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Cannabidiol attenuates lipid
metabolism and induces CB1
receptor-mediated ER stress
associated apoptosis in ovarian
cancer cells

Xuanhe Ful2, Zhixiong Yu?, Fang Fang?, Weiping Zhou?, Yuxin Bai3, Zhongjia Jiang®,
Biao Yang?, Ye Sun?, Xing Tian® & Guangyan Liu%3"

Ovarian cancer (OC) is the most deadly gynecological tumor. OC cells utilize cellular metabolic
reprogramming to gain a survival advantage, particularly through aberrant lipid metabolic process.
As the primary ingredient in exogenous cannabinoids, cannabidiol (CBD) has been confirmed to
exhibit antitumor activity in preclinical studies. However, it is still unclear whether CBD can disrupt
fatty acid metabolism and induce apoptosis in OC cells. In this study, we have demonstrated that
CBD significantly inhibits the proliferation of OCs through a cannabinoid receptor type 1 (CB1R)-
mediated manner. Fatty acid metabolic profiling and flow cytometry analysis revealed that CBD has
the ability to decrease fatty acid levels and significantly suppress the transcription of genes involved
in fatty acid uptake and synthesis in ES-2 cells. In addition, the analysis from RNA-seq and real-time
RT-PCR revealed that CBD activated the endoplasmic reticulum (ER) stress pathway. Conversely, by
supplementation with unsaturated fatty acid or blocking CB1R, ER stress or reactive oxygen species
(ROS) signals with specific inhibitors could significantly relieve CBD induced, dose-dependent, ER
stress associated apoptosis, GO-G1 phase arrest, and mitochondrial dysfunction. Taken collectively,
these data indicate that CBD may disrupt lipid metabolism, and lead to ER stress-related apoptosis in
OCs. Our findings may provide a theoretical mechanism for anti-ovarian cancer using CBD.
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Ovarian cancer (OC) is the second most common gynecological malignancy worldwide and has the highest
mortality rate with frequent relapses. Approximately 140,000 women die from OC each year worldwide2. Early-
stage diagnostic methods are lacking, and the 5-year survival rate is approximately 50%°. OC is treated primarily
by surgery followed by a combination of postoperative chemotherapy, immunotherapy, and radiotherapy*.
However, these treatments have limitations, including toxicity, chemoresistance, and limited efficacy. Therefore,
novel strategies are needed to reduce the risk of progression of OC and its mortality rate.

Cannabidiol (CBD), a key component of cannabis (Cannabis sativa L), has emerged as a promising
candidate for neuroprotective drug development because of its antioxidant and anti-inflammatory properties
and favorable pharmacological profile’. CBD has significant anticonvulsant and antiepileptogenic effects in
humans and was approved by the US Food and Drug Administration as an orphan drug for the treatment of
a rare form of epilepsy in children in 2018°. Furthermore, a number of preclinical studies, ranging from in
vitro investigations in cancer cell lines to in vivo studies in rodent models of cancer, have demonstrated that
CBD has anticancer properties”®. However, the proposed antitumor effects of CBD have yet to be confirmed by
clinical trials, although there have been a few trials on the ability of CBD to reduce anxiety and pain in patients
with cancer’. CBD manifests its biological activities via multiple cellular targets. Approximately 65 molecular
targets for CBD have been reported, with a number of targets responsible for the various therapeutic effects of
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CBD'. In terms of antitumor activity, CBD has the ability to reduce expression of the Id-1 gene by regulation
of activation of ERK and reactive oxygen species (ROS), consequently inhibiting the proliferation and invasion
of breast cancer cells'!. CBD inhibits the growth and metastasis of breast cancer cells via the epidermal growth
factor receptor pathway!2. In colorectal cancer cells, CBD triggers antitumor activity through a mechanism that
is dependent on cannabinoid receptor 2!3. CBD can also induce GO-G1 phase arrest and apoptosis of OC cells
by upregulating LAIR-1 and blocking the PI3K/AKT/mTOR signaling pathway'. Recently, new strategies have
emerged that target key enzymes involved in lipid uptake or synthesis within cancer cells. These approaches
have demonstrated significant antitumor effects and are currently being developed for use in combination with
chemotherapy or immunotherapy as potential interventions for cancer!®.

It remains unclear whether or not CBD can disturb fatty acid metabolism and induce apoptosis in OC cells.
Fatty acids are an alternative energy source for tumor cells and are important in supporting the metabolic needs
of cancer cells'®. Upregulation of uptake and synthesis of fatty acids facilitates the proliferation and migration
of tumor cells. At present, there is limited information regarding the relationship between CBD-regulated
lipid metabolism and apoptosis. Previous studies have shown that CBD increases the production of ROS and
induces endoplasmic reticulum (ER) stress-associated apoptosis'*!”. ER is an important cellular organelle with
a significant role in regulation of lipid metabolism and protein synthesis. ER stress can be induced by various
physiological and pathological factors, including accumulation of misfolded or unfolded proteins, leading to
activation of the unfolded protein response (UPR)!3. The UPR is initiated and regulated by three ER sensor
proteins, namely, inositol-requiring enzyme 1 (IRE1), protein kinase RNA-like ER kinase (PERK), and activating
transcription factor 6 (ATF6)!. Moderate activation of the UPR assists in addressing the accumulation of
misfolded proteins and restoring homeostasis in the ER2°, However, chronic and unresolved ER stress results
in apoptosis of cells and cell cycle arrest through various pathways, including c-Jun N-terminal kinase, C/EBP-
homologous protein (CHOP), and caspase-12%!. The mitochondria play a pivotal role in energy metabolism and
cellular physiological processes. Multiomics studies have revealed that mitochondrial dysfunction, oxidative
stress, and apoptosis signaling pathways play critical roles in the survival and development of OC cells??. Any
disturbance in the ER can affect the mitochondria and vice versa, triggering a cellular response. It has been
reported that mitofusion 2 is an important link between ER stress and mitochondrial metabolism?3. Furthermore,
when activated by ER stress, CHOP can regulate mitochondrial dysfunction and the intrinsic apoptosis pathway
involving the Bcl2 family and caspase activation complex?*.

