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ABSTRACT: Head and neck squamous cell carcinoma (HNSCC) is the sixth
most prevalent cancer in the world and the most prevalent cancer of developing
countries. Increased disease burden and a smaller number of approved targeted
therapies are a growing concern worldwide. Isoindolinone motifs have been a
central part of many pharmacological compounds, and their derivatives possess
substantial anticancer potential. However, their anticancer potential against
HNSCC has not been well investigated. In the current study, a series of 3-
methyleneisoindolinones have been designed and synthesized and their late-
stage intramolecular Heck cyclization was achieved to evaluate their anticancer
potential against HNSCC cells. Additionally, in silico ADME profiling of
synthesized compounds revealed their drug-likeness properties as potential drug
candidates. Among the synthesized compounds, 3-bromo-5-methylpyridin-2-yl-
3-methyleneisoindolin-1-one, i.e., 3n, with a pyridyl unit exhibited the most
significant cytotoxicity against HNSCC cells. The cytotoxic potential of
synthesized compounds varied depending on the nature of substituents present and has been well established with structure−activity
relationship studies. Further, flow cytometric analysis showed that 3f, 3h, and 3n triggered intracellular oxidative stress, disrupted
mitochondrial membrane potential, and interrupted the cell cycle of HNSCC cells in the S-phase and sub-G1 phase. Further, 3f, 3h,
and 3n also exhibited pro-apoptotic potential and induced cellular apoptosis in the HNSCC cells. Overall, the findings of this study
attributed 3-methyleneisoindolinone chemistry and efficacy evaluation and corroborated their anticancer potential against HNSCC.
It will pave the way to further design and optimize novel 3-methyleneisoindolinone as effective antitumor agents, which may provide
effective treatment modalities against HNSCC.

1. INTRODUCTION
Cancer occurring in the oral cavity, larynx, and pharynx regions
is collectively known as head and neck cancer or head and neck
squamous cell carcinoma (HNSCC).1 HNSCC is the sixth
most common cancer worldwide, and the most common
cancer of males in India. It accounts for more than 900,000
cases worldwide annually, with a prevalence of >1.2 million
cases and >670,000 mortalities by the year 2040. HNSCC has
become a global burden and drastically affects developing
countries due to ease in access to tobacco products, which
contributes to poor prognosis of the disease as well.2 Among
South Asian countries, India accounts for 40% of HNC
malignancies with significant morbidity and mortality.3 Since
very few noninvasive, safe, and effective treatments are
available against HNSCC, up to 60% of treated patients
experience recurrence and are unresponsive to subsequent
therapeutic interventions.4 Absence of a vast array of specific
anticancer agents in HNSCC warrants additional studies in this
domain to develop novel therapeutic approaches (effective

chemotherapeutic or chemo-radiotherapeutic anticancer
agents) with effective antitumor agents.5−7 In spite of
conventional treatment modalities like surgery and radio-
therapy in HNSCC treatment, there are still copious
possibilities to alleviate tumor cell proliferation using novel
small molecule anticancer compounds.8

Pharmacological applications and bioavailability of indoles
have made them a highly privileged class in heterocyclic
chemistry.9 Specifically, anticancer agents possessing an indole
framework have gained vital recognition in cancer drug
discovery ventures.10 This can be acknowledged with standout
examples of FDA-approved anticancer drugs such as
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vincristine, vinblastine, and panobinostat.11,12 Diversification of
the basic indole core, which acts as a pharmacophore, has
resulted in establishing a mechanism of action. Therefore, an
indole architecture/framework is being used to intrigue novel
small molecule inhibitors of protein kinase enzymes, for
instance, sigma receptor, PIM kinase, histone deacetylases,
DNA topoisomerases, and sirtuins [Figure 1].13,14

Further modification of indoles into indolinones with
common hydrogen bonding between a pyrrole ring and C-2
carbonyl represented a very important class of anticancer
agents.15

