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Eight new functionalized spirooxindole-pyrrolizidine heterocyclic hybrids has been obtained from N-pyr-
idinylmethyl-bisarylmethylidene-pyridinones, Isatin and L-Proline by a multi-component cycloaddition reaction.
Such synthesized derivatives are being characterized systematically with the aid of instrumental facilities like FT-
IR, NMR spectroscopy, and Mass spectrometry. Following this, all the compounds are tested for the anticancer
potentials in vitro using HepG2 cells (cancer cells). The compound with no substitution on the aryl rings (phenyl
rings), displayed the highest activity among the spirooxindole-pyrrolizidines. Further the most active hetero-

cyclic hybrids are verified for toxicity effects against L929 cells (non-cancer cells; at 200 ug/mL for 24 h). Finally,
the cell viability losses for these most active compounds (at its ICsg value) are addressed by assaying the activity
of free radicals, apoptosis, and caspases.

1. Introduction

Cancer is a widespread group of diseases with abnormal growth of
unwanted cells and the second most deadly disease worldwide (https://
www.who.int/health-topics/cancer#tab=tab_1). Of many different
kinds of cancers, hepatocellular carcinoma (HCC) is a serious form of
cancer disease that can feast from the liver to other organs and is the
foremost liver cancer accounting for >90 % of all cases (Sia et al., 2017;
Villanueva, 2019; Llovet et al., 2016; Global Burden of Disease Liver
Cancer Collaboration, 2017). Due to its very high impedance, this cancer
type has become the 6th most common malignant illness worldwide and
the 2nd main source of cancer-related death (Waller et al., 2015; World
Health Statistics, 2021). Therefore, these statistics are demanding for
the researching of novel therapeutic pathways for the medical practi-
tioners and the development of more effective and targeted anticancer
drugs to the medicinal chemists (Tang et al., 2004; Blume, 2003).

In view of that, there have been a number of pharmacologically
active moieties which are under investigation as potential anticancer
agents and one among them is the spiro heterocycles (Al-thamili et al.,
2020; Kumar et al., 2023; Sachdeva et al., 2022; Hassan and Abou-Amra,
2022; Bora et al., 2021; Bin et al., 2015). Spiro heterocycles have
engrossed noteworthy attention in recent years owing to their profuse
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biological profiles attributed mainly to their adaptability and structural
resemblance to vital pharmacophores. Since many of the classified
compounds available in most of the bioactive molecules are belonging to
the spiro heterocycles family and so are considered to have privileged
structural frameworks in the drug discovery research. One of the spiro
derivatives, spirooxindole illustrates a class of compounds resulting
from isatin owning vibrant biological properties. The significant feature
of spirooxindoles with pyrrolizidine structural units linked at the C-3
position of oxindole ring renders them as optimistic entrants in drug
discovery (Panda et al., 2023; Zhou et al., 2020). These spirooxindole
significantly inhibits the tumor growth by acting against the phospho-
diesterases (PDEs), an ubiquitous enzyme family that control the stages
of intracellular second messengers like cyclic guanosine monophosphate
(cGMP) and cyclic adenosine monophosphate (cAMP) (Stratakis, 2012).
The PDEs are being classified into 11 different isoenzyme types
(PDE1-PDE11) where they regulate the signal transduction pathways
that have a control over various intracellular pathways such as the cell
proliferation, differentiation, apoptosis, inflammation, vasoconstriction
etc. Also, increased levels of cAMP in some of the cancer cells like breast
and colon may lead to the inhibition of cell growth, restrict cell migra-
tion, and apoptosis (Azevedo et al., 2014; Ahmed et al., 2022). Although
the increased cAMP levels in the cancer cells may lead to the inhibition
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of diseased cell proliferation, the drugs associated with such intracel-
lular protein increase are not commonly recommended because of the
high toxicity issues (Barakat et al., 2018). Hence there has been a de-
mand for the development of novel PDE regulators with minimal toxicity
effects in cancer therapy.

Therefore, by considering the promising anticancer potentials of
spiro compounds in view (Panda et al., 2023; Zhou et al., 2020; Stra-
takis, 2012), we have recently reported the anticancer potentials of
spirooxindole derivatives engrafted with diverse sub-units (Al-thamili
et al., 2020; Kumar et al., 2020; Kumar et al., 2021; Kumar et al., 2020;
Kumar et al., 2020). The present work is aimed to investigate the effi-
cacy of spirooxindole-pyrrolizidine heterocyclic hybrids in vitro. For
that, we designed, synthesized, and explored the cancer cell prolifera-
tion behaviors of the new class of spirooxindole-pyrrolizidine hetero-
cyclic hybrids. From the results analysis, the heterocyclic hybrids
engrafted N-pyridylpiperidine and with a,p-unsaturated ketone unit are
investigated to have significantly improved the anticancer potentials
because of the enhanced pharmacodynamic and pharmacokinetic
profiles.

