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ABSTRACT 

Over the last decades, the interest in additional therapeutic approaches to increase usual anticancer 

therapy efficacy, reducing side effects and improving patients’ quality of life, is growing. An 

increasing number of cancer patients use, together with traditional anticancer therapies, herbal 

and dietary supplements. Pancreatic ductal adenocarcinoma (PDAC) is the most common type of 

pancreatic cancer and despite the therapeutic improvements, its prognosis is very poor. Firstly, it 

was evaluated the effect of Cannabigerol (CBG), a non-psychotropic cannabinoid from cannabis 

Sativa in two human PDAC cell lines, PANC-1 and MIAPaCa-2. CBG activity was investigated 

on cell viability, cell death and on EGFR-RAS-associated signaling. Moreover, CBG effect in 

combination with gemcitabine (GEM) and paclitaxel (PTX) was investigated. Data showed that 

CBG induced apoptosis and reduced EGFR/Akt/mTOR and Ras pathways, supporting the ability 

of cannabinoids in interfering with several pro-tumoral pathways. Moreover, GEM and PTX 

activity was increased by CBG addition. Subsequently, the effect of a combination of Cannabidiol 

(CBD), Melatonin (MLT) and Oxygen-Ozone (O2/O3) was analysed in in vitro and in xenograft 

mouse model of PDAC. CBD is the most studied non-psychotropic cannabinoid in preclinical and 

clinical studies for its anticancer properties. MLT effect is being assessed for preventing or 

treating chemotherapy and radiotherapy side effects and there are some evidences about its 

anticancer effect in several preclinical cancer models. O2/O3 therapy is considered an integrative 

opportunity for cancer patients for its effect in reducing pain, fatigue and musculoskeletal 

symptoms, but it is actually little investigated as direct anticancer molecule. Results evidenced 

that the different treatments inhibited PDAC cell lines viability, modulating also Ras signaling 

pathway, and inhibited PDAC growth in mice, alone and combined with GEM. Data suggest that 

these different treatments could be an interesting approach in supporting PDAC therapy 
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1. Introduction  

1.1. Integrative therapies 

Cancer is one of the most widespread pathologies and it was the cause of 10 million deaths in the 

world in 2020. In 2023, 1.958.310 new cancer cases and 609.820 cancer deaths are expected in 

the United States and in the next 20 years, the World Health Organization (WHO) estimates an 

increase of cancer cases of approximately 70%. Hence nowadays, cancer treatment remains a 

challenge (Figure 1). Surgery, radiotherapy and systemic therapy such as chemotherapy, hormonal 

treatments and targeted therapies have different side effects and, in some cases, limited efficacy 

also for the therapeutic resistance (1,2).  

 

 

Figure 1. New cancer cases and cancer related deaths based on sex estimated in the United States, 2023 

(2). 

 

For years, the term 'complementary' signified therapies that were added to conventional anticancer 

treatments, while 'alternative' signified therapies that were substituted for conventional anticancer 
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approaches. Together, these two terms, were known as Complementary and Alternative Medicine 

(CAM). Over the last decades, an increasing number of cancer patients use, together with 

traditional anticancer therapies, herbal and dietary supplements. The interest in additional 

therapeutic approaches is growing to increase usual anticancer therapy efficacy and survival, 

reducing side effects and improving the quality of life. The term “integrative oncology” is 

generally used to identify the use of complementary therapies combinations in addition to 

common therapies (3). 

 

1.1.1 Integrative therapies in pancreatic cancer  

Pancreatic cancer is the fourth cause of cancer-related death in the world and its incidence level 

is estimated to rise in the next years. Pancreatic ductal adenocarcinoma (PDAC) is the most 

common form of pancreatic cancer that involves the exocrine pancreas and it is able to metastasize 

to the liver and nearby organs. Rather than the current therapeutic improvements, PDAC-

associated prognosis is very poor with a 5-year survival of about 6% of cases (4). Surgery and 

chemotherapy are the main therapeutical approaches for PDAC treatment. Surgical resection is 

applicable only in 20% of PDAC patients. The presence of major blood vessels, lymphatic system 

nodes and vital organs near the pancreas could hinder surgery, as could metastasis and patient’s 

critical physical conditions. At the same time, when surgery is applicable, the morbidity remains 

of about 40%. Chemotherapy is used in presence of metastasis, or as neo-adjuvant (before-

surgery) to make PDAC eligible for surgery, or as adjuvant (post-surgery) to reduce recurrence 

risk. Gemcitabine (GEM) is used alone, or in a combination with 5-fluorouracil (5-FU), 

leucovorin, irinotecan and oxaliplatin, called FOLFIRINOX, or in association with nab-paclitaxel 

(PTX) (albumin nanoparticle conjugate with PTX). Despite of the improvements in 

chemotherapy, the survival rate has only a little improvement, in the last 10 years. The interest in 

targeted therapy is growing, but few of these approaches showed enhancements in survival rate 

and in addition the immunotherapy is difficult to applied because PDAC is not “immunogenic” 

and the tumor micro-environment (TME) suppresses T-cells activity (4, 5). New therapeutic 

strategies are necessary to treat PDAC. There is a growing interest in several natural products and 

compounds derived from natural products have been shown to be effective in several types of 

cancers through in vitro and in vivo studies, in increasing conventional anticancer drugs efficacy. 

In particular, there are numerous studies about the use of natural compounds and their derivatives 

able to induce apoptosis and to inhibit metastasis, angiogenesis and drug resistance, in pancreatic 

cancer (6). 
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1.2 Cannabis and cannabinoids 

Cannabis sativa L. is a highly variable plant species belonging to the Cannabaceae family. It 

originated in Western Asia and introduced in Western Medicine in the early 19th century (7). The 

different strains of C. sativa are characterized by different content of Δ9-Tetrahydrocannabinol 

(Δ9-THC) and Cannabidiol (CBD) (8). Cannabis has been used as food, source of fibers and 

medicine source (7). Regarding the use as “medical cannabis”, it is administered for medical 

conditions such as nausea, anorexia, glaucoma, muscle spasm and pain management (8). There 

are oromucosal spray preparations based on cannabis extract (Nabiximols marketed as Sativex®) 

and drugs with synthetic Δ9-THC (Dronabinol marketed as Marinol®) and Δ9-THC analogue 

(Nabilone marketed as Cesamet®) used in therapy (8,9).  

This plant has a large number of natural constituents, more than 545 known compounds, 

cannabinoids and non-cannabinoids compounds such as phenols, flavonoids, terpenes and 

alkaloids that make it a complex species. Cannabinoids produced by C. sativa are known as 

phytocannabinoids (PyCBs), while the generic term “cannabinoids” includes also cannabinoid 

receptors endogenous ligands (endocannabinoids) and synthetic cannabinoids. PyCBs are 

synthetized by the plant as acids and after a non-enzymatic decarboxylation, they are converted 

in their respective neutral form (Figure 2) (8,9). The first step is the synthesis catalysed by 

olivetolate geranyltransferase (GOT) of the precursor cannabigerolic acid (CBGA) from geranyl 

pyrophosphate and olivetolic acid (8). 
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Figure 2. PyCBs biosynthesis. Olivetolate geranyltransferase (GOT); Cannabigerolic acid (CBGA); Δ9-

tetrahydrocannabinolic acid (Δ9-THCA); Δ9-tetrahydrocannabinol (Δ9-THC); Cannabinol (CBN); 

Cannabidioloic acid (CBDA); Cannabidiol (CBD); Cannabigerol (CBG); Cannabichromenic acid 

(CBCA); Cannabichromene (CBC) (8). 

 

Δ9-THC or THC is the main psychoactive molecule, while CBD is another important molecule 

with not hallucinogenic properties known for its pharmacological activities (7-9). Other PyCBs, 

known as minor, are identified in smaller amounts in C. sativa such as tetrahydrocannabivarin 

(THCV), cannabinol (CBN), cannabigerol (CBG), cannabidivarin (CBDV), cannabichromene 

(CBC) and others. PyCBs can interact with cannabinoid receptors and with non-cannabinoid 

receptors (7,8). 

 

1.2.1 Endocannabinoid system 

The observed clinical benefits of C. sativa could be explained by the activity of its components 

not only on a single target but also on a more complex system (10). The endocannabinoid system 

(ECS) is a complex ensemble of receptors, signaling molecules and biosynthetic and degrading 

enzymes (Figure 3) (10).  
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Figure 3. Components of ECS divided in receptors, endocannabinoids and enzymes/transporters. 

Cannabinoid receptor 1 and 2 (CB1 and CB2); G protein-coupled receptor (GPR12, GPR18, GPR119, 

GPR35, GPR55); Peroxisome-proliferator-activated receptors (PPAR); Transient receptor potential 

cation channel subfamily members (TRPV1, TRPV2, TRPM8); Fatty acid amide hydrolase (FAAH); 

Monoacylglycerol lipase (MAGL); Phospholipase C (PLC); Diacylglycerol lipase (DAGL) (11). 

 

A first analysis defined the ECS composed by two G protein-coupled receptors (GPRs), 

Cannabinoid receptors type-1 and type-2 (CB1R or CB1 and CB2R or CB2), the endocannabinoids 

N-arachidonoylethanolamine (anandamide, AEA) and 2-arachidonoylglycerol (2-AG), and five 

enzymes involved in endocannabinoids biosynthesis and degradation (12). However, further 

studies demonstrated that the ECS is more complex and it was identified as 

“endocannabinoidome”. The endocannabinoidome includes other novel mediators similar to the 

endocannabinoids, the transient receptors potential (TRPs) cation channels, other orphan GPRs 

(GPR55, GPR18, GPR119) and the peroxisome proliferator-activated nuclear receptors (PPARs) 

(12,13). PyCBs can activate or inhibit different receptors and enzymes of “endocannabinoidome” 

(Figure 4) (12). 

 

 

Figure 4. Overview of “endocannabinoidome” complexity and the interactions with PyCBs (12) 
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1.2.1.1 Cannabinoid receptors (CB1 and CB2) 

CB1 and CB2 are two GPRs involved in PyCBs bioactivities. CB1, encoded by the gene CNR1, is 

mainly expressed in the central nervous system (CNS), where it modulates different neurological 

activities and in small amount in peripheral tissues. CB1 is coupled to Gi/o protein (in some 

conditions also with Gs and Gq). CB2, encoded by the gene CNR2, is expressed in peripheral 

tissues, immune system (so it has immunomodulatory effect) and in small amount in the brain. 

CB2 is coupled with Gi/q protein (14). 

 

 

 

Figure 5. CB1 and CB2 expression and their involvement in physiological activities (14) 

 

Previous studies demonstrated that among the high number of PyCBs found in C. sativa, only 

THC is able to bind with high affinity CB1 and CB2, with predominantly agonistic activity, while 

CBD has low affinity for both receptors (12, 14). THC psychotropic activity, appetite stimulation, 

analgesia and anti-emetic effect is due to its interaction as partial agonist of CB1 (14). 
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1.2.1.2 Transient receptors potential (TRPs) 

TRPs channels are a family of ion channels located in the plasma membrane and in cytosolic 

organelles involved in many physiological and pathological processes such as temperature 

sensation, cancer, pain and genetic disorders (15, 16). They are expressed in multiple tissues and 

in peripheral neurons where transmit chemical and physical stimuli as nerve impulses to the brain 

(17). These channels are structured to create a passage from a side of membrane to the other and 

they can be opened or closed based on the received stimuli. Generally, the ions passage is a 

transitory event and the TRP channels are involved in intracellular cation flux, mainly sodium 

and calcium, and in cellular depolarization (Figure 6) (16,17). THC and the other PyCBs interact 

with TRPs channels similarly to AEA (12). TRP channels modulated by PyCBs are the vanilloid 

TRP channels (TRPV1, TRPV2, TRPV3 and TRPV4), the melastatin TRP channel 8 (TRPM8) 

and the ankyrin TRP channel 1 (TRPA1). Also, endocannabinoids and synthetic cannabinoids can 

interact with the TRPs channels. Evidences reported that the main PyCBs interact as agonists of 

TRPV1, TRPV2, TRPV3, TRPV4 and TRPA1 with different affinity, and as antagonist of 

TRPM8. The potential mechanism of action of TRP channels is their desensitization upon their 

activation, which makes them refractory to other stimuli. This could explain the analgesic effect 

of TRP channels and the reduction of neuronal activity (15). 

 

 

Figure 6. Structural representation of TRP channels involved in PyCBs activity (15) 
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1.2.1.3 Other receptors 

In the last years, other receptors able to interact with cannabinoids were identified. They are 

GPR55, GPR18, GPR3, GPR6 and GPR12. GPR55 is a receptor expressed in the brain, peripheric 

nervous system and immune cells and it is associated with cannabinoids receptors activity; its 

endogenous ligand is the lysophosphatidylinositol (LPI). GPR18 has low sequence homology 

with CB1, CB2 and GPR55, and it is present in several tissues such as brain, lymphoid tissue, 

lungs, ovary and testis. GPR3, GPR6 and GPR12 have a 60% of homology with CB1 and CB2 

and are expressed in the brain and reproductive system. The PPARγ is a receptor mainly expressed 

in adipose tissue and macrophages, and it is involved in glucose metabolism and lipids storage. 

Other receptors involved in cannabinoids activity are serotonin and adrenergic receptors, and 

ligand-gated ion channels (17,18). 

 

1.2.2 Phytocannabinoids and endocannabinoid system anticancer effect 

The ECS and its components are studied for their potential use in cancer therapy. The expression 

level of CB1 and CB2 is altered in several cancers and the role in cancer progression is 

controversial. Depending on cancer types, evidences showed that CB1 and CB2 could be positive 

or negative survival markers (19). The endocannabinoids, AEA and 2-AG, and the enzymes 

FAAH and MAGL, are produced in abnormal amount in some cancer tissues compared to normal 

ones. Furthermore, opposite results in the development of the pathology have been reported for 

these molecules, based on their presence in tumor tissues (19). However, the use of 

endocannabinoids and exogenous cannabinoids as potential anticancer molecules remains subject 

of interest. Several studies agree about their potential beneficial effects by inhibiting tumor 

growth and progression, even if their complex mechanism of action needs to be investigated to 

avoid interference with other concurrent therapies and disease progression. Several evidences 

showed that cannabinoids can induce apoptosis and inhibit cancer proliferation, angiogenesis and 

metastasis, but on the other side there are also reports in which they could promote tumorigenesis 

(10). Regarding endocannabinoids and FAAH and MAGL enzymes, their action reduced cancer 

proliferation, invasion and migration. For examples, evidences in brain tumors showed that AEA 

and 2-AG inhibited cancer proliferation (19). THC and CBD are the mostly investigated PyCBs. 

Different studies reported their potentiality to enhance cytotoxicity acting in synergism with 

specific chemotherapeutic drugs, in different model of cancer, both in vitro than in vivo. In 2017, 

a phase II randomized placebo-controlled clinical trial showed the potential efficacy of 

cannabinoids as adjuvant to chemotherapy. 12 patients were randomized with a combination of 

THC and CBD plus dose-intensive of temozolomide (TMZ), while 9 patients were treated with 
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placebo plus TMZ. Results showed an increase of one year survival rate and the median survival 

in the cannabinoids group (10). 

