
Cytotoxicity of natural and
synthetic cannabinoids and their
synergistic antiproliferative
effects with cisplatin in human
ovarian cancer cells

Ying Chen1,2, Huifang Li2, Jia Liu3, Jie Ni1, Qicheng Deng1,
Haotian He2, Panpan Wu4, Yinsheng Wan5, Navindra P. Seeram2,
Chang Liu2*, Hang Ma2* and Weipei Zhu1*
1Department of Obstetrics and Gynecology, The Second AffiliatedHospital of SoochowUniversity, Suzhou,
China, 2Bioactive Botanical Research Laboratory, Department of Biomedical and Pharmaceutical Sciences,
College of Pharmacy, University of Rhode Island, Kingston, RI, United States, 3Department of Operation
Room, The Second Affiliated Hospital of Soochow University, Suzhou, China, 4Guangdong Provincial Key
Laboratory of Large Animal Models for Biomedicine, School of Pharmacy and Food Engineering, Wuyi
University, Jiangmen, China, 5Department of Biology, Providence College, Providence, RI, United States

Introduction:Cannabinoids are reported to suppress the growth of ovarian cancer
cells, but it is unclear whether structural modifications can improve their
cytotoxic effects.

Methods: Herein, an investigation into the antiproliferative effects of natural
cannabinoids on human ovarian cancer Caov-3 cells identified cannabidiol (CBD)
as the most promising cannabinoid. Furthermore, chemical modifications of CBD
yielded a group of derivatives with enhanced cytotoxicity in Caov-3 cells.

Results: Two CBD piperazinyl derivatives (19 and 21) showed augmented
antiproliferative effects with an IC50 of 5.5 and 4.1 µM, respectively, compared to
CBD’s IC50 of 22.9 µM. Further studies suggest that modulation of apoptosis and
ferroptosis may contribute to the cytotoxic effects of CBD and its derivatives. In
addition, CBD and its derivatives (19 and 21) were explored for their potential
synergistic antiproliferative effects in combination with chemotherapeutic agent
cisplatin. Compounds 19 or 21 (5 µM) combined with cisplatin (1 µM) showed a
synergistic effect with a combination index of 0.23 and 0.72, respectively. This effect
was supported by elevated levels of reactive oxygen species in Caov-3 cells treated
with cisplatin combined with 19 or 21.

Discussion: Findings from this study suggest that CBD derivatives with enhanced
antiproliferative effects may exert synergistic effects with chemotherapeutic drugs,
providing insight into the development of cannabinoid-based adjuvant agents for the
management of ovarian cancer.
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1 Introduction

Ovarian cancer is a malignancy originating in the ovarian
epithelium. The etiology of ovarian cancer involves complex
genetic, environmental, and hormonal factors, making it a
multifaceted disease (Jayson et al., 2014). Ovarian cancer is the
fifth leading cause of cancer-related deaths among women,
highlighting the unmet medical need for effective therapeutic
strategies. Current treatment typically involves a combination of
surgical intervention and chemotherapy (Cortez et al., 2018). The
standard chemotherapy approach heavily relies on platinum-based
compounds (such as cisplatin and carboplatin), which exert anti-
cancer effects by inducing DNA cross-linking and subsequent
apoptosis in cancer cells. However, the efficacy of these
treatments is often hampered by the high incidence of
chemoresistance and significant adverse effects (Zoń and
Bednarek, 2023). Thus, exploring alternative or adjunctive
therapeutic options is critical to improving chemotherapeutic
outcomes. Natural products have been reported for their
antiproliferative effects against ovarian cancer cells through
various mechanisms including apoptosis induction, cell cycle
arrest, and inhibition of angiogenesis (Pistollato et al., 2017).
Additionally, natural products studied in combination with
conventional chemotherapeutic agents (i.e., cisplatin) show
promise in enhancing anti-cancer effects and overcoming drug
resistance. Synergistic interactions between natural compounds
and cisplatin can potentiate the efficacy of treatment by targeting
multiple cellular pathways simultaneously (Dasari et al., 2022). For
instance, curcumin, a polyphenol from turmeric, has been shown to
sensitize ovarian cancer cells to cisplatin, enhancing its cytotoxic

effects (Montopoli et al., 2009). Such combinatorial approaches aim
not only to reduce the dosage and side effects of chemotherapeutic
drugs but also to achieve more comprehensive and sustained anti-
cancer responses. This integrative strategy supports the potential use
of natural products in conjunction with conventional therapies to
develop more effective treatments for ovarian cancer.