Initially, high-throughput screening of compound libraries
for VEGF and PDGF inhibitors resulted in the identification of
semaxanib (SU-5416), potentially inhibiting tyrosine auto-
phorylation. Later, this compound was clinically tried for
colorectal cancer; however, it was discontinued in Phase III.
Further advancement in indole-based anticancer agents leads
to the development of SU-6668 and SU-11248 by incorporat-
ing propionic acid and (diethylaminoethyl)carmaboyl branch-
ing, respectively, on the C-4′ position of semaxanib. SU-11248
exhibited significant cytotoxicity and was approved by FDA for
renal and gastrointestinal cancer.16,17 In addition to this series
of indolin-2-one derivatives, PHA665752 and SU11274 with
sulfonyl group modification at the fifth position bearing a 3-
methylene indolin-2-one skeleton entered preclinical trials for
anticancer activity and found potential inhibitors of Met
tyrosine kinase.18,19 These significant studies concluded the
indolin-2-one moiety as a pharmacophore in designing
anticancer agents [Figure 2].

Inspired from these studies and observations, a novel series
of 3-methyleneisoindolinones were designed and synthesized
to explore in vitro anticancer activities. Earlier studies have
reported anticancer activities of indole and isoindolinone
derivatives in various cancer types; however, the efficacy of 3-
methyleneisoindolinone has not been well explored in
HNSCC.10 Further, the MDM2-P53 axis and Cyclin-D have
been reported as major molecular targets of isoindolinones,
and interestingly, they were also found to be involved in the
onsets of HNSCC by regulating cell cycle and apoptosis.20,21

Since, 3-methyleneisoindolinones were not investigated for
their anticancer activity in HNSCC progression earlier, the
current study was designed to investigate their potential as
anticancer agents, which could open doors for the develop-
ment of novel and effective anticancer therapeutics in the
treatment of HNSCC.

2. RESULTS AND DISCUSSION
2.1. Synthesis of 3-Methyleneisoindolinones and

Their Intramolecularly Heck-Cyclized Derivatives. In-
spired by our previous research study to synthesize 3-
methyleneisoindolinone and considering the above findings,
herein, we utilize a tin(II) triflate (Sn(OTf)2)-catalyzed
reaction of 2-acetylcarboxylic (1) acid with substituted primary
amines (2a−2p) for the synthesis of 3-methyleneisoindolin-1-
ones (3a−3p) in 47−98% yields.22 In extension to this
approach, we further subjected three synthesized 3-methyl-
eneisoindolinones to intramolecular Heck cyclization reactions
to obtain five- to seven-membered ring products. Synthesis of a
series of 19 examples of highly structurally diverse 3-
methyleneisoindolinones was achieved using substituted
primary amines such as −Ar, −(Het)Ar, −Bn, and (Het)Bn.
Primary amines with hetero-aryl substitutions such as pyridyl,
pyrazinyl, benzyl, and aryl moieties containing different
halogen atoms were selected as substrates to study the impact
of different substitutions on the cytotoxic potential of 3-
methyleneisoindolinones. Among the 19 compounds, 16 3-
methyleneisoindolinone compounds (3a−3p) were substi-
tuted, and three compounds, 4a, 4b, and 4c, were intra-
molecularly Heck-cyclized products of 3a, 3c, and 3d,
respectively. The intramolecular Heck cyclization was carried
out using Pd(OAc)2 in catalytic amounts along with K3PO4
and triphelyphosphine in the presence of DMF solvent system,
resulting in five-membered (4a), six-membered (4b), and
seven-membered (4c) ring cyclized 3-methyleneisoindolinone
derivatives in 55−78% yield (Scheme 1).23

2.2. In Silico ADME Profiling of Representative
Compounds. Since discovering an effective drug-like
compound is associated with supreme challenges, several
parameters are simultaneously required to be satisfied. Drug-
like property evaluation and optimization have been set up as
crucial elements of drug discovery advancement.24 Therefore,
to study the drug-likeness of the synthesized 3-methylenei-
soindolinones, ADME profiling was done using swiss ADME
software 87.25 Crucial parameters such as physicochemical
properties, lipophilicity, water solubility, pharmacokinetics, and
the rule of five obeyance were considered for all the 19
compounds. All representative molecules obey the rule of five
and satisfy the candidature to be a drug molecule (Supporting
Information).
2.3. Structure−Activity Relationship. As shown in Table

1, among the 19 tested compounds, 12 were found to inhibit
head and neck squamous cell carcinoma effectively with

Figure 1. Target-based design of anticancer agents.

