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Abstract: Lichens are a good repository of bio-active compounds with different pharmacological
properties; therefore, in our article, we aim to screen the antiproliferative potential of three lichens
against a panel of four cancer cell lines and in PBMC isolated from normal healthy donors. Screening
data indicated that the methanolic extract of Parmotrema tinctorum manifested remarkable
antiproliferative efficacy against Hep G2 cells with an ICso value of 148.74 + 5.95 ug/mL and showed
minimal effect on PBMC. The extract showed alteration of cellular morphology and nuclear
fragmentation and induced robust apoptosis in Hep G2 cells in a concentration-dependent manner which
was also reflected in the augmentation of the sub-GO/G1 population during cell cycle analysis.
Colorimetric estimation indicated up-regulation of Caspase-3 and 9, which implied that apoptosis was
manifested through the intrinsic pathway. Post-treatment, a significant increase in anti-migratory effect
in Hep G2 cells with increasing extract concentration was also observed. Results of molecular docking
analysis inferred that lecanoric acid and atranorin displayed sufficiently good binding affinity to all the
target proteins, which is close to the standard hepatocarcinoma drug Pazopanib and showed satisfactory
draggability and ADMET properties. Thus, lecanoric acid and atranorin resourcing from Parmotrema
tinctorum hold great promise as a drug for hepatocarcinoma.
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1. Introduction

Besides being a major public health issue worldwide, cancer brings an economic
catastrophe in developing countries like India and ultimately hinders their socioeconomic
developmental goals. According to the estimates made by the International Agency for
Research on Cancer, the cases of cancer incidence and mortality in 2018 were 17 million and
9.5 million, respectively, and it increased to 19.3 million new cases and 10 million cancer
deaths in 2020 and predicted to almost double by 2040 [1-4].

Among the various types of cancer treatments, chemotherapy and radiotherapy are
presently widely adopted treatment methods, but their side effects are often severe. Moreover,
the non-specificity of chemotherapeutics leading to serious illness, drug resistance in cancerous
cells, and secondary malignancies are major concerns in cancer therapeutics [5,6]. Thus, to
overcome the aforesaid problems, there is an increasing demand for the introduction of new
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alternative anti-cancer drugs, preferably from natural sources with lesser side effects and more
specificity towards the cancer cells.

Lichens grow in adverse habitats; thus, they are reservoirs of several biologically active
metabolites, which give them tolerance to environmental stress. More than 800 lichen
metabolites have been identified and exploited by humans in different aspects [7,8]. A few
lichen-derived compounds have been characterized and evaluated for pharmacological
properties like antimicrobial, antiviral, anti-inflammatory, antipyretic, analgesic, anti-
oxidative, antiproliferative, and cytotoxic activities [9-11].

Most of the lichenized fungi are Ascomycetous, and Parmeliaceae is the largest family
of lichen-forming ascomycetes consisting of 79 genera and 2726 species. Parmeliaceae can be
roughly classified into five major clades: parmelioid, cetrarioid, usneoides, alectorioid and
hypogymnioid [12]. Among these, parmeloid lichens are diverse and ubiquitously distributed
[13-14].

In the present study, we have screened the antiproliferative potentiality of methanolic
extract of three lichen species of West Bengal, a state of India, viz. Parmotrema tinctorum,
Parmelia sp., Heterodermia sp. against a panel of four human cancer cell lines viz. Hep G2,
MCF-7, A549, MOLT-4, and PBMC, were isolated from a healthy donor. The most effective
extract was further selected for assaying its impact on cellular and nuclear morphology against
the most sensitive cell line. The ability of the extract to introduce apoptotic response was also
evaluated through Annexin V/Propidium iodide (PI) dual staining through flow cytometry. In
silico docking studies against Bcl-2 and Bcl-XL were performed to validate the apoptotic
potentiality. Further, Pl staining did a flow cytometric analysis of the effect of the methanolic
extract on the cell cycle distribution profile. Molecular docking studies validated the result of
the cell cycle analysis against CCNA1, CCNE1, and CCND 1 proteins. Then, the expression
of Caspase in the pursuit of programmed cell death was evaluated colorimetrically. The effect
of the same extract on the migratory ability of that cell line was evaluated through in vitro
scratch assay. Finally, anti-angiogenic potentiality was examined through in silico docking
studies.

2. Materials and Methods
2.1. Chemicals.

All chemicals used were of molecular grade. The chemicals used during experiments
were DMEM-Dulbecco's Modified Eagle Medium (Gibco), RPMI 1640- Roswell Park
Memorial Institute Medium (Gibco), FBS- Fetal Bovine Serum (Gibco), Penicillin-
Streptomycin (Gibco), Amphotericin  (Himedia), MTT 3-(4, 5 dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (Sigma Aldrich), DAPI- 4',6-diamidino-2-phenylindole (Sigma
Aldrich), PBS- Phosphate Buffered Saline (Gibco), Methanol (Sigma Aldrich), Hexane,
DMSO- Dimethyl sulfoxide (Sigma Aldrich), PI- Propidium iodide (Sigma- Aldrich),
Annexin-V/PI apoptosis detection Kit (BD-Pharmingen), Caspase detection kit (BioVision).

2.2. Sample collection and identification.

Lichen samples were collected from Mirik (26.8853° N, 88.1828° E), West Bengal, a
state in India, in May 2017. The morphological and anatomical characteristics were recorded,
and identification was carried out by consulting the standard key of Lichens, "A Compendium
of the Macrolichens from India Nepal and Sri Lanka" by D. D Awasthi. The identified sample
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specimens were preserved in the Department of Botany, the University of Calcutta, under the
voucher number CUH/LI/MI/SP/02 (Parmotrema tinctorum), CUH/LI/DA/SP/03 (Parmelia
sp.), CUH/LI/DA/SP/04 (Heterodrmia sp.).

