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Foreword 
The scientific interest for natural compounds as novel potential drugs has 
increased exponentially in the last few years, along with the number of trials 
and studies on nutraceuticals and herbal extracts, aimed to test their effects on 
many disorders, including obesity, type II diabetes (T2D) and      non-alcoholic 
fatty liver disease (NAFLD). 
(E)-β-caryophyllene (BCP) is one of the most promising natural compounds. It is 
a bicyclic sesquiterpene hydrocarbon widely distributed in the plant kingdom, 
especially in floral volatiles, occurring in more than 50% of angiosperm families 
(Maffei et al., 2020).  
In plants, BCP acts as chemoattractant for pollinators, defence against bacterial 
pathogens and has a pivotal role in the survival and evolution of higher plants 
as well as in contributing to the unique aroma of essential oils extracted from 
numerous species (Scandiffio et al., 2020). In addition to its role in plants, recent 
studies have highlighted that BCP plays a role in animal cells as anti-cancer 
(Mannino et al., 2021), anti-oxidant (Yovas et al., 2022), and anti-inflammatory 
agent (Picciolo et al., 2020).  
Although its mechanism of action is not yet fully understood, studies indicate 
that BCP could act in animal cells through the specific binding to the CB2 
cannabinoid receptors (Gertsch et al., 2008), of which it is a full selective 
agonist, and possibly through the interaction with members of the family of 
peroxisome proliferator-activated receptor (PPAR), in particular the isoforms α 
and γ (Wu et al., 2014; Irrera et al., 2019).  
The high selectivity of BCP for CB2 receptors avoids potential psychotropic 
effects mediated by the neuronal CB1 cannabinoid receptor, being CB2 
receptors mainly expressed in peripheral tissues and in central nervous system 
immune cells (Francomano et al., 2019). This peculiarity makes BCP a safe 
phytocannabinoid, with countless beneficial and non-psychoactive effects. This 
class of receptors belongs to the endocannabinoid system (ECS), a complex 
endogenous system involved in several physiological and pathophysiological 
functions. The ECS exerts regulatory controls on metabolism and food intake 
and for this reason it represents a potential target for numerous metabolic 
disorders such as obesity, diabetes, dyslipidemia and steatosis (Lowe et al., 
2021). These diseases very often co-occur during the metabolic syndrome 
(MetS), a chronic pathological framework that represents a major health hazard 
in the modern population, being rapidly spread from Western to developing 
countries (Rochlani et al., 2017). 
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During my research period, I initially focused on obesity and type 2 diabetes 
(T2D). Obesity is a chronic metabolic disease characterised by excessive fat 
accumulation in adipose tissues (Cheng et al., 2019), often associated with 
insulin resistance, that can be a consequence of a reduction of insulin receptor 
numbers or a failure in glucose transportation into the cell by the glucose 
transporter GLUT4 (Cruz et al., 2013).  T2D is another chronic metabolic disease 
associated with impaired insulin secretion and insulin resistance, caused by a 
combination of genetic and environmental factors. 
In the first publication I studied these pathologies and the possible prevention 
strategies, testing a black pepper extract (PipeNig®-FL), containing a high 
standardized content of BCP, on 3T3-L1 preadipocytes and on C2C12 myotubes 
(in vitro models for the study of obesity and T2D, respectively), focusing on its 
potential activity on lipid accumulation and glucose uptake (Geddo, Scandiffio 
et al., 2019). The first step was the chemical characterization of the extract 
PipeNig®-FL by gas chromatography–mass spectrometry (GC–MS) and gas 
chromatography with flame-ionization detection (GC–FID), confirming a high 
content (814 mg/g) of BCP.  
We then tested the effects of PipeNig®-FL on 3T3-L1 pre-adipocytes to assess 
the possible reduction of  lipid content (anti-obesogenic effect) by  AdipoRed 
fluorescence staining quantification. Glucose uptake and GLUT4 membrane 
translocation were studied in C2C12 myotubes with the fluorescent glucose 
analogue 2-NBDG and by immunofluorescence analysis.  
We demonstrated that PipeNig®-FL reduces 3T3-L1 adipocyte differentiation 
and lipid accumulation and improves glucose uptake activity and GLUT4 
migration, ameliorating the pathological condition (Geddo, Scandiffio et al., 
2019). 
 
Given the extensive use of the 3T3-L1 pre-adipocyte model to study obesity and 
also to test different chemicals, such as Metabolism Disrupting Chemicals 
(MDCs), I evaluated the reproducibility in 3T3-L1 cell responses and I assessed 
the variability of efficacy and potency outcomes for triglyceride accumulation 
and pre-adipocyte proliferation (Kassotis et al., 2021). 
The magnitude and range of bioactivities reported varied considerably across 
laboratories and test conditions, though the presence or absence of activity for 
each tested chemical was more consistent; as such, working to develop a 
standardized adipogenic differentiation protocol represents the best strategy 
for improving consistency of adipogenic responses using the 3T3-L1 model to 
reproducibly identify MDCs and increase confidence in reported outcomes. 
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Next I focused on the ECS, a complex biological system involved in metabolic 
diseases (such as obesity), inflammatory response, as well as neurogenesis. I 
used the ST14A striatal neural progenitor cell line, a simplified in vitro model, to 
dissect the role and the mechanisms of ECS-regulated neurogenesis and to 
characterise ECS-targeted pharmacological and functional responses      (Cottone 
et al., 2021). First of all, we assessed the expression of the ECS components 
necessary to a functional endocannabinoid system. Then, by using CB1/CB2 
agonists and antagonists, we evaluated the effects of CB1 and CB2 receptor 
modulation on neural progenitor proliferation. Finally, we began to characterize 
the intracellular pathways involved in the CB2-regulated proliferation of striatal 
projection neuron progenitors.  
 
In the last year I studied non-alcoholic fatty liver disease (NAFLD), the most 
common chronic liver disorder, characterized by the excessive accumulation of 
fats, due to overnutrition or unbalanced diet and not to ethanol consumption, 
with an increase of visceral fats that results in macrophage infiltration and pro-
inflammatory conditions (Friedman et al.,2018). Despite being a very common 
pathological condition, no specific pharmacological therapy has yet been 
approved. I therefore tested BCP and using a fluorescence-based lipid 
quantification assay and GC-MS analysis, I showed      that it is able to decrease 
lipid accumulation in steatotic conditions and to change the typical steatotic 
lipid profile by primarily reducing saturated fatty acids. By employing specific 
antagonists, I demonstrated that BCP action is mediated by multiple receptors: 
CB2 cannabinoid receptor, peroxisome proliferator-activated receptor α 
(PPARα) and γ (PPARγ). Interestingly, BCP was able to counteract the increase 
in CB2 and the reduction in PPARα receptor expression observed in steatotic 
conditions. Moreover, through immunofluorescence and confocal microscopy, 
I demonstrated that CB2 receptors are mainly intracellularly localized and that 
BCP is internalized in HepG2 cells with a maximum peak at 2 h, suggesting a 
direct interaction with intracellular receptors (Scandiffio et al., 2023).  
These findings suggest that treatment with BCP, which is able to cross the 
plasma membrane and therefore to act on intracellular localized receptors, 
induces a reduction in lipid accumulation and a modification in intracellular lipid 
composition mediated by CB2 and PPAR receptors and that these effects are 
accompanied by a modulation of their expression. 
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Part I:  
PipeNig®-FL, a fluid extract of black pepper (Piper 
Nigrum L.) with a high standardized content of 
Trans-β-Caryophyllene, reduces lipid accumulation 
in 3T3-L1 preadipocytes and improves glucose 
uptake in C2C12 myotubes 
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1. Introduction 

Metabolic syndrome is a non-communicable disease characterized by visceral 
adiposity, insulin resistance, hyperlipidemia, hypertension and a chronic low-
grade inflammatory state, often dragging into the onset of type 2 diabetes, 
coronary disease, stroke, and other disabilities. This chronic illness represents a 
major health hazard in the modern population, being rapidly spread from 
Western to developing countries (Reilly et al., 2003). The multiple biological 
mechanisms included in metabolic syndrome provide a complex interorgan 
communication, involving adipokines, macrophages, endoplasmic reticulum 
stress, thyroid hormones, beta adrenergic hormones, gut microbiome and other 
factors, where epigenetic drivers represent the major component with respect 
to genetic predisposition (Reilly et al., 2003). The pharmacological treatment of 
metabolic syndrome commonly involves anti-obesity drugs, thiazolidinediones 
(TZDs), metformin, statins, fibrates and several other drugs (Ammazzalorso et 
al., 2019), but its management chiefly lies in the adoption of a healthy lifestyle 
(Aguilar-Salinas et al., 2019). In this perspective, many studies and clinical trials 
highlight some quality diets, such as the Mediterranean diet, the Nordic diet, 
and the Dietary Approaches to Stop Hypertension (DASH) diet, to protect 
against metabolic syndrome or to improve its phenotype. Moreover, plants and 
plant-derived molecules have received great attention as complementary 
supports in managing metabolic dysfunctions (Silva Figuereido et al., 2018). As 
an example, Piper nigrum, a widely used spice, has been present in traditional 
medicine of different countries all over the world since ancient times due to the 
beneficial effects of its biologically active extracts, underlining its possible use 
in the treatment of metabolic syndrome or other related conditions (Ding et al., 
2016). Among active compounds naturally present in Piper nigrum, the dietary 
cannabinoid trans-β-caryophyllene (BCP) could be considered as a possible key 
component in the treatment of obesity and type 2 diabetes in the metabolic 
syndrome scenario (Takooree et al., 2019). BCP is a bicyclic sesquiterpene 
hydrocarbon, highly present in a consistent number of plant-derived essential 
oils, such as balsams of Copaiba spp. (up to 53%), black pepper (Piper nigrum, 
up to 70%), lemon balm (Melissa officinalis, up to 19%), cloves (Syzygium 
aromaticum, up to 12%) and hops (Humulus lupulus, up to 9%) (Sharma et al., 
2016). The Research Institute for Fragrance Materials (RIFM) evaluated BCP 
safety (Api et al., 2018) and it has been approved by the Food and Drug 
Administration and by the European Food Safety Authority as a flavouring 
agent, usable in cosmetic and food additives. In recent years, many studies 
reported the beneficial properties of BCP against several disorders, in particular 
cancer, chronic pain and inflammation; among the main ones, recent findings 
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showed chemosensitizing properties for doxorubicin chemotherapy (Di 
Giacomo et al., 2017), sorafenib (Di Giacomo et al., 2019), and 5-fluorouracil and 
oxaliplatin (Ambrož et al., 2019), neuroprotective effects against cerebral 
ischemia reperfusion injury (Yang et al., 2017) and dopaminergic neuron injury 
(Viveros-Paredes et al., 2017), cardioprotective features against myocardial 
infarction (Younis et al., 2019) and doxorubicin toxicity (Meeran et al., 2019) 
and, especially, a significant impact in the metabolic syndrome context. BCP has 
indeed been highlighted as a hypocholesterolemic and insulinotropic agent in 
high-fat diet-fed (Harb et al., 2018; Youssef et al., 2019), or in streptozotocin-
induced, diabetic rats (Basha et al., 2014; Basha et al., 2016), where it showed 
non-clinical toxicity and an absence of adverse effects (da Silva Oliveira et al., 
2018). BCP can act as a selective agonist of cannabinoid receptor 2 (CB2) 
(Gertsch et al., 2008), can directly activate peroxisome proliferator-activated 
receptor-α (PPAR α) (Wu et al., 2014), involved mainly in liver metabolism, and 
triggers the activation of PPPAR γ (Youssef et al., 2019), a master regulator of 
adipogenesis, possibly through an indirect mechanism (Youssef et al., 2019). 
Therefore, BCP may represent a promising treatment for several metabolic 
disorders. The effects of BCP on adipose tissue have never been addressed 
before, and so far, all studies on the BCP effects on glucose metabolism have 
been reported only in vivo. In vitro studies are a fundamental step for initial 
screening of potential cellular targets and characterization of the cellular 
mechanisms of bioactive molecules. Moreover, in the aim of a dietary approach, 
natural plant extracts with a high and standardized content of BCP could have a 
more suitable impact with respect to plain/synthetic BCP. Therefore, the 
present study was designed to evaluate the chemical characterization of a black 
pepper extract with a high content of BCP (PipeNig®-FL) produced by Biosfered 
Srl (Italy), and to study its effects on lipid accumulation and glucose uptake in in 
vitro models. The efficacy of the product was evaluated in two different cellular 
models, 3T3-L1 and C2C12, by assessing triglycerides accumulation in 
adipocytes and both glucose uptake and GLUT4 translocation in skeletal muscle 
myotubes. 

2. Materials and Methods  

2.1. Reagents  

PipeNig®-FL (batch number PNF01-1907001), a Piper nigrum L. (black pepper) 
liquid extract, was kindly provided by Biosfered Srl (Torino, Italy). Certificate of 
analysis, technical sheets and materials safety data sheet of PipeNig®-FL are 
available from Biosfered upon request. The method of extraction and 
production of PipeNig®-FL are covered by the company trade secrets. PipeNig®-
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FL contains BCP at a concentration of 3.5 M in rice oil. For experiments, a stock 
solution of 1 M in DMSO was obtained, then diluted in culture medium for cell 
treatments. Concentrations reported in this work refer to those of BCP in each 
dilution. NucBlue™ Live ReadyProbes™ Reagent and 2-(7-Nitrobenz-2-oxa-1,3-
diazol-4-yl)Amino)-2- Deoxyglucose) (2-NBDG) were obtained from Invitrogen 
(Carlsbad, CA, USA); CellTiter-Glo® Luminescent Cell Viability and CellTiter 96® 
AQueous One Solution Cell Proliferation Assays were from Promega (Madison, 
WI, USA); anti-GLUT4 primary antibody and anti-rabbit secondary antibody 
Alexa Fluor 568 were from ThermoFisher Scientific (Waltham, MA, USA). Human 
insulin was used for cell treatments. Unless otherwise specified, all chemicals 
were purchased from Sigma Aldrich (St. Louis, MO, USA).  

2.2. Gas-Chromatographic Analyses of PipeNig®-FL  

PipeNig®-FL was analyzed by gas-chromatography (mod. 6890N, Agilent 
Technologies, Santa Clara, CA, USA) coupled with mass spectrometry (mod. 
5973A, Agilent Technologies) (GC–MS). Compounds were separated on a 
Zebron ZB-5MS (mod. 7HG-G010-11, Phenomenex, Torrance, CA, USA) capillary 
column (stationary phase: 95% polydimethyl siloxane—5% diphenyl, 30 m 
length, 250 μm internal diameter, 0.25 μm film thickness) with the following 
temperature program: 60 ◦C for 5 min followed by a temperature rise at a 3 ◦C 
min−1 rate to 270 ◦C (held for 5 min). Carrier gas was He with a constant flow of 
1 mL min−1 , transfer line temperature to MSD was 280 ◦C, ionization energy 
(EI) 70 eV, and full scan range 50–300 m/z. Separated compounds were 
identified by pure standard comparison, by comparison of their mass spectra 
with those of reference substances and by comparison with the NIST mass 
spectral search software v2.0 using the NIST 98 library. Quantitative analyses 
were confirmed by gas chromatography coupled with flame ionization detector 
(GC–FID) (mod. 6890N, Agilent Technologies); analyses performed with the 
same column and GC conditions as above.  

2.3. Cell Cultures  

3T3-L1 preadipocytes (ATCC® CL-173™; Lot No 70009858, ATCC, Manassas, VA, 
USA) were cultured in high-glucose (4.5 g/L) Dulbecco’s modified Eagle’s 
medium (DMEM) supplemented with 10% calf serum, 2 mM L-glutamine, 50 
IU/mL penicillin, and 50 μg/mL streptomycin (Pomatto et al., 2018). For 
experiments, 5 × 103 cells/well were seeded in 96-black well clear bottom plates 
(Greiner Bio-One, Frickenhausen, Germany). Two days after reaching 
confluence (day 0), cells were exposed to the differentiation medium (MDI; 
which was DMEM containing 10% fetal bovine serum (FBS), 1 μg/mL insulin, 
0.25 μM dexamethasone, 0.5 mM isobutylmethylxanthine). Two days later (day 
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2), MDI was replaced with maintenance medium (MM; which was DMEM 10% 
FBS, 1 μg/mL insulin). Fresh medium was provided every two days. Experiments 
ended after 9 days from the beginning of the differentiation (day 9). The mouse 
myoblast cell line C2C12 (ECACC 91031101, lot 17I044) was purchased from the 
European Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK) and 
cultured in high-glucose DMEM supplemented with 10% FBS, 1% 
penicillin/streptomycin and 2 mM L-glutamine in a humidified atmosphere of 
5% CO2 at 37 ◦C. Cultures were plated at a density of 2 × 103 cells per cm2 on 
tissue plastic dishes (Becton Dickinson, Franklin Lakes, NJ, USA) and sub-
cultured before reaching 70% confluence. For experiments, cells were seeded 
at a density respectively of 2 × 103 cells/cm2 in Nutrients 2019, 11, 2788 4 of 14 
96-well plates or 10 × 103 cell/cm2 on coverslips or glass bottom dishes (VWR 
Int., Radnor, PA, USA), to enhance adhesion. After cells reached confluence, 
differentiation was induced by changing the medium to DMEM supplemented 
with 2% horse serum (HS). Cells were allowed to differentiate for additional 5 
to 7 days. The day before glucose uptake and GLUT4 translocation experiments, 
C2C12 cells were starved in DMEM glucose and serum free for 24 h.  

2.4. Cell Viability  

The viability of 3T3-L1 cells was evaluated at the end of the experiments (day 9) 
by CellTiter-Glo® Luminescent Cell Viability Assay, based on the quantitation of 
ATP, which signals the presence of metabolically active cells. After 
AdipoRed™/NucBlue™ quantification (see below), the dye mixture was 
removed from the cell cultures and CellTiter-Glo® reagent, diluted 1:1 in 
phosphate-buffered saline (PBS), was added. Cells were incubated at room 
temperature in the dark for 10 min, then luminescence was detected and 
quantified with FilterMax F5™ Multi-Mode microplate reader (Molecular 
Devices, Sunnyvale, CA, USA). The values of luminescence are directly 
proportional to the number of viable cells. Data from three independent 
experiments were expressed as percentage referred to control condition; these 
values were then summarized to calculate mean ± standard error of the mean 
(SEM). C2C12 cell viability was evaluated by the CellTiter 96® AQueous One 
Solution Cell Proliferation Assay, using the tetrazolium compound [3-(4,5-
dimethylthiazol-2-yl)-5- (3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium, inner salt (MTS), that is bioreduced by metabolically active cells 
into a colored formazan product soluble in tissue culture medium. C2C12 cells, 
grown and differentiated into 96-well plates, were treated in 50 μL DMEM + 2% 
HS with different concentrations of PipeNig®-FL for one hour; during the last 30 
min, 10 μL of MTS were added to each well (six wells for each condition). 
Formazan product was measured with FilterMax F5 microplate reader at 450 
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nm; absorbance is directly proportional to the number of viable cells. Data from 
three independent experiments were expressed as percentage referred to 
control condition; these values were then summarized to calculate mean ± SEM.  

2.5. Quantification of Adipocyte Lipid Accumulation and DNA Staining  

The 3T3-L1 cells, grown in 96-black well clear bottom plates, were exposed to 
PipeNig®-FL from day 0 to day 9 (whole differentiation period treatment), at 
scalar dilutions ranging from 1 nM to 10 μM (maximum DMSO concentration: 
0.1%). Control cells were treated with 0.1% DMSO. Experiments were repeated 
three times (four wells for each condition), using cells at different passage 
numbers (p3–p5). At the end of the experiments (day 9 after the induction of 
differentiation), lipid accumulation was quantified by using AdipoRed™ assay 
reagent (Lonza, Walkersville, MD, USA), while the DNA content was estimated 
by NucBlue™ staining. Briefly, medium was removed from 3T3-L1 cultures and 
cells were rinsed with PBS, subsequently replaced with a dye mixture containing 
AdipoRed™ and NucBlue™ assay reagents diluted in PBS (25 μL and 1 drop, 
respectively, per mL of PBS). After 40 min of incubation at room temperature in 
the dark, fluorescence was measured with Filtermax F5 microplate reader 
respectively with excitation at 485 nm and emission at 535 nm for AdipoRed™ 
and excitation at 360 nm and emission at 460 nm for NucBlue™ quantification. 
Data from three independent experiments were expressed as percentage 
referred to control condition; these values were then summarized to calculate 
mean ± SEM.  

