studies are in good correlation with the current results on lipoxygenase (LOX)
inhibition activity.

The docking study and binding free energy analysis with MMP 2 showed that 3,5-
methyl-di-O-caffeoylquinate possessed the maximum interaction energy (−83.34 kcal/mol),
and five ligands (syringaldehyde, o-coumaric acid, 3,5-methyl-di-O-caffeoylquinate, 3-O-
mikanin-sulfate, and nepetin) showed interaction with the MMP2 amino acid residue
Glu-202 (Table 8). This observation was in agreement with previous findings, where 4-
hydroxyisoleucine (4-HIL) has shown interaction with the (i) Glu202; (ii) Ala165; and
(iii) His201 amino acid (AA) residues of the MMP 2 enzyme [16].

Table 8. Energy interaction analysis of twenty-six ligands of (Mikania) MMP 2 utilizing Discovery Studio.

Ligands
Minimal Binding Energy
(-kcal/mol)

Amino Acid Interaction
Residue (AA)

Bond Distance (Å)

Mikamicranolide F * - -
Kaurenoic acid F * - -
Stigmasterol F * - -
Grandifloric acid F * - -
Kaurenol F * - -
Spathulenol F * - -
Caryophyllene oxide F * - -

Syringaldehyde 33.92
Ala167 2.5
Glu202 2.0

Dihydrocoumarin 31.67 No interaction -
o-Coumaric acid 38.99 Glu202 1.7
Taraxerol F * - -
Melilotoside F * - -

Patuletin 47.85

Gly162 2.5
Leu164 2.0
Ala167 1.2 and 1.7
Zn501 � 3.6

3,5-Methyl-di-O-caffeoylquinate 83.34
His201 ♦ 4.7
Glu202 1.3
Glu210 1.9

4′,6,7-trimethoxyflavone-3,3′,5-Trihydroxy 48.36
His166 2.0
Ala167 2.3
Pro221 2.4

Psoralen 34.40 No interaction -
Curcumene 34.54 Zn501 � 3.4
Herniarin 36.51 No interaction -

2,6-Dimethoxyquinone 33.27
Leu164 2.0
Ala165 1.6

Bicyclogermacrene 19.70 No interaction -
α-Bisabolol 39.85 His201 2.5
γ-Elemene F * - -
Provincialin F * - -
Dehydrocostus lactone F * - -

Mikanin-3-O-sulfate 52.36

Leu163 � 2.2
His166 2.3
Ala167 1.7
Glu202 1.9
Pro221 1.8

Nepetin 46.27
Gly162 2.4
Ala167 2.1
Glu202 1.5

Note: [F *—Failed to dock; � —+–π interaction; ♦— π–π interaction; �—Sigma–π interaction].
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Similarly, in the C-docking study and binding energy analysis with MMP 9, 3,5-methyl-
di-O-caffeoyl quinate exhibited the maximum binding energy (−81.65 kcal/mol), and three
ligands (3,5-methyl-di-O-caffeoylquinate, curcumene, and 2,6-dimethoxyquinone) dis-
played an interaction with His226 amino acid (AA) residue of MMP 9 (Table 9). The current
result was in good correlation with our preceding study, where 3-phenyllactic acid (3-PLA)
showed interaction with His226 amino acid (AA) residues of the MMP 9 enzyme [36].
Stigmasterol has been reported to reduce matrix metalloproteinase 3 (MMP 3) mRNA
expression in humans and mouses, MMP 3 protein in mice, and matrix metalloproteinase
13 (MMP 13) mRNA expression in humans and mice [37]. However, in the present study,
stigmasterol failed to dock with both enzymes (MMP 2 and 9).

Table 9. Energy interaction analyzes of twenty-six ligands (Mikania) MMP 9 utilizing Discovery Studio.

Ligands
Energy Interaction of
c-Docker (-kcal/mol)

Amino Acid Interaction
Residue (AA)

Bond Distance (Å)

Mikamicranolide F * - -
Kaurenoic acid F * - -
Stigmasterol F * - -
Grandifloric acid F * - -
Kaurenol F * - -
Spathulenol F * - -
Caryophyllene oxide F * - -
Syringaldehyde 36.26 Tyr248 3.2 and 3.2
Dihydrocoumarin 33.03 No interaction -
o-Coumaric acid 40.73 Ala189 2.0
Taraxerol F * - -
Melilotoside F * - -
Patuletin 43.96 Leu188 2.3

Methyl-3,5-di-O-caffeoyl quinate 81.65
His226 � 5.1
Gln227 1.7

3,3′,5-Trihydroxy-4′,6,7-trimethoxyflavone 45.60
Pro180 2.4
His190 2.7

Psoralen 33.72 No interaction -
Curcumene 32.74 His226 � 3.7
Herniarin 35.71 Tyr248 2.8

2,6-Dimethoxyquinone 31.79
Leu188 2.9
Ala189 2.7
His226 3.2

Bicyclogermacrene F * - -
α-Bisabolol 42.26 No interaction -
γ-Elemene F * - -
Provincialin F * - -
Dehydrocostus lactone F * - -
Mikanin-3-O-sulfate 48.76 Gln227 3.0

Nepetin 44.73
Pro180 2.3 and 2.5
His190 2.7

Note: [F *—Failed to dock, �—π–π interaction].

Docking and energy binding analysis (Table 10) shows that the provincialin had max-
imum energy binding (−54.18 kcal/ mol) with the mPGES 2 enzyme (as illustrated in
Figure 2d) and twelve ligands (syringaldehyde, o-coumaric acid, melilotoside, patuletin,
3,5-methyl-di-O-caffeoylquinate, 4′,6,7-trimethoxyflavone-3,3′,5-trihydroxy, psoralen, her-
niarin, provincialin, dehydrocostus lactone, mikanin-3-O-sulfate, and nepetin) had inter-
action with Arg298 amino acid (AA) residue of mPGES 2. Interestingly, in the present
study, all 25 ligands (except for 2,6-dimethoxyquinone) showed docking and binding
affinities with microsomal prostaglandin E synthase 2 (mPGES 2). Maione et al. [38] have
reported that the amino acids (i) Cys110, (ii) His241, (iii) His244, (iv) Ser247, (v) Arg292,
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and (vi) Arg296 are the key binding residues for mPGES 2. However, there are no reports
on their mPGES 2 inhibition activity.

Table 10. Energy interaction analyzes of twenty-six ligands (Mikania) of mPGES 2 utilizing Discov-
ery Studio.

Ligands
Energy Interaction of
c-Docker (-kcal/mol)

Amino Acid Interaction
Residue (AA)

Bond Distance (Å)

Mikamicranolide 26.05
SerB295 2.3 and 2.5
SerD295 1.9

Kaurenoic acid 22.92
ArgD292 2.1
SerD295 1.9
ArgD296 2.3

Stigmasterol 32.09 Lys200 2.0
Grandifloric acid 23.59 SerD295 1.9
Kaurenol 22.25 No interaction -
Spathulenol 24.46 SerD295 1.3 and 1.4
Caryophyllene oxide 19.57 No interaction -

Syringaldehyde 28.24
SerD295 1.8, 1.8 and 2.4
ArgD298 1.7

Dihydrocoumarin 23.83 No interaction -

o-Coumaric acid 26.40
SerD295 1.5
ArgB298 1.7

Taraxerol 29.16 SerB295 1.7 and 2.3

Melilotoside 42.13
GlnA198 1.6 and 2.2
SerB295 1.3 and 2.2
ArgB298 1.7

Patuletin 39.66

GlnA198 1.6
GlyA199 0.96
GlyC199 1.6
ArgB298 1.7 and 1.8
ArgD298 1.7

3,5-Methyl-di-O-caffeoyl quinate 52.22

GlnA198 1.8
GlnC198 1.9
GlyC199 2.3
SerB295 1.9, 2.4 and 2.5
ArgD296 1.5 and 1.8
ArgD296 � 2.8
ArgD298 1.8

6,7-Trimethoxyflavone-3,3′,5-Trihydroxy-4′ 39.70

GlyA199 1.3
GlyC199 1.8
ArgB298 2.0 and 2.5
ArgD298 1.3

Psoralen 26.93 ArgB298 1.5 and 1.9
Curcumene 26.84 No interaction -

Herniarin 25.62
SerD295 2.3
ArgD298 1.8

2,6-Dimethoxyquinone F * - -
Bicyclogermacrene 22.19 No interaction -
α-Bisabolol 28.37 SerB295 1.1 and 2.7
γ-Elemene 20.98 No interaction -

Provincialin 54.18

ArgB292 2.2
ArgD292 2.3
SerB295 2.0 and 2.4
ArgB296 2.4
ArgB298 1.6
ArgD298 1.7

Dehydrocostus lactone 21.58
SerB295 1.8
ArgD298 2.2

Mikanin-3-O-sulfate 42.38
SerD295 2.5
ArgB298 1.5

Nepetin 39.41

GlyA199 1.4
GlyC199 1.9
SerD295 1.4
ArgB298 1.4 and 1.7

Note: [F *—docking failed, �—π–sigma interaction].
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3. Materials and Methods

3.1. Ligand (Small Molecule of Interest) Preparation

The simplified molecular input line entry specification (SMILES) of the 26 selected
ligands: (i) mikamicranolide (Chemspider ID 10189069); (ii) kaurenoic acid (CID 73062);
(iii) stigmasterol (CID 5280794); (iv) grandifloric acid (CID 159930); (v) kaurenol (CID 443465);
(vi) spathulenol (CID 522266); (vii) caryophyllene oxide (CID 14350); (viii) syringaldehyde
(CID 8655); (ix) dihydrocoumarin (CID 660); (x) o-coumaric acid (Chemspider ID 553146);
(xi) taraxerol (CID 92097); (xii) melilotoside (CID 5280759); (xiii) patuletin (CID 5281678);
(xiv) methyl-3,5-di-O-caffeoyl quinate (ChEBI ID 66708); (xv) 3,3′,5-trihydroxy-4′,6,7-trimeth-
oxyflavone (Chemspider ID 4476175); (xvi) psoralen (CID 6199); (xvii) curcumene (CID 92139);
(xviii) herniarin (Chemspider ID 10295); (xix) 2,6-dimethoxyquinone; (xx) bicycloger-
macrene (CID 5315347); (xxi) α-bisabolol (CID 442343); (xxii) γ-elemene (CID 6432312);
(xxiii) provincialin (ChEBI ID 8599); (xxiv) dehydrocostus lactone (CID 73174); (xxv) mikanin-
3-O-sulfate (CID 14630674); and (xxvi) nepetin (Chemspider ID 4476172) were obtained
from (i) Chemspider, (ii) PubMed, and (iii) Chemical Entities of Biological Interest. A three-
dimensional structure of 2, 6-dimethoxy quinone was generated using ChemBioDraw Ultra
12.0. All the 26 ligands [above-mentioned] were sketched using Ultra 12.0 ChemBioDraw
software and further MM2—molecular mechanics ligand minimization—was performed
using Ultra 12.0 ChemBio3D software. Thus, these minimized energy ligands [3D images]
were engaged for Autodock and in the C-docker case, and the ligand in-build preparation
procedure (Accelrys, San Diego, CA, USA) was applied [16].

3.2. Protein Network Interaction Analysis

The search tool for interacting chemicals [STITCH] free web server [39] was employed
to identify the interaction between ligands (26 selected phyto-constituents of Mikania
species) and human proteins.

3.3. Selection of Target Protein (Enzyme) and Preparation

The 3D enzymes of (i) COX 2 (3LN1), with a resolution of 2.40 Å; (ii) HNE (1H1B [PDB
number], with a resolution of 2.00 Å; (iii) LOX (1JNQ [PDB number], with a resolution of
2.10 Å; (iv) MMP 2 (1QIB [PDB number], with 2.80 angstrom (Å) resolution; (v) MMP9
(4H1Q) with 1.59 Å resolution; and (vi) mPGES 2 (1Z9H), with 2.60 Å resolution. were
retrieved from the RCSB Protein Data Bank. In COX2, the C chain was processed, and
mPGES 2, all chains were processed individually by eliminating the B, C, and D ligands
along with the crystallographically detected water (H2O) particles. The enzymes mentioned
above were primed using Chimera UCSF software for Autodocking and C-docker in-built
protein preparation procedure (Accelrys, San Diego, CA, USA) was applied [16].

3.4. Physicochemical and Drug-Likeness or Bioactivity Score Analyses

The physicochemical and drug-likeness or biological activity score analyses were con-
ducted for the selected twenty-six selected (Mikania) ligands utilizing the Mol-inspiration-
free web server [16].

3.5. ADMET and TOPKAT Analyses

The ADMET and TOPKAT analyses were performed using Discovery Studio (Accelrys,
San Diego, CA, USA) for the 26 selected (Mikania) ligands [16].

3.6. Docking Analysis

The docking analysis was performed for twenty-six screened compounds extracted
from Mikania utilizing C-docker. The 3D structures of COX 2; MMP 2; HNE; MMP 9;
and mPGES 2 were recovered from the Protein Data Bank and further processed with the
C-docker procedure [40] along the protein–ligand interaction section using 3.1. Discovery
Studio® (Accelrys, San Diego, CA, USA) was utilized. A model of Autodock 4.2 was used
for LOX alone, where all rotatable bonds [rotb] along the twenty-six Mikania ligands were
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withheld for the flexible docking approach. The grid size was fixed (60 × 60 × 60) with
a space of 0.375 Å between the grid points. Lamarckian Genetic Algorithm (LGA) was
used to choose the good conformers. Similarly, a genetic algorithm was used to produce
100 individual docking runs for each selected Mikania ligand. In summary, the standardized
Autodock step-wise docking protocol was used for the current study [16].

4. Conclusions

The present study found that 3,5-methyl-di-O-caffeoylquinate was efficient in binding
with five target enzymes, whereas kaurenoic acid did not bind with the selected four
targeted proteins. These two phytochemicals showed good efficacy as potential anti-
inflammatory drugs of non-steroid [NSAIDs] nature. Interestingly, all 26 selected ligands
(except 2, 6-dimethoxy quinone) from Mikania species showed good docking and binding
to mPGES 2. Thus, the findings of this study indicate that it is possible to suppress COX 2,
HNE, LOX, MMP 2 and 9, and mPGES 2 in the treatment of acute and chronic inflammatory
diseases using these ligands of Mikania species.
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Abstract: α-Tocopheryl succinate (α-TS) and α-tocopheryloxyacetic acid (α-TEA) are potent inducers
of apoptosis in cancer cells and efficient suppressors of tumors in experimental model cancer cell
lines. They exhibit selective cytotoxicity against tumor cells and very limited or no toxicity toward
nonmalignant cells. In the present work, a series of new α-tocopherol derivatives were synthesized
as analogs of α-TS and α-TEA. The cytotoxic activity of obtained compounds was tested using three
human cancer cell lines, including chronic lymphoblastic leukemia (CEM), breast adenocarcinoma
(MCF7), cervical adenocarcinoma (HeLa), and normal human fibroblasts (BJ). The introduction of
an alkyl substituent into the ether-linked acetic acid moiety in α-TEA increased anticancer activity.
α-Tocopheryloxy-2-methylpropanoic acid with two additional geminal methyl groups was more
active against CEM cells compared to α-TEA and non-toxic to normal cells. In order to acquire a
deeper understanding of the biological activity of synthesized compounds, a molecular docking
study was also conducted. Our research confirmed that vitamin E derivatives are interesting and
valuable compounds in terms of their potential therapeutic use as anticancer agents.

Keywords: vitamin E derivatives; α-tocopheryloxyacetic acid (α-TEA); α-tocopheryl succinate (α-TS);
cancer; mitocans; apoptosis

1. Introduction

Treatment of cancer to date remains a significant challenge, mainly due to continuous
mutations, which make the tumor cells resistant to established chemotherapeutics [1]. Mito-
chondria provide a novel targeting site that can selectively kill cancer cells without affecting
normal cells [2]. Mitocans (mitochondria-targeted drugs) act by destabilizing mitochondria
in cancer cells, causing them to unleash their pro-apoptotic potential, ultimately leading to
reduced growth or death of tumor cells [3–5]. To this group belong redox-silent vitamin E
analogs (Figure 1), represented by α-tocopheryl succinate (α-TS), which is mainly nontoxic
to normal cells and tissues. Its pro-apoptotic activity was detected in various epithelial
cancer cell types, particularly in breast, colon, and prostate cancers [6–9]. Significant an-
ticancer activity show TS nanovesicles, both in vitro and in vivo [10]. However, α-TS is
effective only by intraperitoneal injection, not by oral administration, since it is hydrolyzed
by nonspecific esterases in the intestinal tract and in normal cells [11]. α-Tocopheryl mal-
onate (TM) and α-tocopheryl oxalate (TO) show higher in vitro activity than α-TS. They
are strong apoptogens in vitro but often show non-selective toxicity [12,13]. α-Tocopheryl
phosphate (α-TP), a water-soluble form of α-T, has been detected in low amounts in human

Processes 2023, 11, 1860. https://doi.org/10.3390/pr11061860 https://www.mdpi.com/journal/processes87



Processes 2023, 11, 1860

and animal tissues and plasma. Since the hydroxyl group is phosphorylated, α-T gains
a redox-silent character and reveals new activities [14,15]. According to some authors,
α-TP is a potentially stronger anti-proliferative agent than α-T [16,17]. Due to its potent
biological activity, α-TP is still the subject of numerous investigations [18–20].

Figure 1. Chemical structure of α-tocopherol (α-T), α-tocopheryl succinate (α-TS), α-tocopheryl
malonate (α-TM), α-tocopheryl oxalate (α-TO), α-tocopheryloxyacetic acid (α-TEA), and α-tocopheryl
phosphate (α-TP) (Domains in vitamin E molecule and its analogs: I—functional, II—signaling,
III—hydrophobic).

α-TS is unstable under physiological conditions because of cellular esterases’ activity.
To overcome this problem, the succinic moiety was substituted by an acetic acid part linked
to the phenolic oxygen by ether linkage to give α-tocopheryloxyacetic acid (α-TEA) with a
stable, non-hydrolysable entity [21–26]. This α-tocopherol derivative can be administered
orally with high antitumor efficacy [26,27]. Studies in the past decade have shown that
α-TEA is a potent inducer of apoptosis in various types of cancer epithelial cells [28] in tests
both in vitro and in vivo [29]. α-TEA induces autophagy in lung and mammary tumor cells.
The autophagy-mediated cell death is partially responsible for the cytotoxic properties
of α-TEA [30]. Tests in vivo showed an even stronger antitumor effect than α-TS [21].
Similarly to α-TS, α-TEA is a potent inducer of apoptosis in human endometrial, breast,
ovarian, lung, colon, prostate, and lymphoid cells [31]. It induces apoptosis through an
increase in death-promoting factors and a decrease in survival-promoting factors in human
prostate cancer cells [32]. It was demonstrated that α-TEA inhibits proliferation, migration,
and invasion in colon cancer cells [25,33]. On the other hand, α-TEA does not induce
apoptosis in normal human mammary epithelial cells, normal PrEC human prostate cells,
and healthy tissues. Several chemical modifications of the α-TEA as a leading structure
have been reported. They primarily concerned alterations in the ethereal moiety or in the
ending of the acidic fragment. In α-tocopheryloxybutyric acid, the butyric acid residue is
linked by the ethereal bond to the α-tocopheryloxyl part [34]. In another modification, the
ending carboxylic group was replaced with sulphonic or phosphonic groups linked to three
or four carbon-containing linkers [35]. Previous investigations have shown that α-TEA
and α-TS can be effective adjuvants in chemoprevention and cancer treatment, enhancing
the antitumor effect of drug substances [25,33,36]. They were tested in combination with
known anticancer drugs: celecoxib [37] and cisplatin [38–40].

Three domains are distinguished in the structure of α-T and its derivatives (Figure 1).
Domain I as the functional domain, is essential for the antioxidant or pro-apoptotic action
of vitamin E. Acylation at the C-6 position with succinic anhydride makes α-tocopheryl
succinate (α-TS) a dormant antioxidant with strong pro-apoptotic properties. Domain II
consists of the chroman ring and is responsible for the signaling function affecting, among
others, the activity of PP2A phosphatase and protein kinase C (PKC). Domain III includes
the lipophilic side chain, which is responsible for docking tocopherol molecules in cell
membranes and plasma lipoproteins [6,41,42].
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The aim of the present study was to obtain some new α-tocopherol derivatives with
higher anticancer activity than α-TS and α-TEA. For this purpose, we planned to modify
the substituent at the C-6 position of tocopheroxyl moiety, which can modulate the original
pro-apoptotic activity. We decided to introduce an additional group (carboxyl or alkyl) in
the α-position relative to the terminal carboxyl group.

2. Results and Discussion

The synthesis of target vitamin E derivatives 3–10 was performed according to the
synthetic route, as shown in Scheme 1. RRR-α-tocopherol (α-T) was the substrate in the
described reactions. In the first variant, an additional carboxyl group was introduced into
the α-position to the carboxyl group in the α-TS molecule. For this purpose, dibenzyl
malonate was alkylated with α-tocopheryl chloroacetate (1), followed by hydrogenolysis of
dibenzyl ester 2 to give compound 3. In another experiment, α-T was alkylated with diethyl
bromomalonate followed by alkaline hydrolysis to give tocopheryloxymalonic acid (4).
The analogs of α-TEA (5–10) with additional alkyl substituents in ether-linked acetic acid
moiety were obtained by alkylation of α-T with corresponding α-bromoacid ethyl esters
(i.e., 2-bromopropionate, 2-bromobutyrate, α-bromoisobutyrate, 2-bromovalerate, 2-bromo-
3-methylbutyrate, 2-bromocaprylate, respectively). All reactions were carried out in mild
conditions to give very good yields. The synthesized compounds were characterized
by NMR, FT-IR, and HRMS analysis, and the obtained data were consistent with the
desired structures.

Scheme 1. Synthesis of vitamin E derivatives (2–10) from RRR-α-tocopherol (α-T). Reagents and
conditions: (a) chloroacetyl chloride, pyridine, toluene, rt; (b) CH2(COOBn)2, t-BuOK, THF, rt; (c) H2

(1 atm), Pd/C, ethyl acetate; (d) 1. diethyl bromomalonate, K2CO3, acetone, reflux, 2. KOHaq, THF,
rt; (e) NaOH, DMF, rt.

To determine the cytotoxic activity, the synthesized compounds 3–10 were screened
for their in vitro antiproliferative action against a panel of three different human cancer cell
lines, namely human chronic lymphoblastic leukemia (CEM), human breast adenocarci-
noma (MCF7), human cervical adenocarcinoma (HeLa), and normal human fibroblasts (BJ).
For a better comparison, known compounds, namely α-TEA, α-TS, α-TM, α-TO, and α-TP,
were also tested in our laboratory conditions. Furthermore, we used Doxorubicin (Dox), a
known, anti-cancer drug, as a reference in cytotoxic assay. The obtained results are listed
in Table 1.
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Table 1. IC50 (μM) on three cancer cell lines (CEM, MCF7, HeLa) and normal human fibroblasts (BJ)
after 72 h of incubation with the tested compounds. The data are means ± standard deviation (SD)
obtained from at least three independent experiments performed in triplicate.

Compound R CEM MCF7 HeLa BJ
Complex II

Affinity
(kcal/mol)

α-TS 33.8 ± 0.0 48.6 ± 2.1 45.8 ± 0.8 43.3 ± 2.3 −7.4

α-TO 24.6 ± 3.6 31.0 ± 7.4 28.1 ± 0.3 45.1 ± 2.4 −6.9

α-TM 17.8 ± 1.2 41.1 ± 6.3 26.9 ± 7.4 45.0 ± 0.8 −7.4

α-TEA 32.0 ± 1.2 48.2 ± 1.1 40.9 ± 3.9 40.4 ± 6.6 −7.2

α-TP >50 >50 >50 >50 −7.5

3 >50 >50 >50 >50 −7.1

4 >50 >50 35.3 ± 0.8 >50 −7.0

5 24.5 ± 2.1 47.3 ± 0.1 17.2 ± 3.4 43.6 ± 2.2 −7.4

6 24.5 ± 6.3 46.6 ± 0.4 13.1 ± 0.1 41.8 ± 1.7 −7.3

7 14.1 ± 0.8 >50 >50 >50 −7.5

8 31.5 ± 3.7 26.9 ± 4.5 31.5 ± 3.6 >50 −7.3

9 28.7 ± 1.0 21.6 ± 1.0 29.9 ± 2.0 35.5 ± 3.7 −7.4

10 >50 >50 >50 >50 −7.4

Dox – 0.255
± 0.022

0.273
± 0.019

0.868
± 0.054

0.278
± 0.036 –
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As expected, Dox exhibited strong, non-selective cytotoxicity against all tested cell
lines. α-T derivatives α-TEA, α-TS, α-MT, and α-TO showed moderate cytotoxicity against
cancer cells and weak cytotoxicity toward normal human fibroblasts (BJ). This fact appears
to be in accordance with the literature data, which reported a very limited or lack of toxicity
toward non-malignant cells [13,42,43].

The selective toxicity of α-TS and α-TEA against malignant versus normal cells is
probably related to the negative charge of the succinic or acetic part of the molecules at
neutral pH [7,44]. This assumption was supported by an observation that pro-apoptotic
action was increased in the acidic milieu [45]. The presence of a charged group appears to
be essential for apoptosis induction. Methylation of the terminal carboxyl group deprives
a compound of proapoptotic activity [46]. It was reported that pH of the interstitium of
most tumors is 6.2–6.5, and for most normal tissues, it is in the range of 7.0–7.4 [47]. Thus,
increasing the acidity in carboxylic moiety may result in higher apoptogenic activity. Such
a tendency was observed for the α-tocopheryl dicarboxylic monoesters, increasing in the
order: succinate < malonate < oxalate [12,13,48]. Following these observations, we decided
to modify the acidic part in α-TS and α-TEA by introducing an additional carboxyl group
into the α-position of the carboxyl group. Consequently, transformation into the malonic
ending might result in stronger anticancer action due to increased acidity. Unexpectedly,
the analog 3 (carboxylated α-TS) appeared inactive in the tests performed in three cancer
cell lines. Similarly, α-tocopheryl phosphate (α-TP) was inactive against all investigated
cancer cell lines. In turn, the compound 4 (carboxylated α-TEA) showed higher activity
selectively against human cervical carcinoma cells (HeLa) compared to α-TEA. Particularly
interesting anticancer profiles were obtained for the α-TEA analogs (5–10), in which alkyl
substituents were introduced into the ether-linked acetic acid moiety. Only compound 10

containing the n-hexyl substituent in the α-position to the terminal carboxyl group was
inactive against all tested cancer cell lines. 2-Tocopheryloxypropionic acid (5) showed
higher cytotoxicity toward human chronic lymphoblastic leukemia CEM cells (24.5 ± 2.1)
and much stronger action toward HeLa cells (17.2 ± 3.4) in comparison to the reference
α-TEA. The replacing of methyl with ethyl group resulted in higher activity against HeLa
(13.1 ± 0.1). Both compounds were also much less cytotoxic for normal fibroblasts (BJ). The
most interesting results were obtained for compound 7 containing two geminal methyl
groups (clofibric acid fragment), which revealed a considerable increase in activity against
CEM cell line (14.1 ± 0.8). It also showed a relatively high therapeutic window because its
cytotoxicity toward normal BJ cells was zero. Unexpectedly, it appeared inactive in assays
in MCF7 and HeLa cell lines. Like most of the synthesized compounds, derivatives 8 and 9

showed moderate activity toward all cancer cell lines.
Based on the literature data, we have decided to determine the interaction of newly

synthesized compounds with Complex II (CII), also known as succinate dehydrogenase
(SDH), in silico via molecular docking simulation. Mitocans from the group of vitamin E
derivatives interact with mitochondrial CII by interfering with ubiquinone (UbQ) functions,
causing leakage of electrons and generation of reactive oxygen species (ROS), which induce
selective apoptosis in cancer cells [3,49–51]. In the present work, the calculations were
carried out in the Complex II active site for α-T derivatives 3–10 and, to compare, other
species considered here, as detailed in the Section 3.3. The docking scores (affinities) of
species tested here against their cytotoxicity are listed in Table 1. Additionally, for the sake
of comparison, simulations were performed for α-T and ubiquinone-2 (UQ2) with affinities
of −7.1 and −8.0 kcal/mol, respectively. Scores of newly synthesized species, changing in
the range of −7.0 kcal/mol for 4 to −7.5 kcal/mol for 7, are not particularly different from
each other, making it difficult to decide explicitly which is the most active. Additionally,
affinities for compounds already reported in the literature (α-TS, α-TO, α-TM, α-TEA, and
α-TP) are within a similar scope. Interestingly, derivatives with higher anticancer activity
(5–8) simultaneously possess affinities slightly higher than that for α-TEA. Although not
large, the differences may, however, contribute to the observed increased cytotoxicity
toward cancer cells. While the bonding score for the native ligand UQ2 of −8.0 kcal/mol
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is more favorable, the one for the α-T (−7.1 kcal/mol) is noticeably worse. This indicates
that substitution has a beneficial effect on the molecule’s ability to penetrate Complex II
and thus confirms the consideration of α-T derivatives as new drug candidates. As shown
below (Figure 2), ubiquinone-2 is bound to the active center of the protein via two hydrogen
bonds to tryptophan (Trp164) from the subunit B of NEK1 and tyrosine (Tyr83, subunit C).

Figure 2. The pattern of hydrogen bonds for the best scored docking modes of ubiquinone-2,
α-tocopherol (α-T), compound 5 and compound 7 to Complex II. Green dashed lines symbolize
hydrogen bonds, whereas red half circles with outlines mean nonpolar interactions. Bond lengths are
given in angstroms.
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The key moieties involved in these interactions are N atoms from the pyrrole ring
and the hydroxyl group from Tyr83 as hydrogen bond donors and ketone groups as
acceptors, which further confirms the localization of ubiquinone-2 between three subunits
of Complex 2 (B–D). As it is clearly seen in Figure 2, the arrangement of hydrogen bonds
changes for α-T and its derivatives, replacing ubiquinone-2 in the protein. The peptide
group from Gln78 is a H bond donor for α-T. In contrast, α-T derivatives interact with the
N atoms from the aromatic rings of amino acids, as is the case for ubiquinone.

Figure 3 visualizes the exact spatial location of the best docking poses for the ligands in
Figure 2. It is interesting to observe that the position of α-T differs significantly from that of
the other three ligands. In fact, α-T seems to penetrate deeper into the structure of Complex
II; in particular, it burrows more deeply into the D subunit. This could have significant
consequences. Since it is reasonable to assume that the action of a ligand is most effective
when it is located precisely in the active center of the enzyme itself, it can be inferred that
the biological activity of α-T may be significantly less than that of its derivatives, which
locate almost exactly at the site of ubiquinone-2 (UQ2), which is the native ligand. Indeed,
similar conclusions also emerge from the experiments described in the previous section.
As such, the in silico experiments also confirm the possible utility of the newly obtained
compounds as drug candidates.

Figure 3. The best docking mods to the active center of Complex II for: ubiquinone-2 (UQ2, green
color), α-tocopherol (blue color), compounds 5 (light brown color) and 7 (magenta). Subunits of
Complex II are colored as follows: A—green, B—cyan, C—magenta, D—yellow.

3. Materials and Methods

3.1. Chemistry
3.1.1. General

All reagents were purchased from commercial sources and used without further purifi-
cation. Anhydrous solvents (i.e., THF, DCM, DMF, toluene, acetone, pyridine) were dried
by distillation over appropriate drying agents under an argon atmosphere. D-α-tocopherol
(RRR-α-tocopherol, α-T), D-α-tocopheryl succinate (α-TS), and α-bromoacid ethyl esters
(i.e., 2-bromopropionate, 2-bromobutyrate, α-bromoisobutyrate, 2-bromovalerate, 2-bromo-
3-methylbutyrate, 2-bromocaprylate) were purchased from Merck Life Sciences Sigma-
Aldrich (Darmstadt, Germany). α-Tocopheryl malonate (α-TM) and α-tocopheryl oxalate
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(α-TO) were synthesized according to procedures in the literature [48]. α-Tocopheryl phos-
phate (α-TP) was prepared using phase transfer catalyzed phosphorylation method of
phenols in a two-phase system (see Supplementary Materials file) [52].

Thin layer chromatography (TLC) was performed using Merck silica gel plates (0.25 mm,
60F-254) and visualized with CAM stain (ceric-ammonium-molybdate solution containing
H2SO4). Standard flash chromatography (FC) was accomplished using silica gel (230–400 mesh
size, J. T. Baker). Solvents for FC were freshly distilled before use.

NMR spectra were recorded at room temperature on a Bruker Avance DPX 200 or
Avance II 400 spectrometers operating at 200 and 400 MHz, respectively. The chemical shifts
(δ) are given in parts per million (ppm) relative to tetramethylsilane (TMS) using a residual
solvent signal as an internal standard: CHCl3 = 7.26 ppm (1H NMR) and CDCl3 = 77.0 ppm
(13C NMR). The following abbreviations are used to describe peak patterns: s = singlet,
br = broad signal, d = doublet, t = triplet, q = quartet, m = multiplet. Only selected signals
in the 1H NMR spectra are reported. The mean values of chemical shifts were given for
signals for which the dynamic effects in 13C NMR spectra were observed. The original 1H
and 13C NMR spectra are contained in the Supplementary Materials. FT-IR spectra were
recorded in the range between 4000 and 500 cm−1 on a Nicolet 6700 spectrometer. HRMS
data were acquired on an Agilent Technologies 6530 Accurate-Mass Q-TOF LC/MS.

3.1.2. Steps for the Preparation of Compound 3

Synthesis of RRR-α-tocopheryl chloroacetate (1)
A solution of chloroacetyl chloride (0.24 mL, 3 mmol) in dry toluene (4 mL) was

added to a stirred solution of RRR-α-T (861 mg, 2 mmol) in dry toluene (10 mL) and dry
pyridine (0.5 mL, 6 mmol) at room temperature. After 30 min, the resulting precipitate was
filtrated through a pad of Celite, and the filtrate was washed with brine (15 mL), dried over
anhydrous Na2SO4, and concentrated under reduced pressure. The crude product was
purified using FC (hexane/ethyl acetate, 98:2, v/v) to yield compound 1 as a light-yellow
oil (995 mg, 98% yield). 1H and 13C NMR data were consistent with those available in the
literature [53].

Synthesis of dibenzyl RRR-α-tocopheryloxy-2-oxoethylmalonate (2)
To a stirred solution of dibenzyl malonate (341 mg, 1.2 mmol) in dry THF (10 mL),

t-BuOK (146 mg, 1.3 mmol) was added at room temperature. After 30 min, solution of
chloroacetate 1 (510 mg, 1 mmol) in dry THF (2 mL) was added. The reaction mixture was
stirred overnight (16 h), poured into saturated solution of NH4Cl (20 mL), and extracted
with diethyl ether (3 × 20 mL). The combined organic layers were washed with brine
(20 mL), dried over anhydrous Na2SO4, and concentrated under vacuum. The crude
product was purified using FC (hexane/ethyl acetate, 95:5, v/v) to yield compound 2 as a
colorless oil (622 mg, 82% yield).

