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ABSTRACT: Microtubule affinity-regulating kinase 4 (MARK4) is a serine-threonine kinase that
phosphorylates microtubule-associated proteins (MAPs) and increases the microtubule dynamics.
Due to its direct involvement in initiation, cell division, progression, and cancer metastasis, MARK4
is considered a potential therapeutic target. Here, we designed, synthesized, and characterized
vanillin-isatin hybrids and evaluated their MARK4 inhibitory potential. All of the compounds
strongly bind to MARK4 and interact closely with the active site residues. Finally, the compound
VI-9 was selected for further investigation due to its high binding affinity and strong MARK4
inhibitory potential. Tau-phosphorylation assay has further confirmed that VI-9 significantly
reduced the activity of MARK4. Compared with vanillin, VI-9 showed a better binding affinity and
MARK4 inhibitory potential. Cell viability assays on human hepatocellular carcinoma (HCC) cell
lines C3A and SNU-475 revealed that VI-9 inhibited their growth and proliferation. In addition,
these compounds were nontoxic (up to 200 μM) for noncancerous (HEK-293) cells. Interestingly,
VI-9 induces apoptosis and decreases the metastatic potential of the C3A and SNU-475 cell lines.
The present work opens a newer avenue for vanillin-isatin hybrids and their derivatives in developing MARK4-targeted anticancer
therapies.

1. INTRODUCTION
Microtubule affinity-regulating kinase 4 (MARK4) is a serine-
threonine kinase and a promising drug target for diabetes,
cancer, and neurological disorders due to its direct role in
controlling microtubule dynamics. It phosphorylates micro-
tubule-associated proteins (MAPs), such as tau, causing these
proteins to separate from microtubules and enhancing micro-
tubule dynamics.1,2 MARK4 is overexpressed in glioma cells,
neural progenitor cells, hepatocellular carcinoma (HCC), and
breast and lung cancers, suggesting its possible involvement in
the initiation and advancement of cancer.3 Magnani et al.4 show
the role of MARK4 in the modulation of glioblastoma stem cells
as it is involved in the differentiation and proliferation of neural
stem cells.4 MARK4 is specifically localized in the centrosome
and microtubules.2 In normal glioma cells, MARK4 is located
near the midbody and associated with centrosomes.4,5 MARK4
has its role in the cytoskeletal dynamics and cell division of
malignant and nonmalignant cells. HCC, glioma, metastatic
breast cancer, Alzheimer’s disease, and various metabolic
disorders are associated with the aberrant expression of
MARK46−8 This makes MARK4 a promising therapeutic
target.9,10

The development of novel and promising therapeutic
molecules involves the integration of multiple pharmacophoric
subunits into a single scaffold using the molecular hybridization
technique, as it was predicted that combining multiple

physiologically active components would result in a potential
chemotherapeutic entity. isatin (1H-indole-2,3-dione), a heter-
ocyclic scaffold that Erdman and Laurent first isolated in 1840, is
a pharmacophore with enormous biological activities.11 It is a
metabolic byproduct of adrenaline in blood, the central nervous
system and body fluids.12 Isatin derivatives showed MARK4
inhibitory effects, making them potential candidates for
developing anticancer drugs.13 In preclinical studies, isatin and
its derivatives demonstrated promising antiproliferative and
antimetastatic effects, indicating their potential utility in cancer
therapy.13 Thus, further research and clinical trials are necessary
to fully elucidate its efficacy and safety profile in cancer
treatment fully.

Isatin is an important scaffold present in the parotid gland
secretions of Bufo frogs. Isatin is also a component of the FDA-
approved anticancer drug [Sunitinib (SUN/SU11248)] used to
treat renal cell carcinoma.14 Even though a variety of isatin-
derived compounds that inhibit tyrosine and serine/threonine
kinases are available, including SU4984 and SU5416, the clinical
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development of nintedanib (BIBF1120)15 and their molecular
structures are drawn from ChemDraw, details of the compound
were taken from Pubchem (Figure 1). An additional isatin-based
triple angiokinase inhibitor is presently being studied in phase III
clinical trials to treat nonsmall cell lung cancer (NSCLC).16

HCC is one of the leading causes of cancer-related deaths
worldwide.17 HCC may arise because of hepatitis B or C,
cirrhosis, and other liver diseases induced by aflatoxin toxicity
and metabolic dysregulation.18,19 The process of hepatocarcino-
genesis involves an initial genotoxic insult (initiation), clonal
expansion from precancerous to cancerous lesions (promotion),
and an ultimate tumor spread through clonal expansion.20,21

The observed overexpression of MARK4 in multiple cancers,
including HCC, justifies its characterization as a potential target
for cancer treatment. Previously, we have shown that isatin-
triazole hydrazones and vanillin-triazoles potentially inhibited
MARK4 activity, leading to cancer cell death22.23

The present work is focused on designing, synthesizing,
characterizing, and biologically assessing vanillin-isatin hybrids
as potential MARK4 inhibitors. Our results demonstrated that
the produced compounds had remarkable anticancer activities
and were capable of binding to the active site of MARK4.
Following the determination of binding affinity, the top-selected
compounds were further explored for interaction analysis
followed by cell-free and cell-based in vitro studies. Thus,
current studies provided potential anticancer drug candidates
targeting MARK4 in HCC.

2. MATERIAL AND METHODS
2.1. Materials and Instrumentation. All the chemicals

and solvents utilized in the analytical procedures were obtained
from Sigma-Aldrich (St. Louis, MO, USA). TLC aluminum
sheets coated with F254 were purchased from Merck (India).
Significant peaks in the IR spectra were captured by using an
Agilent Cary 630 FT-IR spectrometer. Tetramethylsilane
(TMS) was used as an internal standard to obtain 1H and 13C
NMR spectra on Bruker Spectrospin DPX-300 spectrometer at
300 and 75 MHz, respectively. For splitting patterns, the letters
s, d, t, and m and bars are used for singlet, doublet, triplet,
multiplet, and broad singlet. Parts per million (ppm) values for
1H NMR chemical shifts (δ) are published about DMSO-d6, δ
2.54, whereas 13C NMR chemical shifts (δ) are recorded
concerning DMSO-d6, 39.5. The mass spectra were recorded
using an Agilent Quadrupole-6150, an LC/MS spectrometer.
The digital Buchi melting point apparatus (M-560) was utilized
to determine the uncorrected melting points. Using an X-bridge
C18 having a 1.7m column with dimensions of 50 × 2.1 mm and
an Agilent RRLC MS 6320 ion trap spectrometer, purities were
determined. Ammonium acetate in water, 5 mM, comprises
mobile phase channel A. The mobile phase B contained

acetonitrile with a flow rate of 0.8 mL/min; 95% purity for each
final compound was verified by using UV@214 detection. C3A
(a subclone of the HepG2 cell line), SNU-475 (human live
cancer cells), SH-SY5Y (human neuroblastoma cells), and
HEK293 (human embryonic kidney cells) were taken from the
National Centre for Cell Sciences (NCCS), Pune, India. The
antitau (pSer262, cat:44−750 G), FITC labeled goat antirabbit
IgG (31635) secondary antibodies, and dihydroethidium
reagents were sourced from Invitrogen, Thermo Fisher
Scientific. Furthermore, the FITC-Annexin-V detection kit
was procured from BD-Pharmingen, BD Biosciences (USA).
The reagents utilized in this study were of molecular biology
grade.