2.6. Glucose Uptake Measurements  

C2C12 cells, plated and differentiated on glass bottom dishes, after 24 h without 
glucose and serum, were treated with a different concentration of PipeNig®-FL 
(1–10–100 nM), and simultaneously loaded with 100 μM of 2-NBDG in glucose 
and serum-free DMEM, for 30 min in the dark. Insulin (25 nM) was used as a 
positive control. After two washes in PBS, cells were observed in confocal 
microscopy. Fluorescence images at 488 nm were acquired using an Olympus 
Fluoview 200 laser scanning confocal system (Olympus America Inc., Melville, 
NY, USA) mounted on an inverted IX70 Olympus microscope, Nutrients 2019, 
11, 2788 5 of 14 equipped with a 60X Uplan FI (NA 1.25) oil-immersion objective. 
Fluorescence variations were calculated with the definition and measurement 
of regions of interest (ROIs) using the ImageJ software (Rasband, W.S., U. S. 
National Institutes of Health, Bethesda, MA, USA; http://rsb.info.nih.gov/ij/, 
1997–2008). Data from four independent experiments were evaluated as mean 
fluorescence/area and expressed as percentage referred to control condition; 
these values were then summarized to calculate mean ± SEM.  
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2.7. GLUT4 Translocation Analysis  

C2C12 cells were grown and differentiated on glass coverslips. After 24 h 
without glucose and serum, cells were treated with insulin 25 nM or different 
concentration of PipeNig®-FL (1–10–100 nM) for 30 min in glucose and serum-
free DMEM. Then cells were fixed for 40 min in 4% paraformaldehyde dissolved 
in 0.1 M phosphate buffer, pH 7.3. After three washes with PBS, cells were 
incubated for 20 min with 0.3% Triton and 1% bovine serum albumin in PBS and 
stained for 24 h at 4 ◦C with the primary polyclonal antibody anti-GLUT4, 1:100. 
Cover slides were washed twice with PBS and incubated for 1 h at room 
temperature with the secondary antibody, anti-rabbit Alexa Fluor 568, 1:1000. 
After two washes in PBS, coverslips were mounted on standard slides with 
DABCO and observed after 24 h under a confocal microscope. GLUT4 staining 
measurements of both cell periphery and cell interior were performed with the 
ABSnake plugin of the ImageJ software (Gallo et al., 2019). Briefly, for each 
myotube the ABSnake plugin was employed to design a ROI band of 1.45 μm 
around the plasma membrane and the fluorescence intensities of both the band 
and the cellular inside were collected. Data from three independent 
experiments were expressed as peripheral/internal fluorescence and 
summarized to calculate mean ± SEM.  

2.8. Statistical Analysis  

Data are expressed as mean ± standard error of the mean (SEM); statistical 
analysis was performed using ANOVA (one-way analysis of variance) followed 
by Bonferroni’s multiple comparison test. Differences with p < 0.05 were 
considered statistically significant. 

3. Results 

3.1. Chemical Composition of PipeNig®-FL  

The chemical composition of PipeNig®-FL was assessed by GC–MS and 
quantified by GC–FID, as specified in the Materials and Methods section. The 
extract is characterized by a high content and percentage of the sesquiterpene 
hydrocarbon BCP, followed by minor mono and sesquiterpenes as depicted in 
Figure 1 and listed in Table 1. In particular, the total standardized content of 
PipeNig®-FL was higher than 800 mg g−1 of product, in agreement with what is 
specified by the producer. Amounts ranging from 0.5 to 7.8 mg g−1 were 
represented by monoterpenes (with limonene being the most abundant), 
whereas, among sesquiterpenes, α-caryophyllene showed the highest amount. 
In terms of relative percentage, BCP reached a level of almost 88%, whereas the 
total percentage of all other identified compounds was around 8% (Table 1). 
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Concentrations reported in this work for experiments with cell cultures refer to 
those of BCP contained in each dilution of PipeNig®-FL.  

 
Figure 1. Gas chromatography–mass spectrometry (GC–MS) total ion current 
gas-chromatogram of PipeNig®-FL. The main compound trans-β-caryophyllene 
(BCP) is out of scale in order to evidence the other minor monoterpenes and 
sesquiterpenes that characterize the chemical composition of PipeNig®-FL. The 
inset shows the chemical formula and the mass spectrum of BCP. The y axis is 
the total ion current; the x axis represents time (in min).  
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Table 1. Chemical composition of PipeNig®-FL by gas chromatography coupled 
to mass spectrometry. Content is calculated based on gas chromatography with 
GC–FID analysis. R.T., retention time. 

Compound R.T. Content (mg 
g−1) 

Relative 
% 

α-Phellandrene 5.35 0.47 0.11 
α-Pinene 5.55 4.06 0.95 
4-ethyl-octane  6.02 0.64 0.15 
Sabinene 6.62 2.93 0.69 
β-Pinene 6.79 2.76 0.65 
β-Myrcene 7.11 1.10 0.12 
δ-3-Carene 7.79 3.85 0.90 
Limonene 8.55 7.84 1.10 

δ-Elemene 24.7
9 2.21 0.52 

α-Copaene 27.1
5 3.37 0.75 

Isocaryophyllene 28.8
6 1.18 0.28 

β-Caryophyllene 29.9
4 814.44 87.61 

δ-Cadinol 31.4
9 0.70 0.16 

α-Caryophyllene 31.7
5 6.13 1.43 

δ-Cadinene 35.6
1 0.74 0.17 

Caryophyllene 
oxide 

38.9
4 0.79 0.18 

 

3.2. Effects of PipeNig®-FL on 3T3-L1 Adipocyte Cell Viability 

The long-term viability of 3T3-L1 cells treated with a wide range of PipeNig®-FL 
concentrations (100 nM, 1 μM, 10 μM, 100 μM, 1 mM, 10 mM) was determined 
by the CellTiter-Glo® viability assay, a method based on measurement of ATP 
content, whose amount is directly proportional to the number of metabolically 
active cells present in culture. As shown in Figure 2, after 9 days from the 
beginning of adipocyte differentiation (see Materials and Methods section), cell 
viability was affected only at very high PipeNig®-FL concentrations (1 mM and 
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10 mM), with only a minor, not statistically significant decrease at 100 μM. 
Based on these results, concentrations up to 10 μM were chosen for subsequent 
experiments. Mean values of luminescence signal from three independent 
experiments were as follow: CTRL (DMSO 0.1%): 100 ± 0.20, PipeNig®-FL 100 
nM: 92.31 ± 0.13, PipeNig®-FL 1 μM: 92.65 ± 1.01, PipeNig®-FL 10 μM: 87.86 ± 
0.83, PipeNig®-FL 100 μM: 77.55 ± 2.12, PipeNig®-FL 1 mM: 1.46 ± 1.32, PipeNig®-
FL 10 mM: 0.93 ± 0.12. 

 
Figure 2. PipeNig®-FL affects 3T3-L1 cell viability only at high (millimolar) 
concentrations. 3T3-L1 cells were induced to differentiate into adipocytes for 9 
days and treated with increasing concentrations of PipeNig®-FL for the entire 
differentiation period. The bar graph summarizes cell viability based on ATP 
content. Data in percentage referred to control condition are represented as 
the mean ± standard error of the mean (SEM) of three independent 
experiments. *** p < 0.001 vs. control. 

3.3. PipeNig®-FL Reduces Intracellular Lipid Accumulation in 3T3-L1 Cells without 
Altering the Cell Number 

The potential antiadipogenic activity of PipeNig®-FL was assayed on the murine 
3T3-L1 preadipocyte cell line, a commonly used cell model for adipose cell 
biology research (Kim et al., 2018). Since antiadipogenic effects can be exerted 
by reducing both intracellular lipid accumulation and/or the number of 
adipocytes (either by decreasing cell proliferation or inducing cell death), we 
simultaneously assayed triglyceride accumulation (AdipoRedTM assay) and cell 
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number (NucBlueTM staining, measuring DNA content). Confluent 
preadipocytes, cultured in 96-well plates, were induced to start adipogenic 
differentiation and were treated throughout the differentiation period (9 days) 
with a vehicle only (0.1% DMSO; differentiated control) or with 1 nM, 10 nM, 1 
μM, 10 μM PipeNig®-FL. Higher PipeNig®-FL doses were not used, based on the 
cell viability data reported above. After 9 days from the beginning of adipocyte 
differentiation, AdipoRedTM/NucBlueTM stainings were performed on 3T3-L1 
adipocytes (Figure 3A). Trygliceride accumulation and DNA content were 
calculated as percentage change from differentiated DMSO-treated controls 
(Figure 3B,C). The DNA content was used to normalize total triglyceride values 
to obtain triglyceride content per unit DNA (as a proxy for triglycerides 
accumulation per cell). 

As shown in (Figure 3B), triglyceride accumulation per well was reduced in 
PipeNig®-FL treated 3T3-L1 cells compared to differentiated control cells; in 
particular, statistically significant reductions were obtained after treatment 
with PipeNig®-FL 10 nM, 1 μM and 10 μM. Mean values of fluorescence signal 
from three independent experiments were as follow: undifferentiated cells: 
7.85 ± 2.36, differentiated CTRL: 100 ± 0.20, PipeNig®-FL 1n M: 63.64 ± 2.37, 
PipeNig®-FL 10 nM: 61.72 ± 1.35, PipeNig®-FL 1 μM: 59.00 ± 2.42, PipeNig®-FL 10 
μM: 57.91 ± 3.05. 

DNA content was not significantly different in PipeNig®-FL treated cells and 
control cells, thus indicating that the decrease in lipid accumulation exerted by 
PipeNig®-FL is not due to a decrease in cell proliferation or to cytotoxic effects 
(Figure 3C). Mean values of fluorescence signal from three independent 
experiments were as follows: undifferentiated cells: 81.23 ± 1.36, differentiated 
control: 100 ± 0.20, PipeNig®-FL 1n M: 91.63 ± 1.39, PipeNig®-FL 10 nM: 86.76 ± 
0.96, PipeNig®-FL 1 μM: 90.43 ± 2.03, PipeNig®-FL 10 μM: 90.72 ± 1.92. 

On the other hand, a significant reduction in intracellular lipid content per cell 
was found at all concentrations (Figure 3D); mean values of fluorescence signal 
from three independent experiments were as follow: undifferentiated cells: 
10.63 ± 3.62, differentiated CTRL: 100 ± 0.30, PipeNig®-FL 1 nM: 68.68 ± 1.12, 
PipeNig®-FL 10 nM: 71 ± 0.88, PipeNig®-FL 1 μM: 64.74 ± 1.01, PipeNig®-FL 10 
μM: 62.57 ± 1.31. 
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Figure 3. PipeNig®-FL reduces intracellular lipid accumulation in 3T3-L1 cells 
without altering the cell number. (A) Representative images of AdipoRed (red) 
and NucBlue (blue) staining of undifferentiated preadipocytes (UNDIFF), 
differentiated control adipocytes (CTRL) and 10 μM PipeNig®-FL-treated 3T3-L1 
adipocytes after 9 days of differentiation. Scale bar 50 μm. (B) Bar graph 
summarizing AdipoRed staining experiments to assess lipid accumulation on 
undifferentiated cells, differentiated control and 3T3-L1 adipocytes treated with 
various concentrations of PipeNig®-FL for 9 days, showing triglyceride 
accumulation per well. (C) Bar graph summarizing NucBlue staining experiments 
to assess variations in the number of cells, showing DNA content per well. (D) 
Bar graph showing triglyceride accumulation per cell, calculated as the ratio of 
AdipoRed and NucBlue staining. Data in percentage referred to differentiated 
control condition are represented as the mean ± SEM of three independent 
experiments. * p < 0.05; ** p < 0.01 vs. control. 

 

3.4. PipeNig®-FL Does Not Affect Cell Viability on C2C12 Muscle Cell 

In order to investigate the effect of PipeNig®-FL on C2C12 viability, differentiated 
cells were treated with increasing concentration of PipeNig®-FL (100 nM, 50 μM, 
200 μM, 1 mM, 10 mM) for 1 h. The MTS assay was performed in the last 30 min 
of treatment. The time considered to evaluate the toxicity of PipeNig®-FL was 
related to experiments on glucose metabolism that were done in a short time 
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of treatment. As shown in Figure 4, acute exposure (1 h) to PipeNig®-FL even at 
the highest doses did not affect significantly (p < 0.05) cell viability. Mean values 
of Abs at 450 nm from three independent experiments were as follows: CTRL: 
99.61 ± 1.48, PipeNig®-FL 100 nM: 100.72 ± 1.32, PipeNig®-FL 50 μM: 98.90 ± 
1.78, PipeNig®-FL 200 μM: 101.27 ± 2.04, PipeNig®-FL 1 mM: 101.76 ± 1.39, 
PipeNig®-FL 10 mM: 92.13 ± 2.34. 

 
Figure 4. PipeNig®-FL does not have any effects on cell viability in C2C12 muscle 
cell. C2C12 cells were treated with increasing concentration of PipeNig®-FL for 
1h. Data in percentage referred to control condition are represented as the 
mean ± SEM (n = 3). 

 

3.5. PipeNig®-FL Improves Glucose Uptake in C2C12 Myotubes 

To verify the potential role of PipeNig®-FL on glucose uptake in skeletal muscle 
cells, we performed confocal microscopy analyses by using a fluorescent D-
glucose analog, 2-NBDG. Cells were incubated simultaneously with either 100 
μM 2-NBDG and different concentrations of PipeNig®-FL (1–10–100 nM) without 
insulin while insulin alone (25 nM) was used as positive control, for 30 min in 
the dark. Doses of PipeNig®-FL were chosen in the nM range as for insulin, since 
we have previously verified that stimulation with PipeNig®-FL 100 nM for 1 h did 
not produce cytotoxic effects. A significant increase of glucose uptake was 
observed in treated cells with respect to control cells, whereas no differences 
were observed between insulin and PipeNig®-FL treatments or among PipeNig®-
FL concentrations (Figure 5). Values of mean fluorescence/area from four 
independent experiments were as follows: CTRL: 100.13 ± 4.69, n cells = 68; 
insulin: 130.10 ± 6.21, n cells = 89; PipeNig®-FL 1 nM: 144.04 ± 7.95, n cells = 45; 
PipeNig®-FL 10 nM: 133.00 ± 6.73, n cells = 75; PipeNig®-FL 100 nM: 140.72 ± 
9.64, n cells = 56. 
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Figure 5. PipeNig®-FL stimulates glucose uptake. (A) Representative confocal 
images of C2C12 myotubes incubated with the fluorescent glucose analog 2-
NBDG for 30 min. Images are presented in pseudocolor (LUT = fire) to better 
show the fluorescence intensity variations. Insulin (25 nm) was used as a 
positive control. Scale bar 36 μm. (B) Bar graph summarizing the experiments of 
fluorescent glucose uptake. Data in percentage referred to control condition are 
represented as the mean ± SEM (n = 4). * p < 0.05; ** p < 0.01 vs. control. 

 

3.6. PipeNig®-FL Induces GLUT4 Translocation in C2C12 Cells 

To confirm the involvement of PipeNig®-FL on glucose metabolism, we carried 
out immunofluorescence experiments using GLUT4 antibody, followed by a 
detailed image analysis of peripheral vs. internal fluorescence staining. Cells 
were treated with insulin (25 nM) or different concentrations of PipeNig®-FL (1–
10–100 nM) without insulin, for 30 min. An evident translocation of the glucose 
transporter from the cytosol to the plasma membrane was observed in treated 
cells with respect to control cells, whereas there were no significant differences 
in staining among treatments (Figure 6). Values of peripheral vs. internal GLUT4 
staining from three independent experiments were as follows: CTRL: 160.36 ± 
18.21, n cells = 19; insulin: 282.73 ± 25.00, n cells = 21; PipeNig®-FL 1 nM: 259.26 
± 18.60, n cells = 20; PipeNig®-FL 10 nM: 336.40 ± 14.96, n cells = 18; PipeNig®-
FL 100 nM: 270.96 ± 31.36, n cells = 16. 
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Figure 6. PipeNig®-FL induces GLUT4 translocation to the plasma membrane. (A) 
Confocal images of a representative experiment of GLUT4 immunofluorescence 
staining. After PipeNig®-FL stimulation (1–10–100 nM) the fluorescent signal is 
clearly localized to the peripheral plasmalemma, thus suggesting the GLUT4 
translocation. Images are presented in pseudocolor (LUT = fire) to better show 
the fluorescence intensity variations. Insulin (25 nM) was used as a positive 
control. Scale bar 36 μm. (B) Bar graph representing the ratio peripheral vs. 
internal GLUT4 fluorescence intensity. Data are represented as the mean ± SEM 
of three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0,001 vs. 
control. 

 

4. Discussion 
This study focuses on two goals: 1. the chemical characterization of a black pepper 
extract with a high content of BCP (PipeNig®-FL). 2. the in vitro investigation of the 
biological activities of PipeNig®-FL in adipocytes and skeletal myotubes. The 
present results highlight the high performance of the extract regarding its BCP 
content (>80%) and underline its beneficial metabolic properties, in terms of 
reduced lipid accumulation in adipocytes and improved glucose uptake activity 
in myotubes. 
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The attractiveness of BCP, a sesquiterpene produced by a consistent number of 
plant species, arises from its pharmacological feature as a CB2 receptor full 
agonist, which makes BCP the only phytoendocannabinoid found beyond the 
Cannabis genus to date (Nuutinen et al., 2018), with the advantage of lacking 
any psychotropic effect. In addition to CB2 receptors, BCP also activates 
peroxisome proliferator-activated receptor α and γ (PPARα-γ) (Wu et al., 2014; 
Youssef et al., 2019), making it suitable to interfere with several metabolic 
pathways and pathological conditions, including apoptotic, inflammatory, 
cholesterolemic and behavioral disorders. In line with this, BCP has been 
demonstrated to possess anticancerogenic, neuroprotective, cardioprotective, 
hepatoprotective, gastroprotective, nephroprotective, antiinflammatory and 
immunomodulatary properties (Nuutinen et al., 2018; Fidyt et al., 2016). In 
particular, several studies recently pointed out potential counteractive 
functions of BCP against metabolic syndrome (Harb et al., 2018; Youssef et al., 
2019; Basha et al., 2014; Basha et al., 2016; Arizuka et al., 2017). Grounding on 
these premises, the use of a plant-derived extract with a high and standardized 
BCP content represents a high-impact goal in the cross-sectional fields of plant 
food-nutrition-human health. In this perspective, the objective of our studies 
was to evaluate the properties of PipeNig®-FL to reduce lipid accumulation and 
induce glucose uptake. 

The chemical analysis of PipeNig®-FL reveals a high content of BCP, in line with 
what is declared by the producer. The general GC profile is in line with the 
chemical composition of a typical black pepper oil (Butt et al., 2013; Bagheri et 
al., 2014) and confirms the presence of minor monoterpenes and 
sesquiterpenes as well as the complete absence of piperine. 

We verified the suitability of PipeNig®-FL for in vitro cellular studies, by 
performing viability tests on 3T3-L1 preadipocytes and C2C12 myotubes. As  
shown in Figure 2, long-term 3T3-L1 treatment with PipeNig®-FL (9 days) did not 
cause any cell damage in the physiologically active range (100 nM–100 μM), only 
affecting cell viability at much higher concentrations (1–10 mM), while C2C12 
viability (Figure 4) was unaffected by acute exposure to PipeNig®-FL (1 h, 100 
nM–10 mM). Moreover, a previous study in mice reported the absence of 
toxicity of both acute (300 and 2000 mg/kg) and repeated doses of BCP (da Silva 
Oliveira et al., 2018), and BCP has been approved by United States Food and 
Drug Administration and European agencies as food additive, taste enhancer 
and flavoring agent (Sharma et al., 2016). 

