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A B S T R A C T   

Cannabinoids, a class of compounds derived from Cannabis sativa L., have recently become more widely 
accessible for public consumption in the form of diverse cannabis products, in parallel with weakening the 
measures that so far restricted their availability. The US Food and Drug Administration has approved several 
cannabis-derived drugs for management of various diseases as well as chemotherapy-induced nausea and 
vomiting. Besides the attenuation of adverse effects of chemotherapy, numerous reports about cannabinoid- 
mediated anticancer effects further motivate cancer patients to support their therapy with such products. Here 
we present a set of preclinical data with human cell culture models, suggesting that cannabidiol and cannabis 
extracts may effectively counteract the anticancer effects of the clinically widely used standard-of-care platinum- 
based drugs. We show that even low concentrations of cannabinoids reduced the toxicity of cisplatin, oxaliplatin, 
and carboplatin, an effect which was accompanied by decreased platinum adduct formation and a set of 
commonly used molecular markers. Mechanistically, our results excluded the possibility that the observed 
enhanced survival of cancer cells was mediated transcriptionally. Instead, trace metal analyses strongly indicate 
an inhibitory impact of cannabinoids on intracellular platinum accumulation, thereby implicating changes in 
cellular transport and/or retention of these drugs as the likely cause of the observed biological effects. Our study 
raises the possibility that the desirable effect of counteracting adverse effects of chemotherapy might, at least for 
some cannabinoids, reflect impaired cellular availability, and consequently attenuation of the anticancer effects 
of platinum drugs. 
Data availability: All data supporting the conclusions are available in the article and supplementary files. Raw 
data are available upon request from the corresponding author.   

1. Introduction 

Current standard-of-care cancer chemotherapy protocols commonly 
include cisplatin or other platinum-derived drugs as their key compo
nents [1]. Cisplatin was the first such compound, approved by the FDA 
in 1978 for the treatment of ovarian and testicular cancers [1], with the 
application spectrum later extended to cover also head and neck, 
esophageal, gastric, colon, bladder, and cervical cancers as the first-line 
therapy, as well as many other types of malignancies, including lung 

cancer, as the second-line therapy, often combined with other chemo
therapeutics and/or other treatment modalities [2,3]. Mechanistically, 
cisplatin becomes hydrolyzed in cells to become a potent electrophile 
that reacts with cysteine-rich proteins and purine bases at the N7 posi
tion. Ensuing DNA damage is the most widely accepted mechanism to 
which the antineoplastic properties of cisplatin have been attributed. 
Indeed, cisplatin forms DNA adducts and crosslinks, which can hinder 
DNA replication and hence cell division, inducing cell death [3]. 

However, cisplatin has multiple shortcomings, including dose- 
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limiting side effects and the development of resistance. Neuro-, nephron- 
, oto-, and gastrointestinal toxicity with myelosuppression are some of 
the most common negative side effects impacting patients, with neph
rotoxicity as the major dose-limiting factor [2,4]. Although carboplatin, 
the second generation of platinum-based drugs, solved some of the 
challenging issues of cisplatin in oncology, carboplatin also has serious 
side effects, including dose-limiting myelosuppression [2,3]. Moreover, 
despite some improved attributes, carboplatin is unsuitable for certain 
cancers that can be treated by cisplatin but is approved for the treatment 
of ovarian and testicular cancer, as well as numerous other tumor types 
in the context of combined therapies [2,2,5]. Compared to cisplatin, the 
carboplatin molecule contains a bidentate dicarboxylate ligand instead 
of two chlorine atoms. The ligand provides carboplatin with new 
properties, including slower hydrolysis, lower reactivity, and longer 
retention. Although the reaction products of carboplatin are analogous 
to those of cisplatin, substantially higher concentrations of carboplatin 
are needed to achieve the same toxicity [3]. Furthermore, 
cross-resistance is inevitable due to the close similarity of these two 
substances [2,6]. 

Oxaliplatin, the third-generation platinum-based drug, was devel
oped to respond to acquired resistance induced by cisplatin and carbo
platin. Its ability to overcome resistance is attributable to the different 
constitution of the molecule, which contains a 1,2-diaminocyclohexane 
ligand instead of amine groups, and oxalate as a leaving group [5,6]. 
This composition makes oxaliplatin lipophilic, which provides addi
tional routes for cellular transport and alters its reactivity and mecha
nism of action. Oxaliplatin has lower reactivity with DNA, but its 
toxicity and anticancer properties are strongly exacerbated by its ability 
to interfere with ribosome biogenesis and protein synthesis [2,5,6]. 
Oxaliplatin is commonly used to treat colorectal cancers [2,6]. However, 
similar to previous platinum drug generations, oxaliplatin causes severe 
adverse effects with dose-limiting neurotoxicity [2,4]. 

