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ABSTRACT: Cancer is a major contributor to global morbidity and mortality. Among the GRS Plsnbon
different forms of cancer, colorectal cancer (CRC) is the third most frequently diagnosed / J\
cancer in men and the second most common cancer type in women globally. We aimed to TW@% -
explore the possible synergistic anticancer potential of curcumin (Cur) and plumbagin (PL) byt

in the human colon cancer cell line (HCT-116). The 3-(4,5-dimethylthiazol-2-y1)-2,5- . oc.esited ,/ { \
diphenyltetrazolium bromide (MTT)/cytotoxicity assay revealed IC, values of 7.7 and 7.5 2P ..
UM for Cur and PL, respectively, as a separate entity. However, the combined treatment of & *R"S* , #
Cur + PL significantly enhanced the cancer cell growth inhibitory potential compared with 'ﬁ' T WAy
solitary treatments with an ICy, value of 6.8 yuM. The combined treatment also led to the I

induction of apoptosis by 41%, cell cycle arrest at the G2/M phase, while Bax and p53 genes o =%
were found to be upregulated and the Bcl-2 gene was downregulated compared to the I ,—\73_
untreated/solvent control. Furthermore, combined treatment elevated reactive oxygen "

Lipid Peroxidation

species (ROS) production by 59% and resulted a decline in the mitochondrial membrane

potential (MMP) compared to the control. Catalase and superoxide dismutase (SOD) activities were significantly reduced, leading
to enhanced lipid peroxidation (LPO) and compromised membrane integrity, which were also confirmed by 4',6-diamidino-2-
phenylindole (DAPI) + propoidium iodide (PI) staining were also noted. Our in vitro data were further supported by molecular
docking, which showed a higher binding energy of the proteins (Bax, Bcl-2, and p53) with Cur + PL. Overall, our findings highlight
the potent synergistic effects of the Cur and PL combination, which can be exploited as a combination therapy for CRC.

1. INTRODUCTION standard cancer drugs.”” These plant-derived compounds can
enhance the efficacy of current therapies and provide better
acceptance among patients. Curcumin (Cur), or diferuloyl
methane, is a hydrophobic polyphenol obtained from Curcuma
longa, and is known for its antioxidant, anti-inflammatory, and
chemotherapeutic properties.” Although several preclinical and
clinical studies have reported its anticancer potential, there are
concerns regarding its selectivity and bioavailability following
oral administration. Curcumin’s low bioavailability is mainly
attributed to its chemical instability, limited absorption, rapid
metabolism, and swift systemic clearance.”'’ Similarly,
plumbagin (PL) is a key bioactive compound (S-hydroxy-2-
methyl-1,4-naphthoquinone) obtained from the roots of
Plumbago indica and possesses several biological activities,
such as anti-inflammatory, antioxidant, antifungal, antiproto-

Cancer is a profoundly challenging disease that affects millions
of people globally and requires advancements in prevention,
diagnosis, and treatment. Among the different forms of cancer,
colorectal cancer (CRC) is the third most prevalent
malignancy and the fourth leading cause of cancer-related
mortality worldwide." Despite significant advancements in
diagnosis and treatment, CRC incidence and mortality rates
remain unacceptably high.” The development of CRC is linked
to several factors such as age, chronic health conditions,
lifestyle, and reduced physical activity.”* Current treatment
approaches for CRC are tailored to the cancer stage and
severity of complications, often relying on the success of
chemotherapy, either as a standalone treatment or in
combination with surgical resection or radiation therapy.
While early-stage CRC responds well to treatments, such as
radiotherapy and radical surgery, the prognosis for advanced
cases is mainly chemotherapy-based and remains poor due to
limited chemosensitivity.” Overall, CRC is challenging to treat
and is associated with a high likelihood of recurrence.

Lately, there has been a growing focus on identifying natural
compounds that are safe, affordable, and can be used alongside
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zoal, and antibacterial activities. Numerous studies have also
reported its anticancer activity against different cancer models,
which is largely linked to its ability to inhibit cell proliferation
and induce apoptosis.'""'* Its efficacy against a wide range of
cancers, such as cervical cancer, lymphocytic leukemia, colon
cancer, and hepatoma, has been well documented.'>™"*
Although curcumin and plumbagin have been extensively
studied for their individual anticancer properties in different
cancer models, their possible utilization as a combination has
yet to be explored. In continuation of earlier computational
study, where we have reported the synergistic potential of
plumbagin and curcumin combination, effectively targeting the
PI3/Akt/mTOR pathway.'® This study aims to explore the
combined effects of curcumin and plumbagin against human
colon cancer cell line (HCT-116) and understand the
underlying mechanisms of their action.

2. MATERIALS AND METHODOLOGY

2.1. Reagents. For experimental purposes, a range of
chemicals and kits was acquired from different suppliers.

Table 1. List of the Forward and Reverse Primer Sequences
Used for RT-PCR

name of the gene Primer sequence

Bax Bax_(F): CATATAACCCCGTCAACGCAG
Bax_(R): GCAGCCGCCACAAACATAC

Bcl-2 Bcl2_(F): ACAGGAGCTATACTCCAGGACA
Bcl2_(R): GATCATACCCGTCATGGGGATA

ps3 pS3_(F): ACTTGTCGCTCTTGAAGCTAC

pS3_(R): GATGCGGAGAATCTTTGGAACA
GAPDH_(F): GGAGCGAGATCCCTCCAAAAT
GAPDH_(R): GGCTGTTGTCATACTTCTCATGG

GAPDH

Paraformaldehyde, phosphate buffered saline (PBS), Dulbec-
co’s modified Eagle medium (DMEM), dimethyl sulfoxide
(DMSO), propidium iodide (PI), JC-1 dye, 4',6-diamidino-2-
phenylindole (DAPI), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT), trypsin, and CellRox were
procured from Sigma-Aldrich (St. Louis, MO). RNA
extraction, cDNA, SOD, catalase, lipid peroxidation (LPO),
and Annexin V-FITC apoptosis kits were obtained from
Thermo Fisher, USA and Abcam, China. All other reagents
used in the experiments met analytical grade standards.