We further tested the properties of PipeNig®-FL as a lipid accumulation-
inhibitor during the 3T3-L1 cell differentiation process. The development of 
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obesity is characterized by an increase in the number of fat cells (hyperplasia) 
and their lipid content (hypertrophy), as a result of cell proliferation and 
differentiation. In our experiments PipeNig®-FL led to a significant decrease in 
the lipid content per cell, without affecting cell proliferation, thus suggesting a 
role in reducing adipocyte-hypertrophic response typically present in the energy 
overload conditions that characterizes metabolic syndrome (Hafidi et al., 2019). 

Previous in vitro studies on bone marrow mesenchymal stem cells showed 
enhanced osteoblast differentiation and reduced adipogenesis induced by 
synthetic BCP (Yamaguchi et al.,2016). Moreover, recent in vivo studies in rats 
exposed to fat enriched diet highlighted hypocholesterolemic and protective 
effects of BCP (Harb et al., 2018; Youssef et al., 2019), proving the involvement 
of several mechanisms, as the inhibition of endogenous hepatic cholesterol 
synthesis (Harb et al., 2018), the stimulation of the activity of antioxidant 
enzymes (Harb et al., 2018) and the engagement of both CB2 and PPARγ 
receptors (Harb et al., 2018). In this scenario, our results of reduced 
adipogenesis induced by PipeNig®-FL in 3T3-L1 pre-adipocytes strengthen the 
message from data obtained with synthetic BCP in bone marrow cells, and 
support the effectiveness of the extract with respect to its high BCP content. 

In addition to its anti-obesogenic properties, our further experiments on 
skeletal myotubes highlighted PipeNig®-FL capability to be a glucose uptake 
inducer: as shown in Figure 5, PipeNig®-FL was as efficient as insulin in 
stimulating cellular glucose uptake. In 2014 Basha and Sankaranarayanan 
(Basha et al., 2014) reported an insulinomimetic effect of BCP (200 mg/kg) in 
streptozotocin-induced diabetic rats. In particular they showed a significant 
decrease in blood glucose levels and a significant increase in the activity of 
hexokinase, pyruvate kinase and glucose-6-phosphate dehydrogenase in liver, 
kidney and skeletal muscle. Moreover, other studies in similar animal models 
(Basha et al., 2016) and in isolated pancreatic beta cells (Suijun et al., 2014) 
reported antidiabetic properties of BCP through an enhanced insulin release. To 
gain better understanding of the mechanisms involved in glucose uptake, we 
performed immunofluorescence GLUT4 staining in insulin and PipeNig®-FL-
treated myotubes, showing a significant plasma membrane GLUT4 translocation 
in both conditions (Figure 6) respect to control. Thus the attractive novelty of 
these results is to show, for the first time, a direct acute effect of a BCP-enriched 
extract in promoting glucose uptake in skeletal myotubes, likely through an 
improvement of GLUT4 trafficking toward the plasma membrane. Translocation 
of GLUT4 storage vesicles to the plasma membrane, mainly in skeletal muscle 
and adipose tissue, is directly correlated with the ability to lower elevated blood 
glucose. Moreover, GLUT4 levels are significantly decreased in the skeletal 
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muscle of type 2 diabetic patients and in insulin resistant patients (Morgan et 
al., 2011). The development of therapeutic compounds able to induce GLUT4 
expression/translocation can thus improve insulin sensitivity and reduce insulin 
resistance. Several plant-derived bioactive molecules have been listed as 
stimulators of GLUT4 translocation and/or expression, among these resveratrol, 
chlorogenic acid, daidzein (an isoflavone found in soybeans), curcumin and 
astaxanthin, affecting different key-points in the intracellular cascade involved 
in vesicle trafficking (Gannon et al., 2015). As a major component of PipeNig®-
FL, BCP could now be included in this list. 

 

5. Conclusions  

The  main limitation of our study resides in the experimental models, since we 
tested the effects of PipeNig®-FL on cell lines of preadipocytes and skeletal 
myotubes. On the other hand, in vitro approaches account for important 
advantages, as results reflect direct effects of PipeNig®-FL on specific cellular 
processes, avoiding complex multi-organ interactions typical of in vivo models. 
At present, we do not provide a detailed analysis on the complex 
molecular/functional signatures of reduced lipidogenesis activated by PipeNig®-
FL in 3T3-L1 cells. Future experiments should be directed to gain further 
information on the molecular mechanisms initiated by PipeNig®-FL and to 
confirm its properties as anti-lipidogenic and glucose uptake inducer in animal 
models. 

In conclusion, given its high content in BCP, PipeNig®-FL could represent a 
promising novel bioactive complex deserving both molecular investigations and 
in vivo studies in order to support its role as a beneficial metabolic modulator. 
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Part II      
Cannabinoid receptor modulation of 
neurogenesis: ST14A Striatal Neural progenitor 
cells as a simplified in Vitro model 
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1. Introduction 
 
The endocannabinoid system (ECS) is comprised of several different 
components: (a) the cannabinoid receptors, the best characterized being CB1 
and CB2 receptors; (b) the endogenous cannabinoids, also called 
endocannabinoids (eCBs), among which anandamide (AEA) and 2-
arachidonoylglycerol (2-AG); (c) the enzymes involved in eCB biosynthesis “on 
demand”, e.g., N-acylphosphatidylethanolamine-specific phospholipase D-like 
hydrolase (NAPE-PLD) and diacylglycerol lipase (DAGL); (d) the enzymes 
involved in eCB degradation, e.g., fatty acid amide hydrolase (FAAH) and 
monoacylglycerol lipase (MAGL); (e) the molecules involved in eCB transport 
across the membrane (Lu et al., 2020; Di Marzo et al., 2018; Shahbazi et al., 
2020). Additionally, various natural exogenous cannabinoids do exist, the most 
potent of which is ∆9-tetrahydrocannabinol (THC), the main psychoactive 
component of Cannabis sativa (Mechoulam et al., 1965). 
Considering that marijuana is one of the most abused substances in the world 
and it is becoming legal in many countries, a particular concern is on the fact 
that acute and chronic use of cannabis could lead to cognitive impairments; 
interestingly, not only chronic treatment with THC, but also the administration 
of a single ultra-low dose of THC was shown to lead to long-term cognitive 
impairments, possibly resulting from deficits in attention or motivation (Amal et 
al., 2010). A noteworthy finding is the fact that THC induces striatal dopamine 
release in animals and humans (Bossong et al., 2008), thus explaining some of 
the adverse effects of cannabis consumption on neuropsychiatric disorders, 
such as schizophrenia, and also suggesting that THC could share addictive 
properties with other drugs of abuse. 
The ECS shares mediators and overlaps with other metabolic processes, thus 
recently an “expanded endocannabinoid system” or “endocannabinoidome” 
has been defined (Di Marzo et al., 2015). CB1 and CB2 cannabinoid receptors 
are seven-transmembrane G protein-coupled receptors (Haspula et al., 2020); 
they primarily signal through Gi/o proteins, leading to the inhibition of adenylyl 
cyclase and activation of Mitogen-activated protein kinases (MAPKs). In 
response to CB1 stimulation, MAPKs such as ERK1/2, c-Jun N-terminal kinase 
(JNK) and p38 are activated; CB1 was also shown to activate the 
Phosphoinositide 3-kinases (PI3K) pathway, thus leading to the regulation of 
neuronal survival. Similar to the CB1 receptor, the stimulation of CB2 has been 
demonstrated to promote neuronal survival through the activation of the 
PI3K/AKT/mTORC and JNK pathway; also, a Phospholipase C (PLC)- mediated 
intracellular calcium increase has been shown to activate MAPKs. Apart from 
these canonical signaling pathways, cannabinoid receptors are also able to 
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signal through other non-canonical ways, such as activation of Gs and Gq 
proteins; also, complex crosstalk among cannabinoid receptors and other 
receptors, leading to heterodimerization and transactivation, has been shown 
(Haspula et al., 2020). Interestingly, different ligands can elicit different 
signaling pathways mediated by cannabinoid receptors (Lu et al., 2020). 
CB1 is the most abundant G-protein coupled receptor in the mammalian brain; 
it is highly expressed by neurons in the cortex, amygdala, hippocampus, basal 
ganglia, and cerebellum, its activation leading to the modulation of 
neurotransmitter release (Pertwee et al., 2015). The CB1 cannabinoid receptor 
has a pivotal role in neuroprotection, control of excitotoxicity, the survival of 
neural cells, as well as proliferation, differentiation and migration processes of 
neural progenitors (NPs) (De O     liveira et al., 2018; Lutz et al., 2020; Oddi et al., 
2020). 

Different from CB1, the CB2 receptor is mostly distributed peripherally, 
especially in cells of the immune system (Galiegue et al., 1995), with a prevalent 
immunomodulatory role. However, recent studies showed CB2 expression also 
in the central nervous system (Gong et al., 2016), especially in association with 
neurodegenerative disorders (Aimerich et al., 2018). In the adult brain, the CB2 
receptor is localized in microglia, brain stem neurons, striatal neurons, 
hippocampal glutamatergic neurons, and dopaminergic neurons of the ventral 
tegmental area; CB2 mRNA levels are 100–200 times less abundant than CB1 
mRNA, being however strongly upregulated in response to chronic pain, 
neuroinflammation and stroke (Lutz et al., 2020). Interestingly, the CB2 receptor 
is expressed in oligodendrocyte progenitors and neural progenitors (Palazuelos 
et al., 2006; Palazuelos et al., 2012; Molina-Holgado et al., 2007) and it has been 
demonstrated that its activity is important in the control of adult neurogenesis 
under pathological conditions (Oddi et al., 2020). Indeed, the involvement of 
the CB2 receptor in neurodegenerative and neuroinflammatory disorders 
stimulated research toward CB2-targeted pharmacological approaches (Di 
Marzo et al., 2018). A substantial body of evidence suggests that the ECS 
modulates the proliferation, migration, specification and survival of neural 
progenitors in the developing and adult CNS (De Oliveira et al., 2018). During 
the different phases of neurogenesis in pre- and post-natal brain, all the ECS 
components are differentially expressed, e.g., 2-AG is prevalent in the prenatal 
period and dramatically decreases postnatally, while anandamide levels 
increase postnatally (Anavi-Goffer et al., 2018). Interestingly, NPs commonly co-
express CB1 and CB2 receptors; upon commitment to a neuronal fate, CB1 levels 
become up-regulated at the expense of CB2. CB2 seems more linked to a 
precursor undifferentiated proliferative state (Palazuelos et al., 2006; 
Palazuelos et al., 2012; Molina-Holgado et al., 2007; Fernández-Ruiz et al., 2007; 
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Galve-Roperh et al., 2013) and its involvement in axon guidance along the 
forming retino-thalamic pathway in vitro and in vivo has also been 
demonstrated (Duff et al., 2013). Studies showed that 2-AG can act both on CB1 
and CB2 receptors present in NPs derived from the subventricular zone, thus 
regulating cell proliferation and affecting neuroblast migration towards the 
olfactory bulbs (Goncalves et al., 2015; Oudin et al., 2011; Jin et al., 2011). 
Due to the complexity of the ECS, the full understanding of how its various 
components may contribute to control neurogenesis in developing and the 
adult brain is difficult to reach by in vivo approaches. A simplified in vitro model 
of neural progenitor cells could therefore be a useful tool to better understand 
the role of ECS components and to identify the intracellular mechanisms 
involved, as well as to provide the basis for ECS-targeted pharmacological 
approaches. 
In this paper, we used the ST14A cell line, immortalized neural precursor-
derived primary cells, dissociated from the rat striatal primordia at embryonic 
day 14 and conditionally immortalized by retroviral transduction of the 
temperature-sensitive variant of the SV40 large T antigen (Cattaneo et al., 
1998). At the permissive conditions of 33 ◦C and 10% serum- containing 
medium, ST14A cells show high proliferative activity, while switching to the non-
permissive temperature of 39 ◦C or at low serum concentrations (Cattaneo et 
al., 1998;  Hovakimyan et al., 2008; Ehrlich et al., 2001)  the cells stop or slow 
down their proliferation and start differentiating into striatal medium-sized 
spiny neurons (Cattaneo et al., 1998; Ehrlich et al., 2001; Rigamonti et al., 2000). 
Due to their simplicity of in vitro culturing, the possibility to be easily transfected 
and to be transplanted into an adult and developing rodent brain, ST14A has 
been successfully used by many authors to investigate several processes 
correlated to neural progenitors development and migration (Cacci et al., 2003; 
Gambarotta et al., 2004; Pregno et al., 2011; Beyer et al., 2003), as well as a 
model for studying Huntington’s disease (Bari et al., 2013; Saba et al., 2020). 

In our research, we tested the suitability of ST14A cells as a simplified in vitro 
model for studying ECS modulation of neurogenesis. First of all, we assessed the 
expression of the ECS components necessary to a functional endocannabinoid 
system. Then, by using CB1/CB2 agonists and antagonists, we evaluated the 
effects of CB1 and CB2 receptor modulation on neural progenitor proliferation. 
Finally, we began to characterize the intracellular pathways involved in the CB2-
regulated proliferation of striatal projection neuron progenitors. 
 
2. Materials and Methods 
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2.1. Cell Culture 
 
ST14A striatal neural progenitor cell line (kindly provided by Dr. Elena Cattaneo, 
University of Milan, Milan, Italy) was cultured on 100 mm Petri-dishes (BD 
Biosciences, San Jose, CA, USA) in Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 100 units/mL penicillin, 0.1 mg/mL streptomycin, 1 mM 
sodium pyruvate, 2 mM L- glutamine (all supplied by Sigma-Aldrich, St. Louis, 
MO, USA), and 10% fetal bovine serum (FBS, GIBCO®, Gaithersburg, MD, USA) 
decomplemented at 56 ◦C for 30 min. Cells were grown as monolayers at 33 ◦C 
in a 5% CO2 incubator. 
 
2.2. RNA Extraction and RT-PCR 
 
Cells were seeded and let grow under permissive, proliferating conditions at 33 
◦C for 48 h in DMEM containing 10% FBS. Only for gene expression studies, cells 
were also grown under non-permissive, differentiating conditions at 33 ◦C for 
72 h in DMEM containing 0.5% FBS. Total RNA extraction was performed using 
TRIZOL® Reagent (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s 
instruction. DNA contaminants were eliminated using TURBO DNA-free kit 
(Applied Biosystems, San Francisco, CA, USA). cDNA was synthesized from total 
RNA by using Multiscribe RT (Applied Biosystems,USA) and random nonamers, 
starting from 2 μg of total RNA for each sample. PCR (30 amplification cycles) 
was performed using 250 ng cDNAs. Negative controls (C−) were carried out 
replacing cDNA with an equal amount of total RNA (no RT); as positive controls 
(C+), cDNAs from rat brain or rat spleen (for CB2 amplification only) were used. 
The housekeeping gene GAPDH was used as reference gene. Specific primers 
(Table 1) were designed on the basis of rat sequences, using both Primer3 
(http://frodo.wi.mit.edu/ primer3/, accessed on 15 December 2020) and 
AnnHyb (http://www.bioinformatics.org/ annhyb/, accessed on 15 December 
2020) programs, paying attention to choose primers on different exons to avoid 
amplification of genomic DNA. 
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Table 1. List of the primers used for PCR analysis.

PCR reaction products were separated by 2% agarose gel electrophoresis in 1X 
TAE buffer. The correct length of the amplicons was confirmed by analysis with 
Gel Doc system and the software Quantity One (BioRad, Hercules, CA, USA), 
using Low DNA Mass Ladder (Invitrogen, USA) as molecular weight standards.

2.3. Western Blot

Cells were seeded and let grow under proliferating conditions at 33 ◦C for 48 h 
in DMEM containing 10% FBS, then total proteins were extracted by lysing cells 
in boiling Laemmli buffer (2.5% SDS, 0.125 M Tris-HCl, pH 6.8), followed by 3 
min denaturation at 100 ◦C. Protein concentration was determined by BCA kit 
(Sigma-Aldrich, USA). As positive controls, rat brain or rat spleen (for CB2) total 
proteins were used. Protein extracts (20 μg/lane) were subjected to 10% SDS 
polyacrylamide gel electrophoresis (SDS-PAGE) and then blotted onto 
nitrocellulose membranes (BioRad, Hercules, CA, USA) according to the 
manufacturer’s instructions. After blocking with 5% powder milk in TBS-T buffer 
(20 mM Tris, 150 mM NaCl, 0.1% Tween20, pH 7.4), filters were probed with 
anti-CB1 C-terminus (last 15 aa of CB1 rat receptor) or anti-CB2 N-terminus (first 
39 aa of CB2 rat receptor) primary polyclonal antibodies (diluted 1:800 in TBS-T 
containing 1% no-fat milk); both the antibodies were produced in Ken Mackie’s 
lab (Indiana University, Blooming- ton, IN, USA). Membranes were then washed 
in TBS-T and incubated with an anti-rabbit IgG HRP-conjugated secondary 
antibody (1:5000 dilution; Amersham Biosciences, Little Chalfont, UK). In order 
to check protein integrity, the expression of the housekeeping protein β-actin 
was revealed by means of anti-β-actin monoclonal primary antibody (diluted 
1:10,000; Sigma-Aldrich, USA) and anti-mouse IgG HRP-conjugated secondary 
antibody (1:5000 dilution; Amersham Biosciences, USA). Specific bands were 
visualized by using enhanced chemiluminescence (ECL) detection system 
(Amersham Biosciences, USA). The apparent molecular weights of the stained 
proteins were determined by analysis with Gel Doc system and the software 
Quantity One, using prestained protein ladders (PageRuler Plus, Fermentas, 
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Waltham, MA, USA) as reference. 
 
2.4. Immunofluorescence 
 
ST14A cells were seeded on poly-L-lysine-coated coverslips (3500 cells/cm2). 
After 48 h of growth in DMEM containing 10% FBS, at 33 ◦C (proliferating 
conditions), cell were first rinsed in PBS containing Ca2+ and Mg2+, and then in 
0.05% sucrose-PBS. Cells were subsequently fixed with 4% PAF in 0.1 M 
phosphate buffer (PB), pH 7.4 for 10 min. After 4 washings in PBS, cells were 
incubated in blocking serum (PBS containing 5% BSA, 10% normal serum, 0.1% 
TritonX-100) at RT for 1 h. Cells were then incubated O/N at 4 ◦C with the anti-
CB1 or anti-CB2 primary antibody, diluted 1:400 or 1:200, respectively, in 0.01 
M PBS plus 10% normal goat serum. Controls were set up by incubating cells 
with primary antibodies pre-adsorbed O/N with the specific immunogens. Cells 
were washed in PBS and incubated for 1 h with anti-rabbit IgG AlexaFluor 488-
conjugated secondary antibody (1:250 dilution; Invitrogen, USA), washed again 
and mounted with 1,4- diazabicyclo [2.2.2]-octane (DABCO; Sigma-Aldrich, 
USA). Image analysis was performed with a Nikon fluorescent microscope 
coupled with a computer-assisted image analysis system (Neurolucida software, 
MicroBrightField, Williston, VT, USA). 
 