Figure 2. Selected indolinone derivatives as anticancer agents in
preclinical or clinical trials.
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cytotoxicity at submicromolar concentration. IC50 values for
the effective compounds range from 24.99 to 83.29 μM.
Among these cytotoxic compounds, derivatives 3n, 3f, and 3h
emerged as the most potent compounds (IC50 = 39.81, 46.93,
and 63.96 μM, respectively) in 24 h cytotoxicity assay profiling.

A brief investigation study of structure−activity relationships
(SARs) discovered that selecting the primary amine with
pyranazyl and pyridyl moieties was significant for head and
neck squamous cell carcinoma inhibitory activity as deduced
by a remarkable increase in the IC50 value elicited by
compounds 3f and 3n (Figure 3). Compound 3a with iodo
substitution at R1 (aryl) exhibited a cytotoxicity of 60.3% only,
but when varied with methoxy group substitution (3b), an
increase in cytotoxic potential was observed, i.e., 72.1% with
IC50 = 31.24 μM. Considering the benzylic derivatives 3c−3e,
it was found that the introduction of bromo benzylamine (3c)
led to no head and neck squamous cell carcinoma inhibitory
activity. Similarly, introducing the bromo phenylethylamine
(3d) shows less cytotoxic potential, i.e., 41.8% at 100 μM
concentration in 48 h. Piperonylamine incorporation (3e) does
not make much difference but exhibited only 43.6%
cytotoxicity at 100 μM concentration in 48 h.

Examining the bromo isoquinoline amine (3h) and bromo
quinoline amine (3i) derivatives, compound 3h showed a two-
fold increase in cytotoxicity, i.e., 75.5%, as compared to 3i,
indicating the remarkable effect of isomerism, whereas the
quinoline amine derivative without containing any heteroatom
(3g) possessed only 31.2% cytotoxicity. Compounds 3j−3p
with hetero pyridyl amine substitutions were found to exhibit
significant inhibitory activity. Correlating cytotoxic potential to
their structures, it was observed that compound 3n with
methyl and bromo substitution at the pyridyl ring showed the
most potent inhibitory activity (IC50 = 24.90 μM) among all
pyridyl derivatives and in all 19 molecules at 48 h post
treatment. Mono chloro substitution (3j) at the pyridyl ring
resulted in almost two-fold decrease in inhibitory activity (IC50

= 52.91 μM) when compared to 3n with mono bromo
substitution, whereas only 49.3% cytotoxicity was observed
when dichloro substitution at the pyridyl ring (3o) was done.
Derivative 3p having mono (ortho) chloro substitution at the
pyridyl ring possessed only 40.7% cytotoxicity in 48 h [Table
1].

Furthermore, nitrile substitution at the pyridyl ring (3k and
3l) decreases its cytotoxic potential and showed less than 50%
cytotoxicity at 48 h. Similarly, another halogen substitution,
i.e., iodo (3m), was also not found as a significant inhibitor as
it exhibited only 57.1% cytotoxicity. Another series of
compounds, 4a−4c, that were intramolecularly Heck-cyclized
products of 3a, 3c, and 3d do not significantly inhibit the
HNSCC cell line. Compound 4a containing five-membered
rings exhibited IC50 = 83.2 μM, whereas 4b and 4c with six-
and seven-membered rings, respectively, possessed less than
50% cytotoxicity in 48 h. Conclusively, an increase in ring size
was not beneficial for inhibitory activity against the HNSCC
cell line. From structure−activity relationship analysis, it could
be deduced that substituent variation at the pyridyl moiety of
3-methyleneisoindolinones was significant for the inhibitory
activity against HNSCC cells [Table 1].
2.4. Isoindolinone Derivatives Inhibit the Growth of