While many patients initially benefit from platinum-derived 
chemotherapy, a large proportion of tumors relapse, and the acquired 
resistance to further chemotherapy often results in treatment failure. 
Though far from being fully understood, such drug resistance mecha
nisms include modulation of drug transport, glutathione and metal
lothionein pathways, enhanced DNA-damage repair, inhibition of cell 
death, and altered cancer cell metabolism [6]. 

In this study, we identify cannabidiol and cannabis plant extracts as 
substances interfering with the toxicity of all three of the above
mentioned platinum-based drugs. Cannabinoids are a family of sub
stances with a broad pharmacological profile, potentially applicable to 
numerous health conditions, from neurological to inflammatory and 
autoimmune diseases [7–9]. Importantly, cannabis products are clini
cally highly relevant due to their extensive use among cancer patients 
[10–12]. Cannabis products are generally accepted to attenuate 
chemotherapy-induced unwanted side effects. Several 
cannabinoid-based drugs, including Dronabinol and Nabilone, are 
indeed being prescribed for chemotherapy-induced nausea and vomiting 
[13,14]. The motivation of oncological patients to use cannabis-based 
products is further boosted by numerous studies that suggest their 
anticancer properties via various mechanisms of action. It has also been 
speculated that simultaneous consumption of cannabinoids may support 
ongoing anticancer therapy through some direct anticancer effects [7,9, 
15]. However, antagonistic effects were also suggested [16,17]. Indeed, 
our present results call for caution with regard to such combinatorial 
use, as the positive effects of cannabinoids on cancer chemotherapy may 
not be universally applicable. Indeed, when combined with some che
motherapeutics, such as platinum-derived drugs, cannabis may under
mine their anticancer effects and thereby attenuate the treatment 
efficacy. 

2. Materials and methods 

2.1. Cell lines 

Human osteosarcoma U-2-OS (ATCC), human lung carcinoma NCI- 
H1299 (ATCC), and human lung fibroblast MRC-5 (ATCC) cells were 
maintained in DMEM (Lonza) supplemented with 10% fetal bovine 
serum (Thermo Fisher Scientific) and 1% penicillin/streptomycin 
(Sigma-Aldrich). MRC-5 cells were further supplemented with 1% non- 
essential amino acids (MEM NEAA, Gibco). 

2.2. Crystal violet assay 

Cells were seeded on a 96-well plate with a seeding density of 5000 
cells per well. On the same day, the cells were pretreated with 2.5 µM 
cannabinoid. After 17 h, the cells were treated with increasing con
centrations of the platinum-based drug. Cisplatin (CisPt) and oxaliplatin 
(OxPt) were used in concentrations 5, 10, 20, and 40 μM. Carboplatin 
(CarboPt) was used in concentrations 50, 100, 200, and 400 μM. In the 
wash-out experiment, the CBD (cannabidiol) pretreatment was removed 
by washing with new DMEM media before treatment with platinum- 
based drugs. After 72 h of treatment, the cells were fixed with 70% 
cold ethanol for 15 min and labeled with crystal violet solution (5 g 
Crystal Violet, Sigma Aldrich, C6158; 200 mL 96% ethanol, 800 mL 
H2O) for 20 min. Next, the 96-well plates were thoroughly washed under 
running water and left to dry. The cell-incorporated crystal violet dye 
was solubilized by phosphate buffer saline containing 0.2% Triton X-100 
and measured at 590 nm using a spectrometer (TECAN, Infinite 
M200PRO). The results are shown as the mean value and standard de
viation from three independent experiments. Five technical repeats were 
performed per experiment. 

2.3. Colony formation assay 

Cells were seeded on a 12-well plate with a seeding density of 100 
cells per well. On the day of seeding, the cells were pretreated with 2.5 
µM CBD, and after 17 h, the cells were treated with 2.5 µM CisPt, 5 µM 
CarboPt, or 5 µM OxPt. After 12 days, the colonies were fixed with 70% 
cold ethanol and labeled with crystal violet solution. Cells were washed 
under running water and air dried. For better contrast, the wells were 
filled with powdered white edible sugar and scanned using a tabletop 
scanner (Epson Perfection V750 PRO). The mean area and colony count 
were evaluated using ImageJ (Wayne Rasband) software. The results are 
shown as the mean value and standard deviation from three indepen
dent experiments. Three technical repeats were performed per 
experiment. 