Numerous studies have demonstrated that dysregulation of lipid metabolism plays a significant role in tumor
progression and development of chemoresistance? and that the ER is the primary site of lipid metabolism
and includes numerous enzymes involved in this process?. Stearoyl CoA desaturase 1 (SCD1) is the enzyme
responsible for the key step in conversion of saturated fatty acids (SFAs) to monounsaturated fatty acids in OC
cells?”. SCD1 has also been found to be expressed at high levels in OC tissue and cell lines!'>. Treatment with
SCD1 inhibitors effectively inhibited the growth of OC stem cells in a mouse model®®. Furthermore, elevated
unsaturated lipid levels induced by SCD1 have been shown to protect cancer cells from ER stress and apoptosis®.
These findings suggest that inhibition of SCD1 may be an effective therapeutic approach in OC.

To better understand the CBD-induced antitumor effect and the metabolic reprogramming mechanism in
OC cells, we investigated the apoptosis signals and fatty acid content in these cells by transcriptomics and fatty
acid metabolic profiling after treatment with CBD. Our results indicate that CBD can disrupt lipid metabolism
and initiate ER stress in OC cells. Our findings may provide a theoretical mechanism for anti-ovarian cancer
using CBD.

Materials and methods

Reagents

CBD was purchased from ZZStandards (Shanghai, China). Roswell park memorial institute (RMMI)-1640 and
fetal bovine serum (FBS) were purchased from Thermo Fisher Scientific (Hyclone, Waltham, MA). The small-
molecule inhibitors, including AM251, AM631, Capsazepine, GW9662, 4-PBA, and NAC, were purchased from
Targetmol (MA, USA). OA and dimethyl sulphoxide (DMSO) were obtained from solarbio (Beijing, China). Cell
cycle and apoptosis kit, as well as radio immunoprecipitation assay lysis buffer, were purchased from Beyotime
(Jiangsu, China). The PE-conjugated CD36 and FITC annexin V apoptosis detection kit with propidium iodide
(PI) were obtained from BioLegend (San Diego, CA, USA). BODIPY-labeled palmitate (BODIPY FLCI6;
Invitrogen) was utilized in conjunction with flow cytometry for the uptake experiment. The SYBR Premix
Ex Taq Kit, Prime Script RT Master Kit, and the RNA-extracting reagent RNAiso Plus were procured from
Takara Biotechnology (Dalian, China). Antibodies against CBR1, GRP78, ATF4, XBP1, CHOP, SCD1, Bcl2
and GAPDH were procured from ABclonal (Wuhan, China). Additionally, antibodies targeting mitofusion-2,
cleaved Caspase 3, cleaved Caspase 8, cleaved Caspase 9, p65 and goat anti-rabbit IgG (conjugated to horseradish
peroxidase) were obtained from Abcam.

Cell line and culture condition

Human ovarian SKOV3, ES-2, and Hey-A8 cells were obtained from the Cell Bank at the China Academy of
Science (Shanghai, China) and cultured in RPMI 1640 with 10% FBS. The cells were incubated in a humidified
incubator at 37 °C with 5% CO2.

Cell viability assay

The cell viability assay was performed using the cell counting kit-8 (CCK-8 Kit) in accordance with the
manufacturer’s instructions (Dojindo Laboratories, Kumamoto, Japan). In brief, cells were seeded in 96-well
plates at a density of 6 x 10* cells/well. After pre-treatment with small-molecule inhibitors or OA for 30 min, the
cells were incubated with varying concentrations of CBD for 24 h at 37 °C and 5% CO2. DMSO was utilized as

Scientific Reports |

2025 15:4307 | https://doi.org/10.1038/s41598-025-88917-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

the negative control. The absorbance (Abs) was measured at 450 nm using a microplate reader. Tumor growth
inhibition (%) was determined as follows: 1 - (Abs value in experimental groups / Abs value in negative control)
x 100%.

RNA-sequencing and DEGs analysis
A total of 1x 10° ovarian cancer cells were seeded in a 3.5 cm petridish in absence or presence of 40 uM CBD.
The plates were incubated in a humidified atmosphere with 5% CO?2 at 37 °C for 24 h. Subsequently, the cells
were collected and washed with cold phosphate buffered saline (PBS). All assays were conducted in triplicate.
The samples underwent transcriptome sequencing treatment by Personal Biotechnology Co. (Shanghai, China).
The edge R package (http://www.rproject.org/) was employed to identify DEGs among various treatment
groups®. The gene expression levels derived from RNA-Seq data were quantified using Transcripts Per Million
reads (TPM), and then converted into Log2FC values, categorizing them into three groups. Genes with expression
levels of Log,FC=2, Log,FC<2, and Log,FC>2 were designated as showing no change, down-regulated
change, and up-regulated change, respectively. A false discovery rate (FDR) value of <0.05 and |Log2FC| > 2
was employed to screen for significant DEGs. Gene ontology (GO) enrichment was conducted using DAVID
(Database for Annotation, Visualization and Integrated Discovery).

Reverse transcription quantitative PCR (RT-qPCR) analysis

After treatment with CBD and inhibitors as mentioned above, ES-2 cells were collected and total RNA was
extracted from 8.4x10° cells using the RNA-extracting reagent RNAiso Plus. Subsequently, 0.5 pg of total
RNA was reverse transcribed using a PrimeScript RT Master Kit following the manufacturer’s instructions.
The resulting cDNA was utilized for RT-qPCR analysis with an SYBR Premix Ex Taq Kit and ABI Prism 7000
(Applied Biosystems, Norwalk, CT). The PCR conditions were described in a previous study®!. The sequences
of all primers are listed in Table 13*-3°. Relative transcription levels were determined employing the 2—AACt
analysis method?®.