2.2. Molecular Docking. We downloaded the coordinate
file of MARK4 protein complexed with a cocrystallized ligand
(PDB ID: 5ES1, 2.8 Å resolution) from the Protein Data Bank
(http://www.rscb.org). Missing residues were remodeled
through Modeler 10 in PyMOD3. Protein preparation was
conducted using the Protein Preparation Wizard within
Schrödinger Maestro 2022−4. The energy minimization of the
protein structure was performed using the OPLS4 force
field24−26 We utilized the LigPrep module within Schrodinger
Maestro 2022−3 to prepare the VI-series ligands. We converted
2D structures to 3D structures, optimized geometry, and
adjusted for chirality and desalting. Ionization and tautomeric
states were determined using the Epik module, accommodating
pH values ranging from 5 to 9. The libraries underwent
minimization using the Optimized Potentials for Liquid
Simulations-4 (OPLS-4) force field integrated with Schrodinger
software. The libraries underwent minimization using the
Optimized Potentials for Liquid Simulations-4 (OPLS-4)
force field integrated within Schrodinger software.27 Sub-
sequently, a single energetically favorable conformation was
generated for each ligand, and these optimized ligands were
utilized for docking analysis.26 Employing the site map tool of
Maestro 2022−04 from of the Schrödinger suite, the binding site
was defined to generate the grid. Subsequently, the prepared
fragment libraries were docked against the binding pocket of the
MARK4 protein using Glide and OPLS-4 force fields.28 The
poses obtained after minimization underwent a rescoring
procedure using the Glide Score scoring function. The docking
process was performed with extra precision (XP)29−31

2.3. Molecular Dynamics Simulation. We utilized the
Desmond module of Schrödinger Release 2022−4 to assess the
protein binding interactions operating on a Linux system. The
molecular dynamics (MD) simulation was performed to validate
the structural integrity of the protein complex, employing the
optimized potentials for liquid simulations (OPLS4) force field
at pH 7.4. A 100 ns simulation was conducted to identify the
optimal binding complexes. The process involved solvation of
the chosen protein and the selected complex with water

Figure 1. Structure of a few FDA-approved anticancer drugs containing an isatin core.
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molecules within an orthorhombic box. To neutralize charges
and maintain salt concentrations of 0.15M, Na+ and Cl− ions
were added. Throughout the simulation, a consistent temper-
ature of 300 K and a pressure of 1.01325 bar were maintained,
with data recorded at intervals of 5 ps.32,33 The stability of the
ligand-protein complex was evaluated by analyzing parameters
such as the root-mean-square deviation (RMSD), root-mean-
square fluctuation (RMSF), and the values of secondary
structure elements (SSE). Furthermore, the interactions
between the ligands and different atoms were analyzed for
each trajectory frame. Additionally, the radius of gyration (Rg)
was calculated to evaluate structural compression during the 100
ns simulation34−36 The Prime module from the Schrödinger
suite 2022−4 was employed to calculate binding free energies
between the ligand and receptor complex. The Molecular
Mechanics-Generalized Born Surface Area (MM-GBSA)
method, incorporating the OPLS4 force field, VSGB solvent
model, and search algorithms, was utilized for this purpose.28

2.4. Protein Expression and Purification. Following our
previously published procedures, MARK4 protein consisting of
residues 59−368 was cloned, and, expressed in E. coli M15 cells
and further purified.37

2.5. Fluorescence Binding Studies. Changes in the
protein fluorescence intensity on a Jasco spectrofluorometer
(Model FP-6200) with a protein concentration of 4 μM were
used to track the binding of VI series (VI1−VI13)withMARK4.
Experiment conditions included medium response, excitation
wavelength of 280 nm, emission wavelength of 300−400 nm,
and slit width of 10 nm. Following our previously described
procedure,38 we were able to examine the binding affinities
shown by the synthetic ester of the vanillin hydrazine isatin
hybrid with recombinant MARK4. The number of binding sites
(n) present on the protein and binding constant (Ka) were
calculated using the modified Stern−Volmer equation based on
a significant drop in protein fluorescence intensity with an
increase in the concentration of ester of the vanillin-isatin
hybrids. VI series compounds (7a to 7m) were used to titrate
MARK4 at increasing concentrations (0−15 μM). Fluorescence
emission data were fitted into the Stern−Volmer equation to
derive the MARK4-VI series compound binding parameters.

2.6. Enzyme Inhibition Assay. The ATPase assay was
employed to assess the enzyme activity of MARK4 in the
presence of synthesized compounds and IC50 was calculated
using the AAT Bioquest calculator as described previously.39,40

Briefly, to evaluate the activity of MARK4, a Malachite Green
(Biomol Green reagent, Enzo Life Sciences) microtiter-plate
assay was used. In the experimental setup, 6 μMMARK4 and 20
μM ATP were used as the substrate (in 20 mM Tris buffer,
pH8.0.) and incubated at 25 °C for 10−15 min in the presence
of various concentrations (ranging from 0 to 120 μM) of the
synthesized ester of the vanillin hydrazine isatin hybrid.
Following the incubation time, 100 μL of Biomol Green reagent
was added to each well of the assay plate and the absorbance of
reaction products were recorded at 620 nm using a
BioRadmultiplate ELISA reader.

2.7. Cell Viability Studies. Human HCC cells SNU-475
and C3A (HepG2-subclone) were obtained from ATCC and
cultured in Eagle’s Minimum Essential Medium (Corning, Cat #
10009-CVR) supplemented with 10% fetal bovine serum
(Sigma Cat#12303C), and 1% penicillin + streptomycin
solution (Invitrogen Cat#15,140−122). HEK293 (human
noncancerous) cells were cultured in the RPMI 1640 medium
(Gibco, Cat#11875119). A very sensitive cell viability reagent

called PrestoBlue HS (resazurin-based high-sensitivity reagent,
Invitrogen, cat. no. P50201) was used to conduct cell viability
experiments on the selected cell lines. Briefly, a 96-well cell
culture plate was seeded with 2000−3000 cells per well, and the
plate was then incubated overnight to encourage growth. The
next day, these cells were subjected to increasing doses ranging
from 0 to 200 μM of MARK4 inhibitor molecules (compound
VI-1 to VI-14). After 48−72 h of incubation of cells with
compounds, 10 μL of PrestoBlue HS reagent was added to each
well. The plates that had been treated were subsequently
subjected to incubation with PrestoBlue reagent for approx-
imately 45 min in a CO2 incubator. After the incubation period,
a multiplate reader was used to measure the fluorescence of the
plates using an excitation/emission filter set to 560/590 nm,
respectively. The percentage cell viability was estimated to
generate quantitative cell viability curves, taking vehicle control
values as control, and plotting vs treatment doses of each
compound as described previously.9,41

2.8. Tau-Phosphorylation Assay. In order to examine the
inhibitory effect of the most active compound on MARK4, Tau-
phosphorylation inhibition studies were performed as de-
scribed.42 For this assay, we used human neuroblastoma cell
line SH-SY5Y; these cells were maintained in a 1:1 mixture of
Eagle’s minimum essential medium and F12 medium. These
cells serve as model cell lines to study Tau phosphorylation.
Briefly, the SH-SY5Y cells were added to a six-well cell culture
plate and then incubated with VI-9 at its IC50 concentration (as
obtained from enzyme inhibition studies). After a 24-h
incubation period, the cells were harvested using trypsinization,
subsequently fixed, rinsed, and then suspended in an antibody
incubation buffer containing antiphosphatase primary antibod-
ies and Alexa-647A conjugated secondary antibodies as
described previously.42 Following the incubation, cells were
washed to remove unbound/free antibodies, resuspended in
FACS buffer, and analyzed by flow cytometry.

