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Cannabinoids induce cell death in leukaemic cells through
Parthanatos and PARP-related metabolic disruptions
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BACKGROUND: Several studies have described a potential anti-tumour effect of cannabinoids (CNB). CNB receptor 2 (CB2) is mostly
present in hematopoietic stem cells (HSC). The present study evaluates the anti-leukaemic effect of CNB.
METHODS: Cell lines and primary cells from acute myeloid leukaemia (AML) patients were used and the effect of the CNB derivative
WIN-55 was evaluated in vitro, ex vivo and in vivo.
RESULTS: We demonstrate a potent antileukemic effect of WIN-55 which is abolished with CB antagonists. WIN-treated mice,
xenografted with AML cells, had better survival as compared to vehicle or cytarabine. DNA damage-related genes were affected
upon exposure to WIN. Co-incubation with the PARP inhibitor Olaparib prevented WIN-induced cell death, suggesting PARP-
mediated apoptosis which was further confirmed with the translocation of AIF to the nucleus observed in WIN-treated cells.
Nicotinamide prevented WIN-related apoptosis, indicating NAD+ depletion. Finally, WIN altered glycolytic enzymes levels as well as
the activity of G6PDH. These effects are reversed through PARP1 inhibition.
CONCLUSIONS: WIN-55 exerts an antileukemic effect through Parthanatos, leading to translocation of AIF to the nucleus and
depletion of NAD+, which are reversed through PARP1 inhibition. It also induces metabolic disruptions. These effects are not
observed in normal HSC.

British Journal of Cancer; https://doi.org/10.1038/s41416-024-02618-6

INTRODUCTION
Acute myeloid leukaemia (AML) is characterised by the prolifera-
tion of immature clonal myeloid cells [1]. Although the identifica-
tion of novel targets has allowed to individualise treatment
strategies based on specific molecular patterns, the outcome of
AML patients remains unsatisfactory [2]. Therefore, new che-
motherapeutics approaches are needed.
Therapeutic interest on cannabinoids (CNB) emerged after the

discovery of the endocannabinoid system (eCS) [3, 4]. Mammalian
tissues express at least two CNB receptor types, CB1 [5] (CNR1),
predominantly expressed in the central nervous system, and CB2
[6] (CNR2), mostly present in hematopoietic cells [7].
One of the most relevant therapeutic applications of CNB is its

potential anti-tumoral properties [8–10]. In this regard, our group
has previously described the antimyeloma effect of CNB [11]. CNB
induce apoptosis in different cancer cells through the cleavage of
PARP and caspases [12–14], overproduction of ROS [13], inhibition
of ERK and AKT signalling [15] or accumulation of ceramides and
endoplasmic reticulum (ER) stress [16]. Also, CNB promote increase
mitochondrial membrane permeability [17].
Furthermore, the cannabinoid system contributes to the control

of metabolism [8]. Accordingly, CB2 restricts the glucose and

energy supply of B-lymphoid cells lineage [18]. Moreover, it has
been described that CNB inhibit cellular respiration in brain [19]
and human oral cancer cells [20] and energetic metabolism in
pancreatic cancer cells [21].
The present study was undertaken to evaluate the potential

anti-leukaemic effect of CNB and investigate the different
pathways and metabolic alterations involved in the trigger of
apoptosis.

METHODS
Statement of ethics
All research involving human material or animal samples were approved
by the Ethical Committee for Clinical Research (CEIC) of the University
Hospital Virgen del Rocío and was conducted in accordance with the
Declaration of Helsinki.

Cell cultures, drugs and treatments
HL60, MV-4-11 and KG-1a human AML cell lines (ATCC) were cultured in
IMDM medium, and U937 cell line (DMSZ, Braunschweig, Germany) was
cultured in complete RPMI 1640. All growth media were supplemented
with 100 units/mL penicillin, 100 µg /mL streptomycin and 10% foetal
bovine serum (FBS). All cells were cultured in a humidified atmosphere of
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Fig. 1 Human AML cell lines are sensitive to the cytotoxic effects of WIN-55 in vitro and CB2 receptor is involved in the process. a Effect
of WIN-55 on AML cell lines and healthy primary cells. Cell viability and/or proliferation were assessed for the AML cell lines HL60, KG-1a, U937
and MV-4-11 and three populations of normal cells (HSC, T lymphocytes and B lymphocytes), previously isolated by AutoMACS, after 18 h of
incubation with WIN-55 at different concentrations by using the Cell Counting Kit (CCK-8) assay. b Cell viability analysis of HL60 and U937 cell
lines after 18 h incubation with vehicle or WIN-55 (10 µM or 50 µM doses) was assessed by 7AAD/Annexin V labelling using FACS analysis.
c Effect of the CB1 (LY320135) and/or CB2 (SR144528) antagonists in HL60 cells viability assessed after 18 h of incubation with LY320135 or
SR144528 alone or in combination with 10 µM WIN55 by using the CCK-8 assay. The data are mean ± SD for n= 4 replicates. Statistically
significant differences were determined by Student’s t tests: *p < 0.05, **p ≤ 0.005 and ***p ≤ 0.0005. d Effect of WIN-55 ex vivo. Mononuclear
cells from 40 AML patients were incubated for 18 h with 10 µM and 50 µM WIN-55 and cell viability was analysed by 7-AAD/Annexin V
labelling using FACS analysis. The three different tones of colours mean three groups according to the WIN-55 sensitivity. e Correlation
between the antileukemic effect of WIN-55 after 18 h incubation at 50 µM dose and the expression levels of CB1 and CB2 receptors. Cells from
patient samples with BM infiltration >75% blasts were used either to assess the cell viability by 7AAD/Annexin V labelling using FACS analysis
or to measure the expression levels of CB1 and CB2 receptors by quantitative PCR. The data are mean ± SD for n= 6 and n= 23 replicates
respectively. Statistically correlations were determined by Spearman r analysis.
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CO2/air (5%/95%) and 37 °C. All experiments were performed at least in
triplicate and HL60 and U937 cell lines, the prior being shown in main
figures and the latter in supplementary figures, except for the metabolic
assays in which the data obtained with U937 cells are shown in the main
figures because it displays a more active glycolytic pattern. Ex vivo cell
selection and drug description is specified in Supplementary material and
methods section.