Compound 2: 1H NMR (200 MHz, CDCl3) δ 7.38–7.31 (m, 10H, H-Ar), 5.23–5.16 (m,
4H, CH2Ph), 4.11 (t, J = 7.5 Hz, 1H, CHCOOBn), 3.30 (d, J = 7.5 Hz, 2H, CH2CHCOOBn),
2.59 (t, J = 6.6 Hz, 2H, H-4), 2.09, 1.99, 1.95 (3s, 9H, H-5a, H-7a, H-8b), 1.89–1.72 (m, 2H,
H-3), 0.90–0.86 (m, 12H, H-4′a, H-8′a, H-12′a, H-13′); 13C{1H} NMR (100 MHz, CDCl3) δ
169.5 (C), 168.0 (2 × C), 149.5 (C), 140.4 (C), 135.1 (2 x C), 128.9–128.1 (10 x CH), 126.6 (C),
124.9 (C), 123.0 (C), 117.4 (C), 75.05 (C), 67.6 (2 x CH2), 47.9 (CH), 40.2 (CH2), 39.4 (CH2),
37.6, 37.5, 37.4, 37.3 (4 × CH2), 32.8 (CH2), 32.8 (CH), 32.7 (CH), 31.0 (CH2), 28.0 (CH),
24.8 (CH2), 24.4 (CH2), 23.6 (CH3), 22.7 (CH3), 22.6 (CH3), 21.0 (CH2), 20.6 (CH2), 19.73
(CH3), 19.67 (CH3), 12.9 (CH3), 12.0 (CH3), 11.8 (CH3); IR (ATR) νmax 2928, 1748, 1456,
1239, 1154 cm−1.

Synthesis of RRR-α-tocopheryloxy-2-oxoethylmalonic acid (3)
The mixture of compound 2 (500 mg, 0.66 mmol) and 10% Pd/C (100 mg) in ethyl

acetate (30 mL) was hydrogenated under atmospheric pressure at room temperature. After
total conversion (4 h, TLC control), the reaction mixture was filtered through a pad of Celite,
and the filtrate was evaporated under vacuum. The crude product was purified using flash
chromatography (ethyl acetate) to yield compound 3 as a colorless oil (354 mg, 93% yield).
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Compound 3: 1H NMR (400 MHz, CDCl3): δ 9.41 (bs, 1H, COOH), 4.04 (t, J = 7.0 Hz,
1H, CHCOOH), 3.31 (d, J = 7.0 Hz, 2H, CH2CHCOOH), 2.58 (t, J = 6.6 Hz, 2H, H-4), 2.09,
2.01, 1.96 (3s, 9H, H-5a, H-7a, H-8b), 1.84–1.71 (m, 2H, H-3), 0.89–0.85 (m, 12H, H-4′a, H-8′a,
H-12′a, H-13′); 13C{1H}NMR (100 MHz, CDCl3) δ 173.0 (2 × C), 169.5 (C), 149.6 (C), 140.4
(C), 126.6 (C), 124.9 (C), 123.2 (C), 117.5 (C), 75.1 (C), 47.2 (CH), 40.4 (CH2), 39.4 (CH2),
37.6, 37.5, 37.4, 37.3 (4 × CH2), 32.8 (CH), 32.7 (CH), 32.5 (CH2), 31.0 (CH2), 28.0 (CH), 24.8
(CH2), 24.5 (CH2), 23.8 (CH3), 22.7 (CH3), 22.6 (CH3), 21.0 (CH2), 20.6 (CH2), 19.7 (CH3),
19.6 (CH3), 12.8 (CH3), 12.0 (CH3), 11.8 (CH3); IR (ATR): 3448, 2927, 1752, 1735, 1655, 1459,
1261, 1156, 1107 cm−1; HRMS m/z 575.3938 (calcd for C34H55O7 t([M+H]+ 575.3942).

3.1.3. Steps for the Preparation of Compound 4

Synthesis of ethyl RRR-α-tocopheryloxymalonate (4-S)
To a stirred solution of RRR-α-T (470 mg, 1.1 mmol) in dry acetone (20 mL), K2CO3

(1.2 g, 8.8 mmol) was added at room temperature. After 10 min, diethyl bromomalonate
(981 mg, 4.1 mmol) was added to the reaction mixture. The resulting yellow suspension
was refluxed for 18 h (TLC control). After cooling to room temperature, the inorganic
material was filtered off, and the filtrate was concentrated under reduced pressure. The
residue was dissolved in diethyl ether (20 mL), washed with brine (2 × 20 mL) and water
(1 × 20 mL), dried over Na2SO4, and concentrated under vacuum. The crude product was
purified by FC using hexane/ethyl acetate (gradient 50:1 → 10:1, v/v) as an eluent to give
pure product as a colorless oil (530 mg, 87% yield).

Compound 4-S: 1H NMR (400 MHz, CDCl3) δ 4.69 (s, 1H, OCH), 4.34–4.26 (m, 4H,
CH2CH3), 2.55 (t, J = 6.7 Hz, 2H, H-4), 2.15, 2.11, 2.06 (3s, 9H, H-5a, H-7a, H-8b), 1.80–1.76
(m, 2H, H-3), 0.88–0.84 (m, 12H, H-4′a, H-8′a, H-12′a, H-13′); 13C{1H} NMR (100 MHz,
CDCl3) δ 166.5 (2 × C), 148.3 (C), 148.0 (C), 127.3 (C), 125.6 (C), 123.1 (C), 117.6 (C), 81.4
(CH), 74.8 (C), 62.0 (2 × CH2), 39.9 (CH2), 39.3 (CH2), 37.39–37.22 (4 × CH2), 32.7 (CH),
32.6 (CH), 31.2 (CH2), 27.9 (CH), 24.8 (CH2), 24.4 (CH2), 23.8 (CH3), 22.7 (CH3), 22.6 (CH3),
21.0 (CH2), 20.6 (CH2), 19.7 (CH3), 19.6 (CH3), 14.0 (2 × CH3), 13.2 (CH3), 12.3 (CH3),
11.8 (CH3).

Synthesis of RRR-α-tocopheryloxymalonic acid (4)
A solution of KOH (190 mg, 3.39 mmol) in water (2.5 mL) was added to a solution

of compound 4-S (400 mg, 0.68 mmol) in THF (10 mL,) and the resulting mixture was
stirred vigorously at room temperature. After 2 h, 6M HCl was added to reach pH 2 and
extracted with ethyl acetate (3 × 50 mL). The combined organic extracts were washed with
water (2 × 30 mL) and brine (2 × 30 mL), and dried over Na2SO4. The crude product was
purified by FC using ethyl acetate as an eluent to yield compound 4 as a light-yellow oil
(220 mg, 61% yield) and dried in vacuo for 48 h.

Compound 4: 1H NMR (400 MHz, CDCl3): δ 7.27 (bs, 2H, COOH), 4.80 (s, 1H, OCH),
2.55 (t, J = 6.5 Hz, 2H, H-4), 2.15, 2.12, 2.07 (3s, 9H, H-5a, H-7a, H-8b), 1.83–1.72 (m, 2H,
H-3), 0.88–0.84 (m, 12H, H-4′a, H-8′a, H-12′a, H-13′); 13C{1H} NMR (100 MHz, CDCl3) δ:
169.8 (2 × C), 148.7 (C), 147.6 (C), 127.2 (C), 125.5 (C), 123.5 (C), 118.0 (C), 80.7 (CH), 75.1
(C), 40.2 (CH2), 39.4 (CH2), 37.6, 37.5, 37.4, 37.3 (4 × CH2), 32.8 (CH), 32.7 (CH), 31.1 (CH2),
28.0 (CH), 24.8 (CH2), 24.4 (CH2), 23.7 (CH3), 22.7 (CH3), 22.6 (CH3), 21.0 (CH2), 20.8 (CH2),
19.7 (CH3), 19.6 (CH3), 13.3 (CH3), 12.4 (CH3), 11.8 (CH3); IR (ATR): 3415, 2924 (broad),
2867, 1763, 1737, 1572, 1462, 1411, 1374, 1246, 1094 cm−1; HRMS m/z 533.3863 (calcd for
C32H53O6 [M+H]+ 533.3858).

3.1.4. General Procedure for the Synthesis of α-TEA and Compounds 5–10

A solution of respective α-bromoester (4.51 mmol, 8.5 eq) in dry DMF (2 mL) and
powdered NaOH (635 mg, 15.9 mmol, 30 eq) were added to a solution of α-T (230 mg,
0.53 mmol, 1 eq) in dry DMF (8 mL). The resulting yellow suspension was stirred overnight
(18–24 h) at room temperature. Then, the reaction mixture was poured into water, acidified
with 6M HCl to pH 2 and extracted with diethyl ether (3 × 30 mL). The combined organic
extracts were washed with water (2 × 30 mL) and brine (2 × 30 mL), dried over Na2SO4,
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and concentrated under reduced pressure. The crude product was purified using flash
column chromatography (gradient 60–100% ethyl acetate in hexane). The pure product
was dried in vacuo for 48 h.

α-TEA (RRR-α-tocopheryloxyacetic acid): yellowish waxy solid; yield: 87%; 1H NMR
(400 MHz, CDCl3) δ 4.25 (brs, 2H, OCH2), 2.56 (t, J = 6.6 Hz, 2H, H-4), 2.14, 2.10, 2.08 (3s,
9H, H-5a, H-7a, H-8b), 1.81–1.75 (m, 2H, H-3), 0.88–0.84 (m, 12H, H-4′a, H-8′a, H-12′a,
H-13′); 13C{1H} NMR (100 MHz, CDCl3) δ 173.9 (C), 148.5 (C), 146.7 (C), 127.3 (C), 125.4 (C),
123.2 (C), 117.7 (C), 75.0 (C), 69.4 (OCH2), 40.1 (CH2), 39.3 (CH2), 37.43–37.26 (4 × CH2),
32.8 (CH), 32.7 (CH), 31.1 (CH2), 28.0 (CH), 24.8 (CH2), 24.4 (CH2), 23.8 (2 × CH3), 22.7
(CH3), 22.6 (CH3), 21.0 (CH2) 20.6 (CH2), 19.7 (CH3), 19.6 (CH3), 12.7 (CH3), 11.8 (2 × CH3);
IR (ATR) νmax 2927 (broad), 1724, 1446, 1410, 1248, 1093, 1060 cm−1; HRMS m/z 487.3795
(calcd for C31H51O4 [M–H]− 487.3793).

Compound 5 (2-(RRR-α-tocopheryloxy)propanoic acid): yellowish waxy solid; yield:
85%; 1H NMR (400 MHz, CDCl3) δ 4.44 (q, 1H, J = 6.8 Hz, OCH), 2.56 (t, J = 6.4 Hz, 2H,
H-4), 2.16, 2.12, 2.10 (3s, 9H, H-5a, H-7a, H-8b), 1.83–1.79 (m, 2H, H-3), 0.88–0.84 (m, 12H,
H-4′a, H-8′a, H-12′a, H-13′); 13C{1H} NMR (100 MHz, CDCl3) δ 148.4 (C), 145.4 (C), 127.7
(C), 125.9 (C), 123.4 (C), 117.9 (C), 77.0 (OCH), 75.0 (C), 40.0 (CH2), 39.4 (CH2), 37.54–37.23
(4 × CH2), 32.8 (CH), 32.7 (CH), 31.2 (CH2), 28.0 (CH2), 24.8 (CH2), 24.4 (CH2), 23.8 (CH3),
22.7 (CH3), 22.6 (CH3), 21.0 (CH2), 20.7 (CH2), 19.7 (CH3), 19.6 (CH3), 17.4 (CH3), 13.8
(CH3), 12.9 (CH3), 11.9 (CH3); IR (ATR) νmax 2923 (broad), 2867, 1715, 1460, 1409, 1375,
1249, 1094 cm−1; HRMS m/z 501.3953 (calcd for C32H53O4 [M–H]− 501.3949).

Compound 6 (2-(RRR-α-tocopheryloxy)butanoic acid): white waxy solid; yield: 84%;
1H NMR (400 MHz, CDCl3) δ 4.28 (t, J = 5.7 Hz, 1H, OCH), 2.57 (t, J = 6.6 Hz, 2H, H-4),
2.17, 2.14, 2.09 (3s, 9H, H-5a, H-7a, H-8b), 1.95–1.92 (m, 2H), 1.80–1.78 (m, 2H), 0.89–0.85
(m, 12H, H-4′a, H-8′a, H-12′a, H-13′); 13C{1H} NMR (100 MHz, CDCl3): δ 175.0 (C), 148.2
(C), 146.8 (C), 127.6 (C), 125.7 (C), 123.3 (C), 117.8 (C), 82.5 (OCH), 74.9 (C), 40.0 (CH2),
39.4 (CH2), 37.54–37.27 (4 × CH2), 32.8 (CH), 32.7 (CH), 31.2 (CH2), 28.0 (CH), 24.9 (CH2),
24.8 (CH2), 24.4 (CH2), 23.8 (CH3), 22.7 (CH3), 22.6 (CH3), 21.0 (CH2), 20.8 (CH2), 19.7
(CH3), 19.6 (CH3), 13.7 (CH3), 12.9 (CH3), 11.9 (CH3), 8.9 (CH3); IR (ATR) νmax 2924 (broad),
2867, 1722, 1459, 1407, 1374, 1248, 1085 cm−1; HRMS m/z 517.4248 (calcd for C33H57O4
[M+H]+ 517.4251).

Compound 7 (2-(RRR-α-tocopheryloxy)-2-methylpropanoic acid): white waxy solid;
yield: 86%; 1H NMR (400 MHz, CDCl3) δ 6.58 (bs, 1H, COOH), 2.57 (t, J = 6.4 Hz, 2H, H-4),
2.14, 2.10, 2.09 (3s, 9H, H-5a, H-7a, H-8b), 1.85–1.76 (m, 2H), 0.89–0.85 (m, 12H, H-4′a, H-8′a,
H-12′a, H-13′); 13C{1H} NMR (100 MHz, CDCl3) δ 177.5 (C), 148.2 (C), 143.9 (C), 129.6
(C), 127.7 (C), 122.9 (C), 117.5 (C), 81.8 (O-C), 74.9 (C), 39.9 (CH2), 39.3 (CH2), 37.54–37.27
(4 × CH2), 32.8 (CH), 32.6 (CH), 31.3 (CH2), 28.0 (CH), 24.9 (2 × CH3), 24.8 (CH2), 24.4
(CH2), 23.7 (CH3), 22.7 (CH3), 22.6 (CH3), 21.0 (CH2), 20.8 (CH2), 19.7 (CH3), 19.6 (CH3),
14.9 (CH3), 14.0 (CH3), 11.9 (CH3); IR (ATR) νmax 2924 (broad), 1708, 1569, 1461, 1405, 1249,
1148, 1083 cm−1; HRMS m/z 515.4109 (calcd for C33H55O4 [M–H] 515.4106).

Compound 8 (2-(RRR-α-tocopheryloxy)-pentanoic acid): yellowish waxy solid; yield:
85%; 1H NMR (400 MHz, CDCl3) δ 9.63 (bs, 1H, COOH), 4.32 (t, J = 5.8 Hz, 1H, CH-O), 2.57
(t, J = 6.7 Hz, 2H, H-4), 2.17, 2.16, 2.09 (3s, 9H, H-5a, H-7a, H-8b), 1.88–1.73 (m, 2H), 2.96 (t,
J = 7.3 Hz, 3H, CH2CH3), 0.89–0.85 (m, 12H, H-4′a, H-8′a, H-12′a, H-13′); 13C{1H} NMR
(100 MHz, CDCl3) δ 175.2 (C), 148.2 (C), 146.9 (C), 127.5 (C), 125.7 (C), 123.3 (C), 117.8 (C),
81.4 (OCH), 74.9 (C), 40.0 (CH2), 39.4 (CH2), 37.45–37.28 (4 x CH2), 34.0 (CH2), 32.8 (CH),
32.7 (CH), 31.2 (CH2), 28.0 (CH), 24.8 (CH2), 24.4 (CH2), 23.8 (CH3), 22.7 (CH3), 22.6 (CH3),
21.0 (CH2), 20.7 (CH2), 19.7 (CH3), 19.6 (CH3), 17.9 (CH2), 14.0 (CH3), 13.7 (CH3), 12.8
(CH3), 11.9 (CH3); IR (ATR) νmax 2927 (broad), 1708, 1572, 1466, 1409, 1086 cm−1; HRMS
m/z 529.4267 (calcd for C34H57O4 [M–H]− 529.4262).

Compound 9 (2-(RRR-α-tocopheryloxy)-3-methylbutanoic acid): yellowish waxy solid;
yield: 86%; 1H NMR (400 MHz, CDCl3) δ 8.90 (bs, 1H, COOH), 4.21 (d, J = 4.7 Hz, 1H,
CH-O), 2.58 (t, J = 6.7 Hz, 2H, H-4), 2.19, 2.15, 2.10 (3s, 9H, H-5a, H-7a, H-8b), 1.84–1.75
(m, 2H), 0.90–0.86 (m, 12H, H-4′a, H-8′a, H-12′a, H-13′); 13C NMR{1H} (100 MHz, CDCl3)
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δ 175.3 (C), 147.9 (C), 147.2 (C), 127.5 (C), 125.6 (C), 123.2 (C), 117.7 (C), 85.9 (OCH), 74.8
(C), 40.0 (CH2), 39.4 (CH2), 37.44–37.27 (4 × CH2), 32.8 (CH), 32.7 (CH), 31.3 (CH2), 31.1
(CH), 28.0 (CH), 24.8 (CH2), 24.4 (CH2), 23.8 (CH3), 22.7 (CH3), 22.6 (CH3), 21.0 (CH2), 20.7
(CH2), 19.7 (CH3), 19.6 (CH3), 18.6 (CH3), 17.3 (CH3), 13.9 (CH3), 13.0 (CH3), 11.9 (CH3); IR
(ATR) νmax 2927 (broad), 1709, 1573, 1467, 1409, 1085 cm−1; HRMS m/z 529.4269 (calcd for
C34H57O4 [M–H]− 529.4262).

Compound 10 (2-(RRR-α-tocopheryloxy)-octanoic acid): yellowish waxy solid; yield:
84%; 1H NMR (400 MHz, CDCl3) δ 10.09 (bs, 1H, COOH), 4.31 (t, J = 5.8 Hz, 1H, CH-O),
2.57 (t, J = 6.4 Hz, 2H, H-4), 2.17, 2.13, 2.09 (3s, 9H, H-5a, H-7a, H-8b), 0.89–0.85 (m, 15H,
H-4′a, H-8′a, H-12′a, H-13′, CH2CH3); 13C{1H} NMR (100 MHz, CDCl3) δ 175.3 (C), 148.1
(C), 147.0 (C), 127.5 (C), 125.7 (C), 123.2 (C), 117.8 (C), 81.5 (OCH), 74.9 (C), 40.0 (CH2), 39.4
(CH2), 37.44–37.27 (4 × CH2), 32.8 (CH), 32.7 (CH), 32.0 (CH2), 31.6 (CH2), 31.2 (CH2), 29.2
(CH2), 28.0 (CH), 24.8 (CH2), 24.4 (CH2), 23.8 (CH3), 22.7 (CH3), 22.6 (CH3), 22.5 (CH2), 21.0
(CH2), 20.7 (CH2), 19.7 (CH3), 19.6 (CH3), 14.0 (CH3), 13.7 (CH3), 12.8 (CH3), 11.9 (CH3)
ppm; IR (ATR): 2929 (broad), 1710, 1572, 1467, 1411, 1087 cm−1; HRMS m/z 571.4738 (calcd
for C37H59O4 [M–H]− 571.4732).

The NMR spectra of compounds 3-10, α-TEA, and α-TP are presented in the
Supplementary Materials file (Figures S3–S24 from Supplementary Materials).

3.2. Cytotoxicity Test Assay

T-lymphoblastic leukemia CEM, cervix epithelioid carcinoma HeLa, and breast car-
cinoma MCF7 cell lines, all of which were obtained from the European Collection of
Authenticated Cell Cultures (ECACC, London, UK) were used for screening. Human fore-
skin fibroblasts (BJ) were purchased from the American Type Culture Collection (Manassas,
VA, USA). The cytotoxicity of tested compounds in the described cell lines and normal
cells was determined using resazurin assay following the manufacturer’s protocol (Sigma
Aldrich, St. Louis, MO, USA).

Stock solutions of compounds were prepared in DMSO at 7.5 mM and the highest
tested concentration in cultivation medium in well was 50 μM. The concentration of DMSO
in well never exceeded 0.6%. Briefly, 5.0 × 104 cells·mL−1 cells were seeded into 96-well
plates (TPP, Trasadingen, Switzerland) and incubated for 24 h. Then, compounds solved in
DMSO were added into cultivation medium and incubated further for 72 h. Cell viability
was determined using resazurin. The procedure has been reported [54].

3.3. Molecular Docking

In order to acquire a deeper understanding of the biological activity of α-tocopherol
derivatives, a molecular docking study was conducted with the AutoDock Vina (ver-
sion 1.1.3) [55] program, provided by Scripps Research Institute. The visualization was
carried out in Pymol [56] and LigPlus [57] programs. The crystal structure of Complex II
(succinate dehydrogenase, SDH) from Escherichia Coli was obtained from the Protein Data
Bank (PDB:1NEK) [58]. The enzyme was prepared for docking by cleansing its structure
of water molecules and other co-crystallized species. Additionally, polar hydrogens and
Kollman charges [59] were added. The search box was set to cover the co-crystallized
ubiquinone-2 molecule (PDb:UQ2), which is located on the edge of the subunit D of 1NEK.
A cubical (20 × 0 × 20 Å) grid box was utilized during the simulations. For the sake of
validation, a redocking procedure for the ubiquinone-2 (a native ligand) was conducted.
To improve docking accuracy, the EXHAUSTIVENESS parameter had been set to 100
(default = 8), ensuring the best performance [60] in treating large ligands with long phytyl
chains. Additionally, for the same purpose, the SPACING parameter was set to 0.15, which
is far below its default value of 0.375. The best (in the sense of docking score) pose was
compared to UQ2 from the crystal structure, obtained with the resolution of 2.6 Å. Both
conformations were found to be in satisfactory agreement, with RMSD = 1.313Å. The
aligned structures are pictured in Figure 4.
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Figure 4. The alignment of the native UQ2 ligand (green scaffold) compared to the best pose from
the redocking procedure (cyan scaffold).

4. Conclusions

In this project, a series of α-TS and α-TEA analogs have been synthesized by modifica-
tion of the substituent in the C-6 position of the α-T molecule. All compounds possess the
structural requirements described for their proapoptotic activity of α-tocopherol esters, i.e.,
the combination of three structural domains: functional, signaling, and hydrophobic. All
compounds were examined for their in vitro cytotoxic activity against three human cancer
cell lines (CEM, MCF7, HeLa), and normal human fibroblasts (BJ). Our results showed
a relationship between anticancer properties and the structure of the substituent located
at the C-6 position in the α-T molecule. Surprisingly, the analogs of α-TEA and α-TS (3
and 4, respectively) in which the acidic parts (acetic or succinic, respectively) contained an
additional carboxyl group proved to be inactive. On the other hand, the introduction of an
alkyl substituent (e.g., methyl or ethyl) into the ether-linked acetic acid moiety in α-TEA
increases cytotoxic activity. Promising drug candidates seem to be compounds 5–8. They
all had moderate activity toward tested cancer cell lines and relatively high therapeutic
window as their cytotoxicity toward normal fibroblasts was very low or zero. Molecular
docking to Complex II has shown that the affinities of newly synthesized compounds as
ligands are approximately on the same level, and there is no easy way to indicate which
one is potentially most useful. However, the differences between α-T and its derivatives
clearly indicate that, while behaving similarly in affinity to the native ligand (UQ2), they
differ significantly from α-T in terms of the localization and interaction with the receptor.
Combined with better affinities, this may explain their significantly higher anticancer ac-
tivity and confirm their suitability as drug candidates. Our results demonstrate that it is
possible to achieve good selectivity and higher proapoptotic activity with the introduction
of larger substituents into the acidic ethereal part in the α-TEA molecule. However, it
should be taken into account that the results of enzymatic assays may differ from cytotoxic
ones and may shed new light on the mechanism of action of the tested compounds. Further
investigations are in progress.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/pr11061860/s1. S2, Experimental procedures for the preparation of
α-tocopheryl phosphate (α-TP); S3–S24, 1H and 13C NMR spectra of the synthesized compounds.
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Abstract: The present study explored anti-tubercular pyrrole derivatives against cancer targets using
different in silico and in vitro approaches. Initially, nineteen anti-tubercular pyrrolyl benzohydrazide
derivatives were screened against a potent cancer target PLK1 using an AutoDock Vina approach.
Out of the nineteen derivatives, the two most potent derivatives C8 [N′-(4-(1H-pyrrol-1-yl) benzoyl)-
3-chlorobenzohydrazide] and C18 [N′-(4-(1H-pyrrol-1-yl) benzoyl)-4-nitrobenzohydrazide], were
subjected to molecular simulation analysis for a 100 ns trajectory. Further, these two derivatives were
tested against A549, MCF-7, and HepG2 cell lines using an MTT proliferation assay. Apoptotic cell
cycle and DAPI assays were also performed for C8 on A549 cell lines. Molecular dynamic analysis
revealed that the stability of the C8–PLK1 protein complex during the 100 ns trajectory run was better
than that of the C18–PLK1 protein complex. In addition, C8 showed lower IC50 values against the
tested cell lines, in comparison to C18. Thus, C8 was selected for cell cycle, apoptosis, and DAPI
analysis. Interestingly, C8 resulted in the significant cell cycle arrest of A549 cells at the G2/M phase,
and annexin V-FITC/PI showed a significant increase (from 6.27% to 60.52%) in the percentage of
apoptotic A549 cells. The present findings suggest that the anti-tubercular compound (C8) could be
translated into a potent repurposed candidate against lung cancer. Nevertheless, in vivo assessment
is necessary to further confirm the outcome and its clinical translation.

Keywords: anti-tubercular; anti-cancer; drug repurposing; PLK1; pyrrolyl benzohydrazide derivative

1. Introduction

Onco-therapy is a major concern for the scientific community due to the multifactorial
features of cancer disease. According to a report, every year, 50 billion dollars are spent
on cancer research and development to develop new onco-drug candidates [1], but the
WHO reported 10 million cancer-associated deaths worldwide in the year 2020 [2]. In
addition, the cancer-linked deaths are increasing at an alarming rate with time [3]. Thus,
solutions are urgently warranted to cope with the current grave situation. However, drug
repurposing has opened a new avenue for effective cancer treatment [4,5]. Repurposing can
reduce the developmental cost, timeline, processing, and approval requirements. In other
words, repurposing can overcome the bottlenecks associated with cancer drug development.
Several reports have suggested that anti-tubercular agents could be repurposed for cancer
therapy [6–11]. Bedaquiline, isoniazid, ethionamide, prothionamide, and thioacetazone
are some examples of anti-tubercular drugs/agents that were successfully repurposed
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for cancer treatment. These findings prompted us to explore anti-tubercular pyrrolyl
benzohydrazide derivatives as anti-cancer agents.

Earlier, in the year 2017, several pyrrolyl benzohydrazide derivatives were synthe-
sized and tested for anti-tubercular potential [12]. In the present study, the same pyrrolyl
benzohydrazide derivatives [12] were used, to obtain deeper insight into their anticancer po-
tential, with the reason being the well-reported potent anticancer activity of pyrrole analogs
and benzohydrazide derivatives [13,14]. The pyrrole scaffold has its due relevance while
designing important medicinal drugs. Pyrrole has a typical aromatic nitrogen-containing
heterocycle, and the existence of nitrogen atom significantly improves the polarity of the
pyrrole analogs [15]. In addition, the pyrrole ring is an important component of plant
chlorophyll and animal vitamin B12, hemin, and myoglobin [14]. Moreover, their deriva-
tives have shown a valuable pharmacological profile and potent anticancer activities in
different investigations [14–19]. In fact, some of marketed drugs already have pyrrole
moieties in them to enhance their potency [14,15]. On the other hand, there are a plethora of
reports suggesting the potent anticancer activities of benzohydrazide derivatives [13,20–25].
Benzohydrazide derivatives might follow different mechanisms of action against different
cancer cells; they could act as inhibitors of VEGFR-2 [21], lysine-specific histone demethy-
lase 1A [22], tubulin polymerization [23], Bcl-2/Bcl-xL [24], and CD44 [25]. However,
reports [13,20–25] clearly suggest that benzohydrazide derivatives could be applied for
a variety of cancer cells. Taking into consideration the pharmacological and anticancer
activities of benzohydrazide and pyrrole derivatives, the compounds derived from them
via a hybridization approach [12] were used in the present study to assess their anticancer
potential.

Prior to wet lab investigations, nineteen anti-tubercular pyrrolyl benzohydrazide
derivatives were screened through computational analysis to select the best compounds
out of them. This computational study was performed using molecular docking interac-
tion analysis and molecular dynamics. Further, the selected compounds (C8 [N′-(4-(1H-
pyrrol-1-yl) benzoyl)-3-chlorobenzohydrazide] and C18 [N′-(4-(1H-pyrrol-1-yl) benzoyl)-4-
nitrobenzohydrazide]) were investigated using different cell lines i.e., A549, MCF-7, and
HepG2. Moreover, compound C8 was further subjected to cell cycle, apoptosis, and DAPI
analysis using A549 cells. The repurposing of anti-tubercular compounds into anticancer
drugs, as well as against lung cancer, seems to be an appealing approach. It is like hitting
two birds with one stone, as tuberculosis is one of the strong risk factors of lung cancer.

2. Materials and Methods

2.1. Synthesis of Pyrrolyl Benzohydrazide Derivatives

Nineteen pyrrolyl benzohydrazide derivatives were selected from the prior study [12]
conducted for anti-tuberculosis potential. In the study [12], the Pall–Knorr pyrrole syn-
thesis approach, as shown in Scheme 1, was used to synthesize the derivatives. The
most active compound, C8 [N′-(4-(1H-pyrrol-1-yl) benzoyl)-3-chlorobenzohydrazide], was
synthesized by using ethyl 4-amino benzoate as a starting material, which was refluxed
with 2,5-dimethoxy tetrahydrofuran at 150–160 ◦C for 45 min. The formed pyrrolyl es-
ter was hydrazide by using hydrazine hydrate, and the formed hydrazide was stirred at
room temperature for 24–30 h with 3-chlorobenzaldehyde with the help of HBTU [2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyl uronium hexa fluorophosphate] and DIEA (diiso-
propyl ethylamine), a coupling agent and a catalyst to form C8.

2.2. Dry Lab Investigations
2.2.1. Ligand Preparation for Molecular Docking

Three dimensional structures of these compounds were prepared using ChemDraw
software and saved in .pdb format. Further, all the ligands, including the positive con-
trol (BI2536; DrugBank ID: DB16107) and native ligand (DrugBank ID: DB07186), were
converted into .pdbqt format using the OpenBabel tool [26].
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Scheme 1. Synthesis route of pyrrolyl benzohydrazide derivatives.

2.2.2. Target Preparation for Molecular Docking

The three-dimensional structure of the target protein PLK1 (PDBID: 2OWB) was
retrieved from the Protein Data Bank database in .pdb format. Further, it was prepared for
docking via the AutoDock 4.2 tool [27], which included the addition of polar hydrogen,
Kollman charges, and solvation parameters. Moreover, the target protein was converted
and saved in .pdbqt format.

2.2.3. Molecular Docking Interaction Study

AutoDock Vina was applied for molecular docking of all the ligands with the PLK1
target protein [28]. Prior to docking, grid co-ordinates were set on the specified active
kinase domain of the PLK1 protein [29]. Grid center coordinates were kept as x = 0.069,
y = 23.58, and z = 66.741, and the grid box was set at 40 × 40 × 40. The results showed
affinity in terms of kcal/mol, and the algorithm divided the results in descending order of
the 10 modes. Further, the Pymol tool was used to save the complex of best conformation
based on the affinity results for each docked structure. Moreover, the Discovery Studio
Visualization tool was used to analyze and visualize the complex in more detail.

2.2.4. Molecular Dynamics (MD) Simulation Study

Out of nineteen pyrrolyl benzohydrazide derivatives, two derivatives, i.e., C8 [N′-(4-
(1H-pyrrol-1-yl)benzoyl)-3-chlorobenzohydrazide] and C18 [N′-(4-(1H-pyrrol-1-yl)benzoyl)-
4-nitrobenzohydrazide] were screened out through molecular docking interactions, and
MD simulations were performed on them to obtain better insight into C8 and C18 inter-
actions with PLK1 under solvated states with respect to time. The GROMACS 5.1.5 [30]
platform applied with a CHARMM27 [31] forcefield was used for executing simulation
runs on PLK1 in an undocked native state and docked (with C8 and C18) complex state.
Ligand C8 and C18 topology files were created through the SwissParam server by applying
all atoms of the CHARMM force field [32]. A cut-off distance of 1 nm was set for estimating
Van der Waal and columbic interactions. However, neutrality of the system was maintained
by adding counter ions, and the TIP3P water model was used to solvate the system. Peri-
odic boundary conditions were applied by keeping a distance of 1 to 1.5 nm from the wall
for the simulation run [33]. Energy minimization was performed with a 1000 kJ/mol/nm
tolerance by applying the steepest descent algorithm, and position restrains were applied
on the complex to equilibrate the system. NPT and NVT ensembles were used for 200 ps at
1 bar of pressure and a temperature of 300 K. Maxwell distribution was used to generate
primary velocities, and a 0.1 ps coupling constant was used for velocity rescaling. The
Parrinello–Rahman algorithm was used for temperature–pressure coupling with a 2 ps
coupling constant. The system after equilibration was subjected to a 100 ns simulation run
with a 2 fs time-step integration [34]. After each 500 steps, the trajectory was saved and
analyzed using XMGRACE-5.1.22 and GROMACS analysis tools.
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2.3. Wet Lab Investigations
2.3.1. Materials

The cancer cell lines (breast cancer MCF-7, lung cancer A549, and liver cancer HepG2)
were procured from NCCS, India. Chemicals pertinent to cell culture were obtained from
BD Biosciences (Franklin Lakes, NJ, USA). Solvents, chemicals, and MTT dye were pur-
chased from HiMedia (Thane, India), whereas doxorubicin (standard drug) was procured
from Sigma-Aldrich.

2.3.2. Cell Culture

A549, MCF-7, and HepG2 cell lines were cultured in DMEM medium, supplemented
with 100 IU/mL penicillin, 100 μg/mL streptomycin, and 10% inactivated fetal bovine
serum, in 5% CO2 saturated conditions at 37 ◦C until confluence occurred. However, the
viability of the cells was examined periodically.

2.3.3. Stock Solution of Tested Compounds

The stock solutions (20 mM) of pyrrolyl benzohydrazide derivatives and the positive
control doxorubicin were prepared using a DMSO solvent.

2.3.4. Cytotoxic In Vitro MTT Assay

An MTT assay was applied to calculate the cytotoxic concentration of compounds (C8

and C18) [35]. For this, 100 μL of cells (50,000 cells) was added to each well of a microtiter
plate and treated with a medium containing 0.78, 1.56, 3.125, 6.25, 12.5, 25, 50, and 100 μM
concentrations of C8, C18, and doxorubicin. Further, the plates were kept in an incubator
(with 5% CO2) for 24 h at 37 ◦C. After that, MTT dye, 20 μL from the stock (5 mg MTT in
1 mL PBS), was inoculated in each well and kept in an incubator under the same condition
again for 4 h. The supernatant after treatment was collected and centrifuged, and DMSO
(200 μL) was added to the pellet. Furthermore, this solution was added to its respective
well, and formazan crystals were dissolved by shaking the plates. A microplate reader was
used to measure the absorbance at 590 nm. The following formula was applied to calculate
the % inhibition of growth for each cell line:

%Inhibition = 100 − (OD of Sample ÷ OD of Control) × 100
%Cell Viability = 100 − %Inhibition

2.3.5. Cell Cycle Analysis

A 6-well plate with a density of 2 × 105 cells/2 mL was incubated in a CO2 incubator,
which was kept overnight at 37 ◦C for 24 h. The cells educed were treated with C8 (10 μM)
in a 2 mL culture medium and incubated for 24 h. The medium was given a PBS wash,
trypsinized, and harvested into a 5 mL storage vial. After 2 steps of PBS washes, the cells
were fixed and permeabilized in 1 mL of pre-chilled 70% ethanol, added drop-wise with
continuous stirring, to avoid the clumping of cells. The cells were incubated for 30 min
in a −20 ◦C freezer. The cells educed were obtained and washed with PBS. Further, the
cells were stained using 400 μL Propidium Iodide/RNase staining buffer that stains the
DNA [36]. Again, the cells were incubated for 15 to 20 min at room temperature in the dark.
The samples were analyzed using flow cytometry. A minimum of 10,000 cells was counted
for each group.

