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ABSTRACT

In spite of the huge advancements in both diagnosis and interventions, hormone refractory prostate cancer
(HRPC) remains a major hurdle in prostate cancer (PCa). Metabolic reprogramming plays a key role in PCa
oncogenesis and resistance. However, the dynamics between metabolism and oncogenesis are not fully under-
stood. Here, we demonstrate that two multi-target natural products, cannabidiol (CBD) and cannabigerol (CBG),
suppress HRPC development in the TRansgenic Adenocarcinoma of the Mouse Prostate (TRAMP) model by
reprogramming metabolic and oncogenic signaling. Mechanistically, CBD increases glycolytic capacity and in-
hibits oxidative phosphorylation in enzalutamide-resistant HRPC cells. This action of CBD originates from its
effect on metabolic plasticity via modulation of VDAC1 and hexokinase II (HKII) coupling on the outer mito-
chondrial membrane, which leads to strong shifts of mitochondrial functions and oncogenic signaling pathways.
The effect of CBG on enzalutamide-resistant HRPC cells was less pronounced than CBD and only partially
attributable to its action on mitochondria. However, when optimally combined, these two cannabinoids
exhibited strong anti-tumor effects in TRAMP mice, even when these had become refractory to enzalutamide,
thus pointing to their therapeutical potential against PCa.

1. Introduction

regression. However, tumor cells adapt to low androgen signaling and
develop resistance to treatment leading to the so-called castration

The number of men living with PCa is increasing around the world
with over 20 million expected in 2024 [1]. Since androgens play an
essential role in PCa growth and most types of PCa at early diagnosis are
androgen-dependent [2], the inhibition of androgen (AR) signaling
represents the first line of therapy, and results in initial tumor

resistant phase (CRPC) characterized by AR signaling reactivation [3].
AR signaling inhibitors, like enzalutamide, significantly improve CRPC
patient survival and quality of life [4], but their effect is not long lasting,
and tumor ultimately relapses as hormone-refractory prostate cancer
(HRPQC), which is no longer treatable by any known form of hormonal
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therapy [5]. Due to the lack of alternative therapies, unveiling new
druggable pathways in addition to hormonal therapy is eagerly required
to improve the clinical outcome. Indeed, metabolic reprogramming
represents a hallmark of cancer growth that is gaining great relevance
due to the numerous studies that strongly correlate the up-regulation of
glucose metabolism and resistance to hormone therapy [6,7]. In this
perspective, the mitochondrion is the prominent organelle governing
the main metabolic pathways as well as oncogenic and cell death signals
[8].

Plant-derived cannabinoids have been used for many decades as
palliative agents for cancer patients, and different such compounds and
cannabinoid-based pharmaceutical drugs have been the subject of
intensive research for their potential antitumor activity [9-14]. Even
though much evidence can be found in the literature on the ability of
these compounds to induce cell death by various pathways in PCa [11,
15-17], more research is needed to understand their exact molecular
targets and mechanism(s) of action. Meanwhile, a phase I/Ib study is
determining the safety and effectiveness of Epidiolex (cannabidiol) in
biochemically recurrent PCa patients [18]. We previously reported that
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non-psychoactive cannabinoids inhibit PCa growth in vitro and in vivo
(in xenograft tumors) via a combination of cannabinoid
receptor-independent cellular and molecular mechanisms. The rank
order of potency showed CBD as the most potent among the purified
cannabinoids, followed by CBG in both androgen-sensitive and
androgen-insensitive neuroendocrine-like PCa cells [11]. To explore
further the efficacy of cannabinoids in a pre-clinical model that can
mimic more accurately the human disease, we recently characterized
the acquired resistance to the second-generation androgen receptor
antagonist enzalutamide in the multistage transgenic TRAMP mouse
model of prostate cancer. Our integrated approach, merging mathe-
matical modeling with experimental data, examined the in vitro and in
vivo evolution of PCa resistance to enzalutamide, leading to the
implementation of a “TRAMP-based platform” to be exploited for the
validation of new therapeutic strategies for PCa [16].

In the present study, by using the TRAMP model, we studied the
efficacy of a combination (1:1) of cannabinoids (CBD:CBG) not only in
the early and advanced phase of PCa, but especially in the HRPC phase.
Furthermore, we investigated the mechanistic aspects of CBD action,
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Fig. 1. CBD- and CBG- induced cell death in non-HRPC and HRPC cells. Effect on cell viability after 24 h treatment with purified cannabinoids (A) or main
chemotherapy drugs (B) used in clinics (CSP: cisplatin; DCX: Docetaxel; TMZ: Temozolomide). Effect on cell viability of an active dose of CBG in the presence of 1 pM
SR1 (SR141716A), a CB1 receptor antagonist (C). Effect on caspase activation (D) in cells treated for 3 h. Representative flow cytometry plots illustrating the
determination of mitochondrial superoxide production in HRPC cells after 24 h by MitoSOX-based assay (E). All data are reported as mean + SD of three independent
experiments run in triplicate. Data were analyzed using ordinary one-way ANOVA followed by the appropriate multiple comparison test (Dunnett for panel 1 A, 1B
and 1E, Sidak for panel 1 C). Three-way ANOVA followed by Tukey post-hoc test was applied in panel 1D to analyze data (difference intra/inter treatments per cell
phenotype). Stats for panel 1 A: F (7,16) = 144 and 363 (with p < 0.0001 for CBD on HRPC and non-HRPC, respectively); 413 and 130 (with p < 0.0001 for CBG on
HRPC and non-HRPC, respectively). Stats for panel 1B: F(5,12)= 1.430 and 0.5884 (with p = 0.0438 and 0.7092 for CSP on HRPC and non-HRPC, respectively);
1.936 and 32.74 (with p = 0.1617 and <0.0001 for DCX on HRPC and non-HRPC, respectively); 0.9791 and 3.249 (with p = 0.4690 and 0.0438 for TMZ on HRPC
and non-HRPC, respectively). Stats for panel 1 C: F(3,8)= 1812 and 406 (with p < 0.0001 for CBD and CBG, respectively). Stats for panel 1D: F(1,24)= 57.72 (CBD vs
CBG inter-treatment, p < 0.0001); F(2,4)=228.9 and 1128 (CBD and CBG intra-treatment, respectively with p < 0.0001). Stats for panel 1E: F(2,6)=11.9

with p = 0.0081.
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focusing on its modification of mitochondrial function. Our findings
collectively support the existence of metabolic and oncogenic vulnera-
bilities in HRPC that can be used as novel therapeutical targets and
support the need of clinical investigations aimed at validating the
combined use of CBD and CBG in adjuvant therapy for this lethal phase
of the disease.

2. Results

2.1. CBD and CBG induce cell death in non-HRPC and HRPC cells via
non canonical cannabinoid molecular targets

To assess the effect of cannabinoids on PCa cell growth depending on
the pathological context, we tested the effect of CBD and CBG on cell
death in both naive non-HRPC TRAMP-C2 cells and enzalutamide-
resistant HRPC TRAMP-C2 cells originated by long term culturing in
the presence of enzalutamide [16]. As shown in Fig. 1A treatments with
CBD and CBG were active on both naive non-HRPC cells (ICs values of
11 + 0.48 uM and 13 =+ 0.53 uM, respectively) and HRPC cells (ICsq
values of 10 + 1.00 uM for CBD and 14 £ 0.21 uM for CBG), suggesting
that these two molecules can induce cell death in PCa cells regardless of
their sensitivity to androgen signaling inhibitors or dependence on
hormones. Differently from cannabinoids, canonical chemotherapeutics
(cisplatin, docetaxel and temozolomide did not show any relevant effect
on these PCa cells both in naive and HRPC status, with the only excep-
tion of docetaxel that exhibited a cytotoxic effect (ICso of 32 + 12.08
uM) on non-HRPC TRAMP-C2 cells (Fig. 1B). Given this promising effect
of CBD and CBG, we verified if their action was mediated by their ca-
nonical targets. To this purpose, we treated both non-HRPC and HRPC
cells with an active dose of cannabinoids (15 uM) after 1 h
pre-incubation with a selective antagonist for cannabinoid receptors
(CB1 and CB2), transient receptor potential channels (TRPV1, TRPV4,
TRPA1) or nuclear receptors (PPARy). The concentrations of the an-
tagonists were selected in pilot experiments (data not shown) based on
the maximum inactive dose and on the potency of the reported ligand for
the correspondent receptor/channel. As shown in Fig. S1, none of these
antagonists was able to prevent the effect of CBD and CBG on either
naive non-HRPC or HRPC cells, with only a partial effect being observed
in CBG-treated HRPC cells after pre-incubation with the CB1 antagonist
SR141716A (Fig. 1C).