Cell viability and apoptosis assays
Cell lines were cultured (5 × 105 cells/well) at the indicated concentrations
of WIN-55 or DMSO in triplicate wells for 18, 48 and 72 h. Isolated primary
cells were cultured (5 × 105 cells/well) for 18 h with DMSO (control) or WIN-
55 with or without CB antagonists. WIN-55 was added at different
concentrations and time-points. Cell viability was determined by Cell
Counting Kit (CCK-8) assay as per manufacturer’s instructions (Dojindo
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Molecular Technologies). Optical densities were measured at 450 nm using
a plate reader MultiskanTM Go Microplate (Thermo Fisher Scientific,
Waltham, MA, USA).
AML cells from patients’ BMwere identified at diagnosis with a combination

of monoclonal antibodies against AML cells-associated antigens at diagnosis
(anti-CD33, anti-CD34, anti-CD117, and anti-CD45 [BD Biosciences]). Apoptosis
was assessed by Annexin V/7AAD staining assay kit, as per manufacturer’s
instructions (BD Biosciences) and analysed on a FACS Canto II Flow Cytometer
(BD Biosciences) and analysed with InfinicytTM Software (Cytognos, Spain).
Other studies, such as oxygen consumption rate (OCR) and extracellular

acidification rate (ECAR), western blot, mitochondrial damage or enzyme
activity assays are detailed in the supplementary files.

AML murine model
NOD/scid/IL-2R gamma chain null (NSG) mice were purchased from
Charles River Laboratories International (L’Arbresle, France) and maintained
with food and water ad libitum, under specific pathogen-free conditions. 8-
to 12-week-old NSG mice, were intravenously inoculated with 5 × 106 HL60
or Luc+ HL60 cells. Upon confirmation of leukaemic BM engraftment, WIN-
55 (5 mg/kg/day) or cytarabine (ARA-C, 50 mg/kg) was administered
intraperitoneally and disease progression was monitored overtime by
scoring weight loss, percentage of infiltrated human CD45+ cells in BM by
flow cytometry or bioluminescence assays. Spleen size and human CD45+

cell infiltration in peripheral blood (PB), spleen and bone marrow (BM)
were analysed 5 days post-treatment.
The effect of cannabinoids on normal hematopoiesis was evaluated on

healthy BALB/c mice. WIN-55 (5 mg/kg/day) was intraperitoneally adminis-
tered daily for 7 and 28 days respectively. BM and PB cell populations were
analysed by flow cytometry and blood count assays. The antibodies used
are listed in Supplementary Table 2.

RESULTS
Human AML cell lines but not healthy primary cells are
sensitive to the cytotoxic effects of WIN-55
We examined the cytotoxic effect of WIN-55 on tumour cell
viability in vitro. To this end, AML cell lines (U937, HL60, KG-1a,
and MV-4-11) and healthy primary cells (isolated HSC, B, and
T cells) were exposed to various concentrations of WIN-55 for 18 h
and cell viability was measured by Cell Counting Kit (Fig. 1a).
Exposure to ≥10 µM WIN-55 led to a significant reduction in the
viability of AML cell lines in a concentration-dependent manner.
On the contrary, the viability of normal B, T and CD34+ cell
subpopulations from healthy donors remained unaffected. The
antiproliferative effect of WIN-55 was concentration- and time-
dependent (Supplementary Fig. 1A).
Annexin V and 7-AAD staining by flow cytometry also showed

that WIN-55 increases apoptosis (Fig. 1b). In addition, we also
observed that a short treatment of only 15 min of WIN-55 is
enough to activate the apoptosis observed later. (Supplementary
Fig. 1B).
We next exposed HL60 cells to WIN-55 (10 µM) in the presence

or absence of CB1 (LY320135) or/and CB2 (SR144528)-antagonists
and cell viability was determined 18 h later. The results showed
that treatment with CB2-selective antagonists significantly inhibit
the cannabinoid-induced cell death (Fig. 1c).

WIN-55 exerts a proapoptotic effect in primary cells from AML
patients
The effect of WIN-55 (50 µM) was further examined in AML cells
obtained from 40 patients at diagnosis (Supplementary Table 1
and Supplementary Fig. 1C). Remarkably, AML blasts viability was
significantly affected (>45% drop) from a large proportion of
patients (77.5%) (Fig. 1d).
We next investigated whether the effect of WIN-55 in primary

AML cells was related to the expression levels of cannabinoid
receptors. We observed an inverse correlation between receptor
expression and viability after treatment (Fig. 1e). Specifically, the
CB2 receptor showed a significant inverse correlation (p= 0.0134)
whereas the CB1 receptor showed a clear but not significant trend.

WIN-55 cannabinoid produces a potent and selective
antileukemic in vivo effect
Immunocompromised NSG mice were injected intravenously with
HL60 cells. Once BM infiltration was confirmed by flow cytometry
or bioluminescence, we treated the mice with 5 mg/kg/day WIN-
55 or vehicle (Fig. 2a).
The spleen size was measured after 5 days of treatment. We

observed an increase of spleen size in HL60 xenograft mice vs.
mock mice without AML, which was reversed after WIN-55
treatment (Fig. 2b). In addition, WIN-55 also induced an extensive
reduction of HL60 cell numbers in PB, BM, and spleen (Fig. 2c).
AML progression was monitored by bioluminescence assays

which showed an intensity reduction in WIN-55-treated vs.
vehicle-treated mice (Fig. 2d, e). Moreover, we observed a
significant increase in survival among treated mice (Fig. 2f).
To evaluate the toxicity profile of WIN-55 in healthy hematopoi-

esis, BALB/c mice were treated with 5 mg/kg/day of WIN-55 for 7
and 28 days and the different PB and HSC subpopulations were
analysed (Supplementary Fig. 2A).
Peripheral blood population assays revealed a slight and

transient decrease in monocytes upon treatment with WIN-55
on day 7, which returned to normal levels after 28 days of
treatment. An increase in platelet counts and no significant
changes for the rest of blood cell counts were observed upon
treatment (Supplementary Fig. 2B).
Furthermore, different HSC subpopulations were analysed by

flow cytometry (Supplementary Fig. 2C). We confirmed that WIN-
55 did not induce significant changes in Lin-Kit+Sca-1+ (LKS) or
common lymphoid progenitors (CLP) subpopulations. An increase
of total Lin-Kit+Sca-1- (LK) cells was observed after 7 days of
treatment. This increase was not observed after 28 days of
treatment. After 28 days of WIN-55, a slight decrease in the
number of total LK cells was observed, which was attributed to
megakaryocyte/erythroid progenitors (MEP) subpopulation (Sup-
plementary Fig. 2D).
Finally, to evaluate whether the pro-apoptotic effect of WIN-55

could be related to cell cycle, BALB/c mice were treated with G-CSF
with or without WIN-55. The effect of WIN-55 was similar
irrespective of the previous treatment with G-CSF (data not shown).

