:n
A4

http://pubs.acs.org/journal/acsodf

Heoo®06

Exploration of Phaeanthine: A Bisbenzylisoquinoline Alkaloid
Induces Anticancer Effect in Cervical Cancer Cells Involving
Mitochondria-Mediated Apoptosis

Alisha Valsan, Murugan Thulasi Meenu, Vishnu Priya Murali, Beutline Malgija, Anuja Gracy Joseph,
Prakasan Nisha, Kokkuvayil Vasu Radhakrishnan,® and Kaustabh Kumar Maiti*

I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2023, 8, 14799-14813

ACCESS | [ihl Metrics & More ’ Q Supporting Information

ABSTRACT: Natural-product-based pharmacophores possess considerably
more structural diversity, attractive physicochemical features, and relatively
less toxicity than synthesized drug entities. In this context, our studies on
phaeanthine, a bisbenzylisoquinoline alkaloid isolated from the rhizomes of
Cyclea peltata (Lam) Hookf & Thoms., showed selective cytotoxicity
toward cervical cancer cells (HeLa) with an ICy, of 8.11 + 0.04 uM.
Subsequent investigation with in silico molecular docking of phaeanthine
displayed preferential binding to the antiapoptotic protein Akt as reflected
by a docking score of —5.023. Interestingly, the follow-up in vitro
assessment of the compound correlated with mitochondria-mediated
apoptosis specifically by downregulating the expression of Akt and p-Akt, AP i tin
including other antiapoptotic proteins MCI-1, IGF-2, and XIAP. In the

complementary in vitro assessment, mitochondrial membrane polarization

and dynamics of intercellular cytochrome ¢ validated the intrinsic mechanism of the apoptotic phenomenon. To the best of our
knowledge, this is the first comprehensive anticancer profiling study of phaeanthine against HeLa cells.
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Cancer is the second leading cause of death globally, with an
approximate number of 10 million deaths in 2020 alone, and
cervical cancer is the fourth most prevalent cancer worldwide,
claiming one life every 2 min. It is also the leading cause of death

reproductive system and for treating many female reproductive
disorders.”” The plant enables excess water stagnation with
uterine tumors, ovarian cysts, and leucorrhea to decrease.” The
plant is also traditionally used by tribal communities in India to
treat diarrhea, wounds, and certain skin diseases.* ™ The plant is

in women cancer patients in 42 countries." However, cervical
cancer can be prevented by an early diagnosis because it takes a
long time to become metastatic. Due to this reason, developing
more affordable therapeutic entities can greatly help in fighting
this disease.

In ancient India, traditional medicines involved ayurvedic
formulations developed from plants and herbs. With advance-
ments in technology and knowledge, these formulations have
been replaced by more precise and accurate treatment strategies
using bioactive molecules. So, natural products and their
synthetically modified derivatives occupy a significant role in
the current pharmacopeia.

For this work, we have chosen a plant that is frequently used in
traditional systems but hitherto unexplored for its anticancer
activity. Cyclea peltata (Lam) Hook.f & Thoms. belongs to the
family Menispermaceae. The plant is known as Rajapata in
Sanskrit and is reputedly a well-known drug quoted in most of
the ancient ayurvedic classics like Charak Samhita (1000BC),
Sushruta Samhita (1000BC), and Ashtangahridya (6AD). It has
been widely used in many ayurvedic formulations like
Pushyanuga churna for overall wellness of a women’s

© 2023 The Authors. Published by
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known to possess many pharmacological properties, including
antidiabetic, anticancer potential at an extract level,”®
nephroprotective activity,” hepatoprotective potential,'’ anti-
bacterial activity,'""'> gastric antisecretory, and antiulcer
property.”® Additionally, C. peltata root extract is effective in
neutralizing the venom of Naja naja'* and also shows significant
antipyretic and analgesic activity,"> and the ethyl acetate extract
is shown to have anti-inflammatory potential. In Swiss albino
rats, the methanolic extract of the plant reduced DAL-induced
tumor development.® So, based on the available literature, it is
clear that the plant possesses antitumor potential, but an in-
depth evaluation of the key phytomolecule, phaeanthine, is
lacking. Phaeanthine is a type of benzylisoquinoline alkaloid that
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Scheme 1. Phaeanthine Downregulates Akt Signaling Pathway and Induces Mitochondria-Mediated Cell Death
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includes narcotics such as codeine and morphine, muscle
relaxants such as papaverine and (+)-tubocurarine, antimicro-
bials such as sanguinarine and berberine, and anticancer agent
noscapine, among others. Phaeanthine has not been explored
much in terms of its anticancer potential. Some other activities
are reported for the compound, such as antiplasmodial
activity,'® antiprotozoal activity,'” and acetylcholinesterase
inhibitory potential."®