Regarding apoptosis, instead, our analysis revealed that HRPC cells
were more sensitive than non-HRPC cells to the pro-apoptotic effect of
cannabinoids and that the activation of caspases was significantly
greater in CBD-treated compared to CBG-treated cells (Fig. 1D). The
difference among treatments was statistically relevant only at the
highest concentration tested (30 uM), which was possibly due to the
short-time incubation (3 h) considered. Indeed, after a longer treatment
(24 h), mRNA expression of BNIP3 (Bcl-2 interacting protein 3), a key
regulator of hypoxia-induced apoptosis was significantly up-regulated
by a lower concentration (6 pM) of CBD in HRPC cells (Fig. S2A). On
the other hand, CBG at the same concentration showed the opposite
effect (Fig. S2B). Mitochondria play a central role in effector caspase
activation as both known apoptotic pathways induce mitochondrial
outer membrane permeabilization and the release of pro-apoptotic sig-
nals from the mitochondria to the cytoplasm. A preliminary analysis
revealed that mitochondria organization was different in the two cell
lines, with HRPC cells showing smaller mitochondrial mass compared to
naive cells (Fig. S3A and S3B). A 3D reconstruction of mitochondrial
architecture with the aid of MitoKondrY macro for ImageJ [19]
confirmed the existence of different features in the two cell phenotypes
by showing an increased fragmentation and a reduced network capa-
bility in HRPC cells with respect to non-HRPC cells (Fig. S3C-E). In HRPC
cells, treatment with CBD at 6 pM significantly increases mtROS pro-
duction (Fig. 1E). Interestingly, the addition of the antioxidant
a-Tocopherol completely reverted the effect of CBD on cell viability and
on the activation of caspases 3 and 7 in HRPC cells (Fig. S4A-B).
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2.2. CBD and CBG exert cell-dependent divergent effects on glycolytic
capacity and maximal oxidative phosphorylation capacity

The effect of CBD and CBG on the main metabolic pathways in both
cell types was investigated. First, we applied Orthogonal Projections to
Latent Structures Discriminant Analysis (OPLS-DA) to NMR spectra to
investigate cell metabolic profiles in response to treatments. In non-
HRPC cells, a complete class separation with a clear distinction be-
tween CBD and CBG treatment was observed, as well as with respect to
the control/vehicle (CTR). The model suggested that CBD treatment
induces different metabolic alterations compared to CBG treatment
(Fig. 2A and S5-S6). A consistent class separation among groups was
observed in HRPC cells as well, and the up-regulated metabolites in
HRPC cells treated with CBD (i.e., pyruvate and lactate) suggested
increased glycolytic capacity (Fig. 2A and S7-S8). Then the effect of both
cannabinoids on glycolysis and oxidative phosphorylation was
measured by quantifying the oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) using Seahorse extracellular flux
analyzer (Fig. 2B). In agreement with the NMR analysis, in non-HRPC
cells CBD did not affect the mitochondrial oxidative phosphorylation
capacity, and only slightly increased the glycolytic capacity, while CBG
changed neither OCR nor ECAR (Fig. S9). In HRPC cells, CBD increased
glycolytic capacity and inhibited maximal capacity of oxidative phos-
phorylation (Fig. 2B) while CBG did not significantly change ECAR and
showed a trend for increased OCR (Fig. 2B). Accordingly, in HRPC cells,
CBD significantly up-regulated mRNA expression of genes involved in
cell metabolism like AMP-activated protein Kinase (AMPK), glutaminase
(GLS), lactate dehydrogenase (LDH), Hexokinases-II (HK2) and pyruvate
dehydrogenase kinase (PDK1) (Fig. S10). Altogether these data indicate
that the two cannabinoids provoke divergent effects at the metabolic
level depending on the PCa phenotype under investigation.

2.3. CBD promotes mitochondrial dysfunction in HRPC cells

Since in HRPC cells only CBD showed a significant effect on bio-
energetics processes, we wanted to examine whether mitochondria
targeting is a direct and early event of CBD-induced cell death and how
CBD-induced regulation of mitochondrial activity is linked with its effect
on glycolysis. We measured the ATP respiration rate in HRPC cells, and
we found that a 24-hour treatment with CBD significantly decreased
mitochondrial ATP production (Fig. 3A and B). We assessed by Western
blot the effect of CBD treatment (3 pM and 6 pM, 24 h) on the levels of
key proteins regulating mitochondrial dynamics and we found that CBD
significantly reduced the level of fusion-related protein MFN-1
(Fig. S11A) while significantly increasing the levels of fission-related
FIS-1 (Fig. S11B). To gain new clues on how CBD modulates mito-
chondrial morphology, we first assessed its effect on mitochondrial
shape by Super-Resolution Confocal Microscopy and found that, after a
3-hour treatment at 6 uM, CBD-treated cells exhibited a fragmented
mitochondrial morphology in comparison with untreated (CTR) cells.
Thus, confirming that CBD can promote a higher mitochondrial fission
rate in HRPC cells (Fig. 3C). Image analysis indicated that CBD pro-
moted a concentration-dependent decrease of both mitochondrial
membrane potential and mitochondrial mass after 24-hour treatment
(Fig. 3D and E). For in-depth analysis of mitochondrial features, the
mitochondrial architecture was reconstructed in 3D (Fig. 3F) with the
aid of MitoKondrY macro for ImageJ as previously described [19] and its
connectivity by means of network capability along with its promotion of
fission were quantified. Morphological analysis indicated that a 3-hour
treatment at 6 uM with CBD significantly reduced connectivity
(Fig. 3G), while increasing fragmentation (Fig. 3H). Notably, in agree-
ment with the early pro-apoptotic action shown in Fig. 1, we found a
consistent accumulation of CBD in a VDAC-1 enriched mitochondrial
fraction of HRPC cells, already after 3 h of treatment (Fig. S12A and
Fig. S12B).

Electron microscopy analysis confirmed that a short treatment with
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Fig. 2. Effect of CBD and CBG on cell bioenergetics in non-HRPC and HRPC cells. (A) S-line plot generated by multivariate data analysis of the NMR acquired
metabolic profiles. In both phenotypes (non-HRPC and HRPC cells), metabolic changes (positive changes oriented along with the color-coded arrows) in CBD-treated
cells compared with CBG-treated cells are shown in blue/red as the positive/negative correlations. (B) Effect of CBD and CBG on oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) in HRPC cells. Mitochondria respiration and glycolysis flux rate were measured by bioenergetic analysis using Seahorse XF
stress kits. Data are shown as mean + SEM of 3 independent experiments (run in quadruplicate) normalized to the basal measurement. For statistical analysis, two-
way ANOVA followed by Sidak multiple comparisons test was used to analyze the bar plots of each correspondent tracing. Stats: F(3,16)= 22.79 and 700.3 (CBD on
OCR interaction and respiratory state, respectively); 0.4291 and 617.2 (CBD on ECAR interaction and respiratory state, respectively).

CBD (6 pM, 3 h) induced significant changes of morphology and pro-
duced mitochondrial swelling followed by cristae fragmentation
(Fig. 4A and B). High-resolution respirometry studies in permeabilized
HRPC cells demonstrated that a shorter exposure to the same CBD
treatment (6 pM, 3 h) reduced the maximal respiration capacity and
inhibited both Complex I-II and Complex IV (Fig. 4C and D).

