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Abstract

Cannabinoids are potential anticancer agents for the add-on treatment of malignant tumors.
Here, the effects of the previously less-explored non-psychoactive phytocannabinoids
cannabigerol (CBG) and cannabichromene (CBC) on survival, apoptosis, and mitochondrial
function were assessed in A549 and H460 lung cancer cells. CBG and CBC triggered
concentration-dependent cell death, autophagy, and mitochondrial apoptosis in both cell
lines, with apoptosis indicated by Annexin V staining, activation of caspase-8, -9, and -3/7,
loss of mitochondrial membrane potential, and elevated cytosolic levels of mitochondrial
cytochrome c. CBG also upregulated ATF4, a stress-responsive transcription factor involved
in autophagy and apoptotic signaling, and enhanced PARP cleavage. Both cannabinoids
increased mitochondrial superoxide formation and reduced the mitochondrial oxygen
consumption rate, with CBG additionally decreasing NDUFBS, a subunit of respiratory
chain complex I. Pharmacological receptor modulation showed that CBG- and CBC-induced
cell death occurred independently of CB;, CB,, TRPV1, TRPMS, and PPARYy, whereas CBG-
mediated cell death relied on PPAR«x, which also contributed to its apoptotic effects. In
summary, CBG and CBC induce apoptosis and cell death in A549 and H460 cells, with
PPAR«x mediating the effects of CBG, highlighting its potential as a therapeutic target.

Keywords: cannabigerol; cannabichromene; lung cancer; peroxisome proliferator-activated
receptor «; cell death; apoptosis; mitochondrial dysfunction

1. Introduction

There is now substantial preclinical evidence supporting an anticancer action of var-
ious cannabinoids in different tumor entities. This effect extends to inhibition of tumor
cell proliferation, angiogenesis, invasion and metastasis, as well as induction of apopto-
sis and autophagy (for reviews, see [1,2]). In addition, synergy between cannabinoids
and established chemotherapeutics at the level of tumor cell proliferation and apoptosis
was demonstrated in many cases (for review, see [3]). In accordance with this, a first
randomized phase Ib clinical study showed that adding nabiximols, an extract contain-
ing roughly equal amounts of Ag-tetrahydrocannabinol (THC) and cannabidiol (CBD), to
existing chemotherapy resulted in an increase in survival time in patients with recurrent
glioblastoma [4].

Two of the less well-researched phytocannabinoids, in comparison to THC and CBD,
are the non-psychoactive representatives cannabigerol (CBG) and cannabichromene (CBC).
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The monocyclic CBG was first isolated by Gaoni and Mechoulam in 1964 [5] and was
considered the missing link in the biosynthesis of THC. In 1971, it was synthesized de novo
by its discoverers [6]. CBC, a structurally diverse bicyclic cannabinoid, was identified in
1966 [7] and, along with THC, is one of the most abundant phytocannabinoids. CBG and
CBC interact with the endocannabinoid system in different ways. CBG has been shown to
display a weak binding affinity to the cannabinoid receptors CB; and CB; [8,9], but to be the
most potent phytocannabinoid ligand at the transient receptor potential vanilloid 1 (TRPV1)
channel [10]. Furthermore, CBG is a potent antagonist of TRPMS [11] and transcriptionally
activates peroxisome proliferator-activated receptor (PPAR) « [12]. CBC also displays CB;
and CB; affinities [13], exhibits selectivity and high efficacy at the CB, receptor [14], and
activates TRPA1 [11].

As early as 2006, Ligresti et al. reported in vitro anticancer effects of CBG and CBC [15].
However, despite corresponding efforts for CBG (for review, see [16]), the mechanistic
basis of the tumor cell death-inducing effect of both cannabinoids was less investigated
than that of other phytocannabinoids such as CBD. In particular, the PPARx-activating
property of CBG has not been considered in the context of cancer so far. Remarkably, several
findings published in recent years have demonstrated that activation of the transcription
factor PPARe in cancer cells is associated with antiproliferative [17], cytotoxic [18,19], pro-
apoptotic [20], and mitochondrial dysfunction-promoting [20,21] effects. On the other hand,
several studies have also shown that antagonists of PPAR« possess an antiproliferative,
viability-reducing or pro-apoptotic action on tumor cells [22-25]. In fact, due to their
relationship with tumor metabolism, the genes regulated by PPAR«x can mediate cancer-
promoting or cancer-inhibiting effects (for review, see [26]), making PPARx a complex
target and offering therapeutic potential for both agonists and antagonists of this receptor.

This study investigates the effects of CBG and CBC on lung cancer cell survival,
apoptosis, and mitochondrial function and bioenergetics, with particular emphasis on the
role of PPAR« in this process. Here, we show convincing cytotoxic, pro-apoptotic and
mitochondrial toxic effects of both cannabinoids. More importantly, this study demonstrates
for the first time a mediating role of PPAR« in the induction of tumor cell death and
apoptosis by CBG, which makes this non-psychoactive phytocannabinoid an interesting
compound in the search for new targeted therapies for the treatment of malignant tumors.

2. Materials and Methods
2.1. Materials

Cannabigerol (CBG, #15293), (£)-cannabichromene (CBC, #1S060163), AM251 (#71670),
AMBG630 (#10006974), GW6471 (#11697), and GW9662 (#70785) were obtained from Cayman
Chemical (Ann Arbor, MI, USA). Capsazepine (#C191) was obtained from Sigma-Aldrich
(Taufkirchen, Germany). Icilin (#1531) and WS12 (#3040) were purchased from Tocris
(Bristol, UK). Etomoxir (#HY-50202; MedChem Express, Monmouth Junction, NJ, USA) and
NXT629 (#HY-114263; MedChem Express, Monmouth Junction, NJ, USA) were obtained
from Holzel Diagnostika Handels GmbH (Cologne, Germany). Leupeptin was bought
from Biomol (Hamburg, Germany). Acetic acid, dimethyl sulfoxide (DMSO), ethylene-
diaminetetraacetic acid (EDTA), glycerol, hydrochloric acid (HCl, 37%), sodium chloride
(NaCl), sodium hydroxide (NaOH), and Tris hydrochloride (Tris-HCI) were obtained from
AppliChem (Darmstadt, Germany). Aprotinin, bromophenol blue, hydrogen peroxide
solution (H,O,, 30%), luminol, orthovanadate, p-coumaric acid, thiazolyl blue tetrazolium
bromide (MTT), and phenylmethanesulfonyl fluoride (PMSF) were obtained from Sigma-
Aldrich (Taufkirchen, Germany). Methanol was purchased from J. T. Baker (Griesheim,
Germany), ethanol from Walter-CMP (Kiel, Germany), and aqua ad iniectabilia from B.
Braun Melsungen (Melsungen, Germany). 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
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acid (HEPES) and 3-mercaptoethanol were obtained from Ferak Berlin (Berlin, Germany).
Acrylamide (Rotiphorese® Gel, 30%), ammonium peroxydisulphate (APS), crystal violet,
glycine, non-fat milk (NFM), Ponceau S, sodium dodecyl sulfate (SDS) ultrapure, Tris ul-
trapure, N,N,N’ N'-tetramethylethylenediamine (TEMED), Triton® X-100, and Tween® 20
were purchased from Carl Roth (Karlsruhe, Germany). Bovine serum albumin (BSA)
was obtained from SERVA (Heidelberg, Germany). Dulbecco’s phosphate-buffered saline
(DPBS, #P04-36500), fetal bovine serum (FBS, #P30-3306) and High Glucose Dulbecco’s
Modified Eagle Medium (DMEM, #P04-04510) were obtained from PAN-Biotech (Aiden-
bach, Germany). Penicillin-streptomycin (#15140-122) and 0.5% Trypsin-EDTA (#15400-054)
were purchased from Thermo Fisher Scientific (Schwerte, Germany).

2.2. Cell Culture

Ab49 cells (#ACC-107; RRID:CVCL_0023) were obtained from the German Collection
of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany), while NCI-H460
cells (#HTB-177, RRID:CVCL_0459) were purchased from the American Type Culture Col-
lection (ATCC, Manassas, VA, USA). Both cell lines were cultured in DMEM supplemented
with 10% (v/v) heat-inactivated FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin
(hereafter referred to as serum-containing DMEM) in a humidified incubator at 37 °C and
5% CO,. Cells between passages 2 and 20 were used throughout the study. Seeding was
performed at a density of approximately 4.4 x 10* cells/cm?, except for colony formation
assays and Seahorse experiments.

Incubation with test substances or their vehicles was performed in serum-free DMEM
supplemented with 100 U/mL penicillin and 100 ug/mL streptomycin (hereafter referred
to as serum-free DMEM) after washing the cells with DPBS. The test substances were
dissolved in DMSO (CBG, CBC, AM251, AM630, capsazepine, etomoxir, GW6471, GW9662,
icilin, NXT629) or ethanol (WS12). The final concentration of solvents in the incubation
media of cells treated with a test substance and its vehicle did not exceed 0.1% (v/v) for
ethanol or DMSO, with a maximum of 0.3% (v/v) DMSO in settings involving simultaneous
incubation with a cannabinoid and two antagonists.

2.3. Cell Survival and Metabolic Activity Assays

A549 and H460 cells were plated in 96-well plates at a density of 1.5 x 10* cells per
well in serum-containing DMEM and allowed to adhere for 24 h. Subsequently, cells were
exposed to the indicated compounds in serum-free DMEM for the respective incubation
periods, after which cell viability and metabolic activity were evaluated.

Cell survival was determined by crystal violet staining of adherent viable cells [27].
Cells were fixed overnight with ice-cold absolute ethanol and subsequently stained with
100 pL of crystal violet solution (0.1% (w/v) in 10% (v/v) ethanol) for 30 min under light-
protected conditions. Excess dye was removed by washing and the remaining dye was
dissolved in 10% (v/v) acetic acid. Absorbance was measured at 570 nm using a microplate
reader (Infinite F200 Pro, Tecan, Mdnnedorf, Switzerland).

Cellular metabolic activity was determined using MTT, a tetrazolium dye that is
reduced by metabolically active cells to insoluble formazan crystals. Cells were incubated
with MTT (final concentration of 0.5 mg/mL) for 2 h at 37 °C and 5% CO,, protected from
light. The media were then removed, and 100 uL of 100% DMSO was added for 1 h to
dissolve the formazan completely. Measurements of absorbance were performed at 570 nm,
with a 690 nm reference, using an Infinite F200 Pro microplate reader.

2.4. Colony Formation Assay

In 6-well plates, 500 cells per well were seeded in serum-containing DMEM and
incubated for 48 h to allow cell attachment and early proliferation prior to treatment.
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Thereafter, the medium was replaced with fresh serum-containing DMEM containing CBG,
CBC, or vehicle control, and cells were incubated for 7 days to assess effects on colony
formation. Subsequently, cells were fixed in ice-cold absolute ethanol (—20 °C) and stained
with 0.1% (w/v) crystal violet. Images were captured with a digital camera, and colonies
were quantified using the open-source software Fiji (Image]) version 1.54f.

2.5. Annexin V/7-AAD Binding Assay

Cells were seeded in 12-well plates at 1.65 x 10° cells per well and allowed to attach for
24 h in serum-containing DMEM, before being treated for 6 or 24 h with the test substances
or their vehicle in serum-free DMEM. After incubation, cells were detached using trypsin-
EDTA, collected together with the medium, and centrifuged at 200x g and 4 °C for 5 min.
The resulting cell pellet was resuspended in ice-cold DPBS. The proportions of live cells,
early and late apoptotic cells, and dead cells were quantified using the Muse® Annexin
V & Dead Cell Kit (#MCH100105). Staining with Annexin V and 7-AAD was performed
according to the manufacturer’s protocol, and data were acquired using the Cytek® Guava®

Muse® cell analyzer (Cytek Biosciences, Amsterdam, The Netherlands).

2.6. Cell Cycle Assay

Cells were seeded in 6-cm Petri dishes at 9.4 x 10° cells per dish and allowed to attach
for 24 h in serum-containing DMEM, followed by treatment with the cannabinoids or
their vehicle for 24 h in serum-free DMEM. After incubation, cells were harvested with
trypsin-EDTA. Cells and their supernatants were centrifuged at 300x g and 4 °C for 5 min.
The resulting cell pellet was washed with DPBS and centrifuged again at 300x g and 4 °C
for 5 min. Subsequently, the cell pellet was resuspended in 50 uL. DPBS and carefully fixed
with 1 mL of ice-cold 70% ethanol. Cells were stored at —20 °C until analysis. For cell
cycle measurement, cells were processed according to the kit manufacturer’s instructions
provided with the Muse® Cell Cycle Kit (#MCH100106). The percentages of cells in the
G0/G1, S, and G2/M phases of the cell cycle were determined with the Cytek® Guava®
Muse® cell analyzer (Cytek Biosciences).

2.7. Caspase Activity Assays

A549 and H460 cells were plated in 96-well plates at a density of 1.5 x 10* cells per
well and maintained in serum-containing DMEM for 24 h. Subsequently, cells were treated
with the respective test compounds in serum-free DMEM for the indicated durations.
Promega luciferase assays were used to measure caspase activity (Caspase-Glo® 3/7 assay,
#G8091; Caspase-Glo® 8 assay, #G8201; Caspase-Glo® 9 assay, #G8211). For this purpose,
the corresponding Caspase-Glo® reagents were added to the wells in accordance with the
manufacturer’s instructions and incubated in the dark at room temperature for 1 h. The
luminescence was detected using a microplate reader (Infinite F200 Pro).

