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A novel polycyclic cage-like heterocyclic hybrid comprising several privileged structures such as
pyrroloisoquinoline, 4-pyridinone and a o, -unsaturated ketone moiety has been synthesized in good
yield employing a microwave mediated [3 + 2]-cycloaddition/annulation strategy in 1-butyl-3-
methylimidazolium bromide ([bmim]Br). The compound thus synthesized was analyzed for in vitro
anticancer activity employing MCF-7, Jurkat, HCT 116 and NCI-H460 cell lines. The effect of polycyclic
cage-like heterocyclic hybrid on cells viability was analyzed by MTT assay and its DNA damage efficiency
was confirmed by several examinations like apoptosis study, cell cycle analysis, caspase-3 expression
analysis and TUNEL assay. Mitochondrial membrane potential was determined by JC-1 staining. The poly-
cyclic cage-like heterocyclic hybrid bearing diverse functionalities played a major role in DNA damage of
cancerous cells and in consequence inhibited the DNA cells proliferation.
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1. Introduction

Cancer is a somber bug which affects more or less every tissue
line in human body and imposes immense challenges to health
sciences (Varmus, 2006). It has become a reason for principal
causes of casualties in developed and underdeveloped countries
(Saleem et al., 2013). 5-Fluorouracil, cisplatin, taxol etc are some
of the naturally available and synthetic anticancer drugs (Ali
et al.,, 2017). Severe side effects like solubility and biocompatibility
issues, cytotoxicities induction and constricted therapeutic frame
are observed with most of the available anticancer drugs
(Pulkkinen et al., 2008) and hence a demand for the invention of
novel anticancer drug which could restrict the proliferative path-
ways has been increasing constantly. Anticancer drugs are usually
used as stimulant medicine against diverse cancers in sequence
with surgery as well as radiation therapy (Fukusumi et al., 2019).
Drugs used in chemotherapy follow several ways to treat cancer.
They usually affect rapid division of cells or target the food supply
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of cancer cells, hamper the DNA replications process, interact with
several proteins causing cell division (Ali et al., 2016). Chemoresis-
tance has been a major reason for failure of chemotherapy
(Hamilton and Rath, 2014). Conversely, the need for anticancer
drugs which could treat the later stages of cancer without any side
effects is imperative. Nanoparticles derived from natural sources
were used as anticancer agents (Alsalhi et al., 2016; Alfuraydi
et al., 2019).

Molecules possessing multiple pharmacophoric units, in which
each distinct active unit utilizes diverse means of action, could be
of assistance in the treatment of intricate, multifactorial diseases
such as cancer (Petrelli and Valabrega, 2009). In this regard,
cage-like compounds with a closed cavity provide an opportunity
to join several active units in a single compact structure
(Geldenhuys et al., 2005) and can take part in molecular recogni-
tion process. Besides, the cage-like polycyclic heterocyclic com-
pounds act as artificial receptors (Geldenhuys et al., 2005) and it
is pertinent to note that an effective antitumor drug, Gambogic
acid is a natural cage-like heterocyclic hybrid (Han and Xu, 2009;
Boros et al., 2013; Yihebali et al, 2013). One of pharmacophoric
unit viz. the quinoline derivatives are widely used as anticancer
drugs and its analogues can inhibit the tubulin polymerization, tyr-
osine kinases, DNA repair and proteasome (Solomon and Lee, 2011;
Solomon and Lee, 2009; Wissner and Mansour, 2008; Boschelli
et al., 2002; Nien et al., 2010). Furthermore, analogues of
pyridinone are also found to show great efficacy in anticancer
activity (Lv et al., 2013; Androutsopoulos and Spandidos, 2018;

1018-3647/© 2020 The Authors. Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jksus.2020.03.029&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jksus.2020.03.029
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:sraju@ksu.edu.sa
https://doi.org/10.1016/j.jksus.2020.03.029
http://www.sciencedirect.com/science/journal/10183647
http://www.sciencedirect.com

R. Suresh Kumar et al./Journal of King Saud University - Science 32 (2020) 2406-2413 2407

Li et al., 2018). Protein expression changes, DNA damage and cell
apoptosis are of major pathways of pyridinone derivatives for can-
cer cell proliferation inhibition (Rostom et al., 2011; Priyadarshani
et al., 2016). Hence, we presume that the combination of these
derivatives in a cage-like framework could treat cancer effectively.