2.4. CBD-induced mitochondrial dysfunction modulates oncogenic
signaling and induces autophagy in HRPC cells

We hypothesized that in HRPC cells the effect of CBD on the main
metabolic pathways alters the expression of relevant transcription fac-
tors and oncogenic signaling. Therefore, we tested mRNA and protein
levels after CBD treatment (6 pM, 24 h) and found significantly up-
regulated mRNA expression of cMyc, PTEN and HIF-1a (Fig. 5A). At
the protein level, the effect on PTEN was confirmed, and the effect of
CBD on p53 and AKT activation/phosphorylation was tested. A signifi-
cant effect was only observed on pAkt (Fig. 5B). In agreement with the
role of the PI3K/Akt/mTOR pathway in the modulation of autophagy,
we confirmed that the inhibition by CBD of Akt activation promoted
autophagy in HRPC cells by increasing ULK1 mRNA level (Fig. 5C) and
LC3II protein (Fig. 5D).

2.5. VDACI binding is essential for CBD-induced effects on mitochondria
in HRPC cells

CBD is reported to bind VDACI, a key protein that regulates both cell
metabolism and apoptosis at the mitochondrial level [20,21]. To
investigate whether CBD-induced mitochondrial actions are mediated
by this channel, we tested the effect of CBD on cell fate in the presence of
DIDS, a VDAC1 oligomerization inhibitor. We found that pre-incubation
with DIDS significantly reverted not only the inhibition of cell viability
triggered by CBD, but also the activation of caspase 3 and 7 and
consequently the effect on mitochondrial ATP (Fig. 6A-6 C). Moreover,
CBD induced a time-dependent recruitment of proteins that can oligo-
merize with VDAC] at the mitochondrial level. In particular, we found a
significant increase of HK-II and BAX over time (Fig. 6D-6 F).

2.6. CBD and CBG inhibit tumor growth in vivo and prevent occlusive and
antagonist effects with therapy in combined treatments

Given the actions exerted by CBD and CBG in vitro, we moved on to
in vivo validation of their antitumor activity. We started with exploring
the effect of CBD or CBG in a single dose (75 mg/kg) and in a 1:1
combined treatment using half of the single dose of each
(37.5 +37.5 mg/kg) in a short-term ex vivo experiment by injecting non-
HRPC cells subcutaneously in an alginate matrix [22] and treating/a-
nalyzing tumors when cells begin to create a favorable environment to
grow. As shown in Fig. S13, all treatments (single and in combination)
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Fig. 3. CBD targeting of mitochondria is an early event promoting mitochondrial dysfunction in HRPC cells. Determination of ATP production in HRPC cells by
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mitochondrial mass (E) by FACS. 3D reconstruction of mitochondrial architecture after a 3-hour treatment with 6 pM CBD acquired by super-resolution confocal
microscopy (F) together with the quantification of mitochondrial architecture (G, H). Normally distributed data are reported as mean -+ SEM of at least 3 inde-
pendent experiments run in triplicate: n = 3 in panel 3 A; n = 4 in panels 3D, 3E, 3 G and 3 H; n = 14 for CTR and n = 10 for CBD treated samples in panel 3B). For
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Ordinary one-way or two-way (vs CTR, panel 3B) ANOVA followed by Dunnett’s multiple comparison test was used with F(2, 6) = 37.34 and p = 0.0004 [panel A]; F
(2,9)= 6.197 (p = 0.0203) and 67.08 (p < 0.0001 [panel D and E, respectivelyl; F(2,60)= 67.69 and 52.80 (interaction and treatment, respectively [panel 3B] with

p < 0.0001; F(1,60)= 87.95 (metabolic condition, panel 3B) with p < 0.0001.

significantly reduced tumor cell growth by decreasing both neo-
vascularization (CD31 + areas) and proliferative rate (Ki67 + areas).
Notably, the results revealed not only the efficacy of the single canna-
binoids, but also suggested that, when combined, CBD and CBG exert a
promising anti-tumor action in vivo.

To further assess the potential of drug combination for in vivo
treatment of PCa, we performed combination treatments on non-HRPC
cells with increasing concentrations of both CBD and CBG to deter-
mine the potential combinatorial effect of these drugs (Fig. 7A). The
drug combination responses were obtained using the ZIP reference
model in SynergyFinder [23] and the results of such analysis are shown
by the ZIP synergy score, where positive deviations between observed
and expected responses imply synergy (in red), while negative values
denote antagonism (in green). As it can be observed in Fig. 7A, results
show an additive anti-tumor effect (in white) of the two drugs along the
1:1 ratio diagonal. Outside the 1:1 combination, areas of antagonism (in
green) can be observed, thus supporting the effectiveness of a 1:1
combination treatment.

These results prompted us to perform additional experiments in vivo
exploiting the multistage PCa model represented by the TRAMP mouse

[16]. Animals were treated from the appearance of the early Prostatic
Intraepithelial Neoplasia (PIN) phase (at the age of 12 weeks) up to 18
weeks of age, when well differentiate tumors are already developed. As
shown in Fig. 7B and C, the histopathological quantification of trans-
formed/pathological areas in the prostate lobes revealed that single
(75 mg/kg) and combined (37.5 + 37.5 mg/kg) treatments with CBD
and CBG significantly reduced tumor burden in terms of transformed
areas, CBD and the combination CBD:CBG being the most effective at
this stage of the disease.

The in vivo tolerability of these molecules was also evaluated (by
treating C57BL/6 male mice for 6-weeks) and no relevant changes were
detectable in terms of hematological and biochemical blood parameters
in blood samples (Table S1). Only a slight increase in the number of
White Blood Cells (WBC) and of ALT transaminase was found, mainly
attributable to CBG, and this effect was much improved when the two
drugs were administered in combination at lower concentrations.

In consideration of these results, and given that CBD and CBG induce
PCa cell death on both non-HRPC and HRPC cells via different mecha-
nisms of action, we tested the combination CBD:CBG in an in vivo
therapeutic setting further mimicking the onset of hormone resistance
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Fig. 4. CBD promotes cristae fragmentation and reduces maximal respiration capacity in HRPC cells. (A) Representative images acquired by Transmission Electron
Microscopy using a TECNAI-12 electron microscope equipped with an ultra-view CCD digital camera (Philips, Eindhoven, The Netherlands). Normal mitochondria
are indicated by white arrows, abnormal mitochondria are indicated by black arrows. (B) Quantification of mitochondrial morphology was performed as described
using the AnalySIS software (Soft Imaging Systems GmbH, Munster, Germany). (C) Representative oxygen level tracing on digitonin-permeabilized HRPC cells (1
million) measured by O2K-FluoRespirometry according to SUIT protocol. (D) Mitochondrial respiration corrected for residual oxygen consumption (ROX) and for the
different coupling/pathway control states. Normally distributed data are reported as mean + SEM of independent experiments (n = 3 run in triplicate in panel 4B;
n = 6 run in duplicate in panel 4D). For statistical analysis, two-way ANOVA followed by Sidak multiple comparison test was used with F(1,8)= 574.1 and 37.60
(interaction and treatment, respectively [panel 4D] with p < 0.0001); F(7,40)= 7.687 and 52.07 (Respiratory state per treatment and Respiratory state, respectively
[panel 4D] with p < 0.0001); F(1,40)= 45.77 (treatment, panel 4D with p < 0.0001); F(40,40)= 4.2141 (time, panel 4D with p < 0.0001).

status by using TRAMP mice with acquired enzalutamide resistance
[16]. To this purpose we performed combination treatments on
enzalutamide-resistant HRPC cells with increasing concentrations of
both CBD and CBG to determine the potential combinatorial effect of
these drugs. As shown in Fig. 7D, the ZIP synergy score, strongly indi-
cated for low concentrations of CBD and CBG a synergistic effect of the
combination CBD:CBG in triggering cell death in HRPC conditions. A
combination treatment with the three drugs (enzalutamide, CBD and
CBG) was also tested showing clear synergy in the enzalutamide+CBG
combination on HRPC cells (Fig. S14).