2.9. Transwell Cell Migration Assay. Transwell cell
migration studies were performed to assess the effect of VI-9
treatment on the metastatic potentials of C3A and SNU-475
cells. Briefly, VI-9 was administered to the serum-starved cells at
a concentration of 1/2 IC50 (the corresponding IC50 dosage for
each cell line) for 24 h. After treatment, 50 × 103 cells/well of
vehicle control or VI-9-treated cells were suspended in serum-
free medium and placed in the upper chamber of the
conventional Boyden chamber made of PET membranes (8.0
μm size, Cat#353093, Corning Life Sciences) as described
previously.43 Conversely, 1 mL of complete media (including
10% FBS for chemotaxis) was placed in the lower chamber. After
extracting the Boyden inserts on the following day, the migrating
cells situated on the underside of the inset were immobilized
using methanol and stained with crystal violet (0.4% in 25%
methanol). The nonmigrated cells that were still present on the
chamber’s top surface were removed using cotton swabs. Using
ImageJ software (https://imagej.nih.gov/ij/), stained cells that
had migrated to the bottom side of the Boyden chamber insert
were imaged, quantified, and plotted for further analysis in four
to five random fields for each condition.

2.10. Annexin-V/PI Staining. To evaluate the apoptosis
induction potential of VI-9, annexin-V and propidium iodide
(PI) staining studies were performed using flow cytometry as
described previously.44,45 Briefly, compoundVI-9 at a dose of 1/
2 IC50 (derived from cell viability experiments) or vehicle
control was administered to SNU-475 and C3A cells for 72 h.
After being incubated with VI-9 for 72 h, the cells were
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trypsinized and washed 2−3 times with sterile PBS. Following
the final PBS wash, the control and VI-9 treated cells were
stained with PI (nuclear stain) and Cy5 labeled annexin-V
antibodies (BD-Biosciences, San Jose, USA). The annexin-V/
PI-stained cells were analyzed using flow cytometry. (FlowJo
was used for analysis).

3. RESULTS AND DISCUSSION
3.1. Chemistry. The vanillin-isatin hybrids were synthesized

using a general synthetic approach, as shown in Scheme 1.
Commercially available methyl 4-hydroxy-3-methoxybenzoate
(1) was treated with hydrazine hydrate (2). The product
obtained was subjected to nucleophilic substitution, and then
condensation yielded vanillin hydrazide (3). A variety of aniline
derivatives (4a-m) comprising both electron-withdrawing and
electron-donating substituents underwent a series of reactions
by reacting with chloral hydrate and hydroxylamine hydro-
chloride. As a result, iso-nitroso-acetanilide was obtained, whose
cyclization resulted in the formation of substituted substituted
isatins. Consequently, the substituted isatin derivatives were
reacted with vanillin hydrazide (3) to form the corresponding
vanillin-linked isatin hybrids (VI1−VI13). All the intermediates
and title compounds, vanillin-isatin hydrazones, were charac-
terized by multispectroscopic techniques such as FT-IR, 1H, 13C
NMR, and mass spectrometry (Figures S1−S32).

From the IR spectra, it was apparent that the formation of
vanillin-isatin hydrazones (VI1−VI13), as demonstrated by the
distinct peak at wave numbers 357−3400, 1667−1547, and
1696−1659 cm−1, which are indicative of the stretching motions
of the NH, C�N, and C�O functional groups, respectively.
O−H spectrum of vanillin shows a broad peak at 3268−3156
cm−1. The formation of vanillin-isatin hydrazone was also
suggested by the presence of a sharp singlet in the range 13.93−
13.87 ppm for the hydrazone proton −NH in the vanillin-isatin
hydrazone 1H NMR spectra. Singlet observed in the range of
11.32−11.13 ppm is due to − NHproton of isatin. OH shows its
characteristic singlet in the range of 10.10−10.03 ppm. The 13C
NMR spectra revealed that the peaks attributed to isatin
carbonyl functionality, and the carbonyl groups of hydrazones
were exhibited in the ranges 164.22−163.59 and 159.89−151.75
ppm, respectively. The observed consistency between the mass
spectra of all the compounds and the calculated values
substantiated the successful synthesis of the targeted com-
pounds. Finally, we confirmed that all the ultimate compounds
had a minimum purity of ≥95%.

3.1.1. Synthesis of Hydrazide of Vanillin Ester (3). In a
solution of methyl 4-hydroxy-3-methoxybenzoate 1 (1.0 equiv)
in ethanol (8 mL), hydrazine hydrate 2 (5.0 equiv) was added
dropwise. The resulting mixture was subjected to reflux
overnight at 80 °C. Formation of white precipitate is confirmed
by TLC. Then, we filtered it and washed it with water; we
obtained pure compound 3 and used it without further
purification.

3.1.2. Synthesis of Substituted Isonitrosoacetanilides (5a-
m). The substituted isatins are well-known and reported earlier.
Briefly the intermediate substituted isonitrosoacetanilides (5a-
m) were synthesized as follows. First, various anilines (4a-m)
(4.29 mmol) were introduced into a dry round-bottom flask for
the reaction. Subsequently, water (23 mL) and 2N of HCl (1.72
mL) were carefully added to the flask. The substituted aniline
was completely dissolved before sequential addition of
anhydrous sodium sulfate (28.35 mmol), hydroxylamine
hydrochloride (15.03 mmol), and chloral hydrate (5.58
mmol) to the mixture. The reaction was carried out at 55 °C
throughout the night, followed by cooling to room temperature
upon completion, as confirmed by thin-layer chromatography
(TLC). Afterward, the crude mixture was subjected to vacuum
filtration and washed with distilled water, resulting in the
formation of substituted isonitrosoacetanilides. These com-
pounds were subsequently employed to synthesize isatin
derivatives without further purification.