On the other hand, reports on the anticancer studies of cage-like
heterocycles comprising several pharmacophoric units in a single
molecule are scarce in the literature. Hence in the present study,
we planned to study the pharmacological profile and the mecha-
nistic aspects of apoptosis of the synthesized compound as it pos-
sesses diverse structural units in a polycyclic cage-like framework
and report the results in this article.

2. Experimental
2.1. Materials and methods

2.1.1. Chemistry

Melting point was recorded using open capillary tube and is
uncorrected. 'H, '3C and two-dimensional NMR spectra were doc-
umented on a Bruker 500 MHz instrument in CDCl; using Tetram-
ethylsilane (TMS) as internal standard and the standard Bruker
software was employed. Chemical shifts are given in parts per mil-
lion (3-scale) and the coupling constants are given in Hertz. IR
spectra were recorded on a Perkin Elmer system 2000 FT-IR instru-
ment (KBr). Elemental analyses were done on a Perkin Elmer 2400
Series II Elemental CHNS analyzer.

2.1.1.1. Experimental procedure for the synthesis of polycyclic cage-
like heterocyclic hybrid 4. A 1:1:1 mixture of 3,5-bis[(E)-phenylme
thylidene]tetrahydro-4(1H)-pyridinone 1, acenaphthenequinone 2
and 1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid 3 in 1-butyl-
3-methylimidazolium bromide ([bmim]Br) (200 mg) was irradi-
ated at 100 °C for 12 min in a CEM microwave synthesizer. After
the reaction has been completed (TLC), 10 ml of ethyl acetate
was added to the reaction mixture and stirred for 15 min. The ethyl
acetate layer was then separated and washed with 50 ml of water
and the solvent was evaporated under reduced pressure. The pre-
cipitate obtained was dried in vacuum and subjected to column
chromatography for purification using petroleum ether-ethyl acet-
ate mixture (6:4) to obtain the polycyclic cage-like heterocyclic
hybrid 4 in pure form.

Obtained as pale brown solid, (Yield, 88%); mp = 174-176 °C; IR
(KBr): 1598, 1685, 3427 cm™'; '"H NMR (500 MHz, CDCl3): 6 2.86
(dd, 1H, J = 15.0, 14.0 Hz, H-18), 3.02 (d, 1H, J = 12.0 Hz, H-25),
3.07 (dd, 1H, J = 15.0, 5.0 Hz, H-18), 3.19 (d, 1H, J = 13.5 Hz, H-
13), 3.39 (d, 1H, J = 17.5 Hz, H-24), 3.60-3.70 (m, 2H, H-13 and
H-24), 4.27-4.29 (m, 2H, H-20 and H-25), 4.42-4.47 (m, 1H, H-
19), 6.26 (s, 1H, H-26), 6.40 (d, 2H, J = 7.5 Hz, ArH), 6.72 (d, 1H,
J = 7.0 Hz, ArH), 7.07-7.12 (m, 4H, ArH), 7.16 (d, 1H, ] = 7.5 Hz,
ArH), 7.21 (d, 1H, J = 7.5 Hz, ArH), 7.27-7.42 (m, 5H, ArH), 7.47-
7.54 (m, 4H, ArH), 7.57 (d, 1H, J = 8.0 Hz, ArH), 7.71 (d, 1H,
J = 8.0 Hz, ArH). *C NMR (125 MHz, CDCls): & 34.48, 48.01,
52.46, 52.71, 56.45, 63.19, 72.76, 94.50, 121.12, 124.32, 125.80,
125.89, 126.34, 126.44, 127.45, 127.75, 128.54, 128.60, 128.99,
129.07, 129.55, 130.36, 130.47, 130.79, 133.03, 133.42, 133.85,
134.84, 135.14, 135.31, 135.74, 136.05, 136.74, 136.89, 138.48,
196.70. Anal. calcd for C40H33;N,0,: C, 83.89; H, 5.63; N, 4.89%;
found: C, 83.71; H, 5.84; N, 4.75%.