As previously shown in vivo [16], treatment with enzalutamide
(3 mg/kg), staring from week 12 of age, restrains tumor growth till week
22 of age in TRAMP mice, when prostate tumors become resistant to
treatment and relapses are observed, resulting in well differentiated PCa
again at week 25. As shown in Fig. 8A, when the CBD:CBG combination
(1:1) was evaluated in naive TRAMP mice up to week 25 of age, a sig-
nificant reduction of the pathological area was observed in the prostate
of treated mice, and this effect was even stronger if compared with the
enzalutamide only-treated group. In addition, concurrent and contin-
uous treatment with CBD:CBG and enzalutamide (from week 12 to week
25) significantly reduced the hormone-refractory phase growth of
TRAMP tumors, maintaining the disease at “starting levels” similar to
the 12-week age group (see histopathological analysis in Fig. 8A and its

quantification in Fig. 8B). We also explored the effect of the drug com-
bination solely in the enzalutamide-resistant setting of the disease
treating mice with CBD:CBG only from week 22 to week 25, when tumor
growth has become refractory to treatment with enzalutamide (from
week 12-22). Notably, also in this case the cannabinoids exerted a
strong therapeutic effect significantly reducing the disease if compared
with enzalutamide treatment alone till week 25 (Fig. 8A and B).

3. Discussion

CBD and CBG inhibit tumor growth in human PCa cells and xenograft
models [11,24] although through different and not completely eluci-
dated mechanisms. Currently, a phase I/Ib study is evaluating the safety
and effectiveness of Epidiolex (CBD) in biochemically recurrent PCa
patients (Clinical Trials Identifier: NCT04428203) [25]. From a meta-
bolic perspective, PCa is a disease of great interest as, differently from
other types of cancer, it follows the Warburg effect (aka the preferential
metabolic shift from oxidative phosphorylation to enhanced conversion
of glucose to lactate observed in cancer cells even in the presence of
normoxic conditions) only in its high-grade phase [26]. Molecular links
between metabolic stress and cell death are poorly understood [27].
However, the existence of such metabolic features in this HRPC phase
supports their use as therapeutical targets and points out the need of
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Fig. 5. CBD-mediated deregulation of cellular metabolism alters oncogenic signaling and transcription factors in HRPC cells. Real-time PCR gene expression analysis
of selected targets (A and C). Western Blot analysis of PTEN, pAkt, LC3II in HRPC cells. Protein bands are reported together with corresponding quantification (B and
D). Normally distributed data are presented as scatter plot bars indicating mean + SD of fold changed normalized by f-actin (panel 5B) and/or LC3I (panel 5D) of
independent experiments (n = 3 in duplicate in >A-°B-5 C, n = 4 in duplicate in 5D, n = 6 in duplicate in 5B [pAkt/totalAkt]). For statistical analysis, ordinary one-
way ANOVA followed by Dunnet’s was used with F(2,6)= 19.57 and 1.273 (PTEN and p53 in 5B, respectively); F(2,15)= 1.854 (pAkt/total Akt in 5B); F (2, 6)=
9.247 (in panel 5 C); F (2,9)= 3.601 and 4.977 (LC3-1I/act and LC3-1I/LC3-], respectively in panel 5D).

further investigations validating the efficacy of molecules acting on both
cell metabolism and cell death. Located at the outer mitochondria
membrane, VDAC1 is a key player in cancer cell metabolic programming
as it controls metabolism switching and cell death signaling depending
on its oligomerization state and conductance. In its open and high
conductance state, VDAC1 supports OXPHOS. In its closed state and low
conductance, VDAC1 supports the Warburg effect by switching cancer
cell metabolism. HK-II overexpression and binding to VDAC1 are re-
ported to inhibit apoptosis and induce cell proliferation in cancer [28].
VDAC1-bound to HK-II was reported to maintain VDACI in open state
leading to constant supply of ATP for HK-II [29] indicating that HK-II
interaction with VDACI1 regulates channel selectivity and cell fate
signaling. By its binding to VDAC1, CBD was shown to decrease VDAC1
conductance [20]. Overexpression and uncoupling of HK II from meta-
bolism are reported to induce autophagy by the mTOR pathway [30]. In
this study we suggest that, in HRPC cells, CBD might lock VDAC1, or
confine it from binding to HK-II, thus resulting in the increase of
“VDAC1-free” ratio of HK-II leading to apoptosis as well as higher
glycolytic rate and autophagy as depicted in the cartoon scheme
(Fig. 8Q).

We report that, in TRAMP-C2 cells, CBD and CBG provoke apoptosis-
induced cell death regardless of their sensitivity to enzalutamide or
dependence on hormones. However, the activation of caspases was
significantly greater in CBD-treated compared to CBG-treated cells, and
enzalutamide-resistant HRPC cells were more sensitive than non-HRPC
cells to the pro-apoptotic effect of cannabinoids. Considering the inti-
mate link between cell death and the bioenergetics processes mediated
by the remodeling of the mitochondrial ultra-structure during apoptosis,
we investigated the effect of these cannabinoids on main metabolic
pathways. NMR-based metabolomics revealed that in both naive non-

HRPC and HRPC cells CBD treatment induces different alterations
with respect to CBG treatment. Particularly, in HRPC cells CBD treat-
ment induced a preponderance of metabolites linked to glycolysis.
Accordingly, and merely in HRPC cells, Seahorse analysis showed that
only CBD produced significant increase of glycolytic capacity together
with reduced maximal OXPHOS capacity. CBD-mediated mitochondria
targeting in HRPC cells was indeed an early event already visible after 3-
hour treatment. CBD was also found to induce a plethora of other events
(i.e., reduction of membrane potential, induction of cristae fragmenta-
tion and fission, inhibition of both Complex I-II and Complex IV) that
determine a massive mitochondrial dysfunction in these cells. The key
target of CBD was VDAC]I channel since when we blocked CBD effect on
this channel with DIDS, a VDAC1 oligomerization inhibitor, the effect on
cell viability, caspases and mitochondrial ATP was significantly
reduced. In addition, we found that after a 24-hour treatment, CBD
down-regulated phosphorylated Akt protein levels. This is important,
since activated Akt prevents closure of the PT pore component of VDAC1
by promoting its coupling to HK-II [31].

Overall, all these events mediated by CBD occurred at the mito-
chondrial level and altered the expression of relevant transcription
factors (i.e., HIF-1a), oncogenic signaling (i.e., cMyc) and tumor sup-
pressor protein like PTEN, whose deletion in PCa promotes metabolic
reprogramming and fuels malignant growth and proliferation [32]. On
the other hand, CBD induced a significative time-dependent mitochon-
drial recruitment of HK-II, which wrenches HRPC cells by accelerating
glycolytic capacity and promoting autophagy. Accordingly, CBD
increased ULK1 mRNA levels and LC3II protein contents in HRPC cells.
This is a novel, yet undescribed action for in vitro CBD-mediated cell
death, which provides a mechanistic explanation as to how CBD, by
inducing mitochondrial perturbations, promotes a hypoxic environment



A.M. Mahmoud et al.