Tongue Squamous Carcinoma Cells. To evaluate the
cytotoxic potential of the developed 3-methyleneisoindolinone
derivatives on CAL27 cells, an MTT assay26 was performed for
24 and 48 h post-treatment with compounds. Among the pool
of 19 derivatives, a significant level of toxic effects compared to
the control was observed in most treatment groups (Figure 4).
3a, 4a, 4b, 4c, 3g, 3i, 3n, 3b, 3f, 3h, 3m, and 3o were found to
exhibit toxicity throughout the treatment concentration and
timeline. However, no significant toxic effect was observed
with the rest of the compounds. On some occasions, the
cytotoxic effect of compounds was greater at lower
concentrations as compared to the higher ones, which was
attributed to the crystal formation at higher concentrations.

Scheme 1. Synthesis of 3-Methyleneisoindolinones and Their Late-Stage Modification via Intramolecular Heck Cyclization
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Among this pool, stringent criteria were imposed for the
selection of compounds for further assays, i.e., the compound
should exhibit dose-dependent inhibition of the cell viability
and the compound should display half-maximal inhibitory
concentration (IC50) after 24 h of treatment (Table 1). Three
compounds with the best IC50 values (3n, 3f, and 3h) were
identified and selected for further experiments.
2.5. 3n, 3f, and 3h Disrupt Mitochondrial Membrane

Potential and Trigger Intracellular Oxidative Stress in
Cancer Cells. Measurement of intracellular oxidative stress
and mitochondrial membrane potential (MMP) is used to
evaluate the capability of anticancer compounds to generate
cellular stress and disrupt homeostasis of cancer cells.27

Alteration in the levels of intracellular reactive oxygen species

Table 1. In Vitro Cytotoxic Activity of Tested Compounds
against the HNSCC Cell Line

The table presents the structure of the compounds (R1 substitution),
their respective percent cytotoxicity, and IC50 values at two different
time points of 24 and 48 h calculated after three independent
experiments. Here, vinblastine was used as a positive control; ND*

Table 1. continued

means the IC50 value was not determined as the compound does not
exert >50% cytotoxicity at the highest concentration (100 μM) and
ND# means the value was not determined due to the self-aggregation
of compounds at high concentrations that leads to drop in cytotoxicity
potential.

Figure 3. Structure−activity relationship (SAR) study of 3-
methyleneisoindolinone with R1 substitution.

Figure 4. 3-Methyleneisoindolinone derivatives inhibit growth of
HNSCC cells. (a−d) Cell cytotoxicity of synthesized 3-methylenei-
soindolinone. Results are expressed as mean ± SD (standard
deviation) where n = 3. Statistical significance of the data is presented
as compared to the control; ns represents that a non-significant
difference was observed; *, **, ***, and **** represent statistical
significance with P < 0.05, P < 0.01, P < 0.001, and P < 0.0001,
respectively.
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(ROS) plays a crucial role in tumorigenesis and tumor
development.28 Since the mitochondria are the source of ROS
generation in cells, decreased MMP leads to leakage and
accumulation of reactive oxygen species (ROS) in cellular
compartments. The mitochondria are considered as a target of
ROS inside the cells as well. Prominent levels of intracellular
oxidative stress are accounted for inverse correlation between
the mitochondrial membrane potential (ΔΨm)/(MMP) and
generated ROS. The intracellular oxidative stress decreases in
the mitochondrial membrane potential (ΔΨm) and eventually
leads to the induction of apoptosis in the cells.29 DCFDA-H2
fluorescent dye was used to detect generation of intracellular
oxidative stress in the CAL 27 cells post-treatment of the
isoindolinone derivatives. DCFDA-H2 reduced to cellular
product DCF in the presence of cellular ROS and emitted
green fluorescence.