3.1.3. Synthesis of Substituted Isatins (6a-m). In a round-
bottom flask with two necks, concentrated sulfuric acid (1.08
mL) was gently heated to 50 °C, and subsequently, dry
isonitrosoacetanilide (5a-m) (1.52 mmol) was introduced. The
addition of the latter was carefully controlled to maintain the
reaction vessel’s temperature within the range of 60−70 °C.46

To ensure the completion of the reaction, the temperature of the
reaction vessel was further raised to 80 °C for 15−20 min, which
was confirmed by TLC. Afterward, the reaction mixture was
allowed to cool to room temperature and added to ice water in a
3-fold excess. The resulting solid residue was subjected to
suction filtration, thoroughly washed with water to remove all
traces of sulfuric acid, and finally dried to obtain high-purity
substituted isatin (6a-m). All previously reported substitutions
were considered.47

3.1.4. General Procedure for the Synthesis of Vanillin-Isatin
Hydrazone Hybrids (VI1−VI13). Vanillin hydrazide (3) (1
equiv) was properly dissolved in ethanol and added to an
appropriate amount of isatin derivatives (6a-m) (1 equiv) in a
dried RB flask. The mixture was then refluxed overnight at 80 °C
after the addition of a few drops of glacial acetic acid. The

Scheme 1. Reagents and Conditions: (a) Hydrazine Hydrate, Ethanol, Reflux at 80 °C; (b) Chloral Hydrate, NH2OH·HCl,
Na2SO4, H2O, HCl (2N), 55 °C; (c) conc. H2SO4, 55-80°C; (d) Ethanol, Glacial Acetic Acid, Reflux at 80 °C for 8−12 h
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reaction mixture was allowed to cool to room temperature
following the completion of the reaction, and then ice-cold water
was added. The filtrate was collected through a funnel, and
ethanol was used to wash the resulting solid precipitate. Vacuum
drying was employed to obtain the desired hybrids (VI1−VI13)
from the resulting solid.

(Z)-4-Hydroxy-3-methoxy-N′-(2-oxoindolin-3-ylidene)-
benzohydrazide (VI-1) (7a). Yellow solid, yield: 82.8%, Rf =
0.25 (ethyl acetate:hexane = 50:50), mp: 295.4 °C. IR (neat): ν
(cm−1) 3514 (N−H)str. hydrazone, 3178 (O−H)broad., 1683
(C�O)str. hydrazone, and 1588 (C�N) isatin. 1H NMR (500
MHz, DMSO-d6) (δ, ppm): 13.88 (s, 1H, NHHydrazone), 11.32 (s,
1H,NHIsatine), 10.09 (s, 1H, OH), 7.57 (d, J = 5.0Hz, 1H, Ar-H),
7.42 (d, J = 4.5Hz, 1H, Ar-H), 7.34 (ddd, J = 1.0, 1.0, 2.1Hz, 2H,
Ar−H), 7.10−7.06 (m, 1H, Ar-H), 6.93 (dd, J = 8.0, 3.9 Hz, 2H,
Ar-H), 3.82 (s, 3H, OCH3). 13C NMR (126 MHz, DMSO-d6)
(δ-ppm):163.67 (C�O)Isatin, 151.81 (C�O)Hydrazone, 148.41,
142.74, 142.73, 132.10, 123.30, 123.28, 121.38, 120.45, 116.00,
111.90, 111.74, 56.15 (OCH3). ESI-MS (m/z) calcd. For
C16H13N3O4: 311.30; Found: 310.08 [M-H]−.

(Z)-4-Hydroxy-3-methoxy-N′-(5-methyl-2-oxoindolin-3-
ylidene)benzohydrazide (VI-2) (7b). Dark yellow solid, yield:
92.3%, Rf = 0.22 (ethyl acetate:hexane = 50:50), mp: 294.2 °C.
IR (neat): ν (cm−1) 3514 (N−H)str. hydrazone, 3219 (O−
H)broad., 1670 (C = O)str.hydrazone, 1607 (C�N) isatin. 1H
NMR (500 MHz, DMSO-d6) (δ, ppm):13.87 (s, 1H,
NHHydrazone), 11.20 (s,1H, NHIsatine), 10.08 (s, 1H, OH), 7.41
(d, J = 1.9 Hz, 1H, Ar-H), 7.38 (s, 1H, Ar-H), 7.31 (dd, J = 2.1,
1.5Hz, 1H, Ar-H), 7.14 (d, J = 7.9Hz, 1H, Ar-H), 6.92 (d, J = 8.5
Hz, 1H, Ar-H), 6.81 (d, J = 7.9 Hz, 1H, Ar-H), 3.82 (s, 3H,
OCH3), 2.26 (s, 3H, CH3). 13C NMR (126 MHz, DMSO-d6)
(δ-ppm):163.72 (C�O)Isatin, 151.77 (C�O)Hydrazone, 148.39,
140.47, 132.49, 132.35, 123.33, 121.71, 121.36, 120.44, 115.98,
111.86, 111.49, 56.13(OCH3), 21.06 (CH3). ESI-MS (m/z)
calcd. for C17H15N3O4: 325.32; Found: 324.13 [M-H]−.

(Z)-4-Hydroxy-3-methoxy-N′-(5-methoxy-2-oxoindolin-3-
ylidene)benzohydrazide (VI-3) (7c). Brick red solid, yield:
81.4%, Rf = 0.21 (ethyl acetate:hexane = 50:50), mp: 293.4 °C.
IR (neat): ν (cm−1) 3409 (N−H)str. hydrazone, 3268 (O−
H)broad., 1670 (C = O)str.hydrazone, 1570 (C�N) isatin. 1H
NMR (500 MHz, DMSO-d6) (δ, ppm):13.93 (s, 1H,
NHHydrazone), 11.13 (s, 1H, NHIsatine), 10.10 (s, 1H, OH), 7.42
(d, J = 1.9 Hz, 1H, Ar-H), 7.32 (dd, J = 2.1, 1.5 Hz, 1H, Ar-H),
7.10 (d, J = 1.5 Hz, 1H, Ar-H), 6.92 (d, J = 8.1 Hz, 2H, Ar-H),
6.84 (d, J = 8.5 Hz, 1H, Ar-H), 3.82 (s, 3H, OCH3), 3.74 (s, 3H,
OCH3). 13C NMR (126 MHz, DMSO-d6) (δ-ppm):163.78
(C�O)Isatin, 155.95 (C�O)Hydrazone, 155.94, 151.83, 148.41,
136.39, 123.27, 121.45, 121.17, 118.42, 116.00, 112.61, 111.89,
106.11, 56.14 (OCH3), 56.12(OCH3). ESI-MS (m/z) calcd. for
C17H15N3O5: 341.32; Found: 340.14 [M-H]−. HRMS:
342.1081[M+1]+.

(Z)-N′-(6-Chloro-2-oxoindolin-3-ylidene)-4-hydroxy-3-
methoxybenzohydrazide (VI-4) (7d). Yellow solid, yield:
84.6%, Rf = 0.25 (ethyl acetate:hexane = 50:50), mp: 314.5
°C. IR (neat): ν (cm−1) 3506 (N−H)str. hydrazone, 3164 (O−
H)broad., 1670 (C = O)str.hydrazone, 1622 (C�N) isatin. 1H
NMR (500 MHz, DMSO-d6) (δ, ppm):13.77 (s, 1H,
NHHydrazone), 11.45 (s, 1H, NHIsatine), 10.11 (s, 1H, OH), 7.56
(d, J = 8.1 Hz, 1H, Ar-H), 7.41 (d, J = 2.0 Hz, 1H, Ar-H), 7.31
(dd, J = 2.1, 2.0 Hz, 1H, Ar-H), 7.10 (dd, J = 2.1, 1.5 Hz, 2H, Ar-
H), 6.94 (d, J = 1.9 Hz, 1H, Ar-H), 3.82 (s, 3H, OCH3). 13C
NMR (126 MHz, DMSO-d6) (δ-ppm):163.64(C = O)Isatin,
151.89(C = O)Hydrazone, 151.48, 148.41, 147.93, 143.86, 136.06,

123.15, 122.72, 122.09, 119.40, 116.00, 115.56, 111.76, 111.12,
56.13 (OCH3). ESI-MS (m/z) calcd. for C16H12ClN3O4:
345.74; Found: 344 [M-H]−.