Pharmacological Research 189 (2023) 106683

o hili B) Cas 3/7
A) Cell Viability ) / C) ATP
8- <0.0001  0.0022
0.0007  0.0014 <0.0001  <0.0001 300+
2 2 =
L. 1004 - 2 o 61 &
£ N ° o _
5 75 \\ g 55 2001
S \ &S 4 $3
= s0- T \ 23z N SE =
3 \ g3 \ S5 1001 N
- \ g \ & \
| 1 = I \
0 & 0 . & . 0 T & T
CBD 6uM - + + CBD 10uM . + + - CBD 6pM - + + -
DIDS 20uM - - + DIDS 204M . ; . . DIDS 20uM - . + +
MITOCHONDRIAL CYTOSOLIC
fraction fraction 0.0143 151
: 20+ 1 0.0047
VEH. CBD6h CBD20h VEH. CBD6h CBD 20h —
> > 1
% 151 ‘a
HK Il - S 3 g § g 10
QE Q=
TS 104 3
BAX il o BB i 32 <z
5 F IE 5
o 54 g
e U @™ U
HSP60 GAPDH 0 ¥ ; T 0- : r
CTR 6h 20h CTR 6h 20h

Fig. 6. CBD mitochondrial-induced actions are mediated by VDAC1 in HRPC cells. Effect of CBD in the presence and absence of DIDS on (A) cell viability by means of
SRB assay, (B) caspase activation by means of CaspGlo assay and (C) mitochondrial ATP quantified by High Resolution Respirometry. Western Blot analysis of HK-II
and BAX (D). Representative protein bands are reported together with the corresponding quantification (E-F). Normally distributed data are reported as mean + SD
of independent experiments (n = 3 in triplicate for 6 A and 6 C, n = 4 in quadruplicate for 6B). Not-normally distributed data are reported as scattered dot plot
indicating median -+ IQR of relative intensity (n = 5 in duplicate for 6E and 6 F). For statistical analysis, ordinary one-way ANOVA followed by Sidak’s (°A-°B-6 C) or
Kruskal-Wallis followed by Dunn’s (6E and 6 F) multiple comparisons test was used with F(3,8)= 18.64, 163.4 and 136.1 (6 A, 6B and 6 C, respectively) and K-W
statistic: 7.293 (p value 0.0172) and 9.620 (p value 0.0018) (6E and 6 F, respectively).

that alters the metabolic adaptations of HRPC cells and induce their
death.

Interestingly, in vivo, cannabinoids exerted efficient therapeutic ef-
fects on PCa both per se and in combination. This was not surprising,
given that, in PCa, different cell types exist and emerge during tumor
growth and evolution, in response to therapeutic approaches, and in
view of the different mechanisms of action of CBD and CBG on naive/
non-HRPC and HRPC cells in vitro. Indeed, the combination of these
drugs produced a striking effect also when combined with enzalutamide,
and, in agreement with our in vitro studies, also in TRAMP mice that had
become refractory to enzalutamide, paving the way for the evaluation of
combination regimens aimed at preventing the long-term occurrence of
the hormone-refractory PCa.

In conclusion, the present findings suggest a role for VDAC1-HKII
coupling in HRPC cell metabolic plasticity supporting the existence of
metabolic and oncogenic targetable vulnerabilities in HRPC that can
potentially be therapeutically exploited by phytocannabinoid-based
treatments. In particular, we showed how the capability of CBD to
bind to VDAC1 and modify its interaction with HK-II leads to metabolic
reprogramming resulting in apoptosis and autophagy of HRPCs, thus
possibly explaining why this compound, alone or in combination with
CBG, can significantly ameliorate the sensitivity of hormone-refractory
TRAMP mice to the standard-of-care androgen targeting drug, enzalu-
tamide. These findings should foster future studies, including clinical
trials, on the possible use of botanical non-psychotropic cannabinoids as
adjuncts for PCa treatment.

4. Materials and methods
4.1. Materials

Authors were provided once per year with a new batch of pure CBD

and CBG extracts (purity >98%) by GW Pharmaceuticals. AL holds a
formal good standing authorization (SP/72 prot. 0049640-09,/07/2021-
DGDMF-MDS-P) to manage controlled substances for research purpose
in accordance with the Ministry of Health Directives.

4.2. Cell culture

TRAMP-C2 cell line was obtained from ATCC-LGC Standards Re-
pository (ATCC number CRL-2731) and maintained in DMEM supple-
mented with 10% heat inactivated fetal calf serum (FCS), 10 mM HEPES
Buffer, 0.5 mM 2-mercaptoethanol (as reducing agent to maintain the
proteins activity), 2.0 mM glutamine, 5 mg/L bovine insulin (Sigma-
Aldrich) and 10 nM DHT. Hormone-refractory TRAMP-C2 cells were
generated as previously reported (REF). Only cells from passage N° 40 to
passage N° 80 were used for the experiments.

4.3. Cell count assay

TRAMP-C2 cells were seeded in 96-well plates at 1 x 10* cells/well
and treated with enzalutamide or cannabinoids (CBD and CBG). Cells
were cultured under appropriate conditions. Propidium iodide staining
(Immunostep, Salamanca, SP, EU) was used to detect PI-viable cells by
flow cytometry. Cells were washed in PBS, resuspended in PBS con-
taining 0.5% EDTA (Sigma Aldrich) and fixed in 99% ethanol for 12 h at
4 °C. Then cells were stained for 3 h at 4 °C with PBS containing 2% FBS,
12.5 pg/ml DNase-free RNase A (Sigma Aldrich) and 40 pg/ml of pro-
pidium iodide (Sigma Aldrich). Absolute cell counts were obtained by
the counting function of the MACSQuant Analyzer (Miltenyi Biotec).
Data are shown as mean + SEM of 3 independent experiments run in
duplicate.
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Fig. 7. Effect of CBD and CBG on tumor growth. Cell proliferation assay was performed on non-HRPC (A) and HRPC (D) cells to test the combination of CBD and CBG
at different concentrations. Dose-response matrices and 3D synergy landscape plots are shown (A, D). Positive deviations between observed and expected responses
imply synergy (in red), while negative values denote antagonism (in green). Effect of single (75 mg/kg) and combined (37.5 +37.5 mg/kg) treatments with CBD and
CBG on the percentage of pathological area in TRAMP mice i.p. treated for 6 weeks twice per week from week 12 up to week 18 together with representative picture
(H&E staining) of anterior prostate lobes are shown (B, C). Non-normally distributed data are reported as scatter dot plot indicating median + IQR of histopath-
ological acquisitions (n = 8 mice for 12 W and 18 W; n = 7 mice for CBD and CBG; n = 13 mice for CBD:CBG) and analyzed using Kruskal-Wallis followed by Dunn’s

post hoc (K-W statistic 23.08 with p = 0.0001).

4.4. Cell viability colorimetric assay

Exponentially growing cells were collected using 0.25% Trypsin-
EDTA and plated in 96-well plates at 1 x 10* cells/well. Cells were
exposed to each treatment for 24 h in 0.4% FBS then fixed with TCA
(10%) for 1 h at 4°C. After several washings, cells were exposed to 0.4%
Sulforhodamine B (SRB) solution for 10 min in dark place and subse-
quently washed with 1% glacial acetic acid. After drying overnight, Tris-
HCl was used to dissolve the SRB-stained cells and color intensity was
measured was read on a GloMax® Explorer system (Promega, Milan,
Italy) at 540 nm. Data are shown as mean + SEM of at least 3 inde-
pendent experiments run in triplicate.

4.5. Measurement of caspase 3/7 activity

Apoptosis was evaluated by means of the Caspase-Glo® 3/7
Chemiluminescent Assay Kit (Promega Corporation, Madison, WI, USA)
following the manufacturer’s protocol. Cells were cultured in the pres-
ence of CBD with 1, 10, and 30 uM for 3 h. After incubation, cells were
trypsinized, washed with PBS and processed. The assay was performed
in 96-well white-walled plates, adding 100 pl of Caspase-Glo® 3/7 re-
agent to each well with 100 pl of culture medium with cells. After 1 h
incubation in the dark at room temperature, luminescence was
measured by GloMax® Explorer system (Promega, Milan, Italy). Data
are shown as mean + SEM of at least 3 independent experiments run in
triplicate.