Similarly, cationic dye JC-1 was used to evaluate the
mitochondrial membrane potential since it has the property to
accumulate in the mitochondria. JC-1 emits red-orange
fluorescence due to aggregation of dye in the energized
healthy mitochondria (J-aggregates), and it emits green
fluorescence when bound to non-energized unhealthy
mitochondria (J-monomers) due to decreased mitochondrial
membrane potential (MMP). In this study, we observed that
compared to the control cells, treatment with isoindolinone
derivatives rapidly increases J-monomers (green emission) and
decreased J-aggregates (red-emission) in CAL 27 cells (Figure
5a). Cell damage and disturbed MMP were categorized by the
ratio of J-aggregates to J-monomers, which was 2.820 for the
control group (average value; n = 3) and decreased in a dose-
dependent manner post-treatment of 3n (lowest as 0.70 at 75
μM), 3f (lowest as 0.59 at 75 μM), and 3h (lowest as 0.80 at
75 μM) similar to the control drug vinblastine (50 μM)

(Figure 5b−d), indicating a decrease in the mitochondrial
membrane potential (P < 0.0004).

Additionally, we also observed the elevated levels of ROS in
HNSCC cells treated with 3-methyleneisoindolinone, which is
characterized by an increased DFC content (green fluores-
cence) after treatment of 50 μM of compounds for 4 h (Figure
6). Results clearly indicate that the isoindolinone derivatives

have generated intracellular oxidative stress and disrupted the
mitochondrial membrane potential (ΔΨm) in the HNSCC
cells similar to the potent anticancer compounds in recent
studies.30,31 Therefore, it could be characterized as the
potential of 3-methyleneisoindolinones to work as potent
anticancer agents. However, in order to accentuate the results
and delve deeper into the mode of action of the compounds,
the effects of the 3-methyleneisoindolinones on key cellular
processes like cell cycle and apoptosis were evaluated.
2.6. 3n, 3f, and 3h Arrest the Cell Cycle of HNSCC

Cells in the S-Phase and Sub-G1 Phase. Sustained
proliferation and non-regulated cell cycle are two of the
major causes of tumorigenesis and the center of the target for
anticancer drug development.32−34 Disruption in the cell cycle
could lead to a halt in this process and suppress the growth of
cancer cells. Flow cytometric analysis was used to characterize
the effects of 3n, 3f, and 3h on the cell cycle events of HNSCC
cells. Post-treatment, for compound 3n, the cell populations in
the S-phase and Sub-G1 phase were increased to 22 and 61%
at the highest concentrations as compared to the 10% in
control cells, respectively, indicating arrest of the cell cycle in
these phases. The presence of the highest percentage of cells in
G1 clearly indicates its capability to induce cellular apoptosis as
well (Figure 7c). Further, for compound 3f, maximum
population (43.8%) was observed in the S-phase, indicating
the arrest of the cell cycle in this phase (Figure 7d).
Additionally, after treatment of 3h, the highest cell percentage
was visible in the G2/M phase (36.3% at 50 μM), exhibiting
the arrest (Figure 7e) similar to the vinblastine (50 μM)
treatment (Figure 7a). This indicates the ability of 3-
methyleneisoindolinone to disturb the cell cycle process,
which was in consonance with previous findings of a similar
category of anticancer compounds.31,35,36 However, it was
interesting to find that all the three leads arrest the cell cycle in
different phases and could have a different mode of action on
cancer cells. Additionally, a dose-dependent increase in the

Figure 5. 3n, 3f, and 3h disrupt mitochondrial membrane potential
(MMP) of HNSCC cells. (a) Fluorescence microscopy images of the
disruption of the mitochondrial membrane potential of compounds at
different concentrations detected using JC-1 dye. Images are captured
at 40× magnification (scalebar: 50 μm) through GFP channel
displaying JM (J-monomers), RFP channel displaying JA (J-
aggregates), and overlay (O). Graphs representing the decrease in
MMP in different treatment groups as compared to the control and
along with vinblastine treatment: (b) standard control (vinblastine),
(c) 3n, (d) 3f, and (e) 3h. Results are expressed as mean ± SD (n =
3). *** and **** represent statistical significance with P < 0.001 and
P < 0.0001, respectively, in comparison to the control group.

