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Article 
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Department of Biological Sciences, University of Lethbridge, Lethbridge, AB T1K 3M4, Canada; 
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igor.kovalchuk@uleth.ca.  

* Correspondence: olga.kovalchuk@uleth.ca (O.K.); igor.kovalchuk@uleth.ca (I.K.)  

Abstract: The most common kind of diabetes, type II diabetes mellitus (T2DM), affects large percentage of 
population. Obesity-related higher levels of free fatty acid and glucose have been linked to β-cell dysfunction 
and loss, which can lead to the development of T2DM. The endocannabinoid system is widely dispersed 
throughout the body and has a variety of modulatory roles in different organs, including the pancreas. The 
function of the endocannabinoid system has been linked to metabolic illnesses including obesity and diabetes 
and its complications through exerting regulatory control over hunger, food intake, and lipogenesis. Cannabis 

sativa-derived phytocannabinoids can affect how the endocannabinoid system (ECS) functions, suggesting a 
possible target for the treatment of a variety of diseases, including diabetes. In the present study, we used 
an in vitro system to investigate the potential protective effects of two major and three minor 
phytocannabinoids on High Glucose-High Lipid (HG/HL)-induced impaired glucose-stimulated 
insulin secretion (GSIS), β-cell loss, and dedifferentiation. We subjected β-cells to a pre-treatment 
with specific concentrations of each phytocannabinoids for a duration of 2 hours. Subsequently, 
these cells were exposed to a challenging environment characterized by elevated levels of glucose 
(25 mM) and lipids (400 μM palmitic acid) for the subsequent 48 hours. After this exposure, we 
isolated RNA and protein from these treated cells for molecular analyses. Our findings indicate that 
all five phytocannabinoids reduce HG-HL-induced β-cell loss likely through reducing apoptosis 
and pyroptosis. The protective effects of CBD, THCV, CBC, and CBN were seen in the GSIS 
impairment by HG-HL. Although all five phytocannabinoids tested in this research demonstrated 
the capability to inhibit β-cell dedifferentiation induced by HG-HL, CBD seems to be more effective 
compared to the other phytocannabinoids, as indicated by the specific biomarker responses of β-
cells and progenitor cells to CBD. 

Keywords: β-cell loss; β-cell dedifferentiation; diabetes; GSIS; THC; CBD; THCV; CBC; CBN 
 

1. Introduction 

Diabetes is characterized by abnormally high blood glucose levels and disruptions in the 
metabolism of carbohydrates, proteins, and fats. Moreover, diabetes is associated with the 
development of comorbidities such as atherosclerosis, retinopathy, neuropathy, and nephropathy [1]. 
Based on the projections made by the International Diabetes Federation (IDF), around 537 million 
individuals globally were diagnosed with diabetes in 2021. This is anticipated to increase to 
approximately 643 million by the year 2030 and further rise to about 783 million by 2045. 

Type II diabetes mellitus (T2DM) is the predominant form of diabetes, representing the majority 
of cases worldwide. Although typically seen in adults, there has been a notable increase in the 
diagnosis of T2DM among children in recent years. Several key factors contribute to its development, 
including obesity, lack of physical activity, and the adoption of a Westernized diet [1].  

The initial stage of T2DM involves the development of insulin resistance. Insulin resistance is a 
term used to describe a condition where cells, such as hepatocytes, adipocytes, and muscle cells, are 
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unable to properly detect and respond to insulin. As a consequence, this leads to disruptions in the 
regulation of glucose and lipid levels within the body [2]. Insulin resistance often develops several 
years before the onset of T2DM and is characterized by high levels of insulin in the blood due to 
increased function and mass of β-cells. This prolonged strain on β-cells results in excessive insulin 
production and secretion, which can lead to glucolipotoxicity, inflammation, and ultimately β-cell 
dysfunction and loss, and thereby the development of T2DM [1].  

Elevated levels of free fatty acids (FFAs) in the bloodstream caused by obesity and the 
consequent insulin resistance in adipose tissue have detrimental effects on the function and viability 
of β-cells through multiple mechanisms. These mechanisms include endoplasmic reticulum (ER) 
stress, proinflammatory responses, and impaired insulin signaling. As a result, these factors 
contribute to a decline in glucose stimulated insulin secretion (GSIS), trigger apoptosis, and 
ultimately lead to the loss of β-cells [3]. Consistently, the occurrence of persistent ER stress within β-
cells, caused by an increased demand for insulin production during insulin resistance stage, can 
exacerbate the situation and contribute to the malfunction and decline of β-cells [4].  

Recent findings indicate that the primary cause of diabetes is the malfunction of β-cells [5]. 
Consistently, the failure of β-cells in diabetes is primarily caused by an increase in β-cell 
dedifferentiation, rather than a decrease in β-cell proliferation or an increase in β-cell death. Studies 
have observed characteristics of β-cell dedifferentiation in mouse pancreatic insulinoma β-cells 
exposed to high levels of glucose for an extended period, without significant cell death occurring [6]. 
A recent investigation has revealed that individuals with T2DM exhibit a loss of identity of β-cells 
and their mass, which may further manifest as the acquisition of novel characteristics resembling 
other cell types within the islets. This study suggests that the dysfunction of β-cells, resulting in the 
onset of T2DM, can be attributed to the phenomenon of islet remodeling and dedifferentiation [7].  

During β-cell dedifferentiation, there is a downregulation of genes that are typically expressed 
in β-cells, such as transcription factors, insulin, and genes involved in glucose metabolism. At the 
same time, there is an upregulation of genes that are normally suppressed in healthy β-cells, as well 
as genes associated with islet progenitor cells and other mature islet cell types. This process involves 
a shift in gene expression patterns away from the β-cell phenotype towards a more progenitor-like 
state [8]. The identity of pancreatic β-cells is regulated by the precise control of several key 
transcription factors, including pancreatic and duodenal homeobox 1 (PDX1), v-maf 
musculoaponeurotic fibrosarcoma oncogene homolog A (MafA), neurogenic differentiation 1 
(NEUROD1), NK6 homeobox 1 (Nkx6.1), and forkhead box protein O1 (FOXO1) [9]. Under certain 
pathological conditions such as hyperglycemia and hyperlipidemia, β-cell dedifferentiation can occur 
as a result of increased oxidative stress, endoplasmic reticulum (ER) stress, and the presence of 
inflammatory cytokines [10]. Subsequent studies have further demonstrated the occurrence of β-cell 
dedifferentiation or trans-differentiation in both animal models and individuals with T2DM [11, 12].  