Fig. 2 Effect of WIN-55 in vivo. a Experimental procedure carried out with the AML in vivo model to generate xenografts with the HL60 and
HL60-Lucif cell lines. b Representative image of the spleens mean size for each group after 5 days of treatment (left) and the average
quantification of the measurements taken from all the mice expressed in cm (right). The data are mean ± SD for n= 7 replicates. Statistically
significant differences were determined by Student’s t tests: **p ≤ 0.005 and ***p ≤ 0.0005. c FACS analysis for human CD45+ cells in BM, PB
and spleen. Mice were xenotransplanted with HL60 cells and were treated during 5 days with vehicle or WIN-55 at a dose of 5mg/kg/day. The
data are mean ± SD for n= 7 replicates. Statistically significant differences were determined by Student’s t tests: *p < 0.05. d Murine model
xenografted with HL60-Luciferase cells. Infiltration was measured by bioluminescence after luciferin injection. Mice were arbitrarily assigned
to 2 groups of 7 mice: vehicle-treated or 5mg/kg/day WIN-55 treated once the BM infiltration was confirmed. e The bioluminescence intensity
of mice treated with vehicle (blue line) versus those treated with WIN-55 (purple line). The bioluminescence intensity was measured and
expressed in relative fluorescence units (RFU). The data are mean ± SD for n= 7. f Survival of WIN55-treated mice compared to the vehicle-
treated mice and the ARA-C-treated mice. Treatment was performed for 5 days at 50mg/kg for ARA-C, 5 mg/kg/day for WIN-55 or vehicle. Data
are represented in a Kaplan Meyer plot. Data are provided as mean ± SD for n= 21 for WIN-55-treated group, n= 18 for control group, and
n= 10 for the ARA-C-treated group.
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WIN-55 dysregulates key proliferation pathways and induces
caspase-mediated apoptosis in HL60 cells
To elucidate the signalling pathways involved in the antileukemic
effect of WIN-55, we performed microarray assays in HL60 cells
exposed or not to WIN-55.
Gene Set Enrichment Analysis (GSEA) using Gene Ontology (GO)

database revealed statistically significant differences between WIN-
55-treated and control samples for genes associated with processes
such as response to ER stress (upregulation), metabolic process
(downregulation), DNA repair (downregulation), mitochondrion
organisation (downregulation), or cell proliferation (downregulation)
(Table 1 and Supplementary Fig. 3).
To validate the transcriptomic data, we analysed the protein

expression levels of AKT, ERK, JNK, and p38-MAPK [22, 23]. WB
assays demonstrated that WIN-55 slightly upregulated p-JNK and
p-Erk1/2 whereas moderately down-regulated p-p38-MAPK and
p-AKT over time (Fig. 3a), indicating that WIN-55 down-modulates
cell proliferation-inducing pathways while up-modulating stress
response proteins.
WIN-55 treatment also led to the activation of caspases (Fig. 3b).

More specifically, we observed cleavage of caspase-3 and PARP,
and reduction in procaspase-2, -8 and -9. To further investigate the
importance of caspases in the cytotoxic effect of WIN-55, cells
were pre-incubated with the pan-caspase inhibitor Z-VAD(OMe)-
FMK for 60 min and then, WIN-55 was added for 18 h. As shown in
Fig. 3c, the pro-apoptotic effect of cannabinoids on AML cells
significantly decreased upon co-culture with pan-caspase inhibi-
tors. Therefore, these results provide evidence that WIN-55
induces apoptosis-mediated cell death by activating both the
intrinsic and the extrinsic pathways.

WIN-55 does not cause direct DNA damage, but PARP1 plays
an important role in the effect on AML cells
Besides proliferation and apoptosis, we also tested whether WIN-55
treatment produces DNA damage in AML cells. Immunofluores-
cence images revealed a low increase of γ-H2AX and nuclear
PARylation (Fig. 3d) which could be mostly attributed to the
presence of apoptotic cells after incubation with WIN-55. To rule out
a direct effect on DNA damage, we added Olaparib, Talazoparib and
Niraparib (PARP inhibitors). A synergistic effect between both
compounds should have been observed in case of a direct DNA
damage. By contrast, Olaparib reversed almost 100% of the death
caused by WIN-55 (Fig. 3e), and Talazoparib and Niraparib also
reversed, in part, the proapoptotic effect produced by WIN.55
(Supplementary Fig. 4A). Accordingly, we confirmed a significant
involvement of PARP in the antileukemic effect of WIN-55.

WIN-55 induces damage to organelles such as the
endoplasmic reticulum and mitochondria
The fact that transcriptomic data revealed an up and down-
regulation of ER stress and mitochondrion organisation processes,
respectively (Supplementary Fig. 3), lead us to hypothesise that
the dysregulation of these processes might drive the antileukemic
effect of WIN-55. For this reason, we analysed the activation of ER
stress key proteins for the Unfolded Protein Response (UPR). WB

assays showed that WIN-55 significantly increased the expression
of p-PERK, p-IRE1, and CHOP proteins in AML cells (Fig. 4a).
Furthermore, the effect of WIN-55 on the functional activity of

mitochondria was also studied. HL60 cells were exposed to 50 µM
WIN-55 for 15 or 30 min. Results showed a significant reduction of
the mitochondrial membrane potential (Fig. 4b, c).
Next, we studied the reactive oxygen species (ROS) production

by performing a MitoSox assay. Exposure of HL60 cells to WIN-55
led to a significant increase in ROS levels at 15 min or more
(Fig. 4d). Interestingly, this effect was not observed in normal
CD34+ cells (Supplementary Fig. 4B). Moreover, since PARP has
been reported to play a protective role in mitochondria by
preventing ROS production [24], we measured the ROS levels after
the combination treatment of WIN-55 and Olaparib in HL60 cells.
Pre-incubation with Olaparib did not prevent the increase of ROS
levels caused by WIN-55 treatment (Fig. 4e).
Secondly, mitochondrial respiration of AML versus CD34+ cells

was studied by determining the OCR. Of note, only basal
respiration could be analysed in normal CD34+ cells due to cell
amount limitation. Regarding AML cell lines, both basal and
maximal mitochondrial respiration were decreased upon exposure
to WIN-55 and this decrease was not reversed by Olaparib (Fig. 4f
and Supplementary Fig. 4C). It is also worth mentioning that in the
case of the HL60 basal respiration, we observed a clear downward
trend, although the differences were not statistically significant
due to a higher scatter of data in the control condition. By
contrast, the OCR value of CD34+ cells was not altered by WIN-55
treatment (Supplementary Fig. 4D), meaning that the effect of
WIN-55 treatment on the mitochondrial respiration is also an
exclusive effect on AML cells.