2.8. Detection of Mitochondrial Superoxide

A549 and H460 cells were plated in 96-well plates at a density of 1.5 x 10* cells per
well and maintained in serum-containing DMEM for 24 h. Cells were then treated with
the respective test compound or its vehicle in serum-free DMEM and incubated for 2 h
or 6 h. After the incubation period, nuclei were stained with Hoechst dye (1 pg/mL final
concentration; Merck, Darmstadt, Germany) by adding the staining solution to each well
and incubating the cells for 30 min at 37 °C and 5% CO,, protected from light. Mitochondrial
superoxide was then detected using MitoSOX™ Red (#M36008, Thermo Fisher Scientific;
5 uM final concentration in serum-free DMEM), with an additional 10 min incubation
at 37 °C and 5% CO,, also protected from light. After removing the staining solution,
100 uL DPBS was added to each well, and fluorescence was measured using a microplate
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reader (Infinite F200 Pro; excitation/emission wavelengths: 360/465 nm for Hoechst and
535/595 nm for MitoSOX™ Red). Data were blank-corrected using wells containing cells
without Hoechst and MitoSOX™ Red, and mitochondrial superoxide levels were quantified
by calculating the ratio of MitoSOX™ Red to Hoechst fluorescence to account for differences
in cell number. Finally, the values were normalized to the respective vehicle control.

2.9. Determination of Mitochondrial Membrane Potential

To assess changes in mitochondrial membrane potential, the JC-10 Mitochondrial Mem-
brane Potential Assay Kit (#22204, AAT Bioquest, Pleasanton, CA, USA) was used. For this
purpose, A549 and H460 cells were seeded in 96-well plates at a density of 1.5 x 10% cells
per well and cultured for 24 h in serum-containing DMEM, followed by treatment with
the respective compounds in serum-free DMEM. After 2 and 6 h of incubation, the cells
were washed with 100 uL DPBS. Thereafter, 100 uL of a freshly prepared and pre-warmed
JC-10 working solution (10 uM final concentration) in serum-free DMEM was added to
the cells, and the plate was incubated at 37 °C and 5% CO, for 45 min, protected from
light. Finally, 100 uL DPBS was added to each well for measurement. Fluorescence was
measured using a microplate reader with excitation/emission wavelengths of 485/535 nm
(green fluorescence indicating depolarization) and 535/595 nm (orange fluorescence indi-
cating healthy mitochondria). Blank correction was performed using wells containing cells
without JC-10. Subsequently, data were analyzed by calculating the ratio of fluorescence
intensities at emission wavelengths of 595 nm and 535 nm.

2.10. Seahorse XFe Analysis

Oxygen consumption rate (OCR) was determined using the Seahorse XFe24 Analyzer
(Agilent Technologies, Waldbronn, Germany). A549 and H460 cells were seeded on Sea-
horse XF24 plates (Agilent Technologies) at a density of 2.5 x 10* cells per well and cultured
in serum-containing DMEM for 24 h. After washing with DPBS, cells were incubated with
the indicated substances or vehicle in serum-free DMEM for 24 h. Prior to Seahorse XFe
analysis, the medium was changed to Seahorse XF medium, pH 7.4 (#103575-100, Agilent
Technologies), supplemented with 10 mM glucose, 2 mM glutamine and 1 mM pyruvate.
Following medium exchange, cells were equilibrated in Seahorse XF medium at 37 °C for
1 h prior to OCR measurements. OCR was measured using the Seahorse XF Cell Mito
Stress Test Kit (#103015-100, Agilent Technologies) in accordance with the manufacturer’s
instructions and cell line-specific preliminary tests. Basal OCR was recorded, followed
by sequential injection of oligomycin (1.5 pM; ATP synthase inhibitor; port A), carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP, 2 uM for A549 or 1.5 uM for H460;
uncoupling agent that dissipates the proton gradient and mitochondrial membrane poten-
tial; port B), and rotenone (complex I inhibitor) plus antimycin A (complex III inhibitor;
0.5 uM each; port C). Basal OCR and OCR after each injection were measured over three
consecutive cycles per well. OCR values were normalized to protein content determined
post-experiment. Therefore, 10 uL of lysis buffer (50 mM HEPES, 150 mM NaCl, 1 mM
EDTA, 1% (v/v) Triton® X-100, 10% (v/v) glycerol, 10 ug/mL aprotinin, 1 pug/mL leupeptin,
1 mM orthovanadate and 1 mM PMSF) was added to each well and the lysates were col-
lected. Protein concentration was determined using the Pierce™ BCA Protein Assay Kit
(#23225, Thermo Fisher Scientific).

The Seahorse XF Cell Mito Stress Test Report Generator (Agilent Technologies) was
used to calculate basal respiration, ATP-linked respiration, spare respiratory capacity, and
proton leak. Non-mitochondrial respiration, which represents the minimal respiration
remaining after the injection of rotenone/antimycin A, was automatically subtracted from
the values for basal respiration, spare respiratory capacity, and proton leak.
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2.11. Total Cellular Protein Isolation

A549 or H460 cells were seeded in 10-cm dishes at a density of 2.5 x 10° cells per dish
and cultured for 24 h in serum-containing DMEM before treatment with compounds in
serum-free DMEM. At the end of the incubation, supernatants were collected, cells were
washed with DPBS, and detached using trypsin-EDTA. Supernatants, DPBS washes, and
detached cells from each treatment group were combined and pelleted by centrifugation
(200x g, 4 °C, 5 min). The cell pellet was washed with DPBS and centrifuged again
under the same conditions. The resulting pellet was resuspended in lysis buffer (50 mM
HEPES, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton® X-100, 10% (v/v) glycerol, 10 pg/mL
aprotinin, 1 pg/mL leupeptin, 1 mM orthovanadate, 1 mM PMSF), incubated overnight
at —20 °C, and centrifuged at 20,817 x g and 4 °C for 5 min. The supernatant containing
total cellular protein was collected and stored for subsequent protein analysis. Protein
concentrations were determined using the Pierce™ BCA Protein Assay Kit.

2.12. Mitochondrial Protein Isolation

A549 and H460 cells were seeded, treated and harvested as in the whole-cell protein
isolation experiments (Section 2.11). To achieve a higher total protein quantity, the detached
cells of a treatment group from an independent experiment were combined from two Petri
dishes each. After collecting the cell pellet by centrifugation (200 g, 4 °C, 5 min), it was
washed in 0.9% NaCl and then centrifuged again (200x g, 4 °C, 5 min). Mitochondria and
the cytosolic protein fraction were prepared using the Qproteome Mitochondria Isolation
Kit (#37612, Qiagen, Hilden, Germany) according to the standard protocol provided by
the manufacturer. Mitochondrial proteins were subsequently extracted by treating the
mitochondrial fraction with the same lysis buffer and procedure used for total cellular
protein isolation.

2.13. Western Blot Analysis

Equal amounts of protein were separated on a 10% (ATF4, CPT1A, PARP anal-
ysis) or 15% (all other proteins) SDS—polyacrylamide gel, transferred to a nitrocellu-
lose membrane, and incubated for 1 h in 5% (w/v) NFM or BSA in Tris-buffered
saline containing 0.1% (v/v) Tween® 20 (TBS-T buffer). Following washing with TBS-
T buffer, membranes were incubated overnight at 4 °C with primary antibodies in
1% (w/v) NFM (applies for 3-actin, cytochrome ¢, LC3A /B, OxPhos antibodies, PARP)
or 5% (w/v) BSA (applies for ATF4, cleaved PARP, CPT1A) in TBS-T buffer. The fol-
lowing antibodies were purchased from Cell Signaling Technology (Frankfurt am Main,
Germany): ATF4 (#11815, RRID:AB_2616025), CPT1A (#97361, RRID:AB_2895298), cy-
tochrome c (#11940, RRID:AB_2637071), LC3A /B (#4108, RRID:AB_2137703), PARP (#9532,
RRID:AB_659884), and cleaved PARP (#32563S, RRID:AB_2799024). The OxPhos Human
WB Antibody Cocktail (#45-8199, RRID:AB_2533836) was obtained from Thermo Fisher
Scientific. 3-Actin antibody (#A5441, RRID:AB_476744) was from Sigma-Aldrich. Antibody
against VDAC1/Porin + VDAC3 (#ab14734, RRID:AB_443084) was bought from Abcam
(Berlin, Germany).

After washing with TBS-T buffer, the membranes were incubated with horseradish
peroxidase-conjugated secondary antibodies (anti-rabbit antibody, #7074; RRID:AB_2099233,
or anti-mouse antibody, #7076, RRID:AB_330924; both from Cell Signaling Technology) in
1% (w/v) NFM in TBS-T buffer for 1 h at room temperature. Visualization was performed
with a chemiluminescence solution containing 100 mM Tris-HCI (pH 8.5), 1.25 mM luminol,
200 uM p-coumaric acid, and 0.09% (v/v) HyO,, and antibody binding was detected using
the ChemiDoc XRS gel documentation system (Bio-Rad Laboratories, Munich, Germany).
Signal intensity was quantified using Quantity One 1-D Analysis Software Version 4.6.8
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(Bio-Rad Laboratories). The intensity of each specific protein band was normalized to
that of the loading control. As loading controls, the protein contents of 3-actin (for total
cell protein and proteins in cytosolic fractions) or VDAC (for proteins in mitochondrial
fractions) were related to the respective target protein analyzed. For normalization against
VDAUC, the double band detectable with the VDAC1/Porin + VDACS3 antibody used was
quantified, which is collectively referred to as VDAC in the corresponding blots.

Protein levels were expressed relative to the vehicle control. Band molecular weights
were assigned using the Precision Plus Protein™ Dual Color Standard (Bio-Rad Laborato-
ries). Following detection, membranes were stripped and reprobed for subsequent analysis.

2.14. Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (gRT-PCR)

Cells were seeded in 6-cm Petri dishes as described for the cell cycle assay (Section 2.6).
Following incubation with test substances in serum-free DMEM, cells from each condition
were collected using trypsin-EDTA, centrifuged at 200x g at 4 °C for 5 min, washed with
DPBS, and centrifuged again under the same conditions. RLT buffer from the RNeasy Mini
Kit (#74106, Qiagen, Hilden, Germany) was added to the cell pellet, and RNA isolation
was performed according to the manufacturer’s instructions. RNA concentration was
determined using a NanoDrop™ OneC microvolume UV-Vis spectrophotometer (Thermo
Fisher Scientific), and equal amounts of total RNA were used for qRT-PCR analysis.

PPARx mRNA levels were determined by qRT-PCR using the Applied Biosystems
7500 Fast Real-Time PCR System (Applied Biosystems, Carlsbad, CA, USA) and the Ap-
plied Biosystems® TagMan® RNA-to-CT™ 1-Step Kit (Thermo Fisher Scientific), following
the manufacturer’s instructions. Peptidylprolyl isomerase A (PPIA) was used as a house-
keeping gene. Primers for PPAR« (Assay ID: Hs00947536_m1, FAM-MGB) and PPIA (Assay
ID: Hs99999904_m1, VIC-MGB) were purchased from Thermo Fisher Scientific. Relative
PPARx mRNA expression was calculated using the 2-24Ct method after normalization to
PPIA and the corresponding vehicle control and expressed as percentage of vehicle control.

2.15. Transmission Electron Microscopy

A549 and H460 cells were plated at a density of 2.5 x 10° cells per 10-cm Petri dish and
cultured in serum-containing DMEM for 24 h. Subsequently, cells were treated with CBG,
CBC, or vehicle in serum-free DMEM for 24 h and then collected as described for the whole-
protein extraction experiments. The resulting cell pellets were fixed in a solution containing
2% glutaraldehyde and 1% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3). Further
processing steps correspond to an earlier study [28]. In short, the cell pellet was embedded
in agarose, post-fixed with osmium tetroxide, dehydrated, and infiltrated with Epon 812
resin. After thermal curing, the resulting resin blocks were cut and 0.5 pm sections were
stained with toluidine blue for histological inspection. Thin sections (50-70 nm) were
mounted on copper grids and were contrasted with uranyl acetate and lead citrate for
transmission electron microscopy (TEM). Images were captured using a Zeiss EM 902 TEM
(Carl Zeiss, Oberkochen, Germany) equipped with a side-mounted 1 x 2k FT-CCD camera
(Proscan, Scheuring, Germany) and iTEM camera control and imaging software (iTEM
version number 1187, Olympus Imaging Solutions, Miinster, Germany).

2.16. Statistics

Statistical analyses were performed using GraphPad Prism 9.3.0 or later (GraphPad
Software, San Diego, CA, USA). ICs5y values were estimated by nonlinear regression using
a four-parameter logistic model. Data are presented as mean =+ standard error of the mean
(SEM) from independent experiments (biological replicates) performed on different days
using cells from different passages.
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Comparisons between two groups were performed using unpaired two-tailed Welch’s
t-tests. For multiple group comparisons, one-way ANOVA or repeated-measures (RM)
one-way ANOVA was applied, the latter corresponding to a randomized block design for
matched observations [29]. Post hoc analyses were performed using Dunnett’s test for
comparisons against vehicle controls, or Bonferroni correction for predefined pairwise com-
parisons, as appropriate. In all analyses, p < 0.05 was considered statistically significant.

For RM (randomized block) analyses, each biological replicate was treated as a
matched block, thereby accounting for inter-experimental variability and improving sta-
tistical power by reducing between-experiment variance while preserving estimation of
treatment effect sizes. Statistical significance in this design depends on both effect magni-
tude and within-experiment consistency. Accordingly, small but highly consistent effects
may reach statistical significance, whereas larger but more variable effects may not reach
statistical significance, although they may still be biologically relevant.