2.3. Extraction procedure.

The thallus of the lichen was air-dried and ground to powder by a mixer grinder. 50 g
of powdered thalli was initially considered for extraction, and it was treated with hexane for 48
hours to remove the unwanted large molecular fatty compounds. The residue was air-dried and
then extracted with 100 mL methanol for 48 hours. Finally, the methanolic extract was filtered
through Whatman-4 filter paper and concentrated under reduced pressure in a rotary evaporator
(Eyela CCA-1112A). The methanolic extract of lichens Parmotrema tinctorum (PrMe),
Heterodermia sp (HeMe), Parmelia sp (PaMe) were stored in dehumidified condition for
further assays.

2.4. Cell line and culture maintenance.

MCF-7 (human breast adenocarcinoma), A549 (adenocarcinomic human alveolar basal
epithelial cells), MOLT-4 (acute lymphoblastic leukemia), Hep G2 (human liver hepatocellular
carcinoma) cell lines were used for performing the assays. The cell was maintained either in
high glucose DMEM or RPMI 1640 media supplemented with 10% FBS, 2mM L-Glutamine,
100 pg/mL Streptomycin and Penicillin, 2.5 pg/mL Amphotericin B and incubated in a
humidified atmosphere containing 5% CO;at 37° C (Heal Force, HF90) [15].

2.5. Cell viability assay.

To estimate the impact of the methanolic extract from three lichens on cell proliferation,
the MTT assay was carried out [16]. Briefly, 1X10* cells were seeded in 96 well cell culture
plates and incubated in a humidified incubator containing 5% CO2at 37° C. After 24 hours, the
media was replaced with 100 pL of lichen extracts with a concentration range of 75-450 pug/mL,
except for the control sets, where only culture media was retained. A 5% SDS lysis buffer was
used for making the 100% lysed cell. After 24 hours of treatment, MTT solutions were added
(100 pL; 0.5mg/mL) and incubated in the same conditions mentioned above for 4 hours.
Finally, after discarding the media, the formazan crystals formed were dissolved in 80%
methanol, and absorption was measured at 560 nm (iMark, Biorad). The number of viable cells
in each well was proportional to the intensity of the absorbance of light, and the percentage of
cell viability was calculated according to the following equation:

0.D.sample — 0.D.100%lysis

o .
Cell viability(%) = G5 G0ty sis — 0.D. 100%Lysis < 100

2.6. The impact on cellular morphology.

1X10° Hep G2 cells were seeded in a 12-well culture plate and allowed to form a
confluent monolayer. After that, the media was replaced with PrMe (75-300 pg/mL) and
incubated for 24 hours. Finally, cells were visualized under a phase contrast /bright field
microscope at 200X magnification, and photographs were recorded (Dewinter fluorescence
microscope) [17].

2.7. The impact on nuclear morphology.
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To visualise the effect of the PrMe on nuclear morphology, the DAPI staining was
carried out. Briefly, 1X10° cells were seeded on chambered glass slides and incubated
overnight in a humidified incubator containing 5% CO2at 37° C. Then, the media was replaced
with PrMe (75-300 pg/mL), except for the control sets, where only culture media was added.
After 24 hours of treatment, cells were fixed with 4% paraformaldehyde. Slides were
permeabilized with Triton X-100, stained with DAPI (200uL, 5pg/ml), and incubated in the
dark for 30 minutes. Wells were viewed with an inverted fluorescent microscope at 340-380
nm and 200X magnification (Dewinter fluorescence microscope) [18-20].

2.8. Measurement of apoptosis.

Intending to evaluate the impact of PrMe on cellular apoptosis, Annexin V - Pl dual
staining was performed. In short, 1X10° cells were seeded in a 12-well plate. After 24 hours of
treatment with PrMe (75- 300 pg/mL), cells were washed with cold PBS and resuspended in
100pL AnnexinV/PI binding buffer and incubated with 0.25 pg/mL AnnexinV-FITC and 100
pg/mL Propidium iodide for 15 min at room temperature in the dark and then data was acquired
in the flow cytometer (Thermo Fisher- Attune NXT) [21].

2.9. Cell cycle analysis.

For this experiment, 1X10° Hep G2 cells were treated with PrMe (75- 300 pug/mL). Post-
treatment, cells were harvested in single cell suspension and fixed with chilled 70% ethanol
and incubated overnight at 4° C. Cells were washed and resuspended in 1X PBS and treated
with RNase-A and incubated for 45 minutes at 37° C. Finally, before analysis, 100 pg/mL
Propidium iodide was added and incubated at room temperature for 15 minutes. The data was
acquired using Thermo Fisher- Attune NXT, analyzed using FlowJo software, and expressed
as % of cells in each cell cycle phase [18,21].

2.10. Determination of caspase activity.

Caspases are key effector molecules of apoptosis; therefore, Caspase-3, 8, and 9
activities were detected spectrophotometrically in cell lysates using an assay kit, as per the
manufacturer's instruction. For that, Hep G2 cells were treated with PrMe (150 pg/mL) for 24
hours, and then cells were washed twice with ice-cold PBS. Then the cell lysates were prepared,
and the protein concentrations were estimated. To the cell lysate, 50 pL of 2X reaction buffer
containing 10mM DTT was added, and along with it, caspase-3 substrate DEVD- pNA (4 mM,
5ml) or the caspase-8 substrate IETD pNA (4 mM, 5ml) or the caspase-9 substrate LEHD—
pPNA (4 mM, 5ml) was added and incubated at 37° C. The chromophore was quantified
spectrophotometrically by measuring absorbance at 405 nm every 30 minutes for 2h. To ensure
whether the extract-induced cell death is caspase-dependent or not, Hep G2 cells were pre-
incubated with a pan-caspase inhibitor Z-VAD-FMK (20 mM, 1 hr) in a nontoxic concentration
followed by 24 hrs co-incubation with the extracts. Finally, an MTT assay was done to evaluate
cell viability as described earlier [18,22].