2.5. Cell Count Assays 
 
Cells were seeded at a density of 1500 cells/well in 96-well plates, in 200 μL 
DMEM containing 10% FBS and incubated at 33 ◦C. The following day, the 
medium was replaced with DMEM plus 10% FBS, containing alternatively or in 
combination (depending on the experiment) 5 μM 2-AG, 300 nM JWH133, 250 
nM AM251, 50 nM PF514273, 300 nM AM630 (all purchased from Tocris 
Bioscience, Bristol, UK); for controls, medium plus 0.05% DMSO was used. Then, 
24 h later, 20 μL of MTS Cell Titer 96 solution (Promega, Madison, WI, USA) was 
added and plates were incubated at 37 ◦C for 4 h. The absorbance was measured 
in a Microplate Reader (Bio-Rad, USA) at a wavelength (λ) of 490 nm. At least 5 
replicates for each condition were set up and the experiment was repeated 
three times. 
For PLC- and PI3K-blockade experiments, cells were seeded as before, then the 
medium was replaced with DMEM plus 2% FBS, containing 2 μM U73122 (PLC 
inhibitor, Sigma-Aldrich, USA), 150 nM wortmannin (PI3K inhibitor, Sigma-
Aldrich, USA) or 0.05% DMSO (vehicle only) for 30 min. Then, all the wells were 
washed with PBS and the medium was replaced with DMEM plus 2% FBS, 
containing alternatively 5 μM 2-AG or 300 nM JWH133. Then, 24 h later, MTS 



 

34 
 

assay was performed and cell density was measured following the protocol 
reported above. 
 
2.6. Cell Proliferation Assay 
 
Cells were seeded on poly-L-lysine coated coverslips in 10% FBS-DMEM at a 
density of 3500 cells/cm2. The following day, the medium was replaced with 
10% FBS-DMEM with or without 5 μM 2-AG, 300 nM JWH133, 300 nM AM630 
and cells were cultured for another 24 h. Six hours before cell fixation, BrdU (10 
μM) was added to the culture medium, then cells were fixed with 4% PAF in 0.1 
M PB, pH 7.4, for 10 min and processed for BrdU-immunocytochemistry and 
DAPI staining. Briefly, cells were washed in PBS, then incubated at 37 ◦C with 2N 
HCl for 30 min and washed for 10 min with boric acid (0.1 M, pH = 8.5). Cells 
were washed and incubated in blocking serum (0.01 M PBS plus 10% normal 
serum) at RT for 1 h. Cells were incubated O/N at 4 ◦C with anti-BrdU mouse 
monoclonal antibody (Sigma-Aldrich, USA; dilution 1:3000 in 0.01 M PBS and 
10% normal serum). Cells were washed and incubated for 1 h with anti-mouse 
IgG Cy3-conjugated secondary antibody (dilution 1:400; Jackson 
ImmunoResearch, West Grove, PA, USA). For nuclear staining, cells were 
labelled with 4ʹ,6-diamidino-2-phenylindole (DAPI) for 10 min and mounted 
with DABCO. Cell counts and image analysis were performed with a Nikon 
fluorescent microscope coupled with a computer-assisted image analysis 
system (Neurolucida Software, MicroBrightField, USA). Five random fields were 
counted in each well and each treatment was done at least in triplicate; the 
experiment was repeated three times. The cell proliferation was determined for 
each sample as the ratio of the number of BrdU+ cells over the total cell number 
(cells stained with DAPI). 
  
2.7. Statistical Analysis 
 
All the data were analyzed using commercially available software (SPSS version 
26 for Windows; SPSS Inc., Chicago, IL, USA). Statistical analysis was performed 
using one-way ANOVA followed by Tukey’s and Bonferroni’s post hoc tests. The 
level of significance was set at p < 0.05. 
 
3. Results 

 
3.1    The Endocannabinoid System Is Expressed in ST14A Striatal Neural 

Progenitor Cells 
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The expression of ECS components was evaluated in the ST14A striatal neural 
progenitor cell line. Cells were cultured for 48 h under permissive, proliferating 
conditions (P; 10% serum-containing medium, incubation at 33 ◦C). By means of 
qualitative RT-PCR, ST14A cells were shown to express mRNAs encoding for CB1 
and CB2 receptors; moreover, diacylglycerol lipase α (DAGLα) and 
monoacylglycerol lipase (MAGL), mainly involved respectively in the 
biosynthesis and degradation of 2-AG, were also expressed (Figure 1A). Focusing 
on cannabinoid receptors, CB1 and CB2 expression was also investigated at the 
protein level by Western blot analysis (Figure 1B). In the case of CB1, two bands 
with apparent molecular weights around 60 and 55 kDa, possibly corresponding 
to differently glycosylated forms, were observed. The Western blot for CB2 
receptor revealed instead a major band of 45 kDa and a weaker band of about 
40 kDa. CB receptor cellular localization was then assessed by means of 
immunofluorescence (Figure 1C); CB1 and CB2 immunoreactivities were 
abundantly found in the cytoplasm, especially around the nucleus. 
The expression of the ECS was also evaluated in ST14A cells cultured for 72 h in 
differentiating conditions (D; 0.5% serum-containing medium, incubation at 33 
◦C), which favors a reduction of cell proliferation and allows the progenitors to 
start the differentiation toward striatal medium-sized spiny neurons. 
Differentiating ST14A cells were found to express the mRNAs encoding for both 
CB1 and CB2 receptors, as well as for DAGLα and MAGL (Figure 1A). 
The detection of cannabinoid receptors mRNAs and proteins, as well as the 
expression of the mRNAs encoding endocannabinoid synthetic and degradative 
enzymes, strongly support the presence of an active ECS in ST14A neural 
progenitor cells. 
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Figure 1. Endocannabinoid system expression in ST14A neural progenitor cells. 
(A) RT-PCR revealed specific bands corresponding to CB1 and CB2 receptors and 
to the enzymes DAGLα and MAGL in ST14A cells cultured 48 h under 
proliferating conditions (P). The same genes were also expressed in ST14A cells 
induced to differentiate toward a neuronal phenotype for 72 h (D, 
differentiating conditions). The housekeeping gene GAPDH was used as 
reference gene. The base pair (bp) length of the different amplicons is indicated. 
C+: positive controls, i.e., cDNA from rat brain or from rat spleen (for CB2 only); 
C−: negative control (no RT). (B) Western blot showing the expression of CB1 
and CB2 receptors in ST14A neural progenitors (cells cultured 48 h under 
proliferating conditions); β-actin protein expression was used as a quality 
control of the protein extract. The apparent molecular weights of the bands are 
indicated (kDa). C+: positive controls, i.e., protein extracts from rat brain or 
spleen (for CB2 only). (C) Immunofluorescence for CB1 and CB2 receptors in 
ST14A cells neural progenitors (cells cultured 48 h under proliferating 
conditions). Single-cell magnification. Specific immunoreactivities are mainly 
distributed in the cytoplasm and in proximity to the nucleus. C−: negative 
controls, i.e., anti-CB1 or anti-CB2 pre-adsorbed antibodies. Calibration bar: 5 
μm. 
 
3.2. The Pharmacological Blockade of Cannabinoid Receptors Does Not Affect 
ST14A Cell Number 
 
In order to determine if ST14A progenitor proliferation is under constitutive 
endocannabinoid regulation, we tested the effects of CB1 and CB2 
pharmacological blockade. 
Cells were cultured in proliferating conditions (at 33 ◦C, in 10% serum-
containing medium) and treated for 24 h with alternatively one of the two 
selective CB1 antagonists AM251 and PF514273, and the CB2 antagonist 
AM630. A dose–response experiment (Figure S1) was conducted in order to 
verify different antagonist concentration effects on cell number, as well as to 
exclude cytotoxic effects and to select the best antagonist concentration to be 
used in subsequent experiments; based on previously unpublished experiments 
performed in our lab, a 24 h treatment was chosen. As shown in Figure 2 and 
Figure S1, neither CB1 nor CB2 blockade, at any antagonist concentration used, 
led to a change in ST14A cell number compared to untreated control cells, 
suggesting that constitutive cannabinoid signaling is not involved in ST14A cell 
proliferation/survival. 
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 Figure 2. Evaluation of CB1/CB2 blockade effects on ST14A cell number. ST14A 
were treated for 24 h with 250 nM AM251 or 50 nM PF514273 (CB1 
antagonists), or 300 nM AM630 (CB2 antagonist), then an MTS assay was 
performed. No effect on ST14A cell number was observed in treated cells, in 
respect to control (CTRL, medium plus 0.05% DMSO). Data from the MTS assay 
are expressed as mean ± standard deviation (SD) of the absorbance (λ = 490 
nm); n = 8 replicates, 3 independent experiments. 
 
3.3.  Exogenous Administration of the Endocannabinoid 2-AG and the CB2 
Agonist JWH133 Induces ST14A Cell Proliferation through CB2 Receptor 
Activation 

 
We subsequently tested whether exogenous activation of CB1 and CB2 
receptors by the administration of the CB1/CB2 agonist 2-AG could affect ST14A 
cell proliferation. Cells were stimulated for 24 h under proliferating conditions 
with 2-AG, then an MTS assay was performed. A preliminary dose–response 
experiment (Figure S2, panel A) allowed us to select the optimal agonist 
concentration to be used in this and subsequent experiments; based on 
previously unpublished experiments performed in our lab, a 24 h treatment was 
chosen. 
As shown in Figure 3, 2-AG (5 μM) was able to induce a statistically significant 
increase in ST14A cell number, compared to control levels. To clarify the 
receptor subtype involved, CB1 and CB2 selective antagonists, used at the 
previously selected concentrations, were co-administered with 2-AG. 2-AG (5 
μM) effects were not modified by co-treatment with the CB1 antagonists (250 
nM AM251 or 50 nM PF514273), thus excluding a CB1- mediated effect. On the 
other hand, the 2-AG-mediated increase in ST14A cell number was specifically 
reverted by the coadministration of the CB2 selective antagonists AM630 (300 
nM), indicating the involvement of CB2 receptor. This result was further 
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confirmed by treatment for 24 h with a selective CB2 receptor agonist; indeed, 
JWH133 (300 nM; see Figure S2, panel B for preliminary dose–response 
experiment) induced an increase in cell number, in respect to control, and the 
effect was specifically reverted by coadministration of AM630 (300 nM) (Figure 
3). 
To confirm that the increase in ST14A cell number observed after 2-AG and 
JWH133 treatment was the result of an increase in cell proliferation and not in 
the survival rate, a BrdU-based proliferation assay was performed. Both the 
endocannabinoid 2-AG (5 μM) and the synthetic CB2 agonist JWH133 (300 nM) 
significantly increased BrdU incorporation in ST14A cells, thus indicating a 
proliferative effect (Figure 4). AM630 (300 nM) administration alone did not 
influence ST14A proliferation rate, while its coadministration with 2-AG and 
JWH133 specifically blocked the proliferative effect induced by the agonists 
(Figure 4). 

 
Figure 3. Evaluation of the effects of 2-AG and JWH133 alone or in the 
presence of specific CB1/CB2 antagonists on ST14A cell number. 2-AG (5 μM) 
induces an increase of ST14A cell number after 24 h, with respect to control cells 
(CTRL). The effect was not reverted by the coadministration of 2-AG with the 
CB1 selective antagonists AM251 (250 nM) and PF514273 (50 nM); on the other 
hand, cell number was comparable to control when 2-AG was co-administered 
with the selective CB2 antagonist AM630 (300 nM). Similarly, the selective CB2 
receptor agonist JWH133 (300 nM) induced ST14A cell number increase, which 
was specifically reverted by the coadministration of AM630 (300 nM). Data from 
the MTS assay are expressed as means ± SD of the absorbance (λ = 490 nm); n 
= 5 replicates, 3 independent experiments. *** = p ≤ 0.001 vs. control. 
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Figure 4. Evaluation of the effects of 2-AG and JWH133 alone or in the 
presence of the specific CB2 antagonist AM630 on ST14A cell proliferation 
rate. Results are shown as ratio (%) of the number of BrdU+ cells over the 
number of total cells, stained with DAPI fluorophore. After 24 h treatment with 
2-AG (5 μM) and JWH133 (300 nM) an increase in BrdU incorporation was 
observed, with respect to untreated cells (CTRL); the effect was specifically 
reverted in both the cases by 300 nM AM630 coadministration. Data are 
expressed as mean ± standard deviation (SD); n = 3 replicates (5 random fields 
counted in each well), 3 independent experiments. *** = p ≤ 0.001 vs. control. 
 
BrdU-based experiments demonstrated therefore that exogenously 
administered endocannabinoid 2-AG induces ST14A neural progenitor 
proliferation via a CB2- mediated mechanism. 
 
3.4. PLC Pharmacological Blockade Impairs CB2-Mediated ST14A Cell 

Proliferation 
 

In order to identify the possible intracellular effectors involved in CB2-mediated 
ST14A cell proliferation, we evaluated the effects of pharmacological blockade 
of the signalling cascades involving PLC and PI3K activation. 
The day after seeding, ST14A cells were pre-incubated for 30 min with the PLC 
inhibitor U73122 (2 μM) or the PI3K inhibitor wortmannin (150 nM), then 
inhibitors were removed and cells were cultured for 24 h in the presence of the 
agonists 2-AG or JWH133; cell counting was then performed with an MTS assay. 
The experiments were conducted in a medium containing 2% serum (instead of 
10%) in order to reduce possible interference of serum components on the 
effects of PLC and PI3K inhibitors on cell proliferation. 
As shown in Figure 5, at the concentrations used, the pre-treatment with the 
two inhibitors did not have any effect per se on ST14A viability/cell number, 
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allowing further investigations. Interestingly, wortmannin pretreatment did not 
counteract the 2-AG- and JWH133-driven increase in cell number. On the 
opposite, the presence of the PLC inhibitor U73122 was able to revert the cell 
number increase induced by 2-AG- and JWH133 to control conditions. 

 
Figure 5. Evaluation of Phospholipase C (PLC) and PI3K pharmacological 
blockade on 2-AG- and JWH133-induced ST14A cell number increase. Cells 
were pretreated 30 min with U73122 (2 μM) or wortmannin (150 nM) prior to 2-
AG (5 μM) or JWH133 (300 nM) incubation for 24 h in 2% serum- containing 
medium. U73122, but not wortmannin pretreatment, reverted 2-AG- and 
JWH133-driven ST14A cell number increase. Data from MTS assay are expressed 
as means ± standard deviation (SD) of the absorbance (λ = 490 nm); n = 8 
replicates, 3 independent experiments. *** = p ≤ 0.001 vs. control. 
 
Overall, our findings indicate that exogenously administered 2-AG promote 
ST14A neural progenitor proliferation through CB2 receptor engagement and 
PLC pathway activation. 
 
4. Discussion 
 
The endocannabinoid system modulates several biological processes, including 
the generation and survival of neurons in the developing and adult CNS, also 
under pathological conditions (De Oliveira et al., 2018). Indeed, the involvement 
of CB2 receptor in neurogenesis, as well as neurodegenerative and 
neuroinflammatory disorders, open to new possible pharmacological strategies 
based on the use of CB2-specific therapeutic drugs, possibly overcoming the 



 

41 
 

neuropsychiatric adverse effects of CB1-targeted therapies (Di Marzo et al., 
2018 ; Haspula et al., 2020). 
 In this work, we propose ST14A striatal neural progenitor cells as a simplified in 
vitro model suitable for studying the role of the ECS in neurogenesis, as well as 
for ECS-targeted pharmacological approaches. 
The ST14A cell line was established by immortalization of neural precursor-
derived primary cells dissociated from the rat striatal primordia at embryonic 
day 14 (Cattaneo et al., 1998). Compared to neuroblast primary cultures, this 
experimental model is easier to handle and to maintain in culture, so it is more 
suitable when approaching initial studies on molecular interactions. 
Furthermore, ST14A cells have also been used extensively for genetic 
manipulation experiments and transplantation into an adult and developing 
rodent brain, making these cells an in vitro system with great potential for 
biochemical, molecular, and biological studies correlated to neural progenitors 
development and migration (Ehrlich et al., 2001; Rigamonti et al., 2000; Cacci et 
al., 2003; Beyer et al., 2007), as well as a model for studying neurological 
diseases (Bari et al., 2013; Saba et al.,2020). 
In this paper we showed that ST14A neural progenitor cells display an active 
ECS, in agreement with the findings obtained by Bari and colleagues (Bari et al., 
2013) on ST TetOn 12.7, a ST14A subclone able to express reverse tetracycline-
controlled transactivator under the control of doxycycline; also, previous 
studies on primary cultures of neural progenitors demonstrated functional CB1 
and CB2 receptor expression (Palazuelos et al., 2012; Oudin et al., 2011; Aguado 
et al., 2005; Avraham et al., 2014). 
In particular, we found that several components of the system, such as the 
cannabinoid receptors CB1 and CB2, as well as the endocannabinoid synthetic 
and degradative enzymes DAGLα and MAGL, are expressed in ST14A neural 
progenitors (cultured under permissive, proliferating conditions). Consistent 
with previous results (Bari et al., 2013), Western blot analysis confirmed the 
expression of both CB1 and CB2 receptors; CB1 receptor appeared as two bands 
with an apparent molecular weight around 60 and 55 kDa, possibly 
corresponding to differently glycosylated forms, while in the case of CB2 
receptor a major band of 45 kDa and a weaker band of about 40 kDa were seen. 
In ST TetOn 12.7, instead, CB1 and CB2 receptors were detected as single bands 
of 60 kDa and 45 kDa, respectively (Bari et al., 2013); the discrepancy with our 
results could be either due to the different ST14A clone and/or the different 
primary antibodies used. Immunofluorescence analysis for CB1 and CB2 
revealed, accordingly with (Bari et al., 2013), cytoplasmic localizations of both 
the receptors, rather than a membrane localization, probably due to their 
intense trafficking and internalization; a marked perinuclear localization was 
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found for CB2, according to the observations reported by Atwood and 
colleagues (Atwood et al., 2011). Actually, CB2 binding sites were demonstrated 
to be predominantly located intracellularly in prefrontal cortical pyramidal 
neurons (Boon et al., 2012) and functional CB2 receptors were demonstrated at 
the endo-lysosome level (Brailoiu et al., 2014); also, CB1 receptor localization is 
not exclusively on the plasma membrane, since active CB1 were localized also 
in the outer membrane of mitochondria (Bénard et al., 2012) and a predominant 
intracellular localization have been observed in diverse cell types and also 
undifferentiated neuronal cells (Rozenfeld et al., 2010). In our study, we also 
widened our analysis to ECS expression in ST14A cells induced to differentiate 
toward a medium-size spiny neuron phenotype; mRNAs encoding for CB1 and 
CB2 receptors, as well as for DAGLα and MAGL were detected, consistent with 
studies showing the presence of a functional ECS in the striatum (Gong et al., 
2006;Augustin et al., 2018). 
We subsequently focused our attention on the possible modulation played by 
the ECS on ST14A neural progenitor proliferation (Soldati et al., 2008; Lange et 
al., 2006). 
First, we assessed the effects of a perturbation of the endogenous ECS by 
pharmacological blockade of the cannabinoid receptors. Under these 
conditions, neither CB1 nor CB2 blockade had significant effects on ST14A 
neural progenitor cell number. On the other hand, the stimulation of 
cannabinoid receptors with a non-selective CB1/CB2 ligand, the 
endocannabinoid 2-AG, induced ST14A cell number increase through the 
activation of the CB2 receptor, as indicated by the fact that the effect was 
reverted by the co-administration of 2-AG with the CB2 specific antagonist 
AM630, but not with the CB1 antagonists AM251 and PF514273. CB2 
involvement was further supported by the finding that the CB2 specific synthetic 
agonist JWH133 increased ST14A cell number, an effect reversed by the 
coadministration of the CB2 antagonist. Interestingly, a BrdU assay allowed us 
to demonstrate that the increase in ST14A cell number was related to an 
enhancement of neural precursor proliferation rate, rather than an increase in 
cell survival. In our study, we chose to use the endogenous ligand 2-AG to better 
mimic the ECS in an embryonic environment, since until birth 2-AG is much more 
abundant than AEA (Anavi-Goffer et al., 2009). Our results about CB2-mediated 
proliferation are in agreement with the findings of (Plazuelos et al., 2006; 
Palazuelos et al., 2012; Goncalves et al., 2008; Oudin et al., 2011), showing that 
endocannabinoids and synthetic cannabinoids can act on CB2 receptors present 
in NPs, regulating cell proliferation. The fact that we did not observe any effect 
on neural progenitor cell number following CB2 blockade, while CB2 agonist 
administration induced cell proliferation, could possibly be explained by the fact 
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that only a few receptors might be activated in basal conditions; conversely, 
following exposure to exogenous ligands, CB2 receptors are massively activated 
and the effect of inhibition could be readily visible. 
We aimed also to identify some of the possible intracellular effectors involved 
in CB2-mediated ST14A cell proliferation. CB1 and CB2 share several 
downstream signaling mechanisms in neural progenitors (Galve-Roperh et al., 
2013); in particular, they are coupled to the activation of the ERK and the 
PI3K/Akt pathways. In cerebellar progenitor cells, CB1-induced cell proliferation 
was shown to be mediated by the PI3K/Akt/GSK3β and in cortical progenitors, 
CB1 drives mTORC1 signaling and cell proliferation. CB2 was shown to promote 
hippocampal neural progenitor proliferation through activation of the 
PI3K/Akt/mTORC axis (Palazuelos et al., 2012; Shoemaker et al., 2005). In 
addition, previous studies demonstrated that 2-AG-mediated activation of CB2 
leads to a PLC-IP3R dependent intracellular calcium increase and subsequent 
massive activation of MAPK/ERK cascade (Shoemaker et al., 2005). By 
preincubation with the PI3K inhibitor wortmannin or the PLC inhibitor U73122, 
we observed that the inhibition of PI3K had no consequence on CB2 ligand-
mediated proliferation, while the PLC inhibitor U73122 significantly impaired 
the process. The dissimilarity between our data and Palazuelos and colleagues’ 
observations (Palazuelos et al., 2012) could be possibly due to the different 
brain areas of cell origin (hippocampus vs. striatum). Furthermore, cells 
belonging to different brain areas and ages (embryonic and adult) could display 
diverse intracellular cascades related to their stage-specific enzymatic 
equipment. Interestingly, intracellularly located CB2 receptors were 
demonstrated to open IP3R-dependent Ca2+-activated Cl- channels in prefrontal 
cortex pyramidal neurons (Shoemaker et al., 2005). 
In conclusion, our study indicates that ST14A cells express a functional 
endocannabinoid system that is actively involved in the regulation of neural 
progenitor proliferation. ST14A cells could therefore represent a useful, 
simplified in vitro model for studying ECS modulation of neurogenesis. 
Moreover, the model could be used to test new therapeutic drugs acting on the 
cannabinoid system, thus providing the basis for in vivo pharmacological 
studies. 
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Part III      
 