2.4. Immunofluorescence staining and quantitative microscopy 

The cells were seeded on glass coverslips or a 24-well glass bottom 
plate (Cellvis, P24-1.5H-N). Cells were pretreated with 10 µM CBD on 
the day of seeding, before treating with 10 µM platinum-based drug for 
24 h. In the case of treatment with cycloheximide (Cycloheximide so
lution, Sigma Aldrich, C4859), the treatment was shortened to 17 h and 
chemicals (CBD, cycloheximide, platinum-based drugs) were adminis
trated concomitantly. The cells were fixed with 4% cold formaldehyde 
for 15 min, followed by permeabilization with phosphate buffer saline 
containing 0.5% Triton X-100 for 5 min. Subsequently, the cells were 
blocked with DMEM media containing 10% fetal bovine serum (FBS, 
Gibco) for 1 h, before staining with primary antibody dissolved in 
blocking media overnight at 4 ◦C. Secondary antibodies were added for 
1 h at room temperature. Nuclei were stained with DAPI (Sigma) (1 
µg⋅mL− 1) for 5 min. Samples were visualized and acquired using fluo
rescence microscopes (Olympus IX81 ScanR and/or Zeiss LSM 980). 
Quantitative analysis was performed in ScanR Analysis software 
(Olympus). 
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For cisplatin-DNA adduct staining, the cells were blocked in 5% 
bovine serum albumin and incubated in 2 M HCl for 10 min at 37 ◦C 
consecutively. The remainder of the protocol was performed as 
described above. 

The results are shown as the mean value and standard deviation from 
three independent experiments. 

2.5. Immunoblotting 

The cells were seeded on a 6-cm Petri dish, pretreated with 10 µM 
CBD on the day of seeding, and then treated with 10 µM platinum-based 
drug for 24 h. The cells were lysed in Laemmli sample buffer. The pro
tein concentration was measured by Bradford assay (Pierce Detergent 
Compatible Bradford Assay Kit, Thermo Scientific, 1863028), and 
approximately 10 µg of protein was loaded into a precast gel (Mini- 
PROTEAN TGX Stain-Free Gels, Bio-Rad, 4568093) and run under the 
conditions with constant 20 mA per gel. The separated proteins were 
transferred to nitrocellulose membrane, which was blocked in 5% milk 
(edible dried low-fat milk) dissolved in Tris-buffer saline containing 0.1 
Tween 20 for 1 h. Next, the membrane was incubated with primary 
antibodies overnight at 4 ◦C, followed by secondary antibodies for 1 h at 
room temperature. Proteins were visualized by HRP substrate (Immo
bilon Forte Western HSR Substrate, Merck Millipore, WBLUF0500), and 
images were acquired using the ChemiDoc imaging system (Bio-Rad). 
The figure used in the manuscript represents one of three independent 
experiments. 

2.6. Determination of total platinum and zinc content 

The cells were seeded in a 15-cm Petri dish and were pretreated with 
10 µM CBD on the day of seeding. Subsequently, the cells were treated 
with 20 µM CisPt for indicated time-points or 20 µM OxPt and 200 µM 
CarboPt for 24 h. The cells were then quickly washed in phosphate 
buffer saline and removed to 2-mL Eppendorf tubes. The samples were 
normalized according to the protein concentration. To determine the 
protein concentration, the samples were frozen at − 80 ◦C to rupture the 
cells and then centrifuged at 20,000 g for 10 min at 4 ◦C. The protein 
concentration was measured from the supernatant using the BCA assay 
(Pierce BCA Protein Assay Kit, Thermo Scientifics, 23225). 

The total Pt and Zn contents were determined by solution ICP-MS 
using an external calibration in the range of 5–100 µg⋅L− 1 for Zn and 
0.1–100 µg⋅L− 1 for Pt. The aliquots of cell cultures were digested with 4 
mL of concentrated nitric and hydrochloric acids (1:1, v/v) in the 
UltraWAVE digestion unit (Milestone, Italy) using a general 
temperature-control digestion method for biological samples. Following 
mineralization, the digests were quantitatively transferred to a 10-mL 
volumetric flask and filled with ultrapure water. The samples were 
subjected to ICP-MS analysis using the ORS-ICP-MS 7700x instrument 
(Agilent Technologies, Japan) in helium mode to overcome spectral 
interferences. The following isotopes were selected for quantitative ICP- 
MS analysis: 66Zn, 194Pt, and 195Pt; and 89Y and 209Bi as internal stan
dards. The regular measurement of independently prepared quality 
control samples at the concentration level of 50 µg⋅L− 1 for Zn and 5 
µg⋅L− 1 for Pt was adopted to ensure the reliability of the ICP-MS results. 
The results are shown as the mean value and standard deviation from 
three independent experiments. 

2.7. 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5- 
carboxanilide 

For the XTT assay, 5000 cells per well were seeded on a 96-well 
plate. The cells were pretreated with 10 µM CBD and, after 17 h, 
treated with increasing concentrations of platinum-based drugs. After 
72 h, the XTT assay was performed according to the manufacturer’s 
instructions (AppliChem) and measured using a spectrometer (TECAN, 
Infinite M200PRO). The results are shown as the mean value and 

standard deviation from three independent experiments. Five technical 
repeats were conducted per experiment. 

2.8. RNA interference 

siRNA against MTF1 (OriGene, SR302991) was used for RNA inter
ference. The cells were transfected with siRNA using Lipofectamine 
RNAiMAX (Invitrogen, 13778) according to the manufacturer’s in
structions. The cells were reseeded to the required plate or dish 24 h 
after transfection. Treatments were started 72 h after transfection. 