Cannabinoids are a group of structurally diverse bioactive
phytochemicals from Cannabis. These natural products can exert
biological effects through the endocannabinoid system (ECS), which
regulates cell signaling pathways that modulate cell survival, migration,
and invasion (I. Khan et al., 2016; Heider et al., 2022) Notably,
components of the ECS, such as cannabinoid receptor 1 (CB1),
CB2, and fatty acid amide hydrolase, are expressed in normal
human ovaries (El-Talatini et al., 2009). Moreover, the levels of ECS
ligands, including anandamide, N-oleoylethanolamine, and
N-palmitoylethanolamine, are exacerbated in the follicular fluids of
ovarian cancer patients (Schuel et al., 2002). These studies suggest a
possible involvement of ECS in the development of ovarian cancer. As
exogenous ligands of the ECS, natural cannabinoids such as cannabidiol
(CBD; a major non-psychedelic phytocannabinoid in Cannabis) and
cannabigerol (CBG; a precursor of CBD) are reported to induce
selective cytotoxicity in both cisplatin-sensitive and cisplatin-resistant
ovarian cancer cells (Sooda et al., 2023). Natural cannabinoids have
different chemotypes, such as CBD, CBG, cannabinol (CBN), and Δ8-
tetrahydrocannabinol (Δ8-THC). These cannabinoids have distinct
structural characteristics, including differences in alkyl side chains,
aromatic ring structures, and hydroxyl group substitutes, which may
impose varying affinities for ECS and other pharmacological profiles. In
addition, the antiproliferative effects of CBD and CBG are associated
with the modulation of apoptosis and elevated reactive oxygen species
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(ROS) in mitochondria. Moreover, these cannabinoids have been
studied for potential anti-cancer properties (Jastrząb et al., 2022;
Ledvina et al., 2023; ALSalamat et al., 2024). However, it remains
unclear whether other natural cannabinoids can exert antiproliferative
effects against ovarian cancer cells, or whether chemical modifications
of natural cannabinoids can result in augmented anti-cancer activity.

Thus, our group has initiated a research program to evaluate
the biological activities of natural cannabinoids and their
synthetic analogs (Liu et al., 2020; Liu et al., 2021; Ma et al.,
2021; Puopolo et al., 2023; Zhang et al., 2023; Li et al., 2024; Lyu
et al., 2024). During this investigation, CBD was identified as a
lead compound with a moderate antiproliferative effect on
melanoma cells (Lyu et al., 2024). Furthermore, a library of
CBD derivatives was synthesized and assayed to study the
structure-activity relationships, revealing that CBD analogs
with a bipiperidinyl group significantly enhanced the
antiproliferative effects (Lyu et al., 2024). However, it remains
unknown whether the modification of cannabinoids can improve
their inhibitory effects on the growth of ovarian cancer cells.
Herein, we sought to evaluate the antiproliferative effects of a
panel of natural and synthetic cannabinoids and explore the
mechanisms of action. Additionally, combinations of
cannabinoids and cisplatin at various concentrations were
evaluated for synergistic antiproliferative effects, which is
critical for the potential development of cannabinoid-based
adjuvant agents.

2 Experiment design

2.1 Cell line

The human ovarian cancer cell line (Caov-3 cells) was purchased
from the American Type Culture Collection (ATCC; Rockville, MD,
United States) and cultured with Dulbecco’s Modified Eagle’s
Medium (DMEM; Thermo Fisher Scientific, Waltham, MA,
United States) with 10% fetal bovine serum (FBS; Thermo Fisher
Scientific) and 1% penicillin/streptomycin (Sigma-Aldrich Co., St.
Louis, MO, United States). The cells were mycoplasma negative and
incubated at 37°C with 5% CO2.