2.11. In vitro scratch assay.

To visualize the effect of PrMe on cell migration in the Hep G2 cell line, in vitro scratch
assay was performed. For that, 5X10* cells were seeded in a 24-welled culture plate and
allowed to form a monolayer. Then the confluent monolayer was scraped out, and the detached
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cells were removed by washing with PBS. Distance between the two scratch points was
recorded and marked as zero hours. Then cells were treated with PrMe (75-300 pg/mL) except
for the control sets and incubated in the same condition. Finally, after 24 hours of the treatment,
the new distance between the new scratch points was recorded [23-25].

distance between two scratch points at 0 hrs — distance at 24 hrs

Ry — N
Invasion(%) distance at 0 hrs 100

2.12. Molecular docking.

Bcl-2 family proteins are crucial components involved in apoptosis, including anti-
apoptotic proteins (Bcl-2, Bcl-XL) or pro-apoptotic proteins (Bax, Bak). In healthy cells, Bcl-
2 is anchored at the mitochondrial outer membrane, whereas Bax is in the cytosol. During
apoptosis, BH3-only proteins like tBid interact with Bax at the surface of the mitochondrial
outer membrane, changing them to a multispanning conformation, or the cytosolic Bax can get
auto-activated through interaction with the Bax that is already bound to the mitochondrial outer
membrane. The membrane-bound multispanning Bax oligomerizes with itself and
permeabilizes the membrane to release cytochrome c and nuclease to kill cells. Bcl-2 inhibits
the Bax- mediated permeabilization of the mitochondrial outer membrane. In silico molecular
docking of the active compounds against anti-apoptotic proteins would infer if they can
intervene in their binding with Bax and promote apoptosis [26].

Deregulation of the cell cycle plays a principal role in transforming normal cells into
cancerous cells. Cyclins and their respective cyclin-dependent kinases and their inhibitors,
control each phase of the cell cycle and its transition. Thus, the proteins responsible for
regulating the cell cycle serve as key targets for inhibiting abnormal cell proliferation. In
mammalian cells, Cyclin D1 phosphorylates and inactivates retinoblastoma protein (regulates
cell proliferation by halting cell cycle) and promotes progression from G1 to S phase; thus,
overexpression of Cyclin D1 leads to neoplastic progression. Cyclin E1 is essential for DNA
replication and activates CDK 2 to induce the transition from the S phase in normal cells,
Cyclin E1-CDK 2 complex also activates transcriptional regulators, which are of crucial
importance in cellular proliferation. Thus constitutive expression of Cyclin E1 is often
associated with cancerous growth. Cyclin Al, in association with various distinct CDKSs, is
involved in S phase and G2/M transition of the cell cycle, and amplification of Cyclin Al
expression is often seen in tumorous cells. Therefore, the interaction of the lead molecules with
Cyclin A1 (CCNA1), CyclinE1 (CCNE 1), and Cyclin D1 (CCND 1) active site was envisaged
through in silico molecular docking to understand the effect of those molecules on the cell
cycle [27].

Among various chemical mediators, VEGF is a distinguishing inducer of angiogenesis,
and it implements angiogenesis by binding to VEGFR 1 and VEGFR 2 present in the
endothelial cells, activating several downstream pathways. Chemicals that bind to VEGFR can
inhibit the binding of VEGF to VEGFR and block the downstream signaling cascade leading
to the inhibition of angiogenesis, hence in silico study was carried out to ascertain the binding
affinity of the active compounds of Parmotrema tinctorum to VEGFRs [28,29].

Promising results of PrMe on antiproliferative, apoptotic, and anti-migratory activity
on the Hep G2 cell line encouraged us to investigate the metabolome of Parmotrema tinctorum.
A literature study revealed that Jayaprakasha et al. fractionated out atranorin, methyl
orsenillate, orsellinic acid, and lecanoric acid from Parmotrema tinctorum using column
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chromatography. The compounds were identified using 1H NMR and 13C NMR spectra
[30,31].

2.12.1. Protein preparation.

The 3-D structure of the receptor protein was obtained from the RCSB protein data
bank (https://www.rcsb.org/). The structures of Bcl-2 (PDB ID: 2W3L), Bcl-XL (PDB ID:
2YXJ), CCNAL (PDB ID: 1FIN), CCND1 (PDB ID: 2W96), CCNE1 (PDB ID: 1W98),
VEGFR 1 (PDB ID: 3HNG) and VEGFR 2 (PDB ID: 4ASD), were retrieved in .pdb format.
Protein preparation was done by removing water molecules, adding polar hydrogens and
charges, and removing any attached ligand to the peptide chain of the protein using AutoDock
Tools software. Then, the structures were saved in .pdbqt format. [32-37].

2.12.2. Ligand preparation.

3D structures of 3 phytochemicals separated and fractionated by Jayprakasha et al. from
Parmotrema tinctorum viz. Atranorin, Lecanoric acid, Orsellinic acid, and a standard
hepatocarcinoma drug, i.e., Pazopanib, were obtained from PubChem in .sdf format and then
converted to .pdbgt format using OpenBabel GUI. Physicochemical properties, ADME
properties, pharmacokinetic properties, and drug-likeness properties were studied from the
PubChem database using the online SWISS ADME prediction tool and tabulated in Table 1
[27,36,37].

2.12.3. Determination of active sites and docking of receptors and ligands.

The grid box of the receptor proteins was generated based on active site residues
determined through a literature study or from the CASTp web server. The grid box of Bcl-2
was 60 x 60 x 60 A with 53.782, 29.659, and -9.010 as centers, and the grid box of Bcl-XL
was 70 x 70 x 70 A with -11.222, -28.972, 1.889 as centers. For CCNA 1, the grid centers were
at-36.763, 201.449, 114.267 with a dimension of 72 x 116 x 82 A; for CCND 1, it was 28.638,
7.894, 50.311 with dimensions 126 x 110 x 98 A and for CCNE 1 the dimension was 126 X
126 x 126 A with 27.066, -2.034, -20.543 as centers. The grid box of VEGFR 1 was 70 x 70 x
70 with centers 5.417, 19.556, 28.722, and that of VEGFR 2 was 70 x 70 x 70 with centers -
4.083, -0.028, -3.194 [29,33-35].