2.2, Cell Culture Maintenance. The American Type
Culture Collection (ATCC, Manassas, VA) provided HCT-
116 cells and PCS-201-013 cells (human lung fibroblast
normal cells) for this study. These cellular components were
cultivated under ideal conditions to promote robust growth
and maintain experimental consistency. The aforementioned
cell lines were cultured in high-glucose DMEM media enriched
with 10% fetal bovine serum (FBS) and 1% antibiotic solution
to prevent contamination. To mimic the physiological
conditions necessary for optimal cell proliferation, the cells
were maintained at 37 °C in a humidified incubator with
controlled CO, levels. Before any experiments were conducted,
cell viability was evaluated using a 0.4% trypan blue solution in
PBS.

2.3. MTT Cytotoxicity Assay. The MTT colorimetric
assay was used to evaluate cell viability by measuring the
metabolic activity of living cells. In 96-well plates, HCT-116
and PCS-201-013 cells were plated at a concentration of 1 X
10° cells per well and allowed to adhere and proliferate for 24

h. After this initial incubation, the cells were exposed to varying
concentrations of Cur (1—15 uM) and PL (1—15 M), both
separately and in combination, for 48 h. Subsequently, S yL of
MTT reagent (S mg/mL PBS) was added to each well,
followed by a 2—2.5 h incubation period in a darkened
environment. The resulting purple formazan crystals were
solubilized by adding 50 uL of DMSO to each well. To ensure
complete dissolution, the plate was kept in the dark for 15 min
before measuring the absorbance at 490 nm using a microplate
reader. The proportion of viable cells was determined by using
the following equation:

% cell viability = (OD,gq0f the treatment

/ODjg, of the control) X 100

% growth inhibition = 100 — % cell viability

In addition, the therapeutic index of Cur and PL was
calculated for PCS-201-013, as mentioned below

therapeutic index = EDj,/TDx,

ED;, = ICy, (50% Inhibitory concentration) = This is the
concentration that reduces cell viability by 50%, representing
the effective dose (EDsy).

TDy, = TCy, (50% Toxic concentration) = This is the
concentration that reduces viability of normal cells by 50%,
representing the toxic dose (TDs).

2.4. Morphology Assay. A density of 1 X 10° cells per
well was used to seed cells in 6-well plates. The cells were
allowed to attach for 24 h at 37 °C in an environment
containing 5% CO,. Following this attachment phase, the cells
were treated with ICy, concentrations of plumbagin, curcumin,
or a combination of both and then incubated for an additional
24 h. After incubation, the culture medium was removed, and
the cells were rinsed twice with 1X PBS to eliminate any
remaining compounds. The cells were then fixed using 4%
paraformaldehyde at 37 °C for 10 min. After fixation, a crystal
violet solution was applied to cover the entire well surface and
left for 20 min. The cells were subsequently washed again with
1X PBS to remove excess stain and inverted to completely dry.
Finally, a compound microscope was used to observe
morphological alterations in the cells, providing insights into
how the compounds affected the cellular structure and
integrity.

2.5. Wound Healing Assay. In 6-well plates, cells were
plated at a density of 1 X 10° cells per well and left to adhere
for 24 h in an incubator at 37 °C with 5% CO,. Following this
period, a scratch was created in the middle of each well using a
sterile 10 uL pipette tip. The wells were washed twice with 1 X
PBS to eliminate any loose cells, and the scratched area was
observed under a compound microscope. New media
containing ICs, concentrations of plumbagin, curcumin, or a
combination of both was introduced into the wells, which were
then incubated for an additional 24 h. Images of the scratch
were captured at the beginning (t = 0) and end (¢ = 24) using a
Zeiss microscope (Germany) at 10X magnification.

2.6. Mitochondrial Membrane Potential (MMP). Cells
were plated in a 6-well plate at a density of 3 X 10° cells per
well and allowed to adhere for 24 h. After this attachment
period, the cells were exposed to ICy, concentrations of
plumbagin, curcumin, or a combination of both. After
treatment, the culture medium was removed by aspiration,
and the cells were rinsed twice with 1X PBS to eliminate any
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remaining compounds. Subsequently, the cells were exposed to
S uL of JC-1 dye and kept in the dark for 20 min. Following
staining, the cells were carefully transferred to falcon tubes and
centrifuged at 2000 rpm for S min. After centrifugation, the
supernatant was removed, and the resulting cell pellets were
washed with 1X PBS before being resuspended in 500 uL of
1X PBS. The cell suspensions were then examined using an
Amnis Flowsight imaging flow cytometer (Cytek Biosciences)
with 10,000 cells analyzed per sample.