 

 

1.2.3 Cannabidiol (CBD) 

 

 

Figure 7. CBD chemical structure (17) 

 

CBD (Figure 7) is the second major PyCBs obtained for the first time in 1940 from C. sativa. It 

has not psychotropic activity and does not induce the effects of a drug of abuse. CBD is a 

hydrophobic molecule, so its absorption happens in the intestine, then it reaches the bloodstream 

and it is absorbed by the adipose tissues and organs. After some evidence reported in patients 

treated daily with doses from 10 to 400 mg, CBD has proven to have a good safety profile and in 

recent years the interest in its pharmacological use has been growing. CBD is effective in pain, 

inflammation, epilepsy and anxiety conditions and in some neuropsychiatric and 

neurodegenerative disease (17). Its mechanism of action remains complex. It has low affinity for 

CB1 and CB2 receptors, but it can modulate some of their activities acting as a non-competitive 

negative allosteric modulator, reducing the potency and effectiveness of THC agonists and other 

cannabinoid receptors. CBD interacts with ionotropic channels, nuclear and metabotropic 

receptors, and enzymes. The Food and Drug Administration approved the use of CBD (Epidiolex) 

for the treatment of medically refractory seizures in Dravet syndrome and Lennox-Gastaud 

syndrome, while a combination of CBD and THC 1:1 plant-derived (Sativex) is used for pain 

relief, spasticity in multiple sclerosis and Tourette syndrome (17). 
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1.2.3.1 CBD molecular targets 

 

 

Figure 8. CBD different molecular targets. Glycine receptor (GlyR); 5-HT1–7 serotonin receptor (5-HT1–

7R); Adenosine receptors (A 1–3R); Voltage-gated potassium channel (Kv2.1); Voltage-gated sodium 

channel (Nav); Nicotinic acetylcholine receptors (7-nAChR); Opioid receptor delta (δ-OPR); Opioid 

receptor mu (μ-OPR) (17). 

 

CBD is a weak ligand of CB1 and CB2 receptors, in particular it is a weak CB1 antagonist and a 

CB2 inverse-antagonist (18). Then, CBD is a TRPV1, TRPV2, TRPV3, TRPV4 and TRPA1 

agonist and TRPM8 antagonist (17, 20).  Moreover, CBD interacts with some ligand-gated ion 

channels. Glycine receptors (GlyRs), ligand-gated chloride ion channels involved in fast 

inhibitory neurotransmission, are activated by high CBD concentration, while CBD low 

micromolar concentrations acts as its positive allosteric modulator (17). CBD is also a positive 

allosteric modulator of GABA-A receptors, ligand-gated ion channels that reduce neuronal 

activity and it is a negative allosteric modulator of the ionotropic serotonin receptor 5-HT3 and of 

the nicotinic receptor (nAChR) α7 (17). Other inhibitory effects are exerted also with voltage-

gated sodium channel (VGSC or Nav), with T-type voltage-gated calcium channels (VGCCs) and 

with voltage-dependent anion-selective channel protein 1 (VDAC1), a mitochondrial channel that 

controls cellular energy and metabolism (17). In addition, CBD interacts as serotonin receptor 5-

HT1AR agonist and as 5-HT2AR partial antagonist, and it activates adenosine receptors A1AR and 
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A2AR. Other receptors of interest are the opioid receptors (OPRs); indeed, CBD is a positive 

allosteric modulator of δ-OPR and reduces μ-OPR activity (17). CBD is GPR55 and GPR18 

antagonist, while is an inverse agonist of GPR3, GPR6 and GPR12 and an agonist of PPARγ (17). 

 

1.2.3.2 CBD toxicity  

Generally, CBD has low toxicity and a good safety profile. Until now, there are not be reported 

evidences about the risk of physical depends and potential abuse. It can interact with co-

administered drugs and data showed that it can reduce THC side effects. Cautions should be 

observed in patients with hepatic impairment or administrated with drugs that can alter CYP3A4 

or CYP2C19, causing CBD decrease or increase in plasma. CBD could act also as CYP1A1 

inducer and as P-glycoprotein-mediated drug transporter, affecting the plasmatic concentration of 

drugs (18). 

 

1.2.3.3 CBD therapeutic evidences  

CBD is considered a promising molecule for its pharmacological effects. CBD induces anticancer, 

analgesic, neuroprotective, antiemetic, anti-inflammatory, anticonvulsant and antispasmodic 

activity (18). Many of these effects are associated with the different interactions with receptors. 

For example, CBD anticonvulsant effect could be associated with its interaction with TRPs, 

GABA-A receptor and VDAC1 (involved in human epilepsy) (17). Other evidences showed that 

the interaction with GlyRs could be responsible of anti-inflammatory and neuropathic pain, while 

neuroprotective effect was observed in multiple sclerosis and Alzheimer’s disease rat models, in 

which CBD prevents neurodegeneration for the interaction with TRPs and PPARγ (17).  

 

1.2.3.3.1 CBD anticancer activity 

CBD is considered a molecule of interest in cancer therapy. Firstly, some clinical trials showed 

that CBD, alone or in combination with THC, is able to reduce cancer pain and chemotherapy-

associated side effects. Moreover, the interest in CBD use is also related to the direct anticancer 

effect not only for relieving pain (21). Further, several preclinical in vitro and in vivo studies 

demonstrated CBD anticancer efficacy in different kind of cancers. 

 

 



12 
 

1.2.3.3.1.1 Lung Cancer 

CBD anticancer effect was evaluated both in non-small cell lung cancer (NSCLC) and in small 

cell lung cancer (SCLC) (21). CBD decreased cell viability and induced apoptosis in two NSCLC 

(A549 and H1299) and in one SCLC (H69) cell lines (22). In another preclinical study, CBD 

induced apoptosis in cisplatin resistant NSCLC cells and reduced tumor progression and 

metastasis in cisplatin resistant mouse model, by increasing ROS production and reducing Nrf2 

activity; these effects were associated with a TRPV2-dependet mechanism (23). Then, CBD, 

alone or in combination with THC, also affected the TME by decreasing cell density of normal 

fibroblasts (NFs) and cancer-associated fibroblasts (CAFs) isolated from lung adenocarcinoma 

patient. Then, cannabinoids decreased the effects of NF or CAF conditioned medium in A549 

cells such as increasing cell density, inhibiting cadherin-1 (CDH1) gene expression and enhancing 

cadherin-2 (CDH2) and vimentin (VIM) expression levels (24). 

 

1.2.3.3.1.2 Breast Cancer 

CBD exercises its anticancer effect in estrogenic positive-receptor type and in triple-negative type 

breast cancers (TNBC) (21). CBD reduced viability of epidermal growth factor receptor (EGFR) 

positive TNBC cells and EGF-induced proliferation, migration and invasiveness by decreasing 

the activation of EGFR, Extracellular signal-regulated kinase (ERK), AKT and Nuclear factor 

kappa B (NF-kB) signaling pathways and the secretion of Matrix Metallopeptidase 2 and 9 

(MMP-2 and MMP-9). Similar results were confirmed in mouse models. CBD also showed the 

ability to reduce the recruitment of tumor-associated macrophages (TAMs) in primary tumor 

stroma and in lung metastasis (25). In another study, CBD increased the efficacy of doxorubicin 

in reducing MDA-MB-231 cells viability, through induction of G1 phase cell cycle arrest and 

reduced migration. Thus, CBD, alone or with doxorubicin, more significantly reduced the 

expression of markers of inflammation and metastasis, and increased apoptosis compared to the 

single chemotherapy. The combination also decreased the tumor volume, the expression of 

inflammatory proteins and the presence of metastasis in mouse models (26). 

 

1.2.3.3.1.3 Glioblastoma 

In U87MG glioma cell line and MCZ primary glioblastoma cells, CBD induced TRPV2 

activation, by increasing also its expression. CBD, by triggering a TRPV2-dependet Ca+2 influx, 

increased the uptake of chemotherapeutic drugs and synergized with them by promoting a greater 
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cytotoxic effect. A deletion of the TRPV2 pore domain inhibited the CBD effects (27). In another 

in vitro study, CBD always reduced glioma cancer stem cell (GSCs) viability in TRPV2-dependet 

manner. In addition, CBD induced autophagy in GSCs, the expression of differentiation stem cell 

markers and increased their sensitiveness to carmustine. Then, it was demonstrated that the Acute 

myeloid leukemia (Aml-1) transcription factor, upregulated during GSCs differentiation, is able 

to bind the TRPV2 promoter and the CBD treatment enhances the Aml-1 expression level (28). 

Moreover, lethal autophagy and mitochondrial disfunction, in human glioma cell lines, were 

induced also by CBD interaction with TRPV4, whose expression is correlated with 

aggressiveness and poor prognosis in glioma patients. CBD also synergized with TMZ in patient-

derived neurospheres and in glioma in vivo mouse model (29). Interesting results were also 

observed by combining CBD and THC. In fact, the combination improves TMZ and radiotherapy 

efficacy in glioma animal models. These evidences were the basis of a phase Ib clinical trial, in 

which the activity of nabiximol and TMZ was evaluated in recurrent glioblastoma multiforme 

patients. Results showed an increase in overall survival at 12 months in the group treated with 

nabiximol compared to placebo group, 83% and 44% respectively, but no differences were 

observed in progression free survival. Despite of the promising results, this first clinical trial 

remains small with risk of bias, so further studies are necessary (30). 

 

1.2.3.3.1.4 Prostate cancer 

CBD reduced prostate cancer cell (PC3) viability and inhibited the release of exomes and of 

macrovesicles associated with the activation of chemo-resistance and pro-oncogenic factors (31). 

CBD and CBG reduced cancer cell viability both in non-hormone refractory prostate cancer (non-

HRPC) and hormone refractory prostate cancer (HRPC) cells, suggesting that their activity was 

hormone-independent, while the induction of apoptosis was more relevant in HRPC cells. 

Moreover, data showed that the two molecules induced divergent metabolic effects in cancer cells 

depending of cell phenotype. CBD also induced mitochondrial dysfunctions that modulated 

oncogenic pathways and induced autophagy. CBD and CBG administration reduced tumor burden 

with a good tolerability for the animals and the combined therapy was effective also in 

enzalutamide-resistant mouse models (32).  

 

1.2.3.3.1.5 Colorectal cancer  

CBD, via GPR55, receptor involved in cancer aggressiveness, inhibited HCT116 cancer cell 

adhesion and migration, while GPR55 knockdown reverted this effect. CBD and GPR55 
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antagonist were also able to maintain the integrity of endothelial cell monolayer, while the 

endogenous ligand of GPR55, LPI, reduced this integrity. CBD reduced also HCT116 cells 

migration in liver, after intrasplenic inoculation (33). Oxaliplatin-resistant cell lines, DLD-1 R 

and colo205 R, were treated with CBD alone or in combination with oxaliplatin, and cell 

proliferation reduction was observed. Further investigations showed that the combination 

between CBD and oxaliplatin reduced phospho-nitric oxide synthase (NOS3) levels and nitric 

oxide (NO) production both associated with cancer cells resistance; on the other hand, the 

combined treatment induced reactive oxygen species (ROS) production, by reducing superoxide 

dismutase 2 (SOD2) levels. Results were also confirmed in resistant mouse model, where CBD 

and oxaliplatin reduced tumor size and weight, and induced autophagy (34).  

 

1.2.3.3.1.6 Myeloma multiple 

CBD in combination with THC induced CB2-indipendent cytotoxicity, cell cycle arrest and 

autophagic cell death in U266 and RPMI cells. The combination also inhibited immune-

proteasome β5i subunit similar to Carfilzomib effect. CBD and THC synergized with Carfilzomib 

by inducing cancer cells cytotoxicity and by inhibiting CXCR4 and CD147 protein expression 

associated with chemotactic activity (35). The CBD cytotoxicity in multiple myeloma cell lines 

was TRPV2-dependent, indeed TRPV2 transfection increased cells sensitiveness to CBD 

administration. CBD combined with Bortezomib increased its cytotoxicity and TRPV2 

expression triggered the synergistic efficacy of CBD and Bortezomib in reducing cancer cells 

viability, proliferation and cell cycle arrest. The combined therapy also induced necrotic cell death 

and ROS production (36).  

 

1.2.3.3.1.7 Leukemia 

CBD reduced cell viability in different leukemic cell lines. Data showed the suppression of T-cell 

acute lymphoblastic leukemia (T-ALL) migration after CBD administration and an induction of 

apoptotic and necrotic cell death. CBD caused a decrease of mitochondrial transmembrane 

potential (ΔΨm) and cytochrome C release, with an increase of cytoplasmatic Ca+2. These effects 

were associated with direct interaction between CBD and mitochondria (37). Similar results, 

about the effectiveness of CBD in modulating mitochondrial activity was observed also in in vitro 

models of chronic myeloid leukemia (CML). CBD, by binding TRPV2 receptor, reduced K562, 

KU812 and MOLM-6 CML cell lines viability and increased intracellular levels of Ca+2 and ROS. 
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CBD synergized with Imatinib in inhibiting cell growth and it is effective also in Imatinib-

resistant K562 (38). 

 

1.2.3.3.1.8 Endometrial and ovarian cancer 

CBD reduced Ishikawa and Hec50Co cells viability in a dose-dependent manner and induced 

chromatin condensation and nuclear fragmentation as apoptotic signals. CBD efficacy was 

TRPV1-depent in Ishikawa cells, but not in Hec50c0 (39). CBD was investigated also as TRPV2 

ligand and data showed a decrease of cancer cell viability in Ishikawa, MFE-280, HEC-1a, 

PCEM002, PCEM004a and PCEM004b, an induction of cell death in MFE-280, HEC-1, primary 

PCEM002 and in Ishikawa, while a partial cell cycle arrest and autophagy was observed in CBD-

treated PCEM004a and PCEM004b. The efficacy of chemotherapeutic drugs was increased by 

CBD (40). Moreover, CBD administered in solution or incapsulated into nanoparticles induced 

cytotoxicity and apoptosis in ovarian cancer cells. CBD effect was also evaluated in SKOV-3 cells 

implanted in chorioallantoic membrane and a tumor growth reduction was observed after CBD 

nanoparticles treatment (41). 

 

1.2.3.3.1.9 Pancreatic cancer 

Several studies were performed to evaluate the effects of Cannabis, its derivatives and the ECS 

in pancreatic cancer. Some evidences showed a potential correlation among the expression levels 

of endocannabinoid enzymes and cannabinoid receptors, and PDAC patients’ prognosis. Indeed, 

in a study performed in tissue samples of PDAC patients, only mRNA expression of CB1, and not 

of CB2, was associated with shorter survival. Further, low expression of FAAH and MAGL 

enzymes were associated with shorter survival (42). Synthetic cannabinoids WIN-55,212-2 

(CB1/CB2 receptor agonist), ACEA (CB1 receptor-selective agonist), JWH-015 (CB2 receptor-

selective agonist), AM251 and SR141716A (CB1 receptor-selective antagonists) and AM630 

(CB2 receptor-selective antagonist) were analysed in MIAPaCA-2 cells. Results showed AM251 

was the most active compound in reducing cell viability, activating caspase-3/7 and in inducing 

changes in transcriptional factors and in 5-FU efficacy (43). Arachidonylcyclopropamide (ACPA) 

and GW405833 (GW), other synthetic cannabinoids, were tested in PANC-1 cells, analysing 

proliferation inhibition and the proteomic profile. The two molecules regulated energetic 

metabolism and cell growth proteins (44). ACPA and GW increased AMP-activated protein kinase 

(AMPK) activation for the increase of AMP/ATP caused by ROS production. AMP/ATP increase 

was correlated with an impairment of glycolytic pathway and the increase of NADPH with Krebs 
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cycle inhibition. So, the cannabinoids could induce autophagy and cell growth inhibition, altering 

cancer cell metabolism (45). THC induced cytotoxicity and apoptosis in PANC-1 and MIAPaCa-

2 and its efficacy was reverted in combination with CB2-selective antagonist SR144528. THC, 

CB2-selective agonist JWH-133 and WIN-55,212-2, reduced tumoral growth in in vivo models 

and tumoral spread in proximal tissues and distal organs (46). The role of synthetic cannabinoids 

was analysed also in combination with GEM in six different PDAC cell lines. Results showed 

that cannabinoids synergistically with GEM inhibited cancer cells proliferation, also in GEM-

resistant cells. GEM induced cannabinoid receptors expression, cannabinoid-induced 

endoplasmic reticulum (ER) stress and the cannabinoid-induced autophagy by a ROS-dependent 

mechanism. The combination between GEM and SR141716A decreased mice tumoral mass more 

than the single treatment (47). CBD effect was studied in vitro and in vivo. Six PDAC cell lines 

and one model of murine pancreatic stellate cells were treated with THC and CBD, alone or in 

combination, and results showed a reduction of cell proliferation. The reduction of CBD and THC 

efficacy in a knockout model of serine/threonine-protein kinase (PAK1), a protein involved in the 

stimulation of cancer cell proliferation and survival, underlined a relationship between 

cannabinoids and PAK1 related pathways. These results were confirmed in vivo, in which the 

effect of a CBD:THC (1:1) oil was not effective in PAK1 knockout mouse model.  At the same 

time, PAK1 reduction is correlated with the reduction of programmed death-ligand 1 (PD-L1) 

expression in pancreatic cancer cells, and also CBD and/or THC reduced PD-L1 expression (48). 