2.1.2. Biology

2.1.2.1. Cell culture. MNI-H460, human non-small cancer line was
obtained from NCCS, Pune. The cell lines were cultured in DMEM
media, which was supplemented with 10% Fetal Bovine Serum
(FBS) and a combination of antibiotics, 100 U/mL streptomycin

and 100 U/mL penicillin. Cells were suspended in cell culture flasks
and incubated at 37 °C in 5% CO, humidified atmosphere. Cells
were extracted when 80% confluency is reached. A cell counting
was done with an aid of a Hemocytometer and assays were per-
formed after calculating the viability and seeding the cells.

2.1.2.2. Cytotoxicity assay. Synthesized cage like compound was
subjected to cytotoxicity test evaluated by MTT assay. A NCI-
H460 cells suspension of 2 x 10* cells/well/200 pL of DMEM med-
ium was added to 96-well plates and the growth is allowed for
12 h. Later, different concentrations of test compound varied from
1 t020 pM, with a step size of 5 pM were added to every well. After
incubating for 78 h in 5% CO, atmosphere, spent medium was
removed. MTT reagent of 20 pL, 5 mg/mL was added to the cells
and further incubated in CO, incubator for 2 h. The formazan crys-
tals were dissolved in DMSO, 100 pL and the absorbance was mea-
sured to 570 nm using microplate reader. The CPT alone treated
cells were regarded as positive control with 100% viability. % of cell
viability was calculated using Eq. (1).

Mean absorbance of test sample
Mean absorbance of negative control

%viability = ( > x100 (1)

2.1.2.3. Apoptosis assay. MCF-7 cells of density 1 x 10° cells/well
were plated for 12 h and then cultured for 48 h in a medium of
known drug concentrations. Annexin V/FITC Kit from BD Bio-
sciences, Catalog no. 556547 was used to perform apoptosis assay.
FITC-conjugated annexin V and PI fluorescence intensities in cells
were examined by flow cytometry. Cultured test materials were
then collected and washed with PBS buffer and were resuspended
in annexin V-FITC buffer. The suspension was incubated at 25 °C
for 10 min in dark with annexin V-FITC of 5 pL. The cells were col-
lected by centrifugation, resuspended in annexin V-FITC buffer and
PI of 5 pL was added in ice bath. Flow cytometry Cell Quest soft-
ware (Becton Dickinson Biosciences) was used for further analysis.
All experiments were repeated and the data was presented
with + STD.

2.1.2.4. Cell cycle analysis. MCF-7 cells (1 x 10° cells/well) were
traced with test drugs and incubated for 48 h. Cells were removed,
washed with PBS and fixed in ethanol of 70%, for 30 min at —20 °C.
After that both treated and untreated cells were again washed with
PBS and RNase A (50 pL) was directly added to pellet. Cells were
co-incubated in room temperature with PI solution (400 pLL/million
cells) for 5-10 min. BD FACS Callibur flow cytometry with Cell
Quest software was used to determine cell cycle sharing of
10,000 cells. Experiments were performed in three sets in dupli-
cate wells and results are given in = STD (n = 3).

2.1.2.5. Assessment of DNA fragmentation by TUNEL assay. Terminal
deoxynucleotidyl transferase mediated dUTP nick end labeling
(TUNEL) assay was used to determine the apoptosis with an aid
of DNA fragmentation. For this, cells were incubated for 30 min
at —20 °C to fix with ice cold ethanol (70%) and were washed with
wash buffer. DNA labeling solution (50 p) was added to cells and
incubated for 60 min at 37 °C. Then the cells were rinsed with buf-
fer and centrifuged for collection. Collected cells were resuspended
in PI/RNase buffer (0.5 ml) at incubated at RT for 30 min. DNA frag-
mentation was analyzed by flow cytometry.