2.2 Chemicals and reagents

Natural phytocannabinoids, including cannabichromene
(CBC), cannabidiol (CBD), cannabigerol (CBG), cannabinol
(CBN), cannabicitran (CBT), cannabidiolic acid (CBDA),
cannabidivarin (CBDV), cannabigerolic acid (CBGA), and delta-
8-tetrahydrocannabinol (Δ8-THC), were purchased from Cayman
Chemical (Ann Arbor, MI, United States). A collection of CBD
derivatives was chemically synthesized by our laboratory following a
previously reported protocol (Zhang et al., 2023) Cannabinoids were
dissolved in dimethyl sulfoxide (DMSO; Thermo Fisher Scientific)
at 100 mM and stored in aliquots at −20°C. Cisplatin was purchased
from Sigma-Aldrich (St. Louis, MO, United States) and a
FerroOrange (#F374) assay kit was purchased from Dojindo Lab
(Kumamoto, Japan). Paraformaldehyde, phosphate-buffered saline
(PBS; pH = 7.4), [4,5-Dimethyl-2-thiazolyl]-2,5-

diphenyltetrazolium bromide (MTT), and the Annexin-V (FITC)
apoptosis detection kit were purchased from Thermo Fisher
Scientific (Waltham, MA, United States).

2.3 Cell viability assay

The MTT assay was performed to evaluate the viability of Caov-
3 cells. The cells were seeded in 96-well plates at a density of
5,000 cells per well and incubated for 24 h at 37°C and 5% CO2.
After treatment of various cannabinoids or combinations of
cannabinoid and cisplatin (added simultaneously in the
synergistic assays) for 24 or 48 h, cell culture medium was
replaced with 100 μL of fresh medium containing MTT reagent
(10 μL) and incubated for 4 h. Then culture medium was discarded
and replaced with 100 μL of DMSO to solubilize formazan crystals
and the absorbance of each well was recorded by a plate reader
(SpectraMax M2; Molecular Devices, Sunnyvale, CA, United States)
at 570 nm. The synergistic effects of combination treatments were
assessed by the combination index (CI) values obtained from the
Compusyn Software (www.combosyn.com) (Li et al., 2022).

2.4 Colony formation assay

The cells were seeded in 6-well plates (2 mL/well) at a density of
1,000 cells per well and incubated overnight. After the treatment
with test samples for 48 h, the medium was replaced with fresh
medium every three days and cultured for 10–14 days. The cells were
washed twice with PBS and then fixed with 4% paraformaldehyde
for 20 min. The plates were stained with 0.1% crystal violet for
20 min at room temperature. Then, the cells were washed with PBS
three times, dried upside down, and the colonies’ images were finally
recorded and analyzed by ImageJ (http://rsb.info.nih.gov/ij/).

2.5 Cellular iron assay

The FerroOrange staining assay was used to detect the content of
intracellular ions (Fe2+) using a reported method (Li et al., 2022).
Caov-3 cells were seeded in 6-well plates (2 mL/well) at a density of
400,000 cells per well and incubated overnight. Then, the cells were
treated with different concentrations of test compounds with or
without cisplatin (1 μM) for 48 h. Cells were then collected and
incubated with FerroOrange agent in the dark at 37°C for 30min. The
cellular fluorescence was analyzed by flow cytometry (BD FACSVerse;
San Jose, CA, United States). A total of 10,000 events were acquired for
each sample from three independent experiments. Fluorescence was
measured by using FlowJo software.

2.6 Cell apoptosis measurements

An Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis kit (Thermo Fisher Scientific, Waltham,
MA, United States) was used to detect the percentage of cell
apoptosis. Cells were incubated in 6-well plates (2 mL/well) with
a density of 400,000 per well for 24 h, followed by treatment with
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compounds with or without cisplatin (1 μM) for 48 h. All cells were
then resuspended in pre-chilled 1× binding buffer, stained with
FITC and PI for 15 min at room temperature in the dark, and
analyzed by a flow cytometer.

2.7 Measurement of intracellular reactive
oxygen species

A fluorescent probe (2′,7′-dichlorofluorescin diacetate; DCF-
DA; Sigma-Aldrich, St. Louis, MO, United States) was used to detect
the amounts of intracellular reactive oxygen species (ROS). The cells
were incubated in 6-well plates (2 mL/well) at a density of
150,000 per well for 24 h, followed by treatment with test
compounds with or without cisplatin (1 μM) for 48 h. Cells were
centrifuged and incubated with DCF-DA (20 μM) at 37°C for 30 min
in the dark and analyzed by a flow cytometer.

2.8 Statistics

The data collected was presented as mean value ±standard
deviation (SD) and analyzed by GraphPad Prism (Version 10.0;
GraphPad Software, La Jolla, CA, United States). The significance of
differences between groups was determined using a one-way
analysis of variance (ANOVA). Differences were considered to be
statistically significant with *p < 0.05, **p < 0.01 and ***p < 0.001.