2.9. Cultivation of cannabis plants 

Two genotypes of cannabis (Cannabis sativa L.) were used in this 
study. The genotype "Kosher Haze" (KH; Dutch Passion®, the 
Netherlands) was classified as chemotype I, which was THC dominant 
and grown from regular seeds. The seeds were cleaned with 0.03% v/v 
hydrogen peroxide and germinated on wet paper, in the dark, at labo
ratory temperature. During the vegetative phase of 8 weeks, the 
photoperiod was maintained at 18 h light/6 h dark, with a temperature 
of 24/18 ◦C, and relative humidity of 50%. During this phase, the plants 
underwent transplanting from germination soil (Florcom®, Czechia) to 
coconut coir (BioBizz, Spain) and topping. The genotype "Fantasy Bud" 
was classified as chemotype III, which was CBD dominant and grown 
from cuttings purchased from Konopex company (Ostrava, Czechia). 
Rooted clones were introduced directly into the flowering phase with 12 
h of light. Both genotypes were cultivated in coconut coir (BioBizz, 
Spain). Plagron Cocos A + B, Power Roots, and Pure Zym (Plagron, the 
Netherlands) fertilizers were used for plant nutrition during the vege
tative phase according to the manufacturer’s instructions. Green 
sensation (Plagron, the Netherlands) was added to the nutrition scheme 
during the flowering stage. Full-spectrum 300 W LED Attis lights 
(Lumatek, UK) were used for illumination. Upon maturation (approx. 9 
weeks), inflorescences were harvested and dried at 25 ◦C in the dark for 
7 days, before curing and storing in glass jars in the dark at laboratory 
temperature. 

2.10. Cannabis extraction 

The dried inflorescences were sieved through a 1-mm mesh and 
decarboxylated for 30 min at 121 ◦C. Ethanolic extracts were prepared 
by adding 60 mL of 96% EtOH v/v to 6 g of decarboxylated material and 
sonicating for 30 min at 40 kHz. Upon centrifugation, the extraction 
solvent (1 mL supernatant aliquots) was evaporated on a centrifugal 
evaporator (Labconco, USA) at 40 ◦C. Phytocannabinoid profiling was 
accomplished according to methods recommended by the USP Cannabis 
expert panel [18] and according to the Dutch OMC (Office on Medicinal 
Cannabis, Analytical monograph Cannabis Flos (flowers/granulated); 
Version 7.1; Office of Medicinal Cannabis, Ministry of Health Welfare 
and Sport: Netherlands, 2014). The phytocannabinoid profiles of the 
extracts are shown in detail in ST1. 

2.11. Statistical analysis 

XY graphs comprising error bars are plotted as mean values and 
standard deviation from three independent experiments, each presented 
by five technical replicates. Interleaved and stacked bar graphs are 
plotted as mean values and standard deviation from three independent 
experiments. The scatter plot presents the mean values and standard 
deviation from three independent experiments, each presented by 
quantitative data obtained from ScanR Analysis software. Ordinary one- 
way ANOVA was used to assess statistical significance, and the resulting 
P-value is shown in the graphs. All graphical and analytic processing, 
including the calculation of the IC50 and IC75, were performed in 
GraphPad Prism 9.4.1. 
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2.12. Chemicals and antibodies 

The following antibodies were used for immunofluorescence labeling 
for microscopy: anti-cisplatin modified DNA (1:1000, Abcam, 
ab103261), yH2AX (1:500, Millipore, 05-636), anti-nucleolin (1:1000, 
Abcam, ab70493), p53 (1:500, Santa Cruz, sc-6243), Alexa Fluor 488 
goat anti-mouse IgG (1:500, Invitrogen, A11001), Alexa Fluor 568 goat 
anti-rabbit IgG (1:500, Invitrogen, A11036), and Alexa Fluor 568 goat 
anti-rat IgG (1:500, Abcam, ab175476). 

The following antibodies were used for immunoblotting: anti-b-actin 
(1:1000; Santa Cruz Biotechnology, sc-47778), anti-MTF1 (1:1000; 
NOVUS Biologicals, NBP1-86380), anti-p53 (1:500, Santa Cruz, sc-126), 
anti-SMC1 (1:1000, Abcam, ab9263), goat-anti mouse IgG-HRP (1:1000; 
GE Healthcare, NA931), and goat-anti-rabbit (1:1000; GE Healthcare, 
NA934). 

The following cannabinoids were used for the abovementioned as
says: CBD (-(-)cannabidiol, 10 mM stock solution in DMSO; Abcam, 
ab120448), Δ9-THC (Δ9-Tetrahydrocannabinol solution 1 mg⋅mL− 1 in 
methanol; Sigma Aldrich, T4764), and CBG (Cannabigerol solution 1 
mg⋅mL− 1 in methanol; Sigma Aldrich, C-141). Extract 1 (CBD enriched) 
and extract 2 (Δ9-THC enriched) were prepared and characterized at the 
Crop Research Institute (Olomouc, Czech republic) as stated in the 
Material and Methods. Information on the composition of the extracts is 
described in ST1. The extract was dissolved in DMSO to achieve a 10 mM 
solution of the dominant cannabinoid. 