Metabolic profiling

The metabolic profiles of all samples were analyzed using the gas chromatograph/mass spectrometric (GC/MS)
method, as described in previous study with minor revisions®. Briefly, 1 x 107 cell samples were ground in liquid
nitrogen and ultrasonically extracted with 1 mL of chloroform-methanol (2:1, V/V). After centrifugation, the
supernatant was mixed with 2 mL of 1% sulfuric acid in methanol and esterified at 80 °C for 30 min. The esterified
products were extracted with 1 mL of n-hexane and centrifuged. A 100 pL aliquot of the dehydrated supernatant
was diluted to 400 pL with n-hexane. Finally, 15 uL of 500 ppm methyl salicylate was added as an internal
standard for GC/MS analysis (Trace 1310-ISQ 7000, USA). GC condition: Thermo TG-FAME (50 m x 0.25 mm
ID x 0.20 um); Injection volume: 1uL; Programmed heating: initial temperature 80 °C for 1 min, then increased
to 160 °C at 20 °C/min for 1.5 min, followed by 196 °C at 3 °C/min for 8.5 min, and finally to 250 °C at 20 °C/min
for 3 min. Carrier gas: helium at 0.63 mL/min. The MS was run in electron ionization mode (70 eV) with selected
ion monitoring. The contents of each fatty acid are shown in supplementary Table S1. The measurements were
carried out by Suzhou BioNovoGene Biomedical Tech Co., LTD (Jiangsu, China). Chromatographic and spectral
analysis was performed using ChemStation and MassHunter (Agilent Technologies).

Flow cytometry analysis

Cell surface markers were determined by staining with fluorochrome-conjugated monoclonal antibodies
(mAbs). The antibody panel included PE-conjugated CD36 for the analysis of lipoprotein receptors. Briefly,
cells were incubated with inhibitors and CBD as indicated above. Subsequently, the cells (1x 10° cells/tube)

Gene Forward primer (5’ to 3°) Reverse primer (3’ to 5°) References
FABP5 | 5-GGACAGCAAAGGCTTTGATG-3’ 5-GCTCATTGAACTGAGCTTGG-3’ 30
CD36 5-ATGTAACCCAGGACGCTGAG-3 5-GTCGCAGTGACTTTCCCAAT-3’ 30
PPARy | 5-AAGGCCATTTTCTCAAACGA-3 5-GATGCAGGCTCCACTTTGAT-3’ 30
SREBP | 5-ACAGTGACTTCCCTGGCCTAT-3’ 5-GCATGGACGGGTACATCTTCAA-3 3
FASN 5-AAGGACCTGTCTAGGTTTGATGC-3 5-TGGCTTCATAGGTGACTTCCA-3’ 3
SCD1 5-TCTAGCTCCTATACCACCACCA-3’ 5-TCGTCTCCAACTTATCTCCTCC-3 3t
LDLR | 5-ACCAACGAATGCTTGGACAAC-3 5-ACAGGCACTCGTAGCCGAT-3’ 3
ACACA | 5-ATGTCTGGCTTGCACCTAGTA-3’ 5-CCCCAAAGCGAGTAACAAATTCT-3’ 3
GRP78 | 5-CATCACGCCGTCCTATGTCG-3’ 5-CGTCAAAGACCGTGTTCTCG-3’ 2
ATF4 5-CGAGGTGTTGGTGGGGGACTTGA-3’ | 5-CAACCCATCCACAGCCAGCCATT-3’ 2
XBP1 5-AACCTGTAGAAGATGACCTCGTTCC-3 | 5-AAAGAGTTCATTGGCAAAAGTTCCAG-3 | 3
CHOP 5-CCCTCACTCTCCAGATTCCAGTC-3 5-CTAGCTGTGCCACTTTCCTTTCA-3 2
GAPDH | 5-TCAAGAAGGTGGTGAAGCAGG-3’ 5-TCAAAGGTGGAGGAGTGGGT-3’ 2
ATF6 5-CTGATGGCTGTTCAATACACAG-3’ 5-GATCCCTTCGAAATGACACAAC-3’ 3
PERK | 5-CCAGTTTTGTACTCCAATTGCA-3 5-CAGATACAGCTGGCCTCTATAC-3 33
Table 1. Sequences for RT-qPCR primers.
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were resuspended in 50 pl of PBS containing the recommended concentrations of antibodies according to the
manufacturer’s instructions, and then incubated for 30 min at 4 °C in the dark. Flow cytometry was conducted
using a BD LSRFortessa, and the data was analyzed with FlowJo software.

Evaluation of cell cycle distribution and cell apoptosis by flow cytometry

Following treatment with CBD and the indicated inhibitors, PI staining was utilized for the analysis of DNA
content. ES-2 cells were harvested and fixed with 70% ethanol at 4 °C overnight. Subsequently, Cell cycle and
apoptosis kit was applied to assess DNA content using flow cytometry (BD Biosciences LSRFortessa, USA). The
distribution of cells in the GO, G1, S, G2, and M phases was analyzed using Modfit 5.0 software.

The percentage of cells undergoing apoptosis was determined by double staining with the FITC annexin V
apoptosis detection kit and PI. Treated ES-2 cells were collected and resuspended in annexin V binding buffer.
A 100 pl cell suspension was transferred into a 1.5 ml tube, to which 5 pl of FITC annexin V and 10 pl of PI
solution were added. After incubation for 15 min at 25 °C in the dark, 300 ul of annexin V binding buffer was
added to each tube. Flow cytometry was performed using a BD Biosciences LSRFortessa, and data were analyzed
with FlowJo software.