Beta-Caryophyllene Modifies Intracellular Lipid 
Composition in a Cell Model of Hepatic Steatosis by 
Acting through CB2 and PPAR Receptors 
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1. Introduction 

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver 
disorder, with an average prevalence of 25%, ranging from 13% (adult African 
population) to 32% (Middle East population) (Powell et al., 2021). This disease 
is characterized by the excessive accumulation of fats, due to overnutrition or 
an unbalanced diet and not to ethanol consumption, with an increase of visceral 
fats that results in macrophage infiltration and pro-inflammatory conditions 
(Friedman et al., 2018). In this context, insulin resistance occurs, causing 
dysregulated lipolysis of triglyceride in the adipose tissue and delivery of fats to 
the liver. This is accompanied by increased de novo lipogenesis, the process 
through which hepatocytes convert excess carbohydrates to free fatty acids 
(FFA). The disposal of FFA occurs through beta-oxidation or re-esterification, 
and when this process is overloaded the formation of lipotoxic lipids may occur. 
This causes oxidative stress, endoplasmic reticulum stress and hepatocellular 
damages. The exacerbation of this condition leads to nonalcoholic 
steatohepatitis (NASH) that can progress to cirrhosis and liver cancer (Powell et 
al., 2021; Friedman et al., 2018). No specific pharmacological treatments are 
currently approved for NAFLD and NASH. The therapeutic strategies are based 
on lifestyle improvement (i.e., physical activity and healthy diet) associated with 
periodical checking of cardiometabolic risk factors to avoid advanced forms of 
NAFLD and the prevention of complications (Mantovani et al., 2021). 
Nevertheless, numerous anti-hypertensive, lipid-lowering (statins) and glucose-
lowering drugs (metformin) have been investigated because of NAFLD 
association with type 2 diabetes (T2DM), hypertension, obesity and 
dyslipidemia (Mantovani et al., 2021). Other investigated drugs are those 
belonging to peroxisome proliferator-activated receptor (PPAR)γ agonists (e.g., 
pioglitazone, rosiglitazone). However, because of the side effects, the 
incomplete efficacy of these drugs and the variability of the conditions that exist 
among different patients, the suggested strategies remain those mentioned 
above (Mantovani et al.,2021). 

In recent years, natural molecules have been demonstrated to ameliorate 
typical conditions of NAFLD, from steatosis to inflammation. Among them, the 
methyl brevifolincarboxylate, a polyphenolic compound, can reduce 
inflammation and oxidative stress in an hepatocarcinoma cell line (Geethangili 
et al., 2021) and berberine, a benzylisoquinoline alkaloid, can reduce 
triglyceride synthesis-related genes in in vitro and in vivo models (Zhu et al., 
2019); nevertheless these molecules have not yet been approved by the FDA. 
Instead, (E)-β-caryophyllene (BCP) has been recognized by the FDA as a safe 
food or cosmetic additive. BCP is a bicyclic sesquiterpene hydrocarbon widely 



 

46 
 

distributed in the plant kingdom, especially in floral volatiles, occurring in more 
than 50% of angiosperm families (Maffei et al., 2020). In plants, BCP acts as a 
chemoattractant for pollinators, defence against bacterial pathogens and has a 
pivotal role in the survival and evolution of higher plants as well as in 
contributing to the unique aroma of essential oils extracted from numerous 
species (Scandiffio et al., 2020). In addition to its role in plants, recent studies 
have highlighted that BCP plays a role in animal cells as anti-cancer (Mannino et 
al., 2021), anti-oxidant (Yovas et al., 2022), anti-inflammatory agent (Picciolo et 
al., 2020). Although its mechanism of action is not yet fully understood, studies 
indicate that BCP could act in animal cells through the specific binding to the 
CB2 cannabinoid receptors (Gertsch et al., 2008; Geddo et al., 2021), of which it 
is a full selective agonist, and possibly through the interaction with members of 
the family of peroxisome proliferator-activated receptor (PPAR), in particular 
the isoforms α and γ (Wu et al., 2014; Irrera et al., 2019). 

CB2 receptors belong to the endocannabinoid system (ECS), a complex 
endogenous system involved in several physiological and pathophysiological 
functions. The ECS exerts regulatory control on metabolism and food intake and 
for this reason it represents a potential target for numerous metabolic disorders 
such as obesity, eating disorders, dyslipidemia and steatosis (Charytoniuk et al., 
2022; Lowe et al., 2021). The ECS is also involved in the regulation of 
inflammation and in the modulation of depression, schizophrenia and chronic 
pain (Machado et al., 2018; Mlost et al.,2019). The selectivity of BCP for CB2 
receptors avoids potential psychotropic effects mediated by the neuronal CB1 
cannabinoid receptor, being CB2 receptors mainly expressed in peripheral 
tissues and in central nervous system (CNS) immune cells (Francomano et al., 
2019). This peculiarity makes BCP a safe phytocannabinoid, with countless 
beneficial and non-psychoactive effects. 

PPAR nuclear receptors are transcriptional modulators, with each isoform 
having a specific location and role regarding energy homeostasis, lipid and 
glucose metabolism and inflammatory response (Berthier et al., 2021). PPARα 
is mainly expressed in the liver (but also in brown adipose tissue, heart, muscles 
and kidney) and acts as the master regulator of hepatic lipid metabolism, being 
involved especially in fatty acid (FA) beta-oxidation. PPARγ is characterized by 
three isoforms: PPARγ1, PPARγ2 and PPARγ3. PPARγ1 is ubiquitously expressed, 
PPARγ2 is mainly expressed in adipose tissue and in the liver, whereas PPARγ3 
is expressed in the colon and adipose tissue (Berthier et al., 2021). The role of 
the three isoforms slightly changes based on cell type, but in the liver they are 
essentially involved in the regulation of glucose and lipid metabolism, 
protection against inflammation, oxidation and liver fibrosis (Wu et al., 2020). 
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The interaction between BCP and PPARα and PPARγ is not as well documented 
as it is for CB2 receptors; however, some studies have shown that there is a 
direct interaction between BCP and PPARα (Wu et al., 2014) and probably an 
indirect interaction with PPARγ. In fact, the triggering of PPARγ via BCP-
mediated CB2 receptor activation has been hypothesized (Youssef et al., 2019). 

This study aimed to investigate the anti-steatotic effects of BCP in the 
immortalized human hepatoma cell line HepG2, one of the cell models mostly 
used to induce NAFLD and to test the therapeutic effects of pharmacological 
and natural compounds (Gómez-Lechón et al., 2007). To mimic the key NAFLD 
risk factor, increased fat intake, we added palmitic and oleic acid to cell culture 
media obtaining significant intracellular lipid accumulation in the absence of 
overt cytotoxicity. We first investigated the effect of BCP on the intracellular 
lipid accumulation and lipid profile, then we examined the involvement of 
different receptors in these processes. Our findings suggest that treatment with 
BCP induces a reduction in lipid accumulation and a modification in intracellular 
lipid composition mediated by CB2 and PPAR receptors and that these effects 
are accompanied by a modulation of their expression. We also observed that 
BCP is able to cross the plasma membrane and therefore to act on intracellular 
localized receptors. 

2. Materials and Methods 

2.1. Reagents 

Chemicals used were: (E)-β-caryophyllene (BCP) purchased from Sigma-Aldrich 
(St. Louis, MO, USA), AdipoRed™ assay reagent from Lonza (Walkersville, MD, 
USA), NucBlue Live ReadyProbes Reagent from Invitrogen (Carlsbad, CA, USA), 
CellTiter-Glo® Luminescent Cell Viability from Promega (Madison, WI, USA), anti-
CB2 primary antibody from Cayman chemical (Ann Arbor, MI, USA), anti-Rabbit 
IgG AlexaFluor647 secondary antibody from Jackson Immunoresearch (Ely, UK), 
AM630, GW9662 and GW6741 antagonists from Cayman chemical and sodium 
oleate, sodium palmitate and bovine serum albumin from Sigma-Aldrich. Unless 
otherwise specified, all other chemicals were purchased from Sigma-Aldrich. 

2.2. Cell Cultures 

HepG2 human hepatoma cell line (European Collection of Authenticated Cell 
Cultures ECACC catalogue number 85011430) was purchased from Sigma-
Aldrich. Cells were cultured in Minimum Essential Medium Eagle (MEM) 
supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 IU/mL 
penicillin, 50 μg/mL streptomycin and 1% non-essential amino acids (NEAA). For 
every experiment, cells were grown at sub-confluence. 
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2.3. Cell Viability 

The viability of HepG2 cells was evaluated at the end of the steatosis induction 
experiments and treated with different concentrations of BCP, by CellTiter-Glo® 
Luminescent Cell Viability Assay, based on the quantitation of ATP, which signals 
the presence of metabolically active cells. Cells were washed in phosphate-
buffered saline (PBS), then CellTiter-Glo® reagent, diluted 1:1 in PBS, was added. 
Cells were incubated at room temperature in the dark for 10 min, then 
luminescence was detected and quantified with the FilterMax F5 Multi-Mode 
microplate reader (Molecular Devices, Sunnyvale, CA, USA). The values of 
luminescence are directly proportional to the number of viable cells.  

2.4. In Vitro Steatosis Induction and Lipid Quantification  

For steatosis induction experiments, 2 × 104 cells/well were seeded in 96-well 
black clear bottom plates (Greiner Bio-One, Frickenhausen, Germany). Prior to 
the experiments, cells were starved overnight with serum-free MEM, then cells 
were incubated for 12 h or 24 h in serum-free MEM containing 0.25 mM, 0.5 
mM or 1 mM free fatty acid mixture (FFAm). The mixture was prepared by 
coupling sodium palmitate (Na+-hexadecanoate) and sodium oleate (Na+-(Z)-
octadec-9-enoate) (1:2 ratio) with 1% w/v FFA-free BSA in serum free MEM, at 
38 °C in agitation overnight, to allow FFA coupling with BSA; the mixture was 
then filtered and used immediately in subsequent experiments or frozen at 20 
°C. Based on the preliminary results we obtained, for subsequent experiments, 
HepG2 cells were treated for 24 h with 0.5 mM FFAm alone or in the presence 
of scalar dilutions of BCP (50 nM−50 μM); control cells were grown with serum-
free MEM containing 1% w/v BSA. At the end of the experiments, cells were 
washed in PBS, then a dye mixture containing AdipoRed and NucBlue reagents 
(25 μL and 1 drop, respectively, for each mL of PBS) was added. AdipoRed assay 
reagent quantifies intracellular triglycerides, while the DNA content was 
estimated by NucBlue staining. After 40 min of incubation at room temperature 
in the dark, fluorescence was measured with Filtermax F5 microplate reader; for 
AdipoRed, quantification excitation was performed at 485 nm and emission 
read at 535 nm, while for NucBlue, excitation was at 360 nm and emission read 
at 460 nm. 

2.5. Antagonists Treatment 

For antagonists experiments, 2 × 104 cells/well were seeded in 96-well black 
clear bottom plates, starved and treated as above mentioned with FFA mixture, 
5 μM BCP and the following antagonists: 5 μM AM630 (CB2 receptor 
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antagonist), 100 nM GW6471 (PPARα receptor antagonist) or 10 μM GW9662 
(PPARγ receptor antagonist).  

2.6. Lipid Extraction, Identification and Quantification by Gas Chromatography 

For lipid extraction and quantification experiments, 2 × 106 cells were grown on 
T-25 flasks. After cell starvation, HepG2 cells were treated with FFAm alone or 
FFAm and 5 μM BCP for 24 h. One ml of culture medium was then taken for gas 
chromatography–mass spectrometry (GC-MS) analysis of free fatty acids. The 
intracellular fatty acid content was also analyzed; cells were washed with PBS, 
detached with trypsin and centrifuged at 800 g, 5 min. Lipids were extracted 
from cell pellets using cyclohexane (1:10, w/v ratio) and then esterified with 
boron tri-fluoride (10% w/v in methanol). Fifty μg heptadecanoic acid (C17:0) 
was added as the internal standard. Fatty acid methyl esters (FAME) 
identification was performed by gas chromatography coupled with mass 
spectrometry (GC-MS) (5975T, Agilent Technologies, Santa Clara, CA, USA). 
FAME quantitative analyses were performed through GC coupled with a flame 
ionization detector (GC-FID) (GC-2010 Plus, SHIMADZU, Kyoto, Japan). The GC 
carrier gas was helium with a constant flux of 1 mL min−1, and separation was 
obtained with a non-polar capillary column ZB5-MS (30 m length, 250 μm 
diameter and stationary phase thickness of 0.25 μm, 5% phenyl-arylene and 
95% poly-dimethyl siloxane stationary phase) (Phenomenex, Torrance, CA, 
USA). GC-FID FAME separation was performed in the same conditions, by using 
a similar column. Mass spectrometer parameters were: ionization energy of the 
ion source set to 70 eV and the acquisition mode set to 50–350 m/z. Separated 
molecules were identified through the comparison of mass fragmentation 
spectra with reference spectra of the software NIST v2.0 and libraries NIST 98, 
by comparison of Kovats indexes and the internal standard injection (C17,C20:4, 
C20:5—Sigma Aldrich, St Louis, MO, USA). The results are expressed as mg g−1 
fresh weight (f.wt). 

2.7. Intracellular Quantification of BCP in Time-Course Experiments 

For BCP time-course uptake experiments, 1 × 106 cells were grown on 6-well 
plates and treated with 5 μM BCP. Starting from time zero and after 30 min, 1 
h, 1.5 h, 2 h, 3 h, 4 h, 5 h, 6 h, 10 h and 24 h cells were washed in PBS, detached 
with trypsin, centrifuged and the pellets were transferred in glass vials where 1 
mL of hexane was added. The identification of BCP amounts in cells at different 
times was performed with the Single Ion Monitoring (SIM) method by GC-MS. 
The following chromatographic conditions were used: column ZB5-MS (30 m 
length, 250 μm diameter and stationary phase thickness of 0.25 μm, 5 % phenyl-
arylene and 95% of poly-dimethyl siloxane stationary phase); splitless mode, 
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oven program: 40° for 1 min, then a 5 °C min−1 ramp to 200 °C, a 10 °C min−1 
ramp to 220 °C, and a 30 °C min−1 ramp to 260 °C, final temperature held for 3.6 
min. Mass spectra were acquired within the 29–350 m/z interval operating the 
spectrometer at 70 eV and at scan speed mode. The identification of BCP was 
performed on the basis of both matches of the peak spectra with a library 
spectral database, and comparison with pure standards. 

2.8. Immunofluorescence  

For immunofluorescence experiments, 6 x 104 cell/cm2 were seeded on glass 
coverslips and incubated for at least 3 h to allow adhesion. Then, cells were fixed 
for 30 min in 4% paraformaldehyde dissolved in 0.1 M phosphate buffer, pH 7.3. 
After three washes with PBS, cells were incubated for 15 min with PBS 
containing 0.01% Triton-X100 and then for 45 min with PBS containing 1% BSA 
and 10% normal donkey serum. Triton-X100, normal donkey serum and BSA 
concentrations were selected after several trials to avoid autofluorescence of 
HepG2. Cells were then incubated overnight at 4 °C with anti-CB2 (1:100 in PBS) 
primary polyclonal antibody. Coverslips were washed twice with PBS and 
incubated for 1 h at room temperature with the secondary antibody, anti-rabbit 
IgG Alexa Fluor 647 (1:600 in PBS containing 1% normal donkey serum). After 
two washes in PBS, cells were incubated for 20 min in DAPI (1:200 in PBS), 
washed again twice in PBS and then coverslips were mounted on standard slides 
with DABCO. Pictures of HepG2 cells immunolabeled for CB2 were taken with a 
TCS SP5 confocal microscope (Leica Microsystems, Wetzlar, Germany). Confocal 
image z-stacks were captured throughout the thickness of the cells and were 
performed with 0.7 μm optical step size using an objective 63X/1.4 NA oil 
immersion lens with a resolution of 8-bit, 1024/1024 pixels and 100-Hertz scan-
speed (without additional zoom: 1 voxel, xyz = 240 × 240 × 692 nm; with 2.5× 
additional zoom: 1 voxel, xyz= 96 × 96 × 692 nm). Images are shown as maximum 
intensity projection or single plane with reslice. 