The following platinum-based drugs were used for the above
mentioned assays: Cisplatin (Selleckchem, S1166), carboplatin (Sell
eckchem, S1215), and oxaliplatin (Selleckchem, S1224). Cisplatin and 
carboplatin were dissolved in water, with stock solutions of 1 mg⋅mL− 1 

and 10 mg⋅mL− 1, respectively. Oxaliplatin was dissolved in N, N-dime
thylformamide (Sigma Aldrich, 227056) at a 5 mg⋅mL− 1 stock 
concentration. 

The following chemicals were used for ICP-MS: Certified reference 
material of aqueous calibration solution, ASTASOL® Pt and Zn (1000.0 
± 2.0 mg⋅L− 1), nitric acid (69%, ANALPURE® grade), internal standards 
mix, INT-MIX 1 Sc, Y, In, Tb, and Bi (10.0 ± 0.1 mg⋅L− 1) were purchased 
from Analytika, Ltd., Czech Republic. Ultrapure water with a resistivity 
of 18.2 MΩ cm was produced by a Milli-Q Reference purification system 
(Millipore Corporation, Molsheim, France). 

3. Results 

3.1. CBD protects cells from the toxicity of three clinically used platinum- 
based drugs 

We have recently reported that cannabidiol (CBD)-triggered 
expression of metallothioneins can protect cancer cells against copper- 
containing substances such as CuET (an anticancer metabolite of disul
firam) [17]. Metallothioneins, in general, are cysteine-rich proteins that 
can protect cells against the toxic effects of various metals and 
metal-containing drugs. Here, we wished to determine whether a similar 
metallothionein-mediated resistance mechanism could be relevant for 
platinum-based drugs. First, we performed cytotoxicity tests with CBD 
combined with each of the three clinically used platinum cytostatics: 
cisplatin (CisPt), carboplatin (CarboPt), and oxaliplatin (OxPt), respec
tively. As the assay readout, we used the crystal violet staining analysis 
in human U-2-OS osteosarcoma cells pretreated with CBD and then 
treated with increasing concentrations of the 3 platinum drugs. As 
shown in Fig. 1A, even relatively low concentrations of CBD effectively 
interfered with the toxic effects of CisPt and CarboPt, while the toxicity 
profile of OxPt remained unchanged. The experiment was also per
formed with a human lung carcinoma HCI-H1299 cell line and with 
primary MRC-5 lung fibroblasts, respectively. Overall, the results ob
tained with all three cell models showed a similar trend (Figs. 1A and 
S1). Next, we employed a colony formation assay using the U-2-OS cells, 
to corroborate the CBD-protective effects in an approach that involves 

long-term exposure to the drugs. In this case, the CBD-mediated pro
tective effect was even more pronounced and also confirmed in the 
OxPt-treated cells (Fig. 1B). Next, we analyzed the response using 
commonly used cellular stress markers, which partly differ across the 
platinum drugs [19–21]. In the case of CisPt, we analyzed the DNA 
damage using the γH2AX marker [19], the level of which was signifi
cantly reduced in the CBD-pretreated cells (Figs. 2A and S2) in a 
concentration-dependent manner (S3). Moreover, using quantitative 
fluorescence microscopy, we confirmed the CBD-mediated attenuation 
of p53 levels after CarboPt treatment (Figs. 2A and S2). In cells treated 
with OxPt, CBD pretreatment caused lower levels of nucleolar stress, as 
reflected by NCL-protein localization (Figs. 2A and S2). Interestingly, for 
the diploid MRC-5 cells, the extent of nucleolar stress remained un
changed upon pretreatment with CBD, suggesting that the protective 
effect of CBD is even greater in cancer cells compared to normal cells. 
We also performed a western blot analysis of the p53 protein as the 
shared stress response marker induced by all platinum-based drugs [22]. 
Consistently with the other markers, in all models, the CBD cotreatment 
resulted in an attenuation of the platinum drug-induced p53 accumu
lation (Fig. 2B, S4). For CisPt, we also quantified the signal from 
CisPt-modified DNA using specific antibodies for these structures, thus 
assessing directly the extent of the DNA adducts caused by the drug. This 
immunofluorescence method enables direct visualization of 
cis-platinated DNA, a readout that was found to be significantly 
decreased after CBD pretreatment (Fig. 2C), suggesting that the pro
tective effect of CBD against CisPt-mediated toxicity is directly linked to 
the ability of the drug to reach its molecular target. 