Figure 6. 3n, 3f, and 3h trigger intracellular oxidative stress and ROS
production in HNSCC cells. Fluorescence microscopy images
depicting ROS generation in CAL 27 cells post-treatment. Images
were obtained at 10× magnification (scalebar: 50 μm) through GFP
and trans channel and represented in ROS-DCF (GFP), trans, and
overlay format.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c05378
ACS Omega 2022, 7, 45036−45044

45040

https://pubs.acs.org/doi/10.1021/acsomega.2c05378?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05378?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05378?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05378?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05378?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05378?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05378?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c05378?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c05378?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


percentage of the cell population was observed in the Sub-G1
phase for 3n and 3h, indicating the presence of cellular
apoptosis (Figure 7c,e). It prompts us to further evaluate the
potential of the selected lead compounds to induce cellular
apoptosis. Furthermore, these results are in consonance with
earlier reports that mentioned isoindolinone derivatives
majorly as regulators of Cyclins and CDKs and modulator of
PI3K-Akt-dependent G1 arrest.21,37,38 This could be probed
further to evaluate Cyclins and CDKs as the molecular targets
of these 3-methyleneisoindolinones.
2.7. 3n, 3f, and 3h Possess Pro-apoptotic Potential

and Induce Cellular Apoptosis. Apoptosis and its role in
tumorigenesis are cornerstones of cell death and disease
research in cancer.39 Evasion of apoptosis is a hallmark of
cancer cells and one of the major responsible factors for
oncogenesis,40 and targeting apoptosis as a cancer therapeutic
approach has yielded effective apoptosis inducers as chemo-
therapeutic drug candidates.41,42 3-Methyleneisoindolinones
have induced strong cytotoxic effects; however, the mechanism
of the effect was not clear. Also, results obtained from the
MMP assay and cell cycle analysis have indicated strong
possibilities of 3-methyleneisoindolinone to induce apoptosis.
Induction of the cellular apoptosis is often accompanied with
reduction in mitochondrial membrane potential (ΔΨm)/
(MMP).43 Decreased ΔΨm along with increased reactive
oxygen species (ROS) and cellular stress leads to the apoptosis
induction. Since our results indicated that isoindolinone
treatment increased ROS levels and decreased mitochondrial
membrane potential in cancer cells (Figures 5 and 6),
therefore, we directly advanced to evaluate the levels of
cellular apoptosis in treated cells to confirm the obtained
results. Therefore, followed by measurements of ΔΨm and
ROS generation, we have used Annexin-V/FITC and PI

staining via flow cytometry, which is regarded as a gold
standard technique to measure apoptosis in biological system.
As depicted in Figure 8, quadrant 3 represents the live cell

population (FITC-/PI-), quadrant 1 represents the dead cells
(FITC-/PI+), and quadrants 4 and 2 represent the early
apoptotic (FITC+/PI-) and late apoptotic cell populations
(FITC+/PI+), respectively. Interestingly, treatment of all the
compounds increased the early and late apoptotic cell
percentage as compared to the control group (P < 0.0001
across the treatment groups) (Figure 8). Results substantiated
that a dose-dependent increase in early and late apoptotic cells
was observed in 3n and 3h treatment groups (Figure 8c,e),
which was in consonance with the cell cycle analysis results
(Figure 7).

Additionally, results indicated that, in comparison to the
total combined apoptotic cell percentage (early plus late
apoptotic cells) after 50 μM vinblastine treatment (45.25), the
selected compounds exhibited encouraging results. The
percentages of total apoptotic cells for 3n and 3h were
found to be 52.08 and 50.11%, respectively, and for 3f, it was a
competitive 30.63%. Furthermore, 3h exhibited a lesser
percentage of dead cells and more apoptotic cells as compared
to vinblastine treatment (Figure 8a,e). It indicates that the
compounds exhibit strong pro-apoptotic potential. In sum-
mary, the obtained results suggested that the SAR-led changes
potentiate the efficacy of 3-methyleneisoindolinone derivatives.
Collectively, the results of the study supported that 3-
methyleneisoindolinones decrease mitochondrial membrane
potential, increase ROS, and disrupt the cell cycle, which leads
to the induction of apoptosis in HNSCC cells.