For selected assays (cell survival, metabolic activity, caspase activity, mitochondrial
superoxide levels, mitochondrial membrane potential, OCR), technical replicates were
performed per biological replicate. Each technical replicate represented an independent
measurement from a separate well seeded with cells derived from the same biological
replicate, with treatments and assays performed independently in each well. The mean of
the technical replicates was calculated for each biological replicate, and statistical analyses
as well as graphical representations were performed on biological replicate means.

3. Results

3.1. CBG and CBC Decrease the Survival and Metabolic Activity of A549 and H460 Cells in a
Concentration- and Time-Dependent Manner

To obtain initial information on the effects of CBG and CBC on the viability of the two
lung cancer cell lines, the time- and concentration-dependent effects of both phytocannabi-
noids on the survival and metabolic activity of A549 and H460 cells were determined using
crystal violet staining of viable adherent cells and the MTT test. As shown in Figure 1, both
cannabinoids showed a time-dependent inhibitory effect on both parameters in A549 and
H460 cells, resulting in measurable ICs( values within the tested concentration range of up
to 30 uM after only 6 h of incubation (Supplementary Table S1). After 24 h of incubation,
the ICs( values for CBG were around 5 to 6 uM and thus lower than those for CBC, which
ranged from approximately 8 to 11 uM (Supplementary Table S1). Overall, maximum
toxicity appeared to be reached after 24 h, with the inhibition curves (Figure 1) and ICsg
values (Supplementary Table S1) for both cannabinoids being nearly identical after 24 and
48 h of incubation.
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Figure 1. Concentration- and time-dependent effect of CBG and CBC on survival (A-D) and metabolic
activity (E-H) in A549 and H460 cells. Cells were incubated with the respective cannabinoid at the
indicated concentrations for the indicated times. Data were obtained using crystal violet (A-D) or
MTT (E-H) assays. All percentage values shown refer to the respective time-matched vehicle control,
which was set to 100%. Data represent the mean + SEM of 4 biological replicates, each performed in
technical triplicate.

In another set of experiments, the influence of CBG and CBC on the clonogenic prop-
erties of A549 and H460 cells was determined using a colony formation assay. In addition
to its original purpose, which is to determine the effects of ionizing radiation therapy
on in vitro cell systems [30], this test is also frequently employed to assess the long-term
survival rate of tumor cells and to evaluate the effectiveness of cytostatic drugs [31]. In cor-
responding tests, both cannabinoids showed largely concentration-dependent suppression
by up to 33% (10 uM CBG in A549 cells), 40% (10 uM CBC in A549 cells) and 34% (10 uM
CBC in H460 cells), respectively (Figure 2A,C,D). In contrast, the clonogenic properties of
HA460 cells were less affected by CBG (Figure 2B). In A549, a slight clonogenic effect was
observed at a treatment concentration of 1 uM CBG (Figure 2A), which, however, did not
occur at higher concentrations.
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Figure 2. Concentration-dependent effect of CBG and CBC on colony-forming properties of A549 and
H460 cells. Cells were treated with CBG (A,B,E), CBC (C,D,F) or vehicle in serum-containing DMEM
for 7 days. Afterwards, cells were fixed and stained with crystal violet. Colonies were quantified as
the total number of colonies per well. All percentage values shown refer to the respective vehicle
control, which was set to 100%. Data represent the mean 3+ SEM of 6 biological replicates. For each
cell line and cannabinoid, representative photographs from a single biological replicate are shown;
images correspond to individual wells of a 6-well plate (well diameter, 3.5 cm; surface area, 9.5 cm2).
*p <0.05 **p <0.01, ** p < 0.001 vs. corresponding vehicle control; statistical analyses were
performed on raw colony counts using RM one-way ANOVA with Dunnett’s post hoc test.

3.2. CBG and CBC Reduce the Survival Rate and Metabolic Activity of A549 and H460 Cells
Independently of Various Cannabinoid Membrane Receptors, but in the Case of CBG via the
Transcription Factor PPAR«

In order to characterize the shown regulations more precisely with regard to the initial
upstream receptor targets, inhibitor experiments were carried out with antagonists against
the receptors CB; (AM251), CB; (AM630), TRPV1 (capsazepine), and the transcription
factors PPARx (GW6471) and PPARy (GW9662). The concentrations of antagonists or
inhibitors used were selected based on previous studies that documented corresponding
inhibitory effects of CBj, CB,, and TRPV1 antagonists at 1 pM [32-34] and of GW6471 or
GW9662 at 10 uM [35-37]. As in previous work, the antagonists did not markedly affect cell
viability at the concentrations used (Figure 3, Supplementary Figure S1A-D). Cannabinoid
concentrations were selected based on their ability to induce an approximately 50% reduc-
tion in viability (CBG at 6 uM, CBC at 10 uM), as shown in Figure 1. However, no reversal
of the corresponding cannabinoid effects on cell survival was observed in the presence of
CBy, CB; and TRPV1 antagonists (Supplementary Figure S1A-D). Similarly, no inhibition
of CBG and CBC effects and no single-application intrinsic effects of the antagonists were
observed when AM251, AM630, and capsazepine were used at a concentration of 3 uM
each (Supplementary Figure S2).
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Figure 3. Influence of the PPAR«x antagonist GW6471 and the PPARy antagonist GW9662 on the
decrease in cell survival (A-D) and metabolic activity (E-H) mediated by CBG or CBC in A549 and
H460 cells. Cells were pre-treated with GW6471 or GW9662 (each at 10 uM) or their vehicle for 1 h,
followed by a 24 h co-incubation with CBG (6 M) or CBC (10 uM) or their vehicle. Data represent the
mean + SEM of 4 biological replicates, each performed in technical triplicate. * p < 0.05, ** p < 0.01
vs. corresponding vehicle control; # p < 0.05, ## p < 0.01 vs. corresponding CBG-treated group;
statistical analyses were performed on blank-corrected absorbance data using RM one-way ANOVA
with Bonferroni’s post hoc test (pre-specified comparisons).

Based on reports describing CBG as a TRPMS antagonist [11] and findings that TRPM8
inhibition is involved in the antiproliferative effect of CBG on colon cancer cells [38], this
receptor was also investigated as a potential cannabinoid target. To this end, the effect of
the TRPMS8 agonists WS12 and icilin in established and efficient concentrations [39,40] was
examined, which revealed no noticeable effect per se on the viability of A549 and H460
cells. However, these compounds did not affect the reduction in viability induced by either
CBG or CBC (Supplementary Figure SITE-H).

On the other hand, the effects of CBG, both at the level of cell survival and metabolic
activity, were significantly attenuated by the PPARx antagonist GW6471 with an almost
complete reversal in A549 cells (Figure 3A,B,E,F). In the case of CBC, a slight weakening of
the toxic effect was registered, albeit without significance (Figure 3C,D,G,H). In contrast,
the PPARY antagonist GW9662 was ineffective in reversing the viability reduction caused
by CBG and CBC (Figure 3).

To support a PPAR«-specific mechanism rather than nonspecific off-target ef-
fects, GW6471 was again tested at increasing concentrations, revealing a concentration-
dependent attenuation of the CBG-induced reduction in cell survival and metabolic activity
(Supplementary Figure S3).

Additional validation experiments were performed using the structurally distinct
PPAR«x antagonist NXT629, which has been reported to inhibit human PPARx with an
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ICsp of approximately 77-78 nM while displaying substantially weaker activity toward
other PPAR isoforms (PPARS ~6 uM; PPARy ~15 uM) [41-43], thereby indicating high
selectivity for PPAR«. Consistent with this pharmacological profile, NXT629 induced a
concentration-dependent reversal of the CBG- but not CBC-mediated reduction in cell
survival and metabolic activity (Figure 4), thus specifically confirming the involvement of
PPAR« signaling in mediating the effects of CBG.
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Figure 4. Influence of the PPARx antagonist NXT629 on the decrease in cell survival (A,B) and
metabolic activity (C,D) mediated by CBG or CBC in A549 and H460 cells. Cells were pre-treated
with NXT629 at the indicated concentrations or its vehicle for 1 h, followed by a 24 h co-incubation
with CBG (6 uM) or CBC (10 uM) or its vehicle. Data represent the mean + SEM of 8 biological
replicates, each performed in technical triplicate. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. corresponding
vehicle control; # p < 0.05, ## p < 0.01 vs. corresponding CBG- or CBC-treated group; statistical
analyses were performed on blank-corrected absorbance data using RM one-way ANOVA with
Bonferroni’s post hoc test (pre-specified comparisons).

As mentioned earlier, molecular docking, molecular dynamics, and luciferase assays
previously identified CBG as a PPAR«x agonist [12]. In the present study, CBG upregulated
the PPAR«x-dependent inducible protein carnitine palmitoyltransferase 1A (CPT1A) [44-47]
in a concentration-dependent manner in both A549 and H460 cells (Figure 5), confirming
PPARw activation in these cell systems. To explore a potential role of CPT1A in CBG-
induced cytotoxicity, the CPT1A inhibitor etomoxir was tested. However, it did not affect
the CBG-induced decrease in cell viability and metabolic activity in A549 and H460 cells,
suggesting that while CPT1A serves as a marker of PPAR«x activation, it does not directly
contribute to the cytotoxic effects of CBG in these cell lines (Supplementary Figure 54).
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Figure 5. Concentration-dependent effect of CBG on CPT1A expression in A549 (A) and H460 cells
(B). Cells were incubated with CBG at the indicated concentrations for 24 h. CPT1A was quantified
by densitometry, normalized to 3-actin, and expressed relative to the respective vehicle control
(mean = 100%). The blots shown are representative. Data represent the mean + SEM of 3 biological
replicates. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. corresponding vehicle control; statistical analyses
were performed on (3-actin-normalized data expressed as percentages of the respective vehicle control
using one-way ANOVA with Dunnett’s post hoc test.

This study also assessed PPARx mRNA levels in A549 and H460 cells after CBG
incubation. However, consistent with results obtained in HepG2 cells [12], these levels
were not elevated following CBG treatment (Supplementary Figure S5), which rules out
potential feedback effects. Furthermore, GW6471, alone or in combination with CBG, did
not substantially affect basal PPARox mRNA expression (Supplementary Figure S5).

3.3. CBG and CBC Induce Apoptosis and Autophagy in A549 and H460 Cells

To determine whether apoptosis underlies the cell death caused by CBG and CBC, the
externalization of phosphatidylserine (PS) from the inner to the outer leaflet of the plasma
membrane, a hallmark of apoptosis, was assessed by Annexin V staining. To distinguish be-
tween living and dead cells, this assay uses the fluorescent dye 7-AAD (7-aminoactinomycin
D), which can only penetrate cells without an intact cell membrane [48]. The following
positive (+) and negative (—) Annexin and 7-AAD detections are obtained for the analyzed
cells: Annexin V (—) and 7-AAD (—) for non-apoptotic cells; Annexin V (+) and 7-AAD (—)
for cells in early apoptosis; Annexin V (+) and 7-AAD (+) for cells in late apoptosis and dead
cells; Annexin V (—) and 7-AAD (+) for non-apoptotic debris. As shown in Figure 6A,B, a
24-h incubation of both cell lines with CBG and CBC resulted in a concentration-dependent
decrease in living cells, accompanied by an equally concentration-dependent increase in
late apoptotic cells. After 6 h of incubation, early apoptosis increased in response to all
tested concentrations of CBG and CBC, showing a pronounced concentration dependence
in CBG-treated H460 cells (Supplementary Figure S6).
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Figure 6. Concentration-dependent effects of CBG and CBC (24 h treatment) on early and late
apoptosis (A,B) and cell cycle (C,D) in A549 and H460 cells, as determined by the Muse® Annexin
V & Dead Cell Kit and the Muse® Cell Cycle Kit. Cells were incubated for 24 h with the respective
cannabinoid at the specified concentrations or its vehicle. In panels (A,B), cells were stained using
the Muse® Annexin V & Dead Cell Kit to distinguish between living (Live), early apoptotic (Early-
Apo), late apoptotic/dead (Late-Apo/Dead), and non-apoptotic debris. Data in panels (C,D) were
obtained using the Muse® Cell Cycle Kit, with propidium iodide (PI) staining to assess DNA content
and distinguish between different cell cycle phases. Data represent the mean £ SEM of 3 biological
replicates. * p < 0.05,** p < 0.01 vs. corresponding vehicle control; statistical analyses were performed
on percentages of gated cells using RM one-way ANOVA with Dunnett’s post hoc test.

The percentage of total cells present at each phase of the cell cycle (G0/G1, S, and
G2/M) after 24 h of cannabinoid incubation was also quantified. This showed an increase
in the proportion of cells in the GO/G1 phase and a decrease in cells in the G2/M phase
after incubation with both cannabinoids, with the effects being more pronounced for CBG,
accompanied by significant changes in either cell line at 10 uM CBG (Figure 6C,D).

To obtain additional evidence of apoptotic cell death, the effect of CBG and CBC on
the activity of executioner caspases-3 and -7 was investigated (Figure 7). Concentration-
dependent induction was detected for both cannabinoids at three different time points, with
6 uM CBG, which lies within the ICsg cytotoxicity range (Figure 1, Supplementary Table S1),
already resulting in 5.7-fold (A549) and 2.3-fold (H460) inductions after 6 h of incubation
(Figure 7A,B). Even at approximately half-maximal cytotoxic concentrations of 10 pM CBC,
increases in activity of 2.9-fold (A549) and 4.8-fold (H460) were already observed at this
time point (Figure 7C,D).
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Figure 7. Concentration- and time-dependent effect of CBG (A,B) and CBC (C,D) on caspase-3/7
activity in A549 and H460 cells. Cells were incubated with the respective cannabinoid at the indicated
concentrations for the indicated times. Data were obtained using caspase-3/7 activity assays. All
percentage values shown refer to the respective time-matched vehicle control, which was set to 100%.
Data represent the mean + SEM of 3 biological replicates, each performed in technical triplicate.
*p <0.05 ** p <0.01 vs. corresponding vehicle control; statistical analyses were performed on
log-transformed, blank-corrected luminescence data using RM one-way ANOVA with Dunnett’s post

hoc test.