JC-1 mitochondrial membrane potential (MMP) assay

The MMP was evaluated using a mitochondria staining kit (Boyotime, Shanghai, China). The cells were seeded
on 12-well plates and incubated with 5 mM NAC in 96-well plates at 37 °C and 5% CO2 for 30 min, followed by
treatment with CBD at a final concentration of (30 uM, 50 uM) for 24 h. Subsequently, the cells were collected
by centrifugation and resuspended in a staining solution containing 200 x JC-1 and 1 X staining buffer, then
incubated at 37 °C for 20 min. Finally, the cells were washed once with JC-1 buffer. Data analysis was performed
using Flowjo software. The MMP depolarization was visualized using a Leika fluorescence microscope (Leika,
Wetzlar, Germany).

Determination of cellular ROS

The intracellular levels of reactive oxygen species (ROS) were analyzed using a 2',7’-dichlorofluorescin diacetate
(H2DCFDA) cellular ROS detection assay kit (KeyGen Biotech Co., Nanjing, China). After treatment with NAC
and CBD as indicated above, supernatants were removed from the treated cells and replaced with 5 uM DCFH-
DA solution for 30 min at 37 °C in the dark. After incubation, the cells were washed three times with PBS
to remove residual particles, dead cells, and excess DCFH-DA probes. The fluorescence intensity of ROS was
measured at Ex/Em 488/525 nm by a microplate reader.

Western blotting

After treatment with CBD and inhibitors as described above, a total of 4 x 10° ES-2 cells were collected. The cells
were then lysed in RIPA lysis buffer supplemented with phosphatase inhibitor and protease inhibitor at 4 °C
for 10 min and 12,000 rpm centrifuge for 15 min. After collecting the supernatants, the BCA assay was used to
determine the protein concentrations. Samples containing equal amounts of protein (20 pug) were mixed with 5 x
Laemmli buffer, boiled, and separated on 10-15% SDS-PAGE gels. Samples were transferred onto polyvinylidene
fluoride membranes (Millipore, Billerica, MA). After blocking with 5% skimmed milk, the primary antibody
was incubated overnight at 4 °C in an appropriate dilution. After washing, the blots were further incubated with
HRP-conjugated secondary antibody for 1 h. Detection was performed using an enhanced chemiluminescence
method. In our experiments, we used the following algorithm to evaluate the relative expression level of the
target protein: Control group = [Control (Target protein/ Housekeeping protein) / Control (Target protein/
Housekeeping protein)] = 1. Treatment group = Sample (Target protein/ Housekeeping protein) / Control (Target
protein/Housekeeping protein).

Statistical analysis

All values are presented as mean * standard deviation (SD). The data were analyzed using a two-way analysis of
variance (ANOVA) method. A post-hoc correction used Benjamini-Hochberg’s false discovery rate, at a q-value
of 0.05. The SPSS software 22.0 was used to perform all statistical analyses. Differences with p <0.05 considered
to be statistically significant, *p <0.05, **p<0.01, and ***p <0.001.

Results

CBD inhibited proliferation of OC cells via a CBR1-mediated mechanism

First, we performed a CCK-8 assay to investigate the impact of CBD on the viability of various types of OC
cells (i.e., ES-2, SKOV3, and Hey-A8). As shown in Fig. 1A, CBD demonstrated significant antitumor activity
in these cells (p<0.01). Furthermore, at the same concentration, the antitumor efficacy of CBD was notably
higher in ES-2 cells than in SKOV3 and Hey-A8 cells (p<0.001). The biological activity of CBD is known to
be regulated by several receptors, including CBR1, CBR2, the transient receptor potential vanilloid subfamily
1 (TRPV1) receptor, and peroxisome proliferator-activated receptor-gamma (PPARY)*. Next, we examined
the relevance of these receptors to CBD-induced cell death by using their selective inhibitors: AM251 (a CB1
receptor antagonist), AM631 (a CB2 receptor antagonist)*, capsazepine (a TRPV1 receptor antagonist)*’, and
GW9662 (a PPARy inhibitor)®®. We observed that the CBD-induced inhibition of cell viability was reversed by
pre-treatment with AM251 but not by AM631. Moreover, treatment with capsazepine or GW9662 alone did
not have any effect on the viability of OC cells (Fig. 1A). We also examined the expression of CBR1 in OC cells.
The protein level of CBR1 was found to be significantly higher in ES-2 cells than in SKOV3 and Hey-A8 cells
(Fig. 1B, C). We then subjected ES-2 cells, which showed high sensitivity to CBD, to treatment with varying
concentrations of CBD for 24 and 48 h and found that CBD (20-60 uM) significantly hindered the proliferation
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Fig. 1. CBD repressed viability of OC cells by a CBR1-dependent mechanism. (A) OC cells were pre-
incubated with the respective receptor antagonist AM251 or AM631 for 30 min at a final concentration of 100
uM and then further co-incubated with CBD (40 uM) for another 24 h. The cell inhibition rate was detected
by CCK-8 assay. (B,C) Western blot analysis was conducted to detect CBIR expression in SKOV3, Hey-AS8,
and ES-2 cells. (D) The ES-2 cells were treated with gradient concentrations of CBD (10 pM-60 uM) for

24 and 48 h, respectively, and the cell viability was assessed by CCK-8 assay. DMSO was used as a negative
control. Each value indicates the mean + SD of results obtained from three independent experiments. *p <0.05,
p<0.01, ** p<0.001.

of ES-2 cells in a manner that was dependent on both time and dosage (p <0.05). Furthermore, an IC,, value of
32 uM was observed after 24 h of treatment (Fig. 1D). These findings indicated that CBD may restrict the growth
of OC cells in a CBR1-mediated manner.