2.13. Statistical analysis.

All the experiments were performed thrice in duplicates. All numerical data were expressed as
the mean of duplicates + standard deviation (SD). All the data obtained from the experiments
were subjected to group analysis by student T-test or one-way analysis of variance (ANOVA)
followed by the Dunnett test, keeping p < 0.05. Where applicable, histogram preparation and
statistical analyses were carried out using GraphPad Prism 7.00 software.

3. Results and Discussion

3.1. Antiproliferative efficacy of methanolic extract of three lichen extracts against cancer cell
lines and normal cells.

Methanolic extracts of Parmotrema, Parmelia, and Heterodermia were evaluated for
their antiproliferative potentiality against a panel of four cancer cell lines and PBMC isolated
https://biointerfaceresearch.com/ 6 of 21
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from healthy donors. The screening result indicates that all three methanolic extracts exert
differential in vitro antiproliferative activity against the four cancer cell lines. In contrast, there
were no significant effects on the normal PBMC (Figure 1 a-c). The most sensitive cell line in
all the treatments was found to be Hep G2, whereas the most resistant cell line was MOLT-4.
While comparing the ICso value of all three lichen extracts, it was observed that PrMe exhibits
the best antiproliferative activity against the Hep G2 cell line, with an I1Cso value of 148.74 +
5.95 pg/mL, followed by MCF-7 with 1Cso value of 215.52 + 14.045 pg/mL. Moderately good
antiproliferative activity with PrMe was observed against A549 and MOLT-4 with 1Cso values
of 326.59 + 4.18 pug/mL and 367.84 + 10.366 pg/mL, respectively. ICso values of the three
lichen extracts against the panel of four cell lines are represented in Figure 1d. Since PrMe has
shown the best effect on the Hep G2 cell line compared to the other two lichen extracts, it
encourages us for in-depth cellular studies on this cell line in the presence of PrMe.

(@) PrMe (b) PaMc

Cell viability (%)

75 150 300 450 75 150 300 450
Cone. (ug/mL) Cone. (pg/mL)

=MCF-7 ®wA-549  MOLT4 =Hep-G2 =PBMC ®MCE-7 ®AS49  MOLT-4 ®Hep-G2 »PBMC

©) HeMe

80

Cell viability(% )
v & @
& 2

ICg Value (py/mL)

°

7 150 300 450
Conc. (ug/ml.) Prve PaMe HeMe

®MCF-7 ®AS49 MOLT-4  ®Hep-G2 PBMC #MCF-7  ®AS49 MOLT-4 ®Hep-G2

Figure 1. Antiproliferative effect of lichen extracts on different cancer cell lines: (a-c) Decrease in cell viability
of MCF-7, A549, MOLT4, Hep-G2 cancer cell lines and normal PBMC due to PrMe, PaMe, HeMe treatments
(75-450 pg/mL) respectively; (d) Bar graph representing a comparative account of 1Csp values of methanolic
extracts of three lichen extracts on different cancer cell lines.

3.2. The impact of methanolic extract of Parmotrema tinctorum on cellular morphology of
Hep G2 cells.

The most distinguishable effect after giving any stimuli to any cell is the change in its
cellular integrity. Post PrMe treatment, cellular shape, and structure were altered concentration-
dependent (Figure 2a). Prominent alternation of cellular shape towards a rounder shape
indicates that Hep G2 cells had started to respond at 75 pug/mL of PrMe. At 150 pg/mL, the
cell-to-cell connection had started to disrupt, and clear membrane blebbing within some cells
was observed. Finally, almost all the cells had rounded off at the highest concentration, cellular
communications were lost, and many cells were seen floating in the medium. In contrast, the
cells of the control sets retained their original morphology.

3.3. The impact of methanolic extract of Parmotrema tinctorum on nuclear morphology of
Hep G2 cells.

As the nucleus is a prominent region of any kind of eukaryotic cell, the effectiveness of
drugs can be predicted by visualizing their impact on nuclear morphology. Figure 2b indicates
that, on staining with DAPI, nuclei of the PrMe-treated Hep G2 cells appeared bright,
https://biointerfaceresearch.com/ 7 of 21
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condensed, irregular, and fragmented, whereas, in the case of untreated control sets, nuclei
were light blue in color, round and homogenous. The nuclear morphology of the treated cell
changed in a dose-dependent manner.

Control 75 ng/mL 150 pgs/mL 300 pg/mL

(b)

Control 75 pg/ml. 150 pg/mL 300 pg/ml.

Figure 2. Cellular and nuclear morphological changes in Hep-G2 cells due to PrMe treatment: (a)
Morphological changes of Hep-G2 cell line treated with 75 pg/mL, 150 pug/mL, and 300 pg/mL of PrMe for 24
hours observed under phase contrast microscope. Changes in cellular shape, membrane blebbing, and disruption
of cell-to-cell connection in treated cells were visible; (b) Changes in nuclear morphology of Hep-G2 cell line

treated with 75 pg/mL, 150 pg/mL, and 300 pg/mL of PrMe for 24 hours studied by DAPI staining and
observed under an inverted fluorescence microscope. The nucleus of the treated cells appeared condensed,

lobed, and highly fluoresced.
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Figure 3. PrMe treatment promotes apoptosis in Hep-G2 cells: (a) Bar graph representing the mean+SD
percentage of apoptotic cells with increasing concentrations of PrMe (75 pg/mL- 300 pg/mL) at 24 hrs time
point determined through flow cytometry, Each set of treatment were further compared with control sets and

categorized using symbols ****; p < 0.0001, according to the significance level found; (b) Comparison of

percentage of the number of normal, apoptotic, and necrotic cells at different concentrations of PrMe; (c)

Determination of apoptosis in Hep-G2 cells treated with 75 pg/mL, 150 pg/mL, and 300 pg/mL of PrMe for 24
hours by Annexin V-Pi dual staining and measured through flow cytometry.
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3.4. Measurement of the apoptotic potentiality of methanolic extract of Parmotrema tinctorum
on Hep G2 cells by Annexin V-PI dual staining.