2.7. Generation of Reactive Oxygen Species (ROS).
Cancer cells were plated in 6-well plates at a density of 1 X 10°
cells per well and cultured for 24 h at 37 °C in a 5% CO,
atmosphere. Subsequently, the cells were exposed to the ICs,
concentrations of plumbagin, curcumin, or their combination
for an additional 24 h. Following treatment, the medium was
discarded, and the cells were rinsed twice with 1X PBS to
remove any remaining compounds. The cells were then
harvested and centrifuged at 2000 rpm, and the resulting
pellets were resuspended in 200 uL of 1X PBS. Next, 5 uL of
CellRox Green reagent was added to the cell suspension and
incubated at 37 °C for 30 min. ROS levels were subsequently
quantified using an Amnis Flowsight imaging flow cytometer
(Cytek Biosciences) with 10,000 cells evaluated per sample.

2.8. Cell Cycle Analysis. The cells were seeded in 6-well
plates at 1 X 10° cells per well and allowed to adhere for 24 h.
The cells were then treated with ICs, concentrations of
plumbagin, curcumin, or their combination for 24 h. After
treatment, the cells were collected and the pellets were washed
twice with 1X PBS and centrifuged. The pellet was then fixed
using 70% ethanol and kept at —20 °C for 30 min to ensure
complete fixation. After fixation, the cells were resuspended
and washed twice with 1X PBS to eliminate residual ethanol.
The cell pellets were resuspended in 200 uL of 1X PBS,
stained with 5 uL of PI, and incubated for 30 min. Finally, the
stained cells were analyzed using an Amnis Flowsight imaging
flow cytometer (Cytek Biosciences) to assess the effect of
treatment on the cell cycle progression.

2.9. Assessment of Apoptosis. The cells were cultured in
6-well plates at 1 X 10° cells per well and incubated for 24 h at
37 °C in a 5% CO, environment. Following incubation, the
cells were exposed to ICy, concentrations of plumbagin,
curcumin, or their combination for 24 h. Apoptosis was
evaluated using an Annexin V-FITC apoptosis kit, following
the protocol provided by the manufacturer. The cell pellets
were washed twice with 1X PBS and centrifuged. The cells
were then resuspended in 100 yL of 1X binding buffer, and 5
uL each of Annexin V-FITC and propidium iodide (PI, final
concentration 50 yg/mL) were added to the cell suspension.
The mixture was then incubated in the dark for 30 min. Data
were acquired using an Amnis Flowsight imaging flow
cytometer (Cytek Biosciences).

2.10. DAPI Staining. 4’,6-Diamidino-2-phenylindole
(DAPI) is a fluorescent dye that selectively binds to A-T-rich
DNA regions, enabling the visualization of nuclear morphology
to detect apoptosis. The cells were seeded in 6-well plates at 1
X 10° cells per well and kept at 37 °C in a 5% CO,
environment for 24 h. Subsequently, the cells were exposed
to ICs, concentrations of plumbagin, curcumin, or their
combination for 24 h. Post-treatment, the cells were stabilized
with 4% paraformaldehyde to preserve their structure. The cell
membranes were then permeabilized using 0.1% Triton X-100,
allowing DAPI to enter the nucleus. The cells were then
exposed to a DAPI solution (1 pg/mL) for 5S—10 min in the

dark to prevent light-induced fading. Apoptotic cells were
identified by their condensed, fragmented nuclei, which
appeared more luminous and compact under microscopic
examination.

2.11. Reverse Transcription Polymerase Chain Re-
action (RT-PCR). In 6-well plates, cells were plated at a
density of 1 X 10° per well and cultured for 24 h at 37 °C in a
5% CO, atmosphere. After this period, the cells were exposed
to ICs, concentrations of plumbagin, curcumin, or a
combination of both. Total RNA was isolated from the treated
cells using an RNeasy mini kit (Thermo Fisher), and the RNA
quantity was determined using a NanoDrop spectrophotom-
eter (Thermo Fisher). The extracted RNA was converted to
cDNA using a cDNA synthesis kit (Thermo Fisher).
Quantitative RT-PCR was conducted using RealQ_ Plus 2X
MasterMix Green-without Rox (Amplicon, Denmark), and
gene expression was evaluated using primers specific for pS3,
Bax, and Bcl-2 (Macrogen, Seoul, Korea). A LightCycler 96
real-time PCR system (Roche Applied Science) was used for
cDNA amplification. The expression data were standardized
against the housekeeping gene (GAPDH), and the relative
expression levels of the target genes were determined. The
forward and reverse primer used for the pS3, Bax, and Bcl-2
genes are listed in Table 1.

2.12. Lipid Peroxidation (LPO) Assay. Cancer cells were
cultured in 6-well plates at a density of 1 X 10 cells per well
and incubated for 24 h at 37 °C in a 5% CO, environment.
Following this period, the cells were exposed to IC;,
concentrations of plumbagin, curcumin, and their combination.
The TBARS method with slight modification, was used to
assess lipid peroxidation.'” The cells were harvested by
centrifugation, sonicated in chilled potassium chloride
(1.15%), and centrifuged again at 3000g for 10 min. A 2 mL
volume of TBA reagent (comprising 15% TCA, 0.7% TBA, and
0.25 N HCI) was added to 1 mL of the resulting supernatant.
The mixture was then heated to 100 °C for 15 min in a water
bath. After cooling, the samples were centrifuged at 1000g for
10 min. The absorbance of the supernatant was measured at a
535 nm wavelength.