CBD induced ER stress in OC cells

Differentially expressed genes (DEGs) were identified by RNA sequencing. As shown in Figs. 2A and 2216
genes were found to be significantly upregulated and 1908 to be significantly downregulated in ES-2 cells
following treatment with 40 pM CBD. Gene Ontology (GO) analysis revealed that the upregulated DEGs
were highly relevant to the ER-associated misfolded protein catabolism and PERK-mediated UPR pathways
(Fig. 2B). We also observed that CBD-induced reduction in cell viability was reversed upon pre-treatment with
4-phenylbutyric acid (4-PBA), a specific and irreversible inhibitor of ER stress, in a dose-dependent manner
(Fig. 2C). The transcriptome data were further validated using quantitative reverse transcription polymerase
chain reaction (RT-qPCR), and the mRNA transcription levels of the genes related to ER stress were determined.
The results demonstrated that the mRNA transcription levels of glucose-regulated protein 78 (GRP78, X-box
binding protein 1 (XBP1), ATF6, PERK, ATF4, and CHOP were significantly higher in the treated group than in
the control group (p <0.05). The RT-qPCR results for the CBD-induced ER stress-related genes were consistent
with the findings of RNA sequencing (Fig. 2D). We investigated the intrinsic mechanism of this effect by western
blot analysis and found that CBD could significantly increase the mRNA transcription and protein expression
of ER stress-related markers in a dose-dependent fashion (p <0.05). Upregulation of ER stress-related markers
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Fig. 2. CBD could effectively induce ER stress in OC cells. (A) DEGs identified in ES-2 cells before and after
being treated with 40 uM CBD. Volcano plot for the DEGs. Red, blue and gray points represent up-regulated,
down-regulated, and non-regulated DEGs, respectively. (B) GO enrichment analysis of the upregulated DEGs
before and after being treated with 40 pM CBD. The most significant GO terms were those with corrected
p-value of <0.05. The rich factor represents the number of DEGs that exist in this term accounting for the
total number of genes of this term. (C) ES-2 cells were pre-incubated with 4-PBA, AM251 or NAC for 30 min
at indicated concentrations. Cells were subsequently co-incubated with CBD at indicated concentrations.
After 24 h, the cell inhibition rate was detected by CCK-8 assay. (D) ES-2 cells were pre-incubated with
4-PBA for 30 min at a final concentration of 500 M and then further co-incubated with CBD at indicated
concentrations. After 24 h, total cellular RNA was extracted and reverse transcribed. The mRNA transcription
levels of ER stress-related genes GRP78, XBP1, ATF6, PERK, ATF4, and CHOP were detected by RT-qPCR as
described in methods. Heatmap represents log2 values of relative mRNA transcription levels (see color scale).
The log2 value of each gene in control cells was set to 0. Untreated cells served as a negative control. (E-I) The
protein expression levels of the ER stress-related factors were detected by western blot analysis. Each value
indicates the mean + SD of results obtained from three independent experiments. *p <0.05, **p <0.01, ***
p<0.001.
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induced by CBD was inhibited effectively by 4-PBA in a dose-dependent manner (Fig. 2E-I). These findings

suggested that CBD may suppress the growth of OC cells via the ER stress pathway.

CBD induced OC cells apoptosis and cell cycle arrest by regulating the ER stress signaling

The correlation between apoptosis and CBD-induced ER stress in OC cells was investigated further by flow
cytometry with Annexin V/propidium iodide staining, which showed that CBD could effectively induce
apoptosis in ES-2 cells, again in a dose-dependent manner (p<0.001) (Fig. 3A, B). Furthermore, the rate of
CBD-induced apoptosis was significantly reduced in the groups in which ER stress was inhibited by 4-PBA. The
observed increase in apoptosis in response to CBD was consistent with greater inhibition of tumor cell growth.
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The impact of CBD on the distribution of OC cells in various stages of the cell cycle was investigated further
by flow cytometry. Exposure to CBD led to a dose-dependent increase in the percentage of cells in G0-G1 phase
(Fig. 3C, D). Furthermore, addition of 4-PBA significantly increased the number of OC cells rescued from CBD-
induced GO-G1 phase cycle arrest (p <0.01). These results confirmed that CBD is able to induce apoptosis in OC
cells and arrest the GO-G1 phase of the cell cycle by activation of ER stress signaling.

CBD caused disordered lipid metabolism and induced an ER stress response

Fatty acids serve as an important carbon source in the tumor microenvironment, and fatty acid-mediated lipid
metabolism plays an important role in the survival of OC cells*!. Elevated UFA levels have been shown to protect
cancer cells against apoptosis induced by ER stress®. To investigate the impact of fatty acid metabolism on CBD-
induced apoptosis in OC cells, we initially performed a GC/ MS spectrometry analysis to assess the levels of
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«Fig. 4. CBD disrupted lipid metabolism and leads to ER stress in OC cells (A) Lipid metabolism was identified
in ES-2 cells before and after being treated with 40 uM CBD. Log2 values for each metabolite represent the
average of triplicates. (B) GO enrichment analysis of the downregulated DEGs. The most significant GO terms
were those with corrected P-value of <0.05. The rich factor represents the number of DEGs that exist in this
term accounting for the total number of genes of this term. (C) ES-2 cells were stained with PE-conjugated
CD36 Abs before analysis by flow cytometry. Dot plots of total events are shown with frequencies of cells in
each quadrant. (D) Total cellular RNA was extracted and reverse transcribed. The mRNA transcription levels
of Lipid metabolism-related genes SCD1, FABP5, LDLR, FASN, ACACA, SREBP, and PPARY were detected
by RT-qPCR. (E) Representative plots of BODIPY FLC16 in ES-2 cells were collected and analyzed by flow
cytometry after being treated with 40 uM CBD for 24 h. Untreated cells served as a negative control. (F) ES-2
cells were co-incubated with CBD at indicated concentrations for 24 h, in presence or absence of 25 uM OA.
The cell inhibition rate was detected by CCK-8 assay. (G) The mRNA transcription levels of ER stress-related
genes were detected by RT-qPCR. Heatmap represents log2 values of relative mRNA transcription levels (see
color scale). The log2 value of each gene in control cells was set to 0. (H-N) The protein levels of GRP78, ATF4,
XBP1, CHOP, SCD1, and p65 were detected by western blot analysis. Each value indicates the mean +SD of
results obtained from three independent experiments. *p <0.05, **p <0.01, *** p<0.001.