Externalization of phosphatidylserine is one of the earliest events of apoptosis and can
be detected by utilizing Annexin V, which is a Ca*? dependent phospholipid binding protein
and thus binds to the phosphatidylserine exposed on the outer leaflet. While necrosis,
characterized by loss of integrity of the plasma and nuclear membrane, can be detected utilizing
Pl staining. Therefore, to determine whether PrMe treatment induces apoptosis in the Hep G2
cell line, treated cells were subjected to Annexin V-PI dual staining, and apoptosis was
measured through Flow Cytometry. Figure 3 shows that the population of early and late
apoptotic cells increased with the increasing concentration of PrMe. Concerning the initial
concentration of 75 pg/mL, where the early and late apoptotic cell population was 62.80+0.4
% and 5.29+0.92 %, in the apex treatment concentration of 300 pg/mL, the percentage of early
and late apoptotic cells increased to 71.7+0.7 % and 10.47+0.17%, respectively. The increment
of the apoptotic cellular population in a concentration-dependent manner explains the reduction
of the viable cellular population observed through the MTT assay. Cumulative data
demonstrate that PrMe induces robust apoptosis in Hep G2 cells.

3.5. Cell cycle analysis of Hep G2 cells upon treatment with methanolic extract of
Parmotrema tinctorum.

Since the extract could appreciably induce apoptosis in Hep G2 cells, the effect of the
extract on the cycle distribution profile of the cells was checked. Treatment with PrMe resulted
in a significant decrease in GO/GL1 cells from 86.35+1.05 % in the unstimulated set to 30.5+1.1
% in 300 pg/mL highest stimulation, along with augmentation of sub-G0/G1 population of
cells from 0% to 36x0.7 % (Figure 4).

(a) BSub GU/Gl BGYK/GlI BS BGUM
100

80
60

40

Number of cells (%)

20

Control 75 png/mL 150 pg/ml. 300 pg/mL
Concentration

(b)

Control 75 pg/mL . 150 pg/mL 00 300 ug/mL

Cell count
8
L

DNA content

Figure 4. PrMe treatment restricts the cell cycle of Hep-G2 cells at sub-G0/G1 phase: (a) Bar graph
representing the percentage of cells at different stages of the cell cycle after treatment with 75 pg/mL, 150
pg/mL, and 300 pg/mL of PrMe for 24 hours; (b) Flow cytometric analysis of cell cycle progression of Hep-G2
cells after treatment with PrMe by PI staining.
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The data suggest that PrMe shows anti-hepatocarcinoma activity by targeting the
GO/G1 population. As the cell population at sub-GO/G1 represents the fragmented cellular
DNA, it is assumed that fragmented DNA accumulates at the sub-GO/G1 stage, so these
findings revalidate the apoptogenic potentiality of the extract in a concentration-dependent
manner.

3.6. Determination of Caspase- 3, 8, and 9 activities in Hep G2 cells treated with methanolic
extract of Parmotrema tinctorum.

The endoproteases Caspases and their cascades play a critical role in cellular deaths by
apoptosis. The activation of caspases leads to a cascade of cellular events enabling the
controlled disintegration of cellular components [38]. The colorimetric assay reveals that the
methanolic extract exponentially induces Caspase-9 and Caspase-3 levels for up to 120
minutes, then the graph plateaued (Figure 5). Caspase-8 showed no significant changes with
respect to the other two. As Caspase-9 is assumed to be a mediator of the intrinsic apoptotic
pathway, the significant upregulation of both Caspase-9 and Caspase-3 indicates the possibility
of the involvement of the intrinsic pathway behind apoptosis. To confirm the role of caspases
in the methanolic extract-induced antiproliferative activity, Hep G2 cells were co-incubated for
24 hours with methanolic extract in the absence/presence of a nontoxic concentration of Z-
VAD-FMK, a pan-caspase inhibitor for 24 hours and cell viability was measured by MTT
assay. Upon treatment with Z-VAD-FMK, the I1Cso value was increased from 142.74+5.99
ug/mL to 454.21+5.18 pg/mL, which revalidates the apoptogenic potentiality of the extract
through Caspase dependent manner.

Caspase 9

(a) + Caspuse 8 (b)

Fold Change
Fold Change

S H O O H O H O 8 O 8

© 4 @

Caspase 3 S00- Sh

400

300-

Fold Change
IC g Value (ugimL)

200

Figure 5. Caspase activity in Hep-G2 cells upon treatment with PrMe: (a-c) Lysates of Hep-G2 cells following
treatment with PrMe were used to study the activity of caspase 8, caspase 9, and caspase 3, respectively; each
bar represents mean+SD fold change in caspase activity, Each set of treatment were compared with control sets
and categorized using symbol ****; p < (0.0001, according to the significance level found; (d) To evaluate the
effect of Z-VAD-FMK on cell viability, Hep-G2 cells were incubated with methanol extract (75 - 450 pg/ml)
and/or Z-VAD-FMK (20mM) for 24 h and cell viability measured by the MTT assay, the difference in ICs
values (pg/ml) in absence and presence of Z-VAD-FMK was represented in the bar graph, and level of
significance was expressed using the symbol, ***; p < 0.05.
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3.7. Evaluation of the anti-migratory activity of methanolic extract of Parmotrema tinctorum
on Hep G2 cells.