3 Results and discussion

3.1 The cytotoxic effect of natural
cannabinoids in ovarian cancer cells

First, the cytotoxicities of natural cannabinoids including CBD,
CBDA, CBDV, CBC, CBG, CBGA, CBN, CBT, and Δ8-THC

FIGURE 1
(A) Chemical structures of natural cannabinoids. (B) Effects of natural cannabinoids on the viability of Caov-3 cells at 10 and 50 µM.
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(Chemical structures shown in Figure 1A) were evaluated in a
human ovarian cancer cell line (Caov-3 cells). At a lower
concentration (10 µM), natural cannabinoids had no inhibition
on the growth of Caov-3 cells. Two cannabinoids, namely, CBD

and CBN, showed significant cytotoxicity at a higher concentration
(50 µM) with a cell viability of 19.9% and 22.7%, respectively, while
other natural cannabinoids including CBG, CBT, and Δ8-THC
showed weak inhibition (<50%) (Figure 1B).

FIGURE 2
Effects of synthetic cannabinoids (1–24) at concentrations of 10 and 50 µM on the viability of Caov-3 cells.

Frontiers in Pharmacology frontiersin.org05

Chen et al. 10.3389/fphar.2024.1496131

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1496131


Our study extends previous research that has explored the
anticancer properties of cannabinoids, particularly focusing on
CBD, CBG, CBN, and Δ8-THC. Reported studies have shown
that these compounds can induce cell death in various cancer
types through mechanisms such as apoptosis, autophagy, and
oxidative stress induction. For instance, CBD has been well-
documented to exert antiproliferative effects by promoting
apoptosis and increasing reactive oxygen species (ROS) in cancer
cells, including ovarian and breast cancer models (Ma et al., 2023;
Sooda et al., 2023). Similarly, CBG and CBN have shown cytotoxic
potential, despite with less comprehensive data than CBD,
suggesting further mechanistic exploration of these cannabinoids
in cancer therapy is needed. Our study extends this body of research
by evaluating natural cannabinoids, which identified CBD as a lead
compound with higher cytotoxicity in Caov-3 ovarian cancer cells
than other natural cannabinoids.

Although cannabis has been empirically used to treat various
cancers, including ovarian cancer, clinical trials have not supported its
effectiveness in treating ovarian cancer. To date, only a case study has
reported that treatment of “CBD oil” decreased the size of the bilateral
adnexal masses and mesenteric and pelvic lymphadenopathy in one
patient (Barrie et al., 2019). Similarly, preclinical studies on the anti-
cancer properties of cannabis or its compounds are limited. Several

in vitro studies showed that CBD can inhibit the growth of ovarian
cancer cells (including A2780, A2780/CP70, SKOV3, and Caov-3
cells) by inducing apoptosis (Ma et al., 2023; Sooda et al., 2023).
Additionally, less studied cannabinoids, such as CBG and CBN, have
shown cytotoxicity in various ovarian cancer models, suggesting they
may also hold potential for further development (Ma et al., 2023). Δ8-
Tetrahydrocannabinol (Δ8-THC), which is an isomer ofΔ9-THC, has
displayed unique effects that may offer therapeutic benefits without
the psychoactive properties of Δ9-THC (Mangal et al., 2021).
However, the cytotoxicity of other cannabinoids in ovarian cancer
cells remains unclear. Consequently, we expanded our biological
evaluations from CBD to other natural cannabinoids. Our studies
have shown that CBD and CBN have superior antiproliferative effects
compared to other cannabinoids, suggesting their potential as parent
compounds for the development of synthetic cannabinoids with
enhanced anti-cancer activity.

3.2 The cytotoxic effect of synthetic
cannabinoids in ovarian cancer cells

Given that CBD showed the most promising antiproliferative
effect in Caov-3 cells, a library of synthetic CBD analogs (1–56) was

FIGURE 3
Effects of synthetic cannabinoids (25–41) at concentrations of 10 and 50 µM on the viability of Caov-3 cells.
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further evaluated for their cytotoxicity. The first group of CBD
analogs features various substituent moieties at the −7 position of
CBD via oxidation and the -2′ or -6′ positions via acetylation. At a
higher concentration (50 µM), several analogs showed enhanced
antiproliferative effects compared to CBD (Figure 2). Notably, a few
compounds remained cytotoxic at the lower concentration (10 µM).
For instance, Compound 19, which has a N-methylpiperazine
moiety at the −7 position and two acetate groups at the -2′ and
-6′ positions, reduced the viability of Caov-3 cells to 41.9% and
49.6% at 50 and 10 µM respectively. When the N-methylpiperazine
group was modified to obtain an analog with a phenylpiperazine
group (compound 20), the antiproliferative effect was
comparable (cell viability = 54.6%) at 10 µM. Furthermore, the
antiproliferative activity of compound 21 (as the two acetate

moieties of compound 20 were replaced by hydrogen) improved
to 30.0% at 10 µM.