2.3.6. Cell Apoptosis Assay

An apoptosis study was performed to understand Annexin V/PI expression using the
A549 cell line [37]. A 6-well plate with a density of 0.5 × 106 cells/2 mL was incubated in a
CO2 incubator and kept overnight at 37 ◦C for 24 h. The cells educed were treated with C8

(10 μM) in a 2 mL culture medium and incubated for 24 h. The medium was given a PBS
wash; further, 200 μL of the trypsin–EDTA solution was added and again incubated for
a few minutes. Subsequently, the cells were harvested in 12 × 75 mm polystyrene tubes
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with an additional 2 mL of culture media. The tubes were centrifuged for 5 min at 300× g
at 25 ◦C. Later, the supernatant layer was decanted. Again, a PBS wash was given, and a
further 5 μL of FITC Annexin V was added. Gentle stirring of the cells was performed, and
they were incubated in the dark for 15 min at room temperature (25 ◦C). Then, 5 mL of PI
and 400 μL of 1X Annexin Binding Buffer was added to each tube and stirred gently. The
sample was analyzed using flow cytometry.

2.3.7. DAPI Assay

A 96-well glass-bottom plate with a density of 1 × 104 cells/200 μL was incubated in
a CO2 incubator and kept overnight at 37 ◦C for 24 h. The cells educed were treated with
C8 (10 mM) in 200 μL of culture medium and incubated for 24 h. The medium was given
a PBS wash. Further, the cells were stained by adding 200 μL of DAPI staining solution
for 10 min in the dark [38]. The cells were observed under a ZEISS, LSM 880 Fluorescence
live-cell Imaging System (Confocal Microscopy, Jena, Germany) with a filter cube, with
excitation at 358 nm and emission at 461 nm for DAPI.

2.3.8. Statistical Analysis

Statistical analysis was performed using one-way ANOVA and a Student t-test using
Graph Pad Prism version 8.

3. Results and Discussion

De novo drug development for cancer is a tedious and multi-step process. This is due
to the high heterogenicity and complexity associated with the cancer disease. In fact, cancer
drug development is a time-, resource-, and labor- intensive job, and it has been observed
that only a few drugs could pass the initial phases of the clinical trial after spending too
much effort. Hence, drug repurposing has come up as a savior, wherein established drugs
are proposed for new avenues in the field of cancer medication [5,39]. Even big pharma
industries are investing in drug repurposing, and the drug repurposing market size has
reached 25.2 billion US$ in the year 2021 [40]. Thus, this current research study attempted
to assess the repurposing potential of anti-TB pyrrolyl benzohydrazide derivatives [12]
(Figure 1) as anti-cancer agents.

3.1. Molecular Interaction of Pyrrolyl Benzohydrazide Derivatives with PLK1

Polo Like Kinase 1 is a well-established cancer target [41], and its overexpression is
observed in several cancer cells, such as lung, pancreatic, ovarian, prostate, colorectal,
and breast. Importantly, its expression is very low in normal cells, while it significantly
increases in cancer cells [41,42]. In addition, PLK1 inhibition has been considered one of the
potent strategies against cancer [43–45]. Thus, in the present study, nineteen pyrrolyl benzo-
hydrazide derivatives (Table 1) that have been reported for anti-tuberculosis potential [12]
were screened against the PLK1 enzyme.

Table 1. Docking results of pyrrolyl benzohydrazide derivative, control, and native ligand interactions
with the target PLK1.

Compound
Code

Name of Compound Binding Affinity

C1 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2,4-dichlorobenzohydrazide −9 kcal/mol

C2 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2-aminobenzohydrazide −8.8 kcal/mol

C3 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2-bromobenzohydrazide −8.9 kcal/mol

C4 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2-chlorobenzohydrazide −9 kcal/mol
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Table 1. Cont.

Compound
Code

Name of Compound Binding Affinity

C5 N′-(4-(1H-pyrrol-1-yl)benzoyl)-2-methylbenzohydrazide −8.9 kcal/mol

C6 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-acetylbenzohydrazide −9 kcal/mol

C7 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-aminobenzohydrazide −7.8 kcal/mol

C8 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-chlorobenzohydrazide −9.7 kcal/mol

C9 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-methylbenzohydrazide −9.1 kcal/mol

C10 N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-nitrobenzohydrazide −9 kcal/mol

C11 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-aminobenzohydrazide −8.8 kcal/mol

C12 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-bromobenzohydrazide −8.9 kcal/mol

C13 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-chlorobenzohydrazide −9 kcal/mol

C14 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-fluorobenzohydrazide −8.8 kcal/mol

C15 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-hydroxybenzohydrazide −8 kcal/mol

C16 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-methoxybenzohydrazide −8.9 kcal/mol

C17 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-methylbenzohydrazide −8.7 kcal/mol

C18 N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-nitrobenzohydrazide −9.6 kcal/mol

C19 N′-benzoyl-4-(1H-pyrrol-1-yl)benzohydrazide −9 kcal/mol

Control
(BI2536)

4-{[(7R)-8-cyclopentyl-7-ethyl-5-methyl-6-oxo-5,6,7,8-tetrahydropteridin-2-
yl]amino}-3-methoxy-N-(1-methylpiperidin-4-yl)benzamide −9.3 kcal/mol

Native Ligand 4-(4-methylpiperazin-1-yl)-N-{5-[2-(thiophen-2-yl)acetyl]-1H,5H-pyrrolo[3,4-
c]pyrazol-3-yl}benzamide −8.6 kcal/mol

Figure 1. Cont.

107



Processes 2023, 11, 1889

 

Figure 1. Structures of nineteen pyrrolyl benzohydrazide derivatives used in the present study.

The screening results depicted that N′-(4-(1H-pyrrol-1-yl)benzoyl)-3-chlorobenzohydr-
azide (C8) and N′-(4-(1H-pyrrol-1-yl)benzoyl)-4-nitrobenzohydrazide (C18) were the most
potent among the nineteen tested derivatives against PLK1 (Table 1). Both C8 and C18

showed significant interactions with the ‘kinase domain’ of PLK1. The Gibbs free energy
(ΔG) of the ‘C8-PLK1 interaction’ was −9.7 kcal/mol, whereas ΔG of the ‘C18-PLK1
interaction’ was −9.6 kcal/mol. To obtain a deeper insight into C8 and C18 interactions,
the results were compared with the interactions of the positive control (BI2536) with PLK1
(Figure 2; Table 2). A redocking native ligand experiment was performed to validate the
protocol, wherein the re-docked native ligand bound to the same vicinity of the PLK1
‘active site’ as the native ligand [46]. A superimposition image (Figure 2b) established
the protocol standardization; in addition, all of C8, C18, and the positive control were
also bound to the same domain of PLK1 (Figure 2a). However, the ΔG values (Table 2)
suggested that C8 and C18 showed better interactions with PLK1 than the positive control
(−9.3 kcal/mol) and native ligand (−8.6 kcal/mol). Insights into amino acids involved
in the individual ligand interactions with PLK1 were shown through LigPlot analysis
(Figure 2d). LigPlot analysis for both C8 (Figure 2(d1)) and C18 (Figure 2(d2)) showed
that 13 amino acid residues, (i.e., Leu59, Cys67, Ala80, Val114, Leu130, Glu131, Leu132,
Cys133, Arg134, Arg136, Phe183, Gly193, Asp194) interacted with the ‘kinase domain’
of PLK1. Here, Cys133 interacted through strong hydrogen bonding, while other amino
acids showed hydrophobic interactions. However, the positive control (BI2536) displayed
strong hydrogen bonding with Lys82, involving a total of 10 amino acid residues of PLK1
during the interaction (Figure 2(d3)). Strong hydrogen bonding interactions of C8 and C18

with the Cys133 amino acid residue of PLK1 (Figure 2(d1,d2)) have their due relevance,
as Cys133 serves as a crucial part of the ATP-binding pocket, and it is considered a novel
covalent site of PLK1 for drug discovery [41,47]. In addition, Shakil et al. [41] reported
that Leu59, Cys67, Leu130, Cys133, Arg136, and Phe183 played an important role in PLK1
binding with different inhibitors. In fact, Leu132 formed the hinge region, and Cys67
and Phe183 configured the top/bottom of the ATP binding pocket. Importantly, both
compounds C8 and C18 became associated with all these critical amino acid residues of
the PLK1 ATP-binding pocket. The activation loop of PLK1 (2OWB) consists of Val210
(i.e., Thr210 a primary phosphorylation site of wild-type Plk1) and Ser137 (a secondary
phosphorylation site). Neither of these two amino acids showed an interaction with C8

and C18. However, to confirm their dynamic behavior with respect to time, both of these
compounds were further subjected to molecular dynamics analysis.

Table 2. Interacting amino acids and binding energy of substrate docked with the active site of PLK1.

Ligands Binding Energy Interacting Amino Acids of PLK1

C8 −9.7 kcal/mol Leu59, Cys67, Ala80, Val114, Leu130, Glu131, Leu132,
Cys133 *, Arg134, Arg136, Phe183, Gly193, Asp194

C18 −9.6 kcal/mol Leu59, Cys67, Ala80, Val114, Leu130, Glu131, Leu132,
Cys133 *, Arg134, Arg136, Phe183, Gly193, Asp194
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Table 2. Cont.

Ligands Binding Energy Interacting Amino Acids of PLK1

Positive control (BI2536) −9.3 kcal/mol Gly60, Lys61, Gly62, Gly63, Phe64, Lys82 *, Val84, Lys97,
Phe183, Asp194

Redocked
Native ligand (DB07186)

−8.6 kcal/mol Lys61, Gly62, Gly63, Phe64, Cys67, Lys82, Val114,
Glu131, Cys133, Arg136, Phe183, Asp194, Gly 196

* Hydrogen bonded amino acids are represented in bold.

Figure 2. Ligand-docked active site images of PLK1 (PDB ID: 2OWB). (a) All the docked ligands (C8:
red color; C18: yellow color; positive control (BI2536): magenta color; native ligand (DB07186): green
color) in the catalytic active site of PLK1. (b) Enlarged overlay image of native ligand and redocked
native ligand. (c) Enlarged image of (c1) C8 docking, (c2) C18 docking, (c3) BI2536 docking, and
(c4) DB07186 docking. (d) Molecular interaction analysis of all the compounds ((d1): C8; (d2): C18;
(d3): BI2536; (d4): DB07186) with PLK1 amino acid residues.
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3.2. Molecular Dynamic (MD) Analysis of C8 and C18 with PLK1

The dynamic behavior of ‘C8-PLK1’ and ‘C18-PLK1’ complexes, under solvated con-
ditions, was studied through an MD simulation/mimicking study with respect to time.
The best docking pose for each complex was mapped for stability under a mimicable
environment. The outcomes of the mimicking study, with various constraints helping us to
understand the binding mode and stability, were reported in terms of the solvent accessible
surface area (SASA), radius of gyration (Rg), number of hydrogen bonds, root mean square
deviation (RMSD), and root mean square fluctuation (RMSF). All these parameters were
mapped during the mimicking study time, and deviation of the secondary structure pattern
between the protein and their complexes was measured.

Three mimicking studies with the protein (PLK1) alone (black color) and its complex
with ligand C8 (red color) and C18 (green color) were executed for a 100 ns time duration.
From the RMSD plot (Figure 3a), it was observed that the C8–PLK1 complex, after initial
fluctuation, reached equilibrium at approximately 10 ns of time. After that, the complex
displayed a constant trajectory with marginal deviation of ~0.1 nm, indicating that the
structural stability of the protein was preserved while in complex with C8. Results also
suggested that the unbound protein (PLK1 alone) also reached equilibrium after an initial
fluctuation, and it showed a similar pattern of stable trajectory as C8 bound PLK1. On the
other hand, C18-bound PLK1 was stable until 80 ns and started fluctuating in the range of
~0.3 nm until 90 ns. However, it also became stable at the end after this 10 ns fluctuation.
The Rg plot (Figure 3b) showed that all the entries (including the innate protein (PLK1)
and its complex forms with C8 and C18) exhibited a similar pattern of Rg during the entire
simulation time with minimal (0.05 nm) variation in different distance ranges. Hydrogen
bonding between the ligand and protein complex was evaluated, which in turn forecasted
the focalization of the ligand into the binding cavity of the protein. All the intermolecular
H-bonds among ligands and the protein were studied and plotted accordingly (Figure 3c).
From the plot, it is clear that the number of H-bonds involved in the simulation runs
fluctuated over time, but most strong H-bonds remained intact throughout the study time.
The disappearance and then reappearance of a few H-bonds indicate the vital nature of the
ligand inside the binding cavity. The solvent accessible surface area (SASA) determined the
area surrounding the hydrophobic core developed between the protein–ligand complexes
(Figure 3d). Reliable SASA values were obtained with a fluctuation of 10 nm2 area for PLK1
and the C8–PLK1 complex, whereas more fluctuations of a 15 nm2 area were observed in
case of the C18–PLK1 complex. The SASA plots for PLK1 and C8–PLK1 almost overlapped
with each other; however, C18–PLK1 complexes showed no overlap during 25 ns to 60 ns
and after 90 ns until the end of the simulation run. The residue-wise variations were
observed in the RMSF plot (Figure 3e,f), wherein the potentially interacting amino acids
stiffened in the complex forms (C8–PLK1 and C18–PLK1) in comparison to the normal
protein state (PLK1).

In addition, dynamic behavior of the ‘PLK1-BI2536 (control)’ complex under sol-
vated conditions were also studied through an MD simulation study with respect to time
(Figure S1 Supplementary Materials). From the RMSD plot (Figure S1a), it was observed
that the BI2536–PLK1 complex, after initial fluctuation, reached equilibrium at approxi-
mately 10 ns of time. After that, the complex displayed constant trajectory with marginal
deviation of ~0.09 nm, indicating that the structural stability of the protein was preserved
while in complex with BI-2536. On the other hand, the Rg plot (Figure S1b) showed that
the gyration of the protein–ligand complex (PLK1–BI2536) exhibited a similar pattern of Rg
during the entire simulation time with minimal (0.025 nm) variation in different distance
ranges after initial fluctuations. From the hydrogen bonding plot (Figure S1c), it was clear
that the number of H-bonds involved in the simulation runs fluctuated over time but most
strong H-bonds were intact during the study time. Furthermore, reliable SASA values
(Figure S1d) were obtained with an initial fluctuation of a 15 nm2 area for the PLK1–BI2536
complex up to 10 ns; however, minimal fluctuations of a 10 nm2 area were observed after
10 ns until the end of the simulation run. The residue-wise variations were observed in the
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RMSF plot (Figure S1e), where potentially interacting amino acids became stiffened in the
complex form (PLK1-BI2536) similar to PLK1–C8 and PLK1–C18 complexes. In fact, from
the findings of MD simulation results of PLK1–BI2536, it could be inferred that an almost
similar pattern was observed for the control compound (BI2536) as in the case of the tested
compounds (C8 and C18).

Figure 3. Analysis of MD simulation trajectories against the function of the RMSD, Rg, hydrogen
bond, SASA, and RMSF of PLK1 (PDB ID: 2OWB) with synthetic compound C8 and C18 (lig-
and) complexes at 100,000 ps (100 ns). (a) RMSD; (b) radius of gyration (Rg); (c) hydrogen bonds;
(d) SASA; (e,f) RMSF plot of the protein in the presence of C8 and C18.

3.3. Cytotoxicity Analysis

Based on initial screening through molecular docking analysis and further confirma-
tion of the stability of the PLK1 docked complex based on molecular dynamics, C8 and
C18 appeared to be the most active compounds. Thus, the cytotoxicity of C8 and C18 was
assessed against three cancer cell lines (A549, MCF 7, and HepG2) via MTT assays. As
represented in Table 3 and Figure 4, compounds C8 and C18 exhibited significant inhibitory
activities against A549 cells with IC50 values of 9.54 μM and 10.38 μM, respectively. How-
ever, the reference compound (doxorubicin) showed a better IC50 (8.20 μM) than the tested
compounds. Moreover, the compounds C8 and C18 were tested on normal human lung
epithelial BEAS-2B cells, and the IC50 values for both were found to be more than 200 μM.
This showed a selectivity index of >10, which indicates that both C8 and C18 have more
efficacy against tumor cells than the toxicity against normal cells. It can also be inferred
from Table 2 that C8 was more potent than C18 against the tested cell lines. In addition,
both C8 and C18 were less active against MCF7 and HepG2 cells than A549 cells. The
lineage of A549 cells is the lung, MCF7 cells is the breast, and HepG2 cells is the liver;
thus, the more potent activity of tested compounds against A549 cells has its due relevance.
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There is a plethora of evidence that shows the correlation of tuberculosis with lung cancer,
and tuberculosis is considered an important risk factor for lung cancer [48–50]. Hence,
targeting lung cancer with anti-tubercular compound(s) seems to be an appealing strategy
and could provide a boon to a tuberculosis-infected lung cancer patient in the future. Based
on the cytotoxicity results, C8 was selected further for cell cycle, cell apoptosis, and DAPI
analysis against A549 cells to obtain deeper insight into the anticancer action.

Table 3. IC50 values of compounds against different tumor cell lines.

Compounds IC50 (μM)

MCF7 A549 HepG2

C8 10.51 ± 1.9 9.54 ± 1.1 10.82 ± 1.3

C18 12.34 ± 0.9 10.38 ± 1.7 11.41 ± 2.5

Doxorubicin * 10.96 ± 1.6 8.20 ± 0.9 9.21 ± 1.0
* Doxorubicin was used as a positive control.

 

Figure 4. Cytotoxicity study of the test compounds C8 and C18 against MCF-7, A549, and HepG2
cells and their comparison with the positive control (doxorubicin). (a) Dose-response curve of test
compounds for % cell viability against MCF-7 cell lines. (b) Dose-response curve of test compounds
for % cell viability against A-549 cell lines. (c) Dose-response curve of test compounds for % cell
viability against HepG2 cells.

3.4. Cell Cycle Analysis

Cell cycle arrest could be correlated well with the growth inhibition of cancer cells.
Reports suggest that benzohydrazide derivatives stop cell progression at the G2/M phase
of the cell cycle [51–53]. However, in the present study, to explain the action of C8 on cell
cycle distributions, A549 cells were treated with 10 μM (C8) for 24 h, and the distributions
of A549 cells (treated and untreated) in various stages of the cell cycle were evaluated via
flow cytometry (Figure 5). Consistent with the earlier findings [51–53], C8 treatment led
to maximum accumulation of A549 cells at the G2/M phase (39.48%); however, untreated
A549 cells showed only 9.34% cells at the G2/M phase (Table 4). In addition, cell % was
markedly reduced from 88.79% to 31.22% at G0/G1 phase when A549 cells were treated
with C8. Obtained results suggested that C8 demonstrated a significant antineoplastic
effect and led to the stoppage A549 cell cycle progression at G2/M, metaphase, after the
gestation period of 24 h. These results were in accordance with the other recent research
conducted on A549 cells, wherein the anticancer effects were attributed to the blocking of
the G2/M phase [54–56].
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Figure 5. Flow cytometric histograms showing the phases of cell cycle distribution in the A549 cell
line treated with (a) C8 at a 10 μM concentration compared to the (b) untreated control.

Table 4. Effect of C8 compound on cell cycle distributions of A549 cells.

Cell Cycle Stage Untreated C8 (10 μM)

Sub G0/G1 0.53 1.63

G0/G1 88.79 31.22

S 1.03 12.44

G2/M 9.34 39.48

3.5. Cell Apoptosis Analysis

To further understand the role of apoptosis in the anticancer properties of C8, FITC
Annexin V/Propidium iodide staining was performed to evaluate the morphological
changes upon treatment of A549 cells with C8. The quadrant plot (Figure 6) generated
could distinguish live cells in the lower (left) quadrant (stained −ve for PI and FITC-
annexin V), early apoptotic cells in the lower (right) quadrant (stained −ve for PI and +ve
for FITC-annexin V), necrotic dead cells in the upper (left) quadrant (stained +ve for PI),
and late apoptotic cells in the upper (right) quadrant (stained +ve for PI and FITC-annexin
V). After treatment with C8, the percentage of apoptotic cells was moderately observed
in early and late apoptotic states. The observations suggested that the test compound, C8,
spurs reasonable apoptosis in human lung cancer A549 cells.

Figure 7 represents the bar graph for details of the percentage of cell stages observed
in the quadrant layout in the apoptosis study. Here, the apoptosis rate was 33.21% (14.64%
early apoptotic and 18.57% late apoptotic cells) in C8-treated A549 cells, whereas the
percentage of viable cells was reduced from 99.88% to 60.52% after C8 treatment of A549
cells, and 6.27% cells were reported as necrotic dead cells.

Moreover, Figure 8 shows the Annexin V histogram, obtained by using a BD FACS
CaliburTM that differentiates cells at the M1 and M2 stages. Here, M1 denotes the negative
expression/region, and M2 denotes the positive expression/region. The cells expressing
Annexin V (M2 region) were considered apoptotic cells. Consequently, it can be concluded
that the C8 treatment of A549 cells triggered a shift in the cells towards apoptosis. Hence,
it could be safely stated that C8 not only arrested the G2/M stage of the cell cycle, but
effectively induced apoptosis in A549 lung cancer cells.
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Figure 6. Quadrangular plot representing Annexin V/PI expression in A549 cells upon culture in the
absence (a) and presence (b) of C8 at a 10 μM concentration.

 

Figure 7. Bar graph showing the % of live, apoptotic, and dead cells in the absence and presence of
C8 at a 10 μM concentration.
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(a) (b) 

Figure 8. Histograms representing the Annexin V expression in A549 cells upon culture in the absence
(a) and presence (b) of C8 at a 10 μM concentration.

3.6. DAPI Assay

A DAPI staining assay was used to determine DNA fragmentation in C8-treated A549
lung cancer cells. Marked changes in the nuclear morphology and DNA fragmentation
within the nucleus of the treated cells were observed (Figure 9). Here, cell nuclei were
stained in blue, white arrows represent healthy DNA, and yellow arrows represent con-
densed and damaged DNA of the cells. In comparison to the untreated cells, C8-treated
A549 cells showed significant DNA damage, blebbing, and condensing of the nucleus after
the treatment period of 24 h; thus, confirming the DNA-damaging effect of C8 against lung
cancer A549 cells.

  

Figure 9. Fluorescent microscope images depicting the nuclear damage of DAPI-stained A549 cells at
a magnification of 40×.

In the present investigation, compound 8 (C8) was found to be the most potent one
among all the tested compounds during in silico screening against a cancer target (PLK1),
which further showed a marked in vitro anticancer effect against A549 cell lines. Here, PLK1
was used as a biotarget for the initial screening of pyrrolyl benzohydrazide derivatives. In
fact, PLK1 is overexpressed in different cancer cells [41–45] and plays an important role in
mitosis initiation i.e., transition from G2 phase into the M phase [57]. The present study
indicated that compound C8, screened on the basis of PLK1 inhibition and cell cytotoxicity,
resulted in the marked arrest of A549 cells at the G2/M phase and induced apoptosis.
In accordance with our findings, several earlier studies have also reported the cell cycle
arrest of cancer cells at the DNA damage G2/M checkpoint and apoptosis after PLK1
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inhibition [58–60]. In fact, strong PLK1 associations with the A549 cells [61–63] further
strengthen the outcomes. However, it is too early to provide the conclusive remark on
the applicability of C8 as a dual therapeutic agent for tuberculosis and lung cancer. It
is noteworthy to mention that the authors have already started to work on deciphering
the exact molecular mechanism of the anticancer action and an in vivo evaluation of
C8. Nevertheless, present outcomes might help in the development of new anti-cancer
medications designed on anti-tubercular scaffolds, especially against lung cancer.

4. Conclusions

The present study evaluated the anti-cancer potential of anti-tubercular pyrrolyl
benzohydrazide derivatives. The initial screening of different anti-tubercular pyrrolyl
benzohydrazide derivatives was performed via computational approaches using dock-
ing and molecular dynamics studies. The compound N′-(4-(1H-pyrrol-1-yl) benzoyl)-3-
chlorobenzohydrazide (named as C8) was screened out as the most potent one, among all
the tested derivatives. However, an in vitro cytotoxicity assessment against cancer cell lines
confirmed the computational findings. Further, to obtain insight into the anticancer activity
of C8 against human lung cancer A549 cells, cell cycle, apoptosis, and DAPI analyses were
performed. Cell cycle and apoptosis analyses confirmed the arrest of the cell cycle at the
G2/M phase and the induction of apoptosis in A549 cells after treatment with C8. More-
over, DAPI analysis confirmed the DNA fragmentation in C8-treated A549 cells. Still, more
details of anti-cancer mechanistic aspects need to be studied along with in vivo assessments
to bring these findings into reality. Nevertheless, an anti-tubercular compound showing
potent anticancer potential, as well as against lung cancer, has its own due clinical relevance.
This study might pave the way for a therapeutic strategy for tuberculosis-infected lung
cancer patients in the near future.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/pr11071889/s1, Figure S1: Analysis of MD simulation
trajectories against the functions of RMSD, Rg, hydrogen bond, SASA, and RMSF of PLK1 (PDB ID:
2OWB) with the control compound BI2536 (ligand) complex at 100000 ps (100 ns). (a) RMSD; (b)
radius of gyration (Rg); (c) hydrogen bonds; (d) SASA; (e,f) RMSF plot of the protein in the presence
of BI2536.
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Abstract: Dipeptidyl Peptidase 4 (DPP-4) expressed on the surface of many different cells is a
promising target to develop new candidates for Type 2 diabetes mellitus (T2DM) management. In this
light, we performed a computer-aided simulation involving 3-D pharmacophore screening, molecular
docking, and drug-likeness assessment to identify novel potential DPP-4 inhibitors with an improved
physicochemical profile to treat T2DM. In addition, global reactivity descriptors, including HOMO
and LUMO energies, HOMO-LUMO gaps, and Fukui indices, were computed to confirm the essential
structural features to achieve DPP-4 activity. The gathered outcomes recommend that eight out
of 240 million compounds collected from eight pre-built databases (Molport, Chembl30, ChemDiv,
ChemSpace, Mcule, Mcule-ultimate, LabNetwork, and ZINC) are drug-like and nontoxic, and may
serve as starting points for designing novel, selective, and potent DPP-4 inhibitors. Furthermore,
the success of the current workflow to identify DPP-4-potential inhibitors strengthens its potential
efficiency to also predict natural compounds as novel adjutants or main therapy for T2DM or discover
hit compounds of other targets.

Keywords: DPP-4; pharmacophore screening; docking; ADMETox; DFT; MLP; natural products

1. Introduction

Type 2 diabetes (T2D), known as insulin resistance, is one of the most complex chronic
metabolic disorders and is considered a major healthcare burden worldwide [1]. In general,
T2D is marked by high blood sugar levels and in combination with other factors leads
to chronic vascular complications [2], myocardial infarction [3], stroke (ischemic stroke,
hemorrhagic stroke, transient ischemic attack) [4,5], atherosclerosis [6,7], microangiopa-
thy [8], gangrene of the lower limbs [9,10], dental diseases [11], kidney diseases [12], etc.
The most common oral medication for T2D (https://go.drugbank.com/drugs, accessed
on 8 August 2023) is considered metformin [13] as an ingredient combined with other
medications (DB00331) such as metformin-alogliptin, metformin-canagliflozin, metformin-
dapagliflozin, metformin-empagliflozin, metformin-ertugliflozin, metformin-glyburide,
metformin-linagliptin, metformin-pioglitazone, metformin-repaglinide, metformin-
rosiglitazone, metformin-saxagliptin, metformin-sitagliptin, etc. Other oral drugs also pre-
scribed in the treatment of T2DM that help the human body better manage insulin or remove
extra glucose from the blood are (i) dopamine-2 agonist [14] (Bromocriptine, DB01200);
(ii) dipeptidyl peptidase-4 (DPP-4) inhibitors [15,16] (alogliptin (DB06203), linagliptin
(DB08882), linagliptin-empagliflozin, saxagliptin (DB06335), sitagliptin (DB01261), sitagliptin-
simvastatin; (iii) Glucagon-like peptide-1 (GLP-1) receptor agonists [17,18] (dulaglutide
(DB09045), exenatide (DB01276), liraglutide (DB06655), lixisenatide (DB09265), semaglu-
tide (DB13928), tirzepatide (DB15171); (iv) sodium-glucose cotransporter-2 (SGLT2) in-
hibitors [19,20] (canagliflozin (DB08907), dapagliflozin (DB06292), dapagliflozin-metformin,
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dapagliflozin-saxagliptin, empagliflozin (DB09038), empagliflozin-linagliptin, ertugliflozin
(DB11827); and (v) peroxisome proliferator-activated receptor (PPARγ) agonists [21,22]
(rosiglitazone (DB00412), pioglitazone (DB01132), pioglitazone-alogliptin, pioglitazone-
glimepiride, pioglitazone-metformin, etc. Additionally, diabetic patients (both type 1 and
type 2 DM) have their immune responses disrupted and are more susceptible to many
kinds of infections [23,24]. However, the global morbidity and mortality rates, which affect
patients with T2D, ares on a continuous rise. In 2021, the International Diabetes Federation
(IDF) Diabetes Atlas data (https://diabetesatlas.org/atlas/tenth-edition/, accessed on 8
August 2023), informed that 10.5% of the adult population between 20 and 79 years old
have diabetes. Guariguata et al. [25] predict that more than 590 million people will be
diagnosed with this disease by 2035. An alarming statistic shows that by 2045, approxi-
mately 46% of the population will be living with diabetes. Over 90% of these will have
type 2 diabetes [26,27] and almost half of them do no know that they are living with the
sickness. That is why essential projects (240 national diabetes associations across 160 coun-
tries (https://idf.org/our-network/regions-and-members/, accessed on 8 August 2023)
are underway in the scientific community to prevent and control this disease. Thus, the
scientific results play a significant role if they are made public and can be used as starting
points for additional research. A total of 1,149,497 published papers were assembled in
the Web of Science Core Collection (WoSCC) until June 2023 on the topics of “diabetes”,
930,263 of which have been published after the year 2000. The scientific community’s
interest in the management of this disease has grown considerably (about 40%), observing
a significant increase in scientific publications from approximately 17,000 in the year 2000
to approximately 70,000 in the year 2022 (Figure 1). So, in the early stage of drug design,
in silico requirements have been managed by using various computational approaches,
such as pharmacophore modeling [28–31], quantitative structure–activity relationships
(QSAR) [32–35], molecular docking [36–39], molecular dynamics simulation [40–42], DFT
simulation [35,43–46], etc. These techniques have generated notable interest by reducing
the time required for experimental trials, as well as human and resource costs.

Figure 1. Number of publications indexed per year in the Web of Science Core Collection (WoSCC);
2023* (indexed before July).

DPP-4, also known as the T-cell activation antigen cluster of differentiation CD26, is an
extensively investigated aminopeptidase, a member of the serine peptidase/prolyl oligopep-
tidase gene family. This aminopeptidase inactivates the incretin hormones glucagon-like
peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) and its inhi-
bition is believed to be a result of glucose-lowering therapy in T2D [35,47,48]. Following
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rapid development in the 2000s, DPP-4 inhibitors known as gliptins, approved by the Food
and Drug Administration (FDA), by the European Medicines Agency (EMA), and by the
Japanese Pharmaceuticals and Medical Devices Agency (PMDA), have been widely used
in the management of T2D [15]. The gliptins as DPP-4 inhibitors appear to be very well
tolerated, but some have been associated with different side effects, including severe joint
pain (sitagliptin, vildagliptin, saxagliptin) [49], serious allergic and hypersensitivity reac-
tions (sitagliptin) [50], dermal side effects/pruritus (aloglitin) [51], etc. Although gliptins
have been associated with few short-term contraindications, the FDA conducts extensive
follow-up evaluations of monitoring and reporting of adverse effects. Also, the scientific
community pays special attention to finding inhibitors with fewer adverse effects in the
fight against T2D disease.

Investigating the binding interactions of DPP-4 inhibitors at the binding site is es-
sential for gaining insights into their effectiveness and for providing guidance in the
exploration of new drug candidates. The crystal structure of DPP-4 displays a homodimeric
configuration, with two chains, chain A and chain B, and it consists of four domains (a
cytoplasmic domain (1–6), a transmembrane domain (TMD) (7–28), a flexible stalk segment
(29–39), and the extracellular domain (40–766) with five subsites: S1 (SER630, VAL656,
TRP659, TYR662, TYR666, ASN710, VAL711), S2 (ARG125, GLU205, GLU206, PHE357,
ARG358, ARG669), S1′ (PHE357, TYR547, PRO550, SER630, TYR631, TYR666), S2′ (TYR547,
TRP629, SER630, HIS740), and S2 extensive (VAL207, SER209, PHE357, ARG358) [52,53].
The mandatory ligand’s interactions for DPP-4 inhibition with S1 and S2 subunits were
observed both for alogliptin within the 3GB0 binding site, linagliptin within the 2RGU
binding site, and sitagliptin within the 1 × 70 binding site. Moreover, alogliptin exhib-
ited additional interactions with the S1’ subunit, while linagliptin revealed additional
interactions with both S1’ and S2’ subunits, and in the case of sitagliptin, the additional
interactions were observed with the S2 extensive subunit [52,54–56]. The additional in-
teractions between the ligand and DPP-4 subsites indicate an enhanced bioavailability
potency and, consequently, encourage the exploration of diverse scaffold structures that
can play a pivotal role in facilitating these interactions. This approach opens up avenues
for the development of novel and potentially more effective DPP-4 inhibitors. Based on
these observations, in the present work, we report a virtual screening experiment involv-
ing pharmacophore generation, drug-likeness evaluation, and molecular docking simu-
lations to identify potential Dipeptidyl Peptidase 4 (DPP-4) inhibitors with an improved
physicochemical profile for the management of type 2 diabetes mellitus (T2DM). To reach
our goal, the virtual screening of eight (CHEMBL/ChemDiv/ChemSpace/MCULE/MCULE-
ULTIMATE/MolPort/LabNetwork/ZINC) large compound databases (Table 1) using ligand-
and structure/receptor-based protocols were engaged (Figure 2).

Table 1. The initial number of compounds from databases and the number of selected molecules
as “hits”.

Database
No of

Molecules

Alogliptin
(Molecules

“Hits”)

Sitagliptin
(Molecules

“Hits”)

Linagliptin
(Molecules

“Hits”)

MolPot 4,807,813 107 83 4
CHEMBL30 1,998,181 138 55 8

ChemDiv(2015) 1,456,120 16 8 1
ChemSpace 50,181,678 326 413 1

MCULE 45,257,086 190 718 1
MCULE-ULTIMATE 126,471,502 178 14 2

LabNetwork 1,794,286 58 11 2
ZINC 12,921,916 154 328 5

TOTAL 244,888,582 1109 1619 24

The bold of number represents the sum (TOTAL) of the number of compounds on each column.
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Figure 2. Methodological description of the present study.