Considering the reports, we investigated the effect of
phytomolecules isolated from the plant on anticancer profiling
with a focus on the most common cancer of the female
reproductive system, i.e., cervical cancer. We isolated the major
phytomolecules from C. peltata rhizomes and examined the
anticancer potential in the present investigation. The acetone
and ethanolic extract of the plant yielded mainly three
compounds, phaeanthine, cycleanine, and N-methylcorydal-
dine. Initially, all three compounds were screened for
antiproliferative potential against cervical cancer cells, HeLa,
among which phaeanthine was found to have appealing
cytotoxicity features. In silico examination of phaeanthine
demonstrated an excellent binding affinity with the proliferative
protein Akt, compared to the other eight protein codes.
Subsequently, the anticancer potential of phaeanthine has
been evaluated with downstream in vitro assays to assess its
ability to induce apoptosis, including FITC annexin V, caspase
assays, and DNA fragmentation. Furthermore, clonogenic assay

and changes in mitochondrial membrane potential were also
performed. As a novel insight, surface-enhanced Raman
spectroscopy (SERS) was employed to scrutinize DNA
fragmentation by identifying the signature Raman fingerprint
of the phosphate backbone. Moreover, phaeanthine exhibited
intrinsic mitochondria-mediated apoptosis and resulted in the
downregulation of the expression of proliferative protein Akt
and its phosphorylated form, p-Akt, and other antiapoptotic
proteins Mcl-1 and XIAP (Scheme 1). To the best of our
knowledge, this is the first report on the anticancer potential of
phaeanthine against cervical cancer cells; HeLa cells and their
apoptotic induction through mitochondria-mediated intrinsic
pathway were also established.

B RESULTS AND DISCUSSION

Extraction, Isolation, and Characterization of Phyto-
molecules from Cyclea peltata Rhizomes. The collected C.
peltata rhizome was subjected to sequential extraction by
hexane, acetone, ethanol, and water (Figure S1). Since the
acetone and ethanol extract responded to Dragondorft’s test, we
adopted a detailed acid—base extraction procedure. We isolated
3 compounds from the plant extract, which included 2 DBBI
(dibisbenzylisoquinoline) alkaloids. The compounds were
identified as phaeanthine (80 mg, 0.004% yield), cycleanine
(50 mg, 0.0025% yield), and N-methylcorydaldine (30 mg,
0.0015% yield) (Figure 1) based on extensive characterization
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Figure 1. Chemical structure of the isolated compounds from Cyclea peltata thizome: (a) phaeaenthine, (b) cycleanine, (c) N-methylcorydaldine. (d)
Percent inhibition on proliferation of the compounds in HeLa cells, (e) their IC, (#M) in HeLa cells for 24 h incubation, and (f) comparative % of
inhibition of phaeanthine on HeLa cells and MCF-10A (nontumorigenic cell) cells for 24 h of incubation.

using the NMR technique ('H, "*C, 2D) and HRMS analysis,
which were in good agreement with the reported data'”'"*’
(Figures S2—S22).

Primary Cytotoxicity Screening of Isolated Phytomo-
lecules. Preliminary selection based on the cytotoxicity of the
three isolated compounds was evaluated by MTT (3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium) assay in HeLa
cells. Among the three compounds, phaeanthine showed a
promising antiproliferative potential with an IC, value of 8.11 +
0.04 uM at 24 h, whereas cycleanine showed an ICj, value of
18.06 =+ 0.14 pM. Although, N-methylcorydaldine did not show
much toxicity even when concentration was increased to 100
uM (Figure 1d,e). Since phaeanthine exhibited pronounced
inhibitory potential against HeLa cells at a lower concentration,
we checked its toxicity against a normal nontumorigenic breast
epithelial cell line, MCF-10A. To our pleasant surprise,
phaeanthine did not show toxicity up to a moderate
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concentration, and its ICy, was found to be 36.33 + 0.14 uM;
thus the compound is not toxic up to a higher concentration.
(Figure 1f). Therefore, we extended the downstream in vitro
studies with phaeanthine as a potential phytomolecule.
Computational Screening of Phaeanthine. Next, we
extended the screening strategy by employing computational
tools where molecular docking was conducted with the selected
proteins (Akt, MMP-2, mTOR, Survivin, caspase-9, caspase-8,
pS3, PARP, and STAT-3) involved in the apoptotic mechanism.
Molecular docking studies among these proteins exhibited good
binding affinity of phaeanthine with the target Akt, possessing a
docking score of —5.023 compared to other target proteins
(Table S2 and Figures S24—S32). Hence, Akt was chosen for
further molecular dynamic simulation studies. In the binding
interaction between Akt and phaeanthine, we observed that
Thr162 donated hydrogen atoms to the ligand, leading to the
formation of a H-bond with a distance of 2.31 A. Apart from
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Figure 2. (a,b) Interaction of phaeanthine with Akt; results from MD simulation. (c) RMSD plot of Akt and phaeanthine complex; (d) RMSF plot of
the protein. The green vertical line shows the residues interacting with the ligand. (e) Interactions between Akt and phaeanthine over the 50 ns

simulation time.

hydrogen bonds, 7—cation interaction and salt bridges were also
observed, which may contribute to the complex’s stability. The
intermolecular 7—cation interaction was formed by the
interaction of a cation from Lys277 with the polarizable 7
electron cloud of an aromatic ring in phaeanthine (Figure 2a,b).