Next, we evaluated the impact of various side chains at the -4′
position of CBD on its antiproliferative effect. As shown in Figure 3,
this group of CBD analogs (25–41) exhibited moderate
cytotoxicities. Compound 26 (with a side chain of a cyclopentyl
group), compound 28 (with a side chain of a phenyl group), and
compound 41 (with a side chain of a cyclohexyl group) reduced the
viability of Caov-3 cells to 11.2%, 11.5%, and 13.2%, respectively, at
the concentration of 50 µM. Notably, a reaction intermediate
(compound 30) with a Triflate group (-OTf) had a strong
antiproliferative effect on cell viabilities of 5.9% at the higher
concentration of 50 µM. However, its cytotoxicity diminished at
lower concentrations (10 μM; cell viability = 72.9%).

FIGURE 4
Effects of synthetic cannabinoids (42–45) at concentrations of 10 and 50 µM on the viability of Caov-3 cells.

FIGURE 5
Effects of synthetic cannabinoids (46–56) at concentrations of 10 and 50 µM on the viability of Caov-3 cells.
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Four analogs (42–45) with chemical modifications at the
oxidized −2 position of CBD were also evaluated for their
antiproliferative effects in Caov-3 cells. Only two compounds (42
and 43), which had an -OH group at the −2 position and methyl or
-H at the -2′ and -6′ positions respectively showed cytotoxicities at
the concentration of 50 µM (cell viability = 44.3% and 14.3%,
respectively). Other analogs in this group were not active (Figure 4).

Several miscellaneous analogs with various chemical
modifications were also evaluated in the MTT assay. Compounds
48 and 49, analogs with a methanol group at the −7 position of CBD

and a -OCH3 or -OH group at the -2′ and -6′ positions respectively,
showed cytotoxic effects at 50 µM with cell viabilities of 16.4% and
16.9%, respectively. Compound 53 (with an aldehyde group at the 7-
position and diacetate groups at the -2′ and -6′ positions) had a
comparable effect with a cell viability of 14.5% at a concentration of
50 µM. Several reaction intermediates, including 51 and 52 (with a
pivalic acid group; -OPiv), had similar cytotoxicity at 50 µMwith cell
viability of 16.4% and 18.0%, respectively (Figure 5).

Our biological evaluations support the notion of enhanced
antiproliferative effects by modifications of CBD. This is

FIGURE 6
Chemical structure of CBD and its derivatives 19 and 21 (A), and their antiproliferative effects against the growth of ovarian cancer Caov-3 cells (B).
Clone formation assay in Caov-3 cells treated with CBD, 19 and 21 using crystal violet staining (C). Quantitative analysis of colony numbers treated with
CBD, 19, and 21 (D).
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FIGURE 7
Biological evaluations of apoptosis and ferroptosis in Caov-3 cells exposed to CBD, 19, and 21. Flow cytometry dot plots of CBD (22 μM), 19 (5 μM),
and 21 (5 μM) -induced apoptosis in Caov-3 cells (A), and the changes in the percentage of apoptosis rate (B). Flow cytometry analysis of intracellular iron
by using FerroOrange staining reagent, cells were treated by CBD (22 μM), 19 (7 μM), and 21 (5 μM) (C), and their fold changes in cellular iron level by
quantifying the fluorescence signal (D).
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consistent with our previously reported data showing that
introducing a bipiperdinyl moiety to CBD can enhance its
antiproliferative effect in melanoma cells (Lyu et al., 2024). In
the current study, stronger antiproliferative effects were observed
with CBD analogs containing a piperazine moiety, a common
functional group used in medicinal chemistry. Numerous
molecules with a piperazine group have been extensively
investigated for a wide range of therapeutic effects, including
anti-cancer activity (Rathi et al., 2016). Several clinically used
anti-cancer drugs, such as Imatinib, Everolimus, and Irinotecan,
contain piperazine pharmacophores. Notably, it has been
reported that incorporation of piperazinyl groups into a
natural product, apigenin, greatly improved the
antiproliferative effects of its derivatives in human ovarian
cancer cells (SK-OV-3) in both in vitro and in vivo models
(Long et al., 2021). This study suggests that the enhanced
anti-cancer effects of the piperazinyl derivatives of apigenin
are attributed to their chemico-physical properties, such as the
improved drug-likeness scores. However, the drug-likeness
scores of CBD, 19, and 21 calculated by a quantitative
estimation of drug-likeness (QED) approach were similar,
with a drug-likeness value of 0.51, 0.23, and 0.34, respectively.
Thus, additional experiments are warranted to elucidate how
piperazine moiety increased the antiproliferative activity of CBD.
Nevertheless, CBD piperazinyl derivatives showed stronger
growth inhibitory effects in Caov-3 cells but further
characterizations of their antiproliferative effects are needed.