2. Materials and Methods

Step 1—Pharmacophore generation. Pharmit [57] online program (https://pharmit.csb.
pitt.edu/ accessed on 6 December 2022) was engaged to select potential inhibitors for
DPP-4 taking into account the interactions between each ligand (alogliptin, sitagliptin,
linagliptin) and their binding site (3G0B, 1X70, 2RGU), the structure similarity shape with
query molecules, and the Lipinski’s rule of five (molecular weight, MW < 500 g/mol;
octanol-water partition coefficient, LogP < 5; rotatable bonds, RB < 10; polar surface area,
PSA < 140 Å; hydrogen bond acceptor, nHA < 10; hydrogen bond donor, nHB < 5). The
input for Pharmit was automatically generated using reference complex (protein–ligand):
3G0B—alogliptin, 1X70—sitagliptin, 2RGU—linagliptin). Using the RX protein structure,
the energy minimization for each pose was available, and the root mean squared deviation
(RMSD) between the query drug and the minimized selected compounds was analyzed.
The value of shape tolerance was set to 1 for each simulation. The prioritized compounds
by the pharmacophore model, were used in the docking procedure.

Step 2—Docking methodology. The co-crystal structures of DPP-4 with approved diabetes
drugs: alogliptin, linagliptin, and sitagliptin were retrieved from the Protein Data Bank
(https://www.rcsb.org/accessed on 11 January 2023). (PDB ID: 3G0B: Resolution: 2.25 Å;
R-value free: 0.242; and R-value work: 0.207 [58], PDB ID: 1X70: Resolution: 2.1 Å; R-
value free: 0.228; and R-value work: 0.193 [59], and PDB ID: 2RGU: Resolution: 2.6 Å;
R-value free: 0.276; and R-value work: 0.217 [60]). The receptors were prepared for docking
using the MakeReceptor (v.3.5.0.4) module from the OpenEye package [61]. The Chain
A for each protein was selected, and the outer contour and box volume of 604 Å and
6226 Å for 3G0B, of 686 Å and 5029 Å for 1X70, and of 921 Å and 7114 Å for 2RGU [62]
were generated. Additionally, one water molecule (HOH:1) for 3G0B structure, six water
molecules (HOH:1551, HOH:1582, HOH:1605, HOH:1935, HOH:1957, HOH:1986) for 1X70,
and two water molecules (HOH:1020, HOH:1041) were preserved for docking simulation.
The prioritized compounds from step 1 were prepared for docking using the LigPrep
module [63] for adding the hydrogen atoms and generating the ionization states at a pH
range of 7.2 ± 0.2, and the Omega module (v.4.0.0.4) [64,65] for conformer generation. The
docking protocol was validated in two steps. The first step debuted with the redocking of
the approved drugs extracted from the crystal complex into the same binding site (3G0B,
1X70, 2RGU), followed by the second step with the RMSD calculating between the best-
docked pose for alogliptin, sitagliptin, linagliptin, and corresponding X-ray structure. For
this, the FRED program (v.3.5.0.4) [66–69] and the Superposition option of the Maestro
module (v.13.4.134) of Schrödinger [70] were engaged.

Step 3—Quantitative Estimate of Drug-likeness (QED) score was calculated for all the
compounds resulting from step 2 in order to quantify and categorize the chemical structures
to properties of oral drugs (Equation (1)) [71].

QED = exp(
1
n∑n

i=1 lndi) (1)
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where di denotes the dth desirability function and n = 8 is the number of drug-likeness-
related properties (molecular weight, MW; lipophilicity, logP; the number of aromatic rings,
NAr; the number of hydrogen bond donors, nHD; the number of hydrogen bond acceptors,
nHA; number of rotatable bonds, Nrotb; topological polar surface area, TPSA; and number
of structural alerts, ALERTS).

Step 4—In silico predicted ADMETox Profile. The ADMETlab2.0 [72] online server
(https://admetmesh.scbdd.com/, accessed on 25 May 2023) was used to predict the physic-
ochemical (e.g., molecular weight, van der Waals volume, number of hydrogen bond accep-
tors, number of hydrogen bond donors, topological polar surface area, the n-octanol/water
distribution coefficient, the aqueous solubility, etc.), medicinal chemistry (e.g., Lipinski
Rule, Pfizer Rule, Pan Assay Interference Compounds (PAINS), etc.), and pharmacokinetic
properties (absorption, distribution, metabolism, excretion and toxicity parameters) essen-
tial for all the compounds selected in the previous steps. These parameters are based on
predictive models and are a viable alternative to experimental determinations of them. Ad-
ditionally, the bioavailability radar plot outlines the physicochemical quality of the selected
compounds, based on following parameters: molecular weight (MW), the logarithm of the
n-octanol/water distribution coefficient (logP), the logarithm of aqueous solubility value
(logS), the logarithm of the n-octanol/water distribution coefficients at pH = 7.4 (logD),
number of hydrogen bond acceptors (nHA), number of hydrogen bond donors (nHD),
topological polar surface area (TPSA), number of rotatable bonds (nRot), number of rings
(nRings), number of atoms in the biggest ring (MaxRing), number of heteroatoms (nHet),
formal charge (fChar), and number of rigid bonds (nRig) [72,73].

Step 5—Molecular Lipophilicity Potential (MLP). The Galaxy Visualizer (v.2022.11 beta,
https://www.molinspiration.com/cgi-bin/galaxy, accessed on 17 August 2023) was em-
ployed to visualize the three-dimensional representation of molecular lipophilicity potential
(MLP), which gives us information about the hydrophobic surface of compounds (violet
and blue), and the hydrophilic surface of compounds (orange and red). Investigation of the
3D distribution of hydrophobicity on the molecular surface is very advantageous when pre-
senting differences in predicted ADME parameters of compounds with the same/similar
octanol-water partition coefficient values (logP). The 3D parameters offer considerably
more information than logP parameter, which is represented by a single value [73–75].
For MLP prediction, the milogP parameter developed in-house by Molinspiration is used
(https://www.molinspiration.com/services/logp.html, accessed on 17 August 2023). This
parameter, named milogP2.2-2005, is calculated as a sum of fragment-based contributions
and correction factors by including predicted and experimental logP values for a set of
approximately 12,000 compounds, predominantly drug-like molecules [73–75].

Step 6—Electronic parameters. The final selected compounds from previous steps (1 to 4)
were used as input for DFT studies. The Jaguar module (Schrödinger) [76,77] was engaged
for compound optimization with the Becke three-parameter exchange potential and Lee–
Yang–Parr correlation functional (B3LYP) [78,79] and 6-31G** basis set [80]. The highest
occupied molecular orbital (HOMO), the lowest unoccupied molecular orbital (LUMO), the
HOMO-LUMO gap energy (ΔE), and Fukui indices were explored to add new information
about the reactive sites of compounds. The f_NN_HOMO parameter is associated with
the Fukui function, f−, and it measures the atomic sites that are accessible for electrophilic
attacks. Conversely, f_NN_LUMO is linked to the Fukui function, f +, it identifies the
regions that are prone to nucleophilic attacks [81,82].

3. Results

The Pharmit tool generated the pharmacophoric points (Figure 3) for alogliptin, which
includes three hydrogen acceptor (HA—orange), one hydrogen donor (HD—white), one
aromatic (Ar—purple), and three hydrophobic features (Hy—green); for sitagliptin, which
contains two hydrogen acceptors (HA—orange), one hydrogen donor (HD—white), one
aromatic (Ar—purple), and three hydrophobic features (Hy—green); and for linagliptin,
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which comprises two hydrogen acceptors (HA—orange), one hydrogen donor (HD—white),
two aromatics (Ar—purple), and one hydrophobic feature (Hy—green).

Figure 3. Pharmit pharmacophoric points: hydrogen acceptors (HA—orange), hydrogen donors
(HD—white), aromatics (Ar—purple), and hydrophobic features (Hy—green); the shape tolerance is
displayed in yellow; the carbon atoms are illustrated in cyan for alogliptin, purple in sitagliptin, and
blue in linagliptin; the nitrogen atoms are displayed in white; the oxygen atoms are shown in red; the
fluorine atoms are portrayed in yellow.

The virtual screening experiment based on pharmacophoric points, RMSD, and shape
tolerance for alogliptin (3G0B), sitagliptin (1X70), and linagliptin (2RGU), set as reference
molecules, generated 1109 compounds, 1619 compounds, and 24 compounds, respectively
(Table 1), from a total number of 244,888,582 compounds. The RMSD range values for
alogliptin and the 1109 selected compounds were between 0.160 and 0.935 Å, for sitagliptin
and the 1619 selected compounds were between 0.218 and 0.934 Å, and for linagliptin and
the 24 selected compounds were between 0.418 and 0.887 Å. All RMSD values are lower
than 2 and are in agreement with the accepted threshold [83,84].

In order to improve the accuracy of screening, the high-performance molecular dock-
ing procedure was involved, by using Openeye’s FRED (v.3.5.0.4) [66–69]. Thus, the best
molecule “hits” (1109 for 3G0B, 1619 for 1X70, and 24 for 2RGU) were also downloaded and
prepared (LigPrep and Omega) for the molecular docking studies. Preliminary to docking
of all selected compounds, the native ligands (approved drugs: alogliptin, sitagliptin, and
linagliptin) were redocked back into their active site (3GB0, 1X70, and 2RGU). The very low
values of RMSD (0.430 Å for alogliptin, 0.618 Å for sitaglitin, and 1.056 Å for linagliptin),
indicate the reliability of the docking procedure for the molecule “hits” against the selected
targets. Also, the orientation of each RX ligand–receptor complex reproduced with signifi-
cant accuracy. The docking analysis unveiled the following: (i) in the active binding site of
3GB0, 10 hydrogen bonds: HOH1, ARG125, GLU205, GLU206, SER630, TYR631, TRP629,
TYR662, two with TYR547, and five hydrophobic: PHE357, TYR662, TYR666 and two with
TYR547 for alogliptin; (ii) in the active binding site of 1X70, 10 hydrogen bonds: HOH1605,
ARG125, SER209, ARG358, ASN710, GLU206, and two with GLU205 and TYR662, five halo-
gen bonds: GLU205, GLU206, ASN710, and two with VAL207, six hydrophobic: ARG358,
TYR662, TYR666, HIS740, and two with PHE357; and (iii) in the active binding site of 2RGU,
12 hydrogen bonds: HOH1020, GLU205, GLU206, SER630, TYR631, TYR662, TYR666, two
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with TYR547, and three with HOH1041, and nine hydrophobic: PHE357, VAL656, TRP627,
VAL711, two with TYR547, and three with TRP629. These critical amino acid residue
interactions of the alogliptin, sitagliptin, and linagliptin revealed comparable chemgauss4
(CG4) docking scores, of CG4 = −10.404, CG4 = −10.500, and CG4 = −9.771 in the active
site of the targets 3G0B, 1X70, and 2RGU. Detailed results regarding the bond length,
type of interactions, and the atoms implicated in these interactions are present in Figure 4
and Table S1.

 

Figure 4. The best re-docked pose of the ligand superimposed on the co-crystallized one; docking
view (3D and 2D representation) of the X-ray native alogliptin ((A), green), sitagliptin ((B), magenta),
and linagliptin ((C), blue) and of the redocked pose in the active site of the target; the bioavailability
radar for approved drugs is also depicted. In the bioavailability radar, the red and orange areas
represent the lower and the upper limits of the physicochemical property values (MW = 100 ÷ 600,
LogP = 0 ÷ 3, LogS = −4 ÷ 0.5, LogD = 1 ÷ 3; nHA = 0 ÷ 12; nHD = 0 ÷ 7; TPSA = 0 ÷ 140;
nRot = 0 ÷ 11; NRing = 0 ÷ 6; MaxRing = 0 ÷ 18; nHet = 1 ÷ 15; fChar = −4 ÷ 4; nRig = 0 ÷ 30),
while the blue area corresponds to the predicted values of the physicochemical properties of under-
study compounds.
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After validating the molecular docking procedure, the “hit” molecules resulting from
step 1 were docked in the active site of the corresponding protein, following the same
methodology. Then, a short analysis of the CG4 values, a search for possible IC50 values
determined experimentally in the literature, and a visual analysis of the common fragment
structures were performed (Figure 5).

Figure 5. The schematic representation of results from steps 2 and 3; CG4 = Chemgauss4 docking
score; QED = Quantitative Estimate of Drug-likeness; SF = structure fragment; IC50 = the concentration
of a drug/inhibitor needed to inhibit a biological process or response by 50%.

Thus, from the 1109 compounds docked in 3GB0, 23 compounds with CG4 higher
than alogliptin were selected. Among them, only 11 present QED values higher than
0.67 (Tables 2 and S2). The analysis of these 11 compounds revealed six compounds
(CHEMBL4162340, CHEMBL227676, CHEMBL1651766, CHEMBL3329689, CHEMBL1650443,
CHEMBL1650449) that have IC50 values experimentally determined on DDP4; two com-
pounds that have the same scaffold (PubChem-72845648 with CSC076365308); and three
compounds that do not present experimentally determined IC50 values nor the same
scaffold (CSC079167462, ZINC95941402, ZINC408512952). Based on the above, the four
compounds named CSC076365308, ZINC95941402, ZINC408512952, and CSC079167462,
similar to alogliptin, will be analyzed (Figure 6A). The results are shown in Figure 7
and Table 2. Also, the very low RMSD values between these compounds and alogliptin
(https://pharmit.csb.pitt.edu/, accessed on 20 December 2022): 0.679 Å (CSC076365308),
0.601 Å (ZINC95941402), 0.857 Å (ZINC408512952), and 0.726 Å (CSC076365308) indicate a
very good selection strategy in the search for new inhibitors for DPP-4.

Figure 6. The 2D structure representation of selected compounds similar to alogliptin (A), and
sitagliptin (B).
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Table 2. Physicochemical parameters, QED, and CG4 values for the selected compounds similar to
alogliptin (A) and sitagliptin (B) *.

(A)

CSC076365308 ZINC95941402 ZINC408512952 CSC079167462 Alogliptin

MW 357.210 385.220 327.120 343.180 339.170
Volume 372.349 387.613 323.978 365.066 345.687
Density 0.959 0.994 1.010 0.940 0.981

nHA 6 9 7 5 7
nHD 2 4 1 3 2
nRot 7 6 5 9 3

nRing 3 3 3 2 3
MaxRing 10 6 9 6 6

nHet 6 9 7 5 7
fChar 0 0 0 0 0
nRig 18 20 18 13 21

Flexibility 0.389 0.300 0.278 0.692 0.143
Stereo Centers 1 2 1 2 1

TPSA 74.690 131.050 92.620 78.790 97.050
logS −1.511 −1.832 −2.903 −2.535 −2.103
logP 1.740 0.78 1.63 2.128 1.185
logD 1.714 1.619 1.497 2.508 1.452

PAINS 0 alerts 0 alerts 0 alerts 0 alerts 0 alerts
Lipinski Rule Accepted Accepted Accepted Accepted Accepted

Pfizer Rule Accepted Accepted Accepted Accepted Accepted
Npscore −1.407 −0.929 −1.042 −0.482 −1.318

QED 0.820 0.693 0.828 0.685 0.873
CG4 −11.248 −10.904 −10.783 −10.470 −10.404

(B)

ZINC305224681 CSC092194469 ZINC12327733 ZINC71876485 Sitagliptin

MW 331.050 316.160 351.140 317.190 407.120
Volume 291.848 329.958 342.472 328.881 343.983
Density 1.134 0.958 1.025 0.964 1.184

nHA 4 4 3 4 6
nHD 2 3 2 1 2
nRot 5 7 4 5 6

nRing 2 2 3 3 3
MaxRing 6 6 6 6 9

nHet 8 5 6 5 12
fChar 0 0 0 0 0
nRig 14 13 18 17 17

Flexibility 0.357 0.538 0.222 0.294 0.353
Stereo Centers 1 2 1 1 1

TPSA 66.400 61.360 43.700 41.290 77.040
logS −3.063 −4.277 −3.219 −1.797 −0.783
logP 2.518 3.453 2.664 2.314 0.694
logD 2.406 3.831 2.872 2.223 1.932

PAINS 0 alerts 0 alerts 0 alerts 0 alerts 0 alerts
Lipinski Rule Accepted Accepted Accepted Accepted Accepted

Pfizer Rule Accepted Rejected Accepted Accepted Accepted
Npscore −1.854 −1.260 −0.950 −1.884 −1.404

QED 0.882 0.791 0.890 0.922 0.672
CG4 −11.107 −10.968 −10.712 −10.540 −10.500

* See Table S2 footer for parameter meanings.
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Figure 7. The electrostatic potential profiles; 3D and 2D representations of docking results
and the bioavailability radar for selected compounds similar to alogliptin; CSC076365308 (A);
ZINC95941402 (B); ZINC408512952 (C); and CSC079167462 (D); In the bioavailability radar the
red and orange areas represent the lower and the upper limits of the physicochemical property
values (MW = 100 ÷ 600, LogP = 0 ÷ 3, LogS = −4 ÷ 0.5, LogD = 1v3; nHA = 0 ÷ 12; nHD = 0 ÷ 7;
TPSA = 0 ÷ 140; nRot = 0 ÷ 11; NRing = 0 ÷ 6; MaxRing = 0 ÷ 18; nHet = 1 ÷ 15; fChar = −4 ÷ 4;
nRig = 0 ÷ 30), while the blue area corresponds to the predicted values of the physicochemical
properties of compounds under study.

Exploring the binding interactions of potential DPP-4 inhibitors in the binding site is
essential for understanding their action and also for further investigations to make them
drug candidates. The selected compounds (Figure 6A) give more binding interactions in the
active site of 3G0B and better values of CG4 scoring functions than alogliptin, as follows:
(i) CSC076365308 arrayed a CG4 value of −11.248 and exhibited two water hydrogen
bond interactions with HOH1, six conventional hydrogen bond interactions with SER630,
GLU205, TYR662, ARG125 (two bonds), HIS740, and seven hydrophobic interactions with
TYR547 (Pi-Sigma), TRP629 (Pi-Pi Stacked, three bonds), TYR547 (Pi-Alkyl), TYR662 (Pi-
Alkyl), and TYR666 (Pi-Alkyl); (ii) ZINC95941402 showed a CG4 value of −10.904 and
two water hydrogen bond interactions with HOH1, three conventional hydrogen bond
interactions with SER630, ARG125 (two bonds), one carbon hydrogen bond interaction
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with SER630, one Pi-Donor hydrogen bond interaction with TYR547, one electrostatic
interaction with ARG125 (Pi-Cation), and seven hydrophobic interactions with TYR666
(Pi-Sigma), TYR547 (Pi-Pi Stacked), TYR666 (Pi-Pi Stacked), TRP629 (Pi-Alkyl, two bonds),
TYR631 (Pi-Alkyl), and TYR662 (Pi-Alkyl); (iii) ZINC408512952 led to a CG4 value of
−10.783 and formed one water hydrogen bond interaction with HOH1, two conventional
hydrogen bond interactions with TYR547, TYR666, carbon hydrogen bond interaction
with TYR547, one Pi-Donor hydrogen bond interaction with TYR662 and six hydrophobic
interactions with TYR662 (Pi-Pi Stacked), PHE357 (Pi-Pi Stacked), TYR666 (Pi-Pi T-shaped,
two bonds), and PHE357 (Pi-Alkyl, two bonds); and (iv) CSC079167462 conducted to a
CG4 value of −10.449 and displayed two conventional hydrogen bond interactions with
GLU206, ARG669, one carbon hydrogen bond interaction with GLU206, one electrostatic
interaction with ARG125 (Pi-Cation), and five hydrophobic interactions with TYR662 (Pi-
Pi Stacked), VAL711 (Alkyl), ARG358 (Alkyl, TYR662 (Pi-Alkyl), and HIS740 (Pi-Alkyl).
Figure 6 portrays the binding modes of each “hit” molecule into the active of 3GB0. Also,
the bond length, type of interactions, and the atoms implicated in interactions are present
in detail in Table S3.

From the 1619 compounds docked in 1 × 70, 10 compounds with CG4 higher than
sitagliptin were selected. Among them, only nine present QED values higher than the
threshold value of 0.67 (Tables 2, S4 and S5). The analysis of these nine compounds revealed
five compounds that have the same scaffold (SC078285176, CSC088278900, CSC073335161,
CSC091579518 with CSC092194469 and CSC102344798 with ZINC305224681) and four
compounds that do not present experimentally determined IC50 values nor the same
scaffold (ZINC305224681, CSC092194469, ZINC12327733, ZINC718764852—Figure 6B). In
view of this, the four compounds named ZINC305224681, CSC092194469, ZINC12327733,
and ZINC71876485 will be analyzed (Figure 6B). The results are shown in Figure 8 and
Table 2. Likewise, the very low RMSD values between these compounds and sitagliptin
(https://pharmit.csb.pitt.edu/, accessed on 28 December 2022): 0.570 Å (ZINC305224681),
0.597 Å (CSC092194469), 0.856 Å (ZINC12327733), and 0.702 Å (ZINC71876485) demon-
strate a very good selection technique in the search for new DPP-4 inhibitors. The selected
compounds (Figures 6B and 8) give more binding interactions in the active site of 1 × 70
and better values of CG4 scoring functions than sitagliptin, as follows: (i) ZINC305224681
with a CG4 value of −11.107 displayed three water hydrogen bond interactions with
HOH1551, HOH1582, HOH1605, HOH1957, five conventional hydrogen bond interac-
tions with GLU206, ARG125, TYR547, GLU205 (two bonds), one Pi-Donor hydrogen bond
interaction with TYR662, one Halogen (Fluorine) with ARG125, and three hydrophobic
interactions with TYR662 (Pi-Pi Stacked), PHE357 (Pi-Pi T-shaped), and TYR666 (Pi-Pi
T-shaped); (ii) CSC092194469 exhibited a CG4 value of −10.968 and formed three wa-
ter hydrogen bond interactions with HOH1957, HOH1551, HOH1605, HOH1957, three
conventional hydrogen bond interactions with GLU206, GLU205, TYR662, one Pi-Donor
hydrogen bond interaction with TYR662, and three hydrophobic interactions with TYR662
(Pi-Pi Stacked), PHE357 (Pi-Pi Stacked), TYR666 (Pi-Pi T-shaped) and HIS740 (Pi-Alkyl);
(iii) ZINC12327733 revealed a CG4 value of −10.712 and established one water hydro-
gen bond interaction with HOH1605, five conventional hydrogen bond interactions with
SER209, GLU205 (two bonds), ASN710 (two bonds), one Pi-Donor hydrogen bond interac-
tion with TYR662, one Halogen (Fluorine) with SER630, two electrostatic interactions with
GLU206 (Attractive Charge, Salt Bridge), and one hydrophobic interaction with TYR666
(Pi-Pi T-shaped); and (iv) ZINC71876485 showed a CG4 value of −10.540 and displayed
one water hydrogen bond interaction with HOH1605, two electrostatic interactions with
GLU206 (Attractive Charge), GLU205 (Salt Bridge), two conventional hydrogen bond in-
teractions with GLU205, ASN710, two carbon hydrogen bond interactions with SER209,
GLU206, one Halogen (Fluorine) with HIS740, two Pi-Donor hydrogen bond interaction
with SER209, TYR662, and three hydrophobic interactions with TYR666 (Pi-Pi T-shaped),
ARG358 (Alkyl), and PHE357 (Pi-Alkyl).
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Figure 8. The electrostatic potential profiles; 3D and 2D representations of docking results
and the bioavailability radar for selected compounds similar to sitagliptin; ZINC305224681 (A),
CSC092194469 (B), ZINC12327733 (C), and ZINC7187648 (D); In the bioavailability radar the red
and orange areas represent the lower and the upper limits of the physicochemical property val-
ues (MW = 100 ÷ 600, LogP = 0 ÷ 3, LogS = −4 ÷ 0.5, LogD = 1v3; nHA = 0 ÷ 12; nHD = 0 ÷ 7;
TPSA = 0 ÷ 140; nRot = 0 ÷ 11; NRing = 0 ÷ 6; MaxRing = 0 ÷ 18; nHet = 1 ÷ 15; fChar = −4 ÷ 4;
nRig = 0 ÷ 30), while the blue area corresponds to the predicted values of the physicochemical
properties of compounds understudy.

The term PAINS (Pan Assay INterference compoundS) is associated with promiscu-
ous bioactivity and assay interference in all virtual high-throughput screening (vHTS)
simulations. The selected compounds show zero PAINS alerts and are assumed not
to give false positive results and, thus, will not be flagged as suspicious compounds
in the screening compound databases. In addition, it was found that all selected com-
pounds meet the Pfizer criteria with one exception, compound CSC092194469, which
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presents logP = 3.453 and TPSA = 61.360 (Table 2). Regarding Lipinski’s rule (molecular
weight (MW) less than 500 Da, no more than 10 hydrogen bond acceptors (nHA), no
more than five hydrogen bond donors (nHD), and an octanol–water partition coefficient
(logP) not greater than 5), it can be seen that all the criteria to predict drug-like proper-
ties for selected compounds are satisfied (Table 2). Therefore, all selected compounds
named CSC076365308, ZINC95941402, ZINC408512952, and CSC079167462 are similar to
alogliptin, and ZINC305224681, CSC092194469, ZINC12327733, and ZINC71876485 are
similar to Sitagliptin and will be further analyzed by molecular docking and the DFT
approaches (Figure 6).

The Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADMET) parame-
ters related to the bioavailability of the eight best-selected compounds (Figure 6) are also
reported in Tables S6–S10. The green color displays an excellent predicted value, the yellow
color indicates a medium predicted value, and the red color portrays a poor predicted
value for each parameter. “How much drug is absorbed if administered orally?” “How
much is absorbed in the gastrointestinal tract?” “How are distribution and metabolism
affected by poor absorption?” and “Which properties lead to toxicity?” are the most impor-
tant questions to which researchers try to find answers to understand the disposition of
a drug within a human body. Thus, this step is one of the most essential parts of in silico
drug design because it can predict the applicability of the compounds as a drug. The pre-
dicted absorption parameters (Table S6) show that Caco-2 Permeability (the human colon
adenocarcinoma cell lines) has an excellent score for all four compounds (CSC076365308,
ZINC95941402, ZINC408512952, CSC079167462) versus alogliptin. For this parameter,
excellent values are predicted, and for ZINC305224681, CSC09219446, ZINC12327733,
ZINC71876485, and sitagliptin. The human intestinal absorption parameter has excellent
values for all compounds except CSC076365308. The computed distribution parameters
are presented in Table S7. The same trend, from poor for the blood–brain barrier (BBB)
permeation to excellent for volume distribution VDss, was observed for all compounds.
The metabolism parameters are related to the cytochrome P450, which is a necessary detox-
ification enzyme in the human body. The five isozymes of CYP450, named 1A2, 3A4,
2C9, 2C19, and 2D6 are responsible for metabolizing approximately two-thirds of known
drugs. The values presented in Table S8 show the compound’s probability of being a
substrate/inhibitor. The excretion parameters (Table S9) for CL (hepatic and renal clearance
of a drug) have excellent values for CSC076365308 and CSC079167462 versus alogliptin.
AMES Toxicity parameter, which is related to mutagenicity and with a close relationship to
carcinogenicity, has excellent values for ZINC95941402 and ZINC40851295, and medium
values for CSC076365308 and CSC079167462 versus aloglitin, which has poor value. Re-
lated to the sitagliptin, which displays a poor value for the AMES Toxicity parameter,
the excellent value for ZINC305224681, CSC092194469, and ZINC12327733, and medium
value for ZINC71876485 were observed. All toxicity-predicted parameters together with
toxicity rules (Skin Sensitization Rule, Acute Toxicity Rule, Genotoxic Carcinogenicity Rule,
NonGenotoxic Carcinogenicity Rule, and FAF-Drugs4 Rule) are presented in Table S10.

Knowledge of hydrophobicity is very important for evaluating ligand–protein and
protein–protein/membrane interactions but also for characterizing molecules. The Molec-
ular Lipophilicity Potential (MLP) of the molecular surface is estimated from atomic hy-
drophobicity contributions and delivers valuable information about the hydrophobicity
distribution for compounds that have even the same/very similar logP values. Thus, the
CSC079167462 exhibit very different 3D hydrophobicity distribution versus alogliptin,
the CSC092194469 and ZINC12327733, which display very different 3D hydrophobicity
distributions versus sitagliptin and are expected to easily penetrate membranes, while
ZINC95941402, ZINC408512952 and CSC076365308 show a large hydrophilic region sim-
ilar to alogliptin and prefer the transcellular route versus intracellular [85,86]. The MLP
representation delivers a pathway to understanding the influence of a particular atom
or fragment on hydrophobicity. In this way, an accurate representation is very useful to
explore the substituent effects of each compound (Figures 9, S3 and S4). This structural
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information is completed with the chemical reactivity and kinetic stability data of each
selected compound by analysis of HOMO and LUMO orbitals resulting from DFT opti-
mization (Figure 10) [44,45,76,77]. For further investigation, the HOMO and LUMO energy
values expressed in hartree were transformed into Electron-volt (Ev).

Figure 9. The Molecular Lipophilicity Potential of the molecular surface; the hydrophobic surface
is pictured in violet and blue; the hydrophilic surface is portrayed in orange and red; compounds
similar to alogliptin (A), and compounds similar to sitagliptin (B).

The density functional theory (DFT) calculations incorporating the B3LYP-D3/6-31G**
basis set were performed in the gas phase. The HOMO energy values were found be-
tween −5.890 (CSC079167462) and −9.516 (ZINC12327733), while the LUMO energy
values were found between −0.241 (CSC079167462) and −4.013 (ZINC95941402). The
difference between energy values (energy gap between the HOMO and LUMO, ΔE) was
found between 3.754 (ZINC408512952) and 5.945 (ZINC12327733). The large ΔE value for
ZINC12327733 indicates that this molecule is stable and less reactive, while the low ΔE
value for ZINC408512952 shows a substantial potential for charge transfer interactions
within this molecule (Figure 10). The biggest differences in the HOMO (the donor) and
the LUMO (the acceptor) distribution are observed for ZINC408512952, CSC079167462,
ZINC305224681, ZINC12327733, and ZINC71876485 (Figure 10). For these compounds, the
distinct localization of orbitals displays its tendency to bind with the DPP-4 receptor because
the HOMO-donor/LUMO-acceptor of the compound and the LUMO-acceptor/HOMO-
donor of the receptor’s residues could share orbital interactions during the binding steps.
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For ZINC408512952, the influence of the HOMO energy on the biological activity can be
characterized in terms of Pi-Pi charge transfer with PHE357 and pyridazine rings of it. In a
similar way, the influence of the HOMO energy for CSC079167462 is related in terms of the
Pi-Cation charge transfer with ARG125 and its phenyl ring, for ZINC305224681, it is related
in terms of the Pi-Pi charge transfer with PHE357 and its phenyl ring, for ZINC12327733, it
is related in terms of Pi-Donor HB with HOH1605 and the phenyl ring substituted with
an F atom, and for ZINC71876485, it is related in terms of Pi-Donor HB with HOH1605
and SER209 and its pyrazole ring. Instead, the LUMO orbitals localization suggests the
susceptibility of the selected molecules toward nucleophilic attack. This is in agreement
with the molecular docking results (Figure 7, Tables S3 and S5).

Figure 10. The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) for selected compounds similar to alogliptin (A); the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) for selected compounds
similar to sitagliptin (B); the blue and red color of orbitals denotes a positive and a negative phase
distribution in the molecular orbital wave function.

In addition, to pinpoint the most reactive sites within each selected molecule for both
electrophilic and nucleophilic reactions, the Fukui indices were computed and displayed
(Figure 11). The sites favored for electrophilic attacks are indicated by the highest positive
values of f−, while the preferred centers for nucleophilic attacks are denoted by the highest
positive values of f + [87,88]. The f_NN indices named f_NN HOMO and f_NN LUMO
were assessed, and are generally of interest because they do not require any changes in
either the spin density or the spin multiplicity. A high positive value of f_NN HOMO
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suggests the atom’s ability to donate electrons, and, therefore, acts as a nucleophile, while a
high positive value of f_NN LUMO indicates the atom’s ability to accept electrons, and,
thus, acts as an electrophile. According to the computations, the most significant positive
values of f_NN HOMO indices, which are associated with the f−, and f_NN LUMO indices,
which are associated with the f−, for carbon, nitrogen and oxygen atoms, were displayed
and highlighted in Figure 11.

 

Figure 11. Plots of the reactivity Fukui indices for selected compounds similar to alogliptin (A) and
sitagliptin (B).

The most relevant values are in the atom N18 (0.4325), N19 (0.3654) of the pyridazine
ring (interactions with PHE357) of ZINC408512952; C8 (0.3868) of the pyrazole ring (inter-
actions with PHE357, GLN209) of ZINC7187648; C1 (0.3040), C10 (0.2523) of phenyl ring
substituted with one fluorine atom (interactions with HOH1605) of ZINC12327733; N22
(0.3003) of the pyrazole ring (interactions with TYR547, TYR666, HOH1) of ZINC95941402;
C1 (0.2858), C9 (0.2571) of phenyl ring substituted with one fluorine and methyl (interac-
tions with PHE357, HOH1605) of ZINC305224681; C7 (0.2598) of phenyl ring substituted
with fluorine atom (interactions with PHE357, HOH1605), N19 (0.1975) of the urea group
(interactions with HOH1551) of CS092194469; C6 (0.2500) of phenyl ring (interactions with
ARG125) of CSC079167462; and C3 (0.2098), C4 (0.2080) of quinolone ring (interactions
with TRP629) of CSC076365308 for electrophilic attack. The most relevant values are in the
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atom C13 (0.3505) of urea group of CS092194469; C1 (0.2841) and C11 (0.2750) of phenyl
ring (interactions with TYR662) of CSC079167462; C7 (0.2796), C10 (0.2055) of phenyl ring
substituted with two fluorine atoms (interactions with TYR666) of ZINC305224681; C2
(0.2557), C7 (0.2327) of phenyl ring substituted with one fluorine at-om (interactions with
TYR662, TYR666) of ZINC7187648; C19 (0.2246), C7 (0.2087) of phenyl ring substituted with
two fluorine atoms (interactions with TYR662, TYR666) of ZINC12327733; C9 (0.2221) of
acetamide group of ZINC95941402; C6 (0.1881), N21 (0.1495) of quinolone ring (interac-
tions with TRP629) of CSC076365308; and O21 (0.1227), O22 (0.1215) of isoindoline-dione
ring (interactions with TRP547, TYR666) of ZINC408512952 for nucleophilic attack. These
outcomes reinforce those previously mentioned and also demonstrate the involvement
of these molecular fragments in the essential ligand–receptor interactions, confirming the
connection between the electronic properties and possible potency of these compounds.
It is therefore important to explore these eight compounds as potential, non-toxic DPP4
inhibitors in the management of T2DM.

4. Workflow Applicability and Future Research Direction

The applicability of the current workflow lies in the successful use of complementary
computational methods in the prediction of DPP-4 inhibitors with improved properties
compared to approved drugs for T2DM. The current workflow, with the inherent limitations
of a purely theoretical simulation, will be effectively used to screen databases of natural
compounds to select new NPs as adjuvants or even as primary therapy for T2DM. For
this, the first steps were performed, and the Natural product-likeness score (NPscore) [72]
for selected compounds was investigated. The NPscore is a helpful measure based on
fragments from natural products’ chemical space that can help to guide the design of
new compounds with bioactive areas. The best NPscore of −0.482 for CSC079167462 and
−0.950 for ZINC12327733 were identified. Thus, these two compounds were involved in a
similarity search (Tanimoto coefficient greater than 0.85 [89] in the COCONUT (COlleCtion
of Open Natural ProdUcTs) natural products database (https://coconut.naturalproducts.
net/, accessed on 30 August 2023) [90] and 22 NPs were selected (Table S11). These NPs
will be the subject of a new investigation that continues the topic presented here and may
open new avenues to guide the quick design and prediction of NPs from natural resources
with improved properties in T2DM management. Also, the selective inhibition of the DPP-4
enzyme in relation to other DPP family members (enzymes with high-sequence homology
e.g., DPP-8 and DPP-9 [53,91,92] will be investigated.