Molecular Dynamics Simulation of Akt—Phaeanthine
Complex. To assess the stability and conformational flexibility
of the Akt—phaeanthine complex, molecular dynamics simu-
lation was performed using Desmond (academic version) of
Schrédinger Suite for S0 ns under the OPLS-2005 force field.
The root mean square deviation (RMSD), which gives insights
into the conformational stability of the complex, was calculated
throughout the 50 ns simulation time. The RMSD plot shows
that the protein and protein—ligand complexes were stable until
the end of the trajectory (Figure 2c). Similarly, the root mean
square fluctuation (RMSF) parameter to assess flexibility was
also calculated, in which minor fluctuations of the residues were
found, and the residues at the N-terminal region were more
fluctuated (Figure 2d). In order to further decipher the changes
in the position of the ligand atoms, the ligand RMSF was
calculated, which showed minor fluctuations in ligand atoms.
The H-bond interactions formed by the residue Thr162 were
also confirmed by protein—ligand contacts in the MD simulation
(Figure 2e). The 7—cation hydrophobic contacts which formed
over the simulation time with the residues Phel63, Vall66,
Phe238, Phe239, Phe439, and Phe443 could also contribute to
its stability. Ionic interactions, which do not involve a hydrogen
bond, were also observed with the residues Glu193, Glu236, and
Asp293. Apart from these interactions, water bridges involving
hydrogen-bonded interactions mediated by water molecules
were observed. Overall, this suggests the stability of the Akt—
phaeanthine complex with the collaborative role of hydrogen
bonding, hydrophobic interactions, and salt bridges.
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Apoptotic Evaluation of Phaeanthine. First we em-
ployed a live—dead dual staining assay to differentiate the
apoptotic cells where the fluorescent dyes (acridine orange and
ethidium bromide) would label the viable and dead cells
differently. HeLa cells were treated with phaeanthine, which
showed redder to orange-colored cells than the control (green
fluorescence) in a concentration-dependent manner (Figure
3a). Next, APOP staining of cells was carried out to distinguish
the apoptotic cells from healthy ones, where the dead cells
resembled a pink color due to membrane damage by the
treatment of phaeanthine. At the same time, the untreated
control did not show pink-colored cells (Figure 3b).

To corroborate the apoptosis-driven cell death by phaean-
thine, we also investigated the FITC annexin V apoptosis assay.
HeLa cells were treated with two different concentrations of
phaeanthine (6 and 15 M), where the percentage of apoptotic
cells showed a considerable hike in the treated cells compared to
that of the control. As shown in Figure 3c, the percentage of
apoptotic cells in the untreated control was 11.6%, which
increased to 65.5% in cells treated with 6 uM and 93.4% in 15
uM phaeanthine-treated cells (Figure 3c).

Evaluation of Caspase-Mediated Apoptosis. Cysteine—
aspartic proteases or caspases regulate the cell death pathways
involving mitochondria. We have studied the expression of
caspase-3, -8, and -9 by fluorometric assays. The expression of
executioner caspase-3 upon treatment with phaeanthine (15
uM) showed a hike of 2.6-fold fluorescence intensity compared
to that of untreated cells. Likewise, in the case of caspase-9, cells
treated with a higher concentration of compound (15 yM)
showed a similar pattern with approximately 2.3-fold increases in
the fluorescence intensity compared to that with the control. But
in case of caspase-8, a notable decrease in the fluorescence
intensity was observed in the treated cells. At a 6 uM
concentration of phaeanthine, there was a 2.25-fold decrease,
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Figure 3. Phaeanthine-induced apoptosis in HeLa cells. HeLa cells were treated /untreated with 6 and 15 #M concentrations for 24 h to perform (a)
acridine orange—ethidium bromide dual staining assay, (b) APOP staining assay, (c) Annexin V apoptosis assay, (d) caspase fluorometric assay. The
assays were carried out in triplicates, and the data are expressed as mean + SD; ***p < 0.001, *p < 0.05 were considered to be significant as compared

to the control.

and at a higher (15 gM) concentration, a decrease in the
fluorescence intensity (8.72-fold) compared to that of the
control was observed (Figure 3d). The upregulation of caspase-9
and downregulation of caspase-8 substantiated the intrinsic or
mitochondria-mediated apoptosis involved in the treatment of
phaeanthine in HeLa cells.

Assessment of Mitochondrial Membrane Potential
Induced by Phaeanthine. A decrease in the mitochondrial
membrane potential (MMP) could be considered a marker
event in the early stages of apoptosis.”’ JC-1 is a cationic dye that
can form aggregates at a high membrane potential in the
mitochondrial matrix. This polymerization will yield red
emission. But in mitochondrial membrane-compromised cells
or an apoptotic cell, the MMP is very low. At this low MMP, JC-
1 cannot form an aggregate and will be retained as a monomer
and yield green fluorescence. So, this aggregate/monomer ratio
can be used as a parameter to study apoptosis in cancer cells. The
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apoptotic cells will show a lower red/green or aggregate/
monomer ratio. HeLa cells were treated with 5 and 8 uM
phaeanthine for 24 h of incubation, which showed a higher green
fluorescence than red, indicating the JC-1 was retained as a
monomer (Figure S33). The aggregate/monomer ratio is
reduced compared to that of the untreated cells. The untreated
cells showed an aggregate/monomer ratio of 2.6034 =+ 0.30. In
contrast, treated cells at S uM concentration were 0.2830 + 0.03,
and at 8 uM, phaeanthine treated cells have 0.2013 =+ 0.05 ratios
(Figure 4a). The decrease in the aggregate/monomer ratio
indicates the JC-1 aggregate formation is hindered upon the
treatment by the depolymerization of membrane potential.
Evaluation of Cytochrome c¢ (cyt ¢) Dynamics by
Phaeanthine. The extent of the intrinsic apoptotic pathway
was well understood by the dynamics of cyt ¢, which triggers the
mitochondria-dependent apoptosis pathways. The cyt ¢ is
located in normal healthy cells” inner mitochondrial membrane
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phaeanthine-treated cells. (d) Expression of cytosolic cytochrome ¢ in control versus phaeanthine-treated cells. The assays were carried out in
triplicates, and the data are expressed as mean + SD; ***p < 0.001, *p < 0.05 were considered significant compared to the control.

