
Citation: Semlali, A.; Beji, S.; Ajala, I.;

Al-Zharani, M.; Rouabhia, M.

Synergistic Effects of New Curcumin

Analog (PAC) and Cisplatin on Oral

Cancer Therapy. Curr. Issues Mol. Biol.

2023, 45, 5018–5035. https://doi.org/

10.3390/cimb45060319

Academic Editor: Luca Testarelli

Received: 3 May 2023

Revised: 2 June 2023

Accepted: 5 June 2023

Published: 8 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Synergistic Effects of New Curcumin Analog (PAC) and
Cisplatin on Oral Cancer Therapy
Abdelhabib Semlali 1,*,†, Sarra Beji 1,† , Ikram Ajala 1 , Mohammed Al-Zharani 2 and Mahmoud Rouabhia 1

1 Groupe de Recherche en Écologie Buccale, Faculté de Médecine Dentaire, Université Laval,
Québec, QC G1V0A6, Canada; sarra.beji.1@ulaval.ca (S.B.); ikram.ajala@etudiant-fst.utm.tn (I.A.);
mahmoud.rouabhia@fmd.ulaval.ca (M.R.)

2 Biology Department, College of Science, Imam Mohammad Ibn Saud Islamic University (IMSIU),
Riyadh 11623, Saudi Arabia; mmyalzahrani@imamu.edu.sa

* Correspondence: abdelhabib.semlali@greb.ulaval.ca
† These authors contributed equally to this work.

Abstract: Oral cancer has traditionally been treated with surgery, radiotherapy, chemotherapy, or
a combination of these therapies. Although cisplatin, a chemotherapy drug, can effectively kill
oral cancer cells by forming DNA adducts, its clinical use is limited due to adverse effects and
chemo-resistance. Therefore, there is a need to develop new, targeted anticancer drugs to complement
chemotherapy, allowing for reduced cisplatin doses and minimizing adverse effects. Recent studies
have shown that 3,5-Bis (4-hydroxy-3-methoxybenzylidene)-N-methyl-4-piperidine (PAC), a new
curcumin analog, possesses anticancer properties and could be considered a complementary or
alternative therapy. In this study, we aimed to assess the potential complementary effects of PAC
in combination with cisplatin for treating oral cancer. We conducted experiments using oral cancer
cell lines (Ca9-22) treated with different concentrations of cisplatin (ranging from 0.1 µM to 1 µM),
either alone or in conjunction with PAC (2.5 and 5 µM). Cell growth was measured using the MTT
assay, while cell cytotoxicity was evaluated using an LDH assay. Propidium iodide and annexin
V staining were employed to examine the impact on cell apoptosis. Flow cytometry was used to
investigate the effects of the PAC/cisplatin combination on cancer cell autophagy, oxidative stress,
and DNA damage. Additionally, a Western Blot analysis was performed to assess the influence of
this combination on pro-carcinogenic proteins involved in various signaling pathways. The results
demonstrated that PAC enhanced the efficacy of cisplatin in a dose-dependent manner, leading to
a significant inhibition of oral cancer cell proliferation. Importantly, treatment with PAC (5 µM)
alongside different concentrations of cisplatin reduced the IC50 of cisplatin tenfold. Combining these
two agents increased apoptosis by further inducing caspase activity. In addition, the concomitant use
of PAC and cisplatin enhances oral cancer cell autophagy, ROS, and MitoSOX production. However,
combined PAC with cisplatin inhibits the mitochondrial membrane potential (∆Ψm), which is a
marker for cell viability. Finally, this combination further enhances the inhibition of oral cancer cell
migration via the inhibition of epithelial-to-mesenchymal transition genes, such as E-cadherin. We
demonstrated that the combination of PAC and cisplatin markedly enhanced oral cancer cell death
by inducing apoptosis, autophagy, and oxidative stress. The data presented indicate that PAC has
the potential to serve as a powerful complementary agent to cisplatin in the treatment of gingival
squamous cell carcinomas.
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1. Introduction

Over the last few decades, the common treatment of oral cancer has relied almost
exclusively on tumor resection with or without chemotherapy and radiotherapy. Cis-
platin and other platinum-based drugs were considered the most common and effective
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chemotherapy drugs used for treating oral cancer [1–3]. Cisplatin applies anticancer ac-
tivity through different mechanisms, including the generation of DNA lesions and cell
apoptosis [4,5]. Oral cancer treatment with this product has been shown to be very effective
for several years, but it has many adverse effects [6,7]. These side effects, called late effects,
appear a few months to years after chemotherapy; they can damage healthy cells while
destroying cancer cells. Frequent side effects of cancer therapy include reduced blood
immune cells, diarrhea, fatigue, pain, hair loss, hot flashes, and psychological stress. These
side effects significantly hinder the efficacy of cancer treatment. To address this challenge,
it is necessary to develop a novel class of targeted and potent chemotherapeutic drugs that
can be used as alternative or complementary treatments. This approach would allow for
reduced cisplatin doses, thus minimizing adverse effects and improving patient outcomes.