Robust apoptotic ability intrigued us to evaluate whether PrMe can potentially restrict
cancer progression. Therefore, we wanted to estimate the anti-migratory effect of PrMe on Hep
G2 cells. The result indicates that PrMe treatment left a wider scratch area after 24hrs post-
treatment in a concentration-dependent manner. The result implies that PrMe inhibits the
migratory capability of HepG2 cells in in vitro conditions and a significant and prominent
difference was observed relative to the control. (Figure 6)

(h)

Control

@)

Cellular invasion (%)

Concentration (ug/mL)

300 pg/mL 150 pg/mL 75 pg/mL

Figure 6. In vitro scratch assay depicting inhibition of cellular invasion: (a) Bar graph representing the
mean+SD decrease in % cellular invasion of Hep-G2 cells with the increase in the concentration of PrMe; each
set of treatment were compared with the control set and categorized using various symbols as follows, *: p <
0.01; ****: p <0.0001, according to the significance level found; (b) Increase in area of scratch with the
increasing concentration of PrMe inferring the inhibitory effect on invasion of Hep-G2 cells.

3.8. Comparative analysis of major phytochemicals present in Parmotrema tinctorum and
standard drug to various receptors.

Next, we wanted to evaluate the binding potential of the major bioactive
phytochemicals of Parmotrema tinctorum through in silico screening to fish out the most
effective compound.

(b)

N

Atranorin Lecanoric acid Orsellinic acid Pazopanib

Figure 7. (a) 3-D structures of anti-apoptotic proteins Bcl-2 and Bel-xL, proteins responsible for cell cycle
progressions like CCNA 1, CCND 1, CCNE 1, and receptors responsible for the induction of angiogenesis:
VEGFR 1 and VEGFR 2; (b) 3-D structures of compounds: Atranorin, lecanoric acid, and orsellinic acid present
in Parmotrema tinctorum, utilized for docking studies.
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Molecular docking was performed to evaluate the binding energy between the target
proteins viz. Bcl-2, Bel-XL, CCNA 1, CCND 1, CCNE 1, VEGFR 1, and VEGFR 2 (Figure
7a) against three major phytochemicals: lecanoric acid, orsellinic acid, and atranorin (Figure
7b) present in Parmotrema tinctorun. The phytochemicals that show lower binding energy
towards a receptor have a stronger affinity and are considered to be better drugs. The
physicochemical characters, ADME properties, pharmacokinetic properties, and drug-likeness
of these phytochemicals, which mark the basis of the acceptability of any drug, were predicted
through the Swiss ADME prediction tool and were tabulated in Table 1.

Table 1. Physicochemical properties, ADME properties, and drug likeliness of the novel phytochemicals
present in Parmotrema tinctorum in comparison with a standard hepatocarcinoma drug- Pazopanib.

Properties Atranorin | Lecanoric Acid | Orsellinicacid | Pazopanib
Physicochemical properties
1. | Molecular Weight 374.3 4g/mol 318.28 g/mol 168.15 g/mol 437.52 g/mol
2. | No. of heavy atoms 27 23 12 31
3. | No. of rotatable bonds 6 4 1 5
4. | No. of H-bond acceptors 8 7 4 6
5. | No. of H-donors 3 4 3 2
6. | Molar refractivity 95.48 80.80 42.41 121.50
7. | Topological Polar Surface Area 130 A? 124.29 A? 77.76 A? 12741 A?
Lipophilicity Log P omw 3.23 1.92 551 0.89
Water solubility Log S -4.01 (moderately -3.0 (soluble) -6.89 (poorly -6.77 (poorly
soluble) soluble) soluble)
Pharmacokinetics
1. Gl absorption High High High Low
2. BBB permeant No No No No
3. P-gp substrate No No No No
4. CYP1A2 inhibitor No No No No
5. CYP2C19 inhibitor No No Yes No
6. CYP2C9 inhibitor No No Yes Yes
7. CYP2D6 inhibitor No No No No
8. CYP3A4 inhibitor No No No Yes
9. Log Kp (skin permeation) -5.51 cm/s -5.66 cm/s -4.68 cm/s -6.79 cm/s
Drug likeliness
1. | Lipinski 0 violation 0 violation 0 violation 0 violation
2. | Bioavailability score 0.55 0.56 0.55 0.55
*Topological and fragmental method calculated by the filter-it program, version 1.0.2
Atranorin Lecanoric acid Orsellinic acid Pazopanib

(b)

(0 -7.4 Kcal/mol

-7.4 Kcal/mol

-5.6 Kcal/mol

-9.0 Kcal/mol

Figure 8. In silico binding of atranorin, lecanoric acid, orsellinic acid, and Pazopanib with Bcl-2: (a) 3-D model
of receptor-ligand binding; (b) 2-D interaction between receptor and ligand; (c) binding energies of the docked
protein-ligand complexes.

According to the docking results, lecanoric acid and atranorin showed better binding
affinities towards the anti-apoptotic proteins Bcl-2 and Bcl-XL in comparison to orsellinic acid
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and is close enough to Pazopanib, which is a standard hepatocarcinoma drug, and the data
(Table 2) indicate that lecanoric acid and atranorin from Parmotrema tinctorum has the ability
to bind and block anti-apoptotic proteins from binding to Bax/Bak and thus promotes apoptosis.
(Figure 8, 9).

Atranorin Lecanoric acid Orsellinic acid Pazopanib

o & &

© -7.2 Kcal/mol -7.3 Kcal/mol -5.7 Kcal/mol -8.9 Kcal/mol

Figure 9. In silico binding of atranorin, lecanoric acid, orsellinic acid, and Pazopanib with Bcl-XL: (a) 3-D
model of receptor-ligand binding; (b) 2-D interaction between receptor and ligand; (c) binding energies of the
docked protein-ligand complexes.

Table 2. Binding energies of the major phytochemicals of Parmotrema tinctorum and a standard
hepatocarcinoma drug-Pazopanib with anti-apoptotic proteins.