2.13. Catalase Activity. Cancer cells were seeded in 6-well
plates at a density of 1 X 10° cells per well and incubated for 24
h at 37 °C in a 5% CO, atmosphere. Subsequently, the cells
were treated with ICy, concentrations of plumbagin, curcumin,
or their combination. The reaction mixture contained
phosphate buffer (pH 7.0), 0.08 ymol of H,0,, and enzyme
protein. Catalase activity was determined by monitoring the
reduction in H,0, at 570 nm."®

2.14. Superoxide Dismutase (SOD) Activity. Cancer
cells were plated in 6-well plates at a density of 1 X 10° cells
per well and incubated for 24 h at 37 °C in a 5% CO,
environment. The cells were then exposed to ICs, concen-
trations of plumbagin, curcumin, or their combination. The
reaction mixture consisted of 0.052 M sodium pyrophosphate
buffer (pH 8.3), 186 M PMS, 300 uM NBT, 780 uM NADH,
sonicated enzyme, and water.'” The reaction was initiated by
adding NADH and incubating at 37 °C for 90 s. Glacial acetic
acid (1.0 mL) was added to stop the reaction, followed by
thorough mixing with 4.0 mL of n-butanol. After a 10 min rest
period, the mixture was centrifuged and the n-butanol layer
was collected. A spectrophotometer was used to measure the
color intensity of the chromogen in the n-butanol layer at 560
nm, with pure butanol serving as a blank. A control sample of
the cell suspension without enzymes was used for comparison.

https://doi.org/10.1021/acsomega.5c01258
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Figure 1. Percentages of cell viability (A: PCS-201-013-Cur treatment B: PCS-201-013-PL treatment, C: HCT-116-Cur treatment, D: HCT-116-
PL treatment, E: HCT-116 Cur + PL treatment, and F: PCS-201-013-Cur+PL treatment, where a = control, b = treated with IC, concentration of
Cur, ¢ = treated with IC, concentration of PL, and d = treated with IC, concentration of Cur+PL, and e = treated with ICg, concentration of Cur

+PL).

2.15. Computational Analysis. 2.15.1. Protein and
Ligand Preparation. The three-dimensional structures of the
target proteins, pS3 (PDB ID: 8DC7), Bcl-2 (PDB ID:
6QGG), and Bax (PDB ID: 8GIT), were retrieved from the
Protein Data Bank (https://www.rcsb.org/) on October 1,
2024. The proteins were prepared for molecular docking
studies by removing water molecules, heteroatoms, and ligands
using the BIOVIA Discovery Studio. The ligands curcumin and
plumbagin were obtained from the PubChem database and
saved in the SDF format.

2.15.2. Molecular Docking Studies. The docking studies
were performed using (PyRx), with an exhaustiveness value of
8 (default setting) to balance computational efficiency and
pose prediction accuracy. The grid box center was positioned
to cover the entire receptor, ensuring that no binding regions
were excluded from the sampling space. To ensure
comprehensive sampling of potential binding sites, the entire
receptor structure was enclosed within the grid box. The
dimensions were carefully selected to encompass the full
protein structure, allowing for an unbiased exploration of all
possible ligand-binding regions. The specific grid box
dimensions for each receptor were as follows:

Baxreceptor: grid boxsize: S0 A(x) X 5SS A(y) X 49 A(z)

pS3 receptor: grid boxsize: 84 A(x) X 79 A(y) x 101
A2)

Bcl-2receptor: grid boxsize: 54 A(x) X 48 A(y) X 66 A(z)

To assess the synergistic effects of the compounds, each
protein receptor was combined with plumbagin to form a
single unit by using the PyMOL software. The combined units
were then docked with curcumin.

2.16. Statistical Analysis. The data are displayed as the
mean + standard deviation of three independent experiments
(n = 3). To perform statistical analysis, GraphPad Prism
(version 8.0.2) was used. Dunnett’s multiple comparison test
was used after one-way analysis of variance (ANOVA) to
evaluate the significance of the results. If the p-value was less
than 0.05, it was deemed statistically significant. Note: * p <
0.05, ** p < 0.01, and *** p < 0.001.

3. RESULTS

3.1. Cell Viability. Treatment with curcumin or plumbagin
alone significantly reduced the cell viability in a dose-
dependent manner. The ICy, value of curcumin was found
to be 7.7 uM, whereas the ICy, value of plumbagin was
recorded as 7.5 uM (Figure 1C,D). However, the mixture of
these compounds further reduced cell viability and the ICs,
concentration reduced to 6.8 uM (Figure 1E). In addition, the
PCS-201-013 cells showed non-significant cytotoxicity up to
the ICs, concentration of both curcumin and plumbagin;
however, a slight decline in cell viability was observed at
concentrations higher than the ICy, (Figure 1A,B).

The therapeutics index of curcumin and plumbagin was
calculated as 2.1 and 2.3, respectively, against noncancerous
cell line.

The therapeutic index was calculated as mentioned below:

19048 https://doi.org/10.1021/acsomega.5c01258
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Figure 2. Morphological alteration in HCT-116 cells after 24 h of treatment (A: Untreated control cells, B: Cur-treated cells, C: PL-treated cells,

and D: Cur + PL-treated cells).

The ICy, for curcumin was 14.5 against the PCS-201-013
cell line.

The combined cytotoxic concentration (ICg,) of Cur + PL
against HCT-116 was 6.8.

Hence, therapeutic index of curcumin = EDgy/TDy, (14.5/
6.8 = 2.1).

Similarly, the ICy, for plumbagin was 16 against the PCS-
201-013 cell line.

The combined cytotoxic concentration (IC,) of Cur + PL
against HCT-116 was 6.8.

So, therapeutic index of plumbagin = EDy,/TDs, (16/6.8 =
2.3).