2. Results and discussion

As presented in the Scheme 1, we synthesized spirooxindole-
pyrrolizidine heterocyclic hybrids by performing the one-pot cycload-
dition reaction of N-pyridinylmethyl substituted pyridinones 1(a-h),
isatin 2 and (L)-proline 3 in methanol in good yields. The reaction
condition for the efficient construction of 4a was optimized primarily by
carrying out the reaction of 1a, 2 and 3 in various solvents as briefed in
Table 1. Development in the reaction was observed time to time and
after completion, the obtained precipitate was filtered and dried. Among
the solvents employed, the optimal result was observed in methanol
under reflux temperature for 2 h, all other solvents are not fruitful as
methanol in terms of reaction time and yield.

Structural elucidation of 4a was done with the support of FT-IR and
1D & 2D NMR spectroscopic data (Figs. 2a & 2b and supporting Infor-
mation). In the IR spectrum, the primary functional groups viz. N—H,
C—O0 and C—=C was identified by the presence of absorption peaks at
Omax 2359, 2341, 1712, and 1590 cm . H-4 and H-4a protons resonated
as a doublet at 4.42 ppm (J = 11.5 Hz) and a multiplet at 4.76-4.80 ppm.
The signals at 53.22 ppm and 65.94 ppm were allocated to C-4 and C-4a
respectively. The 5-CH; protons appeared as multiplets at 1.66-1.73
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Table 1
Optimization of solvent and reaction conditions for the construction of 4(a-h).
Entry Solvents Time (h) Yield” (%)
1 EtOH 6 67
2 MeOH 2 88
3 Dioxane 10 42
4 MeOH: Dioxane 10 48
5 CH3CN 10 traces

2 Isolated yield.

ppm and 2.08-2.14 ppm. Similarly, the multiplet at 1.76-1.94 ppm was
due to 6-CHy whereas the 7-CHy protons appeared as multiplets at
2.61-2.64 ppm and 3.24-3.29 ppm. The carbon signals at 28.13 ppm,
25.18 ppm and 47.96 ppm were allotted respectively to C-5, C-6 and C-7.
The spiro carbons C-3 and C-2 resonated at 70.56 ppm and 74.55 ppm.
2-CH, protons resonated as a doublet and a multiplet respectively at
2.02 ppm 3.80-3.82 ppm. The 6-CH; protons appears as doublet of
doublets and a doublet at 2.90 ppm and 3.40 ppm respectively. The
pyridinylmethyl protons, 7'-CH, appear as two doublets at 3.35 ppm and
3.85 ppm. From HMQC spectra, the carbon signals at 56.56 ppm and
53.80 ppm were assigned to C-2' and C-6' while the C-7' showed a peak at
63.43 ppm. The peaks at 179.37 ppm and 199.44 ppm were assigned to
oxindole and piperidone carbonyl carbons. The peaks around 6.65-8.45
ppm were attributed to the aromatic protons while the aromatic carbons
appear around 109-157 ppm. Fig. 1 depicted the important 'H & 13C
chemical shifts of 4a and Figs. 2a & 2b represent respectively the 'Hand
13C NMR spectrum of 4a.

Later, the remaining dipolarophiles 1(b-h) were also used to obtain
spirooxindole-pyrrolizidine heterocyclic hybrids substituted with
different groups in the aryl ring in good yields by adopting the same
reaction methodology.

Scheme 2 depicts the reasonable mechanism for the efficient con-
struction of 4(a-h). Firstly, the resonating forms of azomethine ylide, A
and B (Kumar et al., 2020) was generated through the decarboxylative
condensation of 2 and 3. Then, addition of ylide A to the C=C bond of 1
(a-h) as shown in scheme 2 afford the cycloadducts 4(a-h). Addition of
ylide B to the C—=C bond was not observed due to the possible steric
hindrance exerted by the oxindole and aryl rings.