WIN-55 alters crucial metabolic pathways of AML cells
Since the transcriptomic data exhibited significant differences
between WIN-55-treated and control samples for genes associated
with metabolic processes, we aimed to evaluate different
metabolic pathways that could be altered upon exposure to
WIN-55 in AML cells.
The involvement of de novo synthesised ceramides in

cannabinoid-induced apoptosis has been described [22]. Accord-
ingly, we performed HPLC assays and confirmed an increase of
long (C16: 0-C20: 1) and very long chain ceramides (C22: 0-C24: 1)
after exposure to WIN-55. Remarkably, pre-treatment with
different inhibitors of ceramide synthesis only partially prevented
WIN-induced apoptosis (Fig. 5 and Supplementary Fig. 5). Conse-
quently, we can affirm that ceramide plays a minor role in the
proapoptotic effect of cannabinoids on leukaemic cells, and
therefore this is not the main mechanism triggering cell death.
We next investigated if WIN-55 treatment also alters glycolysis,

pentose phosphate pathway (PPP), and Krebs cycle (pathways
summary showed in Fig. 6a). Moreover, considering that the
activity of some of the enzymes involved in glycolysis can be
regulated by PARylation, we explored the effect of WIN-55 alone
or in combination with Olaparib.
To examine the effect of WIN-55 on glycolysis, a comprehensive

study of the activity of enzymes involved in glycolysis upon 100 µM

Table 1. Disregulated pathways identified upon WIN-55 treatment in HL-60 (AML) cell line.

ID Description NES FDR Gene Set
Size

Nº of upregulated
genes

Nº of downregulated
genes

GO:0034976 Response to endoplasmic
reticulum stress

2.80682166 9.9225E-33 283 42 1

GO:0008152 Metabolic process -1.326297 1.8239E-26 10815 169 70

GO:0006281 DNA repair -1.6245726 1.6789E-07 525 4 5

GO:0007005 Mitochondrion organisation -1.6094804 3.7675E-07 510 9 3

GO:0008283 Cell population proliferation -1.2979225 3.2014E-06 1837 32 23
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WIN-55 and/or 10 µM Olaparib treatment was performed (U937 cell
line was used because studies in untreated cells were more
robust in enzymes analysis). Overall activity of most glycolytic
enzymes was altered upon WIN-55 exposure with the exception of
enolase. Some of the enzymes including hexokinase (HK), glucose-
6-phosphate isomerase (PGI), fosfofructoquinasa-1 (PFK), aldolase,

triosephosphate isomerase (TPI), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) and phosphoglycerate mutase (PGM)
were significantly decreased whereas phosphoglycerate kinase
(PGK) and pyruvate kinase (PK) were increased (Fig. 6b). Moreover,
we also determined the reversion of the effect of WIN-55 on enzyme
activities upon Olaparib pre-incubation (Fig. 6b).
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VAD(OMe)-FMK by using the CCK-8 assay. d Immunofluorescence images of γ-H2AX and PAR staining in HL60 cells treated with WIN-55
(50 µM) for 6 h (left) and dot plot showing the quantification of nuclear mean fluorescence intensity (right). e Cell viability was assessed for
HL60 after 18 h of incubation with 10 µM WIN-55 or 10 µM Olaparib alone or in combination by using the CCK-8 assay. The data are mean ± SD
for n= 3. Statistically significant differences were determined by Student’s t tests: *p < 0.05, **p ≤ 0.005 and ***p ≤ 0.0005.
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To further investigate the effect of WIN-55 on glycolysis, we next
determined the ECAR of AML cells upon WIN-55 and/or Olaparib
treatments. Results showed that ECAR values were decreased in U937
cells upon WIN-55 treatment (Fig. 6c) and HL60 cells (Supplemen-
tary 6A) whereas no changes were observed in normal CD34+ cells

(Supplementary Fig. 6B). Moreover, alteration of ECAR by WIN-55 was
reverted upon Olaparib pre-incubation. All together, these results
demonstrate that WIN-55 alters the glycolysis in AML cells and that
these changes are reversed upon Olaparib pre-incubation, suggest-
ing that PARP might play an important role in this effect.
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Even though glycolysis is the central energy-producing path-
way, cancer cells also rely on PPP, which provides an alternative
pathway for glucose metabolism. Figure 6d shows how the
activity of G6PDH decreases upon WIN-55 exposure in U937 cells
and that this effect is reversed by Olaparib pre-incubation.
Next, we evaluated the effect of WIN-55 on the Krebs cycle.

To do so, we supplemented the culture medium with different
Krebs cycle metabolites (e.g. methyl pyruvate [MP], oxaloacetate
acid [OAA] and dimethylsuccinate [DMS]) during 24 h before
vehicle/WIN-55 treatment. The addition of these metabolites
did not modify the effect of WIN-55 on U937 cells viability
(Supplementary Fig. 6C), indicating that WIN-55 does not hinder
the Krebs cycle by decreasing the availability of some of its
metabolites.

WIN-55 promotes cell death through PARP1-dependent cell
death (Parthanatos)
Parthanatos is characterised by an irreversible loss of mitochon-
drial membrane potential, cellular NAD+ depletion, DNA frag-
mentation, increased PAR, AIF parylation and translocation of AIF
from the mitochondrion to the nucleus.
Considering the previously mentioned results, where we

confirmed a loss of mitochondrial membrane potential upon
WIN-55 treatment, as well as the inhibition of the effects of WIN-55
upon co-culture with Olaparib, we next investigated whether WIN-
55 treatment triggers AIF-dependent apoptosis. For this purpose,
we studied the expression of AIF in the nucleus, mitochondria, and
cytoplasm after the sub-fractionation of AML cells upon 6 h of
WIN-55 exposure. The results showed a decrease in protein levels
of AIF in the mitochondria and an increase in the cytoplasmic and
nuclear fraction (Fig. 7a), indicating that AML cells are suffering
AIF-dependent apoptosis upon WIN-55 treatment.
Next, we analysed cellular NAD+ depletion, another hallmark of

Parthanatos occurrence. For this purpose, WIN-55 treated cells were
supplemented with nicotinamide (NAM), a precursor of NAD+;
remarkably, the decreased viability after exposure to WIN-55 was
recovered upon coculture with NAM (Fig. 7b), indicating that NAM
prevents cannabinoid-induced cell death in AML cells.
Finally, to further confirm that WIN-55 activates PARP, we

analysed whether or not WIN-55 was able to inhibit Olaparib-
induced cell death which is related to PARP inhibition. For this
purpose, we used the eHAP cell line, which is highly sensitive to
PARP inhibition. Remarkably, preincubation with WIN-55 signifi-
cantly decreased Olaparib-induced cell death. (Fig. 7c).
All these results highlight the fact that WIN-55 treatment

produces PARP1-dependent cell death apoptosis.