space. Upon receiving apoptotic stimuli, the outer membrane
gets permeabilized and releases cyt ¢ to the cytosol. So, the
release of cyt ¢ is a noticeable change during apoptosis, or it
represents mitochondria’s involvement in apoptotic cell death.””
We checked the expression of mitochondrial and cytosolic cyt ¢
and compared their expression between phaeanthine-treated
and untreated cells (Figure 4b). The results depicted the release
of cyt ¢ into the cytosol from mitochondria since the treated
group showed an upregulation in cytosolic cyt ¢ (Figure 4d).
Also, downregulated mitochondrial cytochrome ¢ protein
expression was compared to that of the control group (Figure
4c).

Phaeanthine-Induced DNA Condensation and DNA
Fragmentation. DNA condensation and subsequent fragmen-
tation is a hallmark of apoptosis. Therefore, the condensation
pattern of DNA was studied using a Hoechst nuclear staining
assay. The nuclei of the untreated cells appeared round and
uniformly stained, while the phaeanthine-treated cells showed
intensely stained areas because of DNA condensation (Figure
5a).

We further carried out agarose gel electrophoresis to confirm
the DNA fragmentation pattern. The isolated DNA demon-
strated a laddering pattern in the cells treated with a higher
concentration of phaeanthine (Figure Sb).

Cellular Internalization and DNA Fragmentation by
SERS Modality. For further insights, we investigated Raman
fingerprints of phaeanthine through surface-enhanced Raman
scattering (SERS) spectral analysis (Figure Sd). Cellular
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internalization of phaeanthine was tracked in a time-dependent
manner in HeLa cells. Cells were treated with phaeanthine (6
uM) to monitor intracellular Raman fingerprints of phaeanthine
with the 633 nm laser of a confocal Raman microscope using
colloidal gold nanoparticles (AuNPs: 40—45 nm) as the SERS
substrate. After 1 h, we observed the signature peaks of
phaeanthine at 1000 and 1590 cm™' (aromatic ring
vibrations),”>** 1160 ¢m™, and 1212 cm™' (trisubstituted
amine C—N stretch).” Similarly, distinct peak patterns were
observed at around 2 h onward until 4 h, but after 8 h, the
phaeanthine peaks decreased substantially, which may be due to
its cellular metabolic decomposition.

Next, the isolated DNA from the phaeanthine-treated and the
untreated cells was mixed with AuNPs, and SERS fingerprints
were assessed. We identified the signature Raman peaks
associated with various molecular vibrations from DNA, which
were perfectly aligned with the reported literature.”®”” The
DNA signature peaks from 746 to 800 cm ™, including the ring
breathing mode of pyrimidines, phosphodiester bond vibrations,
especially —O—P—O stretching, as well as deoxyribose and
phosphodiester bond peaks at 870 to 900 cm™' and aromatic
ring vibrations at 1002 cm ™" were found to be less intensified in
the treated samples (Figure Sc). A similar effect was observed for
1177/1180 em™ cytosine/guanine and 1303 cm™! adenine,
cytosine peaks, and DNA mode vibrations peaks at 1573—1577
cm™". We could observe enhanced peak intensity at 1620—1660
cm ™" in higher dosage (15 M) of phaeanthine-treated cellular
DNA, indicating the base-pairing interactions and base-stacking
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Figure S. Nuclear fragmentation and condensation induced by phaeanthine: (a) Hoechst nuclear staining, (b) DNA laddering by AGE, (c) SERS
analysis of DNA fragmentation, and (d) internalization of phaeanthine (6 yM) into cells monitored using SERS.

effects due to H-bond formation. This may be due to DNA
fragmentation associated with the base-pairing regions, leading
to the generation of the particular SERS peaks in the treated
sample. Thus, the SERS analysis reconfirms the apoptosis-
associated DNA fragmentation in the phaeanthine treated
samples.

Inhibition of Clonogenic Potential by Phaeanthine in
Hela Cells. Next, we investigated the inhibitory potential of
phaeanthine in the colony-forming capacity of HeLa cells. The
compound at 0.5 and 1 uM effectively inhibited the clonogenic
potential of HeLa cells. The survival fraction was substantially
reduced in 1 #M phaeanthine-treated colonies compared to that
in the control colonies (Figure 6b). A very high clonogenic
inhibitory potential at a significantly lower concentration (1
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uM) reflects the inhibitory ability of the compound in a dose-
dependent manner (Figure 6a).