GRP55 expression was demonstrated important for PDAC development and progression, and its 

effect on cancer cell growth depends on MAPK/ERK signaling pathway regulation. CBD was 

used as GPR55 antagonist and results showed that pancreatic cancer cells growth is reduced and 

MAPK/ERK pathway is inhibited. CBD also potentiated GEM effect, indeed the combination 

strongly reduced PDAC growth, in vivo and in animal models. (49). Cytokines-induced killer 

(CIK) cells, cells with activity similar to T and natural killer cells, express CB2 receptor and this 

expression is induced by IL-2. Low doses of CBD increased the cytotoxicity of CIK cells against 

PANC-1, reducing significantly cancer cells viability (50). Then, the anticancer effect of a THC 

and CBD (1:6) formulation was evaluated in Capan-2 derived xenograft mouse model and data 

showed apoptosis induction and cancer cell proliferation inhibition (51). Another study also 

showed that CBD is effective not only combined with chemotherapeutic drugs, but also 

administered as a mixture of oxygen/ozone (O2/O3). This combination, reduced cancer cell 

viability, induced necrotic cell death and regulated PDAC associated genes (52). 
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1.2.4 Cannabigerol (CBG) 

 

 

Figure 9. CBG chemical structure (8,53) 

 

CBG (Figure 9) is a minor PyCBs obtained from C. sativa. CBG is a weak partial agonist of CB1 

and CB2 receptors, activates TRPV1, TRPV2, TRPV3, TRPV4 and TRPA1 and antagonizes 

TRPM8. CBG is an antagonist also of 5-HT1A receptor and an agonist of α-2 adrenoceptor and 

PPARγ (8,53).  

 

1.2.4.1 CBG therapeutic effect 

CBG is known for its anti-inflammatory and anti-bacterial activity (8,53). Some evidences 

demonstrated that CBG has anti-inflammatory properties and reduces peripheral pain. This anti-

inflammatory effect could be related with CB2, TRP channels and PPARγ biding. Some preclinical 

evidences showed CBG activity in reducing inflammatory bowel diseases such as Crohn’s and 

ulcerative colitis (8). Mice model of colitis treated with CBG showed a reduction of inflammatory 

markers, NO and oxidative stress in intestinal epithelial cells (8,53). The reduction of 

inflammation and oxidative stress can protect also from neurodegenerative diseases. VCE-003, a 

synthetic CBG analogue, inhibited antigen-induced-T-cells proliferation, the expression of 

surface activation markers, and reduced inducible NOS (iNOS) enzymes in microglia and in 

animal model of multiple sclerosis. In mice, multiple sclerosis is attenuated for VCE-003 

interaction with CB2 and PPARγ (8). Also, in a mouse model of Huntington’s disease, CBG 

reduced pro-inflammatory cytokines and TNF-α (8).  

 

 

 



18 
 

1.2.4.2 CBG anticancer activity 

There are few studies about the effects in cancer of CBG used alone or in combination with other 

PyCBs. One of the first study used CBG in the treatment of in vitro and in vivo mouse models of 

colorectal carcinoma as TRPM8 antagonist. CBG reduced cancer cell viability in time and serum 

protein concentration-dependent way and its effect was reduced in TRPM8-silenced cells. CBG 

also induced apoptosis and ROS induction in CaCo-2 cells. In xenograft models, CBG reduced 

tumor growth and it had a chemopreventive effect in mice treated with the colon cancer inducer, 

azoxymethane (AOM) (54). In cholangiocarcinoma cells, CBG reduced cancer cells proliferation 

and migration, and induced apoptosis (55). A study performed to evaluate the role of TME in 

tumor progression showed that CBG, contained in a Cannabis extract, reduced colony-stimulating 

factor 1 (CSF-1) secretion from B16F10 murine melanoma cells. Bone-marrow-derived cells 

(BMDCs) isolated from bones of healthy mice were treated with conditioned media of B16F10 

cells treated with CBG. The percentage of monocytic myeloid-derived suppressor cells (MO-

MDSCs), derived from sorted BMDCs, was reduced after the treatment with CBG conditioned 

media. Tumor volume in mice injected with B16F10 cells showed a decrease after CBG 

administration and also tumor-associated macrophages (TAMs) decreased their frequency in the 

myeloid subpopulation. Finally, CBG effect was evaluated in combination with an inhibitor of 

the immune checkpoint PDL-1. Both the molecules promoted tumor volume reduction but the 

effect was increased by the co-administration of both molecules. Also, cytotoxic T-cells 

infiltration was more evident with the combined treatment (56).  Human and rat mesothelioma 

cells were treated with CBG and CBD. CBG reduced proliferation, migration and invasion, and 

induced G0/G1 cell cycle arrest and apoptosis. The administration in mesothelioma cells with CBG 

and CBD caused an up-regulation of cannabinoid-related genes and other pathways involved in 

cell cycle regulation, apoptosis, intracellular calcium levels and inflammatory and immune 

response. Despite that, CBG and CBD did not increase the survival of mesothelioma rat models 

(57). In breast cancer cells, CBG was used in combination with THC, CBD and CBN. This 

combination reduced breast cancer cell viability with a limited cytotoxicity for normal breast 

cells, and exerted cell cycle arrest in G2 phase, apoptosis, lipid droplets accumulation and 

increased lysosome size (58). Moreover, CBG exercised cytotoxic effect in human glioblastoma 

cells and GSCs, alone or in combination with CBD or THC. The most effective combination 

resulted in CBG plus CBD. At the same time, CBG and CBD combination plus TMZ increased 

apoptosis and reduced cancer cell invasion, while no additive effects were observed if CBG and 

CBD were administrated with THC (59).  
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1.3 Melatonin (MLT) 

Melatonin (MLT) or N-acetyl-5-methoxy tryptamine is an indole hormone produced from 

serotonin by pineal gland. Its production and concentration in the pineal gland are based on inputs 

from brain circadian centres. MLT activity regulates sleep promotion, other circadian functions, 

immune system and the modulation of pituitary and adrenal hormones (60). Sleep is a 

physiological and necessary process checked by circadian rhythm. The circadian rhythm is 

controlled by natural and artificial light, that involves neural, hormonal and genetic elements, 

known as endogenous oscillators. The suprachiasmatic nucleus (SCN) in the hypothalamus is the 

main central oscillator and it receives inputs from retina; peripheral oscillators are controlled by 

the SCN. A central role is played by the cyclical expression of clock genes locate in the 20.000 

neurons that composed the SCN (Figure 10) (60).  

 

 

Figure 10. Production of MLT (61) 

 

Environmental light hits and modifies melanopsin structure in intrinsically photosensitive retinal 

ganglion cells (ipRGCs) and the information reaches the SCN via retinohypothalamic tract 

(RHT). SCN via GABAergic projection inhibits the hypothalamic paraventricular nucleus (PVN) 

in presence of light, while in light absence, the inhibitory stimulation is blocked and PVN 

activates the ganglion cervical nuclei (SCG) and the noradrenergic neurotransmission that 

innervates the pineal gland. Through this pathway light information reaches pineal gland and 

regulates MLT production and release (Figure 10) (60, 61).  

Endogenous MLT is synthetized in the pinealocytes and in other tissues from tryptophan and 

serotonin (Figure 11) (60). After the synthesis, MLT is released in the cerebrospinal fluid and 
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bloodstream and, through the first-pass metabolism in the liver, it is converted and excreted from 

urine (60, 61).  

 

 

Figure 11. Biosynthetic pathway of MLT. Tryptophan by tryptophan-5-hydroxylase (TP5H) and aromatic 

acid decarboxylase (AADC) enzymes activity form serotonin. Serotonin by arylalkylamine-N-

acetyltransferase (AA-NAT) and acetylserotonin-O-methyltransferase (ASMT or hydroxyindole-O-

methyltransferase or HIOMT) form MLT. Finally, MLT is catabolized by cytochrome P450 enzymes 

(CYP1A2) in 6-hydroxymelatonin (60, 62). 

 

MLT synthesis is limited by arylalkylamine-N-acetyltransferase (AA-NAT) enzyme indeed the 

adrenergic stimulation of pinealocytes increases cytoplasmic cAMP and cAMP-dependent protein 

kinase A (PKA) that activates a signal cascade to AA-NAT production (Figure 11) (60).  

MLT release is strictly related to light presence. Exposure to high wavelength light suppress MLT 

production and release, as happens during the day. During the night, light absence activates MLT 

biosynthesis and its release. Abnormal time of exposure to high wavelength light, such as 

nocturnal artificial light, causes alteration in MLT production and alteration in circadian rhythm 

production (60). Endogenous MLT release can be modulated also from different variabilities, for 

examples hormones and other metabolic products, sex- and age-based differences (60). MLT is 

produced also in the major systems of the body not only in the pineal gland, for example in the 

retina, gastrointestinal tract an innate immune system (60, 63). 
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1.3.1 MLT molecular targets 

MLT can interact with MT1 (Mel1a) and MT2 (Mel1b) GPRs expressed in central nervous system 

and in peripheral tissues, with MT3, a cytosolic enzyme quinone reductase 2 (GR2), and with 

nuclear receptors such as retinoid orphan receptors ROR/RZRα and ROR/RZRβ. Moreover, MLT 

does not bind directly the orphan receptor GPR50, considered the mammalian orthologue of 

Mel1c, a MLT receptor found in non-mammalian vertebrates, but GPR50 is a regulatory protein 

associated with the other MLT receptors (Figure 12) (63,64). 

 

 

Figure 12. MLT receptors (63). 

 

MT1 and MT2 are two Gi/o, and, in smaller quantity Gq/11, protein-coupled receptors. Their 

activation decreases cAMP levels, PKA signaling and cAMP-responsive element binding 

(CREB) phosphorylation; further, their activation modulates also phospholipase C (PLC), 

diacylglycerol (DAG) and inositol trisphosphate (IP3) that increase intracellular Ca2+ levels. The 

interaction with ligands induces also mitogen-activated protein kinase 1/2 (MEK 1/2) and ERK 

1/2 phosphorylation. Unlike MT1, MT2 activation inhibits also cGMP formation (Figure 13) (64, 

65).  
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Figure 13. MLT receptors signaling pathway (64).  

 

MT1 and MT2 receptors can form homo- or hetero-oligomers between themselves and other G 

protein-coupled proteins, and MLT can change its responsiveness based on the presence of 

oligomerization. For example, MT1/MT2 heteromers are located in retinal photoreceptor cells 

and improves retinal light sensitiveness during night and PKC. MLT receptors form oligomers 

also with GPR50 and in this case MT1 Gi activity is lost. MT1 or MT2/GPR50 hetero-oligomers 

are present in the pineal gland and they could be involved in physiological MLT function. Finally, 

MLT induces Gq protein activity when MLT receptor makes heteromers with 5-HT receptors, but 

this activity is not observed when MT2 is expressed alone (Figure 14) (64, 65). 
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Figure 14. Homo- and hetero-oligomers of MLT receptors. MT1/MT1 homomers trigger predominantly Gi 

activation over Gq, while MT2/MT2 activates Gi signaling pathway. MT1/MT2 heteromers activates Gq 

protein over Gi, MT1/GPR50 loss the ability to bind MLT; MT2/5-HT2c activated Gq protein (64). 

 

1.3.2 MLT physiological effect 

Studies demonstrated MLT implication in early fetal development by influencing placenta, glia, 

neuronal development and fetal biological clock synchronization (66). MLT regulates also the 

timing of central biological clock located in the hypothalamus as an endogenous synchronizer of 

body rhythms (66). Other important MLT functions involve the regulation of blood pressure and 

autonomic cardiovascular circulation, immune system and retinal functions and the antioxidant 

activity based on its interaction with MT3 receptor. Some studies evidenced also MLT 

involvement in energy consumption and body mass regulation, and in promotion of osteoblast 

differentiation and bone formation. MLT is also involved in down-regulation of gonadotropin-

regulation hormone (GnRH) gene expression and it controls the release of luteinizing hormone 

(LH) and follicle-stimulating hormone (FSH). The influence of photoperiod on LH release and 

the consequent seasonal variations in reproduction was observed mainly in the animals (66).   
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Figure 15. MLT action in different organs (67) 

 

1.3.3 MLT therapeutic effect 

The main use of MLT is to treat sleep disorder such as problems to fall or to stay asleep, but there 

are other therapeutic implications (60). Evidences reported MLT effects in tumors, cardiovascular 

disease and psychiatric disorders. MLT anti-oxidant role can be associated to its oncostatic effect 

and a decrease of MLT levels was observed in patients with cardiovascular disease. Alterations in 

nocturnal MLT secretion was observed in depressive disorder, bipolar disorders, schizophrenia 

and autism spectrum disorders. Clinical therapeutic benefits and improvements were found in the 

concomitant increased of MLT and the use of antidepressants (66).  

 

1.3.3.1 MLT anti-inflammatory and anti-oxidant activity 

MLT is known for its activity as antioxidant, immune regulator and pro- and anti-inflammatory 

molecule. Evidences demonstrated that MLT anti-oxidant properties are implicated in brain 

protection and gastrointestinal protection from ulcerations increasing the bicarbonate release in 

duodenal mucosa (66). Mitochondria are the main sites of MLT synthesis and mitochondria are 

also source of free radicals. In particular, MLT structure composed by an electron-rich aromatic 

indole ring makes it an electron donor able to inactivate different types of free radicals, exercising 
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a direct anti-oxidant action. Further, the interaction with MT1 and MT2 increases the activity of 

anti-oxidant enzymes and also the MT3 receptor is a detoxifying enzyme able to reduce quinones 

(Figure 16) (63). 

 

 

Figure 16. MLT role in mitochondria. MLT is transported or synthetized in the mitochondria. Here, MLT 

scavenges free-radicals and interrupts electron-transport chain. MLT interacts also with MT1 and MT2 

receptors and blocks cytochrome c release in the membrane (67). 

 

MLT has direct and indirect antioxidant effects. It can scavenge free radical, but also induce 

endogenous antioxidant enzymes production and their stimulation. In particular, MLT antioxidant 

effect is related with the chemical structure of its metabolites that makes it a cascade of 

antioxidant molecules. It interacts also with non-radical oxidants such as hydrogen peroxide, 

singlet oxygen and peroxynitrite, and inhibits metal-induced oxidation (Figure 17) (67). Further, 

it protects mitochondria against oxidation, regulating mitochondrial membrane potential, 

facilitating electron flux within the cell (67). 
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Figure 17. MLT and its metabolites. Free radical scavenging cascade in vertical and metal-chelating 

cascade in horizontal (68) 

 

MLT acts on immune response and in particular as immune stimulatory molecule inducing T 

helper response. The immune stimulatory behaviour is also associated with a pro-inflammatory 

activity, even if other evidences showed that MLT is an anti-inflammatory agent. The pro-

inflammatory effect was observed mainly in immune cells collected from blood, in which there 

was an increase of pro-inflammatory cytokines. One study observed that in monocytes, MLT 

increased ROS production associated with inflammatory response and immune activation (67, 

69). On the other side, MLT activity is also addressed to an anti-inflammatory response, especially 

when it is strong. MLT anti-inflammatory action is performed in different ways, for example by 

promoting antioxidant processes and reducing ROS and NO formation protecting mitochondria 

from damages. Further, MLT inhibits inflammasome NLRP3 (nucleotide-binding oligomerization 

domain, leucine‐rich‐containing family, pyrin domain‐containing‐3) and it down-regulates pro-

inflammatory cytokines, even if in some experimental cases MLT protective effect is followed by 

the upregulation of IL-6, IL-10 and TNF-α. Other evidences showed that MLT inhibits 

cyclooxygenase (COX) and iNOS, limiting excessive production of leukotrienes, prostanoids and 
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NO (67, 69). MLT demonstrated protective effect also in low-grade inflammation considered a 

common featured of ageing. This effect protects brain that is subjected to inflammation for aging 

and neurodegenerative disease (69). 