The endocannabinoid system is distributed extensively across the body and serves diverse 
regulatory functions in various organs [13]. By exerting regulatory influence over appetite, food 
intake, and the production of fats (lipogenesis), the activation of the endocannabinoid system, 
specifically through CB1R receptors in both central and peripheral regions, has been associated with 
metabolic disorders such as obesity, diabetes, and their related complications [4]. The existence of the 
endocannabinoid system has been documented in both rodent and human pancreatic islets [14]. 

Cannabis sativa contains a variety of phytocannabinoids that can modulate the endocannabinoid 
system through both receptor-dependent and receptor-independent mechanisms. Delta-9-
tetrahydrocannabinol (THC) and cannabidiol (CBD) are the two major cannabinoids that have been 
extensively studied for their therapeutic potential. In addition to these major cannabinoids, minor 
phytocannabinoids such as tetrahydrocannabivarin (THCV), cannabichromene (CBC), and 
cannabinol (CBN) have also been shown to have potential therapeutic effects on various 
inflammatory and metabolic disorders, including T2DM, by targeting different components of the 
endocannabinoid system [4]. Although some publications have explored the potential antidiabetic 
properties of certain phytocannabinoids, a more extensive analysis is necessary to thoroughly 
examine the influence of major and minor phytocannabinoids on different stages involved in the 
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onset of T2DM. These stages include the loss of β-cells, impaired GSIS, and β-cell dedifferentiation. 
In our present research, we aimed to elucidate the potential impacts of five major and minor 
phytocannabinoids on GSIS and β-cell viability and dedifferentiation through an in vitro study. 

2. Materials and Methods 

2.1. Chemicals and reagents 

THC (6465-30-1), CBD (13956-29-1), THCV (T-094-1ML), CBC (20675-51-8), CBN (521-35-7), L-
Glutamine (TMS-002-C), sodium pyruvate (S8636), HEPES (TMS-003-C), β-mercaptoethanol (ES-
007), INS-1 832/13 Rat Insulinoma Cell (SCC207) were purchased from EMD Millipore Corporation 
(Temecula, CA, USA). Roswell Park Memorial Institute Medium (RPMI-1640) (350-060-CL) and PBS, 
1X(311-010-CL), were acquired from Wisent Inc. (Saint-Jean-Baptiste, QC, Canada).  

2.2. Cell culture and treatments  

INS-1 832/13 Rat Insulinoma Cells were cultured in RPMI 1640 medium supplemented with 2 
mM L-Glutamine, 1 mM sodium pyruvate, 10 mM HEPES, 0.05 mM β-mercaptoethanol, and 10% 
fetal bovine serum (FBS) ((10082147) acquired from Fisher Scientific Company, Ottawa, ON, Canada), 
along with 2.5 mM glucose. Cells within passages 5-10 were used for all experiments. After being 
cultured in a medium containing 2.5 mM glucose for two days, cells were exposed to 5 μM of 
individual phytocannabinoid and/or an equal quantity of the vehicle (methanol) for a duration of 2 
hours. Subsequently, High Glucose (HG) (25 mM glucose) and High Lipid (HL) (400 μM palmitic 
acid) conditions were imposed for the next 48 hours. Following the experimental treatments, RNA 
and protein were extracted from the treated cells to perform quantitative real-time polymerase chain 
reaction (qRT-PCR) and western blot analysis, respectively. 

2.3. MTT assay 

The impact of five phytocannabinoids on β-cell viability under HG-HL conditions was evaluated 
using an MTT assay. Cells were seeded at a density of 5 × 104 cells/well in 100 μl of culture medium 
containing 5 μM of each phytocannabinoid or an equal volume of vehicle (methanol) for 2 hours. The 
cells were then incubated with medium containing phytocannabinoids, vehicle, and/or HG (25 mM 
glucose)-HL (400 μM palmitic acid) for 48 hours at +37°C and 5% CO2. After incubation, 10 μl of 3-
(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) labeling reagent (11465007001) 
purchased from MilliporeSigma Canada Ltd. Oakville, ON, Canada) was added to each well and the 
microplate was incubated for 4 hours in a humidified atmosphere (+37°C, 5% CO2). Next, 100 μl of 
solubilization solution was added to each well and the plate was left to stand overnight in the 
humidified incubator. The absorbance at 595 nm was measured using a plate reader (FLUOstar 
Omega, BMG LABTECH, Offenburg, Germany). 

2.4. Western blotting  

The cells were rinsed twice with cold PBS and then lysed using RIPA buffer. After centrifugation 
at 13,000 rpm for 15 minutes, the supernatant was collected and transferred to a new microtube. The 
protein content was determined using the Bradford assay and the lysates were used for western 
blotting. Proteins were separated on polyacrylamide gels of varying concentrations (8%, 10%, and 
12%) and transferred to polyvinylidene difluoride (PVDF) Amersham Hybond® P membranes 
(RPN2020F) acquired from GE Healthcare, Oakville, ON, Canada. The membranes were blocked with 
a PBS containing 1% tween 20 (PBST) solution and 5% milk before being incubated with primary 
antibodies overnight at 4°C. After three washes with PBST, the membranes were incubated with 
secondary antibodies for two hours at room temperature and washed again with PBST. 
Immunoreactivity was identified using peroxidase-conjugated antibodies, and the ECL Plus Western 
Blotting Detection System (GE Healthcare, Oakville, ON, Canada) was utilized to render the reaction 
visible. The band intensities were quantified and normalized relative to β-Actin’s intensity through 
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analysis with ImageJ. Primary antibodies used: Caspase 3 (9662s), Caspase 7 (12827), Caspase 1 
(89332), Cleaved-PARP (9545s), Bax (2772s), PDX-1 (D59H3), FOXO1 (2880S), and TXNIP (14716S) 
were sourced from Cell Signal Technology, Whitby, ON, Canada. IL-1β (sc-12742) and secondary 
antibodies were obtained from Santa Cruz Biotechnology, Dallas, TX, U.S.A. Actin antibody (ab8227) 
was purchased from Abcam, Toronto, ON, Canada. 

2.5. qRT-PCR  

Total RNA was isolated using TRIzolTM (15596018, Invitrogen, Life Technologies Inc., 
Burlington, ON, Canada), and its concentration was subsequently determined using a nanodrop 
instrument (NanaDrop 2000c, ThermoFisher Scientific, Waltham, MA, USA). A portion of the total 
RNA was used for cDNA synthesis, utilizing 1 μg of total RNA and a cDNA synthesis kit, iScript™ 
Reverse Transcription Supermix (1708897, BioRad Laboratories, Saint-Laurent, QC, Canada). The 
resulting cDNA was then used as a template for q-PCR, with 1 μl of cDNA being used per reaction. 
The qRT-PCR reactions were performed using a SsAdvancedTM Universal Inhibitor-Tolerant SYBR 
Green Supermix (1725017, Bio-Rad Laboratories, Saint-Laurent, QC, Canada). We procured the 
primers necessary for our experiments from Eurofins (Ottawa, ON, Canada) (Supplementary Table 
S1). 