Induction of Cell Cycle Arrest by Phaeanthine. Flow
cytometric analysis to investigate the cell cycle distribution was
performed to further explore the mechanism of action of
phaeanthine. Malignancies are characterized by a dysregulation
of the cell cycle, which allows them to proliferate uncontrollably.
Many clinically used drugs are known to induce cell cycle arrest,
thereby controlling tumor growth.”® We have monitored the
effect of phaeanthine in regulating the cell cycle pattern upon
treatment with 6 and 15 uM concentrations for 24 h of
incubation. The percentage of cells at the G1 phase decreased to
51 and 41.2%, respectively, compared to that of the untreated
control (59.1%). The treated cells also showed an upsurge in the
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Figure 6. (a) Colony formation assay. (b) Survival fraction of the colonies. (c) Blot of cell cycle proteins. Expression of (d) cyclin A2, (e) cyclin B1, (f)
CDK-2,and (g) Cdc25. (h) Cell cycle assay: control denotes the untreated cells. The assays were carried out in triplicates, and the data are expressed as
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nonsignificant p value.

cells at the sub-Gl phase in a dose-dependent manner, key regulator proteins involved in the cell cycle regulation.
indicating the apoptotic population of cells upon treatment Western blot analysis of various proteins such as cyclin A2,
(Figure 6h). Further, we checked the expression of some of the cyclin B1, CDK 2, and Cdc25c was also carried out (Figure 6¢).
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A significant reduction in the expression of cyclins was early mitosis.”” Cells with repressed cyclin B1/Cdc2 activity are
observed, indicating the downregulation of cell cycle proteins, more likely to remain in the G2 phase, whereas cells with
thereby arresting the cell cycle to prevent the proliferation of the upregulated cyclin B1/Cdc2 activity are more likely to enter and
cancer cells. Cyclin A2 is in a strategic position to control a large complete mitosis.’* So, the cyclin B downregulation will allow
part of the cell cycle because of its presence during S, G2, and the cancer cells to remain in the G2 phase and arrest its entry to
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mitosis for proliferation. CDK2 helps in the S phase to G2 phase
transition by binding to cyclin E and cyclin A during the initial
and terminating stages of the S phase.”’ Cdc25c is involved in
the G2/M transition in cell cycle.”” From the Western blotting
of these proteins, we could observe the downregulation of all
four proteins involved in the cell cycle regulation (Figure 6d—g).
The results also indicate a possible chance of arrest at the G2
phase of the cell cycle, thereby regulating the proliferation of
cells. Phaeanthine can control the cell cycle progression by
downregulating the expression of crucial regulators such as
cyclins and CDKs. Targeting cell cycle regulators always makes a
better therapeutic strategy.”

Phaeanthine-Modulated Expression of Various Pro-
teins Involved in Apoptosis. The promising apoptosis-
inducing potential of phaeanthine encouraged us to investigate
the expression of major proteins involved in the apoptotic

14808

pathway. Western blot analysis (Figure 7a) and human
apoptosis antibody array membrane assay (Figure 7ij) were
performed to evaluate the expression of key players in the
apoptosis pathways. The array membrane comprises antibodies
of 43 key proteins involved in the process of cell death via
apoptosis. The expression studies finally revealed the alteration
of various proteins. The proteins involved in promoting
apoptosis, such as Bax, cleaved PARP, Bid, p53, caspase-3,
p21, Hsp60, and p27, were upregulated. Treatment with
phaeanthine downregulated some of the antiapoptotic proteins
such as Akt, p-Akt, Mcl-1, CD40, IGF-2, and XIAP (Figure 7k).
Bax and Bid are proapoptotic proteins, and the activation of
caspases and p53 promotes the apoptotic pathway. High levels
of IGF-2 were found to be associated with an increased risk of
developing cancer.’* By downregulating the expression of IGF-
2, phaeanthine inhibits the binding of IGF-2 to the insulin
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receptor, thereby downregulating the Ras and Akt pathway,
which ultimately inhibits the survival, proliferation, invasion,
and angiogenesis of cancer cells.”> The regulation of Akt
signaling is an important phenomenon in cancer control. We
observed a downregulation in the expression of total Akt and its
phosphorylated form p-Akt, thereby inhibiting PI3K/Akt
signaling for survival and proliferation with phaeanthine
treatment. CD40 is overexpressed in a wide variety of
carcinomas; even a higher level of expression is observed in
cervical carcinomas.*® Activation of CD40 by CD40L results in
the proliferation of cancer cells by upregulating MAPK, NF-xB,
and JNK pathways.”” So, phaeanthine-mediated downregulation
of CD40 revealed an evident inhibition of the proliferative cells.
X-linked inhibitor of apoptosis protein (XIAP) expression is
observed to be elevated in cases of malignancies by inhibiting the
activation of caspase-3 and -9 and inhibiting apoptosis-mediated
cell death.>® Phaeanthine induced a downregulation of XIAP,
which indicates the activation of initiator and executioner
caspases, thereby initiating the cellular apoptotic death
mechanism. We observed a decrease in the expression of Mcl-
1 protein with the treatment; Mcl-1 is usually found to inhibit
the oligomerization of Bak and Bax and inhibits the release of
cytochrome ¢ from the mitochondrial membrane.*” So, its
downregulation will initiate apoptosis. Therefore, targeting Mcl-
1 is a new strategy for cancer therapy.*’