3.2. Morphological Changes. Cancer cells treated with
curcumin, plumbagin, or their combination displayed signifi-
cant morphological changes compared with untreated controls.
These alterations include pronounced cellular deformities such
as irregular shapes, membrane blebbing, and cellular shrinkage.
The treated cells exhibited a marked reduction in size and
altered structural integrity, characterized by a reduction in cell-
to-cell adhesion and an increase in granularity. These
morphological changes indicated cytotoxic effects, suggesting
that the studied compound induced cell death, resulting in
substantial cellular damage and compromised integrity (Figure
2).

3.3. Scratch Wound Healing Assay. Treatment with
curcumin or plumbagin alone significantly inhibited the cell
migration. On the other hand, the combined treatment
resulted in a substantial reduction in migration compared to
the individual compounds, relative to the 0 h time point. The
untreated control cells migrated efficiently, covering approx-
imately 55% of the wound area after 24 h. In contrast, cells
treated with a combination of curcumin and plumbagin

exhibited only 12% migration (Figure 3). This marked
inhibition of cell movement underscores the synergistic
mechanism of action between these two compounds and
suggests the potential of combination therapy for cellular
motility disruption, which is a critical factor in cancer
progression and metastasis.

3.4. Mitochondrial Membrane Potential (AWy).
Mitochondrial membrane potential (MMP) is essential for
cellular energy production and the regulator of apoptosis and
can have a profound effect on cell survival and death. A
significant depolarization of MMP was observed in Cur + PL-
treated cells compared to that in the individual compounds as
indicated by areas under peak (Figure 4A—D).

3.5. Reactive Oxygen Species (ROS). Treatment with
curcumin, plumbagin, or their combination significantly
enhanced the production of ROS in HCT-116 cells. As
illustrated in Figure SA—E, ROS levels were markedly
increased in cells treated with the combination compared
with those treated with individual compounds. Increased ROS
production leads to cellular damage and oxidative stress,
thereby reinforcing the synergistic effect of curcumin and
plumbagin in facilitating cancer cell death via oxidative
mechanisms.

3.6. DAPI Staining. DAPI staining showed a stronger
fluorescence signal in cells treated with the curcumin and
plumbagin combination compared to that with the singlet
compound, indicating heightened chromatin condensation
(Figure 6A—D). The presence of shrunken nuclei in the
treated cells served as a clear indicator of apoptotic cell death,
confirming the synergistic effect of curcumin and plumbagin in
promoting apoptosis.
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Figure 3. Scratch wound healing assay in HCT-116 cell lines at 0 and 24 h (A: Untreated control cells, B: Cur-treated cells, C: PL-treated cells, and

D: Cur + PL-treated cells). E: Percentage migration. Left 0 h; Right, 24 h.

3.7. Catalase Activity Assay. HCT-116 cells treated with
a combination of curcumin and plumbagin showed a
significant reduction in catalase activity (~40%) compared
with the control. This marked decrease in catalase activity
suggests that the combined treatment exacerbates oxidative
stress by diminishing the capacity of cells to neutralize ROS,
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thereby reinforcing the synergistic effect of curcumin and
plumbagin in promoting oxidative stress and inducing cancer
cell death (Figure 7).

3.8. Superoxidase (SOD) Activity Assay. A time-
dependent decline in the SOD level was observed in HCT-
116 cells treated with curcumin, plumbagin, or their
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Figure 4. Mitochondrial membrane potential in HCT-116 cells (A: Untreated control cells, B: Cur-treated cells, C: PL-treated cells, and D: Cur +
PL-treated cells). E: Percentage change in MMP in response to individual compounds and their combination.

combination. The reduction in the SOD activity began within
2 h of treatment and continued to decline progressively over
time. This reduction in SOD activity indicates an increase in
oxidative stress within the cells, emphasizing the sustained
effect of the treatment on the cellular oxidative balance (Figure
8).

3.10. Lipid Peroxidation (LPO). A moderate increase in
LPO was observed following plumbagin or curcumin treat-
ment. However, the combination of Cur + PL treatment led to
an increase in LPO of approximately by 42% in the studied cell
lines (Figure 9). The increased LPO observed in the combined
treatment group may be due to high ROS production, which
surpassed cellular defenses and led to significant damage to the
lipid membranes. This synergism likely enhances anticancer
efficacy because increased oxidative damage adversely affects
cancer cell survival.

3.11. Cell Cycle Progression. Cell cycle analysis revealed
a variable percentage of cells across various stages of the cell
cycle in response to curcumin, plumbagin, or their
combination (Figure 10 and Table 2). The percentages of
cells in the G2/M phase were 17%, 22%, 34%, and 45% in the
control, Cur, PL, and Cur + PL-treated groups, respectively. In
contrast, the percentage of cells in the S-phase was markedly
diminished in the combined treatment group. Cell cycle arrest
in the G2/M phase indicates a synergistic effect of curcumin
and plumbagin concurrent exposure.
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3.12. Induction of Apoptosis. The percentages of
apoptotic cells were 25, 29, and 41% upon treatment with
curcumin, plumbagin, and their combination, respectively
(Figure 11 and Table 3). These findings indicate a synergistic
interaction between curcumin and plumbagin, as the
combination treatment notably enhanced the proportion of
apoptotic cells compared with that of the control or single
compound.

3.13. Gene Expression. RT-PCR data indicated a 4.9-fold
increase in Bax and pS53 expression in the combined treatment
group after 48 h. In contrast, Bcl-2 expression decreased by
3.9-fold in the same treatment group (Table 4).