2.6. Glucose stimulated insulin secretion (GSIS)  

A GSIS assay was conducted to examine the effects of THC, CBD, THCV, CBC and CBN on the 
response of β-cells exposed to HG-HL conditions. Cells were plated at a density of 0.5x106/well in a 
24-well plate and incubated for 2 days. Subsequently, cells were pretreated with media containing 
the phytocannabinoids at a concentration of 5 μM or vehicle control for 2 hours before being subjected 
to HG-HL conditions for 48 hours. The GSIS assay was performed using HEPES Balanced Salt 
Solution (HBSS) containing specific concentrations of various salts and bovine serum albumin at pH 
7.2. Cells were washed twice with HBSS containing 2.5 mM glucose, with the second wash lasting for 
1 hour. Each treatment was assigned two wells. One well was treated with HBSS containing the 
respective phytocannabinoid at a concentration of 5 μM and 2.5 mM glucose (as normal glucose), 
while the other well was treated with HBSS containing the respective phytocannabinoid at a 
concentration of 5 μM and 16.5 mM glucose (as high glucose). Both wells were incubated for 2 hours 
before the solution was removed for insulin ELISA analysis. 

2.7. Enzyme-Linked Immunosorbent (ELISA)  

In order to measure GSIS, ELISA assay was performed using Rat/Mouse Insulin ELISA kit 
(EZRMI-13K), purchased from Sigma Aldrich (Oakville, ON, Canada). The strips were placed in an 
empty plate holder and each well was washed thrice with 300 μL of diluted Wash Buffer. 10 μL of 
each sample was added to the wells, followed by the addition of 80 μL of Detection Antibody. The 
plate was sealed and incubated for 2 hours at room temperature on an orbital microtiter plate shaker 
rotating at a moderate speed of 400-500 rpm. The plate sealer was removed, and the solutions were 
decanted. The wells were washed thrice with diluted Wash Buffer and tapped on a paper towel to 
remove residual buffer. 100 μL of Enzyme Solution was added to each well and the plate was sealed 
and incubated with moderate shaking for 30 minutes. The wells were then washed six times with 
diluted Wash Buffer, followed by adding 100 μL of Substrate Solution to each well. The plate was 
sealed and shaken for 5-20 minutes. After removing the sealer, 100 μL of Stop Solution was added 
and the plate was briefly shaken to ensure complete mixing. The absorbance was measured at 450 
nm and 590 nm using a plate reader (SpectraMax i3x Multi-Mode Microplate Reader, Molecular 
Devices, San Jose, USA). 
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2.8. Statistics 

The collected data were subjected to statistical analysis using one-way analysis of variance 
(ANOVA) followed by Dunnett's and Turkey’s tests to compare the mean values, performed using 
GraphPad Prism 6 software.  

3. Results 

In all experiments, β-cells were cultivated in RPMI 1640 medium supplemented with 2.5 mM 
glucose over a span of two days. Subsequently, the cells were subjected to a pre-treatment phase 
involving exposure to 5 μM concentrations of individual phytocannabinoids as well as an equivalent 
volume of a vehicle substance for a duration of two hours. In the next 48 hours, the cells were 
subjected to HG-HL conditions, while simultaneously ensuring the presence of the 
phytocannabinoids and/or vehicle in the culture medium. In this study, our goal was to investigate 
the impact of five phytocannabinoids, including two major and three minor compounds, on β-cell 
loss and dedifferentiation. We selected an optimal dose of 5 μM based on our optimization trials and 
prior research [15, 16] 

3.1. Pre-treatment with 5 μM THC, CBD, THCV, CBC, and CBN Increased the Viability of β-cells under 

HG-HL Conditions. 

We first looked at the effect of THC, CBD, THCV, CBC, and CBN on HG-HL-induced β-cell loss. 
The MTT assay showed that treating β-cells with 5 μM of each phytocannabinoid resulted in a 
significant increase in cell viability under HG-HL conditions (Figure 1). It is important to note that 
the initial cell viability in the 96-well plate was consistent, indicating that an equal number of cells 
were seeded in each well on day 0. 

 

Figure 1. The protective effect of THC, THCV, CBD, CBC, and CBN on the HG-HL-induced β-cell 

loss. All five phytocannabinoids demonstrated an increase in cell viability of HG-HL-induced β-cells. 
The provided data represents the mean value with SD, n=3. The abbreviations used in the figure are 
as follows: Ct+Meth (Control+Methanol) and HGHL (High Glucose+High Lipid). The asterisks show 
significant difference, four – p<0.0001; ns – non-significant. 
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3.2. CBD, THCV, CBC, and CBN Improved GSIS in HG-HL-Treated β-cells 

In order to investigate the impact of individual phytocannabinoids on impaired GSIS in HG-HL-
challenged β-cells, we performed GSIS assay. The cells were pretreated with 5 μM of each 
phytocannabinoid or an equivalent volume of the vehicle (methanol) for a period of 2 hours. 
Following this, the experimental groups were subjected to High Glucose (HG) conditions (25 mM 
glucose) and High Lipid (HL) conditions (400 μM palmitic acid) for the subsequent 48 hours. 
Subsequently, the cells were washed with HBSS containing 2.5 mM glucose, and GSIS was assessed 
using HBSS containing both 2.5 mM and 16.5 mM glucose for each treatment. It is important to note 
that the phytocannabinoids were present in the HBSS during the GSIS assay. 

Based on our findings, THC did not demonstrate any favorable effects on impaired GSIS in HG-
HL-induced β-cells. However, THCV, CBD, CBC, and CBN exhibited notable improvements in this 
response compared to the vehicle (Figure 2).  

 

Figure 2. The impact of THC, THCV, CBD, CBC, and CBN on GSIS in HG-HL-induced β-cells. 
Cells were pre-treated with 5 μM phytocannabinoids or vehicle for 2 h, followed by incubation with 
25 mM glucose and 400 μM palmitic acid for 48 hours. Glucose-stimulated insulin secretion (GSIS) 
was then evaluated using phytocannabinoids in the HBSS solution. The provided data represents the 
mean value with SD, n=3 measurements. The abbreviations used in the figure are as follows: Ct+Meth 
(Control+Methanol) and HGHL (High Glucose+High Lipid). The asterisks show significant 
difference, where two – p<0.01, three – p<0.001, four – p<0.0001. 