Bid is a proapoptotic protein which cleaves on activation and
moves into the mitochondria to induce mitochondrial
membrane permeabilization. This process is achieved by the
oligomerization of Bax and Bak and, thus, the release of cyt ¢ out
of mitochondria.*' Hsp60 plays a role in caspase-3 activation by
functioning as a chaperone and promoting the protease-sensitive
state of pro-caspase-3.*” SMAC is another mitochondrial
protein along with cyt ¢ that gets released into the cytosol
upon receiving the death signal. SMAC eradicates the action of
IAPs (inhibitor of apoptosis proteins) and activates the caspase
activation cascade with the help of cyt ¢ and Apaf.*’ So, the
upregulation of these proteins, namely, Bid, Hsp60, SMAC, and
cyt ¢, specifies the involvement of mitochondria-mediated
apoptosis in cancer cell death. Apart from these, the expression
of proteins such as p21, p27, and pS3 were also elevated. These
proteins are involved in cell cycle arrest and regulation,™
thereby controlling the tumors’ further growth. From the above
data, a mechanism has been proposed for cell death in HeLa cells
by phaeanthine (Figure 8).

B CONCLUSION

In summary, we have successfully isolated three major alkaloids
from the rhizome of Cyclea peltata, namely, phaeanthine,
cycleanine, and N-methylcorydaldine. Among the three,
phaeanthine showed its highest potency in inhibiting cervical
cancer cell proliferation. The selected compound, phaeanthine,
was found safer for the nontumorigenic cell line, MCF-10A,
especially at a moderate concentration, which was adequate for
apoptotic induction in HeLa cells. In silico studies of the
phaeanthine revealed its good binding affinity with the
antiapoptotic and proliferative protein Akt, reflecting a docking
score of —5.023. The in silico data were well complemented with
in vitro assessment which confirmed mitochondria-mediated
apoptosis by downregulating the expression of total Akt and its
phospohorylated form, p-Akt, including other antiapoptotic
proteins such as MCI-1, IGF-2, and XIAP. Furthermore,
mitochondrial depolymerization and the release of cytochrome
c into the cytosol resembled the mitochondria-mediated cell

death by the treatment of phaeanthine. As a new insight, the
SERS fingerprint of phaeanthine was utilized to track cellular
internalization and investigated apoptotic events by Raman
fingerprint analysis of cellular DNA and other biomolecules.
Finally, the phaeanthine triggered cell cycle arrest through
downregulation of the expression of major regulatory proteins
involved in cell cycle progression was studied, as well. To the
best of our knowledge, this is the first report on the detailed in
vitro anticancer studies of phaeanthine, and its inhibition on the
Akt signaling pathway demonstrated in HeLa cells. These results
can help in developing a better treatment strategy for cervical
cancer from phaeanthine, a natural pharmacophore.

B EXPERIMENTAL SECTION

General Experimental Procedures. All chemicals and
solvents were purchased from Sigma-Aldrich, Merck, and
Specrochem and used without further purification. Analytical
TLC was performed on a Merck 60 F,, silica gel plate (0.25 mm
thickness), and visualization was done with UV light (254 and
365 nm). Column chromatography was performed on Merck 60
silica gel (60—120 or 100—200 mesh). The 1D and 2D NMR
spectra were recorded on a Bruker ADVANCE 500 MHz, using
MeOD and CDClI; as solvents, and the chemical shifts were
expressed in parts per million relative to the TMS peak. The
melting point was recorded on a Leica DM 2500 P optical
transmission microscope equipped with a wide zoom camera
and Mettler Toledo hot stage. The HRESIMS data were
recorded at 60,000 resolutions using Thermo Scientific Exactive
mass spectrometer. Specific rotation was measured on JASCO
P-2000 polarimeter. HPLC of the compound phaeanthine was
done on Shimadzu HPLC-LC 20A series (in C18 column,
conditions: 0.25% acetic acid in water and methanol in the ratio
1:1, 145 kef pressure and flow rate: 1.0 mL/min) and showed a
purity of >98%.

Extraction, Isolation, and Characterization of Phyto-
molecules. Collection of Plant Material. Cyclea peltata
rhizomes were collected from Wayanad, Kerala, India. A
voucher specimen of the plant was deposited in the herbarium
repository of M.S. Swaminathan Research Foundation
(MSSREF), Kerala, India, with voucher number M.S.S.H. 2709.

Extraction and Isolation Procedure of C. peltata. The
rhizomes of Cyclea peltata were thoroughly cleaned and dried in
a hot air oven maintained at 50 °C for 3 days. Approximately 2
kg of the plant material was coarsely crushed and subjected to
repeated extraction using hexane, acetone, ethanol, and water,
yielding S g of hexane extract, 20 g of acetone extract, 200 g of
ethanol extract, and 10 g of water extract. Since the acetone and
ethanol extract showed a positive result for Dragendorff’s test for
alkaloids, we adopted a detailed acid—base extraction
procedure™ to isolate the benzylisoquinoline alkaloids from
the ethanol extract, and the fractions were subjected to silica
column chromatography to isolate the compounds.

Cell Culture Methods. The human cervical cancer cell line,
HeLa, was obtained from American Type culture collection
(ATCC, USA), and the normal breast epithelial cell line MCF-
10A from Elabscience, USA. HelLa cells were maintained in
Dulbecco’s modified eagle medium (DMEM, Sigma), and
MCF-10A cells were maintained in MEGM (mammary
epithelial cell growth medium kit) Lonza and supplemented
with 10% fetal bovine serum (FBS, Himedia) and 1% antibiotic
antimycotic solution 100X (with 10,000 units penicillin, 10 mg
of streptomycin, and 25 pg of amphotericin B per mL in 0.9%
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normal saline, Himedia) and maintained at 5% CO, at 37 °C in
the incubator.