The efficacy of synthesized compounds 4(a-h) was tested against the
in vitro cell culture systems and by taking two different cell cultures
(cancerous and non-cancerous) over a 24 h period (Table 2). The reason

=N 7 N\
=N
CH3OH
1(a-h) - =
O Reflux Ar
+ 2h 4(a-h)
N 0o Q\COOH == New bonds created
H : Yield = 85-90%
2 3 leld = - (0
4a (88 %); Ar = CgHs 4e (90 %); Ar = p-MeCgH,4
4b (90 %); Ar = 0-MeCgH, 4f (90 %); Ar = p-CICgH,4
4c (85 %); Ar= 0-OMeCgH, 49 (87 %); Ar = p-FCgH,4
4d (86 %); Ar = m-NO,CgH,  4h (85 %); Ar = o,p-Cl,CgH3

Scheme 1. Schematic depiction of the formation of spirooxindole-pyrrolizidines 4(a-h).



R.S. Kumar et al.

Journal of King Saud University - Science 36 (2024) 103009

.85,J=14.0 Hz

d,3.35,J=13.5Hz ,
[d 3 }63.43]

Ph <
2.90,dd, J =145, 2.5 Hz} 53.80
340, d,J=145Hz
Fig. 1. Selective HMBCs and 'H & '3C chemical shifts of 4a.
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Fig. 2a. 'H NMR spectrum of 4a.

for selecting one cancer and other non-cancer cell for our study is that
the most anticancer agents (chemotherapeutic) act against the highly
aggressive cancer cells and at the same time they have potential toxi-
cological effects on the healthy normal cells too. Therefore, to under-
stand the influence of synthesized compounds on both type of cells and
associated cell physiology onto the cells, we selected the HepG2 human
hepatic cells under the cancer cell category while the L.929 mouse sub-
cutaneous connective tissue from the non-cancer cells category. Further,
the detailed cell culturing and the assay protocols of cell viability and
their proliferation (MTT assay), flow cytometry involved apoptosis, cell-
involved oxidative stress status, and the activity of caspases are pre-
sented as supplementary data in the Supporting Information.

Fig. 3 shows the assessment of percentage cell viability of HepG2
cells after their treatment with 4(a-h) in the concentration range of
12.5-200 pg/mL where 15 pg/mL of Melphalan (Mel) was employed as
the positive control and the cells without any treatment as negative
control. As provided in the graph, it is noticed that the testing

compounds 4(a-h) are causing a significant reduction of cells to lose
their viability. We observed almost all the compounds are reducing the
cells viability with an increase of concentration and with the highest
activity being observed for 4a (ICsg of 14.0 pg/mL) followed by 4d (ICso
of 27.5 pg/mL) (the ICsy values were calculated from the log concen-
tration vs cell viability plots). Further, the tested compounds 4(a-h) are
following the order of ICsp values as: 4a > 4d >4h > 4g > 4b > 4e >
4c > 4f. Such an observation of order can be explained by taking the
structures of spirooxindole-pyrrolizidine heterocyclic hybrids, i.e., the
increase in the substitution of groups onto the basic structure is causing
areduction in the activity due to the decreased solubility in aqueous cell
culture media and associated decrease in the testing compound’s
interaction with that of cellular proteins. Based on this phenomenon, we
observed the reactivity order as follows: no substituent > meta nitro >
ortho para di chloro > para fluoro > ortho methyl > para methyl > ortho
methoxy > para chloro substituent.

In a similar way, the cellular effects of two highly active compounds



R.S. Kumar et al.

Journal of King Saud University - Science 36 (2024) 103009

0.1

JEOL

Solutions for Innovation

---- PROCESSING PARAMETERS ----
dc_balance( 0, FALSE )

sexp( 2.0[Hz], 0.0(s]

trapezoid( 0[], O[%], 80[%], 100[%] )
zerofill( 1)

££t( 1, TRUE, TRUE )

machinephase

ppm

Derived from: 2PB_carbon-1-1.3df

Filename = 2PP_carbon-1-3.3df
Author = delta

Dimensions
site
spectrometer

Experiment = carbon.jxp
sample_Id = 2pp

Solvent = CHLOROFORM-D
Creation_Time = 21-0CT-2019 09:02:14
Revision_Time = 27-OCT-2019 14:33:47
Current_Time = 27-0CT-2019 14:34:16
Comment = single pulse decoupled gf
Data_Format = 1D COMPLEX

Dim_Size = 26214

Dim Title = carboni3

Dim_Units = [ppm]

INM-ECX500IT
DELTA2_NMR

Field Strength
X_Acq_Duration

11.7473579[T] (500 tHz])
0.83361792(s]

13c
125.76529768 [MHz]
100 [ppm]