 

1.3.3.2 MLT anticancer effect 

In addition to antioxidant, anti-inflammatory and immune regulatory action, numerous studies 

also demonstrated that MLT could exert anticancer effect (69). In vitro and in vivo in mice 

evidences showed MLT activity in several kind of cancers, alone or in combination with 

chemotherapeutic drugs. 

 

1.3.3.2.1 Lung cancer 

In a study performed in A549, PC9 and LLC lung cancer cells, MLT inhibited the Warburg effect, 

by influencing mitochondria energy metabolism, and reduced cancer cell proliferation and 

promoted apoptosis. Data showed that MLT improved mitochondrial activity so MLT-treated cells 

showed an increase of ATP production. The expression of Sirt3 and pyruvate dehydrogenase 

(PDH), metabolic enzymes located in mitochondria, was up-regulated by MLT and their inhibitors 

reduced MLT anticancer effect and MLT-dependent ROS production (70). In another study, MLT 

influenced migration and invasiveness of lung cancer. Epithelial–mesenchymal transition (EMT) 

phenotype of A459 and CL1-5 cells was evaluated after MLT treatment and data showed a shift 

from mesenchymal to epithelial phenotype. MLT activity was associated with the inhibition of 

PLC, p38/ERK and β-catenin pathway and through this mechanism, suppressed also Twist 

expression. This activity was reduced by MT1 silencing. In mouse models MLT reduced cancer 

progression and metastasis to liver in a dose-dependent manner (71). 

 

1.3.3.2.2 Breast cancer 

MLT effect was evaluated in three human epidermal growth factor receptor 2 (HER2)+ breast 

cancer cell lines. MLT increased cancer cell death and modulated gene and protein expression of 

HER-targeted therapy. MLT attenuated EMT, KRAS, NF-kB and IL-6-JAK-STAT3 gene 

expression, and decreased phospho-AKT, -ERK and NF-kB. MLT reduced also the HER2 protein 

stability for endocytosis and lysosomal degradation and, by interacting with HER inhibitor 

Neratinib, synergized with it increasing apoptosis. Also, in HCC1954 xenograft mice, this 

combination reduced most significantly tumor growth (72). MLT pre-treatment sensitized also 
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MCF-7 cells to apoptosis and, combined with docetaxel, cancer cell proliferation reduction was 

more evident than with single administration (73). 

 

1.3.3.2.3 Glioblastoma 

The administration of 1 mM of MLT reduced glioblastoma cells migration and invasion after 24 

h of treatment, and reduced MMP-2 and Vascular endothelial growth factor (VEGF) expression. 

In hypoxic conditions, thanks to MLT, Hypoxia-inducible factor 1 α (HIF-1α) expression was 

reduced such as invasion and migration (74). In three glioblastoma-initiating cell (GICs) lines, 

MLT reduced cancer cell growth and GICs stem-like properties, reducing self-renewal ability and 

formation of neurospheres (75).  

 

1.3.3.2.4 Prostate cancer 

Men with low levels of MLT are more prone to develop prostate cancer. Data showed that male 

C57BL/6 mice with an altered light exposure developed a more evident tumor mass compared to 

mice exposed to normal light cycle. MLT increased enzalutamide effectiveness and reduced lipid 

accumulation, that is associated with prostate cancer development. MLT treatment induced the 

reduction of lipids accumulation by up-regulating carboxylesterase 1 (CES1) in pancreatic cancer. 

Indeed, CES1 knockdown hampered MLT effect on lipid accumulation and, in addition, CES1 

down-regulation was associated with poor prognosis in prostate cancer. In mouse model, MLT 

reduced tumor growth in presence of CES1 and increase the sensitiveness to enzalutamide (76). 

 

1.3.3.2.5 Colorectal cancer 

MLT and 5-FU synergized, increasing the reduction of cancer cell viability, inhibiting 

invasiveness and metastasis in human colon cancer cells. Protein expression of MMP-9 and N-

cadherin was reduced, while E-cadherin level was increased after administration of the combined 

treatment. The combination reduced the phosphorylation of p85, 110ß, pyruvate dehydrogenase 

kinase 1 (PDK1) and AKT proteins without modulating total Akt and suppressed NF-kB/iNOS 

signaling pathway.  Synergistic effects were also observed in mice, in which a more significant 

reduction of tumor mass and volume was found (77). Co-treatment with MLT and 5-FU inhibited 

cell proliferation and the expression of stem cell markers in colon cancer stem cells, and also 

reduced tumor volume in mice, even if the overexpression of the gene associated with the cellular 

prion protein considered a marker for colorectal adenoma-to-carcinoma transition, attenuated this 

efficacy (78). 
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1.3.3.2.6 Leukemia 

MLT, at pharmacological concentrations, reduced cell viability of FLT3-ITD mutated mouse 

(BaF3/ITD) and human (MV4-11 and MOLM13) leukemia cells with a greater effectiveness than 

in wild type leukemia cells. As reported in literature, MLT is known for its anti-oxidant properties, 

but in cancer cells and at high doses, it could increase ROS production and oxidative stress. MLT, 

through ROS increasing and glutathione decreasing, induced apoptosis in FLT3-ITD leukemia 

cells and increased sorafenib efficacy. In mice, MLT and sorafenib depleted leukemia cells in 

peripheral blood and the survival rate of the combination group resulted more prolonged than the 

group with single compounds (79). MLT effect was also evaluated in mixed lineage leukemia 

(MLL-r) rearranged cells. Data showed that MLT inhibited the proliferation of MLL-r cells more 

than non-MLL-r cells. It induced apoptosis and down-regulated hTERT expression by 

suppressing the transcriptional factor on its promoter region, RBFOX3. Similar results were 

obtained in primary acute lymphoblastic leukemia blasts from patients and in mice treated with 

MLT, that showed reduction of body and spleen weight (80). 

 

1.3.3.2.7 Endometrial cancer 

A first study was performed in two endometrial cancer cell lines, SNG-II and Ishikawa, estrogen-

receptor negative and estrogen-receptor positive respectively. Data showed that MLT reduced 

Ishikawa number and the effect was inhibited by 17β-estradiol administration and by the 

melatonin receptor antagonist, luzindole (81). In another study, MLT role was evaluated in 

relation with estrogen/ubiquitin C (UBC)/succinate dehydrogenase (SDH) B axis. MLT reverted 

estrogen effect by decreasing SDHB expression in Ishikawa and RL95-2 cells. Mice treated with 

estrogen and MLT displayed higher tumor volume reduction compared with the administration of 

estrogen alone. Finally, MT1B expression and activation was associated with MLT inhibitory role 

in estrogen-succinate metabolism and its overexpression increased sensitivity to MLT (82).  

 

1.3.3.2.8 Pancreatic cancer 

From literature, there are many evidences about the use of MLT in pancreatic cancer treatment. 

MLT reduced cancer cell viability, growth and colony formation, and induced apoptosis and/or 

necrosis in PANC-1, SW-1990, MIAPaCa-2 and Panc-28 cells in dose-dependent manner, while 

it exercised minimal toxicity in nontumorigenic pancreatic ductal epithelial cells (83-85). In some 

evidences MLT activity is associated with the interaction with MEL1A/B receptors, while in 

others, its activity appeared independent of the receptors (83, 85). MLT activity modulates 

different molecular pathways. For example, it inhibited the angiogenesis by reducing proliferation 



30 
 

and migration of human umbilical vein endothelial (HUVEC) cells, stimulated by the co-culture 

with PANC-1. MLT reduced also VEGF release and its expression in PANC-1 (86). MLT 

decreased nuclear levels of NF-kB/p65, p-NF-kB/p65 and NF-kB downstream genes in 

MIAPaCa-2 and AsPc-1 cells, reverting the effect of GEM to induce NF-kB and its associated 

genes (85). In a study published in 2007, MLT was administered during PDAC induction and/or 

postinduction phase with N-nitrosobis (2-oxopropyl )amine (BOP) in animal models. BOP 

induced oxidative stress and antioxidant enzymes reduction; this effect was reverted by MLT both 

during the induction and post-induction phase. At the same time, MLT also reduced the number 

of animals with tumor and its administration during BOP-induction phase eliminated the presence 

of moderately differentiated adenocarcinoma, while tissue atypical hyperplasia remained (87). In 

another correlated study, MLT increased lypoperoxides (LPO) efficacy if administrated during 

the induction phase of carcinogenesis and in general, it reduced pancreatic tumor and prevented 

animals’ death. Finally, evidences showed that the co-administration of MLT and celecoxib, 

during the post-induction phase, increased animals’ survival and reduced LPO levels (88). The 

combination between MLT and GEM had higher efficacy than the single molecules in SW-1990, 

MIAPaCa-2 and AsPc-1 cells, and in mice (84, 85). AR42J cells treated with MLT plus 5-FU, or 

doxorubicin, or cisplatin showed a major decrease of cell viability, a major apoptosis induction 

and a more evident mitochondrial membrane depolarization (89). 

 

1.4 Ozone therapy (O2/O3) 

Ozone (O3 or O2/O3) is an inorganic cyclic molecule composed by three atoms of oxygen and it 

is present in a gaseous form in the atmosphere but it can be also produced applying a high-voltage 

electrical discharge to the oxygen (O2) molecule. In 1916, O3 was used for its antimicrobial 

properties in wound healing and in the 19th century, it was introduced in medical therapy after the 

development of the O3 generator. The O3 generator creates a mixture with specific concentrations 

of O2/O3 in order to reduce the potential cytotoxicity caused by O3 induced oxidative stress (90). 

Medical O3 generators produces the gaseous mixture from pure O2 subjected to a high-voltage 

gradient (5-13 mV) (90).  

 

1.4.1 O2/O3 mechanism of action  

O3 mechanism of action is still object of study. O3 is an oxidizing molecule and, in human fluids 

and tissues, it can react with water and polyunsaturated fatty-acids (PUFAs) and produces 

hydroperoxides such as hydrogen peroxide (H2O2) and lipid ozonation products (LOPs) such as 
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malonyl dialdehyde (MDA), 4-hydroxynonenal (4-HNE) and lipoperoxides (90, 91). Hence, O3 

is a ROS producer. ROS have a high degree of reactivity and their effect is involved in the cellular 

defence and immune response; indeed, they can damage bacterial cell membrane. ROS are early 

short-acting messengers and LOPs are late and long-acting messengers of O3 response (92). In 

physiological conditions, human tissues suppress ROS action with the production of endogenous 

radical scavengers. A small and repeated oxidative stress can activate the nuclear factor-erythroid 

2-related factor 2 (Nrf2), which is involved in the activation of antioxidant response element 

(ARE) sequence in the DNA. ARE sequence regulates the transcription of antioxidant enzymes. 

If O3 induces a mild oxidative stress, stimulates Nrf2 and ARE activation, and consequently the 

cellular antioxidant activity. This mechanism of action could explain O3 use for stress response 

created by chronic inflammation (90). Based on different state of cell oxidation or on its amount, 

O2/O3 can regulate pro-inflammatory and anti-inflammatory effects associated with prostaglandin 

formation or with the activation of the Nrf2 (92). O3 can exercise a potential cytotoxic effect in 

cancer cells. Cancer cells have an overload antioxidant system for the major presence of 

intracellular ROS rather than normal cells, so they cannot increase their antioxidant production. 

Further, ROS can react also with cytoplasmic molecules such as NADPH, but in cancer cells 

NADPH is present at low levels, so the reactive molecules induce acute oxidative stress and 

cellular damage. This could suggest a possible explanation for O3 doses which are safety for 

normal cells, but toxic for cancer ones (Figure 18) (91). 

 

 

Figure 18. O3 potential mechanism of action in normal and cancer cells (91). 
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1.4.2 O2/O3 therapy toxicity  

At high concentrations, O3 can induce toxic effect such as pain at the site of injection of 

insufflation, haemolysis in case of anaemia, allergic reactions and transient oxidative stress. An 

acute exposure to O3 can damage glial cells for the increase of VEGF overexpression (93). 

 

1.4.3 O2/O3 therapeutic effect 

Today, O3 is mainly known as bactericidal and virucidal, inflammatory modulator and circulatory 

stimulator. Applications in medical fields are related with wound healing, ischemic disorders, 

infections and chronic inflammation (90). About its use as adjuvant in cancer treatment, there are 

some preclinical evidences about O3 potentiality to induce cancer cell damage, but other 

investigations are necessary. 

 

1.4.3.1 O2/O3 anti-inflammatory effect 

As previously described, low doses of O3 could be use in chronic inflammations for its mechanism 

of action and clinicians usually integrate O3 with common anti-inflammatory drugs. O3 effects 

were also observed in regulation of pain for inflammatory process, in fact the increase of anti-

oxidant molecules after O3 administration could stimulate anti-nociceptive pathways. The 

oxidative stress after O3 administration, if correctly balance, reverts chronic oxidative stress 

typical of chronic pathologies (92).  

 

1.4.3.2 O2/O3 anticancer effect 

For their accelerated metabolism, cancer cells may require higher O2 levels, but for their abnormal 

structure and their unfunctional blood network, they are often in hypoxic conditions. Hypoxia 

induces oxidative stress and activates genes involved in cell survival, metabolism and 

angiogenesis, adapting cancer cells to this condition. Preclinical results showed that O3 can 

improve blood circulation and cancer tissues oxygenation, induce oxidative stress, activate the 

immune response, inhibit growth and metastasis and induce tumor necrosis. O3 was observed also 

to improve chemotherapy, increasing TME permeability and facilitating drugs penetration within 

the tumoral mass, and to enhance cancer cells radiosensitivity (93). Preclinical in vitro and in vivo 

studies showed that O3 promotes cytotoxic effect in cancer cells, but to date, there are few papers 

about its use in cancer patients (91). In a 1980 study, O3 induced DNA damages as X-rays 
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irradiation and had additive effect if combined with X-rays in cancer cell culture. This evidence 

was later confirmed in HeLa cells. Subsequently, O3 cytotoxic effect was demonstrated in breast, 

lung, uterus, ovarian and colon cancer cells, but in other evidences O3 did not affect cancer cells. 

At the same time, it was reported that O3 was not injurious for normal cells and that it increased 

radiations and 5-FU effect (91). For example, in a first study performed in glioma cells, O3 

administration did not inhibit cancer cells growth, neither alone nor in combination with 5-FU. In 

another study, rat C6 glioma cells were treated with O3 and data reported that O3 was more 

effective at low dose than at high dose (93). SK-N-SH and SK-N-DZ neuroblastoma cells were 

treated with O2/O3 and their growth was reduced in a dose-dependent manner. O2/O3 increased 

ROS production in both cell lines and induced cell cycle block in G2/M, inhibiting the association 

between cyclin B1 and cyclin dependent kinase 1 (Cdk1) proteins in SK-N-SH, while it increased 

sub-G1 phase and apoptosis rate in SK-N-DZ. In SK-N-SH, O2/O3 potentiated cisplatin and 

etoposide effect but not GEM; in SK-N-DZ, O2/O3 exerted cytotoxic effect but not enhance 

chemotherapeutic drugs activity (94). O2/O3 reduced liver cancer cells viability and this effect was 

reverted by N-acetylcysteine (NAC) administration. Positive effects were also observed in the 

reduction of migration and in G2/M cell cycle arrest. O2/O3 increased ROS and inactivated NF-

kB and PI3K/Akt pathway (95). In pancreatic cancer cells, O2/O3 was administered alone or in 

combination with CBD, GEM and PTX. O2/O3 reduced cancer cell viability inducing necrosis and 

this effect was potentiated when combined with CBD. The efficacy of chemotherapeutic drug 

was implemented by O2/O3. Moreover, O2/O3 down-regulated cell cycle and Ras-associated 

genes, NF-kB, REL, ras homolog family member A (RHOA) and PI3K/AKT pathway genes, 

while increased breast cancer type 2 susceptibility protein (BRCA2) and tumor protein 53 (TP53) 

gene expression (52). About in vivo application, rabbits inoculated with VX2 head neck cancer 

cells were divided in three groups and daily insufflated intraperitoneally with O2 and O2/O3. 