3.2. CBD affects the cellular transport of platinum drugs 

Metallothioneins induced by CBD serve as intracellular heavy metal 
chelators and detoxificators, and therefore they might offer a potential 
explanation for the protective effects described above. To investigate 
this possibility, we employed an RNAi-mediated knockdown of MTF1, a 
transcription factor required for metallothionein expression, whose 
depletion abolished the CBD-triggered resistance of human cancer cells 
towards the copper-containing anticancer metabolite of disulfiram in 
our previous work [17]. In MTF1 deficient cells, the CBD-mediated 
protective effect remained unchanged for CisPt and CarboPt 
(S5Fig. 5A, B), thereby disproving the hypothesis that metallothionein 
could be responsible for the observed CBD-induced resistance to plat
inum drugs. Next, we included a washing step in the CBD pretreatment 
toxicity experiment to determine whether the protective effect 
employed other transcriptional responses; the idea being that any such 
transcriptional response should be relatively stable, and therefore an 
acute removal of CBD from the culture medium immediately after pre
treatment should minimally impact the protective effect of CBD. How
ever, upon CBD wash-out, U-2-OS cells lost the resistance against 
platinum-based drugs (S6). We further excluded the 
transcription-promoted rescue effect of CBD by cotreatment with 
cycloheximide (CHX), an inhibitor of protein synthesis. Indeed, cells 
cotreated with CHX retained their resistance against CisPt in the pres
ence of CBD, as shown by lower induction of γH2AX and a reduced 
formation of CisPt-DNA adducts in the nuclei (Fig. 3). These data indi
cate that CBD may rather affect the cellular influx and/or efflux of 
platinum drugs. To address this possibility, we used the ICP-MS method 
to measure the intracellular levels of platinum after CBD pretreatment. 
Our results demonstrated significantly lower levels of intracellular 
platinum in CBD-cotreated cells, supporting the hypothesis that altered 
cellular transport may underlie the CBD-induced resistance to platinum 
drugs (Fig. 4). 

3.3. Observed protective effect of CBD against platinum-based drugs is 
shared by cannabis plant extracts 

Instead of pure CBD, many patients use more or less defined cannabis 
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Fig. 1. Cannabidiol (CBD) protects U-2-OS cells against platinum-based drugs. A) Cells pretreated with 2.5 µM CBD and treated with increasing concentrations of 
cisplatin (CisPt) and carboplatin (CarboPt) were more resistant to platinum-based drugs compared to mock-pretreated cells. Cells were pretreated for 17 h and 
treated for 72 h. The result was assessed by crystal violet assay. The IC50 and IC75 values (μM), shown in the table below the graphs were calculated using log
arithmic transformation and nonlinear regression. The final graphs present the mean and standard deviation of three independent experiments (n = 3). B) The results 
of the 12-day colony formation assay reveal substantial interference of CBD with all three tested platinum-based drugs (including oxaliplatin [OxPt]). Cells were 
pretreated with 2.5 µM CBD for 17 h, before treating with CisPt (2.5 µM), CarboPt (5 µM), or OxPt (5 µM) and grown for 12 days. The number of colonies and mean 
colony area were plotted on the graphs. For bar graphs, one-way ANOVA was used to calculate the P-value. The result represents the mean and standard deviation of 
three independent experiments (n = 3). 
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Fig. 2. Cannabidiol (CBD) protects U-2-OS cells from platinum-based drug-induced stress responses. A) CBD decreased DNA damage (measured as γH2AX) after 
cisplatin (CisPt) treatment, attenuated induction of p53 after carboplatin (CarboPt) treatment, and increased the number of compact nucleoli after oxaliplatin (OxPt) 
treatment (as evaluated by nucleolin localization). The cells were pretreated with 10 µM CBD for 17 h, before treating with CisPt (10 µM), CarboPt (100 µM), or OxPt 
(10 µM) for 24 h. The cells were analyzed using fluorescence microscopy (scale bar: 20 µm). For scatter plots, one-way ANOVA was used to calculate the P-value. The 
result represents the mean and standard deviation of three independent experiments (n = 3). B) Western blot analysis shows that CBD-pretreated cells accumulated 
less p53 after platinum-based drug treatment. Cells were pretreated with 10 µM CBD for 17 h, before treating with CisPt (10 µM), CarboPt (100 µM), and OxPt 
(10 µM) for 24 h. The result represents one of three independent experiments. C) CBD decreased CisPt-DNA adducts in CisPt-treated cells compared to mock- 
pretreated and CisPt-treated. Cells were pretreated with 10 µM CBD for 17 h, before treating with CisPt (20 µM) for 24 h, and analyzed by quantitative immuno
fluorescence microscopy (scale bar: 20 µm). For scatter plots, one-way ANOVA was used to calculate the P-value. The result represents the mean and standard 
deviation of three independent experiments (n = 3). 
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plant extracts containing additional biologically active cannabinoids 
and other compounds. Therefore, we took advantage of the availability 
of cannabis extracts produced from two contrasting chemotypes (CBD 
dominant versus THC dominant), which were grown under defined 
conditions (see material and methods for more details and ST1). The 
protective effect against platinum drug toxicity that we observed for the 
CBD dominant variant was equally or even more potent than cell 
cotreatment by CBD-alone (Fig. 5). However, the extract from the Δ9- 
THC dominant variant was considerably less protective, suggesting that 
Δ9-THC itself may not be involved in the CBD-induced drug resistance. 
Consistently, further experiments with Δ9-THC pretreatment alone 
revealed no impact on the cellular sensitivity against platinum drugs 
(Fig. 5). Finally, we also tested the effect of cannabigerol (CBG), another 
cannabinoid typically present in cannabis plant extracts. CBG pretreat
ment displayed a significant, albeit less pronounced induction of resis
tance against CisPt and CarboPt (Fig. 5), indicating that protection 
against platinum-based drugs may be shared among diverse 
cannabinoids. 