In further experiments, early activation of the two initiator caspases-8 (Figure 8A-D)
and -9 (E-H) by CBG and CBC was also demonstrated after 6 h of incubation of both cell
lines examined. With reference to the previously shown induction of caspase-3/7 by 6
uM CBG and 10 uM CBC after 6 h (Figure 7), an increase in the activities of caspase-8 and
caspase-9 was also observed at this time point upon treatment with the corresponding
cannabinoid concentrations, as expected, with only one exception (Figure 8B). Overall,
CBG and CBC showed a clear concentration-dependent induction of both caspase-8 and
caspase-9 in both cell lines.
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Figure 8. Concentration-dependent effect of CBG and CBC on activation of caspase-8 (A-D) and
caspase-9 (E-H) in A549 and H460 cells. Cells were incubated with CBG or CBC at the indicated
concentrations for 6 h. Data were obtained using caspase activity assays. All percentage values
shown refer to the respective time-matched vehicle control, which was set to 100%. Data repre-
sent the mean £ SEM of 3 biological replicates, each performed in technical triplicate. * p < 0.05,
**p <0.01, ** p <0.001 vs. corresponding vehicle control; statistical analyses were performed on
log-transformed, blank-corrected luminescence data using RM one-way ANOVA with Dunnett’s post
hoc test.

Investigation of the cleavage of poly(ADP-ribose) polymerase (PARP), a downstream
target of effector caspases, revealed significant upregulation at 10 uM CBG in A549 cells
and at 6 uM CBG in H460 cells (Figure 9A,B), while no significant induction was observed
in the presence of CBC (Figure 9C,D). A similar pattern was observed in the analysis of
ATF4 (activating transcription factor 4), a stress-responsive transcription factor mediating
autophagy and endoplasmic reticulum (ER) stress-induced apoptosis, with significant
upregulation by CBG in A549 cells at 10 M and in H460 cells at 6 and 10 uM (Figure 9E,F)
and comparatively lower or non-significant induction by CBC at equimolar concentrations
(Figure 9G,H).
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Figure 9. Concentration-dependent effect of CBG and CBC on PARP cleavage, yielding cleaved
PARP (cPARP; A-D), ATF4 expression (E-H), and conversion of LC3-I to LC3-II (I-L) in A549 and
H460 cells. Cells were incubated with CBG or CBC at the indicated concentrations for 24 h. Bar
graphs show densitometric analysis of the blots. cPARP, PARP, LC3A/B-I, LC3A/B-1I, and ATF4
were normalized to (-actin. ATF4 levels and cPARP/PARP and LC3A /B-II/LC3A/B-I ratios are
expressed relative to the respective vehicle control (mean = 100%). Representative blots are shown.
Data represent the mean + SEM of 3 biological replicates. * p < 0.05, ** p < 0.01, ** p < 0.001 vs.
corresponding vehicle control; statistical analyses were performed on normalized data expressed as
percentages of the respective vehicle control using one-way ANOVA with Dunnett’s post hoc test.

A significant increase in the autophagy marker microtubule-associated protein 1
light chain 3-II (LC3-II) was finally detected for each of the two phytocannabinoids at a
concentration of 10 uM in both lung cancer cell lines examined (Figure 91-L).

3.4. CBG Induces Apoptosis of A549 and H460 Cells in a PPARa-Dependent Manner

To investigate the involvement of PPAR« in the context of apoptosis, selected apoptosis
markers elevated by CBG and CBC were examined by pre-incubation of cells with GW6471.
Under these circumstances, the increase in apoptotic cells and decrease in viable cells
induced by CBG was substantially antagonized by GW6471, with GW6471 alone leading
to an increase in apoptotic A549 and H460 cells (Figure 10A,B). Exemplary plots with
quadrant markings for quantitative determination of the individual cell populations are
shown in Figure 10C for A549 cells.
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Figure 10. Influence of the PPARx antagonist GW6471 on total apoptotic cell fraction following
treatment of A549 (A,C,D) and H460 cells (B,E) with CBG or CBC. Cells were pre-treated with
GW6471 (10 uM) or its vehicle for 1 h, followed by a 24 h co-incubation with CBG (6 pM) or CBC
(10 uM) or its vehicle. The cells were then stained using the Muse® Annexin V & Dead Cell Kit to
distinguish between living (Live), early apoptotic (Early-Apo), late apoptotic/dead (Late-Apo/Dead),
and non-apoptotic debris. Data represent the mean + SEM of 3 biological replicates. * p < 0.05,
**p <0.01 vs. corresponding vehicle control; # p < 0.05 vs. corresponding CBG-treated group;
statistical analyses were performed on percentages of gated cells using RM one-way ANOVA with
Bonferroni’s post hoc test (pre-specified comparisons).

As observed above, GW6471 showed no significant antagonistic effect on the decrease
in living cells caused by CBC (Figure 10D,E). Notably, GW6471 partially inhibited the
CBC-induced increase in late apoptotic/dead cells (Figure 10D,E), although this effect was
quantitatively weaker than its protective effect in CBG-treated cells (Figure 10A,B).

Significant inhibitory effects of the PPARx antagonists GW6471 and NXT629 were
detected for CBG-induced caspase-3/7 activity (Figure 11A,B,E,F). Consistent with the
viability data (Figure 3C,D,G,H) and apoptosis data (Figure 10D,E), GW6471 slightly at-
tenuated CBC-induced caspase-3/7 activity (Figure 11C,D), without reaching statistical
significance. In the case of NXT629, no notable effect on CBC-induced caspase-3/7 activa-
tion was observed (Figure 11G,H).
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Figure 11. Influence of the PPAR« antagonists GW6471 (A-D) and NXT629 (E-H) on caspase-3/7
activity in A549 and H460 cells following treatment with CBG or CBC. Cells were pre-treated with
GW6471 (10 uM) or NXT629 (10 uM) or their vehicle for 1 h, followed by a 24 h co-incubation
with CBG (6 pM) or CBC (10 pM) or their vehicle. Afterwards, the cells were analyzed using
caspase-3/7 activity assays. Percentage values refer to the respective time-matched vehicle control,
which was set to 100%. Data represent the mean 4+ SEM of 4 biological replicates, each performed
in technical triplicate. ** p < 0.01, *** p < 0.001 vs. corresponding vehicle control; # p < 0.05 vs.
corresponding CBG-treated group; statistical analyses were performed on log-transformed, blank-
corrected luminescence data using RM one-way ANOVA with Bonferroni’s post hoc test (pre-specified
comparisons).

In H460 cells, GW6471 was additionally found to significantly reverse the CBG-
upregulated LC-3-1 to LC-3-II conversion, an established autophagy marker (Supplementary
Figure S7B). However, this GW6471 effect was only weakly detectable in CBG-treated A549
cells, although it should be noted as a limitation that GW6471 per se caused a doubling of
basal LC-3-II formation in this cell line (Supplementary Figure S7A).

3.5. CBG and CBC Increase Mitochondrial Superoxide, Decrease Mitochondrial Membrane
Potential and Increase Cytosolic Cytochrome ¢ Levels in A549 and H460 Cells

To investigate mitochondrial involvement in cannabinoid-induced apoptotic cell death,
subsequent investigations focused on mitochondrial alterations elicited by CBG and CBC.
To this end, MitoSOX™ Red, a cell-permeable fluorogenic dye for selective detection
of superoxide in mitochondria of live cells [49,50], was used in an initial experimental
approach to detect mitochondrial superoxide. As shown in Figure 12A-D, increased
mitochondrial superoxide levels were triggered by CBG and CBC in a concentration- and
time-dependent manner in both A549 and H460 cells. In Figure 12EH (both at 6 h), the
statistical significance observed at 0.1 uM CBG and 0.1 uM CBC likely reflects the low
inter-experimental variability relative to the small effect size within the randomized block
ANOVA design rather than a biologically meaningful effect (see Section 2.16).
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Figure 12. Concentration- and time-dependent effect of CBG and CBC on mitochondprial superoxide
(A-D) and changes in mitochondrial membrane potential (E-H) of A549 and H460 cells. Cells were
incubated with CBG or CBC at the indicated concentrations for 24 h. Data were obtained using fluores-
cence measurements, as described in Sections 2.8 and 2.9. Data represent the mean + SEM of 4 (A-D)
or 3 (E-H) biological replicates, each performed in technical triplicate. Percentage values in (A-D)
refer to the respective vehicle control, which was set to 100%. * p < 0.05, ** p < 0.01, *** p < 0.001 vs.
corresponding vehicle control; statistical analyses were performed on log-transformed fluorescence
ratios derived from blank-corrected fluorescence values using RM one-way ANOVA with Dunnett’s
post hoc test.

To measure changes in mitochondrial membrane potential, JC-10, a lipophilic cationic
dye that can selectively penetrate mitochondria, was used (Figure 12E-H). Here, a
concentration-dependent reduction in membrane potential was observed for each cannabi-
noid in both cell lines as early as 2 h after addition, with corresponding effects already
evident at concentrations that were non-toxic (CBG at 1 and 3 uM, CBC at 1 uM) or mini-
mally toxic (CBC at 3 uM) in the MTT or crystal violet test performed after 24 h of incubation
(comp. with Figure 1). Remarkably, CBC showed slightly higher efficiency than CBG in
this assay.

Finally, after an incubation period of 24 h, concentration-dependent increases in
mitochondrial cytochrome ¢ were detected in the cytosolic fractions of cells treated with
CBG (Figure 13A,B) or CBC (Figure 13D). In the case of no apparent effect of CBC in A549
cells (Figure 13C), corresponding analyses were repeated after 2 h of incubation, whereupon
significantly increased concentrations of cytosolic cytochrome c were also detected here
(Supplementary Figure S8).
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Figure 13. Concentration-dependent effect of CBG (A,B) and CBC (C,D) on the release of mito-
chondrial cytochrome c (Cyt ¢) into the cytosol of A549 and H460 cells. Cells were incubated with
CBG or CBC at the indicated concentrations for 24 h. Bar chart values were derived from densito-
metric analyses of the blots. Cyt ¢ levels were normalized on VDAC (mitochondrial fraction) and
-actin (cytosolic fraction). All percentages refer to the respective vehicle control (mean = 100%).
The blots shown are representative and originate from partially different biological replicates when
comparing cytosolic and mitochondrial fractions in a panel. In (D) the same VDAC blot is shown
as in Supplementary Figure S10D, as the same membranes were stripped and reprobed for different
target proteins. Data represent the mean + SEM of 3 biological replicates. * p < 0.05, ** p < 0.01 vs.
corresponding vehicle control; statistical analyses were performed on VDAC- and (3-actin-normalized
data expressed as percentages of the respective vehicle control using one-way ANOVA with Dunnett’s
post hoc test.

3.6. CBG and CBC Induce Mitochondrial Structural Changes in A549 and H460 Cells, as Shown
by Transmission Electron Microscopy

To investigate changes in mitochondrial morphology, electron microscopic images
of A549 and H460 cells were taken. In cells incubated with vehicle, most mitochondria
showed a regular intact structure with numerous cristae (white arrows) and were in
close contact with the rough endoplasmic reticulum (rER) (Figure 14A,D). In contrast,
A549 cells treated with CBG exhibited mitochondria with a severely altered structure,
indicating considerable mitochondrial damage, such as alterations in cristae organization.
Condensed mitochondria (white arrows) and the formation of autophagosomes (asterisks)
were also observed (Figure 14B). In the H460 cells treated with CBG, mitochondria showed
less damage at the cristae (Figure 14E, white arrows). However, in both cell lines the
associated rER was affected by these structural alterations, and the mitochondria-associated
membranes (MAM) were widened or displaced (Figure 14B,E, white arrowhead). With
CBC treatment, damage to the mitochondrial cristae and swelling of the mitochondria
were prominent in both A549 and H460 cells (Figure 14C,F, white arrows). In addition,
autophagosomes (asterisk) and enlarged MAM (arrowhead) were visible in some areas
(Figure 14F).
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Figure 14. Effects of CBG and CBC treatments on the morphology and organelle structure of
A549 and H460 cells. Representative transmission electron microscopy images of A549 cells (A-C)
and H460 cells (D-F) treated with vehicle (A,D), 6 uM CBG (B,E), or 10 uM CBC (C,F) for 24 h.
Overview images with marked areas of interest are shown in the left column, and the corresponding
cellular details of these areas are shown in the images in the right column for each treatment
group. Some exemplary, concise autophagosomes were marked with asterisks. In the vehicle-treated
cells (A,D), numerous regularly shaped, intact mitochondria (white arrows) with adjacent rough
endoplasmic reticulum (rER) membranes can be seen. In contrast, structurally altered mitochondria
were observed in CBG-treated cells (B,E), including damaged mitochondrial cristae, the formation of
autophagosomes (asterisks), and a mild displacement of the mitochondria-associated membranes
(MAM) (white arrowheads). Similarly, after treatment with CBC (C,F), mitochondrial damage
was observed, manifested in altered cristae and swollen mitochondria, but with less prominent
autophagosomes and MAM displacement. The scale bars are 5 um in the overview images and 1 pum
in the detailed images.