3.14. Molecular Docking. To investigate the combinatory
effects of plumbagin and curcumin, both compounds were
docked separately and in combination with three distinct
apoptotic proteins: Bax, Bcl-2, and p53 (Figures 12—14).
Curcumin demonstrated a binding energy of —7.7, —6.4, and
—6 kcal/mol with the Bcl-2, Bax, and pS3 proteins,
respectively, whereas plumbagin showed binding energies of
—6.3, —6, and —6.5 kcal/mol with the same set of proteins.
The receptor protein-plumbagin ligand complex was docked
with curcumin for a synergistic evaluation. The binding energy
of the Bcl-2-plumbagin complex with curcumin was —8 kcal/
mol, whereas the Bax-plumbagin complex exhibited a binding
energy of —8.4 kcal/mol. Moreover, the pS$3-plumbagin
complex exhibited a binding energy of —6.1 kcal/mol when
associated with curcumin (Table 5). The docking results were

https://doi.org/10.1021/acsomega.5c01258
ACS Omega 2025, 10, 19045—19060


https://pubs.acs.org/doi/10.1021/acsomega.5c01258?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01258?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01258?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.5c01258?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.5c01258?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

»
o
@

N

Normalized Frequency

°
@

Normalized Frequency
- B

°
o

Cob cal
27 2

>

Normalized Frequency
Normalized Frequency

o
)

0 0 T v g
100 0 100 13 Tod 165 168

Intensity_MC_Ch02

0100 1e3 feé fe5 1e6 e 1e8 1ed
Intensity_MC_Ch02

A B

0 = 0+— .
100 0 100 163 Te4 166 100 0 100 163 Tod 1e5 168
Intensity_MC_Ch02

Intensity_MC_Ch02

C D

% ROS

A B

Cc D

Treatment (uM)

Figure S. Reactive oxygen species (ROS) production in HCT-116 cells (A: Untreated control cells, B: Cur-treated cells, C: PL-treated cells, and D:
Cur + PL-treated cells). E: Percentage change in ROS in response to individual compound and their combination.

A B
S
c D

Figure 6. DAPI staining of HCT-116 cells (A: Untreated control
cells, B: Cur-treated cells, C: PL-treated cells, and D: Cur + PL-
treated cells).

validated by two other platforms, namely, “YASARA GLOBAL
DOCKING” (included within licensed YASARA STRUC-
TURE) and “CLICKDOCK”, and furthermore by redocking.
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Figure 7. Catalase activity assay of HCT-116 cells (A: Untreated
control cells, B: Cur-treated cells, C: PL-treated cells, and D: Cur +
PL-treated cells).

It is imperative to mention that the results from the
aforementioned platforms were found to be in harmony with
each other for the studied complexes. Overall, these results
showed superior binding affinity for the combination of
plumbagin and curcumin compared to those of the individual
compounds.
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Figure 9. Lipid peroxidation in HCT-116 cells (A: Untreated control
cells, B: Cur-treated cells, C: PL-treated cells, and D: Cur + PL-
treated cells).

4. DISCUSSION

Chemotherapeutic drugs are used for the treatment of colon
cancer because of their strong antitumor effects; however, they
can also cause considerable damage to healthzf cells, leading to
severe side effects including drug resistance.”” Curcumin and
plumbagin as solitary compounds have demonstrated strong
anticancer efficacy in a wide range of cancer models. In this
study, we observed a significant enhancement in the anticancer
potential of curcumin and plumbgin combination, especially
against colon cancer cell line (HCT-116). Cell viability assays
demonstrated a dose-dependent decrease in cell viability after
treatment with curcumin or plumbagin (Figure 1C,D).
However, the combined treatment showed superior efficacy
compared with the individual compounds, validating their
synergistic effect (Figure 1E). This synergistic effect may be
due to the activation of complementary mechanisms that
simultaneously inhibit several molecular pathways.'®>" Similar
synergistic effects have been reported in the scientific literature
when a combination of curcumin or plumbagin was used with
other phytoconstituents like resveratrol, quercetin, and

: . 22-26 1
epigallocatechin. Oxaliplatin, a common colon cancer

drug has been reported to inhibit colon cancer cells with ICy,
concentrations of 38 uM, 46 uM, and 24 uM, against HCT-
116, HCT-8, and HT-29 cells, respectively, 7 which is
comparatively very high in comparison of combined curcumin
and plumbagin ICy, concentration. One study reported the
reduced cell viability and inhibiting proliferation by standard
therapeutics like S-fluorouracil (5-FU) against colon cancer
cells (HCT-116, HCT-115, and CO-115) and recorded its
ICyy in the range of 100 yM.”® Similarly, another study
observed induction in apoptosis by 5-FU with an ICj,
concentration of 50 #M in colon cells.”’

Cancer cell morphological changes associated with apoptosis
include cell shrinkage, nuclear condensation, and the formation
of apoptotic bodies, which are indicative of programmed cell
death.””*' The scratch assay revealed that curcumin and
plumbagin significantly inhibited cell migration, indicating
notable antimigratory potential. This effect was particularly
pronounced in the combined treatment group (Figure 3D).
This is consistent with other studies where curcumin or
plumbagin have been reported to reduce cancer cell metastasis
through the inhibition of various pathways.**~>*

The MMP assay showed considerable depolarization of the
mitochondrial membrane in response to Cur and PL
treatment, suggesting the activation of the intrinsic apoptotic
pathway (Figure 4). This might be because of curcumin’s
ability to induce plumbagin’s c;;pacity to produce ROS, may
impair mitochondrial function.>™” This was also confirmed
by ROS estimation, which demonstrated a significant increase
in ROS generation when Cur and PL were treated in
combination (Figure 5). The enhanced oxidative damage and
apoptosis in response to excessive ROS production can
overwhelm the antioxidant defenses of cancer cells.”®"’
Increased ROS levels also lead to DNA damage, oxidative
stress, and MMP disruption, all of these can induce
apoptosisfw’41