For this purpose, plant compounds and their analogs are being explored. As a matter
of fact, natural products derived from a diversity of sources can stimulate and invigorate
numerous physiological pathways, which can be beneficial in controlling many diseases,
such as cancer. Thus far, over half of medications have been developed from natural
compounds, including 75% of anticancer drugs [8–10].

In recent years, herbal medicine has gained considerable importance and has proven
to be a promising remedy for cisplatin-induced toxicity. It has been reported that natural
products and their derivates help with the chemo-sensitization of cisplatin-resistant cells
by either up or downregulating specific signaling pathways that trigger apoptosis [11,12].
Curcumin, a turmeric compound isolated from Curcuma longa, commonly used as a spice,
is well known for multiple properties with great applications in many chronic diseases
attributed to its biological activities as antioxidant, anti-inflammatory, antimicrobial, and
anticancer drugs [13]. However, it presents many limitations that hinder its clinical appli-
cation (low bioavailability and color, etc.). Many curcumin analogs (EF24 and PAC) have
been recently synthesized to improve these limitations and have anticancer properties.
EF24 was shown to be bioactive against cancer cells and was suggested as a potential
complementary chemotherapeutic drug to cisplatin [14]. Recently, another curcumin ana-
log named HO-3867 was also reported to be an interesting antioxidant appendage that
drastically inhibits cancer cell growth by inducing apoptosis [15]. PAC, a novel curcumin
analog, is more stable in PBS and circulating blood [16], and is five times more efficient
than curcumin in inducing apoptosis cancer cells [17]; it has recently been reported for its
selective role in suppressing many growth tumors [14,16–19]. Our previous data with PAC
(3,5-Bis (4-hydroxy-3-methoxybenzylidene)-N-methyl-4-piperidine), a newly synthesized
curcumin analog, showed that this molecule presents a high potential therapeutic target for
oral cancer by altering pro-survival signaling pathways, activating apoptosis autophagy,
and inhibiting oxidative stress [19]. The effectiveness of PAC on breast and colon cancer
was also documented [16–18]. However, until now, no data on its synergistic potential with
cisplatin in treating oral cancer have been reported. It is well known that the cell death
process is often mediated by many intrinsic and extrinsic signaling pathways, triggered
mostly by DNA damage, autophagy, and cellular stress. These pathways play key roles in
the pathogenesis and cancer progression [20,21]. Targeting the mechanisms of apoptosis,
autophagy, and oxidative stress is a widely attractive aim in current cancer therapy. It has
gained an important place in current research targeting the discovery of new and more
effective anticancer drugs. Therefore, our objective was to study the effects of PAC in
combination with cisplatin on the proliferation, apoptosis, autophagy, oxidative stress, and
DNA damage of oral cancer cells.

2. Methods and Materials
2.1. Cell Culture

The Ca9-22 gingival epithelial cancer cell line was originally sourced from RIKEN
BioResource Research Center in Tsukuba, Japan. The cells were cultured in RPMI-1640
medium (Gibco, Waltham, MA, USA), supplemented with L-glutamine, 5% fetal bovine
serum (FBS), and 1% antibiotics (Thermo Fisher Scientific, Burlington, ON, Canada). The
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culture was maintained at 37 ◦C in a humidified atmosphere containing 5% CO2. The
growth medium was refreshed every two days until the cells reached 80% confluence. The
PAC used in the study was obtained from Dr. Ibrahim Al-Jammaz’s laboratory at King
Faisal Specialist Hospital and Research Center in Riyadh, Saudi Arabia.

