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Abstract

Background: Accumulating evidence suggests that cannabidiol (CBD) exerts variable effects on
cancer cells that influences cellular activity including growth. While anecdotal evidence abounds,
mechanistic studies have lagged behind. Methods: CBD treatment on malignant fibroblast (Malme-
3M) and benign BJ fibroblast cells was performed. LC MS/MS mass spectroscopy was used to
measure metabolites from CBD treatment. Results: Data indicate a differential response between
malignant fibroblast (Malme-3M) cells and benign fibroblasts (B]) cells with respect to metabolites
critical for primary metabolic function. A significant reduction in TCA metabolites is seen with a
corresponding increase in glycolytic output in the Malme-3M cell line while a similar reduction in
TCA activity in the fibroblasts appears to differentially activate fatty acid oxidation. ATP is
significantly reduced in the Malme-3M cells with a corresponding decrease in metabolites associated
with redox maintenance. Conclusions: This is the first metabolomics analyses of both normal and
tumor derived cell lines after pre-treatment with CBD. The data suggest that the metabolic
perturbation, because of CBD treatment, could reprogram and affect cellular metabolism and redox
maintenance.
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1. Introduction

In recent years, the medical and scientific communities have witnessed a surge of interest in the
potential therapeutic applications of cannabidiol (CBD), a non-psychoactive compound derived from
the Cannabis sativa plant. Cannabinoids (CB’s) have long been used as part of chemotherapy
treatments for toxicity induced indications. CB’s are effective in reducing nausea often associated
with chemo and radio therapy. However, CB’s have also been shown to have anti-proliferative effects
on a number of cancers to include breast, colorectal, lung, paraganglioma, and brain both in vitro and
in vivo [1-9]. Accumulating evidence suggests that CBD may exert anticancer effects through
multiple mechanisms, including apoptosis induction, cell cycle regulation, inhibition of angiogenesis,
and attenuation of migration and invasion [3,7].

These effects are due in part to signaling through endogenous cannabinoid receptors (CB-R’s).
These receptors are present on several cancer cell lines and directly correlates with aggressiveness
[4]. These effects have been shown on both estrogen positive and negative breast cancer cell lines as
well as in models of gliomas [2,4]. Of the over 500 compounds in the C. sativa plant, 60 have been
classified as CB’s with two, Delta-9-tetrahydrocannabinol (THC) and Cannabidiol (CBD), having
been extensively tested in a research setting.

However, CB’s effect on cancer cell metabolism has yet to be examined. Cancer cell metabolism
has been a heavily researched topic, often attributed to Otto Warburg’s work. Warburg postulated
that all cancers suffered from an irreversible inhibition of mitochondrial metabolism, leaving cancer
cells wholly dependent on glycolysis and sugar for energy production [10]. In recent years, however,
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we have seen the complexity of cancer cell metabolism as studies show that glutamine and fatty acids
also play a role in cancer growth and survival [11-13]. However, targeting cancer cell metabolism has
remained an interesting yet elusive target for novel therapies. It has been suggested that CB’s may
exert their anti-proliferative effects partly through changes in mitochondrial membrane potential,
suggesting a metabolic consequence of treatment with CB’s [14].

Aside from their use in cancer therapy, CB’s have been shown to influence pain and
inflammation through their modulation of antioxidant enzymes such as superoxide dismutase and
thioredoxin reductase as well as it's modulation of the inflammatory marker NFkB [15,16].
Application of CB’s therefore reach wide from cancer to Parkinson’s, and even to chronic pain [17,18].
Furthermore, CBD has been shown to modulate several neuropsychiatric disorders with the potential
to modulate psychotic, addictive, and depressive states [19].

Currently, the FDA has not approved any cannabis products for the treatment of diseases. It has
however approved several cannabis-derived and synthetic THC-like compounds for the treatment of
seizures and AIDS associated weight loss (Epidolex, Marinol, Syndros, and Cesamet). Research on
large human cohorts is limited partly because important metabolic studies are lacking.

In this study, our aim was to understand the metabolic changes of malignant fibroblast (Malme-
3M) cells compared to benign fibroblasts (BJ) cells after treatment with CBD.

2. Material and Methods
2.1. Cell Culture

The Malignant fibroblast (Malme-3M, ATCC Catalog No. HTB-64) were grown in an IMDM
medium (gibco, Catalog No.12440-053) with 10% FBS. The benign fibroblasts (BJ) cell line were grown
in a DMEM medium (gibco, Catalog No. 11965-092) with 10% FBS.