DISCUSSION
In this study, we have demonstrated a powerful antileukemic
effect of the cannabinoid WIN-55, exerted through its interaction
with the CB receptor.

It has already been described that the CB2 receptor is highly
expressed in AML cells [25, 26] which contrasts with the low
expression in normal HSCs [11, 27]. This finding might, at least in
part, explain the highly selective pro-apoptotic effect of WIN-55,
since the viability of normal cells, including HSCs, was not affected
after exposure to cannabinoids.
This antileukemic effect was also confirmed in vivo. For this

purpose, we treated mice, xenografted with the HL60 cell line,
once bone marrow infiltration was confirmed. In this model, WIN-
55 treatment significantly prolonged survival compared to the
vehicle-treated control and ARA-C-treated groups. Regarding the
effect on normal HSC, no significant effects were observed neither
on their viability nor on peripheral blood cell counts.
Regarding the mechanisms involved in this antileukemic effect,

the transcriptomic study carried out identified differences in genes
belonging to pathways that were grouped into: 1.Genes related
with cell proliferation, apoptosis and damage in DNA, 2.Genes
related to the correct functioning of organelles such as ER and
mitochondria and 3.Genes involved in metabolic pathways.
As far as the first group is concerned, we confirmed that the

PI3K/AKT pathway, MAPK and caspase activation were affected
upon exposure to WIN-55.
On the other hand, the studies carried out to verify whether

WIN-55 could cause DNA damage through detection of p-H2AX
and PAR were not entirely conclusive. Interestingly, it has have
described that WIN-55 induce apoptosis by triggering ROS-
dependent DNA damage [28]. If WIN-55 does exert its prop-
apoptotic effect through DNA damage in AML, a synergy with the
PARP inhibitor Olaparib should have been observed. Surprisingly,
Olaparib reversed cell death caused by the cannabinoid, thus
opening a new avenue of investigation in this work, indicating
that WIN-55 could act through PARP-thanatos. Interestingly, it has
been described that AML cells express higher levels of this protein
as compared to healthy HSC [29], that Olaparib it was able to
induce cell death in AML. Furthermore, several studies suggest
that PARP expression is a prognostic factor in AML [30–32].
Therefore, if WIN-55 induces PARP-thanatos, leukaemic cells would
be sensitive to PARP either by default (justifying the effect of
Olaparib) or by excess (explaining the effect of WIN-55).
Regarding the second group of genes affected in the

transcriptomic study, related to damage to organelles, a
significant increase in the levels of proteins involved in ER and
UPR stress such as p-PERK, p-IRE1 and CHOP was observed.
Also, the studies carried out in the mitochondria revealed a

significant reduction in the mitochondrial membrane potential
and an increase in the levels of ROS production, as we previously
observed in MM [11]. In contrast, ROS levels remained unchanged
in normal HSCs.
The protective role that PARP plays in the mitochondria is well

known [24]. Therefore, we checked whether preincubation with
Olaparib could affect the accumulation of ROS produced by WIN-55;
however, no significant differences were observed, indicating that

Fig. 5 Role of ceramides in the antileukemic effect of WIN-55. a Quantification levels of the different types of ceramides in non-treated
versus WIN-55-treated HL60 cells by HPLC-MS/MS analysis. HL60 cells were incubated with 50 µM WIN-55 at 2, 6, 18 and 24 h. Data are
provided as mean ± SD of n= 3. C16:0, C18:0 and C18:1 ceramides showed a steadily increasing pattern in both AML cell lines up to 24 h,
while longer chain ceramides peaked at 6 h post-exposure and then returned to basal levels. b Quantification levels of S1P in non-treated
versus WIN-55-treated HL60 cells by HPLC-MS/MS analysis. c Quantification levels of C1P in non-treated versus WIN-55-treated HL60 cells by
HPLC-MS/MS analysis. Sphingosine-1-phosphate (S1P) and ceramide-1-phosphate (C1P) levels were also altered in HL60 cells after WIN-55
treatment at both 6 and 18 h. For (a), the ceramide 17:0 was used as internal standard and relative standard deviations (RSD) were <10%. Data
are provided as mean ± SD of n= 3. d Scheme of the de novo ceramide synthesis pathway and the inhibitory steps (in red) for the inhibitors
used in this study. e Cell viability was assessed for HL60 cells after incubation with the here showed ceramide inhibitors alone or in
combination with WIN-55 treatment by using the CCK-8 assay. Only FB1 inhibitor partially prevented WIN-55-mediated HL60 cell death. Data
are provided as mean ± SD of n= 3. Statistically significant differences were determined by Student’s t tests: *p < 0.05. f Quantification levels
of ceramides in HL60 cells upon Fumonisin B1 treatment by using HPLC/MS-MS analysis. HL60 cells were incubated for 6 h with 50 µM WIN-55
in the presence of Fumonisin B1 or vehicle. The graph shows the levels of ceramide C16:0 as an example. Data are provided as mean ± SD of
n= 3. Statistically significant differences were determined by Student’s t tests: **p ≤ 0.005 and ***p ≤ 0.0005.
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PARP is not acting through mitochondrial damage in response to
cannabinoid treatment.
The last group of genes highly affected in transcriptomic studies

were those involved in metabolism. Ceramide metabolism is

emerging as a second messenger on growth, differentiation [33]
or cell death [34, 35]. In the current study, we confirmed that WIN-
55 does affect the metabolism of ceramide, but this is not the
main mechanism triggering cell death.
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Finally, we proceeded to study glycolysis, since it was one of the
pathways with themost genes affected after treatment with WIN-55.
The “Warburg effect” implies an increased dependence of