2.2. Viability Assay

Cells were exposed or not to various concentrations of PAC (1, 2.5, 5, and 10 µM)
with and without cisplatin (Sigma Aldrich, Oakville, ON, Canada) used at (0.01, 0.1, 0.5,
0.8, and 1 nM) for 24 h and were then used to assess the cell growth by means of MTT
(Sigma Aldrich, Oakville, ON, Canada) colorimetric assay, as described previously [19,22].
In brief, the cultures were supplemented with 10% MTT (5 mg/mL) and incubated at
37 ◦C for 3 h. After the incubation period, the resulting formazan crystals were dissolved
in isopropanol −0.04 H HCL solution, and the plate was placed on an orbital shaker for
1 h at room temperature. The absorbance was read at 550 nm using an iMark microplate
reader (Bio-Rad, Mississauga, ON, Canada). To calculate the percentage of cell viability,
the absorbance of individual wells was divided by the mean absorbance of control wells
from three independent experiments conducted in triplicate. Cell proliferation levels were
determined using the following formula:

% of cell viability = [(OD 550 nm (treated cells) − OD (Blank))/(OD (control cells) − OD (Blank))] × 100.

2.3. Hoechst STAINING

The Ca9-22 cells (105) were seeded on 12-well plates, cultured for 24 h, then treated
with different concentrations of cisplatin (0, 0.01, 0.1, 0.5, 0.8, and 1 nM) with or without
PAC (1, 2.5, 5, 10 µM) for 24 h. The cells were rinsed twice with cold PBS and then fixed
with a solution of cold methanol and acetic acid (75%/25%) for a duration of 30 min.
After fixation, the cells were washed with PBS and then suspended in a 1% Hoechst
solution from sigma Aldrich. Subsequently, they were incubated in the dark for 15 min.
Following another round of washing, the stained cells were examined and captured using
a fluorescence microscope.

2.4. Clonogenic Assay

The Ca9-22 cells were seeded in the 6-well culture plates and exposed to various
concentrations of PAC (2.5, and 5 µM) and cisplatin (0, 0.01, 0.1, 0.5, 0.8, and 1 nM) for
two weeks. After the completion of the culture period, the culture medium was aspirated,
and the adherent cells were washed with PBS. Subsequently, the cells were fixed with
4% methanol at room temperature for 10 min and then stained using 0.05% crystal violet.
Following a 15 min incubation at room temperature, the dye was carefully removed, and
the wells were thoroughly washed with PBS. The plates were allowed to dry, and colony
formation was observed and captured using an inverted microscope. To quantify the colony
formation, the crystal violet was solubilized with 200 µL of a 30% (v/v) acetic acid solution.
The absorbance was measured at 570 nm using a Bio-Rad xMark reader in a 96-well plate
(Bio-Rad, Mississauga, ON, Canada).

2.5. Cell Apoptosis Assay

Apoptosis was assessed using flow cytometry with annexin V-FITC/PI staining kit
(BD Bioscience, Mississauga, ON, Canada) [19,22,23]. Cells were seeded in 6-well plates at
a density of 3 × 105 cells/well and allowed to adhere overnight. They were then treated
with different concentrations of cisplatin (ranging from 0.5 to 0.8 nM) in the presence
or absence of PAC (2.5 and 5 µM) for 24 h. The selected concentrations were based on
their proximity to the IC50 values. Following treatment, the cells were harvested, washed
twice with cold PBS, and stained with annexin V-FITC and PI, as per the manufacturer’s
instructions. The stained samples were analyzed using a flow cytometer equipped with
FACS Diva software (version 6.1.3). The distribution of viable (annexin−/PI−), early
apoptotic (annexin+/PI−), late apoptotic (annexin+/PI+), and necrotic (annexin−/PI+)



Curr. Issues Mol. Biol. 2023, 45 5021

cells was determined. Both early and late apoptotic cells were considered apoptotic cells,
and the results were expressed as a percentage of the total cell population. The experiment
was performed three times to ensure reliability and consistency.

2.6. Caspase Activity Assay

Caspase activities were evaluated using a Caspase detection kit (TITC-VAD-FMK)
obtained from Millipore Corp. (Burlington, MA, USA), following previously reported
methods [22]. Ca9-22 cells were cultured in 6-well plates at a density of 3 × 105 cells/well.
When the cells reached 80% confluence, they were treated with various concentrations
of cisplatin, with or without supplementation of 2 or 5 µM of PAC, for 24 h at 37 ◦C.
Subsequently, the cells were trypsinized, counted, and incubated with 1 µL of FITC-VAD-
FMK for 1 h at 37 ◦C. Flow cytometry was then performed using the FL1 channel to analyze
the cells. The experiment was repeated three times to ensure consistency and reliability of
the results.