4. Discussion 

Our present study sheds more light on the causes of acquired che
moresistance, one of contemporary oncology’s most essential and 
challenging topics. Specifically, we have identified a so-far 

unrecognized interference of CBD and cannabis extracts with the anti
cancer effects of three clinically commonly used platinum-based che
motherapeutics, resulting in acutely induced resistance of several 
human cancer cell models to these anticancer drugs. Furthermore, we 
also provide mechanistic insights into the observed cannabis product- 
induced chemoresistance. First, our functional assays aiming at better 
understanding this cannabinoid-induced chemoresistance phenomenon 
first excluded metallothioneins, a class of proteins that cause resistance 
to some other anticancer compounds [17] and which are transcrip
tionally induced by cannabinoids through the activity of the MTF1 
transcription factor, as a potential mediator of resistance to 
platinum-derived drugs. Second, we further excluded that the acutely 
induced resistance to platinum drugs heavily relies on either ongoing 
transcription or protein translation in the target cells. Overall, our re
sults narrowed the resistance mechanism using ICP-MS to cellular drug 
transport and/or retention in a translational-independent manner. We 
propose that cannabinoids limit the cellular uptake or accelerate the 
elimination of platinum-derived drugs from human cells and that this 
mechanism provides a major contribution to, though not necessarily the 
entire explanation for, the observed robust resistance to cytotoxic effects 
of clinically used platinum-derived chemotherapy in preclinical model 
experiments. 

Previous studies of platinum-based medications examined a range of 
potentially involved membrane transporters, with OCT1–3, MATE1/2, 

Fig. 3. Inhibited translation does not limit the 
protective effect of cannabidiol (CBD) against 
cisplatin (CisPt) in U-2-OS cells. Coadministra
tion of cycloheximide (CHX) does not affect the 
CBD-promoted rescue effects of cis-platinum 
measured either as DNA damage (via γH2AX 
signal) or as the presence of cis-platinated DNA. 
Cells were treated with 50 µg/mL of CHX, 
10 µM CBD, and 20 µM CisPt (10 µM CisPt for 
γH2AX detection) concomitantly for 17 h. Cells 
were fixed, stained, and analyzed using quan
titative immunofluorescence microscopy. For 
scatter plots, one-way ANOVA was used to 
calculate the P-value. The result represents the 
mean and standard deviation of three inde
pendent experiments (n = 3).   

Fig. 4. U-2-OS cells pretreated by cannabidiol (CBD) internalize less platinum. Trace elemental analysis showed a lower platinum content in cells subjected to 
combined treatment compared to those subjected to platinum-based drug only. Cells were pretreated with 10 µM CBD for 17 h, before treating with CisPt (20 µM) for 
4, 8, 16, and 24 h, or CarboPt (200 µM) and OxPt (20 µM) for 24 h. The content of platinum was re-counted at 1 mg of protein. For bar graphs, one-way ANOVA was 
used to calculate the P-value. The result represents the mean and standard deviation of three independent experiments (n = 3). 
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Fig. 5. Cannabis extracts and cannabigerol (CBG) provide similar rescue effects to cannabidiol (CBD) against cisplatin (CisPt) and carboplatin (CarboPt) in U-2-OS 
cells. CBD-enriched extract (Extract 1) induced a strong rescue effect against CisPt and CarboPt. Δ9-THC enriched extract (Extract 2) had a moderate protective effect 
against CisPt and CarboPt. Δ9-tetrahydrocannabinol (Δ9-THC) alone did not modulate cell sensitivity against platinum-based drugs. CBG had a protective effect on 
cells treated with CisPt and CarboPt, which was comparable to that observed with Extract 2. Cells were pretreated with extracts to reach a 2.5 µM concentration of 
the primary cannabinoid for 17 h, followed by platinum-based drugs for 72 h. The result was assessed by crystal violet assay. The IC50 and IC75 values were 
calculated using logarithmic transformation and nonlinear regression. The final graphs present the mean and standard deviation of three independent experi
ments (n = 3). 
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CTR1, ATP7A/7B, and MRP2/4 among the most studied [6,23,24], and 
even more have been considered recently [25,26]. Whether or to what 
extent any of these transporters are direct CBD targets remains to be 
elucidated. Potential mechanisms by which CBD may influence the 
transport of platinum-based drugs in a translation-independent manner 
include direct interaction with transporters, modulation of transporter 
phosphorylation, and altered transporter localization. Direct interaction 
with transporters could occur through competition with substrates, as 
has been shown for CBD and prazosin in the case of the BCRP transporter 
[27]. Posttranslational modification of transporters is another proposed 
mechanism by which CBD could interfere with transport. For example, 
Δ9-THC has been shown to indirectly modulate the phosphorylation of 
the divalent metal transporter-1[28]. Lastly, altered transporter locali
zation is another possibility. It has been shown that CBD can affect 
membrane composition [29]. Interestingly, our ICP-MS data revealed 
that CBD significantly increases the intracellular amount of zinc (S7). 
However, whether and how this phenomenon is related to platinum 
drug uptake requires further research. Nevertheless, the resulting in
crease in intracellular zinc levels provides a mechanistic explanation for 
the CBD-mediated expression of metallothioneins reported previously 
[30], linking this intriguing effect of cannabinoids with the known fact 
that increased intracellular zinc levels trigger MTF1-mediated expres
sion of metallothioneins [31–33]. 