3.7. CBG and CBC Suppress Mitochondrial Respiration in A549 and H460 Cells

In the next set of experiments, the oxygen consumption rate (OCR) was determined
as an indicator of mitochondrial respiration. To this end, a mitochondrial stress test
was performed, which quantifies basal respiration, ATP-linked respiration, spare respi-
ratory capacity and proton leak. This revealed a CBG- and CBC-triggered concentration-
dependent decrease in all parameters mentioned in both cell lines, albeit to varying degrees
(Figure 15B,D,EH). Thus, at 6 pM, CBG led to a substantially stronger inhibition of all
calculated OCR values (Figure 15B,D) than equimolar concentrations of CBC (Figure 15FH).
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Inhibition of basal OCR was already detectable at non-toxic concentrations of 3 uM CBG
(comp. with Figure 1). In Figure 15EH (rightmost four-bar sets), statistical significance
was not observed at 6 uM CBC in Figure 15F or at 3 pM CBC in Figure 15H, although
these groups showed the strongest numerical effects, indicating that significance in the
randomized block ANOVA depended strongly on the consistency of within-experiment
responses in addition to the magnitude of the mean effect (see Section 2.16).
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Figure 15. Concentration-dependent effect of CBG (A-D) and CBC (E-H) on oxygen consumption
rates (OCR) in A549 and H460 cells. Cells were incubated with CBG or CBC at the indicated concen-
trations for 24 h. A mitochondrial stress test was then carried out and OCR values were determined
using the Seahorse XFe24 Analyzer. Therefore, oligomycin (port A), FCCP (port B) and antimycin
A /rotenone (port C) were loaded into the respective ports of the sensor cartridges and released into
the wells at the specified times. From this assay, the time courses of OCR (A,C,E,G) in both cell
lines treated with CBG or CBC are shown, and calculations (B,D,F,H) of basal respiration (basal),
ATP-linked respiration (ATP), spare respiratory capacity (spare) and proton leak. Data represent the
mean + SEM of 3 biological replicates, performed in technical duplicates to quadruplicates. * p < 0.05,
**p <0.01, ** p < 0.001 vs. corresponding vehicle control; statistical analyses were performed on
protein-normalized OCR values using RM one-way ANOVA with Dunnett’s post hoc test.

To verify whether the downregulation of various OCR parameters observed in the
presence of 6 pM CBG in both cell lines is caused by the activation of PPAR«x, mito-
chondrial stress tests were also performed using the PPARx antagonist GW6471, which
was administered to the cells in combination with CBG or alone. Thereby, pronounced
inhibitory effects of the antagonist per se on basal respiration, ATP-linked respiration,
spare respiratory capacity, and proton leak were observed, although these were quantita-
tively lower than the corresponding effects of CBG alone (Supplementary Figure S9B,D).
Despite this intrinsic effect, GW6471 in combination with CBG in A549 cells led to a
measurable attenuation of the CBG effect on the four OCR parameters mentioned above
(Supplementary Figure S9B). On the other hand, the attenuation of the CBG action by
GW6471 was less pronounced in H460 cells and was evident here at the level of basal
respiration and proton leak (Supplementary Figure S9D).

3.8. CBG Reduces the Mitochondrial Concentration of NDUFBS, a Subunit of Respiratory Chain
Complex 1, in A549 and H460 Cells

In the next step, the influence of CBG and CBC on the concentrations of specific
subunits of the respiratory chain complexes in protein extracts from isolated mitochondria
was addressed using an OxPhos antibody set. Specifically, NADH:ubiquinone oxidore-
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ductase subunit B8 (NDUFBS, subunit of complex I), succinate dehydrogenase complex
iron-sulfur subunit B (SDHB, subunit of complex II), ubiquinol-cytochrome c reductase
core protein 2 (UQCRC?2, subunit of complex III), cytochrome c oxidase subunit 2 (COX2,
subunit of complex IV) and mitochondrial ATP synthase F1 subunit alpha (ATP5A) were
analyzed. Noteworthy here is a significant reduction in NDUFBS8 of more than 50% in the
mitochondrial fractions of A549 (Figure 16A,B) and H460 cells (Figure 16C,D) treated with
10 uM CBG for 24 h. In contrast, quantitatively comparable reductions in respiratory chain
proteins were not observed in CBC-treated A549 or H460 cells (Supplementary Figure S10).
Nevertheless, CBC led to a moderate decrease in certain proteins, which was statistically
significant for UQCRC2 in H460 cells (Supplementary Figure S10).
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Figure 16. Concentration-dependent effect of CBG on the concentrations of subunits of mitochondrial
respiratory chain complexes in A549 (A,B) and H460 cells (C,D). Cells were treated with the indicated
concentrations of CBG for 24 h. Thereafter, the corresponding proteins in the mitochondrial fractions
were determined using Western blot analysis. Bar chart values were derived from densitometric
analyses of the blots. Mitochondrial proteins were normalized to VDAC. All percentages refer to
the respective vehicle control (mean = 100%). The blots shown are representative. Data represent
the mean + SEM of 3 biological replicates. * p < 0.05, *** p < 0.001 vs. corresponding vehicle
control; statistical analyses were performed on VDAC-normalized data expressed as percentages of
the respective vehicle control using one-way ANOVA with Dunnett’s post hoc test.

4. Discussion

The present study demonstrates the viability-reducing effects of the non-psychoactive
phytocannabinoids CBG and CBC on non-small cell lung cancer cells, highlighting the sig-
nificant involvement of mitochondrial-induced apoptosis and mitochondrial dysfunction
in this process. There are several lines of evidence to support this conclusion. First, in
various assays, both cannabinoids caused a time- and concentration-dependent reduction
in the viability of two established cell lines (A549, H460) of this tumor entity, as reflected by
decreased numbers of adherent cells (crystal violet) and reduced mitochondrial metabolic
activity (MTT), indicating impairment of both cell number and cellular metabolic function.
Second, this process was accompanied by activation of the initiator caspases-8 and -9,
increased activity of the effector caspases-3 and -7, and increased Annexin V positivity on
the cell surface, all of which are established indicators of apoptosis, as well as increased
formation of the autophagy marker LC3-II. Third, in line with the activation of caspase-
9, an increased release of mitochondrial cytochrome c into the cytosol and a reduction

https://doi.org/10.3390/antiox15060754


https://doi.org/10.3390/antiox15060754

Antioxidants 2026, 15, 754

25 of 32

in mitochondrial membrane potential were observed. Fourth, in appropriately treated
cells, the mitochondrial dysfunction caused by both cannabinoids was further confirmed
by increased mitochondrial superoxide formation, structural changes in the mitochon-
dria visible under electron microscopy, a decrease in OCR, and, in the case of CBG, a
reduction in the respiratory chain complex I subunit NDUFBS8. Concerning electron mi-
croscopy analyses, CBG induced widening and displacement of oxidative-stress—sensitive
MAMs [51], which likewise aligns with the CBG-triggered oxidative stress, autophagy and
mitochondrial apoptosis.

The effect of CBG and CBC against cancer cells is well known and was tested on a
number of tumor cell lines by Ligresti et al. as early as 2006 [15], with CBG showing greater
efficacy than CBC, in line with our data. Since then, both cannabinoids have also been
demonstrated to induce apoptosis, with CBG proving effective, for example, in cholangio-
carcinoma [52], colorectal carcinoma [53], glioblastoma [54], mesothelioma [55] and prostate
carcinoma cells [56]. In the case of CBC, pro-apoptotic effects have been described, for
example, in bladder cancer [57], colon carcinoma [58] and pancreatic carcinoma cells [59].

To our knowledge, this is the first study to demonstrate that the pro-apoptotic effect
of CBG on cancer cells is associated with activation of the transcription factor PPARx. As
already mentioned, increased PPAR«x activity in cancer cells has been linked to antiprolifer-
ative [17], cytotoxic [18,19] and mitochondrial dysfunction-promoting [20,21] effects. In the
case of cannabinoids, PPARx dependence of cytotoxic events has so far been demonstrated
for THC, CBD and the combination of THC and CBD in melanoma cells [60].

In the present study, the PPAR« inhibitors GW6471 and NXT629 significantly reversed
the CBG-mediated reduction in cell viability, reflected by changes in cell survival rate
and metabolic activity. Moreover, GW6471 suppressed the CBG-associated increase in
apoptosis markers, including phosphatidylserine externalization, as measured by Annexin
V binding. Consistently, CBG-induced caspase-3/7 activity was reduced by both GW6471
and NXT629. Western blot analyses clearly showed a concentration-dependent induction
of the PPARx-dependent protein CPT1A [44—47] by CBG in both cell lines, which can be
regarded as evidence of PPAR« activation. Finally, no comparable PPARx-dependent cell
death and apoptosis effects were observed in the CBC tests conducted in parallel, although
minor changes were detected. It is noteworthy that CBG, together with cannabidiolic
acid (CBDA) and cannabigerolic acid (CBGA), has previously been identified as a dual
PPARo /v agonist [12]. However, the PPARy antagonist GW9662 did not inhibit the
viability-reducing and pro-apoptotic action of CBG in the present study, which rules out a
significant contribution of PPARY to the CBG effects investigated here.

With regard to other antagonists tested on the CB; and CB; receptors or on TRPV1,
no evidence was found for the involvement of these membrane receptors in CBG- or
CBC-induced cell death. In an earlier study conducted on colorectal cancer cells, the
antiproliferative effect of CBG was mimicked by TRPMS8 antagonists and reduced in
TRPMS-silenced cells [38]. However, in our hands, the two TRPMS8 agonists WS12 and
icilin showed no effect on CBG- and CBC-induced lung cancer cell death, which argues
against the involvement of TRPMS in these processes.

Special mention should also be made of individual parameters recorded in the present
study. Thus, at the time of Annexin V staining to detect apoptosis, the cell cycle was also
determined, which showed percentage increases in the G0/G1 phase and decreases in the
G2/M phase for CBG and CBC. In colorectal cells, similar results were recently reported for
CBG at 30 uM following 24 h incubation, with increased phosphatidylserine externalization,
as indicated by Annexin V binding, accompanied by G1 arrest and a reduced percentage
of cells in G2/M phase [53]. G1 arrest has also been described for other cannabinoids in
tumor cells, including prostate cancer [61] and gastric cancer cells [62].

https:/ /doi.org/10.3390/antiox15060754


https://doi.org/10.3390/antiox15060754

Antioxidants 2026, 15, 754

26 of 32

The early induction of two initiator caspases—caspase-8, a mediator of the extrinsic
pathway, and caspase-9, a mediator of the intrinsic pathway—by CBG and CBC in both cell
lines was surprising, yet consistent with the effects of other cannabinoids in various cancer
cell lines [63—66]. It is also known that both initiator caspases not only activate effector
caspases-3 and -7 in a synergistic manner, but that the cleavage of BID, a member of the
Bcl-2 family, mediated by caspase-8 is also involved in the release of cytochrome c as part
of the intrinsic signaling pathway [67,68].

Interestingly, a significant cleavage of the caspase substrate PARP was detected for
CBG, but not for CBC. In the latter case, this could be due to missing the optimal time
for detection or to a general absence of this reaction. Whatever the cause, cases of early
and late apoptosis have been described in the past, characterized by increased Annexin V
staining, mitochondrial bifurcations, and a reduction in mitochondrial membrane potential,
but without PARP cleavage [69].

Finally, we were able to show that both CBG and CBC led to the activation of autophagy
in A549 and H460 cells, as measured by an upregulation of LC3-II, a standard marker for
autophagosomes. Indeed, autophagosomes associated with mitochondria were abundant
in the electron microscopic analysis of cannabinoid-treated A549 cells. In the case of CBG,
the LC3-II induction in H460 cells also appears to be linked to the activation of PPAR«,
as the LC3-II increase caused by CBG was significantly reduced by the PPAR«x inhibitor
GW6471. This seems to be a cell type-specific reaction that was only very weakly observed
in A549 cells. Autophagy is attributed to cell protection, but it can also play a cytotoxic
role in the sense of non-canonical autophagy-mediated apoptosis, as has been shown, for
example, for the toxic effect of THC on melanoma cells [70].

Treatment with higher concentrations of CBG, alongside the observed changes in LC3-
11, also induced a notable upregulation of ATF4 in the studied cells. ATF4 is a stress-induced
transcription factor with a highly context-dependent role in regulating cell fate. Depending
on the cellular context, it may support cancer cell survival, trigger apoptosis, or induce
autophagy (for review, see [71]). In the present study, potential downstream pathways
mediating the effects of ATF4 induction were not directly explored.

A functional analysis of mitochondrial respiration ultimately revealed that both CBG
and CBC led to concentration-dependent inhibition of basal respiration, ATP-linked respira-
tion, spare respiratory capacity, and proton leak in both A549 and H460 cells. CBG elicited a
greater reduction in all calculated OCR values than CBC and triggered significant inhibition
of basal OCR even at non-toxic concentrations. Furthermore, at the highest concentration
tested, CBG caused a more than 50% reduction in the protein concentrations of NDUFBS, a
subunit of respiratory chain complex I. An earlier investigation by our group also described
a reduction in complex I subunit in glioblastoma cells through the combination of THC and
CBD [72]. Literature data on the influence of CBG and CBC on oxidative phosphorylation
using an extracellular flow analyzer are scarce. When testing a concentration of 3 uM CBG
in hormone-refractory prostate cancer cells [73], a tendency toward increased OCR was
observed, while CBD at 3 uM significantly inhibited the maximum capacity of oxidative
phosphorylation under the same conditions.