2.7. Autophagy Assay

ICT’s (ImmunoChemistry Technologies) Autophagy assay (Red from ImmunoChem-
istry Technologies, Burlington, ON, Canada) was used to determine the in vitro effect of
PAC (2.5 and 5 µM) and cisplatin (0 and 0.5 to 0.8 nM) on Ca9-22 cells autophagy. Fol-
lowing 24 h of treatment with cisplatin alone or in combination with PAC, the Ca9-22
cells were detached and incubated with an autophagy solution (diluted 1:50) for 60 min
in the absence of light. Subsequently, the cells were washed three times with a cellular
assay buffer and resuspended in 0.5 mL of the same buffer. The stained cells were then
analyzed using flow cytometry equipped with a green/yellow laser. The Autophagy Probe,
which emits at a wavelength of 590 nm and is excited at 620 nm, was used. The utilized
flow cytometer was an LSRII cytometry system equipped [19,22,23]. The experiment was
conducted in triplicate.

2.8. Measurement of ROS Levels

ROS levels were determined by flow cytometry using a specific assay kit from Im-
munoChemistry Technologies, as described by Semlali et al. (2021) [19]. Briefly, Ca9-22
cells at 40 to 60% of confluence were seeded and cultured for 24 h, then exposed to different
concentrations (2.5 µM and 5 µM) of PAC and (0 and 0.5 to 0.8 nM) cisplatin for 24 h. Total
ROS Green dye molecule was added to 106 cells/mL of each culture condition for 1 h in the
dark at 37 ◦C before analyzing with BD Accuri C6 Plus Flow Cytometry System (BD LSRII,
BD Bioscience, Mississauga, ON, Canada).

2.9. MitoSox Assay

As described by our previous studies [19,22], the mitochondrial oxidative stress assay
was performed using MitoSOX Red dye (Invitrogen, Burlington, ON, Canada), which was
detectable by flow cytometry. Briefly, Ca9-22 cells were treated with single drugs or by a
combination of cisplatin and PAC for 24 h. After the treatment, 5 µM of MitoSOX™ Red
was added to each sample (106 cells/mL) and incubated in the dark 1 h at 37 ◦C. After
incubation, the cells were washed twice with a warm buffer before analyzing by flow
cytometry at 510 nm using LSRII cytometry from BD Bioscience.

2.10. Mitochondrial Membrane Potential (∆Ψm) Assay

Oral cancer cells were exposed to various concentrations of cisplatin (0, 0.5, and 0.8 nM)
with or without PAC (2.5 and 5 µM) for 24 h. After trypsinization, 105 cells with the fresh
medium were mixed with 5 µL of DiOC6(3) for 30 min. Cells were washed three times with
PBS and analyzed by flow cytometry analysis using a cytometer from BD Bioscience, as we
previously reported [19,22].
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2.11. Western Blotting

As described by Semlali et al. [22], gingival cancer cells were treated with PAC (2.5
and 5 µM) and cisplatin (0 and 0.5 to 0.8 nM) for 24 h. Total proteins were extracted from
each condition using a lysis buffer supplemented with protease and phosphatase inhibitors.
The protein concentration was determined, and Western blot analyses were performed. The
proteins were denatured, separated by SDS-PAGE, and transferred onto a PVDF membrane.
The membrane was blocked and incubated with primary antibodies overnight, followed by
secondary antibodies, anti-mouse (554002) or anti-rabbit (554021), from BD Pharmingen
(Mississauga, ON, Canada). After washing, the membrane was subjected to detection using
an ECL substrate and visualized with a Versa Doc™ MP 5000 system. The entire procedure
was repeated three times to ensure reproducibility and consistency of the results.

2.12. Wound Healing Assay

Cells (2 × 105) were seeded in 12-well cell culture plates and cultured until confluence.
At this step, the monolayer cultures were scratched using a sterile 200 µL pipette tip, washed
with a medium, and then exposed to different concentrations of cisplatin (0, 0.5, and 0.8 nM)
with or without PAC (2.5 and 5 µM). The image acquisition was taken immediately and
after 6 and 24 h after drug treatment. A camera captured the pictures of each culture
cell. Analysis of the open wound area was measured with the calculation of wound area
(percentage) before and after 6 h and 24 h of exposure to the drugs.

2.13. Statistical Analysis

The statistical analysis was performed by One-way ANOVA and an unpaired student’s
t-test, when required. A Bonferroni–Dunn post hoc analysis was also used when appropri-
ate. p < 0.05 was considered significant between untreated cells and treated cells with PAC,
cisplatin, or a combination of the two drugs.