lipid metabolites in CBD-treated OC cells. As shown in Fig. 4A, levels of SFAs, including myristic acid (14 C:0),
palmitic acid (16 C:0), and stearic acid (18 C:0), were significantly higher in the group treated with 40 uM CBD
than in the control group (p <0.001). At the same time, the levels of UFAs, particularly palmitoleic acid (C16:1),
heptadecenoic acid (C17:1), and oleic acid (C18:1), were found to be significantly reduced in ES-2 cells following
treatment with CBD (p<0.001). Furthermore, GO analysis found a strong association of the DEGs that were
downregulated with the metabolic and fatty acid biosynthetic processes in UFAs (Fig. 4B). The qPCR results
demonstrated that the CBD-treated group was able to reduce the transcription levels of genes associated with
fatty acid uptake, including fatty acid binding protein 5 (Fabp5), the low-density lipoprotein receptor (LDLR),
and PPARYy. The proportion of CD36-positive events was reduced following treatment with CBD (Fig. 4C, D).
Furthermore, the transcription levels of genes related to fatty acid biosynthesis, including acetyl-CoA carboxylase
alpha (ACACA), fatty acid synthase (FASN), SCD1, and sterol regulatory element binding protein 1 (SREBP1),
were decreased after treatment with CBD (Fig. 4D). We also investigated whether CBD could inhibit the uptake
of fatty acids from the extracellular environment using fluorescently labeled palmitate (BODIPY FLC16)*2. The
findings indicated significant inhibition of uptake of palmitate in the CBD-treated group (Fig. 4E).

Previous research has indicated that elevated levels of SFAs, as a result of inhibiting SCD1, can induce ER stress
and apoptosis in several types of cancer. Furthermore, ER stress can be alleviated effectively by supplementation
with UFAs®. In this study, we observed that addition of exogenous oleic acid significantly mitigated the antitumor
activity of OC cells induced by administration of varying concentrations of CBD (Fig. 4F). CBD significantly
inhibited the gene transcription of SCD1 and its protein expression in a dose-dependent manner. Treatment
with CBD also resulted in significant dose-dependent relief of both mRNA transcription and protein expression
of ER stress-related markers by oleic acid (p <0.05, Fig. 4G-N). Overall, these data suggested that CBD interfered
with lipid metabolism leading to ER stress in OC cells.

Oleic acid rescued CBD-directed ER stress-mediated apoptosis and cell cycle arrest

Levels of apoptosis in ES-2 cells were assessed by Annexin V/propidium iodide staining to determine whether
UFAs protect against CBD-induced ER stress-related apoptosis. In serum-free medium, both early and late
apoptosis rates were significantly higher in the CBD-treated group than in the control group (Fig. 5A, B). CBD-
induced apoptosis was significantly inhibited by administration of oleic acid (p <0.01). Furthermore, exogenous
oleic acid can significantly restore the cell cycle profile of cells treated with different concentrations of CBD.
(p<0.01, Fig. 5C, D). These findings confirmed that an imbalance between UFAs and SFAs is the primary cause
of CBD-induced ER stress-related apoptosis in OC cells.

CBD induced disordered lipid metabolism and ER stress via a CBR1-mediated mechanism
Previous research has demonstrated that several pathways involved in the growth, differentiation, and
metabolism of tumor cells interact with CBR signaling*>**. To examine whether CBD-induced impairment of
fatty acid metabolism and ER stress are CBR1-mediated, we used AM251, the antagonist of CBR1, to suppress
CBRI1 activity in ES-2 cells. CBD-induced inhibition of cell viability was reversed by pre-treatment with AM251
in a dose-dependent fashion (Fig. 2C). Furthermore, AM251 rescued a significant amount of CBD-treated cells
from apoptosis and GO-G1 phase arrest (p <0.01, Fig. 3A-D). In qPCR analyses, treatment with CBD resulted
in significant dose-dependent downregulation of the transcription levels of genes associated with fatty acid
metabolism (p <0.05), which was reversed when CBR1 signaling was blocked by AM251 (Fig. 6A).

The balance of SFAs and UFAs is regulated by SCD1 to adjust the functions of ER stress?®. Next, we investigated
the levels of gene transcription and protein expression associated with the ER response after blocking CBRI.
Upregulation of mRNA transcription and protein expression of ER stress-related markers was significantly
alleviated by AM251 (p <0.05, Fig. 6B-I). These findings suggested that CBD has the ability to regulate disruption
of lipid metabolism in OC cells and reduce UFA synthesis through the CBR1-SCD1 signaling pathway, resulting
in ER stress-induced apoptosis.
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Fig. 5. OA reversed CBD induced apoptosis and GO-Gl1 cell cycle arrest. (A,B) Flow cytometric analysis of
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quadrant. (C,D) Cell cycle distribution was determined by flow cytometry. Each value indicates the mean +SD
of results obtained from three independent experiments. *p <0.05, **p <0.01, *** p <0.001.

CBD induced mitochondrial dysfunction and cascade-mediated apoptotic pathways
Changes in ER stress markers are a key indicator of mitochondrial stress**. We hypothesized that CBD induces
cytotoxicity by targeting the mitochondria. Our CCK-8 and Annexin V staining results indicated that the
inhibitory effects of CBD on cell viability and apoptosis were significantly attenuated by pre-treatment with
N-acetyl-L-cysteine (NAC), a dose-dependent scavenger of ROS (p <0.01, Figs. 2C and 3A and B).