4.6. RNA purification and quantitative RT-PCR analyses

Total RNA was extracted from cell pellets in 1.0 ml of Trizol®
(Invitrogen) following the manufacturer’s instructions, dissolved in
adequate volume of RNA-DNA free water. RNA aliquots were digested
by RNase-free DNase I (Invitrogen) in a 10 pl final volume reaction
mixture to remove residual contaminating genomic DNA. After DNase
digestion, RNA integrity has been tested by running the samples on
agarose gel. Concentration and purity of RNA samples were evaluated by
UV-quantified by a Bio-Photometer® (Eppendorf, Hamburg, Germany)
following the manufacturer’s instructions and stored at — 80 °C until
Use. 1 ug of total RNA was reverse-transcribed in ¢cDNA (Invitrogen,
SuperScript™ III). qPCR was done using SYBR green master mix in
CFX384 Real Time detection system (Bio-Rad™) Relative gene expres-
sion calculation, corrected for PCR efficiency and normalized with
respect to the reference gene, was performed by the Bio-Rad CFX™
manager software.

4.7. Western blot analysis

Cells were washed two times in cold PBS (without Ca2 + and Mg2 +,
pH7.4), then cells were lysed with lysis solution (150 mM NaCl, 1 mM
EDTA, pH 7.4, 10 mM Tris-HCl pH 8, 1% SDS and 1% protease in-
hibitors). After the homogenization, cells have been centrifuged for
15 min at 13,000g at 4 °C. Protein concentrations were determined
using the Bradford protein assay (Bio-Rad Laboratories, Milano, Italy).
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Fig. 8. CBD and CBG in combination reduce enzalutamide-resistant tumor growth in vivo.

Effect of CBD:CBG on the percentage of pathological area in TRAMP mice treated for 13 weeks (twice per week from week 12 up to week 25) with a 1:1 combination
CBD:CBG (37.5 +37.5 mg/kg) is reported together with representative picture (H&E staining) of anterior prostate lobes (A, B). Non-normally distributed data are
reported as scatter dot plot indicating median + IQR of histopathological acquisition (n = 6 for E + CBD:CBG 25 W and E + CBD:CBG 22-25 W; n = 8 for 12 W 25 W
and E-25 W; n = 13 for CBD:CBG 25 W) and analyzed using Kruskal-Wallis followed by Dunn’s post hoc test (K-W statistic 41.87 with p < 0.0001). A schematic
representation of the possible mechanism of action of CBD at mitochondrial level is also reported (C).

Blotting analysis was performed using anti-phospho Akt and total Akt
antibodies (Cell Signaling), FIS1 (BioVision), MFN1 (H-65) (Santa Cruz
Biotechnology), PTEN (Cell Signaling), LC3B (Cell Signaling), B-actin
(Cell Signaling), P53 (Cell Signaling), Hexokinase II (Cell Signaling),
BAX (B-9) (Santa Cruz Biotechnology), HSP60 (H-300) (Santa Cruz
Biotechnology), GAPDH (Novus Bioloigicals).

4.8. NMR spectra acquisition

Cells were seeded (1 million per dish, n = 5/experimental group)
one day before harvesting in 10 cm Petri dishes and treated with CBD or
CBG (3 and 6 uM) for 24 h. After incubation, cells were harvested on ice
and stored at — 80 °C until metabolites extraction. NMR spectra were
recorded at 600.13 MHz on a Bruker Avance-600 spectrometer, equip-
ped with a TCI CryoProbe™ fitted with a gradient along the Z-axis, at a
probe temperature of 27 °C. 1D proton spectra of cells were acquired
using the excitation sculpting sequence. A double-pulsed field gradient
echo was used, with a soft square pulse of 4 ms at the water resonance
frequency, with the gradient pulses of 1 ms each in duration, adding 256
transients of 16,384 points with a spectral width of 8389.3 Hz. Time-
domain data were all zero-filled to 32,768 points, and prior to Fourier
transformation, an exponential multiplication of 0.6 Hz was applied.
Two-dimensional (2D) experiments were recorded to assist signal
identification of discriminant metabolites. To that purpose, clean total
correlation spectroscopy (TOCSY) spectra were recorded using a

10

standard pulse sequence and incorporating the excitation sculpting
sequence for water suppression. In general, 320 equally spaced
evolution-time period t1 values were acquired, averaging 4 transient of
2048 points, with 7002.8 Hz of spectral width. Time-domain data
matrices were all zero-filled to 4096 points in both dimensions, thus
yielding a digital resolution of 3.42 Hz/pt. Prior to Fourier trans-
formation, a Lorentz-to-Gauss window with different parameters was
applied for both t1 and t2 dimensions for all the experiments. TOCSY
experiments were recorded with spin-lock period of 64 ms, achieved
with the MLEV-17 pulse sequence. Spectra were referred to 0.1 mM
sodium trimethylsilylpropionate (TSP), assumed to resonate at
8 = 0.00 ppm. In addition, natural abundance 2D 1 H-13 C hetero-
nuclear single quantum coherence (HSQC) spectra were recorded at
150.90 MHz for 13 C, using an echo-antiecho phase sensitive pulse
sequence with adiabatic pulses for decoupling and water suppression
using pre-saturation. 128 equally spaced evolution time period t1 values
were acquired, averaging 240 transient of 2048 points and using GARP4
for decoupling. The final data matrix was zero-filled to 4096 in both
dimensions, and apodised before Fourier transformation by a shifted
cosine window function in t2 and in tl. Linear prediction was also
applied to extend the data to twice its length in t1. HSQC spectra are
referred to the lactate doublet (BCH3) resonating at 1.33 ppm for 1 H
and 20.76 ppm for 13 C.
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4.9. NMR data analysis

The 0.60-9.60 ppm proton region of cell spectra was automatically
data reduced to 450 integrated regions (buckets) of 0.02 ppm width
using the AMIX 3.9.7 package (Bruker Biospin GmbH, Rheinstetten,
Germany). The residual water resonance region (5.16-4.50 ppm) was
excluded, and each integrated region was normalized to the total spec-
trum area to avoid possible signal variation due to dilution of samples,
which could result in an artificial increase of the signals. To discriminate
the different class of samples through NMR spectra according to the
condition/treatment of mice, we carried out a multivariate statistical
data analysis using projection methods. The integrated data reduced
format of the spectra was imported into SIMCA 14 package (Umetrics,
Umea, Sweden), and Principal Component Analysis (PCA) and Orthog-
onal Partial Least Squares Discriminant Analysis (OPLS-DA) were per-
formed. Mean-centering and Pareto scaling were used as data
pre-treatment for both PCA and OPLS-DA. PCA was first applied to
extract and display the systematic variation in the data matrix so to
identify trends and clustering in an unsupervised manner. However, to
better define grouping and select molecular markers related to specific
experimental treatments/conditions, supervised OPLS-DA analysis was
used. Metabolite Set Enrichment Analysis (MSEA) to identify biologi-
cally meaningful patterns that are significantly enriched in selected and
more representative metabolites in class separation was applied to the
pathway topology search tool in Metaboanalyst 4.0. In this analysis, the
metabolic “pathway-associated metabolite sets” (currently containing
88 entries) from human library was selected. Over Representation
Analysis was implemented using the hypergeometric test to evaluate
whether a particular metabolite set is represented more than expected
by chance within the selected compound list. Metabolites were selected
by evaluating both VIP values > 1 in class discrimination and correla-
tion values |p(corr)|> 0.7.

4.10. Measurement of extracellular acidification rates (ECAR) and
oxygen consumption rate (OCR)

ECAR and OCR measurements were conducted using the XF96
Extracellular Flux analyzer (Seahorse Bioscience). Briefly, cells were
seeded at 4 x 10%/well in XF96 cell culture plates and were incubated
for 24 in a humidified 37 °C incubator with 5% CO2. Before starting,
growth medium was replaced with appropriate assay medium. All ex-
periments were performed at 37 °C. Each measurement cycle consisted
of a mixing time. ECAR and OCR data points referred to the average
rates during the measurement cycles. All compounds were prepared at
appropriate concentrations in desired assay medium and adjusted to pH
7.4. In a typical experiment, 3 baseline measurements were taken prior
to the addition of any compound, and 3 response measurements were
taken after the addition of each compound. ECAR and OCR were re-
ported as absolute rates (mpH/min for ECAR and pmoles/min for OCR)
[33].