cancer cells on anaerobic glycolysis. Although this is true for most
tumour types, the LSCs in AML are more dependent on
mitochondrial respiration for survival. In fact, LSCs fail to use the
glycolytic machinery when energy from the mitochondria is
blocked [36].
Our results show that WIN-55 impairs glycolysis and this effect is

reversed upon co-culture with Olaparib. Moreover, it does alter the
activity of all glycolytic enzymes with the exception of enolase.
Furthermore, preincubation with Olaparib reversed this effect in
the case of PGI, PFK, GAPDH and PK, indicating that they could be
targets of PARP. The participation of PARP1 in bioenergetic control
has already been suggested by Berger et al., who was the first to
hypothesise that PARP1 hyperactivation was responsible for
NAD+/ATP depletion [37].
More recent studies have shown a key role of PARP1 in the

control of metabolism [38]. Poly (ADPribosyl) action or PARylation
is a post-translational modification that is involved in a wide range
of physiological and pathophysiological processes. In this regard,
several studies have previously reported the effect that PARP1

exerts on glycolysis enzymes such as HK [39, 40], PFK [40], GAPDH
[40–42], PK [38] and enolase [42] and PARP14 in PGI [43] and PK
[44]. Remarkably we observed that Olaparib reversed the effect of
WIN-55 in several of these enzymes. By contrast, it did not modify
the effect of WIN-55 in mitochondrial respiration, thus confirming
that the prior is the main mechanism involved in the antagonistic
effect of Olaparib on WIN-55-induced apoptosis.
Our data also demonstrate an important modulation of the

activity of glucose 6-phosphate dehydrogenase, which decreased
dramatically after treatment with WIN-55. G6PDH is a rate-limiting
enzyme for PPP, and therefore G6PDH levels also determine the
flux of PPP and the rate of NADPH generation [45].
It has been described that AML cells undergo apoptosis after

treatment with 6-aminonicotinamide, a potent inhibitor of G6PDH,
while normal HSC are not affected. The importance of PPP in AML
is reinforced by the observation that PPP genes are upregulated in
61% of AML patients. Therefore, PPP and especially G6PDH could
be a potential therapeutic targets [46].
Finally, we confirmed the presence of Parthanatos, a pro-

grammed cell death characterised by the overactivation of PARP1,
which leads to the depletion of NAD+ and cellular ATP, the release
of AIF from the mitochondria to the nucleus and AIF PARylation.
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Under physiological conditions, AIF maintains mitochondrial
structure and plays an essential role in oxidative phosphorylation.
On the contrary, under pathological conditions, AIF is a key
mediator in caspase-independent cell death, and more specifically
in PARP1-dependent cell death [47]. The PAR polymer is toxic to
cells. Therefore, PAR polymer signalling along with mitochondrial
AIF is the key event initiating fatal crosstalk between the nucleus
and mitochondria in Parthanatos [47].
Another event in Parthanatos as mentioned above is the

depletion of cellular NAD+. Upon activation, PARP1 transforms
nicotinamide adenine dinucleotide (NAD+) into long PAR poly-
mers and transfers them to a variety of nuclear proteins, including
transcriptional histones, DNA polymerases, topoisomerases, DNA
ligase-2, and itself [48, 49]. NAD+ is a cofactor of glycolysis and the
Krebs cycle, which presents ATP to most cellular processes [50].
The overactivation of PARP1 results in the use of NAD+ and,
therefore, the depletion of NAD+ and ATP levels [47].
Our data indicate that WIN-55 induces the release of AIF from

the mitochondria. Moreover, when the cells were supplemented
with nicotinamide, a precursor of NAD+, the viability of the cells
treated with WIN-55 was recovered.
In summary, the cannabinoid derivative WIN-55 exerts a potent

and selective antileukemic effect which depends on its interaction
with the CB2 receptor and is mainly mediated through
Parthanatos. Remarkably, treatment with WIN-55 affects enzymes
involved in glycolysis and pentose phosphate pathways, leads to
the translocation of AIF to the nucleus and to depletion of NAD+.
These effects are not observed in normal HSC. Further studies
will be required to explore the pathways linking CB2 and PARP
activity.

DATA AVAILABILITY
The code of the Microarrays’ data deposition in a public repository is GSE252193.

REFERENCES
1. Döhner H, Weisdorf DJ & Bloomfield CD. Acute myeloid leukemia. N Engl J Med.

2015;373:136–52. https://doi.org/10.1056/NEJMra1406184
2. Network NCC. NCCN clinical practice guidelines in oncology: acute myeloid

leukemia. J Natl Compr Cancer. 2019;1:2019.
3. Mackie K. Cannabinoid receptors: where they are and what they do. J. Neu-

roendocrinol. 2008;20:10–14.
4. Onaivi ES, Carpio O, Ishiguro H, Schanz N, Uhl GR, Benno R. Behavioral effects of

CB2 cannabinoid receptor activation and its influence on food and alcohol
consumption. Ann NY Acad Sci. 2008;1139:426–33.

5. Matsuda LA, Lolait SJ, Brownstein MJ, Young AC, Bonner TI. Structure of a can-
nabinoid receptor and functional expression of the cloned cDNA. Nature.
1990;346:561–4.

6. Munro S, Thomas KL, Abu-Shaar M. Molecular characterization of a peripheral
receptor for cannabinoids. Nature. 1993;365:61–65.

7. Galiègue S, Mary S, Marchand J, Dussossoy D, Carrière D, Carayon P, et al.
Expression of central and peripheral cannabinoid receptors in human immune
tissues and leukocyte subpopulations. Eur J Biochem. 1995;232:54–61.

8. Velasco G, Sánchez C, Guzmán M. Anticancer mechanisms of cannabinoids. Curr
Oncol. 2016;23:S23–32.

9. Abrams DI, Guzman M. Cannabis in cancer care. Clin Pharmacol Ther. 2015;
97:575–86.

10. Chakravarti B, Ravi J, Ganju RK. Cannabinoids as therapeutic agents in cancer:
current status and future implications. Oncotarget. 2014;5:5852–72.

11. Barbado M V, Medrano M, Caballero-Velázquez T, Álvarez-Laderas I, Sánchez-
Abarca LI, García-Guerrero E, et al. Cannabinoid derivatives exert a potent anti-
myeloma activity both in vitro and in vivo. Int J Cancer. 2017;140:674–85.