5. Conclusions

In summary, in the present work, we developed a trustworthy in silico workflow in-
volving a pharmacophore virtual screening search, molecular docking, ADMETox, and DFT
simulations to identify the key structural characteristics responsible for DPP-4 inhibitors’
activity. The study was initiated by conducting virtual screening using pharmacophores,
molecular shape, and energy minimization, directly providing the ligand–receptor com-
plex structure from the PDB (alogliptin—3G0B, sitagliptin—1X70, and linagliptin-2RGU)
in the online platform Pharmit [57]. The pharmacophore search was performed using
eight large pre-built databases (CHEMBL30/ChemDiv/ChemSpace/MCULE/MCULE-
ULTIMATE/MolPort/LabNetwork/ZINC). The in silico analysis revealed that eight com-
pounds (CSC076365308, ZINC95941402, ZINC40851295, CSC079167462 similar to alogliptin,
and ZINC305224681, CSC092194469, ZINC12327733, ZINC71876485 similar to sitagliptin)
fulfilled all the parameters investigated here. The selected molecules have strong hydrogen
bonds and hydrophobic interactions with the most important amino acids from the binding
site, GLN205, GLN206, TYR547 and SER630, and implicitly superior docking scores to that
of the FDA-approved drugs for diabetes, alogliptin and sitagliptin. These findings were
supported by the HOMO-LUMO gap energy, which was used to investigate the stability of
the molecular interactions for the selected compounds. The present study provided here
will be a trustworthy theoretical basis for chemists who are interested in designing, pre-
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dicting, and synthesizing new potent DPP-4 inhibitors. This methodology will be applied
to identify new NPs from extended natural compounds’ libraries both for DPP-4 and for
other targets involved in appropriate diseases.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr11113100/s1, Figure S1: 2D representation and docking view
(3D and 2D representation) of the selected compounds similar to alogliptin; the bioavailability radar
for the selected compounds is also depicted; Figure S2: 2D representation and docking view (3D
and 2D representation) of the selected compounds similar to sitagliptin; the bioavailability radar
for the selected compounds is also depicted; Figure S3: The Molecular Lipophilicity Potential of the
molecular surface for selected compounds similar to alogliptin; the hydrophobic surface are pictured
in the violet and blue; the hydrophilic surface are portrayed in orange and red; Figure S4: The Molec-
ular Lipophilicity Potential of the molecular surface for selected compounds similar to sitagliptin;
the hydrophobic surface are pictured in the violet and blue; the hydrophilic surface are portrayed
in orange and red; Table S1: Docked interaction analysis of approved drugs with target proteins
alogliptin—3G0B, sitagliptin—1X70, and linagliptin—2RGU; Table S2: Physicochemical parameters,
QED and CG4 values for the selected compounds similar to alogliptin; Table S3: Docked interaction
analysis of selected compounds similar to alogliptin—3G0B; Table S4: Physicochemical parameters,
QED and CG4 values for the selected compounds similar to sitagliptin; Table S5: Docked interaction
analysis of selected compounds similar to sitagliptin—1X70; Table S6: Absorption parameters for the
selected compounds similar to alogliptin (A) and to sitagliptin (B); Table S7: Distribution parameters
for the selected compounds similar to alogliptin (A) and to sitagliptin (B); Table S8: Metabolism pa-
rameters for the selected compounds similar to alogliptin (A) and to sitagliptin (B); Table S9: Excretion
parameters for the selected compounds similar to alogliptin (A) and to sitagliptin (B); Table S10: Toxi-
city parameters for the selected compounds similar to alogliptin (A) and to sitagliptin (B); Table S11:
Twenty-two NPs were selected from COCONUT (COlleCtion of Open Natural ProdUcTs) natural
products database (https://coconut.naturalproducts.net/, accessed on 30 August 2023).
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Abstract: Betulin is a birch bark-derived lupane-type pentacyclic triterpene with a wide spectrum of
biological activities. Given their enhanced antiproliferative potential and enhanced pharmacological
profile, betulin derivatives are continuously investigated in scientific studies. The objective of the
current study was to in vitro assess the antiproliferative properties of novel synthesized 1,2,4-triazole
derivatives of diacetyl betulin. The compounds were investigated using three cancer cell lines: A375
(melanoma), MCF-7 (breast cancer), HT-29 (colorectal cancer), and HaCaT (human keratinocytes).
Bet-TZ1 had the lowest recorded IC50 values (ranging from 22.41 to 46.92 μM after 48 h of exposure)
than its precursor and other tested compounds in every scenario, with the highest cytotoxicity against
the A375 cell line. Bet-TZ3 demonstrated comparable cytotoxicity to the previously mentioned
compound, with an IC50 of 34.34 μM against A375. Both compounds caused apoptosis in tested cells,
by inducing specific nuclear morphological changes and by increasing the expression of caspase 9,
indicating significant cytotoxicity, which was consistent with the literature and viability evaluation.
Bet-TZ1 and Bet-TZ3 inhibit cancer cell migration, with the former having a stronger effect than the
latter. The HET−CAM test indicated that all compounds have no irritative potential, suggesting that
they can be used locally.

Keywords: triazole derivatives; betulin; cytotoxicity; melanoma; colorectal cancer; breast cancer

1. Introduction

The structural diversity and the high number of phytocompounds found in nature
have always exceeded the representatives found in the synthetic libraries developed by
chemists. As a consequence, several phytocompounds with therapeutic effects, such as
morphine, codeine, and artemisinin, among many others, have been successfully used in
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therapy [1]. In particular, approximately 50% of all approved anticancer drugs since the
1940s originated from natural compounds; they act through a wide range of mechanisms
involving a variety of molecular targets and signaling pathways [2]. Simultaneously,
organic synthesis has produced an array of small molecules with cytotoxic properties
that are currently used as systemic chemotherapy; unfortunately, this approach comes
with severe side effects due to non-selective cytotoxicity, multidrug resistance, and high
risk of cancer relapse [3]. Finding new therapeutic alternatives is therefore critical in
cancer management in order to improve the therapeutic outcome and the patient’s life
quality as well; a promising solution to such challenges is the continuous investigation of
phytocompounds which may come with increased efficacy and milder side effects [4,5].
Despite many phytocompounds displaying clear therapeutic potential, their application is
currently limited by their innate physico-chemical properties and toxicity [6].

Betulin (Bet; lup-20(29)-ene-3b,28-diol) is a lupane-derived pentacyclic triterpene
isolated predominantly from the birch bark [7]. Bet has numerous documented biological
activities including anticancer, anti-inflammatory, and anti-HIV [8]; these effects were
attributed to the modulation of several signaling pathways such as NF-kB (Nuclear factor
kappa-light-chain-enhancer of activated B cells), Nrf-2 (Nuclear factor erythroid 2-related
factor 2), and COX-2 (cyclooxygenase-2) [9]. The anticancer effect of Bet, in particular,
has been explained through cell viability and angiogenesis inhibition, cell migration
suppression, and cell cycle arrest in the G0/G1 phase [10]. As the structure of Bet consists
of four six-membered rings, an additional five-membered ring, one isopropenyl group at
C19, and two hydroxyl groups at C3 and C28 [11], the compound exhibits high lipophilicity
which greatly reduces its bioavailability [12]. A frequently employed strategy in drug
development combines the potential of phytocompounds with the advantages of chemical
derivatization with the resulting semisynthetic compounds usually displaying enhanced
selectivity and biological activity as well as improved pharmacokinetic properties [13]. For
betulin, its complex structure allows for various modifications in different positions, such
as C3 [14], C28 [15], C30 [16], and ring A [17] (Figure 1) that may result in semisynthetic
derivatives with optimized pharmacological profiles.

Figure 1. Target positions frequently employed for betulin derivatization.

Currently, heterocyclic scaffolds are included in the structure of more than 85% of the
approved drugs, with the majority being represented by nitrogen-containing heterocycles,
such as triazoles [18]. Triazoles are five-membered heterocycles that can be divided given the
position of the two nitrogen atoms into two isomers, 1,2,3-triazoles and 1,2,4-triazoles [19].
They have been extensively used in drug design as they increase the stability of molecules,
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and can act as linkers [20] and bioisosteres of amide bonds [21]. Additionally, both isomers
are highly water soluble and, together with their derivatives, display a wide spectrum of
biological properties including anticancer, antioxidative, and anti-inflammatory [22].

As an example, this approach was previously used to develop novel Bet-1,2,3-triazole
derivatives with improved cytotoxicity against human ductal carcinoma (T47D), human
adenocarcinoma (MCF-7), and glioblastoma (SNB-19) cell lines [23]. Considering the
intrinsic limitations of betulin as a therapeutic agent, such as low bioavailability, as well as
the advantages provided by triazoles in terms of pharmacological effects, the synthesis of
Bet-triazoles derivatives should lead to a significant improvement in the pharmacologic
potential of the unmodified compound.

The current study expands on the synthesis of diacetylbetulin derivatives containing
a 5-substituted-1,2,4-TZ at C30 (Bet-TZ1-4) followed by their cytotoxicity assessment in
several cancer cells such as melanoma (A375), breast cancer (MCF-7), and colorectal cancer
(HT-29) as well as in human keratinocytes (HaCaT). A preliminary toxicity assessment was
conducted through HET−CAM assay regarding their irritant potential.

2. Results

2.1. Chemistry

Figure 2 depicts the synthetic route as well as the reaction conditions required to
synthesize betulin-triazole derivatives (Bet-TZ1-4). By using slightly modified methods
previously reported [24], high yields (above 50%) of triazole derivatives (TZ1-4) and
brominated diacetyl-betulin (Br-Bet) were obtained. The subsequent alkylation of the
SH group on the triazole ring (TZ1-4) with Br-Bet in dimethylformamide (DMF)/K2CO3
produced moderate yields (32–41%) of betulin-triazole derivatives (Bet-TZ1-4). Despite the
purity of the precursors, TLC examination revealed that the reaction produced additional
lipophilic side products that were easily separated by column chromatography using
CHCl3:ethyl acetate 1:1 as eluent for Bet-TZ2-4 or CHCl3:ethyl acetate 2:1 for Bet-TZ1,
due to the significant Rf value differences. During TLC (thin layer chromatography)
analysis, there was also an additional spot of low intensity above the reference spot for
each compound. This spot migrated with the main one, regardless of the eluents used.
As a result, after separation by column chromatography, only fractions with a faint trace
were retained, resulting in yield values below 50%. Following NMR (nuclear magnetic
resonance) tests, it was discovered that the respective spot corresponds to a tautomer. As
a result, if it was previously known that this tautomerism occurs, all the discarded fractions
containing the tautomer would have been kept, producing compounds with higher yields.
All synthesized compounds’ structures were confirmed using 1H, 13C NMR, and FTIR
spectroscopy. All spectral results are available in the Supplementary Materials section of
the manuscript.

The deacetylation of Bet was successful and its 1H and 13C NMR spectra confirm the
structure according to the existing literature [25]. Moreover, the bromination of diacetyl-Bet
(Br-Bet) led to a mixture of allylic and vinylic bromine derivatives, as previously reported
in the literature [26]. The 1H NMR spectra of Bet-TZ1-4 show the peaks for the betulin
scaffold in the 5.1–0.6 ppm region. The peaks for C(30)H2, C(29)H2, and H3 from the
betulin backbone resonate at about 3.8 ppm, 4.9–5.0 ppm, and 4.3–4.4 ppm, respectively.
Their integral ratio is 2:2:1, suggesting that only the allylic bromine derivative reacted with
the triazole derivatives.

When analyzing the aromatic region corresponding to the 1H NMR spectra for Bet-

TZ1-4, where the protons of the triazole derivatives resonate, we observed that the peaks
were doubled, but if integrated, the integral values were in appropriate ratios compared
to the protons from Bet. We attributed this behavior to the existence of a slow exchange
tautomeric equilibrium that can occur in 3,5-disubstituted 1,2,4-triazoles [27,28]. Out
of the three tautomeric forms possible, two tautomers with long enough stability to be
individually detected by NMR spectroscopy were observed (Table 1).

144



Processes 2024, 12, 24

TZ2; Bet-TZ2: R= TZ3; Bet-TZ3: R= TZ4; Bet-TZ4: R=

c) d)

TSCFormic acid Formyl-TSC

e)

TZ1

d)

a)

b)

f)

Bet-TZ1-4

Bet

TSCAroyl chlorides Acyl-TSC

Br-Bet

TZ2-4

TZ1; Bet-TZ1: R= H

Figure 2. Synthesis of betulin-triazole derivatives (Bet-TZ1−4); Bet (betulin); Br-Bet (3,28-O-
diacetyl-30-bromo-betulin); TSC (thiosemicarbazide); TZ1 (1H-1,2,4-triazole-3-thiol); TZ2 (5-[4-
(dimethylamino) phenyl]-1H-1,2,4-triazole-3-thiol); TZ3 (5-(4-chlorophenyl)-1H-1,2,4-triazole-
3-thiol); TZ4 (5-(4-methoxyphenyl)-1H-1,2,4-triazole-3-thiol); Bet-TZ1 3,28-O-diacetyl-30-(1H-
1,2,4-triazole-3-yl-sulfanyl)-betulin); Bet-TZ2 (3,28-O-diacetyl-30-{5-[4-(dimethylamino) phenyl]-
1H-1,2,4-triazole-3-yl-sulfanyl}-betulin); Bet-TZ3 (3,28-O-diacetyl-30-[5-(4-chlorophenyl)-1H-
1,2,4-triazole-3-yl-sulfanyl]-betulin); Bet-TZ4 (3,28-O-diacetyl-30-[5-(4-methoxyphenyl)-1H-1,2,4-
triazole-3-yl-sulfanyl]-betulin). Reaction conditions: (a) acetic anhydride, pyridine, DMAP, r.t.,
12 h; (b) NBS, CCl4, r.t., 48 h; (c) reflux, 30 min; (d) H2O, NaOH, reflux, 1 h; (e) pyridine/DMF, 1 h,
50 ◦C; (f) DMF, K2CO3, r.t., 72 h.

Table 1. Percentage of triazole tautomers, as calculated from the 1H NMR integral values for the H36
peaks (Bet-TZ1) or the NH peaks (Bet-TZ2-4).

Compound Bet-TZ1 Bet-TZ2 Bet-TZ3 Bet-TZ4

Tautomer percentage
25% 19% 41% 26%

75% 81% 59% 74%

In order to prove beyond any doubt that the doubling of the triazole derivative peaks
is due to the existence of a tautomeric equilibrium, to each solution of Bet-TZ1-4 in DMSO-
d6, for which the initial experiments were recorded, we added a drop of trifluoroacetic
acid (TFA) and then recorded all the NMR spectra again. Adding TFA speeded up the
tautomeric equilibrium leading to a fast exchange system and the NMR spectra show only
one set of peaks for the triazole derivatives in appropriate integral ratios compared to the
protons from Bet.

The 13C NMR spectra of Bet-TZ1-4 show broad peaks for C19 (44–45 ppm), C20 (149–150
ppm), C29 (110–112 ppm), and C30 (35–36 ppm) of the Bet residue. The H, C-HMBC spectra
of Bet-TZ2-4 show long range correlation peaks, over three bonds, between the triazole’s
C35 and H30 from betulin (Figures S10, S16, S22 and S28), proving that the reactions took
place. The complete assignment of the peaks is given in the experimental section and all
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the 1D and 2D NMR spectra are available in the Supporting Information. In the case of
Bet-TZ2, where the two tautomeric forms are almost in a 1:1 ratio, we can observe peaks
(broad) for C36 and C35 from each isomer (Figure 3) and doubled peaks for the carbons of
the p-chlorophenyl residue for C20 and C29. After adding TFA, we can observe that the
peaks are no longer doubled and are noticeably narrower.

Figure 3. 13C NMR spectra (175–105 ppm region) of Bet-TZ3 in DMSO-d6 (bottom) and in DMSO-d6

with one drop of TFA (top) indicating the loss of signals corresponding to the tautomer form after
acid addition.

2.2. Evaluation of Diacetylbetulin Derivatives Cytotoxic Effect

The viability of HaCaT, A375, MCF-7, and HT-29 cells, after a 48-h treatment period
with the novel synthesized compounds (10, 25, 50, 75, and 100 μM), was assessed using
the Alamar blue assay. Incubation of HaCaT cells with the tested compounds revealed
significant inhibition of cell viability at 48 h after Bet-TZ1 was used in the highest con-
centrations (100 and 75 μM). This inhibitory effect at 48 h was stronger compared to the
effect of 5-FU (positive control) and to the parent compound (Bet) at the corresponding
concentrations, as follows: 9.44 ± 6.90% (Bet-TZ1 100 μM) and 14.76 ± 9.84% (Bet-TZ1

75 μM) vs. 21.57 ± 14.62% (5-FU 100 μM), 27.25 ± 14.90% (5-FU 75 μM), (42.00 ± 7.79%
Bet 100 μM) (46.26 ± 7.64% Bet 75 μM) (Figure 4A). A 48-h incubation of A375 cells with
100, 75, and 50 μM Bet-TZ1 and Bet-TZ3 promoted a significant reduction of cell viability
in a concentration-dependent manner vs. Bet, as follows: 1.22 ± 1.09%, 3.83 ± 2.68%,
19.78 ± 7.36% (Bet-TZ1), 22.78 ± 18.44%, 29.65 ± 8.98%, 35.58 ± 6.92% (Bet-TZ3) vs.
17.04 ± 1.71%, 30.83 ± 9.01%, 45.64 ± 10.63% (Bet) (Figure 4B). Bet-TZ1 also produced
a cytotoxic effect on MCF-7 cells at 100, 75, and 50 μM (1.73 ± 5.48%, 16.47 ± 8.93%,
27.85 ± 5.74%) compared to Bet alone (42.78 ± 6.47%, 47.54 ± 7.00%, 48.92 ± 5.05%)
(Figure 4C). The other tested compounds did not influence the cell viability of HaCaT,
A375, MCF-7, and HT-29 in a statistically significant manner.
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Figure 4. Cell viability after 48-h treatment with 5-FU, Bet, Bet-TZ1-4 (100, 75, 50, 25, and 10 μM) of
HaCaT (A), A375 (B), MCF-7 (C), and HT-29 (D) cells. The results represent viability percentages
compared to the control group, considered 100% (* p < 0.05, ** p < 0.01, and *** p < 0.001). The results
represent the mean values ± SD of three separate experiments executed in triplicate.

Table 2 presents the calculated IC50 values (μM) after 48-h treatment with 5-FU, Bet,
Bet-TZ1, and Bet-TZ3 on HaCaT, A375, MCF-7, and HT-29 cell lines.

Table 2. The calculated IC50 values (μM) of 5-FU, Bet, Bet-TZ1, and Bet-TZ3 on HaCaT, A375, MCF-7,
and HT-29 cell lines; the compounds deemed ineffective have IC50 values above 100 μM.

5-FU Bet Bet-TZ1 Bet-TZ3

48 h 48 h 48 h 48 h

HaCaT 15.25 60.75 42.52 >100
A375 1.06 46.19 22.41 34.34

MCF-7 38.01 37.29 33.52 >100
HT-29 29.80 55.67 46.92 >100

2.3. Diacetylbetulin Derivatives Effect on Cell Morphology

In HaCaT cells, no significant morphological changes were recorded in terms of
confluence and aspect between the control group and the Bet, Bet-TZ2, Bet-TZ3, and Bet-

TZ4-treated cells. However, Bet-TZ1 treatment decreased the number of cells, rendering
them rounder and detached, in a similar manner to the 5-FU positive control (Figure 5). In
A375 cells, treatment with both Bet-TZ1 and Bet-TZ3, respectively, at their IC50 induced
morphological changes (rounder and detached cells) and a decreased number of cells, in
agreement with the results of cell viability testing (Figure 5).

Treatment with Bet-TZ1 (IC50) induced similar changes in MCF-7 and HT-29 cells, in
terms of number and cell morphology, changes comparable to those caused by 5-FU used
as a positive control (Figure 6).
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Figure 5. The evaluation of morphological changes of HaCaT and A375 cells after a 48-h treatment
with Bet-TZ1, Bet-TZ3, and 5-FU (IC50); the scale bar was 150 μm.

Figure 6. The evaluation of morphological changes of MCF-7 and HT-29 cells after 48-h treatment
with Bet-TZ1 and 5-FU (IC50); the scale bar was 150 μm.

The cells’ cytoskeleton and nuclei undergo characteristic morphological changes
during apoptosis. To determine whether the cytotoxic effects recorded in HaCaT, A375,
MCF-7, and HT-29 cells after a 48-h treatment with Bet-TZ1 (IC50) and Bet-TZ3 (IC50—A375
and 100 μM—MCF-7 and HT-29), respectively, occurred as a result of apoptotic cell death
induction, cells’ nuclei were stained with Hoechst solution, while the cytoskeleton was
labeled with beta-tubulin antibody and Alexa fluor 488. Treatment with both Bet-TZ1 and
Bet-TZ3, respectively, induced morphological changes in A375 cells that are consistent
with apoptosis. Specific observed hallmarks included small and bright nuclei indicative
of nuclear condensation, nuclear fragmentation, and small, round-shaped cells whose
membrane start to disorganize, thus leading to the formation of apoptotic bodies (Figure 7).
In contrast, the necrotic cell death induced by staurosporine used as a positive control was
mainly accompanied by morphological changes of the cell shape that occur due to cell
membrane disruption (Figure 7).

Similar morphological changes, consistent with apoptosis, occurred in HaCaT, MCF-7,
and HT-29 cell lines, after treatment with Bet-TZ1 (IC50) (Figure 8).
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Figure 7. The impact of 48-h treatment with Bet-TZ1 and Bet-TZ3 (IC50) on A375 nuclei; blue—Hoechst
staining was used for the nuclei while beta-tubulin—green staining—was used to highlight the
cytoskeleton. Staurosporine (5 μM) was used as a control (positive) for necrotic cell death. The scale
bar was 50 μm. Yellow arrows indicate specific apoptotic-related morphological changes.

Figure 8. The impact of a 48-h treatment with Bet-TZ1 (IC50) on HaCaT, MCF-7, and HT-29 nuclei;
blue—Hoechst staining was used for the nuclei while beta-tubulin—green staining—was used to
highlight the cytoskeleton. The effect of staurosporine (5 μM) was recorded as a control (positive)
for necrotic cell death. The scale bar was 50 μm. Yellow arrows indicate specific apoptotic-related
morphological changes.

2.4. Real-Time PCR Quantification of Apoptotic Markers

To further establish the proapoptotic effect of Bet-TZ1 and Bet-TZ3, RT-PCR (reverse
transcription polymerase chain reaction) was employed to quantify caspase 9 expression in
all three Bet-TZ1-treated cell lines, and the A375 cell line treated with Bet-TZ3, at a sub-
cytotoxic concentration (10 μM). Betulin increased caspase 9 expression in all treated cells,
according to the results (Figure 9). Bet-TZ1 and Bet-TZ3 both promote caspase 9 expression
in the A375 cell line, outperforming their parent compound, with Bet-TZ1 being the most
active. This scenario also occurs in the MCF-7 and HT-29 cell lines, where Bet-TZ1 increases
caspase 9 expression compared to both control and Bet.
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Figure 9. The recorded fold change expression in mRNA of caspase 9 in cells treated with a 10 μM
concentration of Bet, Bet-TZ1 (A375, MCF-7, HT-29), and Bet-TZ3 showing an increase in caspase
9 expression as a result of compound stimulation of cancer cells. The results were normalized to 18 S
and DMSO was used as control. Data represent the mean values ± SD of three separate experiments.
One-way ANOVA with Dunnett’s post hoc test was applied to determine the statistical differences
compared to control (*** p < 0.001).

2.5. Scratch Assay

The antimigratory potential on HaCaT, A375, HT-29, and MCF-7 was assessed after
48-h treatment with Bet-TZ1 at 10 μM (Figures 10–13) and on HaCaT and A375 after 48-h
treatment with Bet-TZ3 at 10 μM (Figures 10 and 11).

Figure 10. The effects of Bet-TZ1 (10 μM) and Bet-TZ3 (10 μM) on immortalized human keratinocytes’
HaCaT migration capacity. Cell migration was measured at 0 h and 48 h after stimulation, indicating that
the tested compounds reduced the scratch closure time when compared to untreated cells used (control).
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Figure 11. The effects of Bet-TZ1 (10 μM) and Bet-TZ3 (10 μM) on malignant melanoma cells’ A375
migration capacity. Cell migration was measured at 0 h and 48 h after stimulation, indicating that the
tested compounds reduced the scratch closure time when compared to untreated cells (control).

Figure 12. The effects of Bet-TZ1 (10 μM) on breast cancer cells’ MCF-7 and HT-29 migration capacity.
Cell migration was measured at 0 h and 48 h after stimulation, indicating that the tested compounds
reduced the scratch closure time when compared to untreated cells (controls).

Both Bet-TZ1 and Bet-TZ3 exhibited lower scratch closure rates for HaCaT and A375
cells (57.03% and 78.54%—HaCaT; 28.74% and 61.83%—A375) vs. control (100%), while
Bet-TZ1 expressed lower scratch closure rates compared to Bet-TZ3 on both HaCaT and
A375 cells (Figure 12). Bet-TZ1 decreased the scratch closure area also on MCF-7 and HT-29
cells, as follows: 85.13% and 64.91% vs. control (100%) (Figure 12).
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Figure 13. Scratch migration assay of Bet-TZ1 (10 μM) on HaCaT, A375, MCF-7, and HT-29 cells and
of Bet-TZ3 (10 μM) on HaCaT and A375 cells. The presented values signify the remanent gap size
48 h post treatment and were calculated as a percentage of the initial gap size used as control (100%).
Results are recorded as the mean values ± SD by one-way ANOVA test, followed by a Dunnett’s
post hoc test (for HaCaT and A375 cells) and with unpaired t-test (for MCF-7 and HT-29 cells).
(*** p < 0.001, ** p < 0.01, and * p < 0.05).

2.6. HET−CAM Test

The HET−CAM test was used to assess the irritative potential of Bet and Bet-TZ1-4.
By monitoring the effects induced 24 h after the application of 300 μL of each sample one
can notice that Bet and Bet-TZ2-4 did not produce any interference with the circulation
process; by contrast, Bet-TZ1 triggered some localized spotted hemorrhages, without
influencing the embryo’s viability (Figure 14).

Figure 14. The HET−CAM method-based irritation test. Stereomicroscope images of the chorioallantoic
membrane were captured before (T0), 300 s (T5) post treatment with 300 μL Bet and Bet-TZ1-4, respec-
tively (tested at 100 μM), and after 24 h for Bet-TZ1 indicating localized spotted hemorrhages (indicated
by black arrows), without influencing the embryo’s viability; distilled water and sodium dodecylsulfate
(SDS) 0.5%, were used as negative and positive control, respectively. Scale bars were set at 500 μm.
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The irritation potential of each compound was investigated by using the Luepke
scale [29] which assigns scores ranging from 0 to 21 based on the degree of severity of the
reaction of the chorioallantoic membrane. Non-irritant compounds are classified within the
range of 0 to 0.9; slight irritation is indicated by scores between 1 and 4.9; moderate irritation
is depicted by scores ranging from 5 to 8.9 and strongly irritant compounds are assigned
scores between 9 and 21. According to the findings in Table 3, the compounds under
investigation did not exhibit any signs of irritation, indicating that they are appropriate for
both mucosal and cutaneous applications.

Table 3. The irritation factor for Bet and Bet-TZ1-4.

Samples IF Effect

H2O 0 No irritation
SDS 16.29 ± 0.23 Severe irritation
Bet 0 No irritation

Bet-TZ1 0 No irritation
Bet-TZ2 0 No irritation
Bet-TZ3 0 No irritation
Bet-TZ4 0 No irritation

3. Discussion

Bet is the main triterpene isolated from the outer bark of Betula species, which possesses
tremendous therapeutic potential [30]. Chemical modulation of key positions in betulin’s
molecule allowed the synthesis of various derivatives with improved pharmacological profile.
The 1,2,4-triazole and its derivatives are common heterocycles found in the structure of various
drugs due to their innate physicochemical properties such as dipole character, rigidity, and
the capacity to form hydrogen bonds, which provide them with a suitable pharmacological
profile [31,32]. The use of 1,2,4-triazoles as linkers [33] or pharmacophores [34–36] in the
structure of various triterpenes has been previously reported in the literature; however, to
the best of our knowledge, this study represents the first report regarding the introduction
of 5-substituted-1,2,4-triazole-3-thiols to the C30 position of Bet. An interesting property of
azoles is the annular tautomerism where the proton linked to a heteroatom can migrate to
other heteroatoms within the heterocycle [37]; thus, the 1,2,4-triazoles can be found in three
tautomeric forms, namely, 1H-, 2H-, and 4H-1,2,4-triazoles. Although, in general, the 1H
tautomer was considered the only stable tautomer in solution, some derivatives, such as
3(5)-chloro-1,2,4-triazole and 3(5)-bromo-1,2,4-triazole, were identified as 4H tautomers in
solution, contradicting the previous knowledge on the topic [38]. Currently, the effect of
different tautomers on the biological effect is not clearly understood. The impact of one
sole tautomer on the therapeutic properties of that compound is always dependent on the
duration of the tautomeric equilibrium in relation to a given biological process. On one
hand, the rapid interconversion of tautomers in relation to a certain biological process can
lead to both forms being consumed. On the other hand, slow interconversion in a similar
setting could end up in one tautomer being favored as the only active species [39]. Therefore
they might induce a different impact on the biological effect, as some tautomers can be
rapidly interchanged into the most favorable form to interact with the target while slow
interconversion of others could result in the existence of a single active tautomer [40]. We
established that all Bet-TZ1-4 compounds exist in DMSO solutions in two stable forms in
various percentages, as detected through 1H NMR spectroscopy, with one major component
(59% to 81%) that we hypothesize is responsible for the anticancer effect. However, because
we have not identified a specific protein target for our compounds, we cannot determine
which tautomer is responsible for the biological effect. To visualize the exact tautomer form
in the binding site, a highly precise crystallographic analysis of the target–ligand complex
would be required.
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The Bet-TZ1-4 cytotoxicity was assessed against HaCaT (human keratinocytes), A375
(melanoma), MCF-7 (breast cancer), and HT-29 (colorectal cancer) cell lines using the
Alamar blue assay. The results in HaCaT cells showed that Bet-TZ2-4 semisynthetic deriva-
tives significantly inhibit cell viability even at the highest tested concentration (100 μM);
however, when used in high concentrations (75 and 100 μM), Bet-TZ1 significantly in-
hibited cell viability, compared to 5-FU used as a reference. These results indicate that
Bet-TZ2-4 does not cytotoxically affect non-malignant cells and can be administered in
elevated doses without significant side effects; in contrast, Bet-TZ1 exhibits clear cytotoxic
effects against non-malignant keratinocytes. The selectivity index (SI) for Bet-TZ1, calcu-
lated as the IC50 HaCaT/IC50 cancer cell line, was less than 2 in all three cases (SIA375 1.90,
SIMCF-7 1.27, and SIHT−29 0.91), indicating non-selective cytotoxic activity. However, the
use of only the selectivity index to assess the anticancer potential of a drug candidate has
been shown to be a poor and insufficient predictor [41].

Shy et al. reported the synthesis of similar betulin derivatives only by using 1,2,3-triazole as
a C30-substituent while maintaining the free C3-hydroxyl group; experimental results showed
that all triazole derivatives exerted superior cytotoxic effects compared to the parent com-
pound but the presence of large lipophilic aromatic side chains favored their bioactivity [42].

The cytotoxicity of Bet-TZ1-4 against the melanoma cell line was similar or slightly
enhanced compared to Bet. In particular, the effect of higher doses of Bet-TZ1 (75 and
100 μM) against A375 was superior to Bet and even 5-FU; a dose-dependent cytotoxic effect
was also recorded for Bet-TZ3 after 48 h of exposure. In breast and colorectal cancer cells,
the lowest dose of Bet-TZ1 and Bet-TZ3 (10 μM) and all samples of Bet-TZ2 and Bet-TZ4

showed inferior cytotoxicity compared with 5-FU and Bet alone; doses above 25 μM of Bet-

TZ1 and Bet-TZ3 exhibited significantly stronger cytotoxic activity compared to Bet and
5-FU. In A375 cells, the IC50 values of Bet-TZ1 and Bet-TZ3 were 22.41 μM and 34.34 μM,
compared to Bet alone (46.19 μM) and to 5-FU (1.06 μM). Intriguingly, despite a higher
IC50 value on A375 cells, when compared to Bet-TZ1, Bet-TZ3 can be viewed as a more
effective agent due to the lack of cytotoxic effect on non-malignant HaCaT cells that reveals
a selective cytotoxic effect against melanoma cells. In MCF-7 and HT-29 cells, Bet-TZ3

was not active (IC50 > 100 μM) whereas Bet-TZ1 had an IC50 of 33.52 μM and 46.92 μM,
outperforming the parent-compound Bet (37.29 μM and 55.67 μM). Comparatively, the
most active compounds were Bet-TZ1, in particular in higher concentrations, against all
tested cell lines, and Bet-TZ3 when used in A375 cells. While the unsubstituted triazole
derivative was cytotoxic to both malignant and non-malignant cells, a substituted phenyl
attached to the 5th position of the triazole ring reduced toxicity to non-malignant cells.
Bet-TZ3, a p-chloro-phenyl triazole derivative of Bet, was more selective, being cytotoxic
primarily to the A375 melanoma cell line. This case was previously encountered in a series
of substituted 1,2,3-triazole derivatives of betulinic acid (linked to the triterpene in the same
28th position), with the p-fluoro-phenyl derivative being the most active compound [42].
It appears that p-halogeno-triazole groups linked at the allylic position of a lupane-type
triterpene are beneficial for inducing in vitro cancer cell cytotoxicity. However, this hypoth-
esis requires a larger compound series to be synthesized and tested in order to be validated.
Considering these results, only these two compounds in concentrations equivalent to their
IC50 values were further evaluated in terms of potential effect on cell morphology.

The induction of apoptosis is a well known cellular mechanism for Bet and other triter-
penes [43], as well as their semisynthetic derivatives [44]. In the current study, a morphology
assessment also showed that the newly synthesized betulin derivatives triggered apoptotic
processes, identified as nuclei condensation and fragmentation which led to the formation of
characteristic apoptotic bodies [45]. Apoptosis was also identified as the underlying mecha-
nism for similar betulinic acid-triazole derivatives [34]; the authors established that large
triazole substituents in the C30 position favorably influence the compound’s cytotoxicity
becoming an important element of the pharmacophore with the C3 substituent affecting its
bioavailability. For betulinic acid derivatives, having two hydrophilic groups in C28 and C3
positions seemed to hinder cell membrane penetration, with acetylation of at least one such
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group being able to overcome this challenge. In this case, both hydroxylic groups in the C20
and C3 positions bear the lipophilic acetate moiety that apparently facilitates cell entrance.
Our previous experiments on betulinic acid derivatives bearing 1,2,4-triazole scaffolds in
the C30 position, together with acetylated C3-hydroxyl, supported such conclusions both in
terms of the mechanism of action and the structure–activity relationships [46,47].

Betulin was also previously shown to trigger apoptosis in cancer cells via the intrin-
sic signaling pathway. However, unlike betulinic acid, Bet does not primarily affect the
pro/anti-apoptotic protein (BAX, Bcl-2) normal ratio [48,49], but rather induces an upregu-
lated/increased caspase activity [50,51]. Caspases 3 and 9 are key players in the onset of the
intrinsic apoptotic pathway [52], and as stated above, are correlated with Bet pro-apoptotic
activity. However, given the fact that MCF-7 is a caspase 3-deficient cell line [53], we
proceeded to quantify the expression of caspase 9 in cell lines treated with Bet-TZ1 and
Bet-TZ3, where a significant cytotoxic activity was recorded. As expected, Bet did increase
the expression of caspase 9, but so did both Bet derivatives in each tested setting. There
are currently no triazole-betulin derivatives tested for anti-apoptotic activity similar to the
ones described in this study. However, previous studies reported that the synthesis of other
types of betulin derivatives with various functional groups in positions 3, 28, or 30 has
resulted in pro-apoptotic agents with increased caspase activity [54–56]. According to these
findings, the increased expression of various caspases and the associated pro-apoptotic
features appear to be more related to the triterpenic structural core than to the various
functional groups present in their structure. As a result, future research focusing on addi-
tional Bet derivatizations may shed light on the big picture of betulin derivatives-induced
apoptosis in cancer cells.