4.11. MitoSOX-based flow cytometric detection of mitochondrial ROS

Cells were seeded (1 x10* cells/well), treated with different con-
centrations (3 and 6 pM) of CBD for 24 h, and harvested by trypsiniza-
tion. MitoSOX™ Red Mitochondrial Superoxide Indicator (Molecular
Probes™) was used as a probe for mtROS at 1 pM for 20 min at 37 °C
with shaking. Cells were then washed and centrifuged. Cell pellet was
resuspended with PBS solution containing 8.1 mM Na2HPO4, 1.47 mM
KH2PO4, 138 mM NaCl, 2.67 mM KCl, 0.5 mM MgCl2, 0.7 mM CaCl2,
and 0.1% glucose, pH 7.4, for FACS analysis. Experiments were per-
formed in triplicate.
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4.12. Mitochondrial ROS measurement by O2K-FluoRespirometer
analysis

The Oxygraph-2k (02k, OROBOROS Instruments, Innsbruck,
Austria) combined with the Fluorescence-Sensor Green of the O2k-Fluo
LED2-Module was used to assess H202 measurement in permeabilized
cells. Experiments were performed in MiR05 (110 mM sucrose,
60 mM K-lactobionate, 0.5 mM EGTA, 3 mM MgCl2, 20 mM taurine,
10 mM KH2PO4, 20 mM HEPES, pH 7.1 at 30°C, and 0.1% BSA
essentially fatty acid free). The medium was reoxygenated when oxygen
concentrations fell to 80 pM unless otherwise indicated. Samples were
run in parallel by using two chambers per time (untreated-cells versus
treated-cells).

4.13. Agilent Seahorse XF real-time ATP rate assay

Cells were assessed using the Agilent Seahorse XF real-time ATP rate
assay kit on a Seahorse XFe96 extracellular flux analyzer, according to
the manufacturer’s instruction. Cells were seeded (1 x104 cells/well)
and treated with CBD (3 and 6 puM for 24 h), then washed with 200 pl of
a 1X warm ATP Assay Medium. Cells were incubated at 37 °C for
45 min, medium was removed and replaced with 200 pl of fresh ATP
Assay medium. Finally, cells were measured using the Seahorse XFe96
Extracellular Flux. Data were analyzed in the Agilent ATP Assay Report
Generator and statistics were analyzed by Prism software.

4.14. Mitochondrial ATP production/respiration rate measurement by
OZ2K-FluoRespirometer analysis

The ATP production rate was obtained by O2K Oroboros instrument
as an indirect measurement from the oxygen consumption rate (OCR)
calculated according to the SUIT (substrate-uncoupler-inhibitor titra-
tion) protocol, which was optimized for measuring ATP production rate
by our lab. SUIT protocol has been followed by the addition of 8.1 yM
Digitonin; 5 mM Pyruvate, 10 mM Glutamate and 2 mM Malate, Succi-
nate 10 mM (substrates of complex I + II), then Oligomycin (~2 pM) to
inhibit complex V, then 0.5 pM rotenone (Rot) plus 2.5 pM antimycin A
(AmA) to calculate the ROX. The OCR coupled with ATP production was
calculated as the difference in the OCR values before and after the
addition of Oligomycin (Complex V inhibitor) to consider only the in-
hibition of OCR. To measure the ATP molecules generated, this
"normalized" OCR value was first multiplied by 2 to calculate oxygen
atoms (O) and further was multiplied by the P/O value (the conversion
to ATP phosphorylated form from atoms of oxygen reduced), which is
around 2.75. By applying this procedure, ATP production rate as the
amount of ATP molecules produced by complex V from mitochondria
was calculated.

4.15. Analysis of the inner mitochondrial membrane potential (A¥'m)

Cells were seeded (7 x10* cells/well) in 24 well-multiwell plates and
24 h later were treated with different concentrations of GWP42003
(0.1 pM, 3 M and 6 pM) for 24 h. Cells were treated with TMRM
(Invitrogen) dye (50 nM) for 30 min before they were trypsinized,
resuspended in the growth medium and transferred to the flow cytom-
eter (Gallios; Becton Dickinson). Data were acquired and analyzed by
using the BD CellQuest™Pro Software (BD Biosciences). Fluorescence
values were determined on 5000 cells for each condition in each
experiment. Values were normalized by mitochondrial mass values in
each experiment, and for each condition. CCCP treatment (100 pM)
30 min prior to the TMRM treatment was used as negative control for
each experimental condition analyzed.

4.16. Mitochondrial mass assessment by FACS

Cells were seeded (7 x10* cells/well) in 24 well-multiwell and the
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day after were treated with different concentrations of GWP42003
(3 pM and 6 pM) for 24 h. Cells were treated with mito-tracker green
dye (50 nM) for 30 min before they were trypsinized, resuspended in the
growth medium and transferred to the flow cytometer (Gallios; Becton
Dickinson). Data were acquired and analyzed by using the BD Cell-
Quest™Pro Software (BD Biosciences). Fluorescence values were
determined on 5000 cells for each condition in each experiment.

4.17. Mitochondrial morphology assessment by microscopy

4.17.1. Super-resolution confocal microscopy

Cells were seeded (5 x104 cells/well) in lab-tech chambers and,
after adhesion, were treated with two concentrations of GWP42003 (3
and 6 pM) for 24 h. Cells were treated with mito-tracker green dye
(50 nM) for 30 min before image acquisition over a range of multiple z-
planes (minimum 4) by ZEISS Elyra Microscope.

4.17.2. Electron microscopy

Cells were fixed with 1% glutaraldehyde prepared in 0.2 M HEPES
(pH-7.3) for 30 min at RT. Then the cells were washed, post-fixed with a
1% glutaraldehyde and 0.2 M HEPES. After dehydration the specimens
were embedded in epoxy resin and polymerized at 60 °C for 72 hr. Thin
60 nm sections were cut at the Leica EM UC7 microtome. Electron
micrograph images were acquired from thin sections using a FEI Tecnai-
12 electron microscope equipped with a VELETTA CCD digital camera
(FEI, Eindhoven, The Netherlands). To count the number and measure
the size of mitochondria the iTEM software (Olympus SYS, Germany)
was used. The structures (phenotypes) present on representative images
were analyzed. Over 200 mitochondrial structures per sample were
analyzed (10-15 micrographs that correspond to the representative cell/
field and allowed to perform such analysis). To run sample analysis, an
external operator went through all the material present on the 60 nm
thick section placed on 200 mesh grid. Each section occupied 10 or 30
squares (mesh) in order to find 6-10 cells per 1 mesh. Sample size
analysis varied from 60 cells (10 squares x 6 cells) - 300 cells (30 squared
x 10 cells).

4.18. Analysis of mitochondrial respiratory parameters by O2K-
FluoRespirometer (Oroboros)

Experiments were performed on permeabilized cells trypsinized,
centrifuged and resuspended in respiration buffer to a final density of
1 x 10° cells/ml. To calibrate the Oroboros chamber’s electrode,
respiration buffer was pipetted into an oxygraph chamber and contin-
uously stirred for 1 h until a stable oxygen flux signal of the polaro-
graphic oxygen sensor was obtained. Air calibration of the
polarographic oxygen sensor was performed according to the manu-
facturer’s protocols. For High-resolution respirometry, after air cali-
bration, respiration medium was removed, and cell suspension was
placed into the oxygraph chamber under continuous stirring to record
cellular respiration (5-10 min) until a stable oxygen flux signal was
achieved. Appropriate substrates and inhibitors for mitochondrial
respiration were added through the titanium injection ports. Cells were
resuspended in the respiratory media applied directly to the Oroboros.
Intact cells were instead treated to increase their cell permeability, 2 pl
of 2 mM permeability agent solution (digitonin) were injected into the
oxygraph chamber and cellular respiration was recorded until a stable
oxygen flux signal was achieved. After this step, 12.5 ul of 0.8 M of
malate (5 mM) and 10 pl of 2 M of glutamate (10 mM) were injected
into the oxygraph chamber and cellular respiration was recorded until a
stable oxygen flux signal was achieved measuring leak I respiration.
Afterwards, 20 pl of 1 M succinate (10 mM) were injected into the
oxygraph chamber and cellular respiration was recorded until the oxy-
gen flux signal increased and stabilized measuring leak I & II respiration.
Further, 10 pl of 0.5 M ADP (2.5 mM) were injected into the oxygraph
chamber and cellular respiration were injected until the oxygen flux