Cell Viability Assay. Cells were seeded in a 96-well plate at a
seeding density of 8 X 10* cells/well. After 24 h of incubation,
the compounds (phaeanthine, cycleanine, and N-methylcor-
ydaldine) were added at different concentrations and incubated
for 24 h. After incubation, the compound containing medium
was removed and washed with PBS, and MTT (3-[4,S-
dimethylthiazol-2-yl]-2,5-diphenyltetrazolium) at a concentra-
tion of 0.5 mg/mL was added and kept in the dark for 2—4 h.
DMSO was added to dissolve the formazan crystals, and
absorbance was measured at 570 nm in a multimode plate reader
(Synergy H1, Biotek).

Molecular Docking. The X-ray crystal structure of the
target proteins Akt/protein kinase B (PDB: 106L),** MMP-2
(1GEN), mTOR (4JSP), Survivin (1F3H), caspase-9 (2AR9),
caspase-8 (4ZBW), pS3 (1TUP), PARP (SDSY), and STAT-3
(6NJS) were obtained from the Protein Data Bank. The
molecular docking is performed using Maestro to predict the
binding modes against the active site pocket of the target
protein.*” Protein Preparation Wizard of the Schrédinger suite
of the program is used to prepare the protein for molecular
docking. Then Glide’s receptor grid generation was used to
generate a grid with a maximal size of 20 X 20 X 20 and 0.5 A
spacing. The molecular docking was performed using glide.**

Molecular Dynamics Simulation. All simulations were run
with the OPLS-AA force field using the academic version of the
MD simulation software, Desmond 6.9.* Desmond uses a
specific neutral territory technique dubbed the midpoint
approach to effectively take advantage of a high level of
parallelism in the computation. We performed a 50 ns long MD
simulation of the system intending to analyze the Akt
aberrations in an inhibitor-bound form of phaeanthine. The
system was initially set up by the system build panel and solvated
in an orthorhombic box filled with water molecules. The system
was then neutralized with the appropriate number of counter-
ions and salt concentration of 0.15 M, and a 10 buffer region was
allowed between the protein—ligand complex and box sides. The
systems were neutralized with Na" ions, and the overlapping
water molecules were deleted. The system was exposed to local
energy minimization utilizing the limited memory Broyden
Fletcher Goldfarb Shanno (LBFGS) algorithms and the hybrid
steepest descent method. To produce simulation data for the
postsimulation analyses, the system was relaxed using the
constant NPT (number of atoms N, pressure P, and temperature
T) ensemble condition. Using Nosé-Hoover thermostats and
the Martina-Tobias-Klein barostat method, a constant temper-
ature of 300 K and a stable atmospheric pressure of 1 atm were
established for the duration of the simulation procedure. The
final production MD was carried out for 50 ns for all systems,
and the outcomes were examined using a simulated interaction
diagram.

Apoptotic Assays. Various assays were used to analyze the
mode of cytotoxicity induced by the compound on HeLa cells.
Acridine orange—ethidium bromide dual staining and APO
percentage were done to assess whether cells undergo apoptosis
following the previously reported methods,”” and the images
were taken using a Nikon-TS100 inverted microscope. FITC
Annexin V is a sensitive probe for identifying apoptotic cells,
binding to the negatively charged phosphatidyl serine. It was
performed with a FITC Annexin V apoptosis detection kit (BD
Pharmingen, Cat. No. 556547). The kit protocol was strictly
followed to conduct the experiment accurately.

Caspase Fluorometric Assays. The expression of various
caspases upon treatment with phaeanthine was evaluated with
caspase fluorometric assay kits (Biovision). The experiment was
carried out as per the manufacturer’s protocol. HeLa cells were
treated with phaeanthine at two different concentrations (6 and
15 uM) for 24 h; after the procedures, the fluorescence intensity
was measured (excitation: 400 nm and emission: 505 nm) in a
multimode plate reader (Synergy H1, Biotek).

Mitochondrial Membrane Potential Assay. Mitochon-
drial membrane potential was studied using a cationic dye, JC-1
(5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylimidacarbocyanine  io-
dide) (Sigma). The cells were seeded at a density of 7 X 10°
cells/well. Phaeanthine was added at lower concentrations of §
and 8 uM. After 24 h of incubation, cells were washed and
incubated with JC-1 (5 uM) for 10 min. Cells were then
observed under a Nikon-TS100 inverted microscope using red
and green channel filters. The JC-1 aggregate/monomer ratio
was calculated using Image] software.

Cytochrome c¢ Release. Cytosolic and mitochondrial
proteins of the untreated control and treated cells were isolated
using a previously reported method.”' Phaeanthine was added at
a concentration of 6 uM and incubated for 12 h. Fractionated
proteins were subjected to Western blot analysis, and
mitochondrial and cytosolic cytochrome ¢ expression in both
control and treated sets were studied, keeping GAPDH as the
internal control.>> The density of each protein band was
calculated using Image] software.

DNA Condensation and Fragmentation Studies. The
condensation pattern of DNA induced by apoptosis was studied
with Hoechst nuclear staining as previously reported.