The mitochondrial membrane potential (MMP) and the ROS level are widely used as markers of mitochondrial
function®. To investigate the effect of CBD on mitochondrial function further, we first detected MMP using the
fluorescent probe JC-1. Compared with the control group, the CBD-treated group showed higher levels of JC-1
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Fig. 6. CBRI regulated lipid metabolism and ER stress in OC cells. (A,B) ES-2 cells were pre-incubated with
AM251 for 30 min at a final concentration of 100 uM and then further co-incubated with CBD at indicated
concentrations. After 24 h, the mRNA transcription levels of lipid metabolism- and ER stress-related genes
were detected by RT-qPCR. Heatmap represents log2 values of relative mRNA transcription levels (see color
scale). The log2 value of each gene in control cells was set to 0. Untreated cells served as a negative control.
(C-I) The protein levels of GRP78, ATF4, XBP1, CHOP, SCD1, and p65 were detected by western blot analysis.

Each value indicates the mean + SD of results obtained from three independent experiments. *p <0.05,
9 <0.01, ** p<0.001.

monomer green fluorescence and less aggregation of JC-1 (indicated by red fluorescence), resulting in a higher
JC-1 monomer ratio. Flow cytometry showed that treatment of ES-2 cells with CBD 30 uM and 50 uM led to
significant increases in the loss of MMP, which were, respectively, 8.4-fold and 14.5-fold greater than in dimethyl
sulfoxide-treated control cells; intracellular levels of ROS in CBD-treated ES-2 cells also increased by up to 1.3-
fold and 1.8-fold, respectively, in a dose-dependent manner. The decrease in MMP and generation of ROS could
be significantly reversed by treatment with NAC (p <0.01, Fig. 7A-C).

In addition, western blot revealed significant downregulation of mitofusion 2 and antiapoptotic Bcl2 in
the CBD-treated groups, while the expression of cleaved caspase-8, caspase-9, and caspase-3 was significantly
upregulated (Fig. 7D-I). Overall, our data indicated that CBD trigger mitochondrial dysfunction and apoptosis
in OC cells.
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Fig. 7. CBD triggers mitochondrial dysfunction and apoptosis in ES-2 cells. (A,B) Changes in MMP in ES-2
cells were determined based on JC-1 fluorescence. ES-2 cells were pre-incubated with NAC for 30 min at a
final concentration of 5 mM and then further co-incubated with CBD at indicated concentrations for 24 h.
The effect of CBD on the disruption of MMP was detected by JC-1 assay. Relative JC-1 red/green population
is represented as a bar graph in percentage-ratio under the flow cytometry data. (C) The fluorescence intensity
of ROS was measured by microplate reader. (D-I) Protein levels of mitofusion, cleaved caspase 3, 8, 9 and
Bcl2 were detected by western blot analysis. Each value indicates the mean + SD of results obtained from three
independent experiments. *p <0.05, **p <0.01, *** p<0.001.

Discussion

CBD is a non-addictive compound found in the cannabis plant. Most of the previous research on CBD has
focused primarily on its protective effect in the nervous system because of its ability to cross the blood-brain
barrier®’. However, there is now evidence demonstrating that CBD can inhibit the proliferation and metastasis
of tumor cells and induce apoptosis and autophagy in various malignancies, including breast, colorectal, and
gastric cancer”!?. This research has also demonstrated the role of ER and oxidative stress in induction of cell
death following treatment with CBD.

Cannabinoidsareaclass of compounds that have been attracting considerable research interest, mainly because
of their interaction with the endocannabinoid system through CB1 and CB2 receptors*. Hyperactivation of CB1
has been observed in multiple types of cancer, and extensive research has demonstrated its association with the
progression of cancer and its clinical outcomes®. Importantly, high CBR1 expression have been observed in
OC tissue, and the expression level of CB1R is positively correlated with the malignant potential of OC cells®
Therefore, as a specific CBR1 agonist with efficacy against OC, CBD could be used effectively in the treatment of
OC. In this study, we observed high CBR1 expression in all three types of human OC cells investigated. However,
no receptor-mediated mechanism contributing to the promising antitumor activity of CBD in OC cells has been
identified.

Our study found a significant difference in the CBD-induced antitumor effect between the ES-2, SKOV3,
and Hey-A8 cell lines. The inhibitory effects of CBD were significantly greater in ES-2 cells (45.1%) than in
SKOV3 cells (25.46%) or Hey-A8 cells (21.29%). Furthermore, the western blot results indicated that the level
of CBR1 protein was significantly higher in ES-2 cells than in SKOV3 and Hey-A8 cells. After inhibition of
CBR1 by AM251, CBD-induced repression of cell viability was significantly reversed. These results suggest that
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CBD inhibits the growth of OC cells in a CBR1-mediated manner. To further elucidate the mechanism of the
antitumor effect of CBD in OC cells, we initially examined the DEGs in ES-2 cells by transcriptome analysis.
The results of the GO analysis suggest that the CBD-induced antitumor effect was highly relevant to the ER-
associated misfolded protein catabolic process. Transcription and expression levels of genes associated with
ER stress were significantly upregulated after treatment with CBD. Blocking the ER stress response with 4-PBA
showed that CBD-induced apoptosis of OC cells and GO-G1 phase cycle arrest relied on activation of the XBP1
and ATF4/CHOP signaling pathways.