Grow cells according to specific cell conditions in T75 flasks first. When the cell has reached
logarithmic phase (80% confluency), then the cells were seeded into 60-mm dishes in quintupled. The
seeding density of B] was 3 x10° cells /each dish and for Malme-3M was 1.2 x 10¢ cells/each dish. Then
the cells were incubated for 24 hours before treatment. Cells were then treated with DMSO (vehicle,
Sigma Catalog No D2650-100ML) or CBD (Cayman Chemical Catalog No. 90080) and incubated at
37 °C CO2 incubator for 72 hours before doing the metabolite measurements.

2.2. Dosing with CBD

For benign fibroblasts (B]), the dose with CBD is 12.5 uM and for malignant fibroblast (Malme-
3M), the dose with CBD is 16pM.

2.3. Metabolite Measurements

Triplicate 60-mm dishes of cultured cells were used for the extraction of intracellular
metabolites. The culture medium was aspirated from the dish and cells were washed twice by 5%
mannitol solution (5 mL first and then 1 mL). The cells were then treated with 400 uL of methanol
and left at rest for 30 s in order to inactivate enzymes. Next, the cell extract was treated with 275 uL
of Milli-Q water containing internal standards (H3304-1002, Human Metabolome Technologies, Inc.,
Tsuruoka, Japan) and left at rest for another 30 s. The extract was obtained and centrifuged at 2,300
xg and 4°C for 5 min and then 350 pL of upper aqueous layer was centrifugally filtered through a
Millipore 5-kDa cutoff filter at 9,100 xg and 4°C for 180 min to remove proteins. The filtrate was
centrifugally concentrated and re-suspended in 50 uL of Milli-Q water for CE-MS analysis.

Metabolome measurements were carried out through a facility service at Human Metabolome
Technology Inc., Tsuruoka, Japan.
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3. Results

In this study we aimed to understand metabolic changes in both a normal BJ Fibroblast cell line
compared to its oncogenic counterpart, the Malme-3M cell line, when pre-treated with cannabidiol
(CBD). We first interrogated cellular wide changes and their associated metabolic processes.
Fibroblast and Malme-3M cell lines were treated with 12.5 and 16 um CBD which respectively
represents the IC50 for each cell line. As shown in Figure 1 we saw a larger number of differentially
regulated metabolites in the Malme-3M cell line treated with CBD relative to the control fibroblast
cell line. Of note, we saw significant changes in several key metabolic pathways to include glycolysis,
glutaminolysis, redox maintenance, urea cycle and the TCA cycle.
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Figure 1. Overall view of key metabolic changes observed in the Malme-3M cell line relative to the control BJ
Fibroblasts. As show in the table a number of metabolites involved in primary metabolism, to include choline
regulation, glycolysis and the TCA were differentially regulated by CBD in the Malme cell line. Up regulated
cutoff for TTEST was 1.2 fold or above, Down regulated cutoff was 0.8 or below.

While both the benign BJ fibroblast cells and Malme-3M cells showed a significant decrease in
citrate as shown in Figure 2, there was only a corresponding decrease in ATP in the Malme-3M cell
line. Glycolytic activity was correspondingly increased in the Malme-3M cell line in a likely attempt
to maintain ATP levels.
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Figure 2. Primary metabolic response to CBD treatment. BJ Fibroblast and Malme-3M cell lines were treated
with 10 and 16 um CBD which respectively represents the IC50 for each cell line. While the fibroblast cell line
showed a significant decrease in the TCA cycle metabolite citrate, there was no corresponding increase in
glycolytic activity as shown by no significant difference in ATP concentrations. However, with the marked
reduction in citrate levels in the Malme cell line, there was a corresponding significant decrease in ATP.
Glycolytic activity was correspondingly increased in the Malme cell line in a likely attempt to maintain ATP

levels.

By examining the change in short and medium chain fatty acids, we conclude that fatty acid
metabolism is elevated in BJ fibroblasts cells because of CBD treatment as shown in Figure 3. This
suggests that the normal fibroblasts respond to reductions in TCA cycle activity with an increase in
fatty acid oxidation to maintain constant ATP levels. In contrast, there is an overall significant
decrease or no change in the Malme-3M cells, consistent with an inhibited TCA cycle.
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Figure 3. Fatty acid metabolism is elevated in fibroblasts cells as a result of CBD treatment. Short chain fatty
acids are found to be elevated in the fibroblast cell line in response to CBD treatment with significant changes
seen in octanoic, mevalonic, and undecanoic acid. In contrast, there is an overall slight decrease or no change in

the Malme cell line, consistent with an inhibited TCA cycle.