Results showed a significant increase of survival in O2/O3 treated group than in O2 alone and 

control group. In particular, six of seven O2/O3 treated surviving animals showed full tumor 

regression and absence of lung metastasis. Further investigations showed also that O2/O3 rabbits 

were resistant to the development of another tumoral mass after VX2 cells reimplantation. In 

O2/O3 treated immunosuppressed rabbits this resistance was not observed, suggesting that the 

O2/O3 inhibition of cancer development was associated with immune response activity (96).  

About clinical application, there were reported only few case reports. In one case glioblastoma, 

after the relapsing, was re-resected and then patients were treated with O3 intratumorally (with 

the use of a catheter) and standard chemotherapy. There was observed an increase of survival 

from 11.9 months to 30.5. In another case report, a patient was treated with O3 and chemotherapy, 

after the first surgical resection, and he is still alive and without recurrence (91).  
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1.5 Pancreatic cancer 

1.5.1 Pancreas anatomy 

The pancreas is involved in protein and carbohydrates digestion and glucose homeostasis. The 

major area (80%) is the exocrine pancreas composed by acinar and ductal cells, involved in 

digestive enzymes production. The other part, the endocrine pancreas, is formed by four types of 

clustered cells called Islets of Langerhans that secrets hormones into the blood stream and 

regulates glucose homeostasis. Based on the different cellular characteristics, there are different 

malignancies that can be developed in the pancreas (97). 

 

 

Figure 19. A) Pancreas anatomy and its position next to the common bile duct and duodenum. B) 

Pancreas histology: Islet of Langerhans in the lower right; the asterisk identifies the acini; the arrow 

indicates the duct (97). 

 

 

1.5.2 Epidemiology 

In 2020, pancreatic cancer substituted breast cancer as the 3rd cause of cancer-related death in the 

United States (Figure 20) (98). In the last two decades, it was observed an increase of pancreatic 

cancer diagnosis and the age-adjusted incidence rates of pancreatic cancer are rising as a result of 

key risk factors increase (99).  
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Figure 20. Age-standardized incidence rates (ASR) of pancreatic cancer incidence across the globe in 

2020 (99) 

 

For the late diagnosis pancreatic cancer survival-rate is low, the 5-years overall survival increased 

only from <5% in the 1990s to 9% in 2019 in USA and Europe. Only about 20% of patients 

presenting a surgically resectable disease and among them, 5-year survival rate is 15–25% (99). 

 

1.5.3 Pancreatic ductal adenocarcinoma (PDAC) 

Pancreatic ductal adenocarcinoma (PDAC), which derives its name from the histological 

similarity with ductal cells, is the most common type of pancreatic neoplasm and represents more 

than 85% of pancreatic tumors (97). It can metastasize to the liver and lymph nodes and it is not 

associated with specific symptoms, so it is difficult to diagnose at early stage and often, it had 

already metastasized at the moment of discovery (100). About the factors associated with an 

increased risk of developing PDAC, there are advanced age, smoking and some pathological 

conditions such as long-standing chronic inflammations, diabetes and obesity. A familiar 

predisposition was estimated in the 10% of PDAC cases and this is often associated with germline 

mutations of tumor suppressor genes INK4A, BRCA1, BRCA2, LKB1, the DNA mismatch repair 

gene MLH1 and the cationic trypsinogen gene serine protease 1 (PRSS1) (pancreatitis 

predisposition gene), and further poly-cancer syndromes such as Peutz-Jeghers syndrome, 

hereditary pancreatitis and familial atypical multiple mole melanoma could be include among risk 

factors. The germline mutations were mostly correlated with the malignant progression of 

precursor lesions rather than the cancer development (97, 101).  
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1.5.3.1 PDAC morphological characteristics  

In the majority of cases, PDAC is defined “not otherwise specified”, but some histopathological 

variants were identified. Adenosquamous carcinoma is an uncommon variant of PDAC with a 

mixture of glandular and squamous differentiation, while other carcinomas with acinar 

differentiation are pancreatoblastomas, acinar cell carcinomas and carcinomas with mixed 

histology (101).  

PDAC usually arises in the head of pancreas and then it can infiltrate near tissues such as spleen, 

lymphatics and peritoneal cavity; metastasis can reach lungs and liver. PDAC is characterized 

also by a dense stroma called desmoplasia, formed by fibroblasts and inflammatory cells. PDAC 

development can start from some precursor lesions such as pancreatic intraepithelial neoplasia 

(PanIN), mucinous cystic neoplasm (MCN) and intraductal papillary mucinous neoplasm 

(IPMN). MCN are epithelial cystic lesions mucin-producing, characterized by an ovarian stroma 

type with variable degree of dysplasia and focal regions of invasion. IPMNs is similar to PanIN 

but with larger cystic structures. Morphological changes in normal ducts observed in PanINs are 

correlated with graded stages of increasing dysplastic growth: from I to III grade increases the 

architectural disorganization and nuclear atypia, until the high-grade PanIN develops PDAC. 

During the transition from PanIN to PDAC, it was observed an increased number of genetic 

alterations (Figure 21) (97).  

 

 

Figure 21. PDAC progression form precursor lesions and genetic events, divided into early or late in 

PDAC progression (97).  
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In early-stage precancerous lesions, the first mutations were already observed. The major genetic 

mutations regard oncogenes activation and tumor suppressors inactivation (97, 102). 

 

1.5.3.2 Genetic mutations 

PDAC is known for the mutation of KRAS oncogene and the inactivation of TP53, SMAD4, 

BRCA2 and CDKN2A that suppress tumor growth; further, there are also chromosomal loss, gene 

amplifications and telomere shortening which cause chromosomal instability. KRAS mutations 

and telomere shortening are in low-grade pancreatic intraepithelial neoplasia, while TP53, 

SMAD4 and BRCA2 genes abnormalities were observed in advance pancreatic intraepithelial 

neoplasia and invasive carcinomas (101, 103).  

 

1.5.3.2.1 KRAS 

KRAS gene encodes a small GTPase and mediates cell proliferation, differentiation and survival. 

K-Ras is a GTP-binding protein member of the RAS family. In physiological conditions, K-Ras 

can be in the inactive GDP-bound state or in the active GTP-bound state. A guanine nucleotide 

exchange factor (GEFs e.g., Sos1) mediate the transition between the two states and a GTPase-

activating protein (GAPs e.g., NF1) induced K-Ras ability to hydrolyse GTP. Quiescent cells 

present a GDP-bound K-Ras, after growth factors stimulation, GEFs catalyses K-Ras shift from 

GDP to GTP state. In some solid cancers, KRAS mutations inhibit its GTPase activity, inhibiting 

GTP hydrolysis and sustaining the active GTP-bound state. In this way, there is a continuous 

stimulation of pathways involved in tumor development (97, 100). KRAS point mutation can 

interest the substitution of glycine with aspartate, or valine, or arginine in G12, G13 or Q61. These 

mutations are detected in about 30% of early neoplasms and in about 100% of advanced PDAC. 

All the substitutions interest the catalytic domain of GTPase. G12 mutation (G12D or G12V) is 

present in the 82% of PDAC cases, Q16 in 14% and G13 in <1%. According to the type of KRAS 

mutation, the tumorigenesis is promoted in different ways (97, 100).  

KRAS can be activated by the Epidermal Growth Factor (EGF) that binds EGFR. This binding 

induces receptors dimerization in plasma membrane and the phosphorylation of the transforming 

protein SHC, which creates a complex with SOS and GRB2 facilitating the binding of GEFs with 

KRAS, which results in the KRAS GTP-activate form. EGFR activation can also promote the 

phosphorylation of PIP2 in PIP3, which stimulates AKT via PDK1 and inhibits the inactivation 
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of the pathway through PTEN. Mutation at EGFR levels were not identified in PDAC, even if its 

high expression was associated with patient’s poor prognosis (Figure 22) (104).  

 

 

Figure 22. Three main signaling cascades implicated in PDAC progression and maintenance: RAF/ERK 

pathway, PI3K/Akt pathway, and Ral GDS pathway (97) 

 

KRAS activate three main effector pathways: Raf/MEK/ERK, PI3K/PTEN/AKT and Ral guanine 

nucleotide exchange factor (Figure 22) (104).  

 

1.5.3.2.1.1 Raf/MEK/ERK signaling pathway 

KRAS activated engages RAF. RAF is a kinase composed by A-Raf, B-Raf and C-Raf; all are 

KRAS effectors. Activated RAF phosphorylates the two kinases MEK1 and MEK2, that then 

activate the serine-threonine kinases ERK1 and ERK2 (104). The oncogenic mutation BRAF 

V600E was identified in about the 3% of PDAC cases and, in mice, it was demonstrated that its 

expression induces multifocal PanIN lesions formation (104). 

 

1.5.3.2.1.2 PI3K/PTEN/AKT signaling pathway 

PI3K is composed by different catalytic subunits: I, II and III classes. Class I are p110 subunits 

(α, β, γ and Δ) and they are encoded by PIK3CA, PIK3CB, PIK3CG and PIK3CD genes. PI3KCA 

and PI3KCD mutations are identified in PDAC. Activated PI3K p110 α, p110 β and p110 Δ bind 

p85 regulatory subunit; PI3K p110 γ binds p101 and p87 subunits. At this point, PI3K activated 
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induces the PIP2 activation in PIP3, that engages AKT and PDK1. AKT is activated by 

phosphorylation. AKT in turn activates mTOR signaling pathway and RAC, member of GTPases 

RHO family. PDK1 activates AKT and PKA, PKC and p70S6K implicated in cancer progression. 

The activation of p110 alpha subunit was considered an important effector of oncogenic KRAS 

in PDAC and several mice models demonstrated that the loss of the tumor suppressor PTEN, that 

inhibits AKT activation dephosphorylating PIP3 to PIP2, is another element involved in PDAC 

progression (104). 

 

1.5.3.2.1.3 Ral guanine nucleotide exchange factor signaling 

Ral guanine nucleotide exchange factors (RalGEFs) activate RalA and RalB small GTPase that 

are up-regulated in PDAC. Compared to the other two main pathways, RalGEF signaling in 

PDAC progression is less known (104). 

 

1.5.3.2.2 Tumor-suppressor genes  

Tumor-suppressor genes alterations are closely involved in PDAC development. CDK2A and 

TP53 maintain the genome integrity, preventing the accumulation of mutations and the promotion 

of tumor development. CDKN2A gene is mutated in approximately 95% of tumors. CDKN2A is 

responsible for encoding a protein that prevents cells from entering the S-phase of cell cycle, 

known as p16/INK4A. CDKN2A inactivation was observed in advanced PanINs before PDAC 

development. p16 induces senescence after K-Ras activation, indeed CDKN2A inactivation 

follows KRAS mutation. CDKN2A locus encodes also for ARF/p14 protein involved in tumor 

growth inhibition or apoptosis, but this mechanism seems not to be involved in PDAC progression 

since it induces MDMD2-depent p53 proteolysis but p53 is frequently inactivated in PDAC. TP53 

mutations contribute to PDAC metastatic nature and has complex role since it is a tumor 

suppressor but also an enhancer of metastasis. TP53 mutation appears in the later-stage PanINs 

with a high grade of dysplasia. p53 protein blocks cell cycle and actives DNA repair enzymes; 

when the DNA damage is irreparable p53 induces senescence or apoptosis. Cancer cells with 

chromosomal aberrations could benefit from p53 loss to grow and survival (97, 100).  

There are other tumor-suppressor genes mutated in minor percentage in PDAC. LKB1 gene loss 

for a germline mutation is associated with Peutz-Jeghers syndrome in which patients develop 

benign polyps in gastrointestinal tract and an increased risk to develop other malignancies such 
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as PDAC. LKB1 encodes for a serine/threonine kinase that regulates cell polarity and metabolism, 

and regulates also mTOR pathway trough AMPK regulation (97, 100). 

The transforming growth factor-β (TGF-β) signaling pathway can induce apoptosis and/or 

promote invasion and metastasis. Its role in human malignancies can be both growth-inhibitor 

and growth-promoter depending on the cell types and the context. For example, in some epithelial 

cells and tissues, TGF-β exerts a growth inhibitory, pro-apoptotic and telomerase repression 

activity; at the same time in epithelial cancer cells, TGF- β inhibits cancer initiation. Alterations 

in this signaling pathway is associated with ovarian, intestinal and pancreatic tumorigenesis.  

TGF-β antiproliferative effect is associated with the activity of transcriptional co-activator 

SMAD4/DCP4. SMAD4 alterations are observed in later-stage of PanINs and it is considered a 

PDAC progression allele (97, 100). TGF-β promotes also proliferation and EMT in different 

cancer types and through this process carcinomas loss their differentiation and develop an 

aggressive and invasive phenotype. So, in cancers, TGF- β has a dual role both inhibiting tumor 

initiation and promoting high-grade development of manifested cancer. In PDAC, SMAD4 

alterations can modulate cancer interaction with the microenvironment and inhibit TGF-β-

induced cell cycle arrest and cell migration, but not influence EMT (97). 

Telomere erosion is considered an early event in PDAC pathogenesis. This genetic alteration 

results in p53-induced senescence in normal cells, but an inactivated p53 causes tumor cells 

proliferation. p53 loss can be preceded by an important telomere shortening.  Cellular 

immortalization is promoted by telomerase reactivation in invasive PDAC after telomere 

shortening and dysfunction, which leads to carcinogenesis for cancer chromosomal 

rearrangements (97, 100). 

 

 

Figure 23. PDAC progression and genomic instability (97) 
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1.5.3.3 PDAC current therapies 

As previously reported, today, the only effective way to treat pancreatic cancer is surgery 

resection. Unfortunately, only a 20 % of patients present a resectable pancreatic cancer form. 

Further, after the successful resection, over the 80 % of patients develop recurrence and metastasis 

(100). Generally, chemotherapy is used as primary therapeutical approach both with a resectable 

and unresectable form, and also surgical resection is followed by adjuvant chemotherapy and in 

presence of metastasis. Finding optimal drug doses and combinations to administer was a strategy 

to improve the effectiveness of current therapies and reduce side effects, for example GEM and 

erlotinib (EGFR inhibitor) combination had a small effect on extending survival by 12 days (100). 

Despite of this, prognosis remains poor also for the chemoresistance develops by several patients. 

Among the major problems associated with pancreatic cancer treatment there are the dense 

desmoplasia, the hypoperfusion and the immunosuppressive microenvironment, indeed another 

therapeutic approach is also to exploit the pancreatic cancer microenvironment in order to activate 

drugs (105). TME is rich in hyaluronic acid that creates a physical barrier for drugs, but 

hyaluronidases could be used to improve drug delivery. Moreover, drugs could be activated by 

the hypoxic environment such as the evofosfamide, that releases its active form in hypoxia. 