  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 September 2023                   doi:10.20944/preprints202309.0973.v1

https://doi.org/10.20944/preprints202309.0973.v1


 7 

 

3.3. The Phytocannabinoids Mitigated HG-HL-Induced β-cells Loss Through Reduction of Apoptosis and 

Pyroptosis 

To elucidate the underlying mechanisms by which the phytocannabinoids mitigate β-cell loss 
induced by HG-HL conditions, we performed western blot analysis of Caspase-7, Caspase-3, 
Caspase-1, Cleaved PARP, and Pro-IL-1β, the key molecules involved in apoptosis and pyroptosis. 
The results demonstrated that THC, THCV, and CBD reduced the levels of Pro-Caspase-7 in HGHL-
challenged β-cells, while CBC and CBN were not effective (Figure 3a). However, all five 
phytocannabinoids showed inhibitory effects on the levels of Cleaved-Caspase-7 (C-Caspase-7) 
(Figures 3b). In addition to Caspase-7, Caspase-3 is a pivotal biomarker of apoptosis. Notably, all five 
phytocannabinoids investigated in this study exhibited suppressive effects on the levels of Cleaved-
Caspase-3 (C-Caspase-3) in HG-HL-induced β-cells (Figure 3c). These results suggest that five 
phytocannabinoids inhibit the HG-HL-triggered apoptosis in β-cells via downregulation of C-
Caspase-3 and C-Caspase-7. 

Pyroptosis, another form of cellular death, is mediated by the activation of the Nlrp3 
inflammasome, cleavage of Pro-Caspase-1, and subsequent production of the mature form of IL-1β 
and Gasdermin N. This process leads to the release of proinflammatory cytokines, pore formation in 
the cell membrane, cell swelling, and eventual bursting, resulting in the recruitment of immune cells 
and initiation of inflammatory responses, and eventually cell loss [17]. Our findings indicated that 
THC, CBD, and CBC downregulated the levels of activated C-Caspase-1 in HG-HL-challenged β-
cells (Figure 3d). Furthermore, all five phytocannabinoids demonstrated a mitigative effect on the 
immature form of IL-1β in HG-HL-challenged β-cells compared to the HG-HL-only group (Figure 
3e). 

PARP, an enzyme involved in DNA repair, is a well-established marker of apoptosis. Cleavage 
of PARP by activated Caspases, such as Caspase-3 and Caspase-7, serves as a characteristic 
biochemical indicator of apoptotic cell death. In our study, all five phytocannabinoids reduced the 
PARP cleavage and, consequently, the generation of the 89 kDa N-terminal fragment (Figure 3f). This 
reduction in PARP cleavage is likely mediated through the mitigation of Caspase-3 and Caspase-7 
activity. 
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Figure 3. Analysis of the level of proteins involved in apoptosis and pyroptosis in HG-HL-

challenged β-cells in response to all five phytocannabinoids. a) The response of Pro-Caspase-7 to 
THC, THCV, CBD, CBC, and CBN in HG-HL-challenged β-cells. b) The response of C-Caspase-7 to 
THC, THCV, CBD, CBC, and CBN in HG-HL-challenged β-cells. c) The impact of 5 μM of each 
phytocannabinoid on the level of C-Caspase 3 (17 KDa) in HG-HL-stimulated β-cells. d) Western blot 
analysis of C-Caspase-1, with actin used for normalization, in response to all five phytocannabinoids 
in HG-HL-challenged β-cells. e) The response of pro-IL-1β to the phytocannabinoids in HG-HL-
challenged β-cells. f) The level of C-PARP in HG-HL-challenged β-cells treated with the 
phytocannabinoids. Panels under graphics show the representative images of Western blots. The 
provided data represents the mean value with SD, n=3 measurements. The abbreviations used in the 
figure are as follows: Ct+Meth (Control+Methanol) and HG-HL (High Glucose+High Lipid). The 
asterisks show significant difference, where one – p<0.05, two – p<0.01, three – p<0.001, four - 
p<0.0001, ns – non-significant. 

3.4. Treatment with THC Restores the Decreased Level of PDX-1 Protein and NEUROD1 and Slc2A2 

Transcripts in HG-HL-Induced β-cells    

PDX1, also known as the pancreas/duodenum homeobox protein 1 or insulin promoter factor 1, 
is a transcription factor that plays a crucial role in the early development of the pancreas during 
embryogenesis, as well as in the differentiation of pancreatic cell lineages and the maintenance of β-
cell function [18]. Based on the results obtained from western blot analysis, all three concentrations 
of THC were able to replenish the levels of PDX-1 in HG-HL-stimulated β-cells (Figure 4-a1). 
However, this effect is likely unrelated to the influence of THC on the expression of the PDX-1 gene, 
as evidenced by qRT-PCR results for PDX-1 (Figure 4b). Additionally, THC had a positive effect on 
the response of FOXO1 protein in HG-HL-induced β-cells (Figure 4-a3). Our western blot results also 
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indicated that treatment with THC reduce the induced level of THXNIP in HG-HL-treated β-cells 
(Figure 4-a2).   

To further explore the effects of THC on β-cell dedifferentiation, the expression of several genes 
involved in this process was examined.  

Rats and mice have two insulin genes, Ins1 and Ins2, which are structurally similar but not 
identical. Ins1 is a duplication of the ancestral Ins2 gene. The two preproinsulins, which are coded by 
these two genes, exhibit closely related polypeptide sequences, differing only in a few amino acids. 
Although both genes are functional, their relative expression in rodent β-cells is not well understood 
[19]. Some studies suggest that the two insulins are present in roughly equal amounts [20], while 
others indicate that either Ins1 or Ins2 is the predominant gene in mice [21, 22]. According to our 
results, the treatment with 5 μM THC did not significantly affect the transcription of the Ins1 and Ins2 

genes in HG-HL-challenged β-cells (Figure 4b).  

NEUROD1 is a transcription factor that was first discovered as a transactivator of the insulin 
gene [23]. Further research has shown that it plays a broader role in regulating β-cell function by 
directly activating genes involved in β-cell maturation and function. Studies on mice have shown 
that NEUROD1 is required for the development of functional α- and β-cells in a cell type- and age-
dependent manner. During pancreas development in mice, NEUROD1 is expressed by differentiating 
endocrine cells and later becomes restricted to insulin-producing β-cells and a subset of glucagon-
expressing α-cells [24]. Inactivating mutations in the NEUROD1 gene can cause different types of 
diabetes [25]. Accordingly, homozygous mutations can result in permanent neonatal diabetes 
mellitus, while heterozygous mutations can lead to maturity-onset diabetes [26]. In our experiments, 
5 μM THC restored the level of NEUROD1 gene in HG-HL-challenged β-cells (Figure 4b).  