Previous studies on the effect of PPAR« activation on mitochondrial respiration have
yielded varying and sometimes contradictory results. On the one hand, PPAR« stimulates
genes for fatty acid uptake and 3-oxidation, thereby also providing more substrates for
mitochondrial respiration, accompanied by an increase in basal OCR, ATP-bound OCR, and
reserve respiratory capacity when fatty acids are available [74]. On the other hand, PPAR«
agonists can also reduce OCR when glycolysis is simultaneously suppressed or apoptosis
is induced [20,75]. In one of these studies, the PPAR«x activator fenofibrate was shown
to act primarily by inhibiting complex I of the respiratory chain [76], which is consistent
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with the CBG-mediated downregulation of NDUFB8 described above. In the present study,
PPAR« inhibition with GW6471 led to a partial, non-significant reversal of the inhibitory
effect of CBG on basal respiration, ATP-linked respiration, spare respiratory capacity, and
proton leak in A549 cells, suggesting at least a certain role for PPARc in this process. These
reversal effects were recorded despite the pronounced inhibitory effects of GW6471 on the
aforementioned respiration parameters when applied to the cells alone. Remarkably, both
effects are also found in the literature. Thus, the basal respiration, ATP-linked respiration,
and maximum respiration reduced by the PPAR« agonist fenofibrate in gastric cancer
cells were reversed by PPARx siRNA [20]. In human glioblastoma cells, however, PPARo
siRNA did not prevent the OCR reduction caused by fenofibrate, and GW6471 caused
only minimal reversal [77]. With GW6471 alone, OCR reductions were observed at 25 uM
in renal carcinoma cells [78] and at 5 pM in ovarian cancer stem cells [79], while a slight
increase in OCR was found at 1 uM in human glioblastoma cells [77]. In summary, the effect
of both PPAR« activation and inhibition on mitochondrial respiration is context-dependent
and requires further in-depth analysis, in this case particularly with regard to the effect
of CBG.

This study has several limitations that should be considered. First, unlike CBG,
no initial receptor for CBC could be identified that triggers the pro-apoptotic signaling
cascade under the conditions used. While CBC-induced cytotoxicity has been linked to
CB, and TRPV1 in pancreatic cancer cells [59], these receptors did not appear to mediate
the effects observed in our model, pointing to potential cell type—specific differences.
Second, CBG-induced PPAR«x activation was assessed indirectly by measuring CPT1A
induction and by pharmacological inhibition using different antagonists, including the
highly selective antagonist NXT629 [41-43]. Although widely applied, this approach does
not fully substitute for direct functional assays. Prior studies have demonstrated binding
of CBG to the PPAR«x ligand-binding domain through molecular modeling and confirmed
functional receptor activation in luciferase reporter assays [12]. Extending such approaches
to lung cancer models would further strengthen mechanistic insight. Third, complementary
genetic approaches, such as siRNA-mediated knockdown, could further corroborate the
PPARx-dependent effects of CBG.

5. Conclusions

The non-psychoactive phytocannabinoids CBG and CBC, which remain comparatively
underexplored, were shown to induce pronounced pro-apoptotic effects and mitochondrial
dysfunction in the human lung cancer cell lines A549 and H460, with CBG acting via the
transcription factor PPAR«x to promote apoptotic cell death. Notably, CBG exerted stronger
effects than CBC with regard to cell viability reduction and inhibition of mitochondrial
respiration, suggesting greater translational relevance for therapeutic development. The
involvement of PPARx in CBG-mediated cytotoxicity warrants further investigation in
preclinical models and across additional tumor entities.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /antiox15060754/s1. Table S1. Concentration-dependent effects of
CBG and CBC on survival and metabolic activity in A549 and H460 cells incubated with CBG or CBC
for different periods of time. Figure S1. Influence of antagonists of CB; (AM251), CB, (AM630), and
TRPV1 (capsazepine, CPZ) (A-D), as well as agonists of TRPMS8 (WS12, icilin) (E-H), on the decrease
in cell survival mediated by CBG or CBC in A549 and H460 cells. Figure S2. Influence of antagonists
of CB; (AM251), CB,; (AM630), and TRPV1 (capsazepine, CPZ), each at 3 uM, on the decrease in
cell survival mediated by CBG (A,B) or CBC (C,D) in A549 and H460 cells. Figure S3. Influence of
the PPAR« antagonist GW6471 on the decrease in cell survival (A,B) and metabolic activity (C,D)
mediated by CBG in A549 and H460 cells. Figure S4. Influence of the CPT1A antagonist etomoxir on
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the decrease in cell survival (A,B) and metabolic activity (C,D) mediated by CBG in A549 and H460
cells. Figure S5. Effect of CBG and the PPAR«x antagonist GW6471, tested alone or in combination,
on PPARa mRNA expression in A549 (A) and H460 cells (B). Figure S6. Concentration-dependent
effects of CBG and CBC (6 h treatment) on early and late apoptosis in A549 (A) and H460 cells
(B), as determined by the Muse® Annexin V & Dead Cell Kit. Figure S7. Influence of the PPARwx
antagonist GW6471 on CBG-induced LC3-I to LC3-II conversion in A549 (A) and H460 cells (B).
Figure S8. Effect of CBC (10 uM) on the release of mitochondrial cytochrome ¢ (Cyt c) into the cytosol
of A549 cells. Figure S9. Influence of the PPAR« antagonist GW6471 on CBG-induced changes in
OCR values in A549 (A,C) and H460 cells (B,D). Figure S10. Concentration-dependent effect of CBC
on the concentrations of subunits of mitochondrial respiratory chain complexes in A549 (A,B) and
H460 cells (C,D).

Author Contributions: Conceptualization, B.H.; methodology, T.S., EW. and M.E,; formal analysis,
T.S., EW,, M.F. and B.H.; investigation, T.S., EW., M.F. and B.H.; resources, B.H. and M.E,; writing—
original draft preparation, B.H.; writing—review and editing, T.S., EW., M.F. and B.H.; visualization,
T.S., ML.E. and B.H.; supervision, B.H.; project administration, B.H. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials. Further inquiries can be directed to the corresponding author.

Acknowledgments: The authors acknowledge technical support provided by Ute Schulz and Karoline
Schulz (Electron Microscopy Center). Furthermore, the authors acknowledge assistance in manuscript
preparation provided by Jessica Pichl.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Schwarz, R.; Ramer, R.; Hinz, B. Targeting the endocannabinoid system as a potential anticancer approach. Drug Metab. Rev. 2018,
50, 26-53. [CrossRef] [PubMed]

2. Hinz, B.; Ramer, R. Cannabinoids as anticancer drugs: Current status of preclinical research. Br. J. Cancer 2022, 127, 1-13.
[CrossRef] [PubMed]

3. Ramer, R; Hinz, B. Effect of cannabinoids on the efficacy and side effects of anticancer therapeutic strategies—Current status of
preclinical and clinical research. Pharmacol. Ther. 2025, 270, 108851. [CrossRef]

4. Twelves, C.; Sabel, M.; Checketts, D.; Miller, S.; Tayo, B.; Jove, M.; Brazil, L.; Short, S.C.; GWCA1208 Study Group. A phase 1b
randomised, placebo-controlled trial of nabiximols cannabinoid oromucosal spray with temozolomide in patients with recurrent
glioblastoma. Br. J. Cancer 2021, 124, 1379-1387. [CrossRef]

5. Gaoni, Y;; Mechoulam, R. Proceedings of the Chemical Society. March 1964. Proc. Chem. Soc. 1964, 73-100. [CrossRef]

6.  Gaoni, Y.; Mechoulam, R. The isolation and structure of Al—tetrahydrocannabinol and other neutral cannabinoids from hashish. J.
Am. Chem. Soc. 1971, 93, 217-224. [CrossRef]

7. Gaoni, Y.; Mechoulam, R. Cannabichromene, a new active principle in hashish. Chem. Commun. 1966, 20-21. [CrossRef]

8. Navarro, G.; Varani, K.; Lillo, A.; Vincenzi, F.; Rivas-Santisteban, R.; Raich, I.; Reyes-Resina, I.; Ferreiro-Vera, C.; Borea,
P.A.; Sanchez de Medina, V.; et al. Pharmacological data of cannabidiol- and cannabigerol-type phytocannabinoids acting on
cannabinoid CB;, CB; and CB; /CB, heteromer receptors. Pharmacol. Res. 2020, 159, 104940. [CrossRef]

9.  Zagzoog, A.; Mohamed, K.A.; Kim, H.].].; Kim, E.D.; Frank, C.S.; Black, T.; Jadhav, P.D.; Holbrook, L.A.; Laprairie, R.B. In vitro
and in vivo pharmacological activity of minor cannabinoids isolated from Cannabis sativa. Sci. Rep. 2020, 10, 20405. [CrossRef]

10. Muller, C.; Morales, P.,; Reggio, PH. Cannabinoid Ligands Targeting TRP Channels. Front. Mol. Neurosci. 2019, 11, 487. [CrossRef]

11.  De Petrocellis, L.; Vellani, V.; Schiano-Moriello, A.; Marini, P.; Magherini, P.C.; Orlando, P.; Di Marzo, V. Plant-derived cannabi-

noids modulate the activity of transient receptor potential channels of ankyrin type-1 and melastatin type-8. J. Pharmacol. Exp.
Ther. 2008, 325, 1007-1015. [CrossRef]

https:/ /doi.org/10.3390/antiox15060754


https://doi.org/10.1080/03602532.2018.1428344
https://www.ncbi.nlm.nih.gov/pubmed/29390896
https://doi.org/10.1038/s41416-022-01727-4
https://www.ncbi.nlm.nih.gov/pubmed/35277658
https://doi.org/10.1016/j.pharmthera.2025.108851
https://doi.org/10.1038/s41416-021-01259-3
https://doi.org/10.1039/ps9640000073
https://doi.org/10.1021/ja00730a036
https://doi.org/10.1039/c19660000020
https://doi.org/10.1016/j.phrs.2020.104940
https://doi.org/10.1038/s41598-020-77175-y
https://doi.org/10.3389/fnmol.2018.00487
https://doi.org/10.1124/jpet.107.134809
https://doi.org/10.3390/antiox15060754

Antioxidants 2026, 15, 754 29 of 32

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

D’Aniello, E.; Fellous, T.; lannotti, FA.; Gentile, A.; Allara, M.; Balestrieri, F; Gray, R.; Amodeo, P,; Vitale, RM.; Di Marzo,
V. Identification and characterization of phytocannabinoids as novel dual PPAR«/y agonists by a computational and in vitro
experimental approach. Biochim. Biophys. Acta Gen. Subj. 2019, 1863, 586-597. [CrossRef] [PubMed]

Rosenthaler, S.; Pohn, B.; Kolmanz, C.; Huu, C.N.; Krewenka, C.; Huber, A.; Kranner, B.; Rausch, W.D.; Moldzio, R. Differences in
receptor binding affinity of several phytocannabinoids do not explain their effects on neural cell cultures. Neurotoxicol. Teratol.
2014, 46, 49-56. Erratum in Neurotoxicol. Teratol. 2016, 54, 89-93. https://doi.org/10.1016/j.ntt.2015.12.002. [CrossRef]

Udoh, M.; Santiago, M.; Devenish, S.; McGregor, 1.S.; Connor, M. Cannabichromene is a cannabinoid CB, receptor agonist. Br. J.
Pharmacol. 2019, 176, 4537-4547. [CrossRef]

Ligresti, A.; Moriello, A.S.; Starowicz, K.; Matias, I.; Pisanti, S.; De Petrocellis, L.; Laezza, C.; Portella, G.; Bifulco, M.; Di Marzo, V.
Antitumor activity of plant cannabinoids with emphasis on the effect of cannabidiol on human breast carcinoma. J. Pharmacol.
Exp. Ther. 2006, 318, 1375-1387. [CrossRef] [PubMed]

Li, S.; Li, W,; Malhi, N.K.; Huang, J.; Li, Q.; Zhou, Z.; Wang, R.; Peng, ].; Yin, T.; Wang, H. Cannabigerol (CBG): A Comprehensive
Review of Its Molecular Mechanisms and Therapeutic Potential. Molecules 2024, 29, 5471. [CrossRef]

Bocca, C.; Bozzo, F; Martinasso, G.; Canuto, R.A.; Miglietta, A. Involvement of PPAR« in the growth inhibitory effect of
arachidonic acid on breast cancer cells. Br. |. Nutr. 2008, 100, 739-750. [CrossRef]

Kwong, S.C.; Jamil, A.H.A.; Rhodes, A.; Taib, N.A.; Chung, I. Metabolic role of fatty acid binding protein 7 in mediating
triple-negative breast cancer cell death via PPAR-o signaling. J. Lipid Res. 2019, 60, 1807-1817. [CrossRef] [PubMed]

Hwang, S.; Yang, S.; Park, K.; Kim, B.; Kim, M.; Shin, S.; Yoo, A.; Ahn, J.; Jang, J.; Yim, Y.S; et al. Induction of Fatty Acid Oxidation
Underlies DNA Damage-Induced Cell Death and Ameliorates Obesity-Driven Chemoresistance. Adv. Sci. 2024, 11, €2304702.
[CrossRef]

Chen, L.; Peng, ].; Wang, Y.; Jiang, H.; Wang, W.; Dai, ].; Tang, M.; Wei, Y.; Kuang, H.; Xu, G.; et al. Fenofibrate-induced
mitochondrial dysfunction and metabolic reprogramming reversal: The anti-tumor effects in gastric carcinoma cells mediated by
the PPAR pathway. Am. |. Transl. Res. 2020, 12, 428-446. [PubMed Central]