It has been shown that the migration of cancer cells is an important marker for tu-
mor cell invasion and metastasis while inhibiting cell migration represents a strong and
desirable quality for a potent anticancer agent [57]. The antimigratory effect of the lead-
ing compounds, Bet-TZ1 and Bet-TZ3, was assessed in non-cancer and cancer cell lines;
results revealed that although both compounds inhibit the migration of tested cells, the
effect of Bet-TZ1, containing the unsubstituted 1,2,4-triazole, was superior to Bet-TZ3. The
ability of the triterpene scaffold to prevent cancer cell migration was previously revealed
for numerous betulin and betulinic acid derivatives displaying various chemical modula-
tions in several cancer cell lines where the cytotoxic activity was clearly distinct from the
anti-invasive capacity [58,59].

The HET–CAM assay represents a one of a kind model in biomedical testing since the
chorioallantoic membrane provides a rich vascular network that enables a wide variety of
non-invasive biological studies [60]. It is considered a better and more valid alternative
to more invasive tests used to assess the local irritative potential of different substances,
providing information regarding vascular events such as coagulation, hyperemia, and
hemorrhage [61]. In our study, Bet, as well as its Bet-TZ1-4 derivatives did not induce
irritative phenomena thus predicting their safe use on skin and mucosae. These findings
are in agreement with other studies supporting the non-irritative and wound-healing
effect of triterpenes [62]; one such example is a randomized phase 3 trial developed by
Frew et al. [63] in which a gel containing Bet accelerated the healing of superficial partial
thickness burns.

These findings collectively show that Bet can be an ideal starting point for developing
potent cytotoxic compounds for cancer cells. This is an important step because, unlike its acid
counterpart (BA), Bet is more readily obtained and considerably less expensive. Future research
could focus on expanding the synthesized series in order to assess precise structure–activity
relationships and possibly pinpoint specific targets for the active compounds.

4. Materials and Methods

4.1. Chemistry

The reagents utilized for the chemical synthesis were commercially acquired from Merk
(Darmstadt, Germany) and were subsequently used without any supplementary purification.
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4.1.1. Instruments

The 1D (1H and 13C) and 2D NMR (H,H-COSY, H,C-HSQC, and H,C-HMBC) exper-
iments were performed utilizing a Bruker Avance NEO Spectrometer 400 MHz (Bruker,
Karlsruhe, Germany) that was equipped with a QNP direct detection probe (5 mm) and z-
gradients. The spectra were recorded under standard conditions in either hexadeuterodimethyl
sulfoxide (DMSO-d6) or deuterochloroform (CDCl3) and were referenced to the residual
peak of the solvent (1H: 2.51 ppm for DMSO-d6 or 7.26 ppm for CDCl3; 13C: 39.5 ppm for
DMSO-d6 or 77.0 for CDCl3). For Bet-TZ1-4 derivatives, we first recorded the 1D and 2D
NMR spectra in DMSO-d6. Then, in each NMR tube containing the solutions of Bet-TZ1-4,
a drop of trifluoroacetic acid (TFA) was added; the solutions were vortexed for 5 min at
500 rpm and then the 1D and 2D NMR experiments were recorded again. All the NMR
experiments were recorded using standard parameter sets, as provided by Bruker. A Biobase
melting point instrument (Biobase Group, Jinan, China) was utilized to record the melting
points. Thin-layer chromatography was performed using 60 F254 silica gel-coated plates
(Merck KGaA, Darmstadt, Germany). Fourier-transform infrared spectroscopy (FTIR) ex-
periments were conducted with KBr pellets using a Shimadzu IR Affinity-1S apparatus
(400–4000 cm−1 range and a 4 cm−1 resolution). Methanolic solutions were utilized to record
LC/MS spectra in the negative ion mode, using an Agilent (Santa Clara, CA, USA) 6120
Quadrupole LC/MS system that was outfitted with an ESI ionization source, UV detector,
and a SB−C18 Zorbax Rapid Resolution column. The samples were analyzed under the
following conditions: 25 ◦C, 0.4 mL/min, and l = 250 nm. The mobile phase was composed
of a 1 mM isocratic mixture comprising 15% ammonium formate and 85% methanol.

4.1.2. Synthesis Procedure for Br-Bet

The process of Bet acetylation was carried out using a modified version of a previously
described method [64,65]. This involved the reaction of Bet (1 equivalent) with acetic an-
hydride (4 equivalents) in pyridine and dimethylaminopyridine (DMAP) (0.1 equivalent)
at room temperature for a duration of 12 h. The reaction mixture underwent dilution
with water and was subjected to triple extraction with CHCl3. The organic phase was
dehydrated using anhydrous MgSO4, followed by solvent elimination through rotary
evaporation. The freshly obtained 3-O, 28-O-diacetyl-betulin was subsequently used with-
out undergoing supplementary purification. Subsequently, a solution of 2.5 g of acetylated
Bet, approximately equivalent to 5 mmol, was prepared in 50 mL of CCl4. Following
this, 1.78 g of recently recrystallized NBS, equivalent to 10 mmol, was introduced into the
solution. The reaction continued at room temperature for a duration of 48 h. Subsequently,
the solution was subjected to filtration, followed by solvent evaporation. The resulting
product was chromatographed over silica, utilizing a mixture of CHCl3 and ethyl acetate
in a volume ratio of 40:1.

3,28-O-diacetyl-betulin, white powder, m.p. 216–218 °C, yield 82%; 1H NMR (CDCl3,
400.13 MHz, δ, ppm): 4.68 (s, 1H, H29a), 4.58 (s, 1H, H29b), 4.46 (dd, J = 6.0 Hz, J = 10 Hz,
1H, H3), 4.24 (d, J = 10.9 Hz, 1H, H28a), 3.84 (d, J = 11.0 Hz, H28b), 2.44 (m, 1H, H19), 2.07
(s, 3H, H34), 2.04 (s, 3H, H32), 1.98.1.90 (m, 1H, H15a), 1.84 (d, J = 13.0 Hz, 1H, H21a), 1.76
(dd, J = 12.4 Hz, J = 8.4 Hz, 1H, H7a), 1.68–1.59 (m, 10H, H1a, H2a, H12a, H13, H18, H22,
H30), 1.50–1.49 (m, 1H, H6a), 1.41–1.39 (m, 5H, H9, H11a, H15b, H16), 1.30–1.18 (m, 3H, H6b,
H11b, H21b), 1.11–1.02 (m, 6H, H2b, H7b, H12b, H27), 0.96–0.93 (m, 4H, H1b, H26), 0.84–0.83
(m, H23–25), 0.78 (d, J = 9.0 Hz, 1H, H5). 13C NMR (CDCl3, 100.6 MHz, δ, ppm): 171.6 (C33),
171.0 (C31), 150.1 (C20), 109.9 (C29), 80.9 (C3), 62.8 (C28), 55.4 (C5), 50.3 (C9), 48.8 (C18), 47.7
(C19), 46.3 (C17), 42.7 (C14), 44.9 (C8), 38.4 (C1), 37.8 (C4), 37.5 (C13), 37.1 (C10), 34.5 (C7),
34.1 (C16), 29.7 (C21), 29.6 (C15), 27.9 (C23), 27.0 (C12), 25.1 (C2), 23.7 (C22), 21.3 (C32), 21.0
(C34), 20.8 (C11), 19.1 (C30), 18.2 (C6), 16.5 (C24), 16.1 (C27), 16.0 (C25), 14.7 (C26).

3,28-O-diacetyl-30-bromo-betulin (Br-Bet), white powder, m.p. 187–190 °C, yield 65%;
1H NMR (CDCl3, 400.13 MHz, δ, ppm): 5.13 (s, 1H, H29a), 5.02 (s, 1H, H29b), 4.45 (m, 1H,
H3), 4.25 (m, 1H, H28a), 3.97 (s, 2H, H30), 3.84 (m, H28b), 2.44 (m, 1H, H19), 2.07 (s, 3H,
H34), 2.03 (s, 3H, H32), 1.84–0.76 (m, betulinic protons). 13C NMR (CDCl3, 100.6 MHz,

156



Processes 2024, 12, 24

δ, ppm)171.5 (C33), 171.0 (C31), 150.8 (C20), 113.3 (C29), 80.9 (C3), 62.5–14.6 (betulinic
carbons). ESI-MS Rt = 4.74 min, m/z = 604 [M-H+]−.

4.1.3. Synthesis Procedure for TZ1

The procedure to synthesize 1,2,4-triazole-3-thiol (TZ1) was established based on the
available methods in the literature [66,67] and was previously reported by our group along
with the corresponding spectral data [46]. First, 0.5 moles of formic acid (90%, 20 mL) was
stirred with 0.1 moles thiosemicarbazide for 30 min, when 1-formyl-3-thiosemicarbazide
began to crystalize. Cold water was added and the emulsion was filtered and kept in an ice
bath for the crystallization of 1H-1,2,4-triazole-3-thiol to occur. The crystals were filtered,
dried, and utilized immediately without additional purification. For the following stage,
30 mmoles of NaOH, 20 mL H2O, and 28.1 mmoles of 1-formyl-3-thiosemicarbazide were
added into a 50 mL round-bottom flask and were refluxed for 1 h. After completion, the
reaction was cooled and the final product was precipitated (concentrated HCl) and filtered.

4.1.4. Synthesis Procedure for TZ2-4

The procedure for synthesizing 5-substituted-1,2,4-triazole-3-thiol was carried out
in accordance with established methodologies as previously reported [24]. A solution
containing 20 mmol of thiosemicarbazide was prepared by dissolving it in 50 mL of DMF
while being stirred magnetically. Then, 22 mmol of pyridine and 20 mmol of aroyl chloride
were added to the solution. The process of magnetic stirring was sustained at room
temperature for a duration of 30 min, following which the temperature was elevated to
50 ◦C and sustained for an approximate duration of 1 h. The endpoint of the reaction was
verified by means of TLC. The aroyl-thiosemicarbazides that were obtained were subjected
to precipitation using aqueous hydrochloric acid, followed by filtration and subsequent
drying. Furthermore, the 5-substituted-1H-1,2,4-triazole-3-thiols (TZ2-4) were synthesized
through the cyclization of 10 mmol of aroyl-thiosemicarbazide in ethanolic NaOH at reflux.
The reaction was monitored using TLC until completion. The 5-substituted-1H-1,2,4-
triazole-3-thiols were obtained through precipitation with HCl 4% and the further filtration
of the resulting precipitate. Spectral data for TZ2 and TZ4 were previously reported [47].
Spectral data for TZ3 are listed below.

5-(4-chlorophenyl)-1H-1,2,4-triazole-3-thiol (TZ3); white powder, m.p. 296−298 ◦C
(uncorrected), yield 65%; 1H NMR (400.13 MHz, DMSO-d6, d, ppm): 13.93 (s, 1H), 13.75 (s,
1H), 7.93 (d, J = 8.6 Hz, 2H), 7.61 (d, J = 8.6 Hz, 2H). 13C NMR (100.6 MHz, DMSO-d6, d,
ppm): 167.1, 149.3, 135.2, 129.2, 127.4, 124.3. ESI−MS Rt = 0.5 min, m/z = 210 [M-H+]−.

4.1.5. Synthesis Procedure for Bet-TZ1-4

A quantity of 0.2 mmoles of 3,28-O-diacetyl-30-bromo-betulin (BetBr) and 0.3 mmoles
of anhydrous K2CO3 were added in 5 mL of DMF and were stirred for 10 min at 25 ◦C. In
the next stage, 0.2 mmoles of triazole derivative (TZ1-4) was added and the mixture was
stirred for an additional 72 h at room temperature. In the following stage, the mixture was
diluted with 50 mL H2O and then extracted with CHCl3 (4 × 15 mL). Anhydrous MgSO4
was used to dry the organic phase and after solvent removal, the obtained product was
chromatographed using a 2:1 ratio of CHCl3 to ethyl acetate.

3,28-O-diacetyl-30-(1H-1,2,4-triazole-3-yl-sulfanyl)-betulin (Bet-TZ1), white powder,
m.p. 113–119 ◦C (uncorrected), yield 38%; 1H NMR (DMSO-d6 + TFA, 400.13 MHz, δ, ppm):
8.49 (, s, 1H, H36), 4.95 (s, 1H, H29a), 4.91 (s, 1H, H29b), 4.36 (dd, J = 4.6 Hz, J = 10 Hz, 1H,
H3), 4.23 (d, J = 10.8 Hz, 1H, H28a), 3.80 (s, 2H, H30) 3.72 (d, J = 10.9 Hz, H28b), 2.47 (m,
1H, H19),2.03 (m, 1H, H2a) 2.02 (s, 3H, H34), 1.99 (s, 3H, H32), 1.74–0.94 (betulinic protons),
0.80–0.78 (m, 10H, H5, H23–25). 13C NMR (DMSO-d6+ TFA, 400.13 MHz, δ, ppm): 170.9
(C33), 170.3 (C31), 156.4 (C35), 149.7 (C20), 146.3 (C36), 111.6 (C29), 80.1 (C3), 61.4 (C28), 54.7
(C5), 49.6 (C9), 49.2 (C18), 46.1 (C17), 44.6 (C19), 42.3 (C14), 40.5 (C8), 37.9 (C1), 37.5 (C4),
37.1 (C13), 36.7 (C10), 36.5 (C30), 33.9 (C7), 33.7 (C16), 30.9 (C21), 29.3 (C15), 27.6 (C23), 26.7
(C12), 26.2 (C2), 23.5 (C22), 21.1 (C32), 20.8 (C34), 20.6 (C11), 17.8 (C6), 16.5 (C24), 15.9 (C27),
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15.7 (C25), 14.6 (C26). FTIR [KBr] (cm−1) relevant peaks: 3117 (N-H stretch); 2945, 2872
(C-H stretch); 1735, 1244, 1030 (ester C=O, C-C-O, O-C-C stretch); ESI-MS Rt = 2.85 min,
m/z = 625 [M-H+]−.

3,28-O-diacetyl-30-{5-[4-(dimethylamino)phenyl]-1H-1,2,4-triazole-3-yl-sulfanyl}-betulin
(Bet-TZ2); white powder, m.p. 113–119 ◦C (uncorrected), yield 41%; 1H NMR (DMSO-d6 + TFA,
400.13 MHz, δ, ppm): 7.85 (d, J = 8.8 HZ, 2H, H38), 7.00 (d, J = 8.8 Hz, 2H, H39), 5.00 (s,
1H, H29a) 4.90 (s, 1H, H29b), 4.31 (dd, J = 4.8 Hz, J = 11.3 Hz, 1H, H3), 4.22 (d, J = 10.9 Hz,
1H, H28a), 3.90 (d, J = 14.4 Hz, 1H, H30a, AB spin system), 3.81 (d, J = 14.4 Hz, 1H, H30b,
AB spin system), 3.73 (d, J = 10.9 Hz, H28b), 3.02 (s, 6H, H41), 2.47 (m, 1H, H19), 2.06 (m,
1H, H2a) 2.00 (s, 3H, H34), 1.97 (s, 3H, H32), 1.70–0.90 (betulinic protons), 0.75–0.72 (m,
10H, H5, H23–25). 13C NMR (DMSO-d6+ TFA, 400.13 MHz, δ, ppm): 171.0 (C33), 170.5
(C31), 160.6 (C40), 156.3 (C35), 155.8 (C35), 150.4 (C40) 149.6 (C20), 127.7 (C38), 116.1 (C37),
113.7 (C39), 111.5 (C29), 80.2 (C3), 61.7 (C28), 54.9 (C5), 49.7 (C9), 49.1 (C18), 46.2 (C17),
44.3 (C19), 42.4 (C14), 41.0 (C41), 40.6 (C8), 37.8 (C1), 37.5 (C4), 37.2 (C13), 36.7 (C10, C30),
34.0 (C7), 33.7 (C16), 31.0 (C21), 29.4 (C15), 27.8 (C23), 26.8 (C12), 26.4 (C2), 23.6 (C22), 21.1
(C32), 20.9 (C34), 20.7 (C11), 17.9 (C6), 16.6 (C24), 16.0 (C27), 15.8 (C25), 14.7 (C26). FTIR
[KBr] (cm−1) relevant peaks: 3232 (N-H stretch); 2945, 2873 (C-H stretch); 1735, 1244, 1029
(ester C=O, C-C-O, O-C-C stretch); ESI-MS Rt = 2.25 min, m/z = 744 [M-H+]−.

3,28-O-diacetyl-30-[5-(4-chlorophenyl)-1H-1,2,4-triazole-3-yl-sulfanyl]-betulin (Bet-

TZ3); white powder, m.p. 128–135 ◦C (uncorrected), yield 32%; 1H NMR (DMSO-d6 + TFA,
400.13 MHz, δ, ppm): 7.97–7.95 (m, 2H, H38), 7.48 (d, J = 6.6 Hz, 2H, H39), 5.03 (s, 1H,
H29a) 4.91 (s, 1H, H29b), 4.36 (dd, J = 4.5 Hz, J = 11.3 Hz, 1H, H3), 4.22 (d, J = 10.8 Hz,
1H, H28a), 3.93 (d, J = 14.5 Hz, 1H, H30a, AB spin system), 3.80 (d, J = 14.5 Hz, 1H, H30b,
AB spin system) 3.73 (d, J = 10.9 Hz, H28b), 2.57 (m, 1H, H19), 2.06 (m, 1H, H2a) 2.00 (s,
3H, H34), 1.98 (s, 3H, H32), 1.72–0.91 (betulinic protons), 0.76–0.68 (m, 10H, H5, H23–25).
13C NMR (DMSO-d6+ TFA, 400.13 MHz, δ, ppm): 170.9 (C33), 170.3 (C31), 157.7 (C36),
156.0 (C35), 149.6 (C20), 130.0 (C40), 129.0 (C39), 128.5 (C37), 126.0 (C38), 114.5 (C29), 80.6
(C3), 61.6 (C28), 54.7 (C5), 49.6 (C9), 49.0 (C18), 46.1 (C17), 44.5 (C19), 42.3 (C14), 40.5
(C8), 37.9 (C1), 37.4 (C4), 37.1 (C13), 36.6 (C10, C30), 33.9 (C7), 33.7 (C16), 30.7 (C21), 29.4
(C15), 27.7 (C23), 26.7 (C12), 26.1 (C2), 23.4 (C22), 21.0 (C32), 20.8 (C34), 20.6 (C11), 17.8
(C6), 16.4 (C24), 15.9 (C27), 15.7 (C25), 14.6 (C26). FTIR [KBr] (cm−1) relevant peaks: 3230
(N-H stretch); 2945, 2872 (C-H stretch); 1735, 1246, 1029 (ester C=O, C-C-O, O-C-C stretch);
ESI-MS Rt = 3.05 min, m/z = 735 [M-H+]−.

3,28-O-diacetyl-30-[5-(4-methoxyphenyl)-1H-1,2,4-triazole-3-yl-sulfanyl]-betulin (Bet-

TZ4); white powder, m.p. 132–138 ◦C (uncorrected), yield 35%; 1H NMR (DMSO-d6 + TFA,
400.13 MHz, δ, ppm): 7.88 (d, J = 8.8 HZ, 2H, H38), 7.04 (d, J = 8.8 Hz, 2H, H39), 5.00 (s, 1H,
H29a) 4.90 (s, 1H, H29b), 4.36 (dd, J = 4.8 Hz, J = 11.1 Hz, 1H, H3), 4.22 (d, J = 10.9 Hz, 1H,
H28a), 3.89 (d, J = 14.5 Hz, 1H, H30a, AB spin system), 3.81–3.79 (m, 4H, H30b, H41) 3.72 (d,
J = 11.0 Hz, H28b), 2.47 (m, 1H, H19), 2.06 (m, 1H, H2a) 2.00 (s, 3H, H34), 1.97 (s, 3H, H32),
1.71–0.90 (betulinic protons), 0.76–0.69 (m, 10H, H5, H23–25). 13C NMR (DMSO-d6+ TFA,
400.13 MHz, δ, ppm): 170.7 (C33), 170.1 (C31), 160.6 (C40), 156.9 (C36), 156.4 (C35), 149.6
(C20), 127.5 (C38), 120.6 (C37), 114.3 (C39), 111.2 (C29), 79.9 (C3), 61.5 (C28), 55.3 (C41), 54.6
(C5), 49.5 (C9), 48.9 (C18), 46.0 (C17), 44.3 (C19), 42.2 (C14), 40.4 (C8), 37.6 (C1), 37.3 (C4),
37.0 (C13), 36.5 (C10), 36.4 C30), 33.8 (C7), 33.6 (C16), 30.7 (C21), 29.2 (C15), 27.6 (C23), 26.6
(C12), 26.0 (C2), 23.3 (C22), 20.9 (C32), 20.7 (C34), 20.5 (C11), 17.7 (C6), 16.4 (C24), 15.7 (C27),
15.6 (C25), 14.5 (C26). FTIR [KBr] (cm−1) relevant peaks: 3230 (N-H stretch); 2945, 2872
(C-H stretch); 1735, 1247, 1030 (ester C=O, C-C-O, O-C-C stretch); ESI-MS Rt = 2.14 min,
m/z = 731 [M-H+]−.

4.2. Biological Assessment
4.2.1. Cell Culture

The selected cell lines for the study, namely, HaCat (immortalized human keratinocytes)
were acquired from CLS Cell Lines Service GmbH (Eppelheim, Germany), whereas A375
(human malignant melanoma cells), HT-29 (human colorectal adenocarcinoma), and MCF7
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(human breast adenocarcinoma) were purchased from American Type Culture Collection
(ATCC, Lomianki, Poland). The aforementioned cells were obtained as frozen items and
were subsequently stored in liquid nitrogen. Dulbecco’s Modified Eagle Medium (DMEM)
High Glucose added with 1% Penicillin/Streptomycin mixture (100 IU/mL) and with 10%
fetal bovine serum (FBS) was used to culture HaCaT and A375 cells, while HT-29 cells
were cultured using McCoy’s 5A Medium, supplemented with the same 10% FBS and 1%
antibiotic mixture. The MCF7 cells were propagated in Eagle’s Minimum Essential Medium
(EMEM), supplemented with 10% FBS, 1% antibiotic mixture, and 0.01 mg/mL human
recombinant insulin. All cells were maintained in a humified incubator with 5% CO2 at
37 ◦C. After reaching 80–90% confluence, cells were stimulated with the tested compounds
(10, 25, 50, 75, and 100 μM) for 24 h and 48 h, respectively. The cell number was determined
with Trypan Blue using a cell counting device (Thermo Fisher Scientific, Inc., Waltham,
MA, USA).

4.2.2. Cell Viability Assessment

The Alamar blue colorimetric determination was used to assess the cell viability of
HaCaT, A375, MCF7, and HT-29 cells, after stimulation with increasing concentrations (10,
25, 50, 75, and 100 μM) of four diacetylbetulin derivatives, betulin, and 5-fluorouracil as
a positive control, at the same concentrations for 48 h. The cells (1 × 104) were seeded into
96-well plates and incubated (37 ◦C and 5% CO2) until an 80–85% confluence was reached.
The used medium was discarded using an aspiration station and swapped with fresh
medium specific for each cell line, containing the compounds. The tested concentrations
(10, 25, 50, 75, and 100 μM) were prepared from 20 mM compound stock solutions so that
the final concentration of DMSO did not exceed 0.5%. After 48 h, 0.01% Alamar blue was
used to counterstain all cells, after which the cells incubated for an additional 3 h. The
absorbance measurements were carried out at 2 wavelengths (570 nm, and 600 nm) using
a xMark™ Microplate Spectrophotometer, Bio-Rad (Hercules, CA, USA). The experiments
were performed in triplicate.

4.2.3. Immunofluorescence Assay—Morphological Assessment of Apoptotic Cells

The assessment of nuclear localization and any signs of apoptosis (shrinkage, frag-
mentation) and cytoplasmatic alterations were determined using Hoechst staining, while
the cytoplasmatic localization was assessed using beta-tubulin staining. HaCaT, A375,
MCF-7, and HT-29 cells were seeded onto 12-well plates at 2 × 105 cells/well initial density.
After reaching 80–90% confluence, the cells were stimulated with Bet-TZ1 using its 48-h-
treatment IC50 values obtained for each cell line and with Bet-TZ3 at its 48-h-treatment
IC50 value for the A375 cell line. Separately, some wells were stimulated with 5-fluorouracil
using the concentration corresponding to its IC50 values for each cell line at 48 h. After
48 h, the old medium was removed and the cells were fixed with methanol for 15 min,
permeabilized with Triton X 0.01% in phosphate buffer saline (PBS) for an additional 15 min,
and finally blocked with Bovine serum albumin 3% (BSA) for 30 min at room temperature.
Afterward, the cells were stained with beta-tubulin monoclonal antibody at a dilution
of 1:2000 in BSA 3% for 1 h (room temperature) and subsequently incubated with Alexa
Fluor 488 goat-anti mouse secondary antibody at a 1:5000 dilution in BSA 3% for 30 min
in the dark. Finally, the Hoechst 33258 solution was added for 5 min. The nuclear and
cytoplasmatic alterations were observed and recorded using the integrated DP74 digital
camera of the inverted microscope, Olympus IX73 (Olympus, Tokyo, Japan).

4.2.4. Real-Time PCR Quantification of Apoptotic Markers

The total RNA was extracted using the peqGold RNAPureTM Package (Peqlab Biotech-
nology GmbH, Erlangen, Germany) following the manufacturer’s instructions, and the
total concentration of RNA was measured using a DS-11 spectrophotometer (DeNovix,
Wilmington, DE, USA). Reverse transcription was achieved using the Maxima® First Strand
cDNA Synthesis Kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The Tadvanced
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Biometra Product line (Analytik Jena AG, Göttingen, Germany) was used for sample
incubation using the following thermal cycle: 10 min at 25 ◦C, 15 min at 50 ◦C, and
5 min at 85 ◦C. The Quant Studio 5 real-time PCR system (Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) was used for quantitative real-time PCR determinations. The exper-
iment was conducted using 20 μL aliquots containing Power SYBR-Green PCR Master
Mix (Thermo Fisher Scientific, Inc., Waltham, MA, USA), pure water, the sense and anti-
sense primer, and the sample cDNA. The primer pairs used for this method included 18 S
(Thermo Fisher Scientific, Inc., Waltham, MA, USA), used as housekeeping gene (sense:
5′GTAACCCGTTGAACCCCATT 3′; antisense: 5′CCATCCAATCGGTAGTAGCG3′), and
Caspase-9 (sense: 5′ATGGACGAAGCGGATCGGCGGCTCC3′; antisense: 5′GCACCACT-
GGGGGTAAGGTTTTCTAG3′) (Eurogentec, Seraing, Belgium). Normalized, results were
calculated using the comparative threshold cycle method (2−ΔΔCt).

4.2.5. Scratch Assay

The regressive effect on the invasion capacity of Bet-TZ1 (on A375, MCF7, and HT-29
cancer cells) and Bet-TZ3 (on A375 cells) and their wound healing potential on HaCaT
cells was determined using the scratch test. The cells were seeded onto 12-well plates at
an initial density of 2 × 105 cells/well. After reaching 80–85% confluence, the old medium
was removed and each well was washed with warm PBS, then treated with 5 μg/mL
mitomycin C for 2 h at 37 ◦C. Mitomycin C is an antibiotic that inhibits DNA synthesis
and cell proliferation used to determine the true anti-migratory effect of a substance. After
mitomycin C treatment, the cells were again washed with PBS, scratched onto the diameter
of the well with a sterile pipette tip, and then stimulated with 10 μM Bet-TZ1 and Bet-

TZ3. To establish the scratch closure rate (%), the wells were photographed at 0, 24, and
48 h using the Olympus IX73 inverted microscope (Olympus, Tokyo, Japan). The Sense
Dimension software (version 1.8) was utilized for analyzing cell migration for each cell line.

4.2.6. Statistical Analysis

The statistical analysis was achieved by employing a t-test and one-way ANOVA fol-
lowed by Dunnett’s post hoc test using GraphPad Prism version 6.0.0 (GraphPad Software,
San Diego, CA, USA). The IC50 values were calculated using the same software, accord-
ing to the correlation between the log[concentration] and cell viability. The statistically
significant threshold (p < 0.05) between groups was * p < 0.05, ** p < 0.01, and *** p < 0.001.

4.3. HET−CAM Assay

We used the HET−CAM in vivo protocol to evaluate the safety profile of a particular
substance against a living tissue. The standard protocol involved the usage of a devel-
oping chorioallantoic membrane within an embryonated chicken (Gallus domesticus) egg.
This method complied with the Interagency Coordinating Committee on the Validation of
Alternative Methods recommendations [68], which were customized to suit the specific cir-
cumstances of the study. Based on an adapted approach to the established methodology [69],
the eggs were subjected to incubation conditions of 37 ◦C and 50% relative humidity. On
the third day of incubation, 5–6 mL of albumen was extracted, subsequently leading to the
creation of an opening at the top of the eggs. In the context of the developing chorioallantoic
membrane of the chick embryo, a volume of 300 μL of SLS (positive control), Bet, and
Bet-TZ1-4 were administered at a concentration of 100 μM. The alterations in CAM were ob-
served through the use of stereomicroscopy, specifically, the Discovery 8 Stereomicroscope
by Zeiss (Jena, Germany). The images were captured using the Zeiss Axio CAM 105 color
camera, both before and 5 min after the application of the tested substances. During the
five-minute duration, the impact on three specific parameters was observed (hemorrhage,
lysis, and vascular plexus coagulability). Each determination was performed in triplicate.
The obtained results were quantified as irritation factor (IF) values, which were determined
using the provided formula. These values were then compared to a negative (distilled water)
and a positive control (SLS 0.5%) with an IF of 16.29. The Luepke scale was used to interpret
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the IF values, where a range of 0–0.9 indicates non-irritation, 1–4.9 indicates weak irritation,
5–8.9 indicates moderate irritation, and 9–21 indicates strong irritation [70].

IF = 5 ∗ 301 − Sec H
300

+ 7 ∗ 301 − Sec L
300

+ 9 ∗ 301 − Sec C
300

;

where IF = irritation factor; H = hemorrhage; L = vascular lysis; C = coagulation; Sec H = start
of hemorrhage reactions (s); Sec L = onset of vessel lysis on CAM (s); Sec C = onset of (s).

5. Conclusions

This study presented the synthesis, cytotoxicity assessment, and influence on angio-
genesis of a series of diacetylbetulin derivatives containing 5-Substituted-1,2,4-triazoles
at C30 (Bet-TZ1-4). While the synthesis protocol led to obtaining good yields of target
compounds, the NMR analysis revealed that, in the DMSO solution, they exist in two
tautomeric forms that could have an influence on the anticancer effect, the hypothesis
that remains to be explored in further studies. The cytotoxicity assessment of Bet-TZ1-4

against A375 (melanoma), MCF-7 (breast cancer), HT-29 (colorectal cancer), and HaCaT
(human keratinocytes) revealed Bet-TZ1 as the lead candidate of the series against all tested
lines. However, the cytotoxicity of Bet-TZ1 manifested also against the non-malignant
HaCaT cell line, indicating a reduced selectivity of the derivative. Promising results were
also obtained for Bet-TZ3, which exhibited a selective cytotoxic effect against melanoma
cells, and along Bet-TZ1, which showed promising anti-migratory properties. A related
cytotoxic correlated pro-apoptotic effect was observed for both compounds confirmed by
morphological nuclear assessment and PCR results that showed an increase in the expres-
sion of caspase 9. The HET−CAM test revealed that Bet-TZ1-4 does not have an irritative
potential, supporting their safety application in local treatments. Although our study
obtained modest results in terms of cytotoxicity, further investigation of betulin-triazole
derivatives still remains a pathway that should be explored, focusing on the synthesis of
more selective derivatives against cancer.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pr12010024/s1, Figure S1. The three possible tautomeric forms of
3,5-disubstituted 1,2,4-triazoles; Figure S2. 1H NMR spectrum of 3-O,28-O-diacetyl-betulin (400 MHz,
CDCl3); Figure S3. 13C NMR spectrum of 3-O,28-O-diacetyl-betulin (100 MHz, CDCl3); Figure S4.
1H NMR spectrum of 3-O, 28-O-diacetyl-30-bromo-betulin (400 MHz, CDCl3); Figure S5. 13C NMR
spectrum of 3-O, 28-O-diacetyl-30-bromo-betulin (100 MHz, CDCl3); Figure S6. 1H NMR spectrum
of Bet-TZ1 in DMSO-d6 (bottom) and DMSO-d6 with one drop of TFA (up); Figure S7. 13C NMR
spectrum of Bet-TZ1 in DMSO-d6 (bottom) and DMSO-d6 with one drop of TFA; Figure S8. H,
H-COSY NMR spectrum of Bet-TZ1 in DMSO-d6 with one drop of TFA; Figure S9. H, C-HSQC NMR
spectrum of Bet-TZ1 in DMSO-d6 with one drop of TFA; Figure S10. H,C-HMBC NMR spectrum of
Bet-TZ1 in DMSO-d6 with one drop of TFA; Figure S11. 1H NMR spectrum of Bet-TZ2 in DMSO-d6
(bottom) and DMSO-d6 with one drop of TFA (up); Figure S12. FTIR spectrum of Bet-TZ2; Figure S13.
13C NMR spectrum of Bet-TZ2 in DMSO-d6 (bottom) and DMSO-d6 with one drop of TFA (up);
Figure S14. H,H-COSY NMR spectrum of Bet-TZ2 in DMSO-d6; Figure S15. H,C-HSQC NMR
spectrum of Bet-TZ2 in DMSO-d6 with one drop of TFA; Figure S16. H,C-HMBC NMR spectrum
of Bet-TZ2 in DMSO-d6 with one drop of TFA; Figure S17. FTIR spectrum of Bet-TZ2; Figure S18.
1H NMR spectrum of Bet-TZ3 in DMSO-d6 (bottom) and DMSO-d6 with one drop of TFA (up);
Figure S19. 13C NMR spectrum of Bet-TZ3 in DMSO-d6 (bottom) and DMSO-d6 with one drop of TFA
(up); Figure S20. H,H-COSY NMR spectrum of Bet-TZ3 in DMSO-d6; Figure S21. H,C-HSQC NMR
spectrum of Bet-TZ3 in DMSO-d6 with one drop of TFA; Figure S22. H,C-HMBC NMR spectrum
of Bet-TZ3 in DMSO-d6 with one drop of TFA; Figure S23. FTIR spectrum of Bet-TZ3 in DMSO-d6;
Figure S24. 1H NMR spectrum of Bet-TZ4 in DMSO-d6 (bottom) and DMSO-d6 with one drop of
TFA (up); Figure S25. 13C NMR spectrum of Bet-TZ4 in DMSO-d6 (bottom) and DMSO-d6 with
one drop of TFA (up); Figure S26. H,H-COSY NMR spectrum of Bet-TZ4 in DMSO-d6; Figure S27.
H,C-HSQC NMR spectrum of Bet-TZ4 in DMSO-d6 with one drop of TFA; Figure S28. H,C-HMBC
NMR spectrum of Bet-TZ4 in DMSO-d6 with one drop of TFA; Figure S29. FTIR spectrum of Bet-TZ4.
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55. Pęcak, P.; Świtalska, M.; Chrobak, E.; Boryczka, G.; Bębenek, E. Betulin Acid Ester Derivatives Inhibit Cancer Cell Growth by
Inducing Apoptosis through Caspase Cascade Activation: A Comprehensive In Vitro and In Silico Study. Int. J. Mol. Sci. 2022, 24, 196.
[CrossRef] [PubMed]

56. Zhuo, Z.; Xiao, M.; Lin, H.; Luo, J.; Wang, T. Novel betulin derivative induces anti-proliferative activity by G2/M phase cell cycle
arrest and apoptosis in Huh7 cells. Oncol. Lett. 2018, 15, 2097–2104. [CrossRef] [PubMed]

57. Entschladen, F.; Drell, T.L.; Lang, K.; Joseph, J.; Zaenker, K.S. Tumour-cell migration, invasion, and metastasis: Navigation by
neurotransmitters. Lancet Oncol. 2004, 5, 254–258. [CrossRef] [PubMed]

58. Härmä, V.; Haavikko, R.; Virtanen, J.; Ahonen, I.; Schukov, H.-P.; Alakurtti, S.; Purev, E.; Rischer, H.; Yli-Kauhaluoma, J.; Moreira,
V.M.; et al. Optimization of Invasion-Specific Effects of Betulin Derivatives on Prostate Cancer Cells through Lead Development.
PLoS ONE 2015, 10, e0126111. [CrossRef]

59. Bache, M.; Bernhardt, S.; Passin, S.; Wichmann, H.; Hein, A.; Zschornak, M.P.; Kappler, M.; Taubert, H.; Paschke, R.; Vorder-
mark, D. Betulinic Acid Derivatives NVX-207 and B10 for Treatment of Glioblastoma—An in Vitro Study of Cytotoxicity and
Radiosensitization. Int. J. Mol. Sci. 2014, 15, 19777–19790. [CrossRef]

60. Winter, G.; Koch, A.B.F.; Löffler, J.; Jelezko, F.; Lindén, M.; Li, H.; Abaei, A.; Zuo, Z.; Beer, A.J.; Rasche, V. In vivo PET/MRI
Imaging of the Chorioallantoic Membrane. Front. Phys. 2020, 8, 151. [CrossRef]

61. de Araujo Lowndes Viera, L.M.; Silva, R.S.; da Silva, C.C.; Presgrave, O.A.F.; Boas, M.H.S.V. Comparison of the different protocols
of the Hen’s Egg Test-Chorioallantoic Membrane (HET-CAM) by evaluating the eye irritation potential of surfactants. Toxicol.
Vitr. 2022, 78, 105255. [CrossRef] [PubMed]
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Rotunjanu, S.; Şoica, I.; S, oica, C.