Targeting only KRAS as a therapeutic target was not very successful, indeed none of its direct 

inhibitors were used for clinical application, but KRAS regulates other signaling pathways that 

could be potential targets (102). About immunotherapy, one approach was to stimulate the 

immune system against pancreatic cancer cells. GVAX vaccine is composed by engineered 

pancreatic cells that express granulocyte-macrophage colony-stimulating factor. They can recruit 

dendritic cells able to phagocyte tumor cells and then they present the antigens to T-cells. In 

pancreatic cancer this technology needs to be improved. The immune checkpoints are considered 

a way to stimulate the immune system against cancer cells, but in pancreatic cancer the single use 

of immune checkpoints inhibitors was not successful (100).  
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2. Aim of the Project 

PDAC is one of the most aggressive malignancies characterized by a late and difficult diagnosis 

and by resistance to current therapies. Up to now, not significant improvements were obtained in 

the treatment of PDAC patients and the life expectation remains short. The use of molecules as 

integrative therapy could be a promising approach to increase the efficacy of conventional 

chemotherapeutic drugs and to reduce drug resistance and side effects. Thus, the aim of the project 

was to investigate the effects of molecules that could be employed as integrative therapy in order 

to evaluate and clarify their activity in preclinical models of PDAC. The minor PyCBs, CBG was 

studied in two human PDAC cancer cell lines, evaluating the molecular mechanisms involved in 

its activity. Additionally, it was evaluated the biological effect of a combination composed by 

CBD, MLT and O2/O3, in vitro and in vivo human models of PDAC. All the different treatments 

were combined with the main chemotherapeutic drugs used in PDAC treatment. 

  



43 
 

3. Materials and Methods 

3.1 Cell lines 

Human PANC-1 and MIAPaCa-2 PDAC cell lines (Sigma Aldrich, Milan, Italy) and normal 

fibroblast (NHFA12) cell line (IFOM, Rome, Italy) were cultured in DMEM high glucose 

medium (EuroClone, Milan, Italy) supplemented with 10% of fetal bovine serum (FBS), 2 mM 

L-glutamine, 100 IU/mL penicillin, 100 mg streptomycin and 1 mM sodium pyruvate. Epithelial 

cell line derived from the human normal colon (NCM460D; Cytosens, Milan, Italy) was cultured 

in RPMI1640 supplemented with 10% of FBS, 2 mM L-glutamine, 100 IU/mL penicillin, 100 mg 

streptomycin. Cell lines were maintained at 37 °C with 5% CO2 and 95% of humidity. NHFA12 

and NCM460D were used as normal cells for viability assay. 

 

 

3.2 Reagents 

Pharmaceutical grade Cannabidiol (CBD) and Cannabigerol (CBG) crystals were purchased 

(Cayman Chemical, Ellsworth, MI, USA) and solubilized in ethanol (Et-OH) 70% at 15.7 mg/mL 

(50 mM). Luzindole was purchased (Sigma Aldrich) and solubilized in dimethyl sulfoxide 

(DMSO) at 14.6 mg/mL (50 mM). PTX (6 mg/mL) and GEM (50 mg/mL) supplied by Sigma 

Aldrich were dissolved in water. Aliquots were done and stored at -20 °C and each aliquot was 

used one time. Melatonin (MLT, Cayman Chemical) was solubilized in Et-OH 70% at 40 mg/mL 

and prepared fresh each time. 

 

 

3.3 O2/O3 treatment 

Cell lines seeded on 96-well plate or 12-well plate were pre-cultured in normoxia for 24 h. 

Subsequently, the plates were exposed to O2/O3 treatment in a Hypoxia Incubator Chamber 

(Stemcell Technology, Vancouver, BC, Canada), by injecting O2/O3 (80 μg/mL) for 5 min after 

chamber saturation, using a E100 Ozonline machine (Eco3 s.r.l., Torino, Italy). Then plates were 

placed back in the incubator at normoxia condition (37 °C with 5% CO2 and 95% humidity) and 

incubated for 72 h, before performing the experiments. 
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3.4 Cell viability assay 

3×104 cells/mL were seeded in 96-well plates in a final volume of 100 μL/well. After one day of 

incubation, treatments were added and six replicates were used for each treatment. All 

experiments were repeated three times. After 72 h, cell viability was investigated by adding 0.8 

mg/mL of 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) (Sigma Aldrich) 

to the media. After 3 hours the supernatant was removed and the pellet of salt crystals was 

solubilized with 100 μL/well of DMSO. The absorbance of the sample against a background 

control was measured at 570 nm using an ELISA reader microliter plate (BioTek Instruments, 

Winooski, VT, USA). 

 

3.5 Cell death assay 

Annexin V-FITC and Propidium Iodide (PI) staining followed by FACS analysis was used to 

evaluate cell death. 3×104 cells/mL were seeded in 12-well plates and after one day of incubation 

treatments were added. Cells were stained with Annexin V-FITC (5 μL) or PI (PI 20 μg/mL) for 

10 minutes at room temperature and then washed with binding buffer (10 mM N-(2-

Hydroxyethyl) piperazine-N0-2-ethanesulfonic acid [HEPES]/sodium hydroxide, pH 7.4, 140 

μM NaCl, 2.5 μM CaCl2). The percentage of Annexin V-FITC or PI positive cells were analysed 

by FACScan flow cytometer using the CellQuest software (BD Biosciences, Rome, Italy) or with 

BD Accuri C6 plus flow cytometer using the BD Accuri C6 plus software (BD Biosciences). 

 

3.6 Cell proliferation assay 

CellTraceTM Cell Proliferation kit (Thermo Fisher Scientific, Rome, Italy) was used to analyse 

the proliferation of PDAC cells in response to stimulation by treatments. Cells were labelled with 

1-2 μM carboxyfluorescein diacetate succinimidyl ester (CFSE) for 20 min at 37°C, then seeded 

3 x 104 cells/mL and cultured for 72 h in culture medium containing specific treatment. At the end 

of the treatment florescence was analysed by FACS. All experiments were repeated three times. 

 

3.7 Western Blot analysis 

Lysates were obtained with lysis buffer (composed by TRIS 1M pH 7.4, NaCl 1M, EGTA 10 mM, 

NaF 100 mM, Deoxycholate 2%, EDTA 100 mM, TritonX-100 10%, Glycerol, SDS 10%, 

Na2P2O7 1M, Na3VO4 100 mM, PMSF 100 mM, Cocktail of enzyme inhibitors). Lysates were 
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separated on a SDS polyacrylamide gel and transferred onto Hybond-C extra membranes (GE 

Healthcare, Chicago, IL, USA) using Bio-Rad system. Non-specific binding sites were blocked 

with 5% low-fat dry milk or 5% BSA in PBS containing 0.1% Tween 20 for 1 h at room 

temperature. The following antibodies were used: mouse anti-mTOR (1:1000, GeneTex, Alton 

Pkwy Irvine, CA, USA), mouse anti-EGFR (1:5000, GeneTex), rabbit anti-pAkt (1:1000, Cell 

Signaling, Danvers, MA, USA), rabbit anti-Akt (1:1000, Cell Signaling), rabbit anti-LC3 (1:1000, 

Cell Signaling), rabbit anti-Caspase-3 (1:1000, Cell Signaling), mouse pan-RAS (1:500, Santa 

Cruz Biotechnology, Dallas, TX, USA) and mouse anti-MEL1A/B-R (MTNR1A/B) (1:1000, 

Dallas, TX, USA), mouse β-actin (1:500, Santa Cruz Biotechnology), mouse anti-

glyceraldehydes-3-phosphate dehydrogenase (GAPDH, 1:1000, Santa Cruz Biotechnology). Abs 

were incubated overnight or 1 hour according to manufacturer’s protocol and then incubated with 

their respective HRP-conjugated anti-rabbit or anti-mouse (1:2000, Cell Signaling) Abs for 1 

hour. Peroxidase activity was visualized with the LiteAblot®PLUS or TURBO (Euro-Clone, 

Milan, Italy) kit and densitometric analysis was carried out by a Chemidoc using the Quantity 

One software version 4.6 (Bio-Rad, Milan, Italy). 

 

3.8 Acridine Orange Staining  

To detect acidic vesicular organelles, the vital staining of cells with acridine orange (AO, Sigma-

Aldrich) was performed. 3x104 cells/mL were seeded in 12-well plates and treated with CBG at 

11.08 and 12.66 µg/mL for 48 h. Then, cells were stained with 1 μg/mL AO, washed in PBS, 

immobilized on slides using the cytospin centrifuge and analysed with C2 Plus confocal laser 

scanning microscope (Nikon Instruments, Florence, Italy). Optimized emission detection 

bandwidth was configured by Zeiss Zen control software. Images were processed using NIS 

Element Imaging Software (Nikon Instruments, Florence, Italy). Cytoplasm and nuclei of AO-

stained cells fluoresced bright green, whereas the acidic autophagic vacuoles fluoresced bright 

red. 

 

3.9 Drug interaction 

Drugs interaction was evaluated with SynergyFinder, using the Bliss model [106]. Bliss in-

dependence reference model was used for multiplicative effect of single drugs as if they acted 

independently. Bliss synergy score larger than 10 is considered synergistic, from -10 to 10 is 

considered additive and less than -10 antagonistic. 
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3.10 Milliplex multiplex assay 

The levels of TOTAL Ras, pBRAF, pCRAF, pMEK1 in treated cells were measured using RAS-

RAF Oncoprotein Panel 6-Plex Magnetic Bead Kit 96-well Plate (EMD Millipore Corporation, 

Billerica, MA, USA) following the manufacturer's protocol. Data were analysed using Luminex® 

200 instrument with xPONENT® software (Luminex Corporation, Austin, TX, USA). 

 

3.11 Treatment on orthotopic pancreatic tumor mice model 

Orthotopic pancreatic tumor mice model derived from the inoculation of PANC-1 tumor cells on 

athymic nude mice. Female Athymic Nude-Foxn1nu mice, 5 weeks old, were supplied by Envigo 

RMS SARL (Gannat, France). All the procedures involving the animals were conducted 

according to the national and international laws on experimental animal (d.l. 4 March 2014, n° 

26, implementation of directive n. 2010/63/UE) and to the approved experimental protocol 

procedure (Authorization n° 844/2021-PR). Animal were maintained at a temperature of 22 ± 2 

°C under a daily 12 h photoperiod in ventilated cabinet at the Animal Facilities of University of 

Florence (CESAL), Florence, Italy. Following a period of acclimation (13 days), 40 animals were 

anesthetized with isoflurane (induction at 4% and maintenance at 2%) and inoculated with PANC-

1 tumor cells (1x106 cells in 20 µL of PBS) that were orthotopically injected into the tail of the 

pancreas exploiting the echo-guided procedure. Tumor size was determined by ultrasound 

imaging analysis and when it reached a volume of approximately 10 mm3 (19 days after 

inoculation), 30 out of 40 animals were divided into 6 groups (n=5 per group): 1) vehicle (Vhc) 

(received saline), 2) Mix (received 400 mg/kg MLT & 10 mg/kg CBD, 3) Ozone (received O2/O3 

2.5 ml/kg), 4) Mix + Ozone (received 400 mg/kg MLT & 10 mg/kg CBD + 2.5 ml/kg O2/O3), 5) 

Gemcitabine (received 50 mg/kg GEM), 6) Mix + Ozone + Gemcitabine (received 400mg/kg 

MLT & 10 mg/kg CBD + 2.5 ml/kg O2/O3 + 50 mg/kg GEM). Treatments were administered by 

i.p. injection every 3 days for 30 days, for a total of 10 treatments.  

 

3.12 Experimental Design 

From the beginning of the treatments to the following 4 weeks, ultrasound (US) and photoacoustic 

(PA) imaging was performed once a week to evaluate the engraftment and development of tumor 

masse PA and US imaging were performed with Vevo LAZR-X system (Visualsonics Fujifilm, 

Amsterdam, The Netherlands). For volumetrics analysis, axial 3D scans of the tumor masses were 

performed in B-Mode imaging by using a 55-MHz transducer. For PA imaging Vevo Optical Fiber 
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(Silica fiber, Narrow) were placed on the Vevo Fiber Jacket positioned on the transducer.  

Moreover, the body weight of the animals was measured once a week. At the end-point mice were 

sacrificed and macroscopic necroscopy was performed. Moreover, all the tumors were explanted, 

weighted along with liver, brain and heart (for brain and heart, of 2 out of 5 animals of each 

group). 

 

3.13 In vivo data analysis  

Tumor volumes were analyzed by using Vevo Lab software (Fujifilm Visualsonics). The volumes 

were measured delineating the ROI (Region of Interest) for every axial slide using Vevo LAB 

software.  

 

3.14 Statistical analysis 

Data represented the mean with standard deviation (SD) of at least 3 independent experiments. 

The statistical analysis was determined by Welch’s t-test, One-way ANOVA followed by 

Dunnett's or Tukey’s multicomparison test and by Two-Way ANOVA followed Tukey’s 

multicomparison test, using GraphPad Prism 9.0.1(128) software (San Diego, CA, USA).  
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4. Results 

4.1 CBG inhibits cell growth of PDAC cell lines   

PANC-1 and MIAPaCa-2 PDAC cell lines, and immortalized NCM460D and NHFA-12 cell lines 

were treated with different doses of CBG (up to 31.648 μg/mL) as single administration and cell 

viability was determined by MTT assay at 72 h post-treatment. Results showed that CBG reduces 

cell viability in both cell lines with an IC50 of 15.64 ± 0.83 μg/mL for PANC-1 and 13.77 ± 0,72 

μg/mL for MIAPaCa-2 (Figure 24A), while lower cytotoxicity was observed in normal human 

NCM460D and NHFA12 cell lines (Figure 24B). For the next experiments, two doses of CBG 

(11.08 and 12.66 µg/mL) have been selected, doses with lower growth inhibitory effect for 

studying molecular and biological mechanisms in PDAC cell lines and with no cytotoxic effects 

on normal cells. CBG was always used as single ad-ministration. 

 

 

Figure 24. CBG reduces cell viability in PDAC cell lines. Cell viability was determined by MTT assay. 

PANC-1 and MIAPaCa-2 cells were treated with vehicle (Vhc; Et-OH 70%) or different concentrations of 

CBG and cell viability was evaluated at 72 h post-treatment. Data shown are the mean ± SD of three 

separate experiments. *p<0.05, ****p<0.0001 vs Vhc. 

 

A

B
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4.2 CBG induces autophagy by inhibition of EGFR and Akt/mTOR pathway in PDAC cell 

lines  

EGFR and Akt/mTOR protein levels were evaluated by Western blot in PDAC cell lines at 48 h 

post-treatment with CBG 11.08 and 12.66 µg/mL. Immunoblots evidenced a decrease of EGFR 

expression in PANC-1 with the CBG highest dose, while for MIAPaCa-2 the reduction was 

significant with both doses (Figure 25A). Similar results were obtained for mTOR protein 

expression, that was reduced especially after the treatment with the highest dose of CBG (Figure 

25A). Then, total Akt and its phosphorylated form were investigated. Data showed for PANC-1 

cells a slight modulation of total Akt protein with CBG at dose of 11.06 μg/ml and a reduction of 

phospho-Akt (pAkt) levels after the administration of both CBG doses (Figure 25B). In 

MIAPaCa-2 cells, the highest dose of CBG induced a marked reduction of total Akt and a 

significant decrease of its phosphorylation (Figure 25B).  

 

 

Figure 25. CBG treatment reduces EGFR and Akt/mTOR protein expression in PDAC cell lines. PDAC 

cell lines were treated with CBG, and the expression levels of mTOR and EGFR (A), Akt, and pAkt 

(B) were evaluated by Western blot at 48 h post-treatment. EGFR, Akt, and mTOR densitometric 

values were normalized to β-actin or GAPDH, which were used as loading controls; pAkt densitometric 

values were normalized to Akt. Images are representative of one of three separate experiments. Data are 

expressed as mean ± SD of three separate experiments. * p < 0.05, ** p < 0.01, **** p < 0.0001 treated 

cells vs. VHC. 
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Since CBG reduced the Akt/mTOR signaling pathway, also autophagy induction was evaluated. 

It was observed the conversion of microtubule-associated protein 1A/1B-light chain 3 (LC3-I) to 

LC3-II form at 48 h post-treatment with CBG (11.08 and 12.66 µg/mL). CBG induced in both 

cell lines a significant increase of LC3-II lipidated form suggesting the activation of the early 

steps of autophagy; MIAPaCa-2 cells showed the highest levels of LC3-II at the highest dose of 

CBG (Figure 26A).  