12. Jeong S, Jo MJ, Yun HK, Kim DY, Kim BR, Kim JL, et al. Cannabidiol promotes
apoptosis via regulation of XIAP/Smac in gastric cancer. Cell Death Dis. 2019;10:846.

13. Jeong S, Yun HK, Jeong YA, Jo MJ, Kang SH, Kim JL, et al. Cannabidiol-induced
apoptosis is mediated by activation of Noxa in human colorectal cancer cells.
Cancer Lett. 2019;447:12–23.

14. Pagano C, Navarra G, Coppola L, Bifulco M, Laezza C. Molecular mechanism of
cannabinoids in cancer progression. Int J Mol Sci. 2021;22:3680.

15. Jia W, Hegde VL, Singh NP, Sisco D, Grant S, Nagarkatti M, et al. Δ9-tetra-
hydrocannabinol-induced apoptosis in Jurkat leukemia T cells is regulated by
translocation of bad to mitochondria. Mol Cancer Res. 2006;4:549–62.

16. Galve-Roperh I, Sánchez C, Cortés ML, Gómez del Pulgar T, Izquierdo M, Guzmán
M. Anti-tumoral action of cannabinoids: Involvement of sustained ceramide
accumulation and extracellular signal-regulated kinase activation. Nat Med.
2000;6:313–9.

17. Zhang X, Qin Y, Pan Z, Li M, Liu X, Chen X, et al. Cannabidiol induces cell cycle
arrest and cell apoptosis in human gastric cancer SGC-7901 cells. Biomolecules.
2019;9:302.

18. Chan LN, Chen Z, Braas D, Lee JW, Xiao G, Geng H, et al. Metabolic gatekeeper
function of B-lymphoid transcription factors. Nature. 2017;542:479–83.

19. Fišar Z, Singh N, Hroudová J. Cannabinoid-induced changes in respiration of
brain mitochondria. Toxicol Lett. 2014;231:62–71.

20. Whyte DA, Al-Hammadi S, Balhaj G, Brown OM, Penefsky HS, Souid AK. Canna-
binoids inhibit cellular respiration of human oral cancer cells. Pharmacology.
2010;85:328–35.

21. Dando I, Donadelli M, Costanzo C, Dalla Pozza E, D’Alessandro A, Zolla L, et al.
Cannabinoids inhibit energetic metabolism and induce AMPK-dependent
autophagy in pancreatic cancer cells. Cell Death Dis. 2013;4:1–10.

22. Gómez del Pulgar T, Velasco G, Sánchez C, Haro A, Guzmán M. De novo-
synthesized ceramide is involved in cannabinoid-induced apoptosis. Biochem J.
2002;363:183–8.

23. Herrera B, Carracedo A, Diez-Zaera M, Guzmán M, Velasco G. p38 MAPK is
involved in CB2 receptor-induced apoptosis of human leukaemia cells. FEBS Lett.
2005;579:5084–8.

24. Hocsak E, Szabo V, Kalman N, Antus C, Cseh A, Sumegi K, et al. PARP inhibition
protects mitochondria and reduces ROS production via PARP-1-ATF4-MKP-1-
MAPK retrograde pathway. Free Radic Biol Med. 2017;108:770–84.

25. Jordà MA, Verbakel SE, Valk PJ, Vankan-Berkhoudt YV, Maccarrone M, Finazzi-
Agrò A, et al. Hematopoietic cells expressing the peripheral cannabinoid receptor
migrate in response to the endocannabinoid 2-arachidonoylglycerol. Blood.
2002;99:2786–93.

26. Valk PJM, Delwel R. The peripheral cannabinoid receptor, Cb2, in retrovirally-
induced leukemic transformation and normal hematopoiesis. Leuk Lymphoma.
1998;32:29–43.

27. Alberich Jordà M, Rayman N, Tas M, Verbakel SE, Battista N, van Lom K, et al. The
peripheral cannabinoid receptor Cb2, frequently expressed on AML blasts, either
induces a neutrophilic differentiation block or confers abnormal migration
properties in a ligand-dependent manner. Blood. 2004;104:526–34.

28. Wang K, Wang Q, Li Q, Zhang Z, Gao J, Fan C, et al. Cannabinoid WIN 55,212-2
inhibits human glioma cell growth by triggering ROS-mediated signal pathways.
Biomed Res Int. 2021;2021:6612592.

29. Kontandreopoulou CN, Diamantopoulos PT, Tiblalexi D, Giannakopoulou N,
Viniou NA. PARP1 as a therapeutic target in acute myeloid leukemia and mye-
lodysplastic syndrome. Blood Adv. 2021;5:4794–805.

30. Jiang S, Yigong F, Avraham S & Makriyannis A. Regulation of stem cells by the
endocannabinoid system. Stem Cells Cancer Stem Cells, 2012;6:345–52.

31. Li X, Li C, Jin J, Wang J, Huang J, Ma Z, et al. High PARP-1 expression predicts poor
survival in acute myeloid leukemia and PARP-1 inhibitor and SAHA-
bendamustine hybrid inhibitor combination treatment synergistically enhances
anti-tumor effects. EBioMedicine. 2018;38:47–56.

32. Pashaiefar H, Yaghmaie M, Tavakkoly-Bazzaz J, Ghaffari SH, Alimoghaddam K,
Momeny M, et al. Significance of PARP1 expression levels in patients with acute
myeloid leukemia. Ann Oncol. 2018;29:ix87.

33. Okazaki T, Bielawska A, Bell RM, Hannun YA. Role of ceramide as a lipid mediator
of 1α,25-dihydroxyvitamin D3-induced HL-60 cell differentiation. J Biol Chem.
1990;265:15823–31.

34. Hannun YA. Functions of ceramide in coordinating cellular responses to stress.
Science. 1996;274:1855–9.

35. Obeid LM, Linardic CM, Karolak LA & Hannun YA. Programmed cell death induced
by ceramide Author (s): Obeid LM, Linardic CM, Karolak LA and Yusuf A. Hannun
Published by: American Association for the Advancement of Science Stable URL:
http://www.jstor.org/stable/2881222 JSTO. Science. 1993;259:1769–71.

36. Kohli L, Passegué E. Surviving change: the metabolic journey of hematopoietic
stem cells. Trends Cell Biol. 2014;24:479–87.

37. Berger NA. Poly(ADP-ribose) in the cellular response to DNA damage. Radiat Res.
1985;101:4–15.

38. Martire S, Fuso A, Mosca L, Forte E, Correani V, Fontana M, et al. Bioenergetic
impairment in animal and cellular models of Alzheimer’s disease: PARP-1 inhi-
bition rescues metabolic dysfunctions. J Alzheimer’s Dis. 2016;54:307–24.