Fatty acids are an important energy source and serve as a key component of phospholipids in cell membranes'®.
Accumulation of UFAs has been shown to support growth of OC cells and to increase migration and invasion
of cancer cells®!. Lipid metabolism plays a complex role in multiple cell death pathways, including necroptosis
and ferroptosis®. Zhao et al. recently demonstrated that controlling the balance between SFAs and UFAs
can initiate ER stress in tumors®’. These findings suggest that regulating lipid metabolism may be a potential
therapeutic strategy in OC. Gas chromatography/mass spectrometry and RNA sequencing revealed significant
downregulation of the UFA metabolic process and a decrease in transcription levels of genes associated with fatty
acid uptake and synthesis in OC cells treated with CBD (Fig. 3). CD36 regulates homeostasis of cellular energy
and intracellular cholesterol in OC cells®***, and its expression was significantly decreased after treatment with
CBD. We also found that CBD could convert SFAs to UFAs and palmitic and stearic acid to palmitoleic acid and
oleic acid, respectively. Regulation of the conversion from SFAs to UFAs is mediated by SCD1°°. Meanwhile,
SCD1 and its predominant product, oleic acid, have been shown to have beneficial effects in terms of restoring
ER homeostasis, promoting cell cycle progression, and enhancing proliferation®®, which is consistent with our
finding that exogenous oleic acid significantly relieved CBD-induced antitumor activity, apoptosis, and G0-G1
phase arrest. The results of QPCR and western blot analysis indicate that CBD-induced mRNA transcription and
protein expression of ER stress-related markers could be significantly mitigated in a dose-dependent manner
by exogenous oleic acid, strongly suggesting that CBD may initiate ER stress-associated apoptosis by disrupting
lipid metabolism.

Numerous studies published in the past decade have demonstrated that CB1 and CB2 receptor agonists can
function as direct antitumor agents by activating the ERK, p38 MAPK, and JNK1/2 pathways*”*%. However, a
clear distinction was observed between the activity produced and the specific cancer cell line studied. Other
researchers have suggested that CBD hinders the viability of cancer cells via mechanisms that bypass activation
of cannabinoid receptors. Ramer et al. reported that CBD induced PPARy-dependent toxicity in lung cancer
cells*. Another study found that CBD mediated autophagy and apoptosis in endothelial cells via ROS-mediated
heme oxygenase-1 but not via CBD-activated receptors (CBR1 and CBR2)3!. A recent investigation found that
TRPV2 is a target of cannabinoids and is involved in CBD-induced autophagic death of glioma stem-like cells®.
In breast cancer cell lines, CBD induced ER stress through the TRPV1 receptor-dependent signaling pathway
by increasing Ca?* influx'’. Interestingly, Brighenti et al. found that low CBD concentrations (0.01 pM to 9
uM) did not impair the viability of tumor cells but enhanced the migratory capacity of U87 glioblastoma cells.
In this range, the effects of CBD are not associated with the CB1/CB2 or TRPV1 receptors; however, at higher
concentrations, the effects of CBD depend on these receptors®:62. All these findings demonstrate that CBD can
modulate certain pathways involved in development of cancer and exert antitumor effects. In our study, CBD
had very effective antitumor activity in OC cells and significantly downregulated the transcription of genes
related to fatty acid metabolism via CBR1 signaling. Notably, we also observed that CBD significantly decreased
the expression of p65 protein, which is necessary for regulation of SCD1 activity*®. Downregulation of CBD-
induced p65 and SCD1 was also relieved by blocking CBR1. Similarly, upregulation of mRNA transcription and
protein expression of ER stress-related markers was significantly alleviated by AM251. A previous study reported
that increased expression of SCD1 protected OC cells from apoptosis induced by ER stress?. Overall, these
results suggest that CBD may modulate ER stress-triggered apoptosis in OC cells by regulating lipid metabolism
via the CBR1/SCD1 signaling pathway.

The mitochondria are essential for generating energy and play an important role in maintaining cell survival
and avoiding metastasis®®>. Mitochondrial dysfunction, which results in depolarization of the MMP and a
decrease in the ATP level, suppresses progression of OC®. Previous studies have shown that crosstalk between
the mitochondria and ER is important in the regulation of cell metabolism and cell death®. CHOP-mediated
apoptosis involves regulation of Bcl2 family proteins, leading to permeabilization of the mitochondrial outer
membrane and caspase-dependent cell death®’. In our study, flow cytometry demonstrated that CBD could
dose-dependently increase loss of the MMP. This decrease in MMP would result in elevation of the intracellular
ROS level. Figure 7C shows that the ROS level was higher in the CBD-treated group than in the control group.
Full depolarization of the MMP triggers caspase-dependent apoptosis®®, which occurs in the mitochondria and
plays an important role in programmed cell death. The conclusions were consistent with the findings of our
western blot results (Fig. 7D). We found that the expression levels of Bcl2 and mitofusion 2 were significantly
downregulated and the pro-apoptotic proteins caspase-8, caspase-9, and caspase-3 were significantly upregulated
after treatment with CBD. Meanwhile, CBD-induced mitochondrial dysfunction and expression of apoptotic
proteins could be significantly reversed by NAC. These results indicate that CBD may trigger apoptosis of OC
cells through an ER-mitochondrial pathway.

Conclusions

Preclinical studies have demonstrated that CBD, either as a monotherapy or in conjunction with other treatments,
holds potential as a novel anti-tumor, anti-inflammatory, and analgesic agent. Our results demonstrated that
CBD promoted OC cells apoptosis and GO-G1 phase arrest by disrupting the CBR1-mediated lipid metabolism
and ER stress- and mitochondrial dysfunction-associated apoptosis signaling pathways (Fig. 8). Therefore, CBD
may serve as a potential candidate for adjuvant therapy in the treatment of ovarian cancer. However, larger-scale
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Fig. 8. CBD inhibits lipid metabolism and induces ER stress- and mitochondrial dysfunction-associated
apoptosis in OC cells.

clinical studies involving more patient samples and detailed dose-response relationship analyses are still needed
to confirm the efficacy of CBD in cancer patients.

Data availability
The transcriptome sequences of ES-2 (control) and treatment with CBD groups were deposited in NCBI under
the accession number PRJNA980416.
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