12

Pharmacological Research 189 (2023) 106683

signal increased and stabilized measuring OXPHOS I & II respiration).
Then 2 pl of 0.2 mM rotenone (0.2 pM) were injected into the oxygraph
chamber and cellular respiration recorded until the oxygen flux signal
decreases and stabilized measuring OXPHOS II respiration. Then, 2 pl of
5 mM antimycin A (5 pM) were injected into the oxygraph chamber and
cellular respiration recorded until the oxygen flux signal decreases and
stabilized measuring residual oxygen consumption. Finally, 2.5 pl of
0.8 mM ascorbate (1 mM) followed by 2.5ul of 0.2mM TMPD
(0.25 mM) were injected into the oxygraph chamber and cellular
respiration recorded until the oxygen flux signal increases and stabi-
lized. For measuring maximum capacity of oxygen consumption of
intact cells using the Seahorse assay, 1 pl of 4 mg/ml oligomycin (2 pg/
ml) were injected into the oxygraph chamber containing cell suspension
and change in cellular respiration from baseline recorded until a stable
oxygen flux signal is achieved enabling the measurement of ATP pro-
duction and proton leak. Afterwards, 1 pl of 0.2 mM of FCCP (0.1 uM)
were injected into the oxygraph chamber and cellular respiration
recorded until the oxygen flux signal increases and stabilizes. Further,
3l of 0.2mM of FCCP (0.4 pM) were injected into the oxygraph
chamber and cellular respiration recorded until the oxygen flux signal
increases further and stabilized measuring maximal respiration. Finally,
2 pl of 0.2 mM rotenone (0.2 pM) and 2 pl of 5 mM antimycin A (5 pM)
were injected into the chamber and cellular respiration recorded until
the oxygen flux signal decreases and stabilized measuring spare respi-
ratory capacity. Different injection strategies were performed to mea-
sure all the other different mitochondria states and parameters.

4.19. Short term alginate plug assay

TRAMP-C2 murine prostate carcinoma cells (3 ><106) were injected
s.c. into the flank of 7-week-old C56BL/6 male mice in 100 pl of PBS and
150 pl of 3% alginate. After 2 weeks, mice were treated i.p. with 200 pl
of Vehicle [Ethanol/cremophor/saline (2:1:17)] containing single
(75 mg/kg) or combined (37.5 + 37.5 mg/kg) dose of the two canna-
binoids CBD and CBG. Treatments were performed every other day for
one week. The day after the last treatment, mice were euthanized, and
the pellets harvested for immunofluorescence analyses.

4.20. Immunofluorescence analysis of alginate plugs

For immunofluorescence analysis, alginate gels were embedded in
OCT-compound and immediately frozen. Section (5 um thick) were
obtained with a cryostat microtome, air dried and fixed with acetone
(for 5 min at 4 °C). After blocking with 1% BSA in PBS for 10 min,
sections were incubated for 1 h at room temperature rat anti-mouse
CD31 (BD Pharmingen) or rat anti-mouse Ki67 (Dako) primary anti-
bodies. After washing with PBS containing 0.05% Tween 20, sections
were incubated with the appropriate Alexa Fluor 488 or Alexa Fluor
594-conjugated secondary antibody (Invitrogen). After mounting in a
drop of anti-bleaching mounting medium containing DAPI (Vectashield,
Vector Laboratories, Burlingame, CA, USA), sections were examined
under a Zeiss fluorescence microscope (Zeiss Inc., North America)
equipped with an Olympus N547 digital camera (Olympus, Hamburg,
Germany). Immunohistochemical quantitative assessment was per-
formed by two examiners, blinded to experimental conditions. Sections
were cut from paraffin-embedded tissues and routine sections were
stained with hematoxylin and eosin stain for histological assessment and
for immunohistochemical analysis. Evaluation of distribution of single
or multiple immunostainings and of the relative optical density were
quantified by application of deconvolution with Leica-MetaMorph
LASAF2.2.0 software.

4.21. In vivo treatment of TRAMP mice

Initially, TRAMP mice (C57BL/6-Tg (TRAMP)8247Ng/J) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME, USA), then bred
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crossing homozygous females with C57BL/6 J wild type males and
heterozygous TRAMP males were used for experimental procedures.
Experiments were carried out in Animal Facility at the University of
Brescia and approved by the local animal ethics committee (OPBA,
Organismo Preposto al Benessere degli Animali, Universita degli Studi di
Brescia, Italy) as well as performed following national guidelines and
regulations. Animals were housed under controlled temperature and
standard 12 h/12 h light/dark cycle with food and water available ad
libitum. Treatment was carried out adding enzalutamide (ENZA,
MDV3100; Selleckchem), 3 mg/kg in the drinking water. Cannabinoids,
kindly provided by GW Research Ltd (Cambridge, UK), were always
administrated intraperitoneally (i.p), twice per week at the dose of
75 mg/kg when injected as pure (>99% w/w botanical compounds
(CBD or CBG) and at half of their dose when injected as 1:1 combination
CBD:CBG (37.5 +37.5 mg/kg) prepared in ethanol/cremophor/saline
[2:1:17]. According to the FDA allometric scaling guidelines, 75 mg/kg
in mice are equivalent to 6.075 mg/kg in human (REFS) which is a dose
reported to be well tolerated in humans in the context of CBD. Treated or
untreated mice were sacrificed at different time points, as indicated in
the results section, to collect the genitourinary apparatus that was
weighted and prepared for histology as described in Cerasuolo M. et al.
and Chiodelli P. et al. [34].

4.22. Murine prostate histopathological analysis

The genitourinary apparatus was removed from wild-type or TRAMP
male mice at different ages, formalin- fixed and paraffin-embedded.
Anterior prostate samples were sectioned at a thickness of 7 um, dew-
axed, hydrated, and stained with hematoxylin and eosin (H&E) or pro-
cessed for immunohistochemistry. Sections stained with H&E were
evaluated for specific histological abnormalities. The full prostate sec-
tion was acquired at 20x magnification with a Zeiss Axiovert 200 M
microscope (Carl Zeiss, Milan, Italy, EU) using the “Mosaic Tool” and the
quantification of the pathological areas was performed with the Axio-
Vision LE64 software. Also, the number of pathological adenomeres was
determined and pathological areas were graded as described [35].

For the immunohistochemical analysis, prostate sections were
incubated with rat anti-mouse Ki67 antibodies (Dako, Milano, Italy, EU).
Positive signal was revealed by 3,3'-diaminibenzidine (Roche) staining.
Sections were finally counterstained with Mayer’s hematoxylin before
analysis by light microscopy. Images were acquired at 10x magnification
with a Zeiss Axiovert 200 M microscope and Image analysis was carried
out using the ImagePro Plus software.

4.23. Statistical analyses

Normal distribution was tested with the following tests: Shapiro-
Wilk. For not-normally distributed data, the Kruskal-Wallis test was
performed. For normally distributed data, one way or two-way ANOVA
analyses were used. Dunnet’s or Dunn’s posthoc tests were applied after
a one-way ANOVA to compare all groups vs vehicle. Sidak’s posthoc test
was applied for instances where there were pre-planned comparisons of
interest. Sidak’s or Tukey’s were applied after a 2-way ANOVA for pre-
planned comparisons of interest or for multiple comparisons of all
groups, respectively. T test with Welch’s correction was used to make
comparisons between two groups and to evaluate whether fold changes
are different from one, respectively. The analyses were performed using
GraphPad version 9.3 for Windows, GraphPad Software, La Jolla, CA,
USA.
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