Metabolites/ Drugs Binding energies
Kcal/mol
Bcl-2 Bel-XL
Atranorin -7.4 -7.2
Lecanoric acid -7.4 -7.3
Orsellinic acid -5.6 -5.7
Pazopanib -9.0 -8.9
Atranorin Lecanoric acid Orselinic acid Pazopanib

@

®» @ @ o v & - et e

(© - 7.1 Kcal/mol - 7.2 Kcal/mol - 6.4 Kcal/mol - 8.1 Kcal/mol

Figure 10. In silico binding of atranorin, lecanoric acid, orsellinic acid, and Pazopanib with CCNA 1: (a) 3-D
model of receptor-ligand binding; (b) 2-D interaction between receptor and ligand; (c): binding energies of the
docked protein-ligand complexes.
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Therefore, we have looked at the binding affinity of the ligands against these crucial
cell cycle regulators. Upon considering the binding affinity of the phytochemicals with cell
cycle proteins CCNA 1, CCND 1, and CCNE 1, it was observed that atranorin shows the lowest
binding energy with CCND 1(-8.8 Kcal/mol), which is even lower than the standard drug. Next
lecanoric acid shows maximum binding affinity towards CCND 1 (-7.6 Kcal/mol), but
orsellinic acid has much lower affinities to all three proteins (Table 3) (Figure 10, 11, 12).

Atranorin Lecanoric acid Orselinic acid Pazopanib

(@)

(b) & & @ e € @ o N

© - 8.8 Kcal/mol - 7.6 Kcal/mol - 6.1 Kcal/mol - 8.1 Kcal/mol

Figure 11. In silico binding of atranorin, lecanoric acid, orsellinic acid, and Pazopanib with CCND 1: (a) 3-D
model of receptor-ligand binding; (b) 2-D interaction between receptor and ligand; (c) binding energies of the
docked protein-ligand complexes.

Atranorin Lecanoric acid Orselinic acid Pazopanib

(a)

(b)

© - 7.1 Kcal/mol - 7.3 Kcal/mol - 5.3 Kcal/mol - 9.2 Kcal/mol

Figure 12. In silico binding of atranorin, lecanoric acid, orsellinic acid, and Pazopanib with CCNE 1: (a) 3-D
model of receptor-ligand binding; (b) 2-D interaction between receptor and ligand (c) binding energies of the
docked protein-ligand complexes.

Table 3. Binding energies of the major phytochemicals of Parmotrema tinctorum and a standard
hepatocarcinoma drug Pazopanib with cyclins CCNA 1, CCND 1, CCNE 1.

Metabolites/ Drugs Binding energies Kcal/mol
CCNA1 CCND 1 CCNE1
Atranorin -7.1 -8.8 -7.1
Lecanoric Acid -7.2 -7.6 -7.3
Orsellinic Acid -6.4 -6.1 -5.3
Pazopanib -8.1 -8.1 -9.2
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The binding energies of lecanoric acid to VEGFR 1 and VEGFR 2 are -8.2 and -8.3
Kcal/mol, respectively, while that of atranorin are -8.2 and —7.5 Kcal/mol, which are quite
lower than that of orsellinic acid, but much close to the standard drug (Table 4). The data
suggest that both lecanoric acid and atranorin have binding affinity similar to the standard drug
and thus can restrict VEGFs from binding to VEGFRs, by blocking the active sites, thus
restricting angiogenesis (Figure 13, 14).

Atranorin Lecanoric acid Orsellinic acid Pazopanib

- & g
& B By S A5 - L ]

© .82 Kcal/mol - 8.2 Kcal/mol - 6.1 Kcal/mol - 9.1 Kcal/mol

Figure 13. In silico binding of atranorin, lecanoric acid, orsellinic acid, and Pazopanib with VEGFR 1: (a) 3-D
model of receptor-ligand binding; (b) 2-D interaction between receptor and ligand; (c) binding energies of the
docked protein-ligand complexes.

Atranorin Lecanoric acid Orselinic acid Pazopanib
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Figure 14. In silico binding of atranorin, lecanoric acid, orsellinic acid, and Pazopanib with VEGFR 2: (a) 3-D
model of receptor-ligand binding; (b) 2-D interaction between receptor and ligand; (c) binding energies of the
docked protein-ligand complexes.

Table 4. Binding energies of the major phytochemicals of Parmotrema tinctorum and a standard
hepatocarcinoma drug-Pazopanib with receptors responsible for angiogenesis.

Metabolites/ Drugs Binding energies Kcal/mol
VEGFR 1 VEGFR 2
Atranorin -8.2 -7.5
Lecanoric acid -8.2 -8.3
Orsellinic acid -6.1 -5.9
Pazopanib -9.1 -8.3

3.9. Discussion.

Demographic and epidemiologic data suggest that there is an increase in cases of cancer
incidence and mortality each year and the tremendous side effects of the prevailing cancer
treatments are major concerns these days [39]. Liver cancer has become the fourth leading
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cause of cancer-related death worldwide, and it is estimated that by 2025, annual liver cancer
incidence will be more than a million. [40] Cancer treatment has several side effects and is also
a substantial economic burden for underprivileged groups of people. Therefore, there is an
urgent need for research in the field of anti-cancer drug development and especially from
natural sources. Few plant-derived anti-cancer therapeutics are already in use, such as
vincristine, paclitaxel, etoposide, etc. [41, 42]. The extensive flora of India and its rich
ethnobotanical history encouraged us to make an effort to study the antiproliferative and
apoptotic efficacy of three lichen genera of India. A literature survey suggests that compounds
resourcing from lichen exhibit several pharmacological activities. However, their therapeutic
potential has not been fully explored and remains an unexploited area in the field of drug
development [43-45].