2.9. RNA Extraction and qRT-PCR 

For qRT-PCR experiments, 1 × 106 cells were grown on 6-well plates and treated 
to induce steatosis in the presence/absence of 5 μM BCP (see above). Total RNA 
extraction was performed using TRIZOL® Reagent (Invitrogen) following 
manufacturer’s instructions. Chloroform was added and, after 5 min of 
centrifugation at 14,000 rpm, RNA was precipitated in isopropanol for 3 h at −20 
°C. Samples were then centrifuged at 14,000 rpm for 15 min, the RNA was 
washed with 70% ethanol and centrifuged at 14,000 rpm for 5 min. The RNA 
pellet was briefly air-dried and resuspended in 30 μL sterile water. Samples 
were quantified using NanoDrop 8000 Spectrophotometer (Thermo Fisher 
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Scientific, Waltham, USA). qReal-time PCR was performed using SensiFast SYBR 
No-ROX One-Step Real-Time qPCR kit (Bioline, London, UK) in the thermal cycler 
Rotor Gene Q (Qiagen, Hilden, Germany). qRT-PCR conditions were: 
retrotranscription (55 °C, 15 min), initial denaturation (95 °C, 2 min), 50 cycles 
of denaturation (94 °C, 15 s), annealing (55 °C, 10 s), extension (68 °C, 24 s) and 
final melting (ramp from 56 °C to 99 °C). Each RNA sample was analyzed in three 
technical replicates containing 50 ng of total RNA. Relative quantification of 
mRNA abundance in each sample was performed using a standard curve, built 
with several dilutions of the samples. The widely used housekeeping gene β-
actin was used as an internal control to normalize target gene expression. The 
reliability of the housekeeping gene was confirmed by its consistency of 
expression across treatments. qRT-PCR starting from constant amounts (50 ng) 
of different RNA samples, accurately quantified by NanoDrop 
Spectrophotometer analysis, resulted in fact in comparable levels of 
amplification (Ct, cycle threshold values). Specific primers were designed with 
PrimerBlast software on the basis of human sequences (Table 1). The qPCR 
primer efficiencies were first assessed by the amplification of serial dilutions of 
RNA pools (three replicates for each dilution); the efficiency values were directly 
calculated by Rotor Gene Q software and were as follows: β-actin 98%, CNR2 
103%, PPARα 95%, PPARγ 105%.  
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Primers sequences and amplicon size are reported in Table 1 

Table 1. Specific primers used in qRT-PCR 

Gene Forward Sequence Reverse Sequence Amplic
on Size 

β-
actin 5ʹ CCAACCGCGAGAAGATGA 3ʹ 5ʹ CCAGAGGCGTACAGGGATAG 

3ʹ 97 bp 

CNR2 5ʹ TGGCATAGAAGACGGAGCTG 3ʹ 5ʹ CCCGGAGAGCCCCAAATG 3ʹ 177 bp 
PPAR
α 5ʹ ACACCGAGGACTCTTGCGA 3ʹ 5ʹ GGAAAGGGCAAGTCCCGATG 

3ʹ 207 bp 

PPARγ 5ʹ TACTGTCGGTTTCAGAAATGCC 
3ʹ 

5ʹ GTCAGCGGACTCTGGATTCAG 
3ʹ 141 bp 

 

2.10. Statistical Analysis 

All experimental data are presented as means ± standard error of the mean 
(SEM) from at least three technical replicates of 3–5 independent biological 
experiments (the exact number of independent experiments is indicated in the 
figure legends). Statistical analysis was performed using the SPSS package 
version 28. Statistically significant differences between treatment and control 
groups were assessed by a one-way analysis of variance (ANOVA) followed by 
Bonferroni’s multiple-comparison post hoc test. Differences were considered 
statistically significant at p < 0.05. 

3. Results 

3.1. HepG2 Cell Viability Is Not Affected by Steatosis Induction and BCP 
Treatment 

HepG2 hepatoma cells were induced to become steatotic by 24 h treatment 
with 0.5 mM FFA mixture, made of sodium palmitate and sodium oleate (1:2, 
w/w, referred hereafter as FFAm) along with BSA (1%, w/v). 

To analyze BCP effect on cell viability, HepG2 cells were treated for 24 h with 
0.5 mM FFAm alone or in the presence of different concentrations of BCP (50 
nM, 500 nM, 1 μM, 5 μM, 10 μM and 50 μM). Untreated cells and cells treated 
with 1% BSA only were used as controls. The CellTiter-Glo® viability assay shows 
that neither FFAm nor FFAm + BCP affect HepG2 steatotic cell viability (Figure 
1).  
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Figure 1. Cell viability assay of HepG2 cells based on ATP content. HepG2 cells 
were treated for 24 h with 0.5 mM FFAm and with increasing concentrations of 
BCP. Either BCP plus 0.5 mM FFAm, FFAm alone or 1% w/v BSA did not affect 
HepG2 cell viability. Control conditions (untreated) and treatments are 
represented as the mean ± SEM of three independent experiments. 

3.2. BCP Reduces Intracellular Triglyceride Content in HepG2 Steatotic Cells  

To study the effect of BCP on the induction of steatosis, HepG2 cells were co-
treated with 0.5 mM FFAm and increasing concentrations of BCP (ranging from 
50 nM to 50 μM). After 24 h treatment, lipid droplets and nuclei were visualized 
by AdipoRedTM/NucBlueTM fluorescent staining (Figure 2A). Triglyceride 
accumulation and DNA content were quantified and expressed as a percentage 
change with respect to 0.5 mM FFAm-treated cells (positive control) (Figure 2B–
D).  

Triglyceride accumulation was highly increased by the treatment with FFAm, 
compared to untreated control cells, while the co-treatment with 500 nM, 1 μM, 
5 μM and 10 μM BCP significantly (p < 0.01) reduced the amount of intracellular 
triglycerides (Figure 2B). This result was not due to cytotoxic effects or to a 
reduction in HepG2 cell proliferation, since the treatment with FFAm and BCP 
did not induce any significant change in the DNA content (Figure 2C), nor in the 
cell viability (Figure 1), in respect to untreated and FFAm-treated cells. No 
changes in triglyceride accumulation or the DNA content were observed in cells 
cultured in the presence of 1% w/v BSA alone.  

The DNA content was used to normalize the total triglyceride values to obtain 
the triglyceride content per unit DNA (as a proxy for triglycerides accumulation 
per cell). Figure 2D shows that 500 nM, 1 μM, 5 μM and 10 μM BCP were able 
to induce a significant (p < 0.01) decrease in triglyceride accumulation/cell, with 
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the maximum reduction at 5 μM (corresponding to a 22% reduction of the levels 
of the FFAm positive control).  

 
Figure 2. Lipid accumulation in HepG2 cells. BCP attenuates intracellular lipid 
accumulation in steatotic HepG2 cells without altering the cell number (DNA 
content). (A) Representative images of AdipoRed (red, triglycerides) and 
NucBlue (blue, nuclei) stainings; UNTREATED = untreated hepatocytes (control); 
0.5 mM FFAm = palmitate and oleate-treated hepatocytes; 5 μM BCP + 0.5 mM 
FFAm = HepG2 cells co-treated for 24 h with BCP and FFAm. Scale bar: 50 μm. 
(B) Bar graph summarizing AdipoRed staining experiments to assess triglyceride 
accumulation per well in untreated cells, BSA-treated cells, 0.5 mM FFAm-
treated positive control cells and HepG2 cells treated with 0.5 mM FFAm and 
various concentrations of BCP for 24 h. (C) Bar graph summarizing the DNA 
content per well (NucBlue staining). (D) Bar graph showing the triglyceride 
accumulation per cell, calculated as the ratio of AdipoRed and NucBlue 
stainings. Data are expressed as percentage change with respect to 0.5 mM FFA 
control condition (set equal to 100) and represent the mean ± SEM of five 
independent experiments. ** p < 0.01; *** p < 0.001 vs. positive control (0.5 
mM FFAm-treated cells). 

3.3. BCP Modifies the Intracellular Lipid Profile of HepG2 Steatotic Cells  

To evaluate whether the effect of BCP on total lipid content could be linked to 
changes in the intracellular lipid profile, GC-MS was employed to identify 
specific intracellular FFA, whereas GC-FID was used for the quantitative analysis. 
The FFA composition of steatotic HepG2 cells (0.5 mM FFAm-treated cells) was 
consistent with that of typical NAFLD models, including myristic acid (C14:0), 
palmitic acid (C16:0), palmitoleic acid (cis-Δ9-C16:1), stearic acid (C18:0), oleic 
acid (cisΔ9-C18:1) and arachidonic acid (C20:4). Compared to untreated 
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controls, steatotic HepG2 cells (Figure 3, red bars) showed a statistically 
significant (p < 0.01) increase of cis-Δ9-C18:1 and C16:0 (Figure 3A), as well as 
C14:0, C18:0 and cis-Δ9-C16:1 (Figure 3B); no significant (p > 0.05) changes were 
found for C20:4 (Figure 3B). Treatment of steatotic cells with BCP (Figure 3, 
green bars) caused a significant (p < 0.01) reduction (−22%) in the amount of cis-
Δ9-C18:1 and C16:0 (Figure 3A), compared to 0.5 mM FFAm-treated cells; the 
same reduction was found for C14:0, whereas a 19% reduction occurred for 
C18:0 (Figure 3B). Interestingly, a significant 37% increase was found for cis-Δ9-
C16:1. No changes were found for C20:4 (p > 0.05) (Figure 3B). These results 
indicate that BCP was able to reduce the amount of all the identified saturated 
FFA, while the unsaturated C20:4 was unaffected and the levels of the 
unsaturated cis-Δ9-C16:1 were increased by BCP treatment.  

 
Figure 3. FFA composition of HepG2 cells after incubation for 24 h with 0.5 mM 
FFAm with or without BCP. Six fatty acids were identified and quantified. (A) 
BCP reduces the amount of oleic acid (cis-Δ9-C18:1) and palmitic acid (C:16) of 
steatotic cells. (B) BCP treatment significantly reduces the content of myristic 
acid (C14:0) and stearic acid (C18:0), while it increases palmitoleic acid (cis-Δ9-
C16:1), in comparison to steatotic control cells. Data are represented as the 
mean ± SEM of three independent experiments and the values are expressed as 
mg g−1 fresh weight (f.wt). ** p < 0.01; *** p < 0.001 vs. positive control (0.5 
mM FFAm-treated cells). 

3.4. BCP Inhibits Lipid Accumulation through Interaction with Different 
Receptors: Effects of CB2 and PPAR Receptor Antagonists 

In order to characterize the mechanism of action of BCP in the reduction of lipid 
accumulation in steatotic HepG2 cells, a receptor antagonist approach was 
employed. In particular, we focused on cannabinoid CB2 receptors and 
receptors involved in lipid metabolism, i.e., PPARα and PPARγ. The specific CB2 
receptor antagonist AM630, the PPARα receptor antagonist GW6471 and the 
PPARγ antagonist GW9662 were used at concentrations obtained from 
literature data (Gertsch et al., 2008; Kamikubo et al., 2016; Ma et al., 2017). No 
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effects on lipid accumulation (Figure 4A–C) nor on cell viability were observed 
when treating HepG2 cells with each of the different antagonists alone, AM630, 
GW6471 and GW9662. 

At the concentration range between 500 nM and 10 μM BCP (identified as the 
most effective doses in previous experiments), the co-treatment of HepG2 cells 
with the CB2 receptor antagonist AM630 (5 μM) completely reversed BCP-
driven reduction of lipid accumulation, restoring values of intracellular 
triglycerides comparable to that of steatotic cells (Figure 4A). Similarly, 
treatment with the PPARα antagonist GW6471 (100 nM) completely reversed 
the anti-steatotic effect of BCP at all concentrations (Figure 4B). The treatment 
with the PPARγ-specific antagonist GW9662 (10 μM) partially reversed the lipid 
reduction induced by 1, 5 and 10 μM BCP (Figure 4C). 

These results indicate that BCP is able to reduce lipid accumulation in steatotic 
HepG2 cells by interacting with CB2 and PPAR receptors. 

 
Figure 4. Effect of CB2, PPARα and PPARγ receptor antagonists on triglyceride 
accumulation per cell. Cells were incubated with different concentrations of 
BCP and 0.5 mM FFAm, in the presence or absence of specific receptor 
antagonists for 24 h. (A) Treatment of HepG2 cells with 5 μM CB2 antagonist 
AM630. (B) Treatment with 100 nM PPARα antagonist GW6471. (C) Treatment 
with 10 μM PPARγ antagonist GW9662. Data are expressed as a percentage 
change with respect to 0.5 mM FFA control condition (set equal to 100) and 
represent the mean ± SEM of five independent experiments. ** p < 0.01; *** p 
< 0.001 vs. BCP + 0.5 mM FFAm treated cells. 

3.5. CB2, PPARα and PPARγ mRNA Expression Is Affected by Steatosis and BCP 
Treatment  

To investigate whether CB2, PPARα and PPARγ mRNA expression levels are 
modified by steatosis and the ability of BCP to revert these changes, qRT-PCR 
experiments were conducted. The expression level of the CNR2 gene resulted in 
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significantly upregulated steatotic cells, when compared to untreated cells. 
Interestingly, co-treatment with BCP significantly reduced (p < 0.001) CB2 mRNA 
levels in steatotic cells, bringing CB2 expression levels closer to those of the non-
pathological condition (Figure 5A).  

The expression of PPARs was significantly reduced in steatotic conditions 
compared to untreated cells (Figure 5B, C). Co-treatment of steatotic cells with 
BCP resulted in a significant (p < 0.001) increase in PPARα expression (Figure 
5B), while no statistically significant change was observed in the expression of 
PPARγ (Figure 5C). 

 
Figure 5. qRT-PCR analysis of CB2 (A), PPARα (B) and PPARγ (C) mRNAs 
normalized for the housekeeping gene β-actin. Data are represented as the 
mean ± SEM of three independent experiments. * p < 0.05, *** p < 0.001 vs. 
control (untreated cells, set equal to 1) or vs. 0.5 mM FFAm-treated cells. 

3.6. CB2 Receptors Are Localized Intracellularly in HepG2 Cells  

Since data on CB2 receptor localization are lacking in hepatocytes, we 
performed CB2 immunofluorescence experiments on HepG2 cells. Figure 6 
shows a confocal image with punctate staining mainly located at intracellular 
sites. The staining level for CB2 in HepG2 cells appears quite heterogeneous, as 
evidenced by the presence of CB2high+ cells (arrows) and CB2low + 
(arrowheads) cells in the same clusters of cells (Figure 6, left panel). Single 
confocal planes show a prevalent perinuclear distribution of CB2 
immunopositive puncta (Figure 6, right panels). 
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Figure 6. Localization of CB2 receptors. Representative confocal images 
showing CB2 immunostaining (magenta) in HepG2 cell line. Nuclei are stained 
with DAPI (blue). Pictures are shown as max z-projections (low magnification; 
left) with white arrows and arrowheads to highlight CB2high+ cells and CB2low+ 
cells, respectively, and a single confocal plane with reslicing (right) to better 
appreciate the intracellular distribution of CB2+ puncta in two of the cells 
present in the image. The cyan contoured image shows a cell positive for CB2 at 
low levels; the yellow contoured image identifies a cell with extensive 
immunolabelling for CB2. Scale bars: 50 μm (low magnification) and 10 μm (high 
magnification). 

3.7. BCP Enters HepG2 Cells with a Maximum Uptake at 2 h from the Beginning 
of Treatment 

Since we demonstrated that CB2 receptors are mostly intracellularly localized 
and PPAR receptors are well-known nuclear receptors, we decided to assess 
whether BCP is indeed able to enter HepG2 cells. The quantification of BCP 
intracellular uptake was evaluated by a time-course analysis in living cells by GC-
MS. HepG2 cells were treated with 5 μM BCP for 24 h and samples were taken 
from time 0 to 24 h after treatment. By using GC-MS in the single ion monitoring 
(SIM) for BCP ions, we found that BCP was able to cross the cell membrane and 
enter HepG2 cells as soon as 1 h from the beginning of the treatment, with a 
maximum uptake measured at 2 h. After this period, the BCP intracellular 
concentration decreased linearly up to 24 h after treatment (Figure 7).  
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Figure 7. Time-course of BCP uptake by HepG2 cells measured with GC-MS. 
Maximum concentration of BCP was found 2 h after the beginning of the 
treatment. Data are represented as the mean ± SEM of three independent 
experiments. 

4. Discussion 

Despite recent progress in understanding the various steps involved in the 
development and progression of NAFLD, no approved pharmacological 
treatments for this very common chronic disease are yet available (Mantovani 
et al., 2021). Therefore, additional efforts are needed to find molecules able to 
interact with the molecular targets identified in NAFLD pathogenesis. Plant-
derived molecules can be an important source for the development of new 
drugs (Atanasov et al., 2021); in this work, we focused our attention on the anti-
steatotic activity of BCP, a phytocannabinoid with promising therapeutic effects 
in metabolic disorders and inflammation.  

In order to mimic NAFLD in vitro, we incubated HepG2 hepatocytes for 24 h with 
a mixture of oleate and palmitate, which are the most abundant 
monounsaturated and saturated FFA in human diet (Gómez-Lechón et al., 
2007). Our steatosis protocol differed from the one used by Kamikubo and 
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colleagues (Kamikubo et al., 2016), who incubated HepG2 cells with palmitic 
acid only, a treatment that generally induces higher toxicity and the release of 
pro-inflammatory chemokines, which are typical of NASH more than the NAFLD 
condition (Gómez-Lechón et al., 2007). In line with the results obtained by 
Kamikubo et al. (Kamikubo et al., 2016), we found that BCP co-incubation can 
reduce the total lipid accumulation in a dose-dependent manner, with maximal 
activity at 5 μM. BCP was able to reduce both oleic and palmitic acid, here used 
to induce steatosis in HepG2 cells and also significantly reduced stearic and 
myristic acid, both saturated fatty acids associated with cellular damage 
(Saraswathi et al., 2022; Lu et al., 2021). Noticeably, BCP was able to induce a 
37% increase in palmitoleic acid, a monounsaturated fatty acid that has been 
widely studied in in vivo models of obesity because of its anti-inflammatory 
properties (Simão et al., 2022). We argue that the increase in palmitoleic acid 
might represent a protective detoxifying strategy converting palmitic acid into 
an unsaturated FFA. There is a general agreement that NAFLD progression 
occurs when mechanisms aimed at counteracting FFA-induced lipotoxicity are 
ineffective, leading to oxidative stress, ER stress, mitochondrial damage, 
immune-mediated cellular damage and apoptotic death (Powell et al., 2021). 
Our data strongly suggest that BCP is able to reduce the amount of possibly toxic 
saturated fatty acids and increase selected monounsaturated fatty acids, thus 
representing a valuable agent in preventing cellular injuries associated with 
NASH.  

Besides emphasizing BCP ability to modify intracellular lipid composition, our 
data suggest that BCP effects involve the activation of CB2 as well as PPAR 
receptors. 

PPARα and PPARγ are ligand-activated transcription factors with pleiotropic 
actions in several tissues. They are critical regulators not only of fatty acid 
metabolism, but also of glucose metabolism, inflammation and fibrosis [20]. The 
role of PPARα in the liver has been widely investigated both in physiological and 
steatotic conditions. The activation of PPARα induces the transcription of a 
range of genes involved in mitochondrial and peroxisomal FA oxidation, 
ketogenesis and lipid transport, thereby reducing hepatic lipid levels (Berthier 
et al., 2021). A recent study demonstrated that the deletion of hepatic Pparα in 
mice results in enhanced liver steatosis because of the impaired oxidation of 
FFA (Montagner et al., 2016), underscoring the relevance and potential of 
hepatocyte PPARα as a drug target for NAFLD. 

PPARγ is involved in FFA uptake and lipogenesis and has significant anti-
inflammatory properties. Early results demonstrated that its activation is 
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steatogenic in the liver (Yu et al., 2003) while recent works showed that PPARγ 
ligands (such as thiazolidinediones) ameliorate fat accumulation by decreasing 
saturated fatty acids in a zebrafish model of NAFLD (Singh et al., 2023). This last 
effect possibly depends on the enhanced release of adiponectin by the adipose 
tissue and a concomitant increase in FFA oxidation in hepatocytes by AMPK 
activation as demonstrated in in vivo studies (Wang et al., 2020). There are also 
in vitro studies demonstrating the role of PPARγ agonists in ameliorating lipid 
accumulation and inflammation associated with NASH. This is the case of GVS-
12, a synthetic PPARγ agonist that can reduce triglycerides, inflammatory 
interleukins and other biomarkers associated with NASH in HepG2 cells (Wang 
et al., 2019). An interesting synthetic ligand is saroglitazar, a dual PPARα/γ 
agonist with prevalent PPARα agonist activity. The efficacy of saroglitazar in 
counteracting NAFLD/NASH has been compared to that of fenofibrate, a PPARα 
agonist, and pioglitazone, a PPARγ agonist, showing that the combined action 
of saroglitazar improves lipid-mediated oxidative stress, inflammation and 
impaired mitochondrial biogenesis more effectively than single agonists, both 
in vitro and in vivo (Jain et al., 2018). Many PPAR agonists, such as saroglitazar, 
are currently tested in clinical trials or have already been approved for the 
treatment of other metabolic diseases, such as pioglitazone used for the 
treatment of T2DM (Mantovani et al., 2021; Berthier et al., 2021). Ongoing 
clinical trials indicate that dual PPAR agonists can have ameliorating effects on 
NASH by acting on interrelated mechanisms. Thus, combining PPARα and PPARγ 
activation may be a successful strategy in the therapy of NAFLD (Francque et al., 
2021). 