3.3 CBD and its derivatives exert
antiproliferative effects in ovarian cancer
cells by modulating programmed cell death

Given that compounds 19 and 21 (at 10 and 50 µM) were the
most active CBD derivatives in the antiproliferative assay, their
inhibitory effects on cell growth were further characterized. The
antiproliferative effects of compounds 19 and 21 were enhanced
compared to CBD (with an inhibition IC50 of 5.5, 4.1, and
22.9 µM respectively; Figure 6B). This effect was supported by
a colony formation assay, where treatment with CBD, 19, and
21 at concentrations near their IC50 (i.e., 22, 7, and 5 μM; for
24 h) suppressed the formation of cell colonies by 53.4%, 67.0%,
46.6% respectively (Figures 6C, D).

The cytotoxicity of CBD and compounds 19 and 21 was
further explored by assessing their effects on programmed cell
death in Caov-3 cells. We first evaluated whether CBD and its
derivatives can promote apoptosis using a flow cytometry assay.
Treatment with CBD (22 µM) increased the population of
apoptotic cells, whereas 19 (5 µM) and 21 (5 µM) did not
show significant effects (Figures 7A, B). Furthermore, these
compounds were assayed for biomarkers related to ferroptosis,
an iron-dependent form of programmed cell death. Flow
cytometry assays can effectively detect ferroptosis by
measuring specific cellular markers associated with this iron-
dependent cell death pathway. In the current study, we used the
FerroOrange assay, which selectively measures ferrous ions (Fe2⁺)
using flow cytometry, to assess intracellular iron levels. In a
typical assay, increased iron levels, indicated by elevated

fluorescent signal in the flow cytometric assay, suggest
enhanced iron accumulation in cells undergoing ferroptosis.
Treatment with CBD (22 µM) and 21 (5 µM) increased the
level of cellular iron in Caov-3 cells by 15.7% and 19.9%
respectively. The most significant increase in cellular iron level
was observed with compound 19, which elevated the iron level by
73.0% (Figures 7C, D).

Our study provided insights into how CBD and its synthetic
derivatives exert cytotoxic effects on ovarian cancer cells, with a
focus on apoptosis and ferroptosis as key programmed cell death
pathways. Apoptosis, a well-known mechanism of cannabinoid
action, is characterized by cellular events such as DNA
fragmentation, caspase activation, and cell membrane changes
that lead to controlled cell death. Data from these bioassays
suggest that the antiproliferative effects of CBD are associated
with the induction of apoptosis in Caov-3 cells, which is
consistent with previously reported studies showing that CBD
promotes apoptosis in cancer cells (Ma et al., 2023; Sooda et al.,
2023). However, Compounds 19 and 21 did not increase the
population of apoptotic cells, suggesting that these analogs and
CBD inhibit cell growth via different mechanisms. Besides
apoptosis, other types of programmed cell death may also
contribute to the antiproliferative effects of the piperazinyl
derivatives of CBD. Compounds 19 and 21 increased the
cellular iron level in Caov-3 cells, suggesting that ferroptosis
may be a possible mechanism for these CBD derivatives.
Interestingly, it has been reported that the antiproliferative
effect of erastin, a known ferroptosis inducer developed from
cancer research, was improved by the induction of a piperazine
moiety in ovarian cancer OVCAR8 cells (Frye et al., 2023). This
improvement was attributed to the piperazine moiety enhancing
the water solubility and metabolic stability of erastin (Wang et al.,
2022). Additional measurements of ferroptosis-related
biomarkers, such as SLC7A11 (cystine/glutamate transporter),
cellular antioxidant GSH (glutathione), and lipid peroxidation,
are needed to confirm whether Compounds 19 and 21 specifically
induced ferroptosis in Caov-3 cells. Nevertheless, the distinctive
patterns of CBD and its piperazinyl derivatives in inducing
programmed cell death provide a rationale for combining
cannabinoids with chemotherapeutic agents to exert
synergistic effects.