(Z)-N′-(5,7-Dimethyl-2-oxoindolin-3-ylidene)-4-hydroxy-
3-methoxybenzohydrazide (VI-5) (7e). Dark yellow solid,
yield: 90.6%, Rf = 0.21 (ethyl acetate:hexane = 50:50), mp:
315.4 °C. IR (neat): ν (cm−1) 3400 (N−H)str. hydrazone, 3156
(O−H)broad., 1666 (C�O)str.hydrazone, 1588 (C�N) isatin.
1H NMR (500 MHz, DMSO-d6) (δ, ppm):13.90 (s, 1H,
NHHydrazone), 11.23 (s, 1H, NHIsatine), 10.08 (s, 1H, OH), 7.42
(d, J = 2.0 Hz, 1H, Ar-H), 7.32 (dd, J = 2.1, 1.9 Hz, 1H, Ar-H),
7.22 (s, 1H, Ar-H), 6.98 (s, 1H, Ar-H), 6.92 (d, J = 8.1 Hz, 1H,
Ar-H), 3.82 (s, 3H, OCH3), 2.23 (s, 3H, CH3), 2.15 (d, J = 7.4
Hz, 3H, CH3). 13C NMR (126 MHz, DMSO-d6) (δ-
ppm):164.15 (C�O)Isatin, 151.75 (C�O)Hydrazone, 151.11,
151.04, 148.41, 146.31, 139.13, 133.94, 132.28, 123.37,
120.88, 120.19, 119.13, 115.98, 56.13 (OCH3), 20.97 (CH3),
16.38 (CH3). ESI-MS (m/z) calcd. for C18H17N3O4: 339.35;
Found: 338 [M-H]−.

(Z)-N′-(5-Chloro-2-oxoindolin-3-ylidene)-4-hydroxy-3-
methoxybenzohydrazide (VI-6) (7f). Yellow solid, yield: 85.6%,
Rf = 0.24 (ethyl acetate:hexane = 50:50), mp: 314.6 °C. IR
(neat): ν (cm−1) 3499 (N−H)str. hydrazone, 3216 (O−H)broad.,
1674 (C = O)str.hydrazone, 1603 (C�N) isatin. 1H NMR (500
MHz, DMSO-d6) (δ, ppm):13.83 (s, 1H, NHHydrazone), 11.44 (s,
1H, NHIsatine), 10.13 (s, 1H,OH), 7.57 (d, J = 5.1Hz, 1H, Ar-H),
7.43−7.38 (m, 2H, Ar-H), 7.33 (dd, J = 2.5, 2.0 Hz, 1H, Ar-H),
6.95−6.92 (m, 2H, Ar-H), 3.82 (s, 3H, OCH3). 13C NMR (126
MHz, DMSO-d6) (δ-ppm):151.97 (C�O) Hydrazone, 150.96,
148.44, 144.78, 141.41, 127.42, 123.10, 122.21, 120.90, 116.04,
56.15 (OCH3). ESI-MS (m/z) calcd. for C16H12ClN3O4:
345.74; Found: 343 [M-2H]−.

(Z)-N′-(5-Bromo-2-oxoindolin-3-ylidene)-4-hydroxy-3-
methoxybenzohydrazide (VI-7) (7g). Yellow solid, yield:
82.5%, Rf = 0.25 (ethyl acetate:hexane = 50:50), mp: 313.2
°C. IR (neat): ν (cm−1) 3502 (N−H)str. hydrazone, 3231 (O−
H)broad., 1674 (C�O)str.hydrazone, 1603 (C�N) isatin. 1H
NMR (500 MHz, DMSO-d6) (δ, ppm):13.82 (s, 1H,
NHHydrazone), 11.45 (s, 1H, NHIsatine), 10.13 (s, 1H, OH),
7.78−7.29 (m, 4H, Ar-H), 6.92−6.89 (m, 2H, Ar-H), 3.82 (s,
3H, OCH3). 13C NMR (126 MHz, DMSO-d6) (δ-ppm):153.65
(C�O)Hydrazone, 145.60, 141.12, 133.36, 126.10, 125.51, 121.63,
119.24, 114.16, 112.37, 109.69, 56.09 (OCH3). ESI-MS (m/z)
calcd. for C16H12BrN3O4: 390.19; Found: 388 [M-2H]−.

(Z)-4-Hydroxy-3-methoxy-N′-(7-nitro-2-oxoindolin-3-
ylidene)benzohydrazide (VI-8) (7h). Yellow solid, yield: 87.2%,
Rf = 0.26 (ethyl acetate:hexane = 50:50), mp: 319.6 °C. IR
(neat): ν (cm−1) 3512 (N−H)str. hydrazone, 3198 (O−H)broad.,
1687 (C�O)str.hydrazone, 1599 (C�N) isatin. 1H NMR (500
MHz, DMSO-d6) (δ, ppm):13.73 (s, 1H, NHHydrazone), 11.95 (s,
1H,NHIsatine), 10.12 (s, 1H, OH), 8.15−7.97 (m, 2H, Ar-H),
7.45−7.27 (m, 3H, Ar-H), 6.95 (d, J = 8.1 Hz, 1H, Ar-H), 3.84
(s, 3H, OCH3). 13C NMR (126 MHz, DMSO-d6) (δ-
ppm):164.21(C�O)Isatin, 152.12 (C�O)Hydrazone, 148.48,
132.44, 130.91, 126.98, 126.08, 123.27, 116.02, 115.66, 56.04.
(OCH3). ESI-MS (m/z) calcd. for C16H12N4O6: 356.29; Found:
355 [M-H]−.

(Z)-N′-(7-Chloro-2-oxoindolin-3-ylidene)-4-hydroxy-3-
methoxybenzohydrazide (VI-9) (7i). Yellow solid, yield: 88.2%,
Rf = 0.22 (ethyl acetate:hexane = 50:50), mp: 322.7 °C. IR
(neat): ν (cm−1) 3517 (N−H)str. hydrazone, 3227 (O−H)broad.,
1681 (C�O)str.hydrazone, 1547 (C�N) isatin. 1H NMR (500
MHz, DMSO-d6) (δ, ppm):13.81 (s, 1H, NHhydrazone), 11.75 (s,

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

https://doi.org/10.1021/acsomega.4c00661
ACS Omega 2024, 9, 25945−25959

25949

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00661?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


1H,NHIsatine), 10.13 (s, 1H, OH), 7.54 (d, J = 7.5Hz, 1H, Ar-H),
7.42 (d, J = 4.5 Hz, 2H, Ar-H), 7.34 (d, J = 9.5 Hz, 1H, Ar-H),
7.11−6.92 (m, 2H, Ar-H), 3.82 (s, 3H, OCH3). 13C NMR (126
MHz, DMSO-d6) (δ-ppm):163.75 (C�O)Isatin, 151.97 (C�
O) Hydrazone, 148.53, 140.03, 131.57, 124.39, 123.11, 122.50,

119.92, 116.03, 115.80, 111.97, 56.10 (OCH3). ESI-MS (m/z)
calcd. for C16H12ClN3O4: 345.74; Found: 344 [M-H]−.