Exploring the Antimelanoma

Potential of Betulinic Acid Esters and

Their Liposomal Nanoformulations.

Processes 2024, 12, 416. https://

doi.org/10.3390/pr12020416

Academic Editors: Alina Bora and

Luminita Crisan

Received: 12 December 2023

Revised: 15 February 2024

Accepted: 16 February 2024

Published: 19 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

processes

Article

Exploring the Antimelanoma Potential of Betulinic Acid Esters
and Their Liposomal Nanoformulations

Andreea Milan 1,2, Marius Mioc 1,2, Alexandra Mioc 2,3,*, Narcisa Marangoci 4, Roxana Racoviceanu 1,2,

Gabriel Mardale 2,3, Mihaela Bălan-Porcăras, u
4, Slavit,a Rotunjanu 2,3, Irina Şoica 5 and Codrut,a S, oica 2,3
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Abstract: Betulinic acid is a naturally occurring pentacyclic triterpene belonging to the lupane-
group that exhibits a wide range of pharmacological activities. BA derivatives are continuously
being researched due to their improved anticancer efficacy and bioavailability. The current research
was conducted in order to determine the antiproliferative potential of three synthesized BA fatty
esters using palmitic, stearic and butyric acids and their liposomal nanoformulations. The cytotoxic
potential of BA fatty esters (Pal-BA, St-BA, But-BA) and their respective liposomal formulations (Pal-
BA-Lip, St-BA-Lip, But-BA-Lip) has been assessed on HaCaT immortalized human keratinocytes and
A375 human melanoma cells. Both the esters and their liposomes acted as cytotoxic agents against
melanoma cells in a time- and dose-dependent manner. The butyryl ester But-BA outperformed
BA in terms of cytotoxicity (IC50 60.77 μM) while the nanoformulations St-BA-Lip, But-BA-Lip
and BA-Lip also displayed IC50 values (60.11, 50.71 and 59.01 μM) lower compared to BA (IC50

65.9 μM). The morphological evaluation revealed that the A375 cells underwent morphological
changes consistent with apoptosis following 48 h treatment with the tested compounds, while the
HaCaT cells’ morphology remained unaltered. Both the esters and their liposomal formulations were
able to inhibit the migration of the melanoma cells, suggesting a significant antimetastatic effect. The
quantitative real-time PCR revealed that all tested samples were able to significantly increase the
expression of the pro-apoptotic Bax and inhibit the anti-apoptotic Bcl-2 proteins. This effect was more
potent in the case of liposomal nanoformulations versus non-encapsulated compounds, and overall,
But-BA and its formulation exhibited the best results in this regard.

Keywords: betulinic acid; betulinic acid derivatives; liposomal formulation; cytotoxicity; melanoma

1. Introduction

Natural products have long been a major focus in finding treatments for a wide range
of maladies. Their enormous pharmacological potential and formulation versatility have
designated them as an interesting starting point in the development of different drugs [1].
Several breakthroughs in organic chemistry have been inspired by natural compounds,
leading to significantly improved semisynthetic analogues that retain the main scaffold of
the natural compound but exert enhanced pharmacological properties [2].

Betulinic acid (BA, 3β-hydroxy-lup-20(29)-en-28-oic acid) is a pentacyclic triterpene,
belonging to the lupane group and widely distributed throughout the plant kingdom, but
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mainly found in the birch tree bark (Betula sp., Betulaceae) [3]. Due to Pisha’s discovery
that betulinic acid (BA) exhibits specific cytotoxic effects against human melanoma, the
pentacyclic triterpene has been analyzed and further developed for its various biological
properties [4]. BA exerts significant in vitro cytotoxic effects against a plethora of tumor cell
lines, its properties being demonstrated against colon, breast, prostate, hepatocellular, blad-
der, neck, pancreatic, lung, ovarian and human melanoma [5]. Moreover, several researches
have been conducted to confirm and identify BA’s mechanism of action as an anticancer,
anti-inflammatory, antioxidant, antidiabetic, antiviral, cardioprotective, neuroprotective
agent [6–8]. Despite its high pharmacological potential, its current use in therapy is limited
particularly by its low in vivo bioavailability [9], a challenge that was tackled both tech-
nically through cyclodextrin complexation [10] and liposomal nanoformulations [11,12],
and by chemical modulation [13]. Amongst different chemical derivatizations, the ester-
ification with fatty acids has emerged as a promising method for the synthesis of active
compounds with improved biological activities. Fatty acids have been identified as cell
apoptosis inducers as well as inhibitors of cancer cell proliferation [14]. Al-Hwaiti et al.
have demonstrated that palmitic acid and stearic acid, alongside oleic and linoleic acids
exerted anticancer effects against colorectal cancer Caco-2 and HCT-116 cells [15]; fur-
thermore, ω-hydroxypalmitic acid and ω-hydroxystearic acid were able to induce cell
apoptosis against G361 melanoma cells [16]. It was also reported that butyric acid could
facilitate the chemoprevention in colorectal carcinogenesis; Chodurek et al. have tested its
chemopreventive effect against A375 melanoma cells while also revealing that sodium bu-
tyrate was able to inhibit cell proliferation [17]. Long-chain BA and betulin fatty esters have
been previously synthesized by Pinzaru et al. who assessed their anticancer activity, re-
vealing improved pharmacological potential compared to the parent active compound [18].
Furthermore, the evaluation of other pentacyclic triterpenes fatty esters has been performed
by Mallavadhani et al. who had synthesized 3-O-fatty ester chains (C12-C18) of amyrins
and ursolic acid, the dodecanoate derivatives showing potent antimicrobial activity against
the Gram—P. syringae, significantly higher compared to the reference tetracycline [19].
Pentacyclic triterpenes’ antiproteolytic effectiveness of the anti-inflammatory potential has
been evaluated by Hodges et al.; the authors have obtained two fatty acid esters analogues
of lupeol using palmitic and linoleic acids and demonstrated their selective trypsin in-
hibition properties [20]. Similarly, the synthesis of fatty acids ester derivatives of lupeol
by Fotie et al. proved that the introduction of the long side chain has a positive effect on
the antimalarial activity against drug-resistant clones of Plasmodium falciparum W-2 and
D-6 [21].

To address the bioavailability issue associated with the highly lipophilic nature of BA
fatty esters, their inclusion in liposomal formulations has been regarded as a potentially vi-
able solution. Due to their unique chemical and physical features such as their amphiphilic
characteristics, resemblance to human cells and the possibility of being extensively surface-
modified, liposomes provide a myriad of advantages over other nanoparticles, including
great preparation versatility, the capacity to encapsulate a large number of distinct com-
pounds, and targeted delivery resulting in high patient tolerance [22]. However, conven-
tional liposomes are easily unstable in the plasma due to their chemical composition and
their interaction with lipoproteins [23]; sterically stabilized through surface modifications
(stealth) liposomes are able to prevent drug leakage prior to delivery [24].

The current study proposes the synthesis of BA fatty esters using stearic, palmitic
and butyric acids, which are reported to possess individually unique pharmacological
effects [25–27] followed by their encapsulation in surface-modified liposomal nanoformula-
tions bearing polyethylene glycol fragments in order to prolong their lifespan. The result-
ing formulations were assessed as anticancer agents against human malignant melanoma
(A375) cells.
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2. Results

2.1. Chemistry
2.1.1. Synthesis and Characterization of Fatty Acid Esters of BA

The reaction conditions for obtaining fatty BA esters are depicted in Figure 1. All
three compounds were obtained in high yields (>65%). The 1H NMR spectra of the esters’
derivatives show the peaks for the two H30 protons from the BA backbone as two singlets
at 4.74 and 4.61 ppm, H3 resonates at 4.47 ppm, H19 is found at 3.00 ppm and the CH2
protons adjacent to the ester group of the fatty acid residue resonate at 2.30 and 2.27 ppm,
overlapped with one of the H15 protons from the BA. The integral values of the peaks
from the 1H NMR spectra are in accordance with the proposed structures (Figures S1, S7
and S13, Supplementary Materials). The 13C NMR spectra show the peak for the COOH
group from BA at around 182 ppm, the COO carbon of the ester group at about 173 ppm
and the peaks for the rest of the carbon atoms at the appropriate chemical shift values
(Figures S2, S8 and S14, Supplementary Materials). The peak for the ester carbon from 173
ppm gives long range correlation peaks in the H,C-HMBC spectra (Figures S6, S12 and S18,
Supplementary Materials) with both H3 from BA and with CH2 from the fatty acid chain,
thus demonstrating the covalent bonding between BA and the fatty acids. Ester formation
is also supported by FTIR spectroscopy, which shows an adjacent C=O signal belonging to
the ester function at 1730 cm−1 in the spectra of each compound. Furthermore, the strong
OH signal from the BA spectra at 3349 cm−1 is no longer present in the FTIR spectra of the
obtained esters (Figure S19, Supplementary Materials). The most relevant physicochemical
properties of each newly synthetized BA derivative are presented in Table 1.

DCM, DMAP, 24h, r.t

But-BA:

Pal-BA:

St-BA:

R

14

2

16

BA

 
Figure 1. Synthesis of BA fatty acid ester derivatives; BA: betulinic acid, But-BA: 3-O-butiryl-betulinic
acid, Pal-BA: 3-O-palmitoyl-betulinic acid, St-BA: 3-O-stearoyl-betulinic acid; DCM: dichloromethane,
DMAP: 4-Dimethylaminopyridine.

Table 1. Physicochemical properties of synthetized BA derivatives.

Melting Point Yield Appearance m/z [M-H+]−

Compound
But-BA 265–280 ◦C 74% white powder 525
Pal-BA 160–170 ◦C 70% translucent crystals 693
St-BA 150–162 ◦C 65% translucent crystals 721

2.1.2. Synthesis and Characterization of BA-Fatty Acid Ester Liposomal Formulation

The lipid film hydration method, which has previously been shown to be suitable
for our current purpose [28], was used to obtain bare liposomes as well as liposomal
formulations loaded with BA and its newly synthesized esters. Transmission electron
microscopy (TEM), scanning electron microscopy (SEM), and dynamic light scattering
(DLS) were used to examine the liposomes. Results are depicted in Figures 2–4. The TEM
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and SEM images revealed stable spherical liposomes of various sizes. The diameters of
the bare liposomes were rarely larger than 100 nm, whereas the addition of triterpenes
increased their diameter. The liposomal formulations containing the palmitoyl and stearoyl
esters of BA displayed the largest particles, with sizes occasionally exceeding 200 nm
(Figures 2 and 3). While the microscopy-recorded diameters and the mean hydrodynamic
size of the particles slightly differ, DLS measurements were within the expected range
(Figure 4). The measured polydispersity index was roughly related to the measured
liposome diameters; bare liposomes had the lowest dispersity (PI 0.1955), BA-Lip and
But-BA-Lip had PI values in the around 0.2, while the large ester formulations exhibited PI
values in the 0.4–0.5 range (Figure 4). DLS measurements were repeated daily for one week;
no significant changes in the recorded PI values and hydrodynamic size occurred, indicating
that these formulations were stable within the tested time period. The determined ζ

potential values for empty liposomes, BA-Lip, But-BA-Lip, Pal-BA-Lip and St-BA-Lip were
−22.1 mV, −19.4 mV, −18.7 mV, −18.2 mV and −17.8 mV, respectively. Drug loading
efficiency (DLE) ranged from 78 to 85% for all liposomal formulations; DLE values for
BA-Lip, But-BA-Lip, Pal-BA-Lip and St-BA-Lip were 78%, 85%, 82% and 80%, respectively.
Furthermore, liposome stability related to drug loading efficiency was assessed over a
15-day period at two different temperatures. As depicted in Table 2, minor changes in drug
encapsulation efficiency were observed during the stability study at 4 ◦C, but there was a
significant decrease in stability when the formulations were stored at 25 ◦C. As indicated
by the percentage difference between day 1 and day 15, liposomes containing BA were the
most stable formulation, while But-BA-Lip was the least stable.

 

Figure 2. TEM images of (A) bare liposome (scale bar 100 nm), (B) BA-Lip (scale bar 200 nm),
(C) But-BA-Lip (scale bar 200 nm), (D) Pal-BA-Lip (scale bar 200 nm) and (E) St-BA-Lip (scale bar
200 nm).
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Figure 3. SEM images of (A) bare liposome (scale bar 100 nm), (B) BA-Lip (scale bar 200 nm),
(C) But-BA-Lip (scale bar 200 nm), (D) Pal-BA-Lip (scale bar 500 nm) and (E) St-BA-Lip (scale bar
200 nm).

Figure 4. Measured hydrodynamic size and polydispersity index of the obtained liposomal formulations.

170



Processes 2024, 12, 416

Table 2. Drug loading efficiency of liposomal formulations determined at 4 ◦C and 25 ◦C, for 15 days.

Drug Loading Efficiency (DLE %)

BA-Lip But-BA-Lip Pal-BA-Lip St-BA-Lip

4 ◦C 25 ◦C 4 ◦C 25 ◦C 4 ◦C 25 ◦C 4 ◦C 25 ◦C

Day 1 78.12 78.12 85.22 85.22 82.06 82.06 80.18 80.18
Day 3 78.08 77.66 84.91 84.51 81.65 81.42 79.72 79.71
Day 5 77.65 77.13 84.58 83.72 81.17 80.68 79.16 78.88
Day 7 76.87 76.35 83.96 82.82 80.58 79.81 78.44 77.85
Day 9 76.11 75.38 83.15 80.91 79.83 78.87 77.53 76.71
Day 11 75.76 74.4 82.21 78.82 78.95 77.72 76.49 75.46
Day 13 74.58 73.17 81.03 76.51 78.01 76.25 75.35 73.89
Day 15 73.89 71.11 78.84 73.64 76.63 74.56 74.07 72.14

Day 1–15 difference 4.23 7.01 6.38 11.58 5.43 7.5 6.11 8.04

2.2. Evaluation of Betulinic Acid Fatty Esters and Liposomes Cytotoxic Effect

The viability of nonmalignant human keratinocytes—HaCaT and human malignant
melanoma—A375 cells was evaluated at 24 h and 48 h post-treatment with the newly
synthesized compounds (10, 25, 50, 75 and 100 μM) using the Alamar blue assay. The
incubation of nonmalignant HaCaT cells for 24 and 48 h revealed that, except for But-BA
and But-BA-Lip, the tested compounds did not exhibit cytotoxic effects against HaCaT cells
even at the highest tested concentrations (75 and 100 μM). However, the slightly cytotoxic
effects of But-BA and But-BA-Lip were only recorded at the highest tested concentration
with cell viability (%) decreasing at 73.15 ± 3.9 (48 h), 75.24 ± 2.57 (24 h) for But-BA and
84.12 ± 1.5 (48 h), 84.92 ± 0.06 (24 h) for But-BA-Lip; neither effect was comparable to 5-FU
(5-Fluorouracil) where cell viabilities dropped to 30.61 ± 3.54 (48 h), 35.58 ± 2.87 (24 h)
when the same concentration (100 μM) was applied (Figure 5).

Figure 5. Cell viability after 24 and 48 h treatment with 5-FU, BA, BA-Lip, Pal-BA, Pal-BA-Lip, St-BA,
St-BA-Lip, But-BA and But-BA-Lip (10, 25, 50, 75 and 100 μM) on HaCaT cells. The results are
expressed as viability percentages compared to the control group, considered 100% (** p < 0.01 and
*** p < 0.001 vs. control cells). The slash bars are represented by the liposomal nanoformulations of
BA’s esters. The data represents the mean values ± SD of three independent experiments performed
in triplicate.
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In terms of antimelanoma effects, the results revealed that among the synthetized
esters, only But-BA decreased cell viability more aggressively than BA alone subsequently
displaying lower IC50 value after 48 h incubation (60.77 μM vs. 65.9 μM) (Table 3); the
other esters (Pal-BA and St-BA) significantly decreased cell viability (%) vs. control (100%)
but displayed a similar cytotoxic profile with pure BA when the highest concentrations
were applied for 48 h (47.29 ± 1.39 for Pal-BA and 45.54 ± 2.8 for St-BA vs. 40.24 ± 0.89 for
BA). Moreover, the results showed that the inclusion of BA or its fatty esters in liposomes
induced stronger cytotoxic effects compared to the fatty esters and pure BA, respectively;
however, neither compound was able to match the antiproliferative activity of 5-FU, as
follows: 37.34 ± 2.74 (Pal-BA-Lip 100 μM–48 h), 46.73 ± 4.96 (Pal-BA-Lip 100 μM–24 h),
44.52 ± 0.52 (St-BA-Lip 100 μM–48 h), 45.43 ± 1.68 (St-BA-Lip 100 μM–24 h), 33.42 ± 0.03
(But-BA-Lip 100 μM–48 h), 42.94 ± 4.87 (But-BA-Lip 100 μM–24 h), 40.24 ± 0.89 (BA
100 μM–48 h) and 52.47 ± 1.01 (BA 100 μM–24 h) compared to 20.23 ± 2.24 (5-FU 100 μM,
48 h) and 26.45 ± 7.53 (5-FU 100 μM–24 h). Empty liposomes did not exert cytotoxic effects
in either HaCaT human keratinocytes or melanoma A375 cells (Figure 6).

Table 3. The calculated IC50 values (μM) of 5-FU, BA, BA-Lip, Pal-BA, Pal-BA-Lip, St-BA, St-BA-Lip,
But-BA and But-BA-Lip on HaCaT and A375 cell lines 48 h post-stimulation.

Compounds HaCaT A375

5-FU 40.14 ± 1.2 26.61 ± 0.82
BA >100 65.9 ± 1.07

BA-LIP >100 59.01 ± 0.45
PAL-BA >100 85.58 ± 1.32

PAL-BA-LIP >100 67.59 ± 0.33
ST-BA >100 75.75 ± 0.75

ST-BA-LIP >100 60.11 ±1.56
BUT-BA >100 60.77 ± 0.29

BUT-BA-LIP >100 50.71 ± 0.67

Figure 6. Cell viability after 24 and 48 h treatment with 5-FU, BA, BA-Lip, Pal-BA, Pal-BA-Lip, St-BA,
St-BA-Lip, But-BA and But-BA-Lip (10, 25, 50, 75 and 100 μM) on A375 cells. The results are expressed
as viability percentages compared to the control group, considered 100% (*** p < 0.001 vs. control
cells). The slash bars represent viability data for liposomal nanoformulations of BA’s esters. The data
represents the mean values ± SD of three independent experiments performed in triplicate.
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2.3. Fatty Ester Derivatives Effects on Cell Morphology

In nonmalignant HaCaT cells, no significant differences have been observed in terms
of cell morphology and confluence between treated and untreated (control) cells after
48 h. But-BA (100 μM) and But-BA-Lip (100 μM) only slightly altered cellular morphol-
ogy, some of the cells becoming rounder and on the verge of detaching (Figure S20A–C,
Supplementary Materials). The positive control, 5-FU, decreased the number and altered
HaCaT morphology and confluence, making them round and detached (Figure S20A).

In A375 melanoma cells, treatment with 5-FU, the highest concentration of esters
(Pal-BA, St-BA and But-BA) and their liposomes (Pal-BA-Lip, St-BA-Lip and But-BA-Lip)
induced several morphological changes such as round and detached cells, changes that
occurred simultaneously with a reduced number of cells, thus correlating to viability results
(Figure S21A–C, Supplementary Materials).

No significant changes in HaCaT cell morphology were detected in terms of cell
cytoskeleton architecture and nuclei upon treatment with BA, esters or their liposomal
formulations (BA, Ba-Lip, But-BA, But-Ba-Lip, Pal-BA, Pal-BA-Lip, St-BA and St-BA-Lip)
in the highest tested concentration (100 μM) for 48 h (Figure 7A,B).

(A) 

Figure 7. Cont.

173



Processes 2024, 12, 416

(B) 

Figure 7. The impact of 48 h treatment with BA, Ba-Lip (100 μM) (A) and But-BA, But-Ba-Lip, Pal-BA,
Pal-BA-Lip, St-BA and St-BA-Lip (100 μM) (B) on HaCaT cells nuclei (blue–Hoechst staining–third
column), cytoskeleton (beta-actin–green staining–second column) and the merged picture (first
column). Staurosporine (STZ, 5 μM) was used as a positive control for necrotic cell death. The scale
bar was 150 μm.
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The 48 h treatment of A375 melanoma cells with BA, fatty acid esters and their liposo-
mal formulation (Ba-Lip, But-BA, But-Ba-Lip, Pal-BA, Pal-BA-Lip, St-BA and St-BA-Lip)
using their IC50 values induced various morphological changes that are consistent with
apoptosis (Figure 8A,B). In particular, the treated cells underwent observable cytoskeletal
rearrangement accompanied by the alteration of cell shape and loss of structural integrity;
other morphological changes can be observed at nuclear level, such as: chromatin con-
densation (the nucleus appears highly compacted), nuclear shrinkage and fragmentation
and the formation of apoptotic bodies that can be seen as widely spread small condensed
chromatin fragments with various sizes.

Quantitative real-time PCR was used to determine gene expression variations of anti-
apoptotic Bcl-2 and pro-apoptotic Bax in order to further investigate the pro-apoptotic effect
of BA, BA-fatty acid esters, and their liposomal formulations against melanoma cells. After
a 24-h incubation period, measurements were carried out on A375 cells treated with test
compounds at a sub-cytotoxic concentration of 10 μM. The results show that all compounds
and formulations increase the expression of the pro-apoptotic Bax gene while decreasing
the expression of the anti-apoptotic Bcl-2 gene (Figure 9). BA induced a two-fold reduction
in the relative fold expression of Bcl-2. In this case, BA was outperformed by its liposomal
formulations Pal-BA and Pal-BA-Lip. This trend could be observed in the case of BAX,
where the 2.5 increase in relative fold expression induced by BA was surpassed by the same
BA-Lip, Pal-BA, and Pal-BA-Lip. It is also worth noting that the liposomal formulation
outperformed the unencapsulated compound in each case.

(A) 

Figure 8. Cont.
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(B) 

Figure 8. The impact of 48 h treatment with BA, Ba-Lip (IC50) (A) and But-BA, But-Ba-Lip, Pal-BA,
Pal-BA-Lip, St-BA and St-BA-Lip (IC50) (B) on A375 cells nuclei (blue—Hoechst staining—third
column), cytoskeleton (beta-actin—green staining—second column) and the merged picture (first
column). Staurosporine (STZ, 5 μM) was used as a positive control for necrotic cell death. The yellow
arrows indicate signs of apoptotic cell death. The scale bar was 150 μm.
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Figure 9. Relative fold change expression in mRNA of Bcl-2 and BAX in A375 cells after stimulation
with BA, BA-Lip, But-BA, But-Ba-Lip, Pal-BA, Pal-BA-Lip, St-BA and St-BA-Lip at 10 μM. The
expressions were normalized to 18S and DMSO was used as control. Data represents the mean
values ± SD of three independent experiments. One-way ANOVA with Dunnett’s post-test was
applied to determine the statistical differences in rapport with DMSO stimulated cells (*** p < 0.001 vs.
control cells).

2.4. Scratch Assay

In order to determine the anti-migratory effects of BA, BA fatty acid esters and their
liposomal formulations, a scratch assay technique was performed. Stimulation of A375
melanoma cells with BA esters and their respective liposomes revealed an efficient anti-
migratory effect for the tested concentration (10 μM) both 24 h and 48 h post-treatment
(Figures 10 and 11A–C). All compounds exhibited scratch closure rates below 30% com-
pared to control with a scratch closure rate of 70% after 24 h and 81.49% after 48 h. BA esters
(Pal-BA, St-BA and But-BA) inhibited the scratch closure rate to 14.5%, 23.31% and 19.98%,
respectively. The most impressive anti-migratory effects were exhibited by But-BA-Lip,
with a scratch closure rate of 8.23%, and Pal-BA-Lip, with a scratch closure rate of 8.61%,
values that were slightly lower compared to those of BA at 16.48% and BA-Lip at 9.62%.
St-BA-Lip decreased the scratch closure rate to 22.36%. Furthermore, at this concentration,
cells with round shape and detached cells could be observed, thus clearly showing the
cytotoxic effects of these compounds against melanoma cells.

Figure 10. Scratch migration assay of Pal-BA, Pal-BA-Lip, St-BA, St-BA-Lip, But-BA, But-BA-Lip, BA
and BA-Lip (10 μM) on A375 cells. The percentage signifies the remnant gap size 24 h and 48 h after
conducting the scratches compared to the initial gap size. Values were expressed as mean ± SD and
the asterisk values show significant results of the tested compounds compared to the control group
using the one-way ANOVA’s test followed by Dunnett’s post-test.
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(A) 

(B) 

(C) 

Figure 11. The effects of BA and BA-Lip (A), Pal-BA, Pal-BA-Lip, St-BA (B), St-BA-Lip, But-BA and
But-BA-Lip (C) (10 μM) on malignant melanoma cells A375 migration capacity. The images were
taken by light microscopy at 10× magnification. The cell migration was measured both at 0 h and at
48 h after stimulation. The red line represents the measured width of the scratched/wounded area.
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2.5. Betulinic Acid Esters Effect on BAX and Bcl-2 Protein Levels

In order to determine whether the treatment with BA, BA-Lip, Pal-BA, Pal-BA-Lip,
St-BA, St-BA-Lip, But-BA and But-BA-Lip induce apoptotic cell death in A375 cancer cells,
the pro-apoptotic BAX and anti-apoptotic Bcl-2 levels were quantitatively measured using
an in vitro Enzyme-Linked Immunosorbent assay (ELISA). The results indicate that all
compounds were able to increase the pro-apoptotic BAX protein level, while decreasing
the anti-apoptotic Bcl-2 protein level (Figure 12).

Figure 12. Effect of BA, BA-Lip, Pal-BA, Pal-BA-Lip, St-BA, St-BA-Lip, But-BA and But-BA-Lip,
(IC50) on BAX (A) and Bcl-2 (B) protein levels in A375 cell lines after 48 h treatment. The results were
reported as mean values ± SD with p < 0.05 (*) and p < 0.001 (***), when compared to control. All
experiments were performed in triplicate.

3. Discussion

When comparing natural compounds versus synthetic ones as treatments against
malignant diseases, nature wins points by presenting certain advantages such as superior
efficacy and safety, lower costs and chemical diversity; moreover, natural compounds
have the ability to modulate multiple oncogenic signaling pathways while conventional
chemotherapeutic drugs usually aim at only one particular target [29]. Betulinic acid, which
can be found in many tree and plant species, shows a wide range of biologic activities [30]
including selective anticancer effects against numerous types of cancer cells [31]; its abil-
ity to directly target mitochondria and trigger cancer death provides the possibility of
alternative anticancer treatment when conventional therapy fails [32]. Despite its promis-
ing anticarcinogenic effects, BA’s low bioavailability has impelled many researchers to
synthesize new analogues that exhibit improved pharmacokinetic and pharmacodynamic
profiles [33]. The chemical modulation of betulinic acid may lead to the synthesis of hybrid
molecules that occupy a special place in the development of effective anticancer agents,
since they provide the possibility to enhance and enlarge the biological effects of the parent
molecule while circumventing drug resistance [34]. Some researchers reported that the
biological activities of several pentacyclic triterpenes such as amyrin, oleanolic acid, lupeol
and ursolic acid might be improved through esterification with fatty acids [19,35]. Despite
general knowledge that saturated fatty acids are associated with increased risks of cardio-
vascular events, they are also involved in important physiological regulatory mechanisms
in protein activation and subcellular trafficking as well as gene transcription; moreover,
saturated fatty acids may induce apoptosis through several pathways [36]. To the best
of our knowledge, fatty acid conjugates of anticancer agents are rather poorly explored
although several studied revealed that both saturated and unsaturated fatty acids have the
ability to improve the anticancer efficacy and selectivity of conjugated drugs [37]. Betulinic
acid is currently regarded as unsuitable for therapeutic use due to its low solubility and
bioavailability; the introduction of a hydrophobic fragment in the molecule’s scaffold
causes an increase in lipophilicity that may induce an increased uptake of the compound
through the cell membrane, thus optimizing its bioavailability [38].
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Triterpene esterification can be accomplished using a variety of reagents such as free
acids, anhydrides or acyl chlorides; since BA contains a single hydroxyl group that can be
acylated, the more reactive acyl chlorides were chosen as reaction partners. One previous
study used anhydrides to synthesize various 3-O-BA esters [39], including 3-O-butiryl-BA;
however, the resulting compound was obtained in lower yields compared to the current
study. BA esters were subsequently incorporated in liposomes which are able to prolong
circulation time and facilitate intracellular absorption; in addition, liposome entrapment
may delay ester hydrolysis, thus providing in vivo controlled drug release [40].

Several previous studies reported BA-containing liposomes with similar characteristics
which were also prepared by using the film hydration method employed in the current
study, thus making it highly reproducible. As an example, Farcas et al. described a BA
formulation containing magnetic nanoparticles entrapped in PEGylated liposomes [28]
where, similar to our case, the addition of BA resulted in an increase in hydrodynamic size
and PI values; the authors also reported comparable DLE values. Liu Y et al. prepared
BA PEGylated liposomes with a mean diameter of 142 nm and DLE of up to 95% [12];
Mullauer et al. used the film hydration method to obtain BA-liposomes with sizes ranging
from 100 to 200 nm [41]. Even when the liposomal formulation contains a mixture of
BA with other active compounds, it appears that the DLE reported for BA is maintained;
Jin et al. developed a PEGylated liposomal formulation that included BA, parthenolide,
honokiol and ginsenoside Rh2 that exhibited 89.5% DLE related to BA alone. To the best of
our knowledge, this is the first report on liposomes containing BA esters with fatty acids;
their diameters are clearly larger than those recorded for BA formulations presumably
due to their higher molecular weight, while their DLE reached similar values (around
80%). For But-BA-Lip, the particle size fell within the range of 100–200 nm, while for the
other two liposomal formulations the diameter exceeded 200 nm; however, the tumor
neo-angiogenesis process induces the occurrence of gaps between endothelial cells of up to
2 μm that allow a preferential access to tumor sites compared to normal cells that display a
tighter structure with 5–10 nm pores [40]. Liposomes remained unchanged in size and PDI
values for 7 days. However, when all formulations were tested for 15 days for drug loading
fluctuations, we discovered that when stored at room temperature (25 ◦C), drug loading
efficiency decreased significantly, with the But-BA-Lip formulation being the least stable.
When the samples were refrigerated (4 ◦C), the reductions in drug loading efficiency were
minor. This phenomenon, in which the drug content of liposomal formulations degrades
at higher temperatures during storage, is common in PEGylated liposomes, including
those containing pentacyclic triterpenes [12,42]. The observed reduction in ζ potentials
(−22.1 mV, −19.4 mV, −18.7 mV, −18.2 mV, and −17.8 mV) across the five formulations
(Lip, Ba-Lip, But-Ba-Lip, Pal-Ba-Lip and St-Ba-Lip) indicates an apparent correlation with
the loaded drug’s mass. The ζ potential values slightly decrease as the loaded drug’s mass
increases. This phenomenon can be caused by the interaction of drug molecules with the
liposomes’ surface charge. The accumulation of drug molecules towards the liposome’s
surface may shield the charges, lowering the absolute value of the overall zeta potential.
Such fluctuations in zeta potential indicate changes in the electrostatic stability of liposomal
formulations [43]. Given that stable liposomes typically have zeta potential values that fall
outside of the −30 mV to 30 mV range [44], the observed decrease in zeta potential is not
that concerning given that these values fall in the same range (−20 mV–−10 mV) as similar
liposomes that were previously reported [28,45,46].

The fatty acids esters (Pal-BA, St-BA, But-BA) as well as their liposomal formula-
tions (Pal-BA-Lip, St-BA-Lip, But-BA-Lip) were assessed against immortalized human
keratinocytes HaCaT and human melanoma A375 cells in terms of cell viability using the
Alamar blue assay. HaCaT is a non-cancerous monoclonal cell line derived from adult
human keratinocytes that can support long-term growth without supplemented growth
factors; it displays all morphological features, surface markers and functions of normal ker-
atinocytes and has been used in numerous cell viability studies as model of non-malignant
cells for anticancer selectivity assessments [47]. The experimental results revealed that
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except for But-BA and But-BA-Lip none of the tested compounds exerted cytotoxic effects
against HaCaT keratinocytes, regardless of concentration; these findings indicate that
Pal-BA and St-BA, as well as their liposomal formulations, Pal-BA-Lip and St-BA-Lip,
may selectively act against cancer cells without affecting healthy cells even when used in
high dosages.

Regarding the But-BA and But-BA-Lip effect in HaCaT cells, only the highest tested
concentration exhibited cytotoxic effects, yet these were significantly lower compared to
5-FU employed as positive control. Since butyric acid is not toxic against skin cells and is
also able to modulate cutaneous immune and inflammatory reactions [48], one may only
assume that the slightly cytotoxic effect in HaCaT cells is attributable to the ester itself;
however, following inclusion in liposomes, the cytotoxic effect is clearly attenuated.