3.4 CBD and its derivatives exert synergistic
antiproliferative effect with cisplatin

Although chemical modifications improved the cytotoxicity
of CBD in Caov-3 cells, these cannabinoids may not stand alone
as anti-cancer drugs (Huang et al., 2021). Interestingly, CBD has
been reported to exert synergistic effects together with cancer
chemotherapeutics, such as cisplatin, to suppress the growth of
various cancer cells including melanoma, non-small cell lung,
bladder, and head and neck squamous carcinoma cells (Go et al.,
2020; Misri et al., 2022; Whynot et al., 2023). Therefore, we
further evaluated whether CBD derivatives 19 and 21 can
enhance the antiproliferative effect of cisplatin in Caov-3 cells.
First, the antiproliferative IC50 of cisplatin, CBD, and compounds
19 and 21 for a treatment period of 48 h was assessed. Cisplatin,
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19, and 21 had a similar cytotoxic effect with an IC50 of 4, 4, and
6.9 µM, respectively, whereas CBD showed a weaker effect (IC50 =
31.7 µM; Figure 8A). Next, the synergistic effects of CBD, 19, and
21 in combination with cisplatin at various concentrations were
evaluated by determining their combination index (CI). When
the CI is less than 1, it suggests that the combinations exert
synergistic effects, whereas a CI greater than 1 indicates
antagonistic effects. CBD did not enhance the cytotoxicity of
cisplatin as its CIs were greater than 1 (Figure 8B). Compound 19
(at 2.5, 5, and 10 µM) in combination with cisplatin (0.5, 1, and
2 µM) showed promising synergistic effects with CIs less than 1.
The most synergistic effect was observed in the combination of

1 µM of cisplatin and 5 µM of 19 (CI = 0.235). Compound 21
showed synergistic effects at 2.5, 5, and 10 µM with cisplatin (CIs
in a range from 0.7 to 0.9).

We further explored biomarkers (cellular iron and ROS levels)
that may contribute to the observed synergistic effects. In the
FerroOrange assay, compounds 19 or 21 combined with cisplatin
showed elevated iron levels in Cavo-3 cells by 49.2% and 74.1%
respectively (Figures 9A, B). Although the combinations increased
the ROS level compared to cells in the control group, only those
treated with the combination of 19 and cisplatin showed a
significant increase of ROS by 48.9% when compared to
treatment with compound 19 alone (Figures 9C, D).