(Z)-N′-(6-Chloro-5-fluoro-2-oxoindolin-3-ylidene)-4-hy-
droxy-3-methoxybenzohydrazide (VI-10) (7j). Yellow solid,
yield: 91.3%, Rf = 0.21 (ethyl acetate:hexane = 50:50), mp:

Table 1. Docking Parameters of VI Series with MARK4
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346.4 °C. IR (neat): ν (cm−1) 3514 (N−H)str. hydrazone, 3178
(O−H)broad., 1670 (C = O)str.hydrazone, 1603 (C�N) isatin.
1H NMR (500 MHz, DMSO-d6) (δ, ppm):14.01 (s,
1H,NHHydrazone), 11.52 (s, 1H, NHIsatine), 10.13 (s, 1H, OH)),
7.45−7.30 (m, 3H, Ar-H), 6.97−6.84 (m, 2H,Ar-H), 3.82 (s,
3H, OCH3). 13C NMR (126 MHz, DMSO-d6) (δ-ppm):163.59
(C�O)Isatin, 153.34 (C�O) Hydrazone, 151.96, 148.30, 139.64,
118.56, 116.13, 110.84, 56.14(OCH3). ESI-MS (m/z) calcd. for
C16H11ClFN3O4: 363.73; Found: 362 [M-H]−.

(Z)-N′-(6-Fluoro-2-oxoindolin-3-ylidene)-4-hydroxy-3-me-
thoxybenzohydrazide (VI-11) (7k). Dark yellow solid, yield:
85.3%, Rf = 0.26 (ethyl acetate:hexane = 50:50), mp: 317.5 °C.
IR (neat): ν (cm−1) 3510 (N−H)str. hydrazone, 3164 (O−
H)broad., 1696 (C�O)str.hydrazone, 1603 (C�N) isatin. 1H
NMR (500 MHz, DMSO-d6) (δ, ppm):13.88 (s, 1H,
NHHydrazone), 11.34 (s, 1H, NHIsatine), 10.12 (s, 1H, OH),
7.44−7.30 (m, 3H, Ar-H), 7.19 (td, J = 9.2, 2.6 Hz, 1H, Ar-H),
6.92 (d, J = 8.2 Hz, 2H, Ar-H), 3.82 (s, 3H, OCH3). 13C NMR
(126 MHz, DMSO-d6) (δ-ppm):163.84 (C�O)Isatin, 159.83
(C�O)Hydrazone, 158.10, 151.94, 148.43, 138.98, 138.97, 123.12,
118.50, 116.01, 112.80, 111.91, 108.56, 108.35, 56.09 (OCH3).
ESI-MS (m/z) calcd. For C16H12FN3O4: 329.29; Found: 328
[M-H]−.

(Z)-4-Hydroxy-3-methoxy-N′-(6-methoxy-2-oxoindolin-3-
ylidene)benzohydrazide (VI-13) (7l). Brown solid, yield: 88.5%,
Rf = 0.25 (ethyl acetate:hexane = 50:50), mp: 360.2 °C. IR
(neat): ν (cm−1) 3514 (N−H)str. hydrazone, 3212 (O−H)broad.,
1659 (C�O)str.hydrazone, 1603 (C�N) isatin. 1H NMR (500
MHz, DMSO-d6) (δ, ppm):13.91 (s, 1H, NHHydrazone), 11.12 (s,
1H,NHIsatine), 10.24 (s, 1H, OH), 7.41 (d, J = 1.7Hz, 1H, Ar-H),
7.33 (dd, J = 8.1, 1.8 Hz, 1H, Ar-H), 7.11 (d, J = 1.3 Hz, 1H, Ar-
H), 6.86 (d, J = 8.2 Hz, 2H, Ar-H), 6.81 (d, J = 8.5 Hz, 1H, Ar-
H), 3.8111 (s, 3H, OCH3), 3.74 (s, 3H, OCH3). 13C NMR (126
MHz, DMSO-d6) (δ-ppm):163.77 (C�O)Isatin, 155.85 (C�
O)Hydrazone, 155.91, 151.82, 148.41, 136.33, 123.22, 121.41,
121.11, 118.42, 116.10, 112.51, 111.83, 56.14 (OCH3), 56.12
(OCH3). ESI-MS (m/z) calcd. For C17H15N3O5: 341.32;
Found: 340 [M-H]−.

(Z)-N′-(6-Fluoro-2-oxoindolin-3-ylidene)-4-hydroxy-3-me-
thoxybenzohydrazide (VI-14) (7m). Yellow solid, yield: 92.1%,
Rf = 0.22 (ethyl acetate hexane = 50:50), mp: 308.9 °C. IR
(neat): ν (cm−1) 3517 (N−H)str. hydrazone, 3164 (O−H)broad.,

1670 (C�O)str.hydrazone, 1614 (C�N) isatin. 1H NMR (500
MHz, DMSO-d6) (δ, ppm):13.75 (s, 1H, NHHydrazone), 11.45 (s,
1H, NHIsatine), 10.04 (s, 1H, OH), 7.59 (dd, J = 6.1, 3.0, Hz,
1H,Ar-H), 7.41−7.31(m, 2H, Ar-H), 6.92−6.74 (m, 3H, Ar-H),
3.82 (s, 3H, OCH3). 13C NMR (126 MHz, DMSO-d6) (δ-
ppm):163.91 (C�O)Isatin, 151.85 (C�O)Hydrazone, 148.40,
144.51, 144.41, 123.31, 116.91, 116.00, 111.90, 110.01,
109.86, 100.01, 99.85, 56.0 (OCH3). ESI-MS (m/z) calcd. For
C16H12FN3O4: 329.29; Found: 328 [M-H]−.

3.2. Molecular Docking Studies. In previous studies,
isatin-triazole hydrazones were found to show promising
anticancerous activity and as potential inhibitors of MARK4.48

Molecular docking analysis is used to calculate the binding
affinity and the interactingMARK4 residues with the ligand, and
the outcomes are presented in (Table 1 and Figure 2). The best-
docked complexes were VI-9, according to the interacting
residues and binding energy determined by molecular docking
studies.