2.1.2.6. Assessment of mitochondrial membrane potential (AY,). JC-
1 (BD Biosciences, Catalog No. 551302) mitochondrial membrane
potential sensor was to assess mitochondrial depolarization. Trea-
ted 1 x 108 cells/well MCF-7 cells were washed with PBS, trypsi-
nized and collected by centrifugation. Cells were set with ice cold
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70% ethanol and incubated for 30 min at —20 °C. 0.5 ml JC-1 work-
ing solutions was freshly prepared and added to each pellet. The
pellets were then incubated in CO, incubator for 30 min at
—20 °C. After washing with 1 ml assay buffer and suspended in
0.5 ml assay buffer. BD FACSCallibur was employed for mitochon-
drial membrane potential (AW m) analysis.

2.1.2.7. Caspase-3 expression. After treatments 1 x 10° cells/well
MCF-7 cells were incubated in dark with BD Biosciences, Caspase
3 - FITC for 60 min at room temperature. Cells were washed and
suspended in PBS solution for Caspase3 expression analysis by
BD FACSCallibur.

3. Results and discussion
3.1. Chemistry

The novel polycyclic cage-like hybrid heterocycle 4 has been
derived through a synthetic strategy which involves dipole gener-
ation, [3 + 2] cycloaddition and a consequent annulation steps. The
dipole, the non-stabilized azomethine ylide derived in situ from
acenaphthenequinone 2 and 1,2,3,4-tetrahydroisoquinoline-3-car
boxylic acid 3 reacts with N-unsubstituted 3,5-bis[(E)-phenylme
thylidene]tetrahydro-4(1H)-pyridinone 1 through a [3 + 2]
cycloaddition reaction affording the spirocycloadduct which upon
subsequent annulation affords the novel polycyclic cage-like
hybrid heterocycle 4 (Scheme 1). The reaction conditions opti-
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mized with [bmim|Br for the synthesis of analogues cage-like
structures (Almansour et al.,, 2019) has been adopted here. Thus
in an illustrative reaction, an equimolar mixture of 1, 2 and 3 in
200 mg of [bmim|Br was subjected to microwave irradiation at
100 °C. The reaction advancement was observed after every 3 min
intervals by TLC. After the reaction has been completed (12 min),
the reaction mixture was extracted with ethyl acetate. As expected
the reaction afforded the cage-like structure 4 in good yield (88%).
The ionic liquid has been reused up to four times with only a very lit-
tle loos inits catalytic activity. The structure of compound 4 was elu-
cidated using spectroscopic studies. The probable mechanism for
the formation of polycyclic cage-like heterocyclic hybrid 4 follows
the same pathway as reported by us earlier (Almansour et al., 2019).

3.2. Biology

3.2.1. In vitro anticancer screening

Inhibition of cancer cells proliferation by compound 4 is
assessed by MTT assay. The fact that, viable cells reduce MTT to
purple formazan facilitates discrimination between viable and
dead cells, ensuring the cytotoxicity of test drug. NCI-H460 (hu-
man non-small cancer), MCF-7 (Human breast cancer), HCT116
(Human colon cancer), Jurkat (Human T-cell lymphoma) cells were
treated with different concentrations (1, 5, 10, 15 and 20 uM) of
test compounds and the % cell viability is represented in Fig. 1.
Cells without drugs and treated with 14 uM CPT (Camptothecin)
were considered as negative and positive controls respectively.

[bmim]Br
- + -
o o MW, 12 min
0. HOOC
) m 4(88 %)
= bonds created
2 3

Scheme 1. Synthesis of polycyclic cage-like heterocyclic hybrid 4.
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Fig. 1. % viability of cells as a function of test drug concentration, untreated cells and CPT as positive control via MTT assay.
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As mentioned in Fig. 1 the % of cells viability decreased with increase
in drug concentrations, where number of cages like structures will
increase with increase in dose and trap the cancer cells into them.
The mean the half maximal inhibitory concentration (ICsq) of com-
pound 4 against 4 different cancer cell lines is represented in the
Table 1. Among four cancer types, NCI-H460 has shown more sensi-
tivity towards compound 4 after 48 h of incubation and the ICsq was
found to be 8.9 + 0.84 um. Since compound 4 showed potential cyto-
toxicity towards NCI-H460 cell line, further studies related to cell
death mechanism were performed on NCI-H460 cells.