The Slc2A2 gene is responsible for producing the GLUT2 glucose transporter, which is part of a 
family of transporters that help glucose enter cells through the plasma membrane. GLUT2 is mainly 
found in liver cells, pancreatic β-cells, and in the intestines and kidneys. It plays a crucial role in the 
process of GSIS and is necessary for proper β-cell function in rodents. However, human β-cells also 
have GLUT1 and GLUT3 transporters and do not depend solely on GLUT2 for this process [27]. Like 
in the case of NEUROD1, THC upregulated Slc2A2 in HG-HL-induced β-cells (Figure 4b). 

The MafA insulin gene transcription factor, which is found in mature β-cells, does not play a role 
in endocrine specification during embryonic development [28, 29]. However, the ectopic expression 
of MafA, PDX1, NeuroD1 or Ngn3 can transform adult pancreatic acinar cells or liver cells into insulin-
producing cells [30, 31]. Reduced MafA expression is also an early sign of β-cell dysfunction in human 
T2DM [32]. The results of the current study showed that administering 5μM THC somewhat restored 
the expression of MafA in HG-HL-challenged β-cells, although the difference was not significant 
(p=0.08) (Figure 4b).  

The biomarkers related to progenitor cells such as Pou5f1, Nanog, and L-MYC transcription 
factors are upregulated in T2DM [33]. In the current study, we looked at the response of two of these 
transcription factors, Pou5f1, Nanog, to all five phytocannabinoids. Our findings indicate that THC 
has the ability to downregulate the expression of both Pou5f1 and Nanog transcription factors in HG-
HL-challenged β-cells (Figure 4b).  
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Figure 4. qPCR and western blot analyses of key genes/proteins involved in β-cells 

dedifferentiation in response to THC in HG-HL-induced β-cells. a) Western blot analysis of TXNIP 
(a1), PDX-1 (a2), and forkhead box protein O1 (FOXO1) (a3), their expression levels were normalized 
to actin level in HG-HL-challenged β-cells. Panels under graphics show the representative images of 
Western blots. b) The normalized mRNA expression levels of Ins1, Ins2, PDX-1, FOXO1, NEUROD1, 

MafA, Slc2A2, Nanog, and Pou5f1 in HG-HL-challenged β-cells treated with 5 μM THC. The provided 
data represents the mean value with SD, n=3 measurements/replications. The abbreviations used in 
the figure are as follows: Ct+Meth (Control+Methanol) and HGHL (High Glucose+High Lipid). The 
asterisks show significant difference, where one – p<0.05, two – p<0.01, three – p<0.001, four - 
p<0.0001, ns – non-significant. 

3.5. CBD Treatment Modulates the Response of Most Genes and Proteins Associated with β-Cell 

Dedifferentiation  

Our results demonstrate that CBD has a stimulatory effect on the response of the PDX-1 protein 
in HG-HL-challenged β-cells, with all three doses of CBD eliciting a similar response (Figure 5-a1). 
Interestingly, CBD was found to increase the level of TXNIP in HG-HL-induced β-cells (Figure 5-a2). 
Treatment with 5μM CBD upregulated the expression of Ins1, PDX-1, Slc2A2, NEUROD1, MafA, and 
FOXO1 genes in HG-HL-induced β-cells, while not affecting the response of Ins2 (Figure 5b). Like 
THC, CBD was able to downregulate Pou5f1 and Nanog progenitor cell-related biomarkers in HG-
HL-induced β-cells. However, unlike THC, it also downregulated these two transcription factors in 
the control groups (Figure 5b).  
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Figure 5. The effect of CBD on the levels of key genes and proteins involved in β-cell 

dedifferentiation in HG-HL challenged β-cells. a) Western blot analysis of TXNIP (a1), PDX-1 (a2), 
and FOXO1 (a3), their expression levels were normalized to actin level in HG-HL-challenged β-cells. 
Panels under graphics show the representative images of Western blots. b) The normalized mRNA 
expression levels of Ins1, Ins2, PDX-1, FOXO1, NEUROD1, MafA, Slc2A2, Nanog, and Pou5f1 in HG-
HL-challenged β-cells treated with 5 μM CBD. The provided data represents the mean value with SD, 
n=3 measurements/replications. The abbreviations used in the figure are as follows: Ct+Meth 
(Control+Methanol) and HGHL (High Glucose+High Lipid). The asterisks show significant 
difference, where one – p<0.05, two – p<0.01, three – p<0.001, four - p<0.0001, ns – non-significant. 

3.6. THCV Treatment Restores the Levels of PDX-1 protein and Ins-1, NEUROD1 and Slc2A2 Transcripts 

in HG-HL-Treated β-cells 

Our findings indicate that the administration of 5 μM THCV elicits a stimulating impact on the 
expression of the PDX-1 protein within β-cells exposed to HG-HL, as illustrated in Figure 6-a1. Unlike 
CBD, THCV was observed to decrease the level of TXNIP in HG-HL-induced β cells (Figure 6-a2). 
Treatment with 5 μM THCV upregulated the expression of Ins1, NEUROD1, MafA, and FOXO1 genes 
in HG-HL-challenged β-cells, while having no effect on the response of Ins2 and PDX-1 transcripts 

(Figure 6b). THCV was capable of downregulating Pou5f1 and Nanog biomarkers associated with 
progenitor cells in HG-HL-challenged β-cells. Furthermore, 5 μM THCV exhibited an inhibitory 
effect on the expression of Slc2A2. 
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Figure 6. qPCR and western blot analyses of transcripts/proteins associated with β-cells 

dedifferentiation in response to THCV. a) Western blot analysis of TXNIP (a1), PDX-1 (a2) and 
FOXO1 (a3), their expression levels were normalized to actin level in HG-HL-challenged β-cells. 
Panels under graphics show the representative images of Western blots. b) The normalized mRNA 
expression levels of Ins1, Ins2, PDX-1, FOXO1, NEUROD1, MafA, Slc2A2, Nanog, and Pou5f1 in HG-
HL-challenged β-cells treated with 5 μM THCV. The provided data represents the mean value with 
SD, n=3 measurements/replications. The abbreviations used in the figure are as follows: Ct+Meth 
(Control+Methanol) and HGHL (High Glucose+High Lipid). The asterisks show significant 
difference, where one – p<0.05, two – p<0.01, three – p<0.001, four - p<0.0001, ns – non-significant. 