3. Results
3.1. PAC Potentiates Cisplatin Effect on Inhibition of Oral Cancer Cell Proliferation

Initially, we examined the impact of PAC as a standalone treatment on oral cancer cells
(Ca9-22) to evaluate its antiproliferative effect. Subsequently, we explored the combined
effect of PAC with varying concentrations of cisplatin (ranging from 0.01 to 1 nM) using
the MTT assay. As depicted in Figure 1A, the response of Ca9-22 cells to PAC exhibited
a noticeable dose-dependent pattern. The IC50 for PAC treatment was determined to
be approximately 5 µM. An inhibition of 21.01% ± 4.9% (p = 0.03), 42.325% ± 1.977%
(p < 0.005), 61.65% ± 0.272% (p < 0.0005), and 66.74% ± 2.69% (p < 0.0005), respectively,
with PAC concentrations of 1, 2.5, 5, and 10 µM was observed (Figure 1A). These results
were confirmed by the Hoechst marking, where a decrease in the number of nuclei was
observed gradually while increasing the concentration of PAC (Figure 1B).

Like the PAC, cisplatin alone at (0.01, 0.1, 0.5, 0.8, and 1 nM) decreases the % of
proliferation of oral cancer cells in a dose-dependent manner with an IC50 = 0.7 nM. The %
of inhibition decreases by 8.90% (p < 0.05), 8.22% (p < 0.05), 36.7539% (p < 0.005), 84.754%
(p <0.0005), and 85.616% (p < 0.0005), respectively, for cisplatin at 0.01, 0.1, 0.5, 0.8, and
1 nM (Figure 1C). These results were confirmed by the Hoechst marking, where the nucleus
number gradually reduced by increasing the concentration of cisplatin (Figure 1D). A
combination of cisplatin (0.01, 0.1, 0.5, 0.8, and 1 nM) and PAC (2.5 and 5 µM) was more
effective in reducing cancer cell proliferation. The cisplatin IC50 in combination with
2.5 µM of PAC has become of the order of 0.2 nM, a decrease of three times. Indeed, with
the concentration of PAC at 5 µM, the IC50 was about 0.07 nM, a decrease of 10 times
(Figure 1C). The proliferation results were also confirmed by the Hoechst marking, where a
greater decrease in the number of nuclei of Ca9-22 cells was observed and was dependent
on the concentration of cisplatin and PAC (Figure 1F).
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3.2. The Combination of PAC and Cisplatin Inhibits the Capacity of Cancer Cells to Form Colonies

As shown in Figure 2, colony formation decreased significantly with single treatments
with cisplatin and PAC. Moreover, this inhibition was more important after combining the
two treatments (Figure 2A). These observations were confirmed by the crystal violet assay
(Figure 2B), showing a decrease in the absorbance when the cells were exposed to cisplatin
or PAC alone. A combination of both molecules led to a better decrease in colony formation
by oral cancer cells.
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(A) Microscopic observation of colony formation through violet crystal staining. (B) Quantification of
the number of colonies. The results were reported by Do at 570 nM after lysis by acetic acid (n = 3).
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3.3. PAC Potentiates the Cisplatin Effect by Inducing Apoptosis of Oral Cancer Cells

Figure 3 shows that a single treatment with PAC or cisplatin significantly induces oral
cancer cell apoptosis. Combined PAC at 2.5 or 5 µM (concentration around of IC50 for
PAC) with different concentrations of cisplatin (0, 0.5, and 0.8 nM) (concentration around of
IC50 for cisplatin) drastically increased cell apoptosis than cells treated with cisplatin alone.
These data indicate that PAC enhances cisplatin cytotoxicity on cancer cells by triggering an
apoptosis process. Indeed, with cisplatin, the percentage of apoptotic cells increased from
17.9% at the control to 19.2% and 82.7%, respectively, with the concentrations of cisplatin
(0.5 and 0.8 nM). On the other hand, the apoptotic cell rate increased with PAC from 17.9%
to 72.7% and 77.3%, respectively, with concentrations (0, 2.5, and 5 µM). However, the
percentage of the apoptotic cells increases when combining PAC with cisplatin, reaching
82.3% and 89.8%, respectively, when we combined PAC at 2.5 µM with cisplatin at 0.5 or
0.8 nM. With the PAC at 5 µM and cisplatin (0.5 and 0.8 µM), the percentage of apoptotic
cells becomes, respectively, 88.6% and 98.1% (Figure 3A,B).