Jan, C.I; Tsai, M.H.; Chiu, C.F,; Huang, Y.P;; Liu, C.J.; Chang, N.W. Fenofibrate Suppresses Oral Tumorigenesis via Reprogramming
Metabolic Processes: Potential Drug Repurposing for Oral Cancer. Int. . Biol. Sci. 2016, 12, 786-798. [CrossRef]

Kim, SM.; Woo, ].S.; Jeong, C.H.; Ryu, C.H.; Lim, J.Y,; Jeun, S.S. Effective combination therapy for malignant glioma with
TRAIL-secreting mesenchymal stem cells and lipoxygenase inhibitor MK886. Cancer Res. 2012, 72, 4807-4817. [CrossRef]
Spaner, D.E; Lee, E.; Shi, Y.; Wen, F; Li, Y,; Tung, S.; McCaw, L.; Wong, K.; Gary-Gouy, H.; Dalloul, A.; et al. PPAR-alpha is a
therapeutic target for chronic lymphocytic leukemia. Leukemia 2013, 27, 1090-1099. [CrossRef] [PubMed]

Ammazzalorso, A.; De Lellis, L.; Florio, R.; Bruno, I.; De Filippis, B.; Fantacuzzi, M.; Giampietro, L.; Maccallini, C.; Perconti,
S.; Verginelli, E; et al. Cytotoxic effect of a family of peroxisome proliferator-activated receptor antagonists in colorectal and
pancreatic cancer cell lines. Chem. Biol. Drug Des. 2017, 90, 1029-1035. [CrossRef] [PubMed]

Florio, R.; De Lellis, L.; di Giacomo, V.; Di Marcantonio, M.C.; Cristiano, L.; Basile, M.; Verginelli, E; Verzilli, D.; Ammazzalorso,
A.; Prasad, S.C; et al. Effects of PPAR« inhibition in head and neck paraganglioma cells. PLoS ONE 2017, 12, e0178995. [CrossRef]
[PubMed]

Tan, Y.; Wang, M.; Yang, K.; Chi, T.; Liao, Z.; Wei, P. PPAR-& Modulators as Current and Potential Cancer Treatments. Front. Oncol.
2021, 11, 599995. [CrossRef]

Gambacurta, A.; Tullio, V.; Savini, I.; Catani, M.V.; Gasperi, V. In Vitro Cell-Based MTT and Crystal Violet Assays for Drug Toxicity
Screening. Methods Mol. Biol. 2025, 2834, 293-301. [CrossRef]

Wendt, F.; Wittig, F; Rupprecht, A.; Ramer, R.; Langer, P; Emmert, S.; Frank, M.; Hinz, B. A Thia-Analogous Indirubin N-Glycoside
Disrupts Mitochondrial Function and Causes the Death of Human Melanoma and Cutaneous Squamous Cell Carcinoma Cells.
Cells 2023, 12, 2409. [CrossRef]

Lew, M. Good statistical practice in pharmacology. Problem 2. Br. |. Pharmacol. 2007, 152, 299-303. [CrossRef]

Puck, T.T.; Marcus, PI. Action of X-rays on mammalian cells. J. Exp. Med. 1956, 103, 653-666. [CrossRef]

Franken, N.A.; Rodermond, H.M.; Stap, J.; Haveman, J.; van Bree, C. Clonogenic assay of cells in vitro. Nat. Profoc. 2006, 1,
2315-2319. [CrossRef]

Jacobsson, S.0.; Wallin, T.; Fowler, C.J. Inhibition of rat C6 glioma cell proliferation by endogenous and synthetic cannabinoids.
Relative involvement of cannabinoid and vanilloid receptors. J. Pharmacol. Exp. Ther. 2001, 299, 951-959. [CrossRef] [PubMed]
Ramer, R.; Hinz, B. Inhibition of cancer cell invasion by cannabinoids via increased expression of tissue inhibitor of matrix
metalloproteinases-1. J. Natl. Cancer Inst. 2008, 100, 59-69. [CrossRef]

Priiser, J.L.; Ramer, R.; Wittig, F.; Ivanov, I.; Merkord, J.; Hinz, B. The Monoacylglycerol Lipase Inhibitor JZL184 Inhibits Lung
Cancer Cell Invasion and Metastasis via the CB; Cannabinoid Receptor. Mol. Cancer Ther. 2021, 20, 787-802. [CrossRef]

Eichele, K.; Ramer, R.; Hinz, B. Decisive role of cyclooxygenase-2 and lipocalin-type prostaglandin D synthase in
chemotherapeutics-induced apoptosis of human cervical carcinoma cells. Oncogene 2008, 27, 3032-3044. [CrossRef]

https://doi.org/10.3390/antiox15060754


https://doi.org/10.1016/j.bbagen.2019.01.002
https://www.ncbi.nlm.nih.gov/pubmed/30611848
https://doi.org/10.1016/j.ntt.2015.12.002
https://doi.org/10.1016/j.ntt.2014.09.003
https://doi.org/10.1111/bph.14815
https://doi.org/10.1124/jpet.106.105247
https://www.ncbi.nlm.nih.gov/pubmed/16728591
https://doi.org/10.3390/molecules29225471
https://doi.org/10.1017/S0007114508942161
https://doi.org/10.1194/jlr.M092379
https://www.ncbi.nlm.nih.gov/pubmed/31484694
https://doi.org/10.1002/advs.202304702
https://pmc.ncbi.nlm.nih.gov/articles/PMC7061836
https://doi.org/10.7150/ijbs.13851
https://doi.org/10.1158/0008-5472.CAN-12-0123
https://doi.org/10.1038/leu.2012.329
https://www.ncbi.nlm.nih.gov/pubmed/23160450
https://doi.org/10.1111/cbdd.13026
https://www.ncbi.nlm.nih.gov/pubmed/28544586
https://doi.org/10.1371/journal.pone.0178995
https://www.ncbi.nlm.nih.gov/pubmed/28594934
https://doi.org/10.3389/fonc.2021.599995
https://doi.org/10.1007/978-1-0716-4003-6_14
https://doi.org/10.3390/cells12192409
https://doi.org/10.1038/sj.bjp.0707372
https://doi.org/10.1084/jem.103.5.653
https://doi.org/10.1038/nprot.2006.339
https://doi.org/10.1016/S0022-3565(24)29216-8
https://www.ncbi.nlm.nih.gov/pubmed/11714882
https://doi.org/10.1093/jnci/djm268
https://doi.org/10.1158/1535-7163.MCT-20-0589
https://doi.org/10.1038/sj.onc.1210962
https://doi.org/10.3390/antiox15060754

Antioxidants 2026, 15, 754 30 of 32

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Ramer, R.; Walther, U.; Borchert, P.; Laufer, S.; Linnebacher, M.; Hinz, B. Induction but not inhibition of COX-2 confers human
lung cancer cell apoptosis by celecoxib. J. Lipid Res. 2013, 54, 3116-3129. [CrossRef] [PubMed]

Wollank, Y.; Ramer, R.; Ivanov, I.; Salamon, A.; Peters, K.; Hinz, B. Inhibition of FAAH confers increased stem cell migration via
PPARo. |. Lipid Res. 2015, 56, 1947-1960. [CrossRef] [PubMed]

Borrelli, F;; Pagano, E.; Romano, B.; Panzera, S.; Maiello, F.; Coppola, D.; De Petrocellis, L.; Buono, L.; Orlando, P; 1zzo, A.A.
Colon carcinogenesis is inhibited by the TRPMS8 antagonist cannabigerol, a Cannabis-derived non-psychotropic cannabinoid.
Carcinogenesis 2014, 35, 2787-2797. [CrossRef]

Andersson, D.A.; Chase, HW.; Bevan, S. TRPMS activation by menthol, icilin, and cold is differentially modulated by intracellular
pH. J. Neurosci. 2004, 24, 5364-5369. [CrossRef] [PubMed]

Grolez, G.P; Hammadi, M.; Barras, A.; Gordienko, D.; Slomianny, C.; Volkel, P.; Angrand, P.O.; Pinault, M.; Guimaraes, C;
Potier-Cartereau, M.; et al. Encapsulation of a TRPM8 Agonist, WS12, in Lipid Nanocapsules Potentiates PC3 Prostate Cancer
Cell Migration Inhibition through Channel Activation. Sci. Rep. 2019, 9, 7926. [CrossRef]

Bravo, Y.; Baccei, C.S.; Broadhead, A.; Bundey, R.; Chen, A ; Clark, R.; Correa, L.; Jacintho, ].D.; Lorrain, D.S.; Messmer, D.; et al.
Identification of the first potent, selective and bioavailable PPAR« antagonist. Bioorg. Med. Chem. Lett. 2014, 24, 2267-2272.
[CrossRef]

Messmer, D.; Lorrain, K.; Stebbins, K.; Bravo, Y.; Stock, N.; Cabrera, G.; Correa, L.; Chen, A.; Jacintho, J.; Chiorazzi, N.;
et al. A Selective Novel Peroxisome Proliferator-Activated Receptor (PPAR)-a Antagonist Induces Apoptosis and Inhibits
Proliferation of CLL Cells In Vitro and In Vivo. Mol. Med. 2015, 21, 410-419. Erratum in Mol. Med. 2015, 21, 665. https:
//doi.org/10.2119/molmed.2015.00139.erratum. [CrossRef]

Stebbins, K.J.; Broadhead, A.R.; Cabrera, G.; Correa, L.D.; Messmer, D.; Bundey, R.; Baccei, C.; Bravo, Y.; Chen, A.; Stock, N.S,;
et al. In vitro and in vivo pharmacology of NXT629, a novel and selective PPARx antagonist. Eur. J. Pharmacol. 2017, 809, 130-140.
[CrossRef] [PubMed]

Napal, L.; Marrero, P.F.,; Haro, D. An intronic peroxisome proliferator-activated receptor-binding sequence mediates fatty acid
induction of the human carnitine palmitoyltransferase 1A. J. Mol. Biol. 2005, 354, 751-759. [CrossRef] [PubMed]
Rakhshandehroo, M.; Hooiveld, G.; Miiller, M.; Kersten, S. Comparative analysis of gene regulation by the transcription factor
PPAR« between mouse and human. PLoS ONE 2009, 4, e6796. [CrossRef] [PubMed]

Song, S.; Attia, R.R.; Connaughton, S.; Niesen, M.I;; Ness, G.C.; Elam, M.B.; Hori, R.T.; Cook, G.A.; Park, E.A. Peroxisome
proliferator activated receptor alpha (PPAR«) and PPAR gamma coactivator (PGC-1«x) induce carnitine palmitoyltransferase IA
(CPT-1A) via independent gene elements. Mol. Cell. Endocrinol. 2010, 325, 54—63. [CrossRef]

Wang, R.; Zhao, J.; Jin, J.; Tian, Y.; Lan, L.; Wang, X.; Zhu, L.; Wang, ]. WY-14643 attenuates lipid deposition via activation of the
PPAR«x/CPT1A axis by targeting Gly335 to inhibit cell proliferation and migration in ccRCC. Lipids Health Dis. 2022, 21, 121.
[CrossRef]

Wlodkowic, D.; Telford, W.; Skommer, J.; Darzynkiewicz, Z. Apoptosis and beyond: Cytometry in studies of programmed cell
death. Methods Cell Biol. 2011, 103, 55-98. [CrossRef]

Robinson, K.M.; Janes, M.S.; Pehar, M.; Monette, ].S.; Ross, M.E; Hagen, T.M.; Murphy, M.P.; Beckman, J.S. Selective fluorescent
imaging of superoxide in vivo using ethidium-based probes. Proc. Natl. Acad. Sci. USA 2006, 103, 15038-15043. [CrossRef]
Mukhopadhyay, P.; Rajesh, M.; Yoshihiro, K.; Haské, G.; Pacher, P. Simple quantitative detection of mitochondrial superoxide
production in live cells. Biochem. Biophys. Res. Commun. 2007, 358, 203-208. [CrossRef]

An, G,; Park, J.; Song, J.; Hong, T.; Song, G.; Lim, W. Relevance of the endoplasmic reticulum-mitochondria axis in cancer
diagnosis and therapy. Exp. Mol. Med. 2024, 56, 40-50. [CrossRef]

Viereckl, M.].; Krutsinger, K.; Apawu, A.; Gu, J.; Cardona, B.; Barratt, D.; Han, Y. Cannabidiol and Cannabigerol Inhibit
Cholangiocarcinoma Growth In Vitro via Divergent Cell Death Pathways. Biomolecules 2022, 12, 854. [CrossRef]

Park, ].H.; Hwang, Y.N.; Na, H.H.; Kim, D.Y,; Lee, H.]J.; Kwon, T.H.; Park, ].S.; Kim, K.C. Cannabigerol Treatment Shows
Antiproliferative Activity and Causes Apoptosis of Human Colorectal Cancer Cells. ]. Pharmacopunct. 2024, 27, 332-339.
[CrossRef]

Lah, T.T,; Novak, M.; Pena Almidon, M.A.; Marinelli, O.; Zvar Baskovi¢, B.; Maijc, B.; Mlinar, M.; Bosnjak, R.; Breznik, B.; Zomer,
R.; et al. Cannabigerol Is a Potential Therapeutic Agent in a Novel Combined Therapy for Glioblastoma. Cells 2021, 10, 340.
[CrossRef] [PubMed]