A handful of publications regarding the antiproliferative potential of lichen crude
extracts have been reported to date. Genera like Umbilicaria, Parmelia, Cetraria, Usnea,
Hypogymnia, Cladonia, Xanthoria, and Lasallia have shown cytotoxicity against FemX, A549,
PC-3, Hep 3B HeLa, MCF-7, MDA-MB-231 and LS174 cell lines as evaluated by MTT assay
[46]. In our present study, we have investigated the antiproliferative efficacy of the methanolic
extract of Parmotrema tinctorum, Heterodermia sp., and Parmelia sp. against four human
cancer cell lines Hep-G2, MCF-7, A549, and MOLT 4 and evaluated the toxicity of the extracts
on PBMC isolated from a healthy donor. As per our knowledge, this is the first report of these
lichen genera in Hep G2 and MOLT 4 cell lines. The screening results indicate that among the
three lichens, the methanolic extract of Parmotrema tinctorum showed the most potent
antiproliferative activity against the Hep G2 hepatocarcinoma cell line with an 1Cso value of
less than 150 pg/mL. Methanolic extract of Parmotrema tinctorum showed moderate
antiproliferative activity against the MCF-7 cell line with an I1Cso value of 215 + 14.045 pg/mL,
which is close enough to the previously reported data of Parmotrema reticulatum by Ghate et
al. thus indicating that both the species has the potentiality to work against breast cancer and it
could also be deciphered that the genus Parmotrema have very little effect against lung cancer
cells [47]. Considering our findings, only one report has been documented highlighting the
anti-cancer activity of the methanolic crude extracts of a different species, Parmotrema
tinctorum, against hepatocarcinoma.

Till today only a handful of investigations has been carried out against Hep G2 cells
with lichen extracts except Kumar et al., who reported moderate cytotoxicity of methanolic
extract of Lobothallia alphoplaca and Melanelia disjuncta, water extract of Xanthoria elegans
and Xanthoparmelia stenophylla exhibits little higher cytotoxicity as evaluated through SRB
assay [48]. In addition, our present investigation showed that three other lichens showed
antiproliferative efficacy on Hep G2 cells.

Our study depicts that with the increasing concentration of the methanolic extract of
Parmotrema tinctorum there is a clear reduction in cell confluency, alteration of cell shape,
and disruption of cellular communication in Hep G2 cells. As DNA fragmentation is a
prerequisite for considering drug-associated cellular death, we performed nuclear staining by
DAPI. The extract showed its efficacy in a concentration-dependent manner, thus encouraging
us to assess its role in cellular apoptosis. The methanolic extract of Parmotrema tinctorum was
able to induce robust apoptosis in Hep G2 cells at 300 pug/mL with more than 80% apoptotic
cell death. According to previous reports, extracts of Parmotrema reticulatum were reported
to exhibit 87.34 % apoptosis in the MCF-7 cell line, thus culminating, that both the species of
Parmotrema have the potential to manifest apoptosis specifically in cancer cells. Apoptosis is
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generally associated with DNA fragmentation which is depicted by the accumulation of sub-
GO0/G1 population of cells in flow cytometric analysis of cell cycle progression. The 66.17%
drop in GO/G1 cell population at 300 pg/mL upon treatment with methanolic extract of
Parmotrema tinctorum suggests that the extract accomplishes death probably by targeting
GO0/G1, while Ghate et al. showed a contrasting result in A549 and MCF-7 cell lines where the
extract of Parmotrema reticulatum targets cells at G2/M phase and to some extent S phase.
Our findings were substantiated by in silico docking study of three major compounds present
in Parmotrema tinctorum against anti-apoptotic proteins, where lecanoric acid and atranorin
have shown the lowest binding energies with Bcl-2 and Bcl-XL, thus proving that both
lecanoric acid and atranorin has the potential to restrict the anti-apoptotic proteins from
blocking the apoptotic pathway. Concurrently, the strong binding affinity of atranorin to CCND
1 indicates the cell cycle arrest at the G1 phase, which supports the in vitro result of cell cycle
analysis for the methanolic extract of Parmotrema tinctorum.

Angiogenesis is an important factor in cancer progression, and cellular migration is a
certitude for angiogenesis [49, 50]. Several natural products are reported to exhibit anti-
angiogenic properties both in in vivo and in vitro models. [51] Lichens like Evernia prunastri,
Pseudevernia furfuracea, Flavoparmelia caperata, Platismatia glauca have been reported to
exhibit anti-migratory efficacy [52]. Our finding put forward that the methanolic extract of
Parmotrema tinctorum exhibits considerable anti-migratory efficacy in a concentration-
dependent manner as evaluated by in vitro scratch assay. This anti-migratory efficacy of the
methanolic extract of the lichen intrigued us to evaluate its anti-angiogenic property.
Accordingly, three major compounds, i.e., atranorin, orsellinic acid, and lecanoric acid,
resourcing from Parmotrema tinctorum were chosen for further in silico molecular docking
with two key receptors responsible for inducing angiogenesis viz. VEGFR 1 and VEGFR 2.
The docking results interpret that lecanoric acid and atranorin showed the least binding energy,
which is very close to the standard hepatocarcinoma drug Pazopanib.

In fact, lecanoric acid and atranorin have shown 0 violation of Lipinski's rule of five,
implying that they have good druggability. Moreover, their physicochemical properties and
ADMET properties make them potential drug candidates. As per our knowledge, this is the
first report highlighting the novel lichen Parmotrema tinctorium and its associated key
molecule, lecanoric acid, and atranorin, in restricting hepatocarcinoma.

4. Conclusions

In conclusion, it can be said that the methanolic extract of a unique lichen, Parmotrema
tinctorum, exhibits potent anti-cancer properties. Two novel compounds, lecanoric acid and
atranorin resourcing from this wild lichen are probably the key biomolecules for anti-cancer
activity. In the future, evaluation of these two bioactive molecules, lecanoric acid and atranorin,
in clinical trials against hepatocarcinoma would open a new window in the field of drug
development from natural sources for combating cancer.
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