3.4. PAC Potentiates Caspases Activities Induced by Cisplatin on Oral Cancer Cells

As shown in Figure 4, cisplatin induces apoptosis by inducing caspase activity. The
percentage of cells stained by FITC-VAD-FMK increased from 14.7% in the control to 82.5%
when Ca9-22 cells were stimulated with 0.8 nM of cisplatin. The addition of PAC at 2.5 µM
to cisplatin treatment significantly increased caspase activity. Indeed, the percentage of
caspase-positive cells increased to 49.2% with 2.5 µM of PAC compared to control cells
and to 85.5% when the cells were treated with 2.5 µM of PAC + 0.8 nM of cisplatin. The
caspase activity was further increased when using 5 µM of PAC. Indeed, caspase-positive
cells reached 96% with 5 µM of PAC in combination with 0.8 nM of cisplatin (Figure 4).
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3.5. Concomitant Use of PAC and Cisplatin Increased Cancer Cell Autophagy

We then examined whether the combination of PAC and cisplatin favors the initiation
of autophagy. The results in Figure 5 show that PAC promotes the autophagy of cancer
cells even at low doses of cisplatin. Indeed, after 24 h of incubation with an increasing
concentration of cisplatin, the percentage of autophagic cells increased considerably to
39.2% following the treatment of cells with 0.8 nm of cisplatin. Similarly, the exposure of
cancer cells to PAC only at 5 µM led to cell autophagy reaching 7.6%. The combination
of cisplatin and PAC increased the ratio of autophagic+/autophagic− cells in living cells.
In untreated cells, the percentage of autophagic+ cells was about 0.6%; the percentage of
unlabeled living cells was 88.5%; and 10.5% were dead cells. The combination of PAC
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(5 µM) with cisplatin (0.8 nM) significantly decreased the living-labeled cells to 9.4%, and
the percentage of living autophagic+ cells was 24.4%. In contrast, a large portion of the
cells were dead (65.5%).
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Figure 5. PAC potentiates the cisplatin effect by promoting autophagy of oral cancer cells: (A) Flow
cytometry analysis after treatment by combined treatment with cisplatin and PAC or with single
drugs for 24 h. The Ca9-22 cells were detached and incubated with the autophagy solution (1:50)
and incubated in the dark for 1 h, before analyzing by flow cytometry using a green/yellow laser
(n = 3). (B) Diagram representing the percentage of positive autophagic cells from 3 independent
experiments. * p < 0.05 *** p < 0.0005 compared to untreated cells.
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3.6. PAC Potentiates Total and Mitochondrial Oxidative Stress Induced by Cisplatin in Oral
Cancer Cells

Firstly, we investigated the effect of a combination of PAC and cisplatin on the total
intracellular ROS using flow cytometry. In this step, the cells were at 40 to 60% of their
maximum confluence because the ROS is confluence-dependent. As shown in Figure 6A,
cisplatin significantly increased the ROS expression in a dose-dependent manner from 2.1% in
untreated cells to 16.1% when the cells were stimulated by 0.8 nM of cisplatin. Additionally,
PAC increased the expression of ROS dose-dependently, from 2.1% in untreated cells to 24.6%
when the cells were stimulated with 5 µM of PAC. The exposure of the cells to PAC (5 µM)
and cisplatin (0.8 nM) at the same time increased the ROS expression to reach 62.3%.
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Combining PAC with cisplatin drastically enhances the expression of mitochondrial 
membrane potential (ΔΨm). The mitochondrial membrane potential (ΔΨm) is an im-
portant indicator of mitochondrial activity because of its role in the ATP production pro-
cess. Data in Figure 7 show that combined cisplatin and PAC further induce the mitochon-
drial membrane potential (ΔΨm) alterations compared to the cells treated with PAC alone 
or cisplatin alone. Indeed, the ΔΨm decreased from 99.75% in untreated cells to 3.5% in 

Figure 6. PAC promotes the effect of cisplatin on the inhibition of oxidative stress in oral cancer cells.
(A) The quantification of ROS in flow cytometry (n = 4) showed inhibition when the Ca9-22 cells were
treated with PAC and cisplatin for 24 h. The pink peak represents the % of ROS+ cells, and the blue
peak is the percentage of ROS− cells. (B) MitoSox expression performed by flow cytometry (n = 4).
** p < 0.005 *** p < 0.0005 compared to untreated cells.