Most of the vanillin-isatin hybrids bind to MARK4 and
showed strong interactions to Ile62, Val70, Ala83, Lys85,
Tyr134, Ala135, Leu185, Ala195 and Asp196. The interaction
between VI-9 and MARK4 is facilitated by forming hydrogen
bonds with Lys85 (Figure 2A). In addition to its potent
hydrogen bonding, VI-9 generates diverse interactions with
Ile62, Val70, Ala83, Leu185, and Ala195 (Figure 2). Ester of
vanillin forms a hydrogen bond with MARK4. This bond is
between Ala135 and the hydroxyl group of the vanillin ester
(Figures S33 and S34). The ester of vanillin has been observed
to interact with additional amino acid residues of MARK4,
namely, Ile62, Val70, Ala83, and Leu185.

The Glide module of Schrödinger suite 2022−4 was
employed for extra precision docking (XP) within the predicted
catalytic pocket of MARK4. The ligand’s docking score obtained
through XP-docking was −7.877 kcal/mol. The Binding Free
Energy (BFE) value was calculated to be −61.00 kcal/mol.
Notably, the hydroxyl group of 4-Hydroxy-3-methoxy Benz
amide moiety of the ligand formed two hydrogen bonds with
Glu133 and Ala135. In addition, Asn183 formed a halogen bond
with the chloride of the ligand (Figure 2B).

3.3. MD Simulation Studies. MD simulation was
employed to investigate the dynamic properties of protein−
ligand complexes at the atomic level. The stability of the protein

Figure 2. Molecular docking: (A) Ribbon structure showing interaction of vanillin-isatin hybrids (VI-4, VI-5, VI-8, and VI-9) complexed with
MARK4 protein. (B) Interacting residues of MARK4 with vanillin-isatin hybrids (VI-4, VI-5, VI-8, and VI-9). (C) Focused view MARK4 active site
complexed with vanillin-isatin hybrids (VI-4, VI-5, VI-8, and VI-9).
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and ligands was assessed during a 100 ns MD simulation using
the apoprotein and the DHPS-8F complex as references. The
RMSD was calculated as 2.0 to 3.6 Å, with a gradual initial
increase in the first 20 ns from 2.0 to 2.5 Å, followed by a rapid
increase to reach 3.5 Å in 10 ns only (20−30 ns), and after that,
the system underwent subsequent stabilization. The RMSD of
the MARK4-VI9 complex did not show a significant difference
in values compared to the apoprotein except for the sharp and
sudden fluctuations exhibited by the complex, which happened
for a very short time and were in the accepted ranges. The range
of RMSD values of the complex indicates stronger binding.

RMSF was calculated for all complexes to assess residue
flexibility, revealing that the residues that formed H-bonds with
the protein had very low RMSD values, such as Glu-133, Ala-
135, and Asp-196, which showed RMSF values as low as 0.80,
0.94, and 1.19 Å respectively. Furthermore, the RMSF value of
Glu-139, which formed a significant water bridge with VI-9 for
more than 90% of the simulation time, was 1.16 Å. Thus, the
protein’s binding pocket is relatively stable. The ligands’
compactness was evaluated through Rg values ranging from
4.8 to 5.1 Å; these results show that VI-9 possesses good
structural rigidity. SASA analysis shows that the ligand has a

Figure 3. Structural dynamics ofMARK4 following binding ofVI-9. (A) RMSD plot ofMARK4 protein. (B) RMSD plot ofMARK4 complex withVI-
9. (C) Average residual fluctuations of the MARK4 protein. (D) Average residual fluctuations plot of the MARK4 protein complex with VI-9. (E)
Radius of gyration (Rg) and SASA plots of ligand VI-9.
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meager SASA value ranging from 40 to 120 Å2, indicating that a
substantial portion of VI-9 is correctly situated in the protein
binding pocket (Figure 3A−E).

Several hydrogen bonds were observed to form between VI-9
and specific residues, such as Glu-133, Ala-135, and Asp-196.
These H-bonds lasted 100%, 85%, and 50% of the simulation
time, respectively. Strong water bridge interactions were
reported with Glu-139 and Asp-196 residues, which lasted
100% and 50% of the simulation time, respectively. Detailed
insights into these interactions are provided in Figure 4.

3.4. Fluorescence Binding Studies. We measured the
binding constants and the number of binding sites of ligands to
MARK4 using fluorescence spectroscopy to validate the docking
results. MARK4 protein was expressed and purified which
showed a single band on SDS-PAGE was taken for this study
(Figure S35).49 We titrated MARK4 (5 μM) by adding 1 μM
selected synthetic compounds in each titration. MARK4 was
excited at a wavelength of 280 nm and subsequent emission
spectra were recorded in the 300−400 nm. Compounds with
high binding affinities exhibit saturation at low concentrations,
whereas those with weak affinities remain unbound even at high
concentrations (12 μM). For clarity and straightforward
interpretation of results, we provided the refined spectrum of
fluorescence binding studies, which showed the quenching in
the fluorescence emission spectrum of MARK4 with the

increasing concentrations of ligand (Figure 5A). The results of
the fluorescence were consistent with those of the docking
studies.

The Stern−Volmer equation shows the inverse connection
between each synthetic derivative’s concentration and fluo-
rescence intensity. However, fluorescence quenching data was
analyzed with the help of the modified Stern−Volmer equation
(MSV) to estimate various binding parameters, such as Ka and
n, representing the binding constant and number of binding sites
per protein molecule. VI-9 and VI-13, which only have one
binding site, have binding affinities of 1.48 × 105 M−1 and 2.67 ×
107 M−1, respectively (Table 2). Ka was estimated for VI-9 to be
1.48 × 105 M−1 (Figure 5C), indicating a good binding as well.
However, another examined ester of the vanillin hydrazine isatin
hybrid did not demonstrate any discernible binding. VI-9 and
VI-13 appear to be the most active derivatives against MARK4
among all synthesized compounds (Table 2).

3.5. Enzyme Inhibition Studies. Earlier, we reported that
phytochemicals significantly affect MARK4 activity.9,42,50,51 To
further optimize the MARK4-specific activity profile of vanillin,
we synthesized a series of vanillin ester hydrazone-based isatin-
hybrid molecules. We evaluated them with MARK4 using
binding studies and other activity assays (Figure 6). All of the
synthesized vanillin−isatin hybrids were tested for MARK4
inhibition using an ATPase inhibition assay. The ATPase

Figure 4.Analysis of the interactions between the ligand and the protein’s backbone. (A) Showing hydrogen bonds betweenVI-9 and specific residues.
(B) Representation of detailed ligand atom interactions with the protein residues. (C) Timeline representation of the interactions and contacts (H-
bonds, Hydrophobic, Ionic, Water bridges).
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activity ofMARK4 decreased considerably in the presence ofVI-
2, VI-3, VI-5, andVI-9 (Figure 6). Furthermore, it was observed
that VI-9 acts as the most prominent inhibitor for MARK4, as
evidenced by the lowest IC50 dose of 7.16 μM. The outcomes of

enzyme inhibition studies suggest that VI-9 inhibits MARK4
with a high affinity; therefore, it was selected for further
biological evaluations.