39. Fouquerel E, Goellner EM, Yu Z, Gagné JP, Barbi de Moura M, Feinstein T, et al.
ARTD1/PARP1 negatively regulates glycolysis by inhibiting hexokinase 1 inde-
pendent of NAD+ depletion. Cell Rep. 2014;8:1819–31.

M. Medrano et al.

12

British Journal of Cancer

https://doi.org/10.1056/NEJMra1406184
http://www.jstor.org/stable/2881222


40. Song H, Yoon SP, Kim J. Poly(ADP-ribose) polymerase regulates glycolytic activity
in kidney proximal tubule epithelial cells. Anat Cell Biol. 2016;49:79–87.

41. Du X, Matsumura T, Edelstein D, Rossetti L, Zsengellér Z, Szabó C, et al. Inhibition
of GAPDH activity by poly(ADP-ribose) polymerase activates three major path-
ways of hyperglycemic damage in endothelial cells. J Clin Investig. 2003;112:
1049–57.

42. Giorgi A, Tempera I, Napoletani G, Drovandi D, Potestà C, Martire S, et al. Poly(-
ADP-ribosylated) proteins in mononuclear cells from patients with type 2 dia-
betes identified by proteomic studies. Acta Diabetol. 2017;54:833–42.

43. Yanagawa T, Funasaka T, Tsutsumi S, Hu H, Watanabe H, Raz A. Regulation of
phosphoglucose isomerase/autocrine motility factor activities by the poly(ADP-
ribose) polymerase family-14. Cancer Res. 2007;67:8682–9.

44. Iansante V, Choy PM, Fung SW, Liu Y, Chai JG, Dyson J, et al. PARP14 promotes
the Warburg effect in hepatocellular carcinoma by inhibiting JNK1-dependent
PKM2 phosphorylation and activation. Nat Commun. 2015;6:7882.

45. Jain M, Cui L, Brenner DA, Wang B, Handy DE, Leopold JA, et al. Increased
myocardial dysfunction after ischemia-reperfusion in mice lacking glucose-6-
phosphate dehydrogenase. Circulation. 2004;109:898–903.

46. Kreitz J, Schönfeld C, Seibert M, Stolp V, Alshamleh I, Oellerich T, et al. Metabolic
plasticity of acute myeloid leukemia. Cells. 2019;8:1–28.

47. Wang Y, Dawson VL, Dawson TM. Poly(ADP-ribose) signals to mitochondrial AIF: a
key event in parthanatos. Exp Neurol. 2009;218:193–202.

48. Lautier D, Lagueux J, Thibodeau J, Ménard L, Poirier GG. Molecular and bio-
chemical features of poly (ADP-ribose) metabolism. Mol Cell Biochem. 1993;122:
171–93.

49. Smulson ME, Simbulan-Rosenthal CM, Boulares AH, Yakovlev A, Stoica B, Iyer S,
et al. Roles of poly(ADP-ribosyl)ation and PARP in apoptosis, DNA repair, genomic
stability and functions of p53 and E2F-1. Adv Enzyme Regul. 2000;40:183–215.

50. Hageman GJ, Stierum RH. Niacin, poly(ADP-ribose) polymerase-1 and genomic
stability. Mutat Res Fundam Mol Mech Mutagen. 2001;475:45–56.

ACKNOWLEDGEMENTS
To R Zamora and FJ Hidalgo from the “Instituto de la Grasa” of Seville, which
performed mass spectrometry assays. This work was partially supported by the
grants: PI17/02177, PI20/01792 and DTS20/00165 from the Instituto de Salud Carlos
III. Mayte Medrano was supported by the grants FI16/00412 from the Instituto de
Salud Carlos III and FEHH-Janssen 2020; Jose A Bejarano was supported by the grant
FEHH 2021.

AUTHOR CONTRIBUTIONS
Mayte Medrano has been involved in research design and work, development of
analytical tools, data analysis, and wrote the manuscript. Miriam Contreras performed
metabolism experiments and analysed data and contributed to writing the
manuscript. Teresa Caballero-Velazquez and Clara Beatriz García-Calderón have been
involved in flow cytometry analysis from patients. Laura Martinez quantified CB1 and
CB2 levels in patients’ samples by qPCR. Jose Antonio Bejarano-Garcia performed
AML xenograft models. Rocio Calderon contributed to performing experiments. Ivan

V. Rosado has been involved in designed research. Jose Antonio Perez-Simon has
been involved in research design, data analysis and writing the manuscript.

COMPETING INTERESTS
There are two patents for this Project: “Use of cannabinoids as ceramide-generating
anticancer agents in tumours of the hematopoietic and lymphoid tissues”
(EP3226847A2; US2018353461A1; WO2016087649A2; WO2016087649A3) and “Inda-
zole derivatives for cancer treatment” (EP3449922A1; EP3449922A4; ES2644216A1;
ES2644216B1; US2020281897A1; WO2017186999A1).

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
All research involving human material or animal samples was approved by the Ethical
Committee for Clinical Research (CEIC) of the University Hospital Virgen del Rocío and
was conducted in accordance with the Declaration of Helsinki.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-024-02618-6.

Correspondence and requests for materials should be addressed to
J. A. Pérez-Simón.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

M. Medrano et al.

13

British Journal of Cancer

https://doi.org/10.1038/s41416-024-02618-6
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Cannabinoids induce cell death in leukaemic cells through Parthanatos and PARP-related metabolic disruptions
	Introduction
	Methods
	Statement of�ethics
	Cell cultures, drugs and treatments
	Cell viability and apoptosis�assays
	AML murine�model

	Results
	Human AML cell lines but not healthy primary cells are sensitive to the cytotoxic effects of WIN-55
	WIN-55 exerts a proapoptotic effect in primary cells from AML patients
	WIN-55 cannabinoid produces a potent and selective antileukemic in�vivo�effect
	WIN-55 dysregulates key proliferation pathways and induces caspase-mediated apoptosis in HL60�cells
	WIN-55 does not cause direct DNA damage, but PARP1 plays an important role in the effect on AML�cells
	WIN-55 induces damage to organelles such as the endoplasmic reticulum and mitochondria
	WIN-55 alters crucial metabolic pathways of AML�cells
	WIN-55 promotes cell death through PARP1-dependent cell death (Parthanatos)

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