The tested compounds acted as cytotoxic agents in A375 melanoma cells in a dose-
and time-dependent manner; the results revealed a calculated IC50 value of 65.9 μM for
BA. While these values may seem high compared to other studies, this variability can be
attributed, in part, to differences in the experimental methodologies employed, particularly
regarding the concentration of DMSO used in the assays and the method of compound
dilution. A similar case was reported by Suresh et al. where IC50 values for betulinic acid,
of 154 μM and 112 μM for A375 and MCF-7 cell line, respectively. [49]. The authors attribute
the high IC50 value obtained for BA on the low DMSO concentration that was used, namely
0.1% final concentration, as compared to other studies that vary this concentration from
0.5% to 2%. This low concentration led to the precipitation of BA, but the authors stated
that testing BA in this suspended state mimics the in vivo scenario better in terms of drug
release [49].

Out of the three tested esters, only But-BA exhibited a lower IC50 value than BA
alone, thus revealing higher cytotoxic efficacy. A similar decrease of viability in A375
melanoma cells was recorded for BA ester with myristic acid; the study demonstrated
that although both BA and its ester induced cytotoxic effects, the strongest inhibition was
recorded for the esterified triterpenic acid [18]. The higher IC50 values for Pal-BA and
St-BA may be correlated with the fact that when the stock solutions were diluted, at lower
concentrations, the compounds formed precipitates, thus there being less available dis-
solved active substance at the cell site. This occurrence was previously mentioned for BA,
as well, when the authors tried to obtain final BA dilution samples with a DMSO maximum
concentration of 0.1% [49]. Following liposomal inclusion, an enhanced anticancer activity
was recorded compared to both BA alone as well as its fatty acid esters; however, only
BA-Lip, St-BA-Lip and But-BA-Lip display lower IC50 values than the one recorded for
pure BA. In agreement to the current results, numerous studies demonstrated that the
inclusion of BA in surface-modified nanoformulations will result in an enhancement of
their anticancer potential, as revealed in several types of cancer cells: hepatocellular carci-
noma HepG2 cells (IC50 value of 63.07 μg/mL–BA folate-functionalized liposomes) [46],
cervical cancer HeLa cells (84.31% inhibition rates 48 h post-stimulation with PEGylated
BA liposomes 125 μg/mL) [12], lung cancer A549 cells (IC50 > 15 μg/mL for BA liposomes,
after stimulation with a cocktail of BA, parthenolide, honokiol and ginsenoside) [45].

Although its anti-melanoma mechanisms are yet to be fully elucidated, it is known
that BA acts as proapoptotic inducer in various human cancer cell lines through multiple
mitochondrial-dependent mechanisms [50]; in addition, the anticancer mechanism of
BA relies on the excessive production of reactive oxygen species (ROS), the regulation
of the cell cycle and the inhibition of angiogenesis [51]. Apoptosis can be described as
regulated cell death, typically characterized by cell shrinkage, nuclei fragmentation and
dynamic membrane blebbing [52]; BA can induce cell apoptosis through several signaling
pathways, being able to modulate the Bax/Bcl-2 ratio and to activate caspases-3, -7, as well
as MAPK/ERK pathway [8,53]. One may assume that BA hybrid molecules such as the
fatty acid esters will trigger cell death through similar apoptotic mechanisms as the parent
compound; taking into consideration the effective antiproliferative activities recorded for
the tested compounds, the IC50 concentrations were selected for further examination of the
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underlying molecular mechanisms of action of the hybrid compounds and their liposomal
formulations as well through Hoechst (nuclei) and beta-actin (cytoskeleton) staining. Non-
cancerous HaCaT cells were examined by means of the same techniques after treatment
with the highest concentration previously used (100 μM) that induced cytotoxic effects.
The morphological assessment in melanoma cells showed several signs of apoptosis, such
as nuclei shrinkage and condensation and nuclear fragmentation, as well as disrupted
cytoskeletons in melanoma cells; the proapoptotic anticancer mechanism is shared by
both BA alone and the fatty acids used as esterification partners. In addition to being a
source of energy and a player in the membrane structure and functions, palmitic acid exerts
antitumor effects through apoptosis induction, the inhibition of tumor cell proliferation and
metastasis and immunostimulation; moreover, its derivatives are able to exert additional
cytoprotective effects [14]. Stearate conjugates are able to cause significant growth inhibition
in cancer cells through apoptosis induction in a concentration-dependent manner while
also limiting cell migration [54]. Butyric acid is among the main short-chain fatty acids
secreted by the gut bacteria and may be accountable for 70% of the energy available for
epithelial intestinal cells [55]; it shows strong dose-dependent anti-inflammatory and
cytotoxic effects based on apoptosis induction. In particular, butyrate derivatives were
revealed as antimelanoma agents acting as pro-drugs of butyric acid [56]. The delivery and
release of butyric acid in cancer cell can be optimized through its inclusion in liposomes [57].
The fact that the esters synthesized in the current study adopt a proapoptotic anticancer
mechanism comes as a natural consequence of the individual mechanisms of action of the
conjugated molecules; also, their liposomal formulations may facilitate their delivery inside
cancer cells.

Keratinocytes evaluation could not reveal any pro-apoptotic signs regardless of the
tested compound. This level of anticancer selectivity is characteristic for BA alone and
has long been reported starting with Pisha et al. in 1995 [58]; it is therefore to be expected
that BA hybrid molecules will show similar behavior. Indeed, BA esters with palmitic
and stearic acids, respectively, did not cause morphological changes in HaCaT cells which
correlates well with their lack of cytotoxicity in the same cell line during cell viability
studies; despite exerting slightly cytotoxic effects against HaCaT cells when used in high
dosage, But-BA and But-BA-Lip did not induce any of the morphological signs associated
with cell apoptosis.

Internal cellular stress initiates the mitochondrial apoptotic pathway, which involves
the coordinated actions of pro-apoptotic (BAX, Bak) and anti-apoptotic (BCL-2, BCL-X,
BCL-w, MCL-1, BFL-1/A1) proteins. BA was found to increase BAX expression while
decreasing Bcl-2 expression, triggering apoptosis in PANC-1, SW1990, A549, HT-29, T47D,
FTC 238, C6, SKNAS, TE671, Jurkat E6.1 and RPMI 8226 cells [59,60]. BA exhibited the same
previously reported effect correlated with BCL2/BAX gene modulation on A375 melanoma
cells, with quantitative results similar to other studies where PCR was used to determine
BCL-2/BAX relative fold gene expression [60]. This pattern extends to other BA derivatives
that were designed by chemical modulations of various positions (3-OH, 28-COOH or
30-allyl) [61–63] that in some cases led to a slight modification of the triterpene core as
well [64]. This collectively suggests that the hydrophobic triterpene scaffold is essential for
the alteration of the Bcl-2/BAX normal ratio. Considering this information, the PCR results,
together with the quantitative measurements of Bax and Bcl-2 protein level, obtained for
the three fatty acid esters, fell in the expected range since no significant chemical alterations
were carried out on the core structure of BA. There have been a few reports in the literature
related to 3-O-BA esters that show an increased pro-apoptotic activity against cancer cells
when compared to BA alone by altering the expression of Bcl-2 protein family members.
Saha et al. reported the biological evaluation of 3-O-dichloroacetyl-BA, which showed
increased cytotoxicity and pro-apoptotic activity compared to BA by decreasing Bcl-XL
levels and increasing BAX expression in MCF7 cells [65]. Drag-Zalesinska et al. showed
that an increase in pro-apoptotic activity in EPP85-181P was recorded for the 3-O-lysine
ester of BA, which outperformed the parent compound [66]. While this data suggests that
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3-O esters of BA can have a greater pro-apoptotic effect in cancer cells than the parent
compound, more research is needed to determine why But-BA was the only compound
that outperformed BA.

The scratch assay is an in vitro method used to evaluate the effects of active com-
pounds as well as their involvement in cell migration [67]. Since aberrant cell migration
is a feature of cancer cells, the anti-migratory effect that would stop tumor cell invasion
represents a desirable effect for any potent anticancer agent [68,69]. The antimigratory
effect of our newly synthesized compounds was tested in vitro in A375 melanoma cells by
using lower concentrations than cytotoxic ones; the most promising results were recorded
for Pal-BA-Lip and But-BA-Lip that significantly inhibited the migration of the cancer cells
in a time-dependent manner, thus revealing their potential for preventing cancer metastasis.
The anti-migratory effect of BA in various cancer cells has already been described [70,71];
however, to the best of our knowledge, this is the first report on the antimigratory activity of
betulinic acid esters with fatty acids which not only succeeded in inhibiting cell migration
with a potency comparable to betulinic acid but in some cases even surpassing it.

Collectively, the biological data reported a significant antiproliferative and antimigra-
tory activity for all hybrid compounds, with the butyric derivative exhibiting the strongest
anticancer potential against melanoma cells. Such C-3 fatty esters of pentacyclic triterpenes
also occur in plants [72] and have been under investigation for their biological effects;
their natural origin indicates them as less toxic in healthy cells than synthetic drugs, a [73]
fact that was verified in HaCaT keratinocytes in the current study for the similar, newly
synthesized esters. Fatty acid esters may provide an additional advantage of acting as
pro-drugs for the active triterpene, betulinic acid, whose release and delivery to the cancer
cell can be thus influenced [74]; also, the fatty acids released as a result of ester cleavage
are able to induce intrinsic cytotoxic effects through complementary pro-apoptotic activity
thus adding to the overall therapeutic benefit. The inclusion of the active compounds in
liposomes increased their anticancer effects in all cases, with the liposomal formulation of
But-BA achieving lower IC50 values and therefore stronger cytotoxic effects than the similar
formulation of pure BA. Future research should focus on the study of the pharmacokinetic
profile of these BA fatty acid prodrugs, whose delivery to the cancer cell may be controlled
in order to provide prolonged anticancer activity; further in vivo studies are necessary for
the complete characterization of the biological effects and toxicity of these compounds and
their liposomal formulations.

4. Materials and Methods

4.1. Chemistry
4.1.1. Instruments and Reagents

Betulinic acid (BA), butyryl chloride, palmitoyl chloride, stearoyl chloride, 4-
dimethylaminopyrindine and and all other necessary solvents were commercially avail-
able products (Merck KGaA, Darmstadt, Germany) and were further used without any
additional purification.

The 1D (1H and 13C) and 2D (H,H-COSY, H,C-HSQC and H,C-HMBC) NMR exper-
iments were performed utilizing a Bruker Avance NEO 400 MHz Spectrometer (Bruker,
Billerica, MA, USA) that was equipped with a 5 mm QNP direct detection probe and
z−gradients. The spectra were recorded under standard conditions in either DMSO-d6 or
CDCl3 and were referenced on the residual peak of the solvent (1H: 2.51 ppm for DMSO-d6
or 7.26 ppm for CDCl3; 13C: 39.5 ppm for DMSO-d6 or 77.0 for CDCl3).

The Biobase melting point instrument (Biobase Group in Shandong, Jinan, China), was
utilized to record the melting points. Thin-layer chromatography was performed using
60 F254 silica gel-coated plates obtained from Merck KGaA in Darmstadt, Germany.

FTIR spectra were generated using KBr pellets on a Shimadzu IR Affinity-1S spec-
trophotometer with a 400–4000 cm−1 range and a 4 cm−1 resolution.

Methanolic solutions were utilized to record LC/MS spectra on an Agilent 6120
Quadrupole LC/MS system (Santa Clara, CA, USA) that was equipped with a UV detector,
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an ESI ionization source, and a Zorbax Eclipse Plus C18 column (3.0 mm × 100 mm × 3.5 μm)
at 40 ◦C in the negative ion mode. The samples were analyzed under the following
conditions: 0.4 mL/min, 25 ◦C, and λ = 200 nm. The mobile phase was composed of a
1 mM isocratic mixture comprising 85% methanol and 15% ammonium formate. This
procedure was also employed for the determination of BA content in each liposomal
formulation in order to calculate the drug loading efficiency (DLE). Liposomal formulations
were previously subjected to NaOH degradation and ester hydrolysis to free esterified BA.
After 24 h, the aqueous solutions containing hydrolyzed BA were neutralized, extracted
with ethyl acetate, evaporated and the residue was redispersed in methanol. Methanolic
solutions were analyzed by the above-mentioned technique where the quantity of liposome
encapsulated BA was determined using a 7-point plot calibration curve, obtained in the
50–2000 ng·mL−1 range (R2 > 0.999 linearity). DLE for each sample was calculated as the
percentage ratio between the encapsulated and total amount of used BA.

The particle morphology of the synthesized samples was analyzed in STEM Mode
with a Verios G4 UC Scanning electron microscope (Thermo Scientific, Brno, Czech Repub-
lic) equipped with Energy Dispersive X-ray spectroscopy analyzer (Octane Elect Super SDD
detector, Gatan, Pleasanton, CA, USA). The STEM studies were performed using the STEM
3+ detector (Bright-Field Mode) at accelerating voltage of 25 kV. For STEM analysis the
samples were dispersed in water and then they were placed on carbon-coated copper grids
with 300-mesh size and dried until the solvent was removed. Hydrodynamic diameters
of the liposomes (BA-Lip, But-BA-Lip, Pal-BA-Lip, St-BA-Lip) were determined by DLS
with a Zetasizer Pro (Malvern Panalytical, Malvern, UK). Each sample was measured at a
dilution of 1:10 in deionized water and measurements were performed in triplicate. The fol-
lowing parameters were used for these measurements: general purpose as analysis model,
automatic for size display limit mode, automatic for size threshold mode, equilibration
time of 120 s and a temperature of 25 ◦C.

4.1.2. Synthesis Procedure for BA Fatty Acid Esters

A quantity of 1 mmol BA was dispersed in 20 mL of dichloromethane (DCM) and
stirred for 15 min before being followed by 2 mmoles of 4-dimethylaminopyridine (DMAP).
Following that, 2 mmoles of acyl chloride were added dropwise. The reaction was stirred
at room temperature for 24 h. Thin-layer chromatography using chloroform as the eluent
confirmed the completion of the reaction. Following water extraction, the organic phase
was dried over anhydrous MgSO4 and removed by rotary evaporation. The crude product
was chromatographed over silica using chloroform as the mobile phase.

3-O-butiryl-betulinic acid (But-BA); translucent crystals, m.p. 265–280 ◦C, yield 74%;
1H NMR (CDCl3, 400 MHz, δ, ppm): 11.09 (s, 1H, COOH), 4.74 (s, 1H, H29a), 4.61 (s, 1H,
H29b), 4.47 (dd, J = 4 Hz, J = 8 Hz, 1H, H3), 3.00 (m, 1H, H19), 2.29–2.26 (m, 3H, -CH2-COO-;
H15a), 2.21–0.78 (m, 42H from betulinic acid backbone, 5H from butyric acid chain). 13C
NMR (CDCl3, 100 MHz, δ, ppm): 182.2 (COOH), 173.6 (-COO-), 150.4 (C20), 109.7 (C29),
80.6 (C3), 56.4, 55.4, 50.4, 49.2, 46.9, 42.4, 40.7, 38.4, 38.4, 37.8, 37.1, 37.0, 36.8, 34.2, 32.1,
30.6, 29.7, 27.9, 25.4, 23.7, 20.8, 19.3, 18.6, 18.1, 16.5, 16.1, 16.0, 14.7, 13.7. FTIR [KBr] (cm−1)
relevant peaks: 2941, 2874 (C-H stretch); 1730, 1254, 1010 (ester C=O, C-C-O, O-C-C stretch);
ESI-MS, m/z = 525 [M-H+]−.

3-O-palmitoyl-betulinic acid (Pal-BA); white powder, m.p. 160–170 ◦C, yield 70%; 1H
NMR (CDCl3, 400 MHz, δ, ppm): 11.15 (s, 1H, COOH), 4.74 (s, 1H, H29a), 4.61 (s, 1H,
H29b), 4.47 (dd, J = 4 Hz, J = 8 Hz, 1H, H3), 3.00 (m, 1H, H19), 2.30–2.27 (m, 3H, -CH2-COO-;
H15a), 2.21–0.86 (m, 42H from betulinic acid backbone, 29H from palmitic acid chain). 13C
NMR (CDCl3, 100 MHz, δ, ppm): 182.3 (COOH), 173.8 (-COO-), 150.4 (C20), 109.7 (C29),
80.6 (C3), 56.4, 55.4, 50.4, 49.2, 46.9, 42.4, 40.7, 38.4, 38.4, 37.8, 37.1, 37.0, 34.8, 34.2, 32.1, 31.9,
30.6, 29.7, 29.6, 29.6, 29.5, 29.4, 29.2, 29.2, 28.0, 25.4, 25.2, 23.7, 22.7, 20.8, 19.3, 18.1, 16.5, 16.1,
16.0, 14.7, 13.7. FTIR [KBr] (cm−1) relevant peaks: 2930, 2859 (C-H stretch); 1730, 1242, 1010
(ester C=O, C-C-O, O-C-C stretch); ESI-MS, m/z = 693 [M-H+]−.
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3-O-stearoyl-betulinic acid (St-BA); white powder, m.p. 150–162 ◦C, yield 65%; 1H NMR
(CDCl3, 400 MHz, δ, ppm): 10.85 (s, 1H, COOH), 4.74 (s, 1H, H29a), 4.61 (s, 1H, H29b), 4.47
(dd, J = 4 Hz, J = 8 Hz, 1H, H3), 3.00 (m, 1H, H19), 2.30–2.27 (m, 3H, -CH2-COO-; H15a),
2.21–0.88 (m, 41H from betulinic acid backbone, 31H from stearic acid chain). 13C NMR
(CDCl3, 100 MHz, δ, ppm): 182.0 (COOH), 173.8 (-COO-), 150.4 (C20), 109.7 (C29), 80.6 (C3),
56.4, 55.4, 50.4, 49.3, 46.9, 42.4, 40.7, 38.4, 38.4, 37.8, 37.1, 37.1, 34.9, 34.2, 32.2, 31.9, 30.6, 29.7,
29.6, 29.6, 29.5, 29.4, 29.3, 29.2, 28.0, 25.4, 25.2, 23.7, 22.7, 20.8, 19.3, 18.2, 16.5, 16.2, 16.0, 14.7,
13.7. FTIR [KBr] (cm−1) relevant peaks: 2924, 2853 (C-H stretch); 1730, 1242, 1010 (ester
C=O, C-C-O, O-C-C stretch); ESI-MS, m/z = 721 [M-H+]−.

4.1.3. Synthesis Procedure for BA Fatty Acid Esters Liposomal Formulations

The liposomes were made using the thin-layer hydration method using a slightly
modified, previously published procedure [28]. A quantity of 100 mg of L-α- phos-
phatidylcholine followed by 0.03 mmols of cholesterol, 0.004 mmols of DSPE-PEG2000, and
0.02 mmols of triterpene were dissolved in chloroform and stirred until a clear solution
was obtained. The solvent was then removed with a rotary evaporator, and the resulting
lipid film was hydrated with 10 mL of phosphate buffer saline (PBS). The mixture was
allowed to hydrate for 24 h before being redispersed for 30 min using sonication. To remove
unencapsulated BA, the emulsion was centrifuged at 3000 rpm for 10 min, 3 times, the
supernatant was collected and was stored at 4 ◦C.

4.2. In Vitro Assessment
4.2.1. Cell Culture

The cell lines selected for our study were noncancerous human keratinocytes—HaCaT,
acquired from CLS Cell Lines Service GmbH (Eppelheim, Germany), and human malignant
melanoma—A375, purchased from American Type Culture Collection (ATTC, Lomianki,
Poland). The cells were acquired as frozen items and were stored in liquid nitrogen. Both
HaCaT and A375 were cultured and propagated in Dulbecco’s Modified Eagle Medium
(DMEM) high glucose, supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic
mixture of Penicillin/Streptomycin (100 IU/mL). The cells were maintained in a humified
incubator with 5% CO2 at 37 ◦C.

4.2.2. Cell Viability Assessment

Alamar blue assay. The Alamar blue staining method was used to determine the cell
viability of HaCaT and A375 cells, post stimulation with increasing concentrations (10, 25,
50, 75 and 100 μM) of BA and its fatty esters Pal-BA, St-BA and But-BA, and the PEGylated
liposomes Pal-BA-Lip, St-BA-Lip, But-BA-Lip, BA-Lip, the liposome in a free form (Lip)
and using 5-fluorouracil as positive control, for 24 h and 48 h. The tested concentrations for
the liposomal formulations were obtained considering previously recorded DLE values.
The cells (1 × 104 cells/well) were seeded onto 96-well plates and incubated 37 ◦C and 5%
CO2 until reaching 80–85% confluence. The cell number was determined with Trypan blue
coloring using an automated cell counting device (Thermo Fisher Scientific, Inc., Waltham,
MA, USA). The used medium was removed using an aspiration station and replaced with
fresh medium containing the tested compounds. The tested concentrations (10, 25, 50,
75 and 100 μM) were prepared using stock solutions of 20 mM and the final concentration
of DMSO did not exceed 0.5%. After 24 h, and 48 h, respectively, the cells were stained with
Alamar blue 0.01% by adding to each well 20 μL Alamar blue 0.01%, obtaining a finale
volume of 220 μL/well and then incubated for another 3 h in a humified incubator with
5% CO2 at 37 ◦C. The absorbance was measured at two wavelengths, 570 nm, and 600 nm
using xMark™ Microplate Spectrophotometer, Bio-Rad (Hercules, CA, USA).

4.2.3. Fatty Ester Derivatives Effects on Cell Morphology

The A375 melanoma cells and the human keratinocytes HaCaT cells were seeded onto
12-well plates at initial density of 2 × 105 cells/well until reaching 80–85% confluence.
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Afterwards, the cells were stimulated with the tested compounds for 48 h at the highest
tested concentration (100 μM) for HaCaT cells and the corresponding IC50 values for A375.
All the cells were stimulated with 5-FU as positive control. After 48 h, the morphology of
the cells was evaluated using the EVOS™ M5000 Imaging System equipped with a highly
sensitive CMOS camera (Thermo Fisher Scientific, Inc., Waltham, MA, USA).

4.2.4. Immunofluorescence Assay—Morphological Assessment of Apoptotic Cells

Hoechst staining was used to assess the nuclear localization and determine signs of
apoptosis (fragmentation, shrinkage), while beta-actin staining was utilized to determine
the cytoplasmatic localization. HaCaT and A375 cells were seeded onto 12-well plates
at initial density of 2 × 105 cells/well. After reaching 80–85% confluence, the cells were
stimulated for 48 h with the tested compounds at their IC50 values for A375 cells and at
100 μM—the highest concentration for HaCaT cells. Separately, some wells were treated
with staurosporine 5 μM as positive control. After 48 h the old medium was removed
and the cells were fixed with methanol for 15 min, permeabilized with Triton X 0.01% in
PBS for 15 min and blocked with 3% BSA for 30 min at room temperature. Later on, the
cells were stained with beta actin monoclonal antibody using a 1:2000 dilution (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) in BSA 3% for 1 h at room temperature and then
were incubated with Alexa fluor 488 goat-anti mouse secondary antibody (Thermo Fisher
Scientific, Inc., Waltham, MA, USA) at a dilution of 1:5000 in BSA 3% for 30 min in the dark,
at room temperature. Finally, for nuclear staining the Hoechst 33258 solution was added
for 5 min. The nuclear and cytoplasmatic modifications were analyzed using the EVOS™
M5000 Imaging System equipped with a highly sensitive CMOS camera (Thermo Fisher
Scientific, Inc., Waltham, MA, USA).

4.2.5. Real-Time PCR Quantification of Apoptotic Markers

The total RNA content was extracted using the peqGold RNAPureTM Package (Peqlab
Biotechnology GmbH, Erlangen, Germany) following the manufacturer’s instructions, and
the total concentration of RNA was measured using a DS-11 spectrophotometer (DeN-
ovix, Wilmington, DE, USA). The Maxima® First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Inc., Waltham, MA, USA) was used for reverse transcription, and the
samples were incubated in the Tadvanced Biometra Product line (Analytik Jena AG, Göt-
tingen, Germany) using the following thermal cycle: 10 min at 25 ◦C, 15 min at 50 ◦C,
and 5 min at 85 ◦C. Quantitative real-time PCR was conducted employing a Quant Studio
5 real-time PCR system (Thermo Fisher Scientific, Inc., Waltham, MA, USA). The analy-
sis was performed using 20 μL aliquots containing Power SYBR-Green PCR Master Mix
(Thermo Fisher Scientific, Inc., Waltham, MA, USA), sample cDNA, the sense and antisense
primer and pure water. The primer pairs used for this method included 18S, used as
housekeeping gene (sense: 5′ GTAACCCGTTGAACCCCATT 3′; antisense: 5′ CCATC-
CAATCGGTAGTAGCG 3′), Bax (sense: 5′ GCCGGGTTGTCGCCCTTTT 3′; antisense:
5′CCGCTCCCGGAGGAAGTCCA 3′) and Bcl-2 (sense: 5′CGGGAGATGTCGCCCCTGGT
3′; antisense: 5′GCATGCTGGGGCCGTACAGT 3′) (Thermo Fisher Scientific, Inc., Waltham,
MA, USA). Normalized, relative expression results were calculated using the comparative
threshold cycle method (2−ΔΔCt).

4.2.6. Scratch Assay

The scratch test was performed in order to assess the regressive effect of Pal-BA, St-BA,
But-BA, Pal-BA-Lip, St-BA-Lip, But-BA-Lip, compared to the parent compound BA and
BA-Lip on the invasion capacity of malignant melanoma A375 cells. The cells (2 × 105/well)
were seeded onto 12-well plates until reaching 80–85% confluence. Then, the old medium
was removed and the attached cells were scratched onto the diameter of the well using
a sterile pipette tip. After washing the cells with warm PBS, the cells were stimulated
with each tested compound at 10 μM. To establish the growing rate of the stimulated cells
compared to control, the wells were photographed at 0, 24 and 48 h using the Olympus
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IX73 inverted microscope (Olympus, Tokyo, Japan). The cells Sense Dimension software
(version 1.8) was utilized for analyzing cell migration for each cell line.

The following formula was used in order to calculate the scratch closure rate [75]:

Scratch closure rate =

[
At0 − At

At0

]
× 100

where At0 is the scratch at time 0 h and At is the scratch area at 24 h or 48 h.

4.3. BAX and Bcl-2 Detection

The apoptotic protein markers, Bcl-2 and BAX, were determined in A375 melanoma
cells 48 h post-treatment with BA fatty esters (Pal-BA, St-BA, But-BA) and their liposomes
(Pal-BA-Lip, St-BA-Lip, But-BA-Lip) as well as with the parent compound BA and its
liposome BA-Lip using their respective IC50 values. Bcl-2 (ab119506) and BAX (ab199080)
concentrations in cell lysates were assessed using the Elisa kits purchased from Abcam,
according to the manufacturers’ protocols [76]. To conduct the assay, samples or standards
are added to the wells, followed by the antibody mix. After incubation, unbound material
is washed away. TMB substrate is added, and in the presence of HRP, it catalyzes a reaction
producing a blue color. This color reaction is halted by adding Stop Solution, resulting in a
color change from blue to yellow. Optical densities were read using a microplate reader
(xMark™ Microplate Spectrophotometer, Biorad, Hercules, CA, USA) at 450 nm.

4.4. Statistical Analysis

The statistical tests were carried out using one-way ANOVA followed by Dunnett’s
post-test (GraphPad Prism version 6.0.0, GraphPad Software, San Diego, CA, USA). The
differences between the groups were considered statistically significant if p < 0.05, as
follows: * p < 0.05, ** p < 0.01 and *** p < 0.001. The IC50 values presented in Table 3 were
calculated using GraphPad Prism version 6.0.0 (GraphPad Software, San Diego, CA, USA).

5. Conclusions

Our study described the synthesis and cytotoxic evaluation of a series of BA deriva-
tives obtained through the esterification with fatty acids such as palmitic, stearic and
butyric acid, as well as their surface-modified liposomal nanoformulations. The synthesis
protocol elicited good yields for each BA fatty ester, which were further incorporated
in PEGylated liposomes. Both fatty esters as well as their liposomal nanoformulations
exhibited significant cytotoxic effects in A375 human melanoma cells, comparable and, for
some compounds, stronger than those recorded for parent compound BA and its liposomal
formulation, BA-Lip. A related cytotoxic corelated pro-apoptotic effect was observed for all
compounds and their subsequent formulations. Similar to the cytotoxicity results, the tested
derivatives and formulations decreased the expression of the antiapoptotic marker Bcl-2
and increased the expression of the proapoptotic marker BAX. The cytotoxicity assessment
against HaCaT cells revealed only slight cytotoxic effects for But-BA and its respective
liposomal formulation, such effects lacking for palmitic and stearic BA conjugates. In all
cases, the inclusion in liposomes enhanced the anticancer potential of the active compound.
Our findings suggest that the further optimization of these compounds, particularly fo-
cusing on improving their solubility and formulation dynamics, could lead to significant
advancements in cancer therapy. Future studies should prioritize pharmacokinetic eval-
uations and in vivo assessments to better understand the therapeutic potential of these
compounds. Ultimately, our study provides new avenues for effective cancer treatment
strategies, describing the successful development of BA derivatives and their liposomal
formulations that may offer novel additions to the development of similar compounds with
increased and selective cytotoxic effect.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr12020416/s1, Figure S1. 1H NMR spectrum of 3-O-butyryl-betulinic acid
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(But-BA); Figure S2. 13C NMR spectrum of 3-O-butyryl-betulinic acid (But-BA); Figure S3. 13C DEPT
NMR spectrum of 3-O-butyryl-betulinic acid (But-BA); Figure S4. H,H-COSY NMR spectrum of of 3-
O-butyryl-betulinic acid (But-BA); Figure S5. H,C-HSQC NMR spectrum of 3-O-butyryl-betulinic acid
(But-BA); Figure S6. H,C-HMBC NMR spectrum of 3-O-butyryl-betulinic acid (But-BA); Figure S7. 1H
NMR spectrum of 3-O-palmitoyl-betulinic acid (Pal-BA); Figure S8. 13C NMR spectrum of 3-O-
palmitoyl-betulinic acid (Pal-BA); Figure S9. 13C DEPT NMR spectrum of 3-O-palmitoyl-betulinic
acid (Pal-BA); Figure S10. H,H-COSY NMR spectrum of 3-O-palmitoyl-betulinic acid (Pal-BA);
Figure S11. H,C-HSQC NMR spectrum of 3-O-palmitoyl-betulinic acid (Pal-BA); Figure S12. H,C-
HMBC NMR spectrum of 3-O-palmitoyl-betulinic acid (Pal-BA); Figure S13. 1H NMR spectrum of
3-O-stearoyl-betulinic acid (St-BA); Figure S14. 13C NMR spectrum of 3-O-stearoyl-betulinic acid
(St-BA); Figure S15. 13C DEPT NMR spectrum of 3-O-stearoyl-betulinic acid (St-BA); Figure S16. H,H-
COSY NMR spectrum of 3-O-stearoyl-betulinic acid (St-BA); Figure S17. H,C-HSQC NMR spectrum of
3-O-stearoyl-betulinic acid (St-BA); Figure S18. H,C-HMBC NMR spectrum of 3-O-stearoyl-betulinic
acid (St-BA); Figure S19. FTIR spectra of BA, But-BA, Pal-BA and St-BA; Figure S20. The evaluation of
morphological changes of HaCaT cells 48 h treatment with BA, BA-Lip, 5-FU (A), Pal-BA, Pal-BA-Lip,
St-BA (B), St-BA-Lip, But-BA and But-BA-Lip (C); Figure S21. The evaluation of morphological
changes of A375 cells after 0 h and 48 h treatment with BA, BA-Lip, 5-FU (A), Pal-BA, Pal-BA-Lip,
St-BA (B), St-BA-Lip, But-BA and But-BA-Lip (C).
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37. Jóźwiak, M.; Filipowska, A.; Fiorino, F.; Struga, M. Anticancer Activities of Fatty Acids and Their Heterocyclic Derivatives. Eur. J.

Pharmacol. 2020, 871, 172937. [CrossRef]
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Acid Decreases Expression of Bcl-2 and Cyclin D1, Inhibits Proliferation, Migration and Induces Apoptosis in Cancer Cells.
Naunyn. Schmiedebergs. Arch. Pharmacol. 2006, 374, 11–20. [CrossRef]

61. Khan, I.; Guru, S.K.; Rath, S.K.; Chinthakindi, P.K.; Singh, B.; Koul, S.; Bhushan, S.; Sangwan, P.L. A Novel Triazole Derivative of
Betulinic Acid Induces Extrinsic and Intrinsic Apoptosis in Human Leukemia HL-60 Cells. Eur. J. Med. Chem. 2016, 108, 104–116.
[CrossRef] [PubMed]

62. Mioc, M.; Mioc, A.; Racoviceanu, R.; Ghiulai, R.; Prodea, A.; Milan, A.; Barbu Tudoran, L.; Oprean, C.; Ivan, V.; S, oica, C. The
Antimelanoma Biological Assessment of Triterpenic Acid Functionalized Gold Nanoparticles. Molecules 2023, 28, 421. [CrossRef]
[PubMed]

190



Processes 2024, 12, 416

63. Nistor, G.; Mioc, A.; Mioc, M.; Balan-Porcarasu, M.; Ghiulai, R.; Racoviceanu, R.; Avram, S, .; Prodea, A.; Semenescu, A.; Milan,
A.; et al. Novel Semisynthetic Betulinic Acid−Triazole Hybrids with In Vitro Antiproliferative Potential. Processes 2022, 11, 101.
[CrossRef]

64. Kazakova, O.; S, oica, C.; Babaev, M.; Petrova, A.; Khusnutdinova, E.; Poptsov, A.; Macas, oi, I.; Drăghici, G.; Avram, S, .; Vlaia,
L. 3-Pyridinylidene Derivatives of Chemically Modified Lupane and Ursane Triterpenes as Promising Anticancer Agents by
Targeting Apoptosis. Int. J. Mol. Sci. 2021, 22, 10695. [CrossRef] [PubMed]

65. Saha, S.; Ghosh, M.; Dutta, S.K. A Potent Tumoricidal Co-Drug ‘Bet-CA’—an Ester Derivative of Betulinic Acid and Dichloroacetate
Selectively and Synergistically Kills Cancer Cells. Sci. Rep. 2015, 5, 7762. [CrossRef] [PubMed]

66. Drag-Zalesinska, M.; Kulbacka, J.; Saczko, J.; Wysocka, T.; Zabel, M.; Surowiak, P.; Drag, M. Esters of Betulin and Betulinic Acid
with Amino Acids Have Improved Water Solubility and Are Selectively Cytotoxic toward Cancer Cells. Bioorg. Med. Chem. Lett.
2009, 19, 4814–4817. [CrossRef] [PubMed]

67. Bobadilla, A.V.P.; Arévalo, J.; Sarró, E.; Byrne, H.M.; Maini, P.K.; Carraro, T.; Balocco, S.; Meseguer, A.; Alarcón, T. In Vitro Cell
Migration Quantification Method for Scratch Assays. J. R. Soc. Interface 2019, 16, 20180709. [CrossRef]

68. Ghi  u, A.; Pavel, I.Z.; Avram, S.; Kis, B.; Minda, D.; Dehelean, C.A.; Buda, V.; Folescu, R.; Danciu, C. An In Vitro-In Vivo
Evaluation of the Antiproliferative and Antiangiogenic Effect of Flavone Apigenin against SK-MEL-24 Human Melanoma Cell
Line. Anal. Cell. Pathol. 2021, 2021, 5552664. [CrossRef]

69. Polacheck, W.J.; Zervantonakis, I.K.; Kamm, R.D. Tumor Cell Migration in Complex Microenvironments. Cell. Mol. Life Sci. 2013,
70, 1335–1356. [CrossRef]

70. Bache, M.; Zschornak, M.P.; Passin, S.; Keßler, J.; Wichmann, H.; Kappler, M.; Paschke, R.; Kalud̄erović, G.N.; Kommera, H.;
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