To confirm the induction of autophagy, acridine orange dye (AO) analysis, which accumulates in 

acidic spaces and emits bright red fluorescence related to the degree of the acidity and the volume 

of acidic vesicular organelles (AVOs), was applied. AVOs are indicative of autophagy, therefore 

it was evaluated AVOs under confocal fluorescence micro-scope. As shown (Figure 26B), an 

increase in the level of red fluorescent signals reflecting an AVO formation was observed in CBG-

treated cell lines, 48 h post-treatment. 

 

 

Figure 26. CBG stimulates autophagy in PDAC cell lines. PDAC cell lines were treated with CBG and 

analysed at 48 post-treatment h. (A) The expression of LC3-I and LC3-II was assessed by Western blot. 

Densitometric values of LC3-II were normalized to GAPDH used as loading control. Densitometric 

values of LC3-II were also normalized to LC3-I. Images are representative of one of three separate 

experiments and data are expressed as the mean ± SD of three separate experiments. **p<0.01, 

****p<0.0001 CBG- vs VHC-treated cells. (B) Fluorescent microscope was used to visualize AVOs (red 
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fluorescence) as well as the cytoplasm and nucleus (green fluorescence) after the vital staining of the cells 

with AO. Representative images of PANC-1 and MIAPaCa-2 cells stained with AO. Rapamycin was used 

as positive control of autophagic induction. 

 

4.3 CBG reduces RAS downstream pathway in PDAC cell lines 

To further investigate the CBG-induced effect in inhibiting EGFR pathway, the expression of total 

RAS (Pan-RAS) was assessed by Western blot analysis. As evidenced in Figure 27A, Pan-RAS 

levels were statistically reduced at 48 hr post-CBG treatment. Due to the relevance of the 

RAS/RAF/MEK pathway in PDAC, it was measured the signaling proteins downstream of RAS 

in the lysate of PDAC cells treated with CBG at the most effective dose of 12.66 μg/mL. By 

MILLIPLEX® RAS-RAF Oncoprotein Magnetic Bead Panel 6-plex, it was evaluated changes in 

phosphorylated BRAF (Ser446, pBRAF), CRAF (Ser338, pCRAF), and MEK1 (Ser217/Ser221, 

pMEK1), as well as the relative total protein levels (Figure 27B). The results confirmed that CBG 

treatment reduced total Pan-RAS levels in both cell lines. It also promotes the downregulation of 

BRAF, CRAF and MEK1 phosphorylation in PANC-1, and of BRAF in the MIAPaCa-2 cell line. 

Summarizing, these data further confirm that CBG was able to interfere with the EGFR-RAS 

pathways by reducing also downstream effectors often aberrantly activated in PDAC. 
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Figure 27. CBG reduces the total Pan RAS expression and the phosphorylated forms of BRAF, CRAF and 

MEK1 in PDAC cell lines. (A) PDAC cell lines were treated with CBG, and the expression of pan RAS 

was determined with Western blot at 48 h post-treatment. The densitometric values were normalized to 

GAPDH used as loading control. Images are representative of one of three separate experiments and data 

are expressed as the mean ± SD of three separate experiments. **p<0.01, ***p<0.001, ****p<0.0001 

treated cells vs VHC. (B) PDAC cell lines were treated with CBG 12.66 µg/mL for 48 h and the 

expression of RAS, pBRAF, pCRAF, pMEK1 was evaluated by Milliplex multiplex assay and the Median 

Fluorescence Intensity (MFI) was measured with the Luminex ® system. Data shown are expressed as the 

mean ± SD of three separate experiments. **p <0.01, ***p<0.001, ****p<0.0001 treated cells vs VHC 

 

 

 

 

4.4 CBG induces apoptosis in PDAC cell lines 

To further investigate whether reduction of cell viability and activation of autophagy was 

associated with cell death, PANC-1 and MIAPaCa-2 cells were treated with CBG 11.08 and 12.66 

µg/mL and Annexin V-FITC staining analysis were performed 48 h post-treatment. Results 

showed that CBG increases Annexin V+ cells in a dose-dependent mode (Figure 28A), suggesting 

the induction of apoptotic cell death. The activation of ProCaspase-3 (ProCasp-3) and the 

presence of Caspase-3 (Casp-3) cleaved form was investigated by Western blot analysis. Blots 

showed an increase in Casp-3/ProCasp-3 ratio after 48 h post-treatment with CBG 12.66 µg/mL, 

in both cell lines (Figure 28B).  
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Figure 28. CBG induced apoptotic cell death in PDAC cell lines. PDAC cell lines were treated with CBG 

and analysed at 48 h post-treatment. (A) Flow cytometric analysis was performed after Annexin V 

staining. Images are representative of one of three separate experiments and histograms are the mean ± 

SD of three separate experiments. The percentage refers to Annexin V+ cells of CBG- respect to VHC-

treated cells. (B) The expression of Casp-3 was determined by Western blot. Casp-3 densitometric values 

were normalized to pro-Casp-3. Image is representative of one of three separate experiments and bars 

represent the mean ± SD of three separate experiments. ****p<0.0001 treated cells vs VHC. 

 

4.5 The combination of CBG with PTX or GEM induces higher cytotoxicity compared to 

administration of single drugs in PDAC cell lines 

To support the potential use of CBG as integrative therapy in PDAC, it was evaluated the 

combination effects of CBG with PTX and GEM, by MTT assay. Both cell lines were treated with 

CBG 7.91, 12.66 and 15.82 µg/mL in combination with three cytotoxic doses of PTX (1.5, 3 and 

6 µg/mL) or GEM (25, 50 and 100 µg/mL) and cell viability was evaluated by MTT assay at 72 

h post-treatment. Results showed that the combinations with the two higher doses of CBG resulted 

in greater cytotoxicity when compared to PTX or GEM alone, in both cell lines (Figure 29A, B). 

Then drugs interaction was evaluated with SynergyFinder, using the Bliss model. It was obtained 



54 
 

a Bliss synergy score of 4.40 for PTX and CBG, and 10.87 for GEM and CBG, on PANC-1 cell 

line, indicating an additive and synergistic effect, respectively. In MIAPaCa-2 cell line, the Bliss 

synergy score was 17.19 for PTX and CBG and 14.05 for GEM and CBG combination, suggesting 

a synergistic effect (Figure 29C, D). 
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Figure 29. CBG increased the cytotoxic effect of chemotherapeutic drugs in PDAC cell lines. (A, B) Cell 

viability was determined in PDAC cell lines by MTT assay. Cells were treated for 72 h with CBG alone or 

in combination with different doses of GEM and PTX. Data shown are ex-pressed as mean ± SD of three 

separate experiments. ****p < 0.0001 CBG combined to chemotherapeutic drug vs chemotherapeutic 

drug alone. (C, D) Drug interaction of CBG with PTX and GEM in PDAC cell lines. Effect of single and 

combined treatments with CBG (7.91, 12.66, 15.82 µg/mL), PTX (1.5, 3, 6 µg/mL), GEM (25, 50, 100 

µg/mL) on cell vi-ability of PDAC cell lines. Drugs interaction was evaluated with SynergyFinder 

software, using the Bliss model. Bliss synergy score larger than 10 is considered synergistic, from -10 to 

10 is considered additive and less than -10 antagonistic. 

 

4.6 MLT effect in human PDAC cell lines 

MLT effect was evaluated in PANC-1 and MIAPaCa-2 cell lines. Results showed that MLT after 

72 h of incubation reduced cell viability in a dose-dependent manner, with an IC50 of 594 μg/mL 

on PANC-1 and of 579.5 μg/mL on MIAPaCa-2 cell lines (Figure 30).  

 

 

 

Figure 30. MLT reduced cells viability in PDAC cell lines. PANC-1 and MIAPaCa-2 cells were treated 

with MLT and analysed 72h post-treatment. Cell viability was determined by MTT assay. Data shown are 

expressed as the mean ± SD of three separate experiments. **p < 0.01, ****p < 0.0001 treated cells vs 

untreated cells. 

 

Then, it was investigated if MLT interfered with PDAC cells proliferation by exploiting CFSE 

dye. PANC-1 and MIAPaCa-2 were treated with a sub-IC50 dose (400 μg/mL) and a close IC50 

dose (600 μg/mL) of MLT, and cell proliferation was compared with the non-proliferative control 

(NPC) sample at 72 h post-treatment. Data showed that MLT significantly decreased PDAC cell 
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lines proliferation in a dose dependent manner, compared to untreated samples (Figure 31A, C). 

Moreover, the increased number of PI positive cells showed that the two doses of MLT induced 

cell death in both cell lines after 72 h of incubation (Figure 31B, D). So, MLT administration was 

able to reduce PDAC cells proliferation and to induce cell death. 

 

 

 

Figure 31. (A, C) Inhibition of PDAC cells proliferation was evaluated with CFSE dye treated with two 

doses of MLT. NPC, non-proliferative cells. Histograms are representative of one of three separate 

experiments. Statistical analysis is calculated using the inverse of CFSE MFI values (MFI−1). (B, D) Flow 

cytometric analysis was performed by PI staining to analyse MLT induced cell death. MFI values of 

treated cells were normalized to those of the untreated cells. ** p < 0.01, *** p < 0.001, **** p < 

0.0001. 

 

4.7 MLT receptors expression in PDAC cell lines 

Since MLT can act in a receptor-dependent and -independent manner, it was investigated the 

protein expression of MLT receptors MEL1A and MEL1B (MTNR1A/B), and the implication of 

these receptors in MLT-induced inhibition of PDAC cell viability. Data showed that PANC-1 and 

MIAPaCa-2 expressed MLT receptors, and their expression was slightly higher in MIAPaCa-2 

compared to PANC-1 (Figure 32A). Cancer cells were pre-treated for 1 h with 2.9 ug/mL of 
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luzindole (LUZ), a MLT receptors antagonist. Results showed that the pre-treatment did not 

influence MLT-induced reduction of PDAC cells viability (Figure 32B), suggesting that MLT 

effect is receptor-independent in these PANC-1 and MIAPaCa-2 cells. 

 

Figure 32. (A) MTNR1A/B receptors protein expression in PANC-1 and MIAPaCa-2 cell lines. 

MTNR1A/B densitometric values were normalized to β-Actin used as loading control. Blots are 

representative of one of three separate experiments. *p < 0.05 (B) MLT effect in combination with LUZ in 

PDAC cell lines after 72 h post-treatment. Cell viability was determined by MTT assay. Data shown are 

expressed as the mean ± SD of three separate experiments. Not statistically significant differences for 

MLT vs MLT + LUZ. 

 

4.8 MLT combines with CBD induces cytotoxic effect in human PDAC cell lines 

The cytotoxic effect of CBD was previously evaluated in PDAC cell lines (52), herein, the effect 

of the combination between CBD and MLT in PANC-1 and MIAPaCa-2 cell lines was evaluated. 

Cells were treated with the combination of two doses of MLT (200 and 400 µg/mL) and two doses 

of CBD (2 and 4 µg/mL), and analysed at 72 h post-treatments. Results showed that the effect of 

the two MLT doses was increased by CBD 4 µg/mL, compared to MLT or CBD (4 µg/mL) alone, 

as observed in the reduction of cell viability in both cell lines (Figure 33). Moreover, MLT and 
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CBD combinations resulted in a statistically significant reduction of cell viability compared to 

the untreated cell lines (Figure 33). 

 

 

Figure 33. MLT + CBD reduced PANC-1 and MIAPaCa-2 cells viability. Cell viability was determined by 

MTT assay. Data shown are expressed as the mean ± SD of three separate experiments. # p < 0.05, # # p < 

0.01, # # # # p < 0.0001 CBD + MLT vs MLT; **p < 0.01, ***p < 0.001, ****p < 0.0001 CBD + MLT vs 

CBD. 

 

Then, it was evaluated the effect of CBD + MLT combination on cell proliferation and death. 

PDAC cell lines were treated with the two effective combinations determined by MTT assay 

(CBD 4 µg/mL + MLT 200 µg/mL; CBD 4 µg/mL + MLT 400 µg/mL) and the tests were 

performed after 72 h post-treatment. In both cell lines, it was observed a significant proliferation 

reduction with the two combinations compared to the untreated samples. No significative 

differences were observed from the comparison between the two combinations (Figure 34A, C). 

A significant increase of PI positive cells induced by the combinations compared to untreated 

sample evidenced an induction of cell death in both cell lines. In line with previous results, the 

difference between the two combinations was not significant (Figure 34B, D). 
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Figure 34. Effect of CBD + MLT combination on PDAC cell lines. (A, C) Inhibition of PDAC cells 

proliferation was evaluated with CFSE dye after 72 h of incubation with two combinations of CBD + 

MLT. NPC, non-proliferative cells. Histograms are representative of one of three separate experiments. 

Statistical analysis is calculated using CFSE MFI−1. (B, D) CBD + MLT induced cell death was 

evaluated by PI staining and flow cytometric analysis. MFI values of treated cells were normalized to 

those of the untreated cells. **p < 0.01, ****p < 0.0001. 

 

4.9 O2/O3 increases MLT and CBD efficacy 

The effect of MLT + CBD with the addition of O2/O3 was evaluated on PANC-1 and MIAPaCa-

2 cells. Cells were treated with four combinations of CBD (2 and 4 µg/mL) and MLT (200 and 

400 µg/mL) alone or with O2/O3. Results showed that CBD + MLT effect was significantly 

increased by the addition of O2/O3 in both cell lines (Figure 35) at 72h post-treatments.  
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Figure 35. MLT + CBD + O2/O3 treatment in PDAC cell lines. Cell viability was determined by MTT 

assay after 72 h post treatment. Data shown are expressed as the mean ± SD of three separate 

experiments. ****p < 0.0001. 

 

Then, a significant shift of PI signal observed by cytofluorimetric analysis confirmed that O2/O3 

improved the cell death respect to CBD + MLT (Figure 36). 

 

Figure 36. MLT + CBD + O2/O3 induced PANC-1 and MIAPaCa-2 cell death. To analyse cell death flow 

cytometric analysis was performed after PI staining. The mean fluorescence intensity (MFI) values of 

treated cells were normalized to those of the untreated cells. Histograms are representative of one of three 

separate experiments. ****p < 0.0001. 

 

4.10 CBD + MLT + O2/O3 increases the cytotoxic effect of GEM in human PDAC cell lines 

Lastly, the effect of the combination of MLT + CBD + O2/O3 with GEM was analysed, the main 

chemotherapeutic drug used in PDAC therapy. GEM (25 µg/mL), was combined CBD (2 and 4 

µg/mL), MLT (200 and 400 µg/mL) and O2/O3. Results showed that the efficacy of GEM was 

implemented by the addition of all combinations and CBD 2 µg/mL + MLT 200 µg/mL + O2/O3 

effect was increased by GEM addition (Figure 37). 
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Figure 37. MLT + CBD + O2/O3 + GEM effect on PANC-1 and MIAPaCa-2 cell lines after 72 h post 

treatment. Cell viability was determined by MTT assay. Data shown are expressed as the mean ± SD of 

three separate experiments. *p < 0.05, ****p < 0.0001. 