Figure 7. 3n, 3f, and 3h arrest the cell cycle of HNSCC cells in the S-
phase and sub-G1 phase. (a) Cell cycle distribution pattern of CAL 27
cells post-treatment of compounds, stained with DAPI and analyzed
by flow cytometry. Graphical representation of the cell cycle pattern
denoting percent cell populations present in different phases of the
cell cycle: (b) standard control (vinblastine), (c) 3n, (d) 3f, and (e)
3h. The dose-dependent arrest of the cell cycle in the S-phase and
G2/M phase was observed along with a marked increase in the Sub-
G1 population. Results are expressed as mean ± SD (n = 3). ****
and *** represent statistical significance with P < 0.0001 and P <
0.001, respectively, in comparison to the control group.

Figure 8. 3n, 3f, and 3h possess the pro-apoptotic potential and
induce cellular apoptosis in HNSCC cells. (a) Dot-plot of the flow
cytometric analysis of AnnexinV-FITC/PI-stained cells after treat-
ment of compounds, depicting apoptotic cell population. Here, cells
present in Q4 are early (FITC+/PI-) apoptotic cells and those in Q2
are late (FITC+/PI+) apoptotic cells. Bar plots depict the graphical
representation of live (Q3; FITC-/PI-), dead (Q1; FITC-/PI+), and
apoptotic (Q4 and Q2) cell population percentage after treatment of
(b) standard control (vinblastine), (c) 3n, (d) 3f, and (e) 3h. A dose-
dependent increase in early and late apoptotic cells was observed in
treatment groups. Results are expressed as mean ± SD (n = 3). ****
represents statistical significance with P < 0.0001 as compared to the
control group.
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3. CONCLUSIONS
In summary, this study depicts the design and synthesis of
novel 3-methyleneisoindolinones and their intramolecularly
Heck-cyclized derivatives. The compound synthesis was
performed in good to excellent yield. It has been observed
that 3-methyleneisoindolinones exhibit cytotoxic properties
against head and neck squamous cell carcinoma (HNSCC)
cells. SAR studies attributed the cytotoxic potential of the
synthesized compounds. Synthesized derivatives generated
reactive oxygen species (ROS), triggered intracellular oxidative
stress, and disrupted the mitochondrial membrane potential
(MMP) of CAL27 cells, indicating their strong potential to
damage cellular homeostasis of the cancer cells. Additionally,
3-methyleneisoindolinones were also found to substantiate
their anticancer activities through inhibition of the cell cycle in
the S and sub-G1 phase. Furthermore, Annexin V-FITC/PI-
based flow cytometry analysis revealed that the compounds
successfully induce cellular apoptosis in HNSCC cells. In silico
ADME profiling of representative compounds revealed their
drug-likeness properties, and the synthesized compounds fulfill
the criteria to be a drug candidate. Further, earlier reports have
mentioned isoindolinone derivatives as inhibitors of MDM2-
p53 interactions, regulators of Cyclins and CDKs, inhibitors of
PARP-1, and modulator of PI3K-Akt-dependent G1 ar-
rest.21,37,38,44,45 The role of tumor suppressor p53 in regulation
of cell cycle and apoptosis is well known, and MDM2-p53 axes
have been reported to be involved in onsets of HNSCC.46−48

Additionally, Tp53 mutation is one of the most frequent
genetic alterations in head and neck squamous cell carcinoma
(HNSCC) and results in an accumulation of p53 protein in
tumor cells. This makes the MDM2-p53 axis an attractive
target point to improve HNSCC therapy by modulation of
tumor suppression activities and apoptosis. Our results have
shown that 3-methyleneisoindolinone regulates the cell cycle
and increase sub-G1 population, disrupts MMP, and finally
induces cellular apoptosis. This makes the synthesized 3-
methyleneisoindolinone promising leads against the discussed
targets MDM2, p53, and Cyclins, and further studies in this
direction would help to delve deeper into mechanistic insights
of the compounds in HNSCC. Overall, this study attributes the
anticancer potential of novel 3-methyleneisoindolinone and
opens doors for further studies pertaining to the mode of
action in preclinical models, which may provide effective
treatment modalities against HNSCC.

4. EXPERIMENTAL SECTION
Detailed experimental section is provided in the Supporting
Information.
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