32768

4
1.19959034 [Hz]
39.3081761 [kHz]
31.44654088 [kHz]
Proton
500.15991521 [MHz]

%

»

8

o

)

2

&

a

i

9

8
NN

: ‘ Irr offset 5.0 [ppm]
clipped FALSE
h | Scans 692
3 ‘ U‘.‘ ‘ |A Total_scans 692
=1
3 b i v J | ‘ " . . Rei::ati::_helay B 2[s]
2 o ’ bt Ut i Wi i o ey T
° T T T BARAR DA w T S hes mime 2 oosssensars
200.0190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0 10.0 0 x:m;fe = 30[deg] =)
I JL! /| e < Saatastun
\ =7/ |\ /\ Tr_atn Dec = 25.
) L Ll o%(’,\\m (AT A AN = oo
3 E S ] 28528 2 I8EAARY d & g Irr Noise = warTz
a g 5 2 2232848 8 EREEeEg @ b Decoupiing - mmm
X : parts per Million : Carboni3  — — 7~ 7 T 7T 7 - Initial wait = ils]
Fig. 2b. '3C NMR spectrum of 4a.
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4', Not formed

Scheme 2. Illustration of feasible mechanism towards the formation of 4(a-h).

values of 4a and 4d against the non-cancer H929 cells, the obtained
values are quite high, which in other words providing an information
that the growth of cancer cells can be controlled without much damage
to the non-cancer cells by engaging the current heterocyclic hybrids (4a
and 4d) as the potential therapeutic agents.

In continuation to the cell viability studies, the compound 4a which
is highly active (at its ICsg value of 14 ug/mlL) is being explored for the
cell death mechanism by performing the apoptosis, ROS, and caspase
assays. The studies of apoptosis assay results as observed from com-
pound 4a compared to that of positive and negative controls over a 24 h
period are provided in Fig. 5. From the figure, ‘A’ series corresponds to
the the cells of no sample treament, ‘B’ for the compound 4a treated
cells, and ‘C’ series for the Mel treatment (respectively) to HepG2 cancer
cells. Likewise, the series 1, 2, and 3 in the Fig. 5 (as A-1, A-2, A-3 etc)
corresponds to forward scattering (FSC) parameters, combined fluo-
resence activities of propidium iodide (PI) and Annexin-V-FITC, and
Annexin-V-FITC activity of HepG2 cells respectively. Therefore, from
the the data provided in the figure, we mearued the compound 4a
treated cancer cells are having 40.8 % of live, 20.6 % of early apoptotic,
33.8 % of late apoptotic, and 4.6 % of necrotic cells (Fig. 5(B-2)).
However, for the Mel compound treated cells are having 41.8 % live, 44
% early apoptotic, 10.3 % late apoptotic, and 3.7 % necrotic cells (Fig. 5
(C-2)). Further, the compound 4a treated cells are having 48 % non-
apoptotic and 52 % apoptotic cells (Fig. 5(B-3)) as against the Mel
treated cells with 46 % non-apoptotic and 54 % apoptotic cells (Fig. 5(C-
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Table 2

Data providing the chemical structure and the respective ICso values of 4(a-h)

against the HepG2 and 1929 cells.

Entry  Compound 1Csp values (uM) ICsq values (uM)
HepG2 cells; 24 h 1929 cells; 24 h
1 14.09 + 2.8 124.72 + 4.3
2 41.66 + 3.4
3 112.66 £ 5.2
4 27.59 + 2.3 139.51 + 5.7
5 HO 106.9 + 4.8
NJ
6 HO 134.22 + 5.3
NJ

Journal of King Saud University - Science 36 (2024) 103009

Table 2 (continued)

Entry Compound 1Csp values (uM) ICsp values (uM)
HepG2 cells; 24 h 1929 cells; 24 h

7 36.12 + 3.1

8 33.52+ 338

3)). This observation indicates that the compound 4a is behaving almost
similar to the positive compound Mel in terms of its activity of gener-
ating equal percentage of apoptotic cells. From the analysis therefore, it
can be inferred that apoptosis is the major pathway of mechanism to
cause the HepG2 cancer cells to lose their viability after compound 4a
treatment.

Fig. 6 demonstrates the flow cytometry studies of ROS assay results
for 4a (at its ICsp value) exposed cells when compared to the positive
and negative controls. From the results, about 31.1 % (M2) of compound
4a exposed cancer cells are providing significant levels of ROS produc-
tion as against the corresponding 69.8 % (M1) of cells with no significant
ROS. These values are rather high as compared to the Mel treated cells
with 10.6 % and only 0.06 % of cells with significant ROS production,
and thereby providing the information that the compound 4a is inducing
oxidative response to the cancer cells.