DAPI staining and membrane integrity assessments also
revealed significant nuclear changes, including chromatin
condensation and fragmentation of nuclear material, partic-
ularly in cells treated with both curcumin and plumbagin
(Figure 6). Nuclear alterations are the defining characteristics
of apoptosis, as confirmed by DAPI/PI staining, which
indicates late apoptotic stages."”*’ Superoxide dismutase and
catalase are two important antioxidant enzymes that reduce
ROS to protect cells from oxidative damage.**** The reduced
catalase and SOD levels in our study indicate that curcumin
and plumbagin induce significant oxidative stress through
ROS-mediated cellular apoptosis. Elevated LPO, an indicator
of oxidative damage, further substantiated that oxidative stress
is pivotal for the anticancer actions of curcumin and plumbagin
combination (Figure 9). Lipid peroxidation occurs when ROS
target polyunsaturated fatty acids within the cell mem-
brane.*>*

This pro-oxidant mechanism is in line with the ability of
curcumin and plumbagin to disrupt redox balance and trigger
cell death.**>° A well-known chemotherapeutic drug
(cisplatin) has been reported to induce oxidative stress via
enhanced production of ROS in colon cancer cells, similar to
the combined treatment of curcumin and plumbagin.>'

The cell cycle study showed that the combination of
curcumin and plumbagin was responsible for cell cycle arrest in
the G2/M phase. The cell cycle arrest at the G2/M phase is an
indication of DNA fragmentation and apoptotic cell death.”>>?
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Figure 10. Cell cycle analysis by flow cytometry (A: Untreated control cells, B: Cur-treated cells, C: PL-treated cells, and D: Cur + PL-treated

cells).

Table 2. Cell Percentages at Different Phases of Cell Cycle

phases control (%)  Cur-treated  PL-treated  Cur + PL-treated
Sub-G1 22 20 15 11
G1/Go 35 31 23 17
N 24 25 26 25
G2/M 17 22 34 EN

Ogxaliplatin completely blocks the G2/M transition, inducing
cell cycle arrest at the G2/M phase in HCT-116 cells.”* The
observed increase in apoptosis correlates with the activation of
the internal and extrinsic apoptotic pathways, as demonstrated
by a decrease in MMP and elevated ROS.>>*° Colon cancer
cells treated with celecoxib have been noted to suppress cell
growth, which is linked to reduced proliferation and increased
apoptosis.57

The expression patterns of pS53, Bax, and Bcl-2 were
consistent with earlier reports indicating the effect of curcumin
and plumbagin on these apoptotic regulators.”®>” The anti-
inflammatory and antioxidant properties of curcumin, along
with the pro-oxidant activity of plumbagin, may have
detrimental effects on cancer cells by interfering with various
cellular processes, such as mitochondrial function, ROS
production, and cell cycle progression. This synergy corrob-
orates the increasing evidence that supports combination

therapies for cancer treatment that affect multiple molecular
pathways.

Curcumin and crocin synergistically reduced colon cancer
cell viability, induced apoptosis, modulated apoptosis-related
gene expression, increased sub-G1 cell cycle arrest, triggered
autophagy, and reduced clonogenicity.”” The combination of
curcumin and 5-FU has also been reported to synergistically
reduce SW620 cell proliferation and migration, induce
apoptosis, extend survival of immunodeficient mice, inhibit
protein kinase R-like ER kinase (PERK) signaling, and
downregulate L1 expression.”’ Similarly, the combination of
zoledronic acid (ZA) and plumbagin has been noted to
synergistically suppress MDA-MB-231SArfp breast cancer cells
by inhibiting ZA-induced Notch-1 activation, reducing Bcl-2
expression, and inducing apoptosis.”” One study reported that
plumbagin and celecoxib synergistically kill melanoma cells by
inhibiting COX-2 and STAT3 pathways, reducing prolifer-
ation, inducing apoptosis, and impairing vascular development.
This combination has also been reported to reduce tumor
growth by 63% in a xenograft model with minimal toxicity,
highlighting the potential of this combination for overcoming
melanoma drug resistance.®®

Our molecular docking data also confirmed the in vitro data
and showed an enhanced binding energy of the tirad complex,
especially for Cur + PL + Bax/Bcl-2. Curcumin and plumbagin
have demonstrated promising synergistic anticancer effects, but
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Figure 11. Induction of apoptosis by flow cytometry (A: Untreated control cells, B: Cur-treated cells, C: PL-treated cells, and D: Cur + PL-treated
cells). (E, F): Change in the shapes of control and combined treated cells, respectively. (Note: In the quadrant, RS is total viable cells, R4 is early
apoptotic cells, above R4 is late apoptotic cells, and above RS is necrotic cells. In addition, Annexin V-positive/PI-negative (early apoptosis),
Annexin V-positive/PI-positive (late apoptosis), and Annexin V-negative/PI-negative (live cells).