3.7. Treatment with CBC Modulates Elevated TXNIP Protein Levels and Reduced Slc2A2 Transcript Levels 

in HG-HL-Induced β-cells 

Our findings suggest that the introduction of 5 μM CBC did not elicit any discernible changes 
in the level of the PDX-1 protein within β-cells subjected to high levels of glucose and lipids, as 
depicted in Figure 7-a1. In a similar fashion to THCV, CBC reduced the expression of TXNIP in HG-
HL-induced β-cells (Figure 7-a2). While the treatment of HG-HL-challenged β-cells with 5 μM CBC 
resulted in an upregulation of Slc2A2 and FOXO1 gene expression, it did not display any positive 
influence on the response of Ins1, Ins2, PDX-1, NEUROD1, and MafA (Figure 7b). Conversely, CBC 
was capable of downregulating Pou5f1 and Nanog biomarkers associated with progenitor cells in HG-
HL-challenged β-cells.  
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Figure 7. The influence of CBC on the expression of critical transcripts and Proteins in β-Cell 

dedifferentiation under HG-HL conditions. a) Western blot analysis of TXNIP (a1), PDX-1 (a2), and 
FOXO1 (a3); their expression levels were normalized to actin level in HG-HL-challenged β-cells. 
Panels under graphics show the representative images of Western blots. b) The normalized mRNA 
expression levels of Ins1, Ins2, PDX-1, FOXO1, NEUROD1, MafA, Slc2A2, Nanog, and Pou5f1 in HG-
HL-challenged β-cells treated with 5 μM CBC. Data represents the mean value with SD, n=3 
measurements/replications. The abbreviations used in the figure are as follows: Ct+Meth 
(Control+Methanol) and HGHL (High Glucose+High Lipid). The asterisks show significant 
difference, where one – p<0.05, two – p<0.01, three – p<0.001, four - p<0.0001, ns – non-significant. 

3.8. CBN Treatment Reduces Elevated TXNIP Levels and Increases the PDX-1 Protein and Slc2A Transcript 

Levels in HG-HL-Induced β-cells 

5 μM CBN positively impacted the PDX-1 protein levels in HG-HL-induced β-cells (Figure 8-
a1). Like THCV and CBC, CBN reduced the expression of TXNIP in HG-HL-challenged β-cells 
(Figure 8-a2). While 5 μM CBN treatment in HG-HL-challenged β-cells increased Slc2A2 and FOXO1 
gene expression, it did not have any positive effects on the response of Ins1, Ins2, PDX-1, NEUROD1, 

and MafA (Figure 8b). Additionally, CBN was able to reduce the expression of Pou5f1 and Nanog 
biomarkers associated with progenitor cells in HG-HL-challenged β-cells (Figure 8b).  
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Figure 8. qPCR and western blot analyses of transcripts and proteins associated with β-cell 

dedifferentiation in response to CBN. a) Western blot analysis of TXNIP (a1), PDX-1 (a2), and 
FOXO1 (a3), their expression levels were normalized to actin level in HG-HL-challenged β-cells. 
Panels under graphics show the representative images of Western blots. b) The normalized mRNA 
expression levels of Ins1, Ins2, PDX-1, FOXO1, NEUROD1, MafA, Slc2A2, Nanog, and Pou5f1 in HG-
HL-challenged β-cells treated with 5 μM CBN. The provided data represents the mean value with SD, 
n=3 measurements/replications. The abbreviations used in the figure are as follows: Ct+Meth 
(Control+Methanol) and HGHL (High Glucose+High Lipid). The asterisks show significant 
difference, where one – p<0.05, two – p<0.01, three – p<0.001, four - p<0.0001, ns – non-significant. 

4. Discussion 

4.1. The effect of THC on HG-HL-challenged β-cells  

THC, the primary psychoactive phytocannabinoid synthesized by Cannabis sativa, is widely 
recognized. It acts as an agonist of cannabinoid receptor 1 (CB1R) and a partial agonist of cannabinoid 
receptor 2 (CB2R). Notably, the psychotropic and appetite-enhancing effects attributed to THC stem 
from its activation of CB1R, mimicking the behavioral patterns observed with anandamide (AEA ) 
[34]. As an agonist of CB1R, THC may not be considered a potential treatment for prediabetes, 
diabetes, or its complications. Reports on the effectiveness of THC in mitigating insulin resistance 
and the progression of diabetes and its complications are inconsistent [35-37]. However, some studies 
have suggested that THC may exert therapeutic effects on diabetes and its complications through its 
partial agonistic effects on CB2R [38], potent antioxidant activities, and/or agonistic effects on PPARs, 
resulting in anti-inflammatory properties [39].  

Our results indicate that 5 μM THC can mitigate β-cell loss under HG-HL conditions, likely 
through the inhibition of apoptosis and/or pyroptosis. THC was found to downregulate several key 
apoptotic biomarkers, including C-Caspase-3, pro- and C-Caspase-7, and C-PARP. Pyroptosis is a 
type of cell death mediated by the activation of the Nlrp3 inflammasome and subsequent cleavage of 
Pro-Caspase-1 into Caspase-1. In our work, THC was found to have an inhibitory effect on C-
Caspase-1, suggesting another mechanism by which THC may mitigate HG-HL-induced β-cell loss. 
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Dysregulation of IL-1β in β-cells plays an important role in pyroptosis and the initiation of β-cell loss 
in T2DM [4]. THC has been shown to have an inhibitory effect on the response of Pro-IL-1β, providing 
further evidence for its mitigative effects on pyroptosis. Thioredoxin-interacting protein (TXNIP), 
also known as thioredoxin-binding protein-2, is a member of the α-arrestin protein family and is 
regulated by various cellular stress factors. It acts as an endogenous inhibitor of thioredoxin (Trx) by 
reducing its capacity, leading to increased cellular oxidative stress. In addition to its role in regulating 
redox homeostasis, TXNIP is also involved in the regulation of multiple signaling pathways [40]. 
TXNIP can induce the activation of the Nlrp3 inflammasome and subsequent pyroptosis. Our 
western blot results showed that THC can decrease the level of this protein in β-cells exposed to HG-
HL conditions, suggesting an additional mechanism by which THC mitigates pyroptosis. It is 
important to note that THC may partially inhibit HG-HL-induced apoptosis by reducing TXNIP 
levels, due to the crucial role of TXNIP in triggering ROS and subsequent apoptosis in HG-HL-
challenged β-cells.  

Despite the fact that THC upregulated the impaired transcription of the Slc2A2 gene in HG-HL-
challenged β-cells, it did not improve GSIS in HG-HL-stimulated β-cells. This may be due to the 
agonistic effects of THC on CB1R, leading to a reduction in intracellular cAMP and Ca2+, activation 
of tyrosine kinases, and interaction between CB1R and insulin receptor [4].  