According to our data, BCP effects are mediated both through PPARα and 
PPARγ. The activation of PPARα likely occurs through a direct mechanism; in 
support of this view, an interesting study demonstrated through a surface 
plasmon resonance (SPR)-BIA core system that BCP directly binds the PPARα 
ligand binding domain (LBD) even if it is a hydrophobic molecule and has a 
relatively small molecular weight compared with conventional PPAR ligands 
(Wu et al., 2014). For PPARγ, there are no studies demonstrating a direct 
interaction with BCP; however, there is evidence of an indirect activation, 
possibly through CB2 receptors (Youssef et al., 2019; Cheng et al., 2014). BCP 
dual activation of PPARα and PPARγ, observed in our in vitro experiments and 
previously shown in cocaine addiction studies performed in vivo (Galaj et al., 
2020), highlights the possibility that BCP might behave as a dual PPARα/γ 
agonist like saroglitazar. It should also be noted that GW9662, the PPARγ 
antagonist used in our experiments, has an IC50 value of 3.3 nM for PPARγ and 
32 nM for PPARα (Indrayanto et al., 2021). Therefore, it cannot be excluded that 
GW9662 partially blocks PPARα, contributing to the reversion of the anti-
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steatotic effect of BCP observed in our experiments. In accordance with recently 
published results (Songtrai et al., 2022), we found that both PPARα and γ are 
downregulated during the pathological condition of steatosis. Intriguingly, co-
treatment with BCP induced a marked upregulation of PPARα, bringing it back 
to even higher expression levels than in the untreated control. This latter result 
suggests that BCP might be able to enhance FA oxidation, therefore reducing 
hepatic steatosis. 

The binding of BCP to the CB2 receptor has been well characterized (Gertsch et 
al., 2008), and the role of the endocannabinoid system (ECS) in the liver has 
been widely studied since it may be a therapeutic target for chronic liver disease 
(Basu et al., 2014), characterized by dysregulation of hepatic lipid metabolism 
and also perturbation of the hepatic endocannabinoid system (Bouassa et al., 
2022). Although CB2 expression in the liver is moderate, its role has been 
demonstrated in both physiological (regulating liver development in zebrafish 
embryos (Liu et al., 2016)) and pathological conditions. For example, recent 
studies showed that CB2, in contrast to CB1 (Jorgačević et al., 2021), elicits anti-
fibrogenic and anti-inflammatory effects (Julien et al., 2005). However, the role 
of CB2 in the progression of NAFLD has been debated: on the one hand, studies 
on the activation of both CB1 and CB2 receptors have shown increased lipid 
accumulation (De Gottardi et al., 2010) and potentiation of hepatic steatosis 
(Deveaux et al., 2009); on the other hand, our results with a CB2 antagonist 
show that CB2 activation can counteract steatosis, in line with other works 
(Kamikubo et al., 2016; Bazwinsky-Wutschke  et al., 2019; Baldassarre et al., 
2013). In agreement with in vivo data (Rivera et al., 2020; Mendez-Sanchez et 
al., 2007), we show that steatotic conditions upregulate CB2 expression in 
hepatocytes, and that concomitant exposure to BCP is able to revert the level 
of CB2 expression almost to control levels, thus facilitating return-to-normal 
conditions. 

While PPARs are well known intracellular receptors, CB2 are seven-domain 
transmembrane receptors, whose localization is assumed to be on the plasma 
membrane. To verify this assumption, we performed immunolocalization 
studies. Unexpectedly, we found that CB2 receptors are located mainly 
intracellularly in HepG2 cells, often in a perinuclear position, most likely on the 
ER membrane or other intracellular organelles. Recent studies have suggested 
possible intracellular CB2 localization in specific cell types; for instance, 
Castaneda and colleagues (Castaneda et al., 2017) demonstrated that in 
peripheral blood B cells, CB2 receptor expression is regulated by different 
factors and these receptors are localized both on the cell membrane and on 
intracellular membranes. In line with this result, by kinetics studies, we showed 
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for the first time that BCP can cross the hepatocyte plasma membrane and enter 
the cells with a maximum peak at 2 h, followed by a decrease, possibly due to 
BCP metabolism. Further studies are needed to determine the exact localization 
of intracellular CB2 receptors in hepatocytes and their involvement in the 
regulation of lipid metabolism. 

5. Conclusions 

Taken together, our results suggest that BCP is a promising molecule for the 
treatment of NAFLD. This conclusion is based on several key aspects of this 
molecule. BCP may act on multiple targets, many of which are included in NAFLD 
and metabolic syndrome, since it is able to reduce lipid accumulation in 
hepatocytes but also in adipocytes (Geddo et al., 2019), may improve muscle 
insulin resistance (Geddo et al., 2021) and systemic inflammation, therefore 
resulting in a greater overall improvement compared with compounds with a 
more liver-restricted mode of action. It should also be considered that BCP is an 
approved dietary additive with a good safety profile and a safe 
phytocannabinoid, since it binds specifically to CB2 receptors, thus avoiding the 
psychotropic effects mediated by CB1 receptors (Hempel et al., 2022). There 
are, however, issues related to BCP bioavailability; in fact some studies have 
already focused on alternative formulations and vectorization techniques to 
allow better absorption, overcoming the limitations of BCP and making the most 
of all the properties of this phytocannabinoid (Santos et al., 2018; Mödinger et 
al., 2022).  
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Concluding remarks 
In conclusion, the present PhD thesis shows that BCP is a very promising 
phytocannabinoid for the treatment of obesity, NAFLD and diabetes, either as a 
pure molecule or as present in extracts such as PipeNig®-FL, a black pepper 
extract containing 88% of BCP. 

Its main and most useful feature is to act on multiple targets, as summarized in 
Figure 1, many of which are included in metabolic syndrome, since it is able to 
reduce lipid accumulation in 3T3-L1 adipocytes, decreasing the lipid content per 
cell and in HepG2 hepatocytes, reducing it in a dose-dependent manner without 
altering cell number. In addition, I demonstrated that BCP is an efficient glucose 
uptake inducer (as efficient as insulin) and it is able to determine plasma 
membrane GLUT4 translocation in C2C12 skeletal myotubes.  

Translocation and fusion of GLUT4 storage vesicles with the plasma membrane, 
mainly in skeletal muscle and adipose tissue, is directly correlated with the 
ability to lower elevated blood glucose. Moreover, GLUT4 levels are significantly 
decreased in the skeletal muscle of type 2 diabetic patients and in insulin 
resistant patients (Morgan et al., 2011). The development of therapeutic 
compounds able to induce GLUT4 expression/translocation can thus improve 
insulin sensitivity and reduce insulin resistance.  

In HepG2 hepatocytes, BCP is able not only to reduce intracellular lipid content 
but also to modify the lipid profile by reducing oleic, palmitic, stearic and 
myristic acid and increasing palmitoleic acid, a monounsaturated fatty acid that 
has been widely studied in in vivo models of obesity because of its anti-
inflammatory properties (Simao et al., 2022). We argue that the increase in 
palmitoleic acid might represent a protective detoxifying strategy converting 
palmitic acid into an unsaturated FFA, suggesting that BCP is able to reduce the 
amount of possibly toxic saturated fatty acids and increase selected 
monounsaturated fatty acids, thus representing a valuable agent in preventing 
cellular injuries associated with NASH. 

It was already demonstrated (Kamikubo et al., 2019) that BCP  exerts its activity 
by binding to CB2 endocannabinoid receptors, involved not only in metabolism 
and food intake, but also in neurogenesis, as well as neurodegenerative and 
neuroinflammatory disorders, opening to new possible pharmacological 
strategies based on the use of CB2-specific therapeutic drugs,  overcoming the 
neuropsychiatric adverse effects of CB1-targeted therapies.  
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In our study on ST14A striatal neural progenitors, we indicate that these cells 
express a functional endocannabinoid system that is actively involved in the 
regulation of neural progenitor proliferation, in fact we demonstrated a cell 
number increase following CB2 receptors activation, as indicated also in      
Figure 1. Thus, ST14A cells could therefore represent a useful, simplified in vitro 
model for studying ECS modulation of neurogenesis and to test new therapeutic 
molecules acting on the cannabinoid system, such as BCP, thus providing the 
basis for in vivo pharmacological studies of neurodegenerative pathologies, as 
for example Huntington’s disease, characterized by striatal neurodegeneration 
(Behl et al., 2022).  

 
Figure 1. Summary figure of the results. BCP is able to act on multiple targets 
such as: 3T3-L1 preadipocytes, in which it reduces the intracellular lipid 
accumulation; C2C12 myoblast cells, in which it increases the glucose uptake 
and GLUT4 translocation; HepG2 hepatocytes, in which it reduces the total 
intracellular lipid accumulation by reducing the oleic, palmitic, myristic and 
stearic acid content, while increasing the protective palmitoleic acid content. 
BCP action takes place through PPAR receptors, by increasing their                
expression, altered by the pathological steatosis condition; it acts also by 
activating CB2 receptors and it is able to reduce the FFAm-induced alteration of 
its expression. CB2 receptors are expressed also in ST14 neural progenitors in 
which we demonstrated a cell number increase as a result of CB2 receptors 
activation.  
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We focused on CB2 receptors also in our work on HepG2 cells showing that 
steatotic conditions upregulate CB2 expression in hepatocytes, and that 
concomitant exposure to BCP is able to revert the level of CB2 expression almost 
to control levels, thus facilitating return-to-normal conditions. Moreover, to 
check the localization of seven-domain transmembrane CB2 receptors we 
performed immunolocalization studies, founding that CB2 receptors are located 
mainly intracellularly in HepG2 cells, often in a perinuclear position, most likely 
on the ER membrane or other intra-cellular organelles. In line with this result, 
by kinetics studies, we showed for the first time that BCP can cross the 
hepatocyte plasma membrane and enter the cells with a maximum peak at 2 h, 
followed by a decrease, possibly due to BCP metabolism.  

In addition, our pharmacological data suggest that BCP effects involve the 
activation of CB2 as well as PPAR receptors since the co-treatment of BCP and 
CB2, PPARα or PPARγ antagonists completely blocked BCP activity on lipid 
accumulation.   

PPARα and PPARγ are ligand-activated transcription factors with pleiotropic 
actions in several tissues. They are critical regulators not only of fatty acid 
metabolism, but also of glucose metabolism, inflammation and fibrosis 
(Berthier et al., 2021).  

The activation of PPARα likely occurs through a direct mechanism; in support of 
this view, an interesting study demonstrated through a surface plasmon 
resonance (SPR)-BIA core system that BCP directly binds the PPARα ligand 
binding domain (LBD) even if it is a hydrophobic molecule and has a relatively 
small molecular weight compared with conventional PPAR ligands (Wu et al., 
2014). For PPARγ, there are no studies demonstrating a direct interaction with 
BCP; however, there is evidence of an indirect activation, possibly through CB2 
receptors (Youssef et al., 2019). BCP dual activation of PPARα and PPARγ, 
observed in our in vitro experiments and previously shown in cocaine addiction 
studies performed in vivo (Galaj et al., 2021), highlights the possibility that BCP 
might behave as a dual PPARα/γ agonist. It should also be noted that GW9662, 
the PPARγ antagonist used in our experiments, has an IC50 value of 3.3 nM for 
PPARγ and 32 nM for PPARα (Galaj et al., 2021). Therefore, it cannot be 
excluded that GW9662 partially blocks PPARα, contributing to the reversion of 
the anti-steatotic effect of BCP observed in our experiments. We also found that 
both PPARα and γ are downregulated during the pathological condition of 
steatosis. Intriguingly, co-treatment with BCP induced a marked upregulation of 
PPARα, bringing it back to even higher expression levels than in the untreated 
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control. This latter result suggests that BCP might be able to enhance FA 
oxidation, therefore reducing hepatic steatosis. 

Thus, BCP determines a greater overall improvement compared with 
compounds with a more restricted mode of action. It should also be considered 
that BCP is an approved dietary additive with a good safety profile and a safe 
phytocannabinoid, since it binds specifically to CB2 receptors, thus avoiding the 
psychotropic effects mediated by CB1 receptors. All these features make BCP a 
promising bioactive molecule useful to improve steatosis, obesity and T2D, 
deserving more in vivo studies in order to support its role as a beneficial 
metabolic modulator.  

 

 

 



 

68 
 

Appendix           

Reproducibility of adipogenic responses to metabolism 
disrupting  chemicals in the 3T3-L1 pre-adipocyte model 
system: An interlaboratory study      
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1. Introduction  

The 3T3-L1 murine pre-adipocyte cell line is an established model for in vitro 
screening of metabolism disrupting chemicals (MDCs) (Heindel et al., 2015, 
2017). When exposed to adipogenic stimuli, pre-adipocytes will differentiate 
into mature adipocytes, undergo morphological changes, accumulate 
triglycerides, and eventually develop into a rounded white fat cell with a 
number of large lipid droplets often displacing the nucleus (Green and Meuth, 
1974; Green and Kehinde, 1975). 

Adipocyte differentiation requires eventual activation of the peroxisome 
proliferator-activated receptor-gamma (PPARγ), often considered the “master 
regulator” of adipocyte differentiation (Rosen et al., 1999). 

Molecular pathways upstream that contribute to this activation are diverse and 
include modulation of thyroid receptor-beta (TRβ), glucocorticoid receptor 
(GR), estrogen receptor (ER), androgen receptor (AR), liver X receptor (LXR), 
retinoid X receptor (RXR), and others (Niemela et al., 2008), including non-
receptor mediated mechanisms (Bournat and Brown, 2010; Kassotis and 
Stapleton, 2019; Luz et al., 2018). These receptor pathways are highly conserved 
across vertebrate species (Fu et al., 2005; Zhao et al., 2015), suggesting that 
mechanisms of adipogenesis are highly translatable. Indeed, active MDCs 
identified using 3T3-L1 cells and other in vitro models (increased triglyceride 
accumuation/differentiation, pre-adipocyte proliferation, etc.) have been 
routinely shown to be active in vivo, such as bisphenol A and tributyltin chloride, 
among others (Angle et al., 2013; Chamorro-Garcia et al., 2013; Li et al., 2011; 
Masuno et al., 2005). Compounds that modulate these receptors belong to 
diverse chemical classes (Fang et al., 2015; Hamers et al., 2006; Orton et al., 
2011), and many are frequently detected in indoor environments and in human 
tissues (Hoffman et al., 2015; Kitamura et al., 2005; Meerts et al., 2000; Shen et 
al., 2009; Stapleton et al., 2009, 2011; Takeuchi et al., 2005). A number of these 
chemicals have been associated with adiposity, obesity, type 2 diabetes, and 
other chronic metabolic health conditions in humans (Gore et al., 2015; Heindel 
et al., 2015, 2017; Ruiz et al., 2018). As such, there is a critical need to ensure 
robust and validated models that promote highly reproducible toxicological 
outcomes across laboratories. Despite a need to accurately identify MDCs, 
relatively little research has been performed to comprehensively evaluate 
reproducibility across laboratories, and comprehensively assess factors that 
might contribute to varying degrees of differentiation among laboratories. 
Previous research has described diverse differentiation success and declining 
performance over time with various cell bank stocks of 3T3-L1 cells (Zebisch et 
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al., 2012). Cell culture vessel size and proprietary tissue culture coatings have 
also been demonstrated to influence differentiation success of 3T3-L1 cells 
(Mehra et al., 2007), and various cell line suppliers provide disparate protocols 
and techniques for eliciting maximal differentiation success (American Type 
Culture Collection (ATCC) ATTC, 2011; Zenbio Inc, 2015). Other providers 
suggest an inability to differentiate their 3T3-L1 cell stocks, with timelines of 2–
5 weeks and very limited differentiation (European Collection of Authenticated 
Cell Cultures (ECACC), 2020). Despite these notable gaps, reproducibility studies 
across toxicological studies are limited, and often conducted only within the 
establishment of guideline assays such as Organisation for Economic 
Cooperation and Development (OECD) test guidelines. Chemists, in contrast, 
have demonstrated robust success in improving methodology and laboratory-
specific measurement reliability through participation in interlaboratory 
reproducibility programs (Boyer et al., 1985; Ikonomou et al., 2012; M.Weiss et 
al., 2013; Voet et al., 1999; Wong et al., 2010). For example, recent initiatives to 
improve measurements for novel brominated and organophosphate flame 
retardants have demonstrated high precision between technical replicates 
within laboratories but not as strong accuracy for measuring the provided 
values across laboratories (Melymuk et al., 2015, 2018). 

Importantly, analytical reproducibility studies benefit from the concrete nature 
of the outcome: chemicals can be included at specific, known concentrations, 
making the determination of the “correct” result more straightforward than 
possible in toxicological studies. A limited number of studies have attempted 
this with endocrine outcomes such as measurement of nuclear receptor 
activation (Hettwer et al., 2018; Mehinto et al., 2015; Zava et al., 1982), 
reporting variable consistency across trials and pathways, with variances often 
seemingly resulting from non-harmonized protocols. 

We previously published an assessment of some disparities in adipogenic cell 
culture systems under various conditions (Kassotis et al., 2017b). Specifically, 
both cell line (3T3-L1 vs. OP9) and source (ATCC vs. Zenbio 3T3-L1) had a 
significant impact on the responses to various chemicals. Ligands for LXR, RXR, 
GR, and TR promoted disparate responses between cell sources (Kassotis et al., 
2017b), in some cases apparently mediated through gene expression 
differences. We also noted significant differences based on the cell culture 
plastic utilized, with different 96-well plates contributing to <50 % reduction in 
maximal fold induction differences and appreciably altering chemical potencies 
(Kassotis et al., 2017b). Cytotoxicity and proliferative response differences were 
also observed among plates, in some cases negatively impacting the ability to 
even detect chemicals acting via pre-adipocyte proliferation (Kassotis et al., 
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2017b). Significant differences were also noted in both triglyceride 
accumulation and DNA content among different differentiation induction times 
(7, 10, 14 days) (Kassotis et al., 2017b), and it is still unclear what differences 
might stem from the wide degree of heterogeneity in media additives across 
varying differentiation protocols. For example, while many researchers do not 
include dexamethasone in the differentiation cocktail (Boucher et al., 2015; 
Kassotis et al., 2017a, 2018; Kassotis et al., 2019; Sargis et al., 2010), others use 
a 1000-fold range of concentrations (Li et al., 2011; Masuno et al., 2002; Temkin 
et al., 2016; Zebisch et al., 2012). Differing protocols and cell culture supplies 
utilized may contribute to a lack of reproducibility and bias in measuring 
adipogenic potency and efficacy of chemicals between laboratories. 
Importantly, while reported previously, these factors have never been assessed 
in a systematic manner across laboratories. 

As such, the objectives of this study were to evaluate the interlaboratory 
variability in the response of 3T3-L1 cells to the exposures of several chemical 
compounds. Given previous reports of inconsistencies in responses using this 
model, we sought to comprehensively evaluate the underlying factors and how 
they might influence differences in efficacy (magnitude of effects) and/or 
potency (concentration of effects) for both triglyceride accumulation (marker of 
differentiation success) and pre-adipocyte proliferation (marker of cell 
number). To accomplish this, we assessed three blinded test chemicals 
(bisphenol A, BPA; tributyltin chloride, TBT; pyraclostrobin) between ten 
laboratories in the United States, Canada, Italy, Norway, and the United 
Kingdom. These data should provide comprehensive insight into the most 
important factors that influence the assay’s responses and to inform strategies 
to increase interlaboratory reproducibility. 
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2. Materials and methods  

2.1. Chemicals  

Chemicals for   use   in   bioassays   were   purchased   as   follows: rosiglitazone 
(Sigma cat # R2408, > 98 %), pyraclostrobin (Sigma cat # 33696, 99.9 %), 
tributyltin chloride (TBT; Aldrich cat # T50202, 96 %), and bisphenol A (BPA; 
Sigma cat # 239658, >99 %). Stock solutions were prepared in 100 % cell-culture 

grade DMSO (Sigma cat # D2650) and stored at -20 ◦C between uses. 
Laboratories were recruited via a scientific conference discussion and 
coordination via a metabolism disruption research listserv. Rosiglitazone (1 
mM) was provided as a labeled amber glass vial, and laboratories were 
instructed to dilute the solution 1000-fold and then perform four 10-fold 
dilutions (0.1 nM – 1 μM in contact with cells). Pyraclostrobin, TBT, and BPA (10 
mM) were provided as blinded chemicals (Chemicals A, B, and C, respectively) 
in amber glass vials, and laboratories were instructed to perform the same 
1000-fold dilution and four 10-fold dilution scheme (1 nM – 10 μM). 