3.2.2. Apoptosis stimulation and DNA fragmentation analysis
Phosphatidyserine (PS) is disseminated in lipid bilayer cytosolic

side of the cell membrane. PS tosses to cell’s extracellular surface

for early apoptotic and necrotic cells. This PS could be labeled using

(@)
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Table 1

ICso values of compound 4
against 4 different cell lines
after 48 h of incubation.

Cell line ICs0 £ SD
HCT 116 13.3 £ 4.80
JURKAT 11.4 +1.90
MCE-7 11.7 £ 2.10
NCI-H460 8.9 +0.84

a most responsive early stage necrosis indicator, Annexin V-FITC. A
nucleic acid dye, propidium iodide (PI) could not cross undamaged
cell membranes. In other words, live cells and early stage apoptosis
cells prohibit PI, whereas, late stage apoptotic and necrotic cells
could be stained. Hence, use of double staining through Annexin

Apoptosis and Necrosis

% of cells
v
=]
.

Live Early Apoptosis

(b)

Late Apoptosis

H Untreated cells
HCPT-1C50

H Compound-4- IC50

Necrosis

NCI-H460-CPT-IC50

104

108

700 10" 102 103 104
FITC-Annexin - V

[v]
5
]
To
o
>
700 10! 102 103 10
FITC - Annexin - V
< B -
°
(V]
<)
=N
o 9
E
2
A0 10!

102 108 104

FITC - Annexin - V

Fig. 2. a) % cells with respect to different stages of apoptosis, b) dot plot for the same.
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V-FITC and PJ, all stages of cells from live cells to necrotic cells will
be differentiated by means of flow cytometry. Fig. 2a gives % of live,
early stage and late apoptosis and necrosis cells for untreated,
compound 4 treated and CPT treated cells. In Fig. 2b, flow cytomet-
ric analysis shows, live cells at lower left quadrant negative for
both annexin V and PI, lower right quadrant gave early apoptosis,
upper right gave late apoptotic cells. And upper left quadrant rep-
resents number of necrotic cells. As expected, % of live cells was
more for untreated ones and was negligible for early and late apop-
tosis and for necrotic cells. CPT standard treatment showed less
number of live cells compared to prepared test drug, almost same
% of cells for early apoptosis and necrosis cells. However, for late
apoptosis, CPT treated one showed 56.04% of cells and test drug
treated one showed 30.04% of cells.

R. Suresh Kumar et al./Journal of King Saud University - Science 32 (2020) 2406-2413

3.2.3. Assessment of mitochondrial membrane potential (AY,)
(MMP)

MMP is a key parameter to decide the mitochondrial function
acting as a gauge to determine cell health. JC-1 is a cationic dye,
lipophilic in nature. It has an ability to directly pierce into mito-
chondria and change the color from green to red with increased
membrane potential. Healthy cells having high AW, allow JC-1
to form J-aggregate complexes giving red fluorescence. Whereas,
unhealthy cells having low AW, does not form any complex and
give green fluorescence due to depolarization of MMP. % depolar-
ized cells as a function of untreated CPT treated and test drug trea-
ted conditions are given in Fig. 3. In a given dot plot, lower right
quadrant gives population of depolarized cells and upper right
one shows population of polarized cells.

(2)
Mitochondrial membrane potential
8 -
2 74 6.486866667
8
g 6
£
n
g 51 4.82
-
O 4
% M Untreated Cells
* 31 W CPT - 1C50
2 1 B Compound-4 - IC50
i o.iis
0 + T
Untreated Cells CPT - 1C50 Compound-4 -
1C50
Concentrations of of test compounds
(b)
NCI-H460-Untreated cells < NCIH-460-CPT-IC50
o - o -
«@ ] (2] ]
o1 o1
%No-: %No—: . .
= 2 o -
= g s
o3 o5
] & 1
2 T © AT
10 10 10 10 10 100 101 102 103 104
FL1-JC1 FL1-JC1
< NCI-H460-Compound-4-1C50
o« ] -
3% ] i
N -4 3
(. E .
— 1 ,1,3
o
2
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Fig. 3. a) % of JC-1 positive cells with respect to untreated, CPT treated and compound 4 treated cells, b) dot plot for the same.
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(a)
Caspase 3 expression
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Fig. 4. a) % cells expressing caspase-3 with respect to ICsy concentrations of test
compounds b) profile of % cells expressing the same.