THC did not exhibit any restoring effects on HG-HL-triggered downregulation of the Ins1 and 
Ins2 genes. This may be attributed to the association between CB1R activation and a decrease in 
intracellular cAMP levels, leading to the inhibition of CREBP phosphorylation. Given the presence 
of a CREB-responsive element in the promoter region of the insulin-encoding gene, this may provide 
an explanation for the lack of significant effects of THC on the expression of these genes [41]. 

Additionally, 5 μM THC increased the level of NEUROD1 transcript, as well as PDX-1 protein, 
and decreased the levels of Nanog and Pou5f1 mRNA in β-cells exposed to HG-HL conditions. This 
suggests that THC may mitigate HG-HL-induced β-cell dedifferentiation (Figure 9). 

 
Figure 9. The key findings of the study. In this study, all five phytocannabinoids examined exhibited 
the capacity to protect β-cells from the detrimental effects of HG-HL conditions, preventing their loss 
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and dedifferentiation. All of the phytocannabinoids demonstrated a potential in mitigating the loss 
of β-cells induced by HG-HL, potentially by reducing apoptosis and pyroptosis processes. Like 
THCV, CBC and CBN, CBD showed a pronounced improvement in impaired GSIS in β-cells under 
HG-HL conditions, which may be attributed to the upregulation of MafA and Slc2A2. Furthermore, 
CBD upregulated the expression of most β-cell-specific biomarkers while downregulating progenitor 
cell biomarkers, implying its potential in the mitigation of HG-HL-induced β-cell dedifferentiation. 
THCV not only enhanced the viability of β-cells under HG-HL conditions but also improved impaired 
GSIS, similar to CBD, by upregulating MafA and Slc2A2. Likewise, CBC rescued both β-cell loss and 
impaired GSIS induced by HG-HL. Notably, THC, THCV, CBC, and CBN significantly reduced 
TXNIP levels in HG-HL-challenged β-cells, indicating an additional potential target through which 
these phytocannabinoids could regulate HG-HL-induced reactive oxygen species (ROS), apoptosis, 
and pyroptosis. Although CBN also mitigated β-cell loss induced by HG-HL and impaired GSIS, it 
was comparatively less effective than other phytocannabinoids in reducing levels of apoptotic and 
pyroptotic biomarkers, as demonstrated by our results. 

4.2. The effect of CBD on HG-HL-challenged β-cells  

CBD is a prominent non-psychoactive phytocannabinoid extracted from the Cannabis sativa 

plant. Recent reports have demonstrated that CBD exhibits a wide range of noteworthy 
pharmacological properties. Due to its potent anti-inflammatory properties, CBD has the potential to 
serve as a treatment for insulin resistance, diabetes, and associated complications [4]. Similar to THC, 
CBD exerted a suppressive effect on HG-HL-induced β-cell loss by inhibiting apoptosis and/or 
pyroptosis. In line with this, CBD demonstrated a downregulatory effect on crucial apoptotic 
biomarkers, including C-Caspase-3, pro- and C-Caspase-7, and C-PARP. 

At a concentration of 5μM, CBD downregulated two significant biomarkers of pyroptosis, 
including C-Caspase-1 and pro-IL-1β. In line with these findings, it has been demonstrated that both 
CBD and THC can reduce the release of IL-1β by inhibiting the first and second phases of Nlrp3 
inflammasome activation [15]. Interestingly, CBD was found to upregulate the protein TXNIP in HG-
HL-challenged β-cells.  

Unlike THC, CBD improved impaired GSIS response in HG-HL-stimulated β-cells, likely 
mediated through the upregulation of MafA and subsequent upregulation of Slc2A2. Treatment of 
HG-HL-challenged β-cells with 5 μM CBD increased the level of Ins-1, but not Ins-2. This may be 
related to the antagonistic effects of CBD on CB1R and subsequent increase in intracellular cAMP. It 
is noteworthy that other transcription factors studied in this research could also affect the 
transcription of the gene encoding insulin. In this regard, PDX-1 exerts direct regulatory control over 
insulin transcription via the formation of a complex with transcriptional coactivators at the proximal 
insulin promoter [42]. Furthermore, MafA has been identified as a key regulator of insulin gene 
transcription [43]. It is noteworthy that NEUROD1 has also been shown to play a crucial role in 
inducing insulin gene transcription in pancreatic β-cells [44]. The increase in PDX-1, MafA, and 

NEUROD1 mRNA levels with 5 μM CBD provides potential evidence for the anti-dedifferentiation 
activity of CBD on β-cells (Figure 9). Interestingly, CBD reduced the expression of two key 
progenitor-related transcription factors, Nanog and Pou5f1, in HG-HL-challenged β-cells, further 
supporting the inhibitory effects of CBD on HG-HL-challenged β-cell dedifferentiation. 

Peroxisome proliferator-activated receptor gamma (PPARγ) is a nuclear transcription factor that 
has been demonstrated to regulate the expression of key β-cell genes, including PDX-1, Slc2A2, and 
glucokinase [37, 45]. CBD has exhibited agonistic effects on PPARγ activity, suggesting that CBD may 
exert its protective effects on HG-HL-challenged β-cell survival, at least in part, through the 
activation of PPARγ. Furthermore, a correlation between PPARγ activation and the downregulation 
of proinflammatory cytokines, including IL-1β, has been well-established [46]. This suggests that the 
inhibitory effects of CBD on pyroptosis may be mediated, at least in part, through the activation of 
PPARγ. It is noteworthy that due to the role of HG-HL-induced CB1R activation in triggering 
apoptosis and activating Nlrp3 inflammasome [4], CBD may exert some of its inhibitory effects on 
HG-HL-induced apoptosis and pyroptosis in β-cells through suppressing CB1R. 
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4.3. The effect of THCV on HG-HL-challenged β-cells  

THCV is a natural compound that is structurally similar to THC, but with a propyl group. It is 
commonly present in dried cannabis plants, albeit in small quantities [39]. THCV has been 
characterized as neutral antagonist of CB1R, meaning it inhibits the signaling of this receptor. Given 
its ability to modulate CB1R signaling, THCV has been suggested as a potential therapeutic agent for 
addressing conditions associated with excessive activation of peripheral CB1R, such as obesity, 
insulin resistance, diabetes, and their related complications [47]. 

In this work, we have demonstrated that THCV possesses inhibitory effects on HG-HL-induced 
β-cells loss, likely achieved by reducing apoptosis and/or pyroptosis. This conclusion is further 
supported by observing the effects of THCV on Pro- and Cleaved forms of Caspase-7, Caspase-3, 
PARP, Caspase-1, and Pro-IL-1β. 