To investigate the association of caspases in 4a treated cells (at its
ICsq value), the caspase-8 activity assay was performed and compared
the results with that of positive and negative controls as shown in Fig. 7.
It can be observed from the analysis that the compound 4a (Fig. 7c)
treated cells are having significant amount of caspases and this is very
high as compared with the cells of no treatment (Fig. 7a) and a little high
against Mel treated sample (Fig. 7b). From the analysis therefore, it can
be mentioned that the HepG2 cancer cells are expressing the caspases
due to the toxic action of compound 4a which further can be scrutinized
for the generation of complete cell death particularly in the cancer cells
with slight loss to the normal cells.

In the present study, we have synthesized and characterized various
spirooxindole-pyrrolizidine heterocyclic hybrids with change of sub-
stituents and evaluated their in vitro biological effects following the
incubation with a cancer and non-cancer cell line at a change of con-
centration (12.5-200 pg/mL) over a 24 h period. We observed from the
incubation studies on cancer cells that all the compounds have anti-
cancer effects, i.e., a reduction of viability for all the treatments was
noticed and with the highest activity being observed for compound 4a.
For the compound 4a, the least ICsg value (from the log concentration vs
cell viability plot) of 14 ug/mL was calculated and such an observation
of least value for this compound 4a is attributed to its aqueous solubility
as against all other derivatives. In a similar way, the cell viability effects
of this compound against the non-cancer cells were investigated to have
very high levels of ICso values and thereby providing a room for the
safety use of this compound towards therapeutic applications. Further
tests of flow cytometry provided the evidence that compound 4a is
prompting the apoptotic pathway with the release of ROS and caspase-8,
and all these assays confirm the potential anticancer activity of the
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Fig. 3. Cell viability (%) studies of the testing compounds 4(a-h) by comparing with the positive and negative controls for a 24 h time frame. From the figure, * and
** stands for the significance (p < 0.05) and highly significance (p < 0.01) values (respectively) when compared to the untreated controls.
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Fig. 4. Cell viability (%) studies of non-cancer L929 cells following the compounds 4a and 4d treatment (at ICso concentration) and when compared to the positive

and negative controls. From the figure,
the untreated controls.

synthesized spirooxindole-pyrrolizidine heterocyclic hybrids.
3. Experimental

The detailed experimental procedure and data has been provided in
the Supporting Information as supplementary data.

4. Preparation of spirooxindole-pyrrolizidines 4(a-h)
The dipolarophiles 1(a-h), the diketone Isatin 2 and the amino acid

(L)-Proline 3 in an equimolar ratio in 5 mL of methanol was stirred under
reflux temperature for 2 h. Subsequently, after the reaction was

* stands for the significance (p < 0.05) and ** for the highly significance (p < 0.01) values (respectively) when compared to

complete, the mixture was discharged into water (50 mL), the obtained
product was purified by crystallization using methanol, to afford com-
pounds 4(a-h) in good yields.

5. Conclusion

In conclusion, an effective synthesis of functionalized spirooxindole-
pyrrolizidine heterocyclic hybrids have been produced employing
cycloaddition reaction of a new class of substituted dipolarophiles with
azomethine ylide produced in situ from the diketone, Isatin and the
amino acid, (L)-Proline. The in vitro biological assays for the synthesized
spirooxindole-pyrrolizidine heterocyclic hybrids of all the derivatives
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Fig. 7. Caspase-3 activity assay followed by treatment of 4a when compared with positive and negative controls.

have confirmed for the anticancer activity against the HepG2 cells. The
compound with no substitution on the aryl rings (phenyl rings), dis-
played the highest activity among the spirooxindole-pyrrolizidines. The
change of efficiency with respect to the substitution (highest for the
basic structure without any substituent) can be linked to the sample
soluble capacity in the growth media and is associated intracellular
protein interaction. Further assays studied with the highly potent
spirooxinddole-pyrrolizidine heterocyclic compound like the apoptosis,
ROS generation, and the influence of caspases are supporting the
occurrence of programmed cell death in the cancer HepG2 cells. Finally,
the study provides an experimental proof for the incorporation of
spirooxindole-pyrrolizidine heterocycles as potential anticancer agents
with controlled toxicity effects towards the cancer and non-cancer cells,
where the pharmacokinetic parameters are chosen based on the kind of
derivative which in turn a dependent of the substituent.
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