We suggest that CBD results in potential oxidative stress or greater susceptibility to oxidative
stress in tumor cells lines only. In Figure 4, we show that glutamate was significantly reduced in the
Malme-3M cells, resulting in a reduction in both GSH and GSSG, likely affecting de novo glutathione
synthesis. NADPH, which is required for GSH regeneration was also significantly reduced in Malme-
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Figure 4. CBD results in potential oxidative stress or greater susceptibility to oxidative stress in tumor cells lines
only. Glutamate (GLU) was significantly reduced in the Malme-3M cell line, resulting in a significant reduction
in both GSH and GSSG, likely affecting de novo glutathione synthesis. NADPH, which is required for GSH
regeneration was also significantly reduced in Malme-3M only.

As shown in Figure 5 the pentose phosphate pathway (PPP) and de novo purine synthesis are
differentially regulated by CBD in fibroblast vs Malme-3M cells. As a result of a likely increase in
glycolytic activity in the Malme-3M cell line, glucose carbons are shunted away from the PPP to
accommodate this increased demand for ATP. This results in an overall decrease in de novo purine
synthesis as shown by a dramatic decrease in both 6-phosphogluconate (6-PG), the first metabolite of
the PPP, and adenosine levels, a key precursor for nucleotide synthesis. The nucleotide salvage
pathway can potentially recycle purine bases to maintain some level of de novo purine synthesis.
During this process of recycling nucleotides, hypoxanthine is a key intermediate. We see both
hypoxanthine and IMP, a product recycled from hypoxanthine, is significantly elevated in Malme-
3M + CBD only, suggesting nucleotide salvage is activated. The first committed step of the PPP also
produces NADPH which is essential for GSH regeneration. We see that in Malme-3M, this step seems
to be reduced, resulting from less activity in the PPP and as a byproduct, less production of NADPH
as shown in Figure 3. Interestingly, while we also see an increase in IMP and hypoxanthine in the
fibroblast cell line, we see an increase in adenosine as well which may suggest that in the fibroblast
cell line, overall de novo purine synthesis might be upregulated because of CBD treatment, in contrast
to the decrease of de novo purine synthesis we are seeing in the Malme cell line.
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Figure 5. The pentose phosphate pathway and de novo purine synthesis is differentially regulated by CBD in
fibroblast vs Malme-3M cells. As a result of a likely increase in glycolytic activity in the Malme-3M cell line,
glucose carbons are shunted away from the PPP in the Malme-3M cell line to accommodate this increased
demand for ATP as shown by a significant decrease in 6PG, the first metabolite of the PPP. This results in an
overall decrease in de novo purine synthesis as shown in a dramatic decrease in adenosine levels. The nucleotide
salvage pathway can potentially recycle purine bases to maintain some level of de novo purine synthesis. We
see hypoxanthine and IMP, a product recycled from hypoxanthine, is drastically elevated in Malme-3M + CBD,
suggesting nucleotide salvage is activated in the Malme-3M cell line. In contrast, we see elevations of all of the
purine metabolites in the normal BJ fibroblast cell line suggesting de novo purine synthesis may be elevated

slightly in the normal BJ fibroblast cell line.

4. Discussion

A detailed metabolic analysis of both normal human BJ fibroblasts and a transformed fibroblast
cell line, Malme-3M, after treatment with CBD was performed. CBD exerted a differential effect in
the Malme-3M cell line, particularly affecting central energy metabolites. Specifically, there was a
reduction of TCA cycle metabolites in the Malme-3M cells, and a corresponding increase in glycolytic
output in the form of lactic acid. Consistent with an inhibited TCA cycle, reductions in ATP levels
were seen. A potential consequence of an elevated glycolytic pathway is the diversion of glucose
carbons away from de novo purine synthesis for the continued production of ATP for cell survival.
However, because of reduced purine synthesis, the nucleotide salvage pathway appears to be
elevated, as noted with increase in both hypoxanthine and IMP, key biomarkers of nucleotide
salvage, in CBD treated Malme-3M cells. A major consequence of reduced carbon flow through the
pentose phosphate pathway (PPP), a key precursor pathway for de novo purine synthesis, is the
reduction of NADPH which is generated by the first committed step of the PPP. NADPH is critical
for the recycling of oxidized glutathione during times of oxidative stress. Overall, in conjunction with
a reduction of total glutathione levels, we suggest that this can further sensitize the cells to oxidative
stress.