DNA Laddering. HeLa cells were seeded in T7S culture flasks.
The treatment was given in two different concentrations of 6 and
15 uM. The DNA was isolated using the Geneaid genomic DNA
mini kit (Geneaid, cat. no. GB100), and the procedures were
done per the kit protocol. The isolated DNA from treated cells
and untreated control was run on 0.8% agarose gel to obtain the
laddering pattern as previously reported. The image was
captured with a ChemiDoc instrument (Biorad).

Internalization and Fragmentation by SERS. SERS
fingerprinting of the isolated DNA from phaeanthine treated
and untreated cells were performed by mixing the DNA with
gold nanoparticles at 1:9 ratio, and a SERS spectrum was
collected using a Raman spectroscope (Witek, Germany). For
this, 40 nm sized gold nanoparticles were used as the SERS
substrates. SERS signals were accrued using a 633 nm laser with
S mW power and § s integration time. The same substrate and
instrumental parameters were also employed for the phaean-
thine internalization studies where the 1 mM phaeanthine in
methanol was mixed with gold nanoparticles (1:9 ratio) and the
SERS spectrum was collected. Further, phaeanthine-treated (6
4#M) and untreated HeLa cells seeded on a chamber slide were
incubated with gold nanoparticles for 10 min, and SERS analysis
was performed at different time points.

Colony Formation Assay. First, 1 X 10° cells/well were
seeded in a 6-well plate. Compounds at two different
concentrations (0.5 and 1 uM) were added after 24 h of
incubation, and the cells were allowed to form colonies for the
next 9 days. After that, the colonies were visualized by staining
with 0.3% crystal violet for 10 min and washing with PBS.>
Images were captured using a Nikon-TS100 inverted micro-
scope and processed, and colonies were counted using Image]
software. Survival fraction was calculated with the following
formula:>*
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. of coloni
plating efficiency (PE) = no. of colonies counted % 100
no. of cells seeded

PE of treated sample
PE of control

surviving fraction (SF) = X 100

Cell Cycle Assay. Cell cycle arrest induced by phaeanthine
was studied using BD cycletest plus DNA kit (BD Pharmingen,
cat. no. 340242). All procedures were conducted based on the
kit protocol. The method involves dissolving the cell membrane
lipids with a nonionic detergent, digesting cellular RNA with
enzyme, and stabilizing the nuclear chromatin. PI will bind to
the isolated nuclei, and the flow cytometer analyzes the light
emitted by stained cells.

The expression of some of the proteins involved in the cell
cycle regulation was also evaluated by Western blot. PAGE was
carried out based on the standard protocol. The isolated cell
lysates from phaeanthine-treated and untreated control cells
were subjected to PAGE to study the expression of cyclin A2,
cyclin Bl, CDK-2, and Cdc 25 with their corresponding
antibodies (cell signaling technology).

Protein Expression Studies. Cells were seeded in T75
flasks and the compound at two concentrations (6 and 15 M)
was added. After 24 h of incubation, cell lysate was taken
according to standard procedure using RIPA buffer and protease
inhibitor cocktail. BCA protein assay kit (Thermo Scientific)
was used to estimate the concentration of isolated protein, and
Western blotting was carried out to study the expression of
various proteins. Image] software was used to get the band
intensity of proteins. The expression of each protein was
normalized with respect to the control and then with that of
internal control f-actin.

Apoptotic Antibody Array. The treated and untreated cell
lysate were loaded on the apoptosis antibody array membrane
(Abcam, cat. no. ab134001) at equal concentrations, and all
procedures were conducted based on kit protocol. The signals
were detected using a chemiluminescence imaging system
(BIORAD ChemiDoc). The signal intensity for each antigen-
specific antibody spot is proportional to the relative concen-
tration of the antigen (protein) in the sample. Spot signal
intensities were obtained with the help of Image] densitometry
software. The densitometric data were normalized with respect
to the positive control of each membrane, and the normalization
of the signals of the phaeanthine-treated lysate was done with
respect to the spot on the membrane treated with lysate of
untreated control cells. The relative differences in the protein
expression of the treatment and control groups are obtained by
comparing these signal intensities.
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AGE, agarose gel electrophoresis; Apaf, apoptotic protease
activating factor-1; Bax, BCL-2 associated X protein; Bid, BH3
interacting domain death agonist; CD40, cluster of differ-
entiation 40; Cdc25¢, cell division cycle 25¢; CDK, cyclin-
dependent kinases; cyt ¢, cytochrome c¢; DBBI, dibisbenzyl
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half-maximal inhibitory concentration; IGF-2, insulin-like
growth factor-2; JNK, c-Jun N-terminal kinase; MAPK,
mitogen-activated protein kinase; Mcl-1, myeloid cell leuke-
mia-1; MEGM, mammary epithelial cell growth medium; MMP,
mitochondrial membrane potential; MTT, 3-[4,5-dimethylth-
iazol-2-yl]-2,5-diphenyltetrazolium; NF-kB, nuclear factor
kappa B; PAGE, polyacrylamide gel electrophoresis; PARP,
poly-ADP ribose polymerase; PBS, phosphate-buffered saline;
PI, propidium iodide; SERS, surface-enhanced Raman spec-
troscopy; SMAC, second mitochondria-derived activator of
caspase; XIAP, X-linked inhibitor of apoptosis protein
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