Importantly and highly relevant for oncology, our data suggest that 
simultaneous use of cannabis products, mainly those containing high 
amounts of CBD, has the potential to negatively affect the treatment of 
cancer patients with the widely used standard-of-care platinum-based 
drugs. This result is crucial because many cancer patients search for 
ways to support their treatment and/or relieve the adverse effects of 
standard chemotherapy, and cannabis products are often considered in 
such a context as an increasingly available option to provide both 
properties. Indeed, cannabis has been demonstrated to lessen several 
adverse conditions associated with cancer treatment, such as pain, 
nausea, vomiting, depression, and weight loss [16,34,35]. Moreover, 
direct anticancer effects of cannabis, through different proposed mech
anisms, have also been suggested [7,9,15,16]. Two products, Nabilone 
(a synthetic cannabinoid) and Dronabinol (synthetic Δ9-THC), have 
been approved by the FDA for attenuation of chemotherapy-induced 
nausea and vomiting [14]. Additionally, Sativex (Δ9-THC:CBD) is a 
medicine under evaluation for relieving cancer-related pain [36–40]. In 
light of our data, cotreatment with these products under ongoing 
chemotherapy with platinum drugs should better be avoided, or at least 
Dronabinol should be the preferred choice in such clinical settings. 

The potential interplay of platinum-based drugs with cannabis 
products has been studied to some extent at the preclinical level, 
including efficacy modulation. However, the results so far have been 
limited and inconsistent. For example, in line with our observation, CBD 
had been reported to attenuate CarboPt- and CisPt-mediated cytotoxic 
effects in canine urothelial carcinoma cells [41] and malignant mela
noma cell lines [42], respectively. In contrast, some studies suggested 
that combined treatment might be more effective in regimens containing 
CisPt [43], while oxaliplatin combination with CBD was proposed to 
overcome OxPt resistance in colorectal cancer cell lines [44]. Further
more, some relevant clinical studies that are presently at the early 
planning stage (NCT04585841 [45], NCT03607643 [46], 
NCT04582591 [47], NCT04398446 [48]) aim to evaluate 
CBD-mediated attenuation of OxPt-induced side effects. There is also a 
retrospective analysis suggesting the beneficial effects of cannabis on 
neuropathic pain in OxPt-treated patients [49]. However, our present 
results strongly suggest that this area of cancer research should first be 
very carefully evaluated before any widespread clinical applications 
should be recommended. Indeed, in the light of our present dataset, it is 
plausible that the attenuation of platinum-based drug-induced adverse 
effects in patients might reflect (at least partially) the overall decreased 
intracellular availability of the drugs, resulting in reduced treatment 
efficacy and, as a consequence, also reduced adverse effects. 

Overall, we hope that our findings will motivate further research to 
identify the cellular transporter(s) affected by cannabinoids that are 
involved in platinum-based drug transport. Simultaneously, our results 
should serve as a warning for patients and physicians to carefully re- 
consider and better avoid combining platinum-based therapy and 
cannabis products containing high levels of CBD, at least until this drug 
interference phenomenon becomes better assessed in both preclinical 
and especially clinical settings. 

5. Conclusion 

In this study, we identified clinically relevant negative interactions 
between cannabis and the three most commonly used platinum-based 
anticancer chemotherapeutics. Additionally, we found that such 
cannabinoid-induced chemoresistance is translationally independent 
and reflects altered cellular drug transport. Our data should serve as a 
warning relevant for concurrent usage of some cannabis products by 
patients undergoing platinum-based treatment, to avoid (until more 
information on this issue becomes available) a potential negative impact 
of such combination on therapy outcome. 
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