3.6. Cell-Based Assays. MARK4 is a known target for
various cancer types, including HCC.50,52 We performed
binding studies of these molecules with recombinant MARK4
for initial screening and further screened them against HCC cell
lines. Interestingly, these molecules showed differential
anticancer profiles toward SNU-475 and C3A cell lines of
HCC (Figure 7A, B). The selected compounds decreased the
viability of SNU-475 and C3A cell lines in a dose-dependent
manner (Figure 7A, B). We have selected the most active
compound, VI-9, by comparing its IC50 values with all the
synthesized compounds. The IC50 value of VI-9 on SNU-475
and C3A cells was 4.35 μM and 6.96 μM, respectively (Figure
7C). These results also correlated with the outcomes of binding
and enzyme inhibition studies; therefore, we selected VI-9 for
further studies and validated its MARK4-specific activity profile
through tau phosphorylation studies in neuroblastoma cell lines
(SH-SY5Y), as these cell lines were considered as model cells to
study tau-related pathologies.9,53 Interestingly, it was observed
that the treatment of VI-9 decreased the tau phosphorylation in

Figure 5. Binding studies of VI-9 with MARK4. (A) Fluorescence emission spectra of MARK4 (4 μM) were recorded with increasing concentrations
of VI-9 (0−15 μM). (B) Stern−Volmer plot generated by quenching MARK4 fluorescence with increasing concentrations of VI-9. (C) Modified
Stern−Volmer plot was acquired through the quenching experiments of the fluorescence of MARK4, introducing different concentrations of VI-9.

Table 2. Binding Properties of Vanillin-Isatin Hybrids with
the MARK4

S. No. Code Ka (M−1) n KSV (M−1)

1 VI-1 5.6 × 106 1.241 3.9 × 105

2 VI-2 1.38 × 106 1.145 3.7 × 105

3 VI-3 2.25 × 107 1.367 3.8 × 105

4 VI-4 8.96 × 105 1.141 1.8 × 105

5 VI-5 2.5 × 104 0.8404 1.0 × 105

6 VI-6 6.38 × 105 1.135 1.4 × 105

7 VI-7 3.32 × 105 1.067 1.7 × 105

8 VI-8 1.31 × 104 0.8606 0.6 × 105

9 VI-9 1.48 × 105 1.047 1.0 × 105

10 VI-10 7.9 × 104 1.006 0.8 × 105

11 VI-11 1.56 × 105 1.015 1.4 × 105

12 VI-13 2.67 × 107 1.517 0.8 × 105

13 VI-14 1.36 × 106 1.199 1.8 × 105
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Figure 6. Enzyme inhibition assay of VI-2, VI-3, VI-5, and VI-9 and their IC50 values (A−D).

Figure 7.Cell viability studies and tau phosphorylation. Cell viability studies of all synthesized compounds following 72 h treatment on (A) SNU-475
cell line and (B) C3A cell line. (C) Cell viability plot for the most activeVI-9 compound on SNU-475 andC3A cell lines. (D) The tau phosphorylation
studies of VI-9 on SH-SY5Y neuroblastoma cells. Following the treatment of the cells with vehicle control/VI-9, they were fixed, stained with anti-p-
Tau antibodies, and analyzed through flow cytometry.
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SH-SY5Y cells (Figure 7D and Figure S36). As tau is a substrate
for MARK4 (MARK4 phosphorylates tau), a decrease in the
phosphorylation of tau suggested that VI-9 treatment inhibited

the activity of MARK4. This indicates that VI-9 possesses
MARK4-specific activities.

Figure 8. Cell migration (metastasis) and apoptosis studies on HCC cells. (A) Representative images illustrate the results of transwell cell migration
experiments involving vehicle control/VI-9 administration to SNU-475 and C3A cells. (B) The quantification of migrated cells in the presence of
vehicle control compared to the treatment withVI-9 in C3A and SNU-475 cell lines. (C) Scattered dot-plot with heat map representation for annexin-
V/PI staining from vehicle control or VI-9 treated SNU-475 and C3A cells, as accessed using flow cytometry. (D) The quantification of annexin-V/PI
positive cells in vehicle control vsVI-9 treated HCC cell lines. A t test was employed to determine the significance of the analysis (from n = 3 biological
replicates).
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MARK4 is also involved in cancer cell migration;7 therefore,
we have studied the effect of VI-9 treatment on the cell
migration properties of HCC cells. We treated the cells with VI-
9 and performed a transwell migration assay using Boyden
chamber inserts. Compared to the vehicle control, it was
observed that VI-9 treatment significantly decreased the
migration of SNU-475 and C3A cells (Figure 8A, B). Moreover,
up to 200 μMconcentration,VI-9 did not exhibit cytotoxicity or
detrimental effects on noncancerous HEK293 cells (Figure
S37).

Additionally, the apoptotic potential of VI-9 was studied on
SNU-475 and C3A cells through a flow-cytometry-based
annexin-V/PI staining assay. Consequently, VI-9 has been
shown to strongly promote early apoptosis in SNU-475 and
C3A cell lines (Figure 8C, D). These outcomes showed that VI-
9 is a promising anticancer molecule targeting MARK4. All of
the cell-based functional studies of VI-9 on HCC cells
collectively point to a substantial level of anticancer activity
with a MARK4-specific profile. These findings support the
potential utilization of analogs derived from isatin in cancer
therapy by targeting MARK4. Certain molecules VI-9
demonstrated significant antiproliferative effects against liver
cancer cell lines, with higher docking scores than other
compounds, indicating their promising efficacy.

Indeed, targeted therapeutic medications are now often used
to treat cancer because of their benefits over conventional
chemotherapy medications in terms of effectiveness, specificity,
and safety. Small-molecule inhibitors are made to specifically
target proteins or enzymes involved in the initiation and spread
of cancer. By inhibiting they perturb signaling pathways that
foster growth, metastasis, and resistance to cancer treatment.
Small molecule inhibitor-based targeted therapeutic approaches
are the subject of much research attention. Due to their small
size, they can interact with the cytoplasmic domain of
intracellular signaling molecules and cell-surface receptors via
translocation through the plasma membrane. Most of the small
molecule inhibitors block essential targets for cancer including
proteosomes, heat shock proteins, serine/threonine/tyrosine
kinases, and other proteins involved in signal transduction
pathways. Finding specific genes or proteins and comprehend-
ing the mechanism(s) driving the development of each cancer
can aid in developing creative approaches to increase the
effectiveness of existing therapies and perhaps even lead to the
discovery of new therapies.

4. CONCLUSIONS
The present study summarizes that esters of vanillin and their
hydrazine isatin hybrids significantly bind to the active site cavity
of MARK4 and inhibit its kinase activity. Among all synthesized
compounds, VI-9 exhibited the most promising inhibitory effect
against MARK4. The suppression of MARK4 activity presum-
ably hampers the growth of the cancerous cells. The outcomes
derived from our preclinical studies strengthen our hypothesis
and correlate with the previous studies,54,55 affirming the
potential of MARK4 as a potential target for cancer therapy. The
selected lead molecule VI-9 also shows specificity toward
MARK4, and it was observed that the level of binding affinity
displayed by the esters of vanillin hydrazine isatin hybrid toward
the active site cavity of MARK4, which could potentially aid in
enzyme inhibition. Moreover, our findings highlight the
potential of an ester of vanillin and its vanillin-isatin hybrids as
promising candidates for developing MARK4 inhibitors with
potent anticancer properties.
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