Colvin, EK.; Hudson, A.L.; Anderson, L.L.; Kumar, R.P.; McGregor, 1.S.; Howell, VM.; Arnold, J.C. An Examination of the
Anti-Cancer Properties of Plant Cannabinoids in Preclinical Models of Mesothelioma. Cancers 2022, 14, 3813. [CrossRef] [PubMed]
De Petrocellis, L.; Ligresti, A.; Schiano Moriello, A.; Iappelli, M.; Verde, R.; Stott, C.G.; Cristino, L.; Orlando, P.; Di Marzo, V.
Non-THC cannabinoids inhibit prostate carcinoma growth in vitro and in vivo: Pro-apoptotic effects and underlying mechanisms.
Br. J. Pharmacol. 2013, 168, 79-102. [CrossRef]

Whynot, E.G.; Tomko, A.M.; Dupré, D.J. Anticancer properties of cannabidiol and A°-tetrahydrocannabinol and synergistic
effects with gemcitabine and cisplatin in bladder cancer cell lines. J. Cannabis Res. 2023, 5, 7. [CrossRef]

https://doi.org/10.3390/antiox15060754


https://doi.org/10.1194/jlr.M042283
https://www.ncbi.nlm.nih.gov/pubmed/23943857
https://doi.org/10.1194/jlr.M061473
https://www.ncbi.nlm.nih.gov/pubmed/26263913
https://doi.org/10.1093/carcin/bgu205
https://doi.org/10.1523/JNEUROSCI.0890-04.2004
https://www.ncbi.nlm.nih.gov/pubmed/15190109
https://doi.org/10.1038/s41598-019-44452-4
https://doi.org/10.1016/j.bmcl.2014.03.090
https://doi.org/10.2119/molmed.2015.00139.erratum
https://doi.org/10.2119/molmed.2015.00139.erratum
https://doi.org/10.2119/molmed.2015.00139
https://doi.org/10.1016/j.ejphar.2017.05.008
https://www.ncbi.nlm.nih.gov/pubmed/28483457
https://doi.org/10.1016/j.jmb.2005.09.097
https://www.ncbi.nlm.nih.gov/pubmed/16271724
https://doi.org/10.1371/journal.pone.0006796
https://www.ncbi.nlm.nih.gov/pubmed/19710929
https://doi.org/10.1016/j.mce.2010.05.019
https://doi.org/10.1186/s12944-022-01726-7
https://doi.org/10.1016/b978-0-12-385493-3.00004-8
https://doi.org/10.1073/pnas.0601945103
https://doi.org/10.1016/j.bbrc.2007.04.106
https://doi.org/10.1038/s12276-023-01137-3
https://doi.org/10.3390/biom12060854
https://doi.org/10.3831/KPI.2024.27.4.332
https://doi.org/10.3390/cells10020340
https://www.ncbi.nlm.nih.gov/pubmed/33562819
https://doi.org/10.3390/cancers14153813
https://www.ncbi.nlm.nih.gov/pubmed/35954477
https://doi.org/10.1111/j.1476-5381.2012.02027.x
https://doi.org/10.1186/s42238-023-00174-z
https://doi.org/10.3390/antiox15060754

Antioxidants 2026, 15, 754 31 of 32

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Paduch, R.; Szwaczko, K.; Dziuba, K.; Wiater, A. Exploring the Potential of Synthetic Cannabinoids: Modulation of Biological
Activity of Normal and Cancerous Human Colon Epithelial Cells. Cells 2024, 13, 1616. [CrossRef]

Hwang, Y.N.; Park, ]. H.; Na, H.H.; Kwon, TH.; Park, ].S.; Chae, S.; Oh, Y.T.; Kim, K.C. Cannabichromene: Integrative modulation
of apoptosis, ferroptosis, and endocannabinoid signaling in pancreatic cancer therapy. Cell Death Discov. 2025, 11, 377. [CrossRef]
Richtig, G.; Kienzl, M; Rittchen, S.; Roula, D.; Eberle, ].; Sarif, Z.; Pichler, M.; Hoefler, G.; Heinemann, A. Cannabinoids Reduce
Melanoma Cell Viability and Do Not Interfere with Commonly Used Targeted Therapy in Metastatic Melanoma In Vivo and In
Vitro. Biology 2023, 12, 706. [CrossRef]

Sarfaraz, S.; Afaq, F.; Adhami, V.M.; Malik, A.; Mukhtar, H. Cannabinoid receptor agonist-induced apoptosis of human prostate
cancer cells LNCaP proceeds through sustained activation of ERK1/2 leading to G1 cell cycle arrest. J. Biol. Chem. 2006, 281,
39480-39491. [CrossRef]

Zhang, X.; Qin, Y.; Pan, Z.; Li, M,; Liu, X,; Chen, X,; Qu, G.; Zhou, L.; Xu, M.; Zheng, Q.; et al. Cannabidiol Induces Cell Cycle
Arrest and Cell Apoptosis in Human Gastric Cancer SGC-7901 Cells. Biomolecules 2019, 9, 302. [CrossRef]

Lombard, C.; Nagarkatti, M.; Nagarkatti, P.S. Targeting cannabinoid receptors to treat leukemia: Role of cross-talk between
extrinsic and intrinsic pathways in A%-tetrahydrocannabinol (THC)-induced apoptosis of Jurkat cells. Leuk. Res. 2005, 29, 915-922.
[CrossRef]

Massi, P.; Vaccani, A.; Bianchessi, S.; Costa, B.; Macchi, P.; Parolaro, D. The non-psychoactive cannabidiol triggers caspase
activation and oxidative stress in human glioma cells. Cell. Mol. Life Sci. 2006, 63, 2057-2066. [CrossRef]

Lombard, C.; Nagarkatti, M.; Nagarkatti, P. CB, cannabinoid receptor agonist, JWH-015, triggers apoptosis in immune cells:
Potential role for CB,-selective ligands as immunosuppressive agents. Clin. Immunol. 2007, 122, 259-270. [CrossRef]

Scuderi, M.R; Cantarella, G.; Scollo, M.; Lempereur, L.; Palumbo, M.; Saccani-Jotti, G.; Bernardini, R. The antimitogenic effect of
the cannabinoid receptor agonist WIN55212-2 on human melanoma cells is mediated by the membrane lipid raft. Cancer Lett.
2011, 310, 240-249. [CrossRef]

Li, H.; Zhu, H.; Xu, C.J.; Yuan, J. Cleavage of BID by caspase 8 mediates the mitochondrial damage in the Fas pathway of
apoptosis. Cell 1998, 94, 491-501. [CrossRef]

Luo, X.; Budihardjo, I; Zou, H.; Slaughter, C.; Wang, X. Bid, a Bcl2 interacting protein, mediates cytochrome c release from
mitochondria in response to activation of cell surface death receptors. Cell 1998, 94, 481-490. [CrossRef]

Morrison, R.; Lodge, T.; Evidente, A.; Kiss, R.; Townley, H. Ophiobolin A, a sesterpenoid fungal phytotoxin, displays different
mechanisms of cell death in mammalian cells depending upon the cancer cell origin. Int. J. Oncol. 2017, 50, 773-786. [CrossRef]
Armstrong, J.L.; Hill, D.S.; McKee, C.S.; Hernandez-Tiedra, S.; Lorente, M.; Lopez-Valero, I.; Eleni Anagnostou, M.; Babatunde,
F.; Corazzari, M.; Redfern, C.P.FE; et al. Exploiting cannabinoid-induced cytotoxic autophagy to drive melanoma cell death. J.
Investig. Dermatol. 2015, 135, 1629-1637. [CrossRef]

Singleton, D.C.; Harris, A.L. Targeting the ATF4 pathway in cancer therapy. Expert Opin. Ther. Targets 2012, 16, 1189-1202.
[CrossRef]

Rupprecht, A.; Theisen, U.; Wendt, F; Frank, M.; Hinz, B. The Combination of A9—Tetrahydr0cannabinol and Cannabidiol
Suppresses Mitochondrial Respiration of Human Glioblastoma Cells via Downregulation of Specific Respiratory Chain Proteins.
Cancers 2022, 14, 3129. [CrossRef]

Mahmoud, A.M.; Kostrzewa, M.; Marolda, V.; Cerasuolo, M.; Maccarinelli, E.; Coltrini, D.; Rezzola, S.; Giacomini, A.; Mollica,
M.P.; Motta, A.; et al. Cannabidiol alters mitochondrial bioenergetics via VDAC1 and triggers cell death in hormone-refractory
prostate cancer. Pharmacol. Res. 2023, 189, 106683. [CrossRef]

Goto, T.; Lee, ].Y.; Teraminami, A.; Kim, Y.I; Hirai, S.; Uemura, T.; Inoue, H.; Takahashi, N.; Kawada, T. Activation of peroxisome
proliferator-activated receptor-alpha stimulates both differentiation and fatty acid oxidation in adipocytes. J. Lipid Res. 2011, 52,
873-884. [CrossRef]

Qin, D.; Zhou, H.; Zhou, |.; Xie, C;; Jia, S.; Yu, X.; Hong, Y.; Zhang, L.; Huang, Y.; Zhou, Y,; et al. Therapeutic Activation of PPARx
Inhibits Transformed Follicular Lymphoma Tumorigenesis via the FOXM1 Signaling Pathway. Int. J. Biol. Sci. 2025, 21, 5411-5427.
[CrossRef]

Brunmair, B.; Lest, A.; Staniek, K.; Gras, E; Scharf, N.; Roden, M.; Nohl, H.; Waldh&usl, W.; Fiirnsinn, C. Fenofibrate impairs rat
mitochondrial function by inhibition of respiratory complex I. J. Pharmacol. Exp. Ther. 2004, 311, 109-114. [CrossRef]

Wilk, A.; Wyczechowska, D.; Zapata, A.; Dean, M.; Mullinax, ].; Marrero, L.; Parsons, C.; Peruzzi, F.; Culicchia, F; Ochoa, A.;
et al. Molecular mechanisms of fenofibrate-induced metabolic catastrophe and glioblastoma cell death. Mol. Cell. Biol. 2015, 35,
182-198. [CrossRef]

https:/ /doi.org/10.3390/antiox15060754


https://doi.org/10.3390/cells13191616
https://doi.org/10.1038/s41420-025-02674-8
https://doi.org/10.3390/biology12050706
https://doi.org/10.1074/jbc.M603495200
https://doi.org/10.3390/biom9080302
https://doi.org/10.1016/j.leukres.2005.01.014
https://doi.org/10.1007/s00018-006-6156-x
https://doi.org/10.1016/j.clim.2006.11.002
https://doi.org/10.1016/j.canlet.2011.07.008
https://doi.org/10.1016/S0092-8674(00)81590-1
https://doi.org/10.1016/S0092-8674(00)81589-5
https://doi.org/10.3892/ijo.2017.3858
https://doi.org/10.1038/jid.2015.45
https://doi.org/10.1517/14728222.2012.728207
https://doi.org/10.3390/cancers14133129
https://doi.org/10.1016/j.phrs.2023.106683
https://doi.org/10.1194/jlr.M011320
https://doi.org/10.7150/ijbs.116437
https://doi.org/10.1124/jpet.104.068312
https://doi.org/10.1128/MCB.00562-14
https://doi.org/10.3390/antiox15060754

Antioxidants 2026, 15, 754 32 of 32

78. Abu Aboud, O.; Donohoe, D.; Bultman, S.; Fitch, M.; Riiff, T.; Hellerstein, M.; Weiss, R.H. PPAR« inhibition modulates multiple
reprogrammed metabolic pathways in kidney cancer and attenuates tumor growth. Am. J. Physiol. Cell Physiol. 2015, 308,
(C890-C898. [CrossRef]

79. Lee,S.Y.; Shin, M.].; Choi, S.M.; Kim, D.K.; Choi, M.G.; Kim, J.S.; Suh, D.S.; Kim, J.H.; Kim, S.J. Role of Peroxisome Proliferator-
Activated Receptor a-Dependent Mitochondrial Metabolism in Ovarian Cancer Stem Cells. Int. ]. Mol. Sci. 2024, 25, 11760.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antiox15060754


https://doi.org/10.1152/ajpcell.00322.2014
https://doi.org/10.3390/ijms252111760
https://doi.org/10.3390/antiox15060754

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture 
	Cell Survival and Metabolic Activity Assays 
	Colony Formation Assay 
	Annexin V/7-AAD Binding Assay 
	Cell Cycle Assay 
	Caspase Activity Assays 
	Detection of Mitochondrial Superoxide 
	Determination of Mitochondrial Membrane Potential 
	Seahorse XFe Analysis 
	Total Cellular Protein Isolation 
	Mitochondrial Protein Isolation 
	Western Blot Analysis 
	Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 
	Transmission Electron Microscopy 
	Statistics 

	Results 
	CBG and CBC Decrease the Survival and Metabolic Activity of A549 and H460 Cells in a Concentration- and Time-Dependent Manner 
	CBG and CBC Reduce the Survival Rate and Metabolic Activity of A549 and H460 Cells Independently of Various Cannabinoid Membrane Receptors, but in the Case of CBG via the Transcription Factor PPAR 
	CBG and CBC Induce Apoptosis and Autophagy in A549 and H460 Cells 
	CBG Induces Apoptosis of A549 and H460 Cells in a PPAR-Dependent Manner 
	CBG and CBC Increase Mitochondrial Superoxide, Decrease Mitochondrial Membrane Potential and Increase Cytosolic Cytochrome c Levels in A549 and H460 Cells 
	CBG and CBC Induce Mitochondrial Structural Changes in A549 and H460 Cells, as Shown by Transmission Electron Microscopy 
	CBG and CBC Suppress Mitochondrial Respiration in A549 and H460 Cells 
	CBG Reduces the Mitochondrial Concentration of NDUFB8, a Subunit of Respiratory Chain Complex I, in A549 and H460 Cells 

	Discussion 
	Conclusions 
	References