In the second part, we investigated the effect of a combination of cisplatin and PAC on
mitochondrial ROS expression using the MitoSOX probe. Our data show (Figure 6B) that
the single treatment with PAC and cisplatin increased MitoSOX from 2.3% in untreated cells
to 6.6% for cisplatin-treated Ca9-22 cells at 0.8 nM, and 24% for PAC-treated cells at 5 µM.
However, the percentage of MitoSOX-positive cells considerably increased to reach a value
of 59.9% with a combined treatment of 0.8 nM of cisplatin and 5 µM of PAC (Figure 6B).
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3.7. Combined PAC with Cisplatin Drastically Enhances the Expression of Mitochondrial
Membrane Potential (∆Ψm)

Combining PAC with cisplatin drastically enhances the expression of mitochondrial
membrane potential (∆Ψm). The mitochondrial membrane potential (∆Ψm) is an important
indicator of mitochondrial activity because of its role in the ATP production process. Data
in Figure 7 show that combined cisplatin and PAC further induce the mitochondrial
membrane potential (∆Ψm) alterations compared to the cells treated with PAC alone or
cisplatin alone. Indeed, the ∆Ψm decreased from 99.75% in untreated cells to 3.5% in cells
treated simultaneously with 5 µM of PAC and 0.8 nm of cisplatin (Figure 7). However,
cisplatin (0.8 nM) treatment led to 69.9% of positive cells, and PAC (5 µM) treatment showed
73.7% positive cells after 24 h of exposure to PAC, cisplatin, or combined molecules. These
data confirm our proliferation results showing that the concomitant use of cisplatin and PAC
highly inhibits cancer cell proliferation compared to treatment with each molecule alone.
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Figure 7. PAC promotes the effect of cisplatin on the inhibition of mitochondrial membrane potential.
(A). (∆Ψm) Expression was measured by DiOC6(3) using flow cytometry. The pink peak represents
the % of cells ∆Ψm+ cells, and the blue peak is the percentage of ∆Ψm− cells (n = 3). ** p < 0.005
*** p < 0.0005 compared to untreated cells. (B) Diagram representing the percentage of positive ∆Ψm
cells from 3 independent experiments. ** p < 0.05 *** p < 0.0005 compared to untreated cells.
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3.8. PAC and Cisplatin Inhibit Oral Cancer Cell Migration

Our in vitro results demonstrated that PAC has proven itself as a kind of complemen-
tary effective drug for oral chemotherapy. In addition, a combined sub-lethal concentration
of PAC with cisplatin dramatically inhibits oral cell migration compared to the cells when
it’s treated with a single treatment of cisplatin or PAC (Figure 8A). In addition, PAC de-
creases the epithelial-to-mesenchymal transition (EMT) gene such as the E-cadherin gene
(Figure 8B).
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4. Discussion

Cisplatin is the oldest and most often used chemotherapeutic agent in various solid
cancer therapies [24]. Since its synthesis and discovery as a DNA intercalating agent known
for its anti-tumor activity, cisplatin has gained momentum in the chemotherapy of many
types of cancer, including oral cancer. However, its therapeutic success presents many
limitations linked to resistance acquisition, and it induces disease relapse in 80% of cancer
cases [25]. The scientific community is now leaning toward developing a complementary
alternative/complementary drug to improve cisplatin’s bioactivity and reduce its adverse
effects. In the current study, we evaluated the combined effects of PAC and cisplatin on
oral cancer therapy. Our in vitro results demonstrated that PAC was proven to be a com-
plementary, effective drug for oral chemotherapy with fewer side effects. In addition, the
simultaneous combination of cisplatin with a sub-lethal concentration of PAC dramatically
potentiated the cell-killing efficacy of cisplatin through a greater induction of DNA double-
strand breaks. Furthermore, the combination of PAC and cisplatin improved the toxicity
of cisplatin against cancer cells via a greater induction of cell apoptosis, autophagy, and
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oxidative stress effects. It was reported that PAC had been extensively used in research to
treat several cancers [16–18]. Recently, PAC was shown to exhibit powerful anti-oral cancer
features by inducing apoptosis, autophagy, and oxidative stress of the tumor oral cells by
involving various signaling pathways such as MAPK, Wnt, NF-kappa B, and caspases.
This effect is marginal on normal gingival cells [19]. This indicates that PAC could be a
powerful therapeutic agent to be used as an alternative or complementary treatment to
chemotherapy for oral cancer for several reasons. Firstly, the combination of PAC and
cisplatin presents a strong synergistic chemotherapeutic effect on a great proportion of
oral cancer cells. Secondly, cancer cells treated with PAC and cisplatin were significantly
less invasive and had a lower migratory capacity than those treated with a single drug.
Thirdly, PAC combined with cisplatin potentializes oral cancer cells’ autophagy and en-
hances oxidative stress. Fourth, this combination can inhibit many cancer pathways, such
as ERK1/2, NF-kB, STATs, and p38. Our results were in concordance with our recent data
using anethole as adjuvant treatment with a synergic effect with cisplatin on oral cancer
therapy by inhibiting MAPKase, beta-catenin, and NF-κB pathways [26].