3.2.4. Caspase-3 expression

For cell apoptosis, activation of caspase family is the key trend
(Ferreira et al., 2000). Activated sub units proceed with deprivation
of proteins and chromatin resulting in cell apoptosis in due course
caspase-3 is a vital protease in human cell apoptosis as the prime
effector and a reason for apoptosis (Takahashi, 1999; Porter and
Janicke, 1999). Caspase-3 expression for considered drug of ICsg
is given in Fig. 4. Comparative to CPT, synthesized compound 4-
ICso drug gave better caspase-3 expression (27.83%) than CPT
(14. 11%) proving that mitochondrial lane is one of the major paths
of cell apoptosis.

3.2.5. DNA fragmentation analysis by TUNEL assay

Fig. 5 gives percent cells expressing FITC-dUTP for untreated,
test drug treated as well as CPT treated cells. Event though, com-
pound 4 treated TUNEL staining showed better apoptosis (4.3%)
than untreated cells (0.38%), the fragmentation was not remark-
able comparative to CPT treatment which was 35.62%. Hence, it
can be concluded that availability of free 3’ ends of fragmented
DNA for the addition of dUTP nucleotides is less.

3.2.6. Cell cycle analysis

NCI-H460 cell cycle was observed to check the effect of com-
pound 4 treatment and compared with CPT treatment. Main objec-
tive of this observation is to check whether compound 4 can direct
NCI-H460 cell cycle to checkpoint phase. Cell cycle checkpoint

(@) Tunel assay
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40 | 35.62666667
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NCI-H460-CPT-IC50 FL1-H G1
—  NCI-H460-Compound-4-IC50 FL1-H G1

Fig. 5. a) % cells expressing FTIC-dUTP as a function of treatment conditions b)
profile graph for the same.

control system rectifies anomaly in each step of cell cycle, that
can assist to avert the cells enters to the later step in the DNA
damage. Failure of cell cycle checkpoint control system occurs in
each stage of cancer cell cycle so that DNA replication will be dis-
carded and mitosis will be inhibited in spite of DNA impairment.
This leads to uncontrollable proliferation of cancer cells
(Worthley et al., 2007). Fig. 6 gives flow cytometry results ana-
lyzed for different phases of cells using PI as a fluorescence probe.
The increased accumulation of cells at ICso dosage of synthesized
test drug shows the inhibition of cell cycle at G2/M phase which
was 28.89%. AT synthesis phase it was 27.84%, where as in GO/
G1 phase, accumulation 18.83% which was very much lesser than
untreated and CPT treated cells. The depletion of cells was found in
sub GO/G1 phase compared to CPT treated cells. Cell cycle results
showed that, DNA were damaged and hence DNA replication
was not appropriate.

4. Conclusions

A novel polycyclic cage-like hybrid heterocycle has been syn-
thesized through a synthetic strategy which involves dipole gener-
ation, [3 + 2] cycloaddition and a subsequent annulation steps. The
structural confirmation was done by spectroscopic techniques. The
polycyclic cage-like hybrid heterocyclic compound was then eval-
uated for in vitro anticancer activity. Cell viability was concentra-
tion dependent, as analyzed by MTT assay. Annexin V and PI
double staining gave stages of apoptosis, where, test drug showed
nearby effect as CPT at early apoptosis, but one fold lower for late
apoptosis. Number of cells showing caspase-3 expression was
higher for compound 4 treated ones indicating the mitochondrial
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(@) Cell cycle analysis
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Fig. 6. a) Cancer cells cycle changes distribution and Induction of cell death among untreated, CPT treated and compound 4 treated cells, b) distribution profile of different

cell cycle stages.

attack path way as the major route of apoptosis. In conclusion, the
synthesized polycyclic cage-like hybrid heterocycle showed a bet-
ter anticancerous activity via, DNA damage as well as mitochon-
drial deprivation. The anticancer activity of derivatives of this
cage-like compound with different cell lines is under progress
and will be published in due course.
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