Table 3. Cell Percentages at Different Apoptotic Events

control
events (%) Cur-treated PL-treated Cur + PL-treated
live cells 91 69 63 49
total apoptotic S 25 29 41
cells
necrotic cells 2 4 S 9

their clinical applications are hindered by poor bioavailability
and stability. Despite curcumin’s well-known anticancer
properties, it suffers from rapid metabolism and poor
absor(ption, which significantly reduce its therapeutic effective-
ness.® Similarly, plumbagin’s low solubility in water limits its
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Table 4. Expression Pattern of Bcl-2 (A), Bax (B), and p53
(C) Genes in HCT-116 Cells

gene names Cur-treated PL-treated Cur + PL-treated tEI}Ill)e
Bcl-2 1.17 2.7 3.5 24
(fold-decrease) 19 28 3.9 48
Bax (fold-increase) 2.03 2.9 4.7 24
2.5 34 4.9 48
pS3 (fold-increase) 1.3 1.4 4.1 24
1.7 1.9 4.9 48

absorption and efficacy.” To address these challenges, various
nanoparticle-based delivery platforms have been explored,
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Figure 12. Molecular docking of (A) curcumin, (B) plumbagin, and (C) Cur + PL to Bax protein.

which improved their solubility, stability, and provided
targeted delivery to tumor sites.””*® Additionally, codelivery
systems combining these compounds with other therapeutic
agents could further improve therapeutic outcomes by
enhancing cellular uptake and reducing systemic toxicity.”>®’
These strategies are essential for overcoming bioavailability
issues and increasing the clinical potential of curcumin and
plumbagin as effective cancer therapies.

5. STUDY LIMITATIONS

Although results are encouraging, this study has certain
limitations that need to be considered during the interpretation
of the data. This study was carried out on a single cancer cell
line, i.e,, HCT-116. We could have also used ROS scavengers
to prove an oxidative-stress-induced mechanism of action by
the curcumin and plumbagin combination. The protein
expression level of anti/apoptotic genes could not be
performed in this study due to some technical issues at our
disposal. In addition, the lack of long-term toxicity data and
comprehensive validation of the obtained data in a suitable
xenograft model is required.

6. CONCLUSION AND FUTURE DIRECTIONS

The combination of curcumin and plumbagin demonstrated
potent anticancer effects against HCT-116 cells by modulating
MMP, increasing ROS production, inducing G2/M cell cycle
arrest, and promoting apoptosis through Bcl-2 downregulation
and upregulation of p53 and Bax. This led to compromised
membrane integrity, increased LPO, and reduced antioxidant
enzyme activities. Given these promising in vitro results, further
in vivo validation is necessary to assess efficacy and safety of
this combination in a corresponding xenograft model. The
clinical applicability of this combination, especially against
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colon cancer, could be significant, alongside existing small-
molecule therapies. For instance, combining these natural
compounds with conventional chemotherapeutic agents, like S-
fluorouracil (S-FU) or oxaliplatin, could enhance the
therapeutic response in colon cancer patients, potentially
overcoming drug resistance and improving treatment out-
comes. Additionally, their synergistic effects might be leveraged
in combination with targeted therapies, such as epidermal
growth factor receptor (EGFR) inhibitors or immune
checkpoint inhibitors, to improve the efficacy of treatments
in advanced-stage cancer patients. Further clinical exploration
is also needed to determine optimal dosing, delivery methods
(e.g, nanoparticle formulations), and safety profiles for these
combinations, advancing them toward possible clinical use.
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Figure 13. Molecular docking of (A) curcumin, (B) plumbagin, and (C) Cur + PL to the Bcl-2 protein.
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Figure 14. Molecular docking of (A) curcumin, (B) plumbagin, and (C) Cur + PL to pS3 protein.

Table 5. Binding Energy (AG) of Plumbagin and Curcumin Sequentially Docked with the Bcl-2, Bax, and p53 Proteins

targets
Bcl-2
Bd-2
Bcl2-plumbagin
complex
Bax
Bax

Bax-plumbagin complex

pS3

pS3

pS3-plumbagin
complex

ligand
Curcumin
Plumbagin

Curcumin

Curcumin

Plumbagin

Curcumin

Plumbagin
Curcumin

Curcumin

docking AG

complex (kcal/mol)
Bcl2-Cur =77
Bcl2-PL —6.3
Bcl2-PL-Cur -8
Bax-Cur —6.4
Bax-PL —6
Bax-PL-Cur —8.4
pS3-PL —6.5
p53-Cur —6.
pS3-PL-Cur —6.1

interacting residues

ASP111, VAL148, ALA100, ALA149, TYR108, TYR202, PHE104, PHE198

LUE137, VAL133, ALA149, PHE153, MET115

PHE198, PHE104, ALA100, VAL148, ARG146, ASP111, TYR202, MET115

VAL(G121), ARG(C94), LYS(E119), LYS(E123), ASP(C86)

SER(C87)

ARG(B94), PHE(B93), ALA(B97), SER(E72)

GLU(E69), ARG(B94)
ARG(B89), ALA(C97)
PHE(B93), ALA(B97) ASP(B9S)

THR150, PRO222, PRO151, CYS$220, THR230, VAL147, PRO223

SER269, ASN131, TYR126, LEU111, GLY112, HIS115, ARG110, ASP268, PHE113

THR211, PRO9S, ILE254, MET160, SER99, ARG267
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B LIST OF ABBREVIATIONS

ATCC:American Type Culture Collection
CRC:colorectal cancer

Cur:curcumin

19058

DAPI:4’,6-diamidino-2-phenylindole
DMSO:dimethyl sulfoxide

PL:plumbagin

MMP:mitochondrial membrane potential
ROS:reactive oxygen species
PMS:phenazine methosulfate

PL:propidium iodide

NBT:nitroblue tetrazolium

RT-PCR:reverse transcription polymerase chain reaction

TBARS:thiobarbituric acid-reactive substances
TBA:thiobarbituric acid
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SOD:superoxide dismutase
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