The reduction of total glutathione levels could be in part due to a reduction of de novo synthesis
of glutathione as glutamate, a key glutathione precursor, could be re-directed to the TCA to
compensate for the reduced TCA activity. A reduction in glutathione, in combination with reduced
levels of NADPH, may result in an increased sensitivity to oxidative stress in the Malme-3M cells.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Therefore, CBD treatment may result in synergistic effects when combined with other redox-inducing
stress such as radiation therapy.

Interestingly, while the normal fibroblasts also exhibited changes in some of the same key
metabolic pathways, namely the TCA cycle and increase in lactic acid production, however, there
were key differences in the response by the BJ fibroblasts. One key difference in the response to CBD
treatment was the overall increase in short and medium chain fatty acids in the non-tumorigenic BJ
fibroblast cell line, while we saw either no change or a slight decrease in the Malme-3M cell line. This
differential response could be observed because of the inhibited TCA cycle. The normal fibroblasts
may switch to fatty acid oxidation to maintain cellular ATP levels. Indeed, there was no change in
ATP levels in the fibroblast cell line, even in the presence of reduced citrate concentrations and a
presumably reduced TCA cycle. Whereas we saw that the tumorigenic Malme-3M cells were unable
to maintain cellular ATP levels in a similar way and instead attempted to maintain levels through an
increase in glycolytic output as evidenced by a larger increase in lactic acid in the Malme-3M cell line.

This study focused primarily on metabolic consequences of CBD treatment in benign and
transformed fibroblasts. Future studies are warranted to examine the underlying mechanism
associated with these metabolic alterations. However, it is possible that calcium maintenance may be
involved due to the mitochondria-related consequences of CBD treatment. CBD has previously been
shown to increase intracellular calcium levels and reduce cell viability [20-22]. These effects can be
attributed to activation of the transmembrane ion channel TRPA1 by CBD, followed by activation of
the mitochondrial outer membrane VDACI by increased calcium flux or direct interaction with CBD
[22,23]. VDAC1 is an outer mitochondrial receptor that increases uptake of calcium into the
mitochondria leading to and contributing to calcium overload and cell death. It is unclear why CBD
would have differential effects on normal vs cancer cell lines; however, studies have shown
alterations of cancer cell mitochondrial membrane composition [24] which could leave cancer cells
more susceptible to calcium dysregulation as a result of CBD treatment.

Due to the known effect CBD has on mitochondrial calcium homeostasis, we suggest that CBD
exerts its effects through several potential signaling pathways, including through the CB1/CB2,
VDACI, and TRPV1 receptors which all in turn regulate various cellular processes from the
regulation of glycolysis and glutaminolysis to the regulation of oxidative stress markers as shown in
Figure 6.

CBD CBD CBD
CB1/CB2 | TRPV1
| Adenyl Cyclase
ATP->cAMP
NOS AcetylCholine PPARg
Receptors
nAChRs
Growth GSK3b
Factors ‘ | \
. Glutl | HK2 GLS ACLY
Metastasis I
Cell Proliferation —
Glycolytic Glutaminolysis Lipogenesis

Programming

Figure 6. Proposed mechanistic action of CBD in cancerous Malme-3M cells. We suggest that CBD exerts its
effects in part due to it’s known role in regulating CB1/CB2, cAMP, and TRPV1 receptors. These in turn are key
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regulators of glycolysis, glutaminolysis, and lipogenesis, all key pathways that were found to be differentially

regulated by CBD treatment.

5. Conclusions

For the first time, an analysis of metabolomics of both normal and tumor derived cell lines after
pre-treatment with CBD has been made. As a result of CBD treatment, there is reprogramming of key
metabolic processes including the TCA cycle, redox maintenance, and fatty acid oxidation. While
more studies are needed to fully elucidate the mechanistic effects of CBD treatment, there is a clear
and differential cellular metabolic consequence of CBD treatment in malignant Malme-3M cells
versus normal BJ fibroblasts.
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