FIGURE 8
The antiproliferative effects of cisplatin, CBD, 19 and 21 against the growth of ovarian cancer Caov-3 cells and their synergistic effects. The
antiproliferative IC50 of cisplatin, CBD, and compounds 19 and 21 for a treatment period of 48 h (A). The combination index of CBD, 19, 21with cisplatin in
various concentrations (B).
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FIGURE 9
The synergistic effects of cellular iron and ROS levels in Caov-3 cells exposed to CBD, 19, 21 combined with cisplatin for a treatment period of 48 h.
Flow cytometry analysis of intracellular iron in Cao3 cells, cells were treated by CBD (15 μM),19 (5 μM)with cisplatin (1 μM), 21 (5 μM)with cisplatin (2.5 μM)
using the FerroOrange staining reagent (A), and quantitative analysis of iron level detected by fluorescence signals (B). Flow cytometry analysis of ROS by
using DC-FDA reagent, cells were treated by CBD (22 μM), 19 (5 μM), 21 (5 μM) with cisplatin (1 μM) (C), and the fold changes quantified by
fluorescence signal (D).
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Several studies have shown that CBD and cisplatin can confer
synergistic effects in cancer cells. For instance, co-treatment with
CBD and cisplatin promoted cell death in head and neck
squamous cell carcinoma (HNSCC) in cellular assays and a
xenograft animal model (Go et al., 2020). Moreover, CBD and
carboplatin (a less toxic analog of cisplatin) exerted a synergistic
effect that selectively inhibited the growth of ovarian cancer
A2780 cells (Sooda et al., 2023). However, CBD and cisplatin
(at the tested concentration range and timepoint) had no
synergistic effect against the growth of Caov-3 cells,
suggesting that further optimization of the dosage is
warranted to pursue their synergistic effects. The
combinations of compound 19 and cisplatin showed strong
synergistic effects with CIs in a range of 0.1–0.3 (Bijnsdorp
et al., 2011). The mechanism underlying this synergy may
involve the enhanced generation of ROS, mitochondrial
dysfunction, and iron dysregulation, as observed in our study.
The combination treatment also amplified oxidative stress and
cellular iron levels, which are key factors in programmed cell
death pathways like apoptosis and ferroptosis. However,
treatment of Compound 19 and cisplatin did not significantly
increase the iron and ROS levels in Caov-3 cells. Notably, an
opposite effect was observed where Compound 21 and cisplatin
effectively increased cellular iron but showed weaker synergistic
effects. Thus, further mechanistic studies are warranted to
confirm whether CBD piperazinyl derivatives can serve as
adjuvant agents (which refers to treatments that are used to
enhance the efficacy of existing chemotherapy, e.g., cisplatin,
rather than serving as a primary treatment) of chemotherapeutics
in cancer treatment. This observed synergy is critical given
cisplatin’s known limitations, including dose-dependent
toxicity and the development of resistance in many patients.
Synergistic interactions can reduce the required dose of cisplatin,
potentially alleviating toxic side effects while maintaining or even
enhancing therapeutic efficacy. Nevertheless, this is the first
study showing that the induction of piperazine to CBD can
augment its antiproliferative effects and exert synergistic
effects in Caov-3 cells. By combining cannabinoids with
standard chemotherapy, there is potential to improve
treatment outcomes, overcome resistance mechanisms, and
reduce adverse effects, ultimately offering a more
comprehensive approach to ovarian cancer treatment. Further
studies are warranted to optimize dosing regimens and explore
these synergistic interactions in vivo to better understand their
clinical applicability.

While our study provided evidence for the cytotoxic and
synergistic effects of CBD and its derivatives in ovarian cancer
cells, there are several limitations that warrant further investigation.
First, all experiments were conducted in vitro using Caov-3 ovarian
cancer cells. Although in vitro studies offer valuable mechanistic
insights, it is necessary to confirm the efficacy, bioavailability, and
safety of these compounds in a physiological context using in vivo
models. Future studies should focus on animal models to assess the
pharmacokinetics of CBD derivatives and determine optimal dosing
regimens. Additionally, while our findings suggest that the
piperazinyl modifications to CBD enhance cytotoxicity, the
specific molecular interactions and downstream effects of these
modifications remain to be fully elucidated. Furthermore, future

work should extend to include cisplatin-resistant ovarian cancer cell
lines to evaluate whether CBD derivatives can overcome
chemotherapy resistance, which is a major hurdle in ovarian
cancer treatment. Future research should make efforts in these
areas to support the translational potential of cannabinoid
derivatives as adjuvants to conventional chemotherapy.

4 Conclusion

This study reports findings from the evaluation of the cytotoxic and
synergistic effects of cannabinoids, particularly CBD and its synthetic
derivatives, against human ovarian cancer cells (Caov-3). Among the
tested natural cannabinoids, CBD exhibited the strongest
antiproliferative activity and served as a promising lead compound
for further investigation. The synthesis and evaluation of CBD
derivatives, especially compounds 19 and 21 with a piperazinyl
moiety, showed enhanced antiproliferative effects through the
mediation of programmed cell death. Furthermore, compounds 19
and 21 demonstrated significant synergistic effects when combinedwith
cisplatin, suggesting their potential to enhance the efficacy of standard
chemotherapeutics. This combination strategy holds potential promise
for reducing cisplatin dosage and associated toxicity, which provides
insights into cannabinoids’ role as adjuvant agents in cancer treatment.
However, the distinct mechanistic pathways of apoptosis and
ferroptosis elicited by CBD and its derivatives underline the
complexity of their action, warranting further investigation to
elucidate the precise mechanisms of action. In summary, this work
supports the therapeutic potential of cannabinoids, both as standalone
agents and in combination with conventional chemotherapy, for the
management of ovarian cancer. Future studies are warranted to explore
the detailedmolecularmechanisms of these compounds and assess their
efficacy in vivo for the development of potential cannabinoid-based
therapeutics in oncology.
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