Since the activation of CB1R by HG-HL promotes apoptosis and pyroptosis in β-cells, the 
inhibitory effects of THCV on these processes may occur through CB1R suppression. Interestingly, 
THCV has shown inhibitory effects on TXNIP response in HG-HL-induced β-cells, providing an 
additional target for THCV to downregulate apoptosis and pyroptosis. Notably, our unpublished 
reports suggest that THCV upregulates PPARγ in macrophages, presenting another potential target 
for THCV to downregulate both apoptosis and pyroptosis. THCV has also shown improvement in 
the HG-HL-induced impaired GSIS in β-cells. The inhibitory effects of THCV on CB1R and 
subsequent elevation of intracellular Ca2+ partially explain its protective effects on HG-HL-induced 
impaired GSIS in β-cells (Figure 9). Furthermore, THCV has been found to upregulate MafA, 
suggesting another target through which it exerts its protective effects on HG-HL-induced impaired 
GSIS. THCV selectively upregulates the expression of Ins1, not Ins2, potentially mediated by 
increased levels of PDX-1, and elevated NEUROD1 and MafA mRNA. Apart from its stimulatory 
impact on NEUROD1, MafA, and PDX-1, THCV downregulates Nanog and Pou5f1 in HG-HL-
challenged β-cells, further supporting its protective properties against β-cell dedifferentiation caused 
by HG-HL (Figure 9).  

4.4. The effect of CBC on HG-HL-challenged β-cells  

CBC, or cannabichromene, was discovered as the second phytocannabinoid isolated from the 
cannabis plant following THC. The interaction between CBC and the cannabinoid receptors CB1R 
and CB2R is characterized by a weak affinity, suggesting that CBC may exert its effects through 
mechanisms independent of these receptors. In addition to CB1R and CB2R, CBC has been found to 
target TRPA1 receptors and adenosine receptors [48]. 

CBC appears to affect cellular endocannabinoid reuptake and suppress the function of 
monoacylglycerol lipase (MAGL). These additional modes of action contribute to the overall effects 
of CBC. 

Importantly, CBC has demonstrated effectiveness in reducing inflammatory responses in 
macrophages, which implies its potential therapeutic benefits in diabetes. It has been observed that 
CBC exerts its anti-inflammatory effects by activating TRPA1 receptors, leading to a decrease in 
intracellular levels of nitric oxide (NO), interferon-gamma (INFγ), and interleukin-10 (IL-10). 
Nevertheless, it appears that CB1R-mediated signaling can modulate CBC's activity [49].  

Similar to THC, CBD, and THCV, CBC demonstrated the ability to alleviate β-cell loss induced 
by HG-HL conditions, most likely through the mitigation of apoptosis and/or pyroptosis. This was 
supported by the response of key biomarkers associated with apoptosis/pyroptosis, such as Pro-
Caspase-7, C-Caspase-7, C-Caspase-3, C-PARP, C-Caspase-1, and Pro-IL-1β, to CBC treatment in HG-
HL-challenged β-cells (Figure 9). 

Similar to THCV, CBC also downregulated the response of TXNIP in HG-HL-challenged β-cells, 
indicating a potential target for CBC to exert its inhibitory effects on HG-HL-induced apoptosis and 
pyroptosis. 

Furthermore, CBC was found to improve impaired GSIS caused by HG-HL conditions, partially 
attributed to the upregulation of Slc2A2. However, CBC did not have positive effects on the response 
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of Ins1 and Ins2, possibly due to the negative impacts on MafA, NEUROD1, and PDX-1. In contrast, 
it downregulated the response of Nanog and Pou5f1, which are genes associated with progenitor cells. 

Regulation of TRPA1 may be an additional potential mechanism by which CBC may exert its 
protective effects on impaired GSIS induced by HG-HL conditions. TRPA1 is a member of the 
transient receptor potential (TRP) protein superfamily, which consists of cation channels found in 
various cell types and involved in different signaling pathways. Unlike other TRP channels, TRPA1 
is an ion channel located in the cell membrane and exhibits unique functionality. Experimental 
evidence has confirmed the functional expression of TRPA1 in pancreatic INS-1 β-cells [50]. TRPA1 
possesses the capacity to facilitate the transportation of cation ions, particularly calcium ions, into 
cells and thereby the stimulation of insulin secretion [51].  

4.5. The effect of CBN on HG-HL-challenged β-cells  

Similar to other phytocannabinoids analyzed in this study, CBN demonstrated the ability to 
mitigate β-cell loss induced by HG-HL conditions. However, CBN exhibited weaker inhibitory effects 
on apoptotic and pyroptotic biomarkers, including C-Caspase-3, C-Caspase-7, C-PARP, C-Caspase-
1, and Pro-IL-1β, compared to other phytocannabinoids (Figure 9).  

CBN, particularly at a concentration of 5 μM, could downregulate the response of TXNIP in HG-
HL-induced β-cells, suggesting an additional target through which CBN exerted its inhibitory effects 
on HG-HL-induced apoptosis and pyroptosis in β-cells. Furthermore, CBN demonstrated a 
protective impact on impaired GSIS in β-cells exposed to HG-HL conditions, partly attributed to the 
positive effects of CBN on the expression of Slc2A2. 

While CBN increased the PDX-1 protein level, it did not restore the decreased PDX-1 transcript 
level in HG-HL-induced β-cells. This suggests that CBN may influence PDX-1 protein levels by 
targeting post-transcriptional mechanisms. CBN treatment showed an inhibitory effects on the 
expression of NEUROD1 and MafA, which may explain why CBN downregulated Ins1 and Ins2. 
Similar to CBD and CBC, CBN downregulated the expression of Nanog and Pou5f1 in both HG-HL-
challenged β-cells and control groups, suggesting potential protective properties of CBN against HG-
HL-induced β-cell dedifferentiation (Figure 9). 

5. Conclusions 

In our study, we examined the effects of five phytocannabinoids' on HG-HL-induced β-cell loss 
and dedifferentiation. All compounds showed potential in reducing β-cell loss, likely by inhibiting 
apoptosis and pyroptosis processes. Four phytocannabinoids, excluding THC, improved impaired 
GSIS in β-cells. CBD upregulated β-cell-specific biomarkers and downregulated progenitor cell 
markers the most. THCV enhanced cell viability and GSIS, CBC improved both loss and GSIS, and 
10 μM CBC significantly reduced TXNIP levels. While CBN also mitigated β-cell loss and GSIS 
impairment, it was less effective in reducing apoptotic and pyroptotic markers compared to other 
phytocannabinoids (Figure 9). 
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