 

4.11 Ras pathway modulation in PANC-1 cells 

To better investigate the mechanism of action of MLT + CBD + O2/O3 + GEM treatment, at 

molecular levels, the modulation in phosphorylated BRAF (pBRAF), CRAF (pCRAF), and 

MEK1 (pMEK1), and the total Ras protein by MILLIPLEX® RAS-RAF Oncoprotein Magnetic 

Bead Panel 6-plex was investigated in PDAC cell lines. PDAC cells were treated with CBD 2 

μg/mL, MLT 200 μg/mL and O2/O3. Results showed that in PANC-1 all the treatments compared 

to the untreated cells, induced a negative modulation of total Ras protein, excepted GEM alone, 

(Figure 38A) and reduced pBRAF, excepted in O2/O3 treatment (Figure 38B). pCRAF was 

reduced by all treatments respect to untreated cells, while pMEK1 was not statistically modulated 

(Figure 38C, D). Similar results were obtained in MIAPaCa-2 line (result not showed). In 

addition, the results evidenced that high statistically significant modulation, compared to GEM, 

was observed in total Ras reduction and pBRAF in all the treatments (Figure 38A, B). 
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Figure 38. Treatments modulated total Ras protein (A) and pBRAF (B), pCRAF (C) and pMEK1 (D) in 

PANC-1 cells. PANC-1 cells were treated with the different treatments for 48 h and the expression of total 

Ras, pBRAF, pCRAF, pMEK1was evaluated by Milliplex multiplex assay and MFI was measured with the 

Luminex ® 200 system. Data shown are expressed as the mean ± SD of three separate experiments. *p 

<0.05, ***p<0.001, ****p<0.0001 treated cells vs untreated; #p < 0.05, # #p < 0.01, # # #p < 0.001, # # # 

#p< 0.0001. 

 

4.12 Effect of CBD + MLT and O2/O3 in mouse model of PDAC 

To further study the effectiveness of the combination on PDAC, in vivo experiments were 

performed. Mice were subdivided in six groups: vehicle (Vhc) (Group 1), MLT + CBD (Group 

2), O2/O3 (Group 3), MLT + CBD + O2/O3 (Group 4), GEM (Group 5), MLT + CBD + O2/O3 + 

GEM (Group 6) (Figure 39A, B). 
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Figure 39. (A) Experimental design used for the treatment of mice inoculated with PANC-1 cells. When 

tumor size reached a volume of approximately 10 mm3, animals were treated i.p. every 3 days, for a total 

of 10 treatments. (B) Treatments of each animals group and dose received. 

 

 

During the treatment, ultrasound (US) and photoacoustic (PA) imaging was performed to evaluate 

the engraftment and the development of tumor mass, once a week. At the end-point mice were 

sacrificed and macroscopic necroscopy was performed. All the tumors were explanted, weighted 

and photographed (Figure 40A). 
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Figure 40. Effect of treatments on PDAC mouse model. (A) Representative photographs of tumors at the 

end of treatments after the explantation. (B) Tumor volumes of PANC-1 inoculated mice, treated as 

described in Figure 6. Volumes were measured by US and PA imaging once a week. (C) Tumor weight at 

the end of treatments. (D) Body weight of the mice during the treatments. The values are expressed as the 

mean ± SD of 5 animals in each group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 

 



65 
 

Data showed no significant tumor volume variation until day 33 of treatment (Figure 40B). At 

day 40, it was observed a statistically significant reduction of tumor volume in the group 5 

compared with the group 1, which was more noticeable in the group 6 (Figure 40B). At the end 

point (day 47), a significant reduction of tumor volumes in all the treated groups compared to the 

Vhc group was observed (Figure 40B), both in the groups with and without GEM. Moreover, also 

if the reduction was non statistically significant, comparing the groups 5 and 6, it can be noted 

that the addition of CBD + MLT + O2/O3 slightly improved GEM reduction of tumor volume. 

Similar results were obtained analysing the explanted tumor mass, in which tumor weight 

reduction was statistically significant in all treated groups compared to the Vhc group, in 

particular in groups 5 and 6 (Figure 40A, C). A strong reduction of mouse weight was observed 

in the groups 5 and 6 already after the day 33, while no decrease was observed in groups 2, 3 and 

4, neither at the end point, suggesting that this effect was associated with GEM presence in the 

treatments, while the other treatments did not induce animal toxicity (Figure 40D). Summarizing, 

data evidenced as all the treatments reduced tumor growth, as the groups 2, 3 and 4 had a tumor 

mass and volume reduction of about 50% compared to the Vhc without showed toxicity to the 

groups 5 and 6, and as GEM effect on tumor volume, was improved by CBD + MLT + O2/O3 

addition, after three weeks of treatment (Figure 40). Moreover, when at the end-point mice were 

sacrificed and macroscopic necroscopy was performed, also liver, brain and heart of the animals 

were explanted, weighted. Changes in liver, heart and brain weight resulted not significative 

(Figure 41). 
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Figure 41. Effect of treatments on organ weight in PDAC mice model. (A, B, C) Liver (5 animals of each 

group), heart and brain (2 animals of each group) weight. Not statistical differences were observed. 
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5. Discussion  

Despite significant treatment efforts, most of PDAC cases, are still incurable (98, 107). PDAC 

poor prognosis is mainly due to an aggressive behavior and, tumor heterogeneity and metabolic 

changes. This has prompted the investigation of the mechanisms underlying chemoresistance and 

new effective therapeutic approaches by selectively targeting genetic pathways (98, 107). The 

standard first-line treatment for PDAC is GEM administration (107). The search of integrative 

therapies that can ameliorate chemotherapy side effects or improve their effect are constantly 

under study (108). Recent research evidenced that the efficacy of GEM or others 

chemotherapeutic drugs can be improved by combining them with evidence-based integrative 

compounds (52, 85, 109, 110) Cannabis sativa L. contains more than 100 PyCBs and, for some 

of them, several biological properties are well known. Beside a direct anticancer effect, mainly 

demonstrated for CBD, in in vitro and in vivo experiments, PyCBs were suggested to ameliorate 

numerous important side effects induced by chemotherapeutics (111). In this study, CBG showed 

a dose-dependent cytotoxicity in PDAC cells, as also evidenced in other human preclinical cancer 

models as in glioblastoma multiforme (GBM) (59). Further, THC, CBD and synthetic 

cannabinoids reduced PANC-1 and MIAPaCa-2 cell growth and viability, as reported in several 

studies and, in line with our evidence, MIAPaCa-2 was more sensitive than PANC-1 to treatments 

with PyCBs (49, 52). In several pathologies, including cancer such as in glioma cells, 

cannabinoids have been demonstrated to activate autophagy and apoptotic cell death, through the 

interaction between apoptosis and autophagy signaling mechanisms (40, 112). Several pathways 

are mediated through the multiprotein complex involved in EGF/EGFR, including RAS and 

mTOR. These pathways suppress autophagy and promote proliferation and resistance to 

chemotherapy (113). The simultaneous inhibition of EGFR and RAS/mTOR was demonstrated 

to provide a synergistic antitumor effect in various human cancers, indeed the PI3K/AKT/mTOR 

axis, a frequently dysregulated pathway in PDAC, is responsible for the control of cell 

proliferation and resistance (114), and these pathways can be inhibited by cannabinoids (29, 40). 

The present data evidenced as CBG induced autophagy by reducing the AKT-mTOR pathways 

with consequent LC-3 conversion and autophagic vesicle formation, as previously observed with 

others PyCBs. In particular, increased LC3-II conversion was mainly in the more sensitive 

MIAPaCa-2. For example, THC inhibits AKT/mTOR, reducing the proliferation of glioma cells 

(112). A similar finding was observed in hepatocarcinoma cells, where THC inhibits 

AKT/mTORC1 through ER stress-dependent activation of AMPK (115). Herein, CBG reduced 

mTOR protein expression and, in line with this, some studies demonstrated that CBD inhibits 

mTOR signaling pathway in breast cancer and in human glioma (29, 116). Autophagy has a 

double function: to induce cancer resistance to chemotherapy and protect cancer cells from death, 
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or to be correlated with cancer cell death. Herein, it was evidenced that CBG induced autophagy 

and apoptosis in both cell lines. Cannabinoids are known to be involved in reducing cancer cell 

growth, by the EGFR-RAS-RAF-MAPK pathway. In pancreatic cancer, mutated KRAS 

upregulates endogenous EGFR expression, and hyperactivation results in a transformation from 

acinar to ductal metaplasia (117). Herein, CBG suppresses EGFR expression in PANC-1 and 

MIAPaCa-2. Up to now, there are no data about the ability of CBG to reduce the EGFR 

expression; however, some studies demonstrated that CBD and THC can reduce EGFR expression 

in A549, H460 and H1792 cells and suppress EGF/EGFR signaling pathways in breast cancer 

(25). Moreover, data evidenced as CBG was able to reduce down-stream RAS signaling. Herein, 

Annexin V positive cells and Caspase-3 cleavage confirmed CBG induction of apoptosis. In line 

with our results, CBG induced Caspase-3/-7 dependent apoptosis in glioblastoma and Caco-2 

cells (59, 118). Moreover, in PANC-1 and MIAPaCa-2 cells also CBD induced apoptosis and 

Caspase-3 activation (52). Lastly, many studies demonstrated that cannabinoids could increase 

the chemotherapeutic drugs efficacy, reducing tumor growth and overcoming drugs resistance 

(119). Herein, the combination of CBG with GEM or PTX, increased the cytotoxicity compared 

to the administration of the drug alone, also showing a synergistic effect for some combinations. 

In GBM cells, CBD or CBG plus TMZ did not show additive effect, but in cholangiocarcinoma 

cells, CBG synergized with GEM and cisplatin (55, 59). Moreover, in PDAC CBD showed the 

ability to increase GEM and PTX efficacy in in vitro tests and KPC mice treated with CBD and 

GEM showed a survival three times longer than mice treated with GEM (49, 52). Overall, data 

evidenced the ability of CBG to induce autophagy, reduce EGFR/AKT/RAS pathways, promote 

apoptotic cell death, and increase the sensitivity of PDAC cell lines to chemotherapeutic drugs. 

Further study on CBG will be necessary to better understand the role of this compounds in PDAC 

progression, and in vivo studies will be useful to deeply investigate its anticancer effects. 

MLT reduced cancer cell viability and induced cell death on PANC-1 and MIAPaCa-2 cells as 

obtained in SW-1990 and in other pancreatic cancer cell lines (AsPc-1 and Panc-28) with the 

induction of pro apoptotic and pro necrotic effects (84, 85). In PDAC, MLT synergized with 

sorafenib to suppress PDAC growth both in vitro and in mice, increasing apoptosis of PDAC cells 

by blockade of PDGFR-β/STAT3 signaling pathway (109). MLT inhibited NF-κB by suppressing 

IκBα phosphorylation and consequently the expression of NF-κB target genes in MiaPaCa-2, 

AsPc-1, Panc-28 cells and enhances GEM cytotoxicity both in vitro than in vivo (85). Herein, the 

aim of this research was to evaluate, for the first time, a potential antitumoral role of a combination 

therapy composed by MLT, CBD and O2/O3 in preclinical models of human PDAC. Previous data 

evidenced as CBD and O2/O3, alone or in combination, were able to induce cell death and to 

enhance the efficacy of GEM (52). In vitro results evidenced that CBD plus MLT improved the 
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cytotoxicity compared to CBD and MLT alone, and this effect was significantly potentiated by 

O2/O3 addition. Moving on in vivo models, the efficacy was confirmed. Results showed a 

significant tumoral mass decreased both in the animal groups administrated with MLT + CBD, 

with O2/O3 alone, and with the triple combination even though without significant differences, 

contrary to was observed in vitro. Anyway, already after three weeks of treatment, the triple 

combination with GEM was found to increase GEM efficacy as showed from the higher statistical 

significance observed in the group 6 compared to the Vhc group. More than 90% of PDAC cases 

harbour activating RAS (mainly KRAS) and Ras pathways (120). So, seemed promising to inhibit 

RAS and/or downstream target in the MAPK pathway such as BRAF, CRAF or MEK1/2, for a 

better response to chemotherapy or to overcome resistance mechanisms. The effect of MLT on 

RAS pathways was never proved, while for CBD and O2/O3 was previously evidenced as mainly 

CBD was able to reduce KRAS at transcriptional levels as well as some downstream signals (52). 

In this experimental work, it was demonstrated that CBD, MLT and O2/O3, with different efficacy, 

were able to reduce total RAS, pBRAF and pCRAF. The effect of the quadruple combination was 

observed both on pBRAF and pCRAF reduction, and it could be related with MLT + CBD effect 

on pBRAF and with GEM effect on pCRAF. This pathway could be one of the molecular 

mechanisms that induces in vitro and in vivo reduction of PDAC growth. In conclusion, data 

presented in this work, evidenced as MLT + CBD, O2/O3 or their combination exerted anticancer 

activity, halving tumor volume without inducing toxicity in the animals as differently observed in 

groups treated with GEM. Then, the quadruple combination showed a more significant tumor 

mass reduction after three weeks of treatment and this effect was observed at the end point too. 

Finally, data suggested that the combination therapy could be useful in improving GEM efficacy 

given that its effect was not hampered by the MLT, CBD and O2/O3 addition. Definitely, more 

studies are needed mainly to confirm the response obtained in in vivo model. It would also be 

useful to assess the possibility to use these integrative compounds with lower GEM doses aiming 

to obtain the same anticancer effect reducing chemotherapeutics toxicity.  
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6. Conclusions 

Data revealed the potentiality of these different molecules as integrative therapy. They exerted a 

direct anticancer effect in human PDAC preclinical model. Moreover, they could potentiate and 

support chemotherapeutic drugs. In particular, CBG was able to induce autophagy followed by 

apoptosis in PDAC cell lines and to modulate EGFR/Akt/mTOR pathway. MLT, CBD and O2/O3 

modulated Ras pathway. Interesting results obtained in in vivo model suggest that the use of the 

combination could inhibit tumoral mass growth and could be a support to chemotherapy.  
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APPENDIX 

1. Participation in other projects 

“Cannabinoids and endometrial cancer” 

“Medical cannabis in multiple myeloma” financed by Entourage Biosciences 

“Modulating synaptic neurotransmission to reactivate the immune reaction against brain 

tumors” PRIN 2020 financed by MUR 

“Valutazioni di formulazioni di Cannabis terapeutica nella malattia di Crohn” financed by 

ASUR e Regione Marche 

“An innovative platform against SARS-CoV-2 and other emerging viruses grounded on copper-

based materials” FAR 2022 PNRR 

Projects in collaboration with Prof. Maggi Filippo laboratory and with prof. Bonacucina Giulia 

laboratory 
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2. Conferences and seminars 

Speaker at the conference “Alimenti e nutraceutici: salute e prevenzione attraverso il cibo” carried 

out in UNICAM. Title: “Evening Primrose oil effects in human Pancreatic Ductal 

Adenocarcinoma cell lines” (July, 2021) 

Speaker at the 2nd Global virtual summit on Cancer & Cancer Research. Title: “Improving 

chemotherapeutic effect in human Pancreatic Ductal Adenocarcinoma cell lines with Evening 

Primrose Oil” (May, 2022) 

Poster presenter at European Association for Cancer Research (EACR) 2022 Congress - 

Innovative Cancer Science: Translating Biology to Medicine carried out in Seville. Title: “TRPV 

channels activation induces cell death in human Pancreatic Ductal Adenocarcinoma cell lines” 

(June, 2022) 

Poster presenter at Cannabinoid Conference 2022 carried out in Basel. Title:”Anti-cancer effects 

of Cannabidiol and Oxygen-ozone combination in Human Pancreatic Ductal Adenocarcinoma 

cell lines” (October, 2022) 

Speaker at the Congress ETS AMOR "Cancro e dolore: ossigeno ozono, cannabis e terapie 

integrate" carried out in Naples. Title: “Ossigeno ozono terapia e terapie integrate in modelli 

preclinici di tumore al pancreas” (November, 2022) 

Poster presenter at European Association for Cancer Research (EACR) 2022 Congress - EACR 

2023 Congress - Innovative Cancer Science carried out in Turin. Title: “Effect of Cannabidiol, 

Melatonin and Oxygen/Ozone combination in preclinical models of human Pancreatic Ductal 

Adenocarcinoma” (June, 2023) 
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4. Patents 

Co-author of three provisional patents registered in USA: 

“Use of phytocannabinoids for treating Multiple Myeloma” PCT/CA2021/050801 

“Use of phytocannabinoids for treating Endometrial cancer and Endometriosis” 
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“Methods and compounds of cannabidiol, melatonin and AKBA for treating Pancreatic cancer” 
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