These data show that PAC and cisplatin exhibit powerful anti-oral cancer activity
via two different pathways. Cisplatin exerts its antitumor effects through its ability to
induce DNA damage. PAC is a powerful antiproliferative agent that can disrupt cell cycle
progression and induce oral cancer cell apoptosis through caspase 3 and caspase 9 and
by inducing oral cancer cell autophagy [16–19]. It was largely reported that combined
curcumin and cisplatin suppressed colony formation and cell proliferation, particularly in
lung cancer cells [27]. Another finding has highlighted that this combination could sup-
press JAK/STAT3 signaling pathways involved with papillary thyroid cancer cell growth
and proliferation and may provide better therapeutic outcomes [28]. Similar research
demonstrated that co-treatment with curcumin and cisplatin increased bladder cancer cells’
apoptosis compared to cells when treated with a single drug. In this study, the authors
found that the co-treatment of cisplatin and curcumin caused an increase in the p53 and
p21 gene expression [27,29,30]. Other in vivo and in vitro studies demonstrated that com-
bined treatments of cisplatin and curcumin inhibited tumor angiogenesis in head and neck
cancer cells [31]. However, Saghatelyan et al., using a randomized double-blind placebo-
controlled clinical study, assessed the efficacy and safety of the combination of curcumin
and chemotherapy among women with advanced and metastatic breast cancer [32]. Other
natural products, such as ginger, were cited in the literature as complementary agents to
chemotherapy. A recent study by Famurewa et al. (2020) indicated that cisplatin combined
with fresh ginger juice mitigates cisplatin testicular damage considerably by abrogating
oxidative stress and anti-inflammatory mechanisms [33]. A similar observation was found
when certain cancer cells were sensitized to treatment combined with cisplatin with the
same flavonoids in both ovarian and prostate cancer cells [34,35]. Recently, many studies
have clearly indicated that quercetin inhibits cisplatin’s nephrotoxicity by ameliorating
tubular damage [36]. All these authors concluded that the potentiation of cisplatin’s effects
against cancer cells is now possible by natural molecules and their derivates, which can
enhance the efficiency and reduce the side effects of this potent anticancer molecule.

Targeting cell death is the most effective chemotherapeutic strategy. Our study also
clearly demonstrated that PAC and cisplatin arrested oral cancer cell proliferation by
destabilizing cell-cycle distributions, downregulating the expression of cyclin D1, and
upregulating of cyclin-dependent kinase inhibitors, such as the p21 gene, as observed in
our previous work with the single treatment with PAC [19]. Clinically, targeting intrinsic
and extrinsic apoptosis pathways is a key mechanism of chemotherapeutic drugs that
are able to control tumor progression [37,38], and constitutes one of the most important
therapies promoting the effective elimination of cancer cells. This cell death process is often
mediated by multiple factors, including total and mitochondrial cellular stress. Oxidative
stress has also been proven to play a key role in the pathogenesis and progression of
cancers [39].
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Targeting the stimulation of autophagy cells can be achieved essentially through
cellular stress and by the inhibition of the mTOR pathway (ref). For a decade, the role
of autophagy in cancer therapy has been controversial (to prevent or promote) and has
been hotly debated among scientists. Few studies suggest that the induction of autophagy
may prevent cancer progression [40]. Conversely, many other studies have suggested that
autophagy is required for optimal anticancer immunosurveillance and has been proposed
as a potential therapeutic strategy in cancer [41].

Targeting the induction of ROS has been reported as a potential chemotherapeutic
drug for multiple cancers [42]. It has been found that WZ35, a novel curcumin analog,
synergistically enhanced the anti-gastric cancer activity of cisplatin by increasing the ROS
level [43]. The synergistic effect of cisplatin and PAC on the inhibition of the membrane’s
mitochondrial potential ∆Ψm was closely linked to increased ROS levels in mitochondria
in accordance with cytotoxicity results, indicating an impaired functional capacity of the
mitochondria and strong tumorigenicity impairment caused by a combination of cisplatin
and PAC. Many studies have reported that a loss of the mitochondrial membrane potential
is often associated with ROS-mediated apoptosis and cytotoxicity [44,45].

5. Conclusions

We have demonstrated that PAC, a new curcumin analog, has significant potential
to protect against cisplatin-induced toxicity in oral cancer cells. Moreover, a combination
therapy of cisplatin and PAC has been shown to be effective in alleviating resistance to cis-
platin treatment. Therefore, the application of cisplatin- and PAC-based drug formulations
could be a novel therapeutic strategy to combat human oral cancers.
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