 
2.2. Samples shipment 

Packages were shipped to participating laboratories in insulated Styrofoam 
shipping boXes with between one and five kilograms of dry ice, depending on 
distance of shipment. All packages were shipped priority overnight, generally 
resulting in next day domestic delivery; however, international shipments often 
took as long as ten days to clear customs and be delivered by local couriers. 
Additional dry ice was added by Fedex as necessary to ensure packages arrived 
frozen, and this was confirmed by receiving laboratories upon receipt. Given the 
long length of delivery for certain participating international laboratories, a 
cryo- shipper was utilized (Chart MVE BL-7) to allow for improved assurance on 
the frozen cell stock. 

 
2.3. Testing, differentiation, and evaluation protocol 

The following materials were provided to each laboratory (Fig. 1). One vial of 
murine 3T3-L1 cells (Zenbio cat# SP-L1-F, lot# 3T3062104; Research Triangle 
Park, NC), one vial NucBlue® Live ReadyProbes® Reagent (Thermo cat # R37605), 
one vial of laboratory prepared Nile Red reagent (40 μg/mL Nile Red in acetone; 
Sigma 72485 - 100MG), one sleeve containing six black clear-bottom 96-well 
tissue culture plates (Greiner cat # 655090; four for assays and two 
replacements), one vial of DMSO for use as a solvent control, one vial of 
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rosiglitazone for use as a positive control, and three vials containing the blinded 
test chemicals. A shared differentiation protocol, differentiation data sheet, and 
test instructions were emailed to each participating laboratory. Differentiation 
data sheets included spaces to include raw fluorescence values from Nile Red 
and NucBlue outputs, a plate map to denote placement of all test chemicals and 
replicates, and spaces to specify differentiation details, media constituents, and 
other assay details. The shared differentiation protocol was adapted based on a 
previously published protocol (Zebisch et al., 2012) and has been described in 
detail previously (Kassotis et al., 2017a, b). A short protocol was provided to 
detail the desired test conditions. Laboratories were requested to prepare 
media according to the shared differentiation protocol and according to their 
own protocols and then test blinded test chemicals under four sets of 
conditions: 1) using their laboratory-specific differentiation protocol, media, 
and supplies along with laboratory-specific stock of 3T3-L1 cells (LC/LP), 2) using 
their laboratory-specific differentiation protocol, media, and supplies along with 
the provided stock of 3T3-L1 cells (SC/LP), 3) using the provided differential 
protocol, media prepared according to the shared protocol, and using the 
included cell culture plates along with laboratory-specific stock of 3T3-L1 cells 
(LC/SP, and 4) using the provided differential protocol, media prepared 
according to the shared protocol, and using the included cell culture plates 
along with the provided stock of 3T3-L1 cells (SC/SP, Fig. 1). 
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Fig. 1. Study Design and Test Conditions.  

Schematic of the study design and test conditions. Ten laboratories were 
recruited from the United States and other countries.  The following materials 
were provided to each laboratory: one vial of 3T3-L1 cells, one vial NucBlue® 
Live ReadyProbes® Reagent, one vial of laboratory prepared Nile Red reagent, 
black clear-bottom 96-well tissue culture plates, DMSO, rosiglitazone, and three 
vials containing the blinded test chemicals. A shared differentiation protocol, 
differentiation data sheet, and test instructions were emailed to each 
participating laboratory. A short protocol was provided to detail the desired test 
conditions. Laboratories were requested to prepare media according to the 
shared differentiation protocol and according to their own protocols and then 
test blinded test chemicals under four sets of conditions: 1) using their 
laboratory-specific differentiation protocol, media, and supplies along with 
laboratory-specific stock of 3T3-L1 cells, 2) using their laboratory-specific 
differentiation protocol, media, and supplies along with the provided stock of 
3T3-L1 cells, 3) using the provided differential protocol, media prepared 
according to the shared protocol, and using the included cell culture plates 
along with laboratory-specific stock of 3T3-L1 cells, and 4) using the provided 
differential protocol, media prepared according to the shared protocol, and 
using the included cell culture plates along with the provided stock of 3T3-L1 
cells.  

 

2.4. 3T3-L1 cell care and differentiation assays 

Zenbio 3T3-L1 cells were provided to all laboratories and were used for SC test 
conditions. Laboratory-specific cell sources of 3T3-L1 cells (LC) varied depending 
on the laboratory and are detailed within Table 1. 

The shared protocol called for cells to be maintained in pre-adipocyte media 
(Dulbecco’s Modified Eagle Medium – High Glucose; DMEM- HG; Gibco cat# 
11995, supplemented with 10 % bovine calf serum and 1% penicillin and 
streptomycin; Gibco cat# 15140). These cells were seeded in pre-adipocyte 
media into 96-well tissue culture plates (Greiner cat # 655090) at approximately 
30,000 cells/well and grown to confluency; after confluency, cells were allowed 
48 h to undergo growth arrest and initiate clonal expansion. Media was then 
replaced with controls, and/or blinded test chemicals using a DMSO vehicle (at 
0.1 %) in differentiation media (DMEM-HG with 10 % fetal bovine serum, 1% 
penicillin/streptomycin, 1.0 μg/mL human insulin, and 0.5 mM 3-isobutyl-1-
methylXanthine, IBMX). After 48 h of differentiation induction, media was 
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replaced with fresh dilutions of test chemicals in adipocyte maintenance media 
(differentiation media without IBMX), and this media was refreshed every 2–3 
days until assay, ten days after induction. 

Laboratory-specific protocols varied among laboratories, with variations to this 
general protocol specified within Table 1. 3T3-L1 cells were utilized between 
passages 8 (at shipment) and 12 (provided Zenbio cells) or as noted in Table 1 
for laboratory-specific cells, and were maintained in a sub-confluent state until 
differentiation. 

 

2.5.  3T3-L1 triglyceride accumulation, cell proliferation, and cell viability 
measurements 

Fluorescence endpoint measurements were measured using a plate reader for 
the shared protocol tests and using standard laboratory practice for laboratory-
specific protocol tests. For shared protocol experiments, media was removed 
from plates, and cells were rinsed with Dulbecco’s phosphate-buffered saline 
(DPBS; Gibco cat # 14040) before replacing with 200 μL of a live-cell dye mixture 
(19 mL DPBS, 1 drop/mL NucBlue® Live ReadyProbes® Reagent (cell 
proliferation/cytotoXicity measure of DNA content; Thermo cat # R37605) and 
500 μL Nile Red (intracellular lipid measure of triglyceride accumulation; 40 
μg/mL in acetone; Sigma 72485 - 100MG) per plate). Plates were protected from 
light and incubated at room temperature for approximately forty minutes; 
fluorescence was then measured on plate readers with excitation 485 
nm/emission 572 nm (previously demonstrated to be ideal wave- lengths for 
intracellular neutral lipids (Greenspan et al., 1985)) and/or 485/535 (more 
accessible, generally used) for Nile Red and 360/460 for NucBlue®. 
Measurement wavelengths varied for laboratory-specific protocols, with most 
laboratories also providing their data from plate readers using these 
wavelengths. 

All laboratories provided raw data, and as such, normalizations and activity 
calculations and determinations were made in a uniform manner for all data. 
For triglyceride accumulation data, percent activities were calculated relative to 
the maximal rosiglitazone-induced fold induction over intra-assay differentiated 
vehicle control (0.1 % dimethylsulfoxide, DMSO) responses, after correcting for 
background fluorescence. Rosiglitazone was utilized as the positive control 
herein (provided as an unblinded chemical stock to all laboratories) due to 
selective, robust, and potent activation of PPARγ (Lehmann et al., 1995; 
Seimandi et al., 2005; Spiegelman, 1998) and in order to provide ease of 
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comparisons across laboratories and experiments. DNA content was calculated 
as percent change from differentiated vehicle control (0.1 % DMSO) responses 
for each chemical at each concentration and was then used to normalize total 
triglyceride values to obtain triglyceride content per unit DNA (proxy for 
triglyceride accumulation per cell). Four technical (replicates within each assay 
plate) and two biological replicates (separate cell passages/assays) were 
requested for every test chemical and concentration herein. 

 

2.6. Statistical analysis 

Data for adipogenic activities (triglyceride accumulation and pre- adipocyte 
proliferation) are presented as means ± standard error of the mean (SEM) from 
replicates. First, the median of four technical replicates (within plates) was 
determined and then medians of two or three (depending on laboratory) 
biological replicates (separate experimental plates) were averaged to provide a 
final value for each chemical for each laboratory under each test condition. 
Efficacy values were defined as the percent maximal activity relative to the 
rosiglitazone- induced maximal response for each laboratory and test condition. 
Relative potency values (effective concentration, EC20; concentration of each 
chemical that exhibits 20 % of assay maximal activity, respectively) values were 
estimated from raw fluorescence data, setting the axis to 20 % of response and 
estimating the concentration at which the response curve passes this activation 
value. Values were extrapolated as necessary for efficacy and potency values 
for samples approaching the cut-off; potency values were not extrapolated 
when there was no apparent activity (samples not approaching 20 % activity), 
as potencies cannot be calculated for inactive chemicals/samples. Sensitivity 
was defined as the lowest concentration that exhibited a significant effect for 
each chemical above its own solvent control under each set of test conditions 
for each laboratory. To ease comparisons among laboratories, a uniform limit 
of quantification was set between laboratories as follows: a biological activation 
threshold approach was utilized, where the variation in the differentiated 
solvent (0.1 % DMSO) control was calculated as the average differentiated 
solvent value plus three times the standard deviation of the differentiated 
solvent control response. All reproducibility metrics were based on the raw, 
unadjusted data to assess variance within experimental groups and across 
laboratories; they were calculated by subtracting the average experimental 
group response from each individual laboratory response and dividing by the 
standard deviation. Values further from zero in either direction represent 
greater variation from the average experimental group response. Responses 
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were analyzed using a one-way ANOVA and Dunnett’s post-hoc test. Differences 
between treatment and control groups were considered statistically significant 
at p < 0.05. 

3. Results 
Ten participating laboratories were asked to test three blinded test chemicals and one 
standard positive control chemical (rosiglitazone) under a defined concentration 
range and four defined sets of conditions (Fig. 1). Laboratories were asked to 
test using a shared differentiation protocol to assess the potential differences 
contributed by differentiation protocol variations and using a shared source of 
3T3-L1 cells to assess potential differences contributed by variations in cell 
sources. Activity determinations were assessed as presence of significant 
activity above the biological activation threshold as described in the methods, 
and were based on triglyceride accumulation (standard marker for extent of 
differentiation) and pre-adipocyte proliferation (increase in DNA content 
relative to differentiated solvent controls). 

 

3.1.  Rosiglitazone responses across laboratories and test conditions 

Rosiglitazone was tested under four sets of conditions within each laboratory 
(Fig. 2). Given that triglyceride accumulation efficacies for rosiglitazone were 
normalized to the maximal intra-assay rosiglitazone- induced response, 
maximal efficacies (percent activation) could not be compared and fold 
induction responses relative to the differentiated solvent control were used 
instead. Maximal triglyceride accumulation fold inductions for rosiglitazone did 
not vary considerably across the four test conditions (2.5–3.2-fold), with the 
highest fold induction responses observed in the shared protocol groups (Table 
S1, Fig. 2). More variation was observed among laboratories relative to among 
test conditions, with fold inductions ranging from 1.3–6.0 (agnostic of test 
conditions; Table S2) and Z-scores exceeding ±1.0. Lower variances were again 
observed in the shared protocol groups. With some exceptions, most 
laboratories reported the highest fold induction responses using the shared 
cell/shared protocol (SC/SP) test conditions. Dose responses were varied when 
laboratories utilized laboratory-specific cells and laboratory-specific protocols 
(LC/LP), with more than two orders of magnitude difference in potencies, three 
orders of magnitude difference in lowest observed effect level (LOEL; lowest 
tested concentration with significant increase above baseline), two orders of 
magnitude in maximal effective concentration, and a wide range of fold 
inductions relative to differentiated solvent controls (0.1 %   DMSO; Fig. 2, Table 
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S2). Similar variances were observed when all laboratories used the SC, with no 
apparent improvement in responses across laboratories, though variances 
improved slightly in the SP conditions (e.g. maximal concentrations 
demonstrated much greater consistency). Mean potencies (EC20) for 
triglyceride accumulation were very similar, with values ranging from 0.009 μM 
for SC/SP, 0.004 for LC/SP, 0.006 for SC/ LP, and 0.008 for LC/LP, though these 
trends were not evidence for pre-adipocyte proliferation (mean potencies of 
18.45 μM for SC/SP, 146.72 for LC/SP, 0.17 for SC/LP, and 6.00 for LC/LP). For 
most laboratories, fold induction increased when using the shared protocol 
(with or without shared cells). Mean SC/SP metrics for rosiglitazone 
performance (triglyceride accumulation) were 0.04 ± 0.01 μM for LOEL, 0.72 ± 
0.14 μM for maximal response concentration, 3.2 ± 0.4 for fold induction of 
response, and 0.02±0.01 μM for potency (Table S2). 

Pre-adipocyte proliferation means/deviations did not appreciably change across 
the test groups, though a greater proportion of laboratories reported significant 
adipogenic activity when using SC (with the most consistency using SC/SP; Fig. 
1, Table S1, Table S2). Only one laboratory reported inactivity for pre-adipocyte 
proliferation using the SC/SP, while 30–60 % of laboratories reported inactivity 
when assessed under the other test conditions. Efficacy ranged from < limit of 
detection (LOD) to ~ 80 %  increased DNA  content relative to the differentiated 
solvent control, and the magnitude of proliferation seemed to be highest in the 
SC/SP group (Table S1, Table S2). Average reproducibility metrics for the SC/SP 
conditions included LOEL (mean: 0.26 ± 0.13 μM), maximal efficacy (mean: 32.1 
% ± 6.7 %), concentration at which maximal response was induced (mean: 0.9 ± 
0.1 μM), and potency (18.45 15.63 μM; Table S2). Maximal response 
concentration was nearly unanimous using the SC/SP, but large variances and 
potency shifts were observed in the other test groups (Fig. 1, Table S2). Some 
low-level cytotoxicity   was   observed   for   certain   laboratories   under certain 
test conditions, only  at  10  mM,  and  all  using  the  LC  test conditions.  
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Table 1. Descriptive statistics for laboratory-specific differentiation protocols 
provided by each participating laboratory. These cells and differentiation 
details were utilized for the LC and LP conditions only. The “Shared” cell source 
was utilized for all SC conditions, and the shared protocol (Supplemental 
information) for all SP conditions. All laboratories completed tests using each of 
the four defined test conditions. u = unknown passage number. Differentiation 
length specifies the total duration of adipocyte differentiation and adipocyte 
maintenance media treatment, whereas cocktail length specifies just the 
duration of the differentiation induction media treatment.   

1 3T3-L1 MBX clone utilized for these experiments: designed to ensure 
more complete adipocyte differentiation and insulin sensitivity; 
unknown lot #.  

2 Green H (isolating laboratory) source as gift from Philip Pekala (same 
apparent source as commercial Zenbio cells); no reported lot #. 
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Fig. 2. Rosiglitazone Responses Across Laboratories and Conditions. 
Comparison of dose responses for rosiglitazone (provided, not blinded) across 
the ten participating laboratories. Responses are provided as raw triglyceride 
accumulation per well of tissue culture plate, normalized to maximal 
rosiglitazone-induced response using those test conditions (left column); cell 
proliferation and/or cytotoxicity as per Hoechst DNA dye (middle column); and 
normalized triglyceride accumulation per cell, normalized to DNA content of 
that treatment (right column). Laboratories were asked to test equivalent 
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concentrations using their laboratory stock of 3T3-L1 cells and their laboratory 
differentiation protocol (top row), using the provided stock of 3T3-L1 cells and 
their laboratory protocol (second row), using their laboratory stock of 3T3-L1 
cells and the provided protocol (third row), and using the provided 3T3-L1 cells 
and provided protocol (bottom row). 
 
3.2. Pyraclostrobin responses across laboratories and conditions 
 
Pyraclostrobin is a fungicide that has been reported previously to exhibit 
adipogenic effects (Kassotis et al., 2017a; Luz et al., 2018), though reportedly 
not through PPARγ activation (Luz et al., 2018). Maximal triglyceride 
accumulation efficacies for pyraclostrobin varied considerably across test 
conditions (<LOD – 400 %), with generally lower   variances   observed   in   the   
SP   groups (Table   S3, Table   S4, Figure S1). Under each set of test conditions, 
there was at least one laboratory below or near the LOD for triglyceride 
accumulation. There appeared to be two groupings among laboratories for 
maximal efficacy results (low/no activity responders and high activity 
responders; Fig. 3). Three laboratories were consistently low responders, one 
was consistently a high responder, four laboratories were high responders in 
three of the four test conditions (test condition varied by laboratory), and two 
laboratories were split in responses across test conditions. The LOEL and 
maximal response concentrations appeared to be more consistent when using 
the SP, albeit with slightly lower potencies (particularly for the SC/SP condition; 
Fig. 3, Table S4). Almost all laboratories identified this chemical as active for 
inducing triglyceride accumulation with the exception of one each using LC/SP 
and SC/SP (blue boxes denote active determinations, whereas red denote 
inactive; Fig. 3, Table S3, Table S4). 
For pre-adipocyte proliferation, maximal efficacies also varied widely (<LOD – 
201 %; Fig. S1, Fig. 3, Table S4). A greater proportion of laboratories reported 
significant proliferative activity using the SC: 30 % using LC/LP, 40 % using LC/SP, 
70 % using SC/LP, and 60 % using SC/ SP. In most cases, greater efficacies for 
proliferation were observed when in SP groups. Greater consistency but lower 
sensitivity/potency were observed for the SC/SP group. At the level of activity 
determination, there was an almost even split in responses (Fig. 3D). Only five 
laboratories reported pyraclostrobin as active for proliferation in three or more 
four conditions (generally reported as inactive using LC/LP). Significant toxicity 
was observed for some laboratories under certain test conditions. No toxicity 
was observed for any laboratory in the SC/SP condition, but 40 % of laboratories 
reported significant toxicity in both the SC/LP (one at 1 and 10 mM and three at 
10 mM only) and LC/SP (three at 1 and 10 mM and one at 10 mM only) 
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conditions, and 50 % reported significant toXicity using LC/LP (two at 0.1, 1, and 
10 mM; two at 1 and 10 mM; and one at 10 mM only). 

 
 
Fig. 3. Pyraclostrobin Responses Across Labs and Conditions. Comparison of 
dose responses for pyraclostrobin across the ten participating laboratories. 
Mean responses ± standard error of the mean (SEM) are provided as raw 
triglyceride accumulation per well of tissue culture plate, normalized to maximal 
rosiglitazone- induced response using those test conditions (left column); cell 
proliferation and/or cytotoxicity as per Hoechst DNA dye (middle column); and 
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normalized triglyceride accumulation per cell, normalized to DNA content of 
that treatment (right column). Laboratories were asked to test equivalent 
concentrations using their lab stock of 3T3-L1 cells and their laboratory 
differentiation protocol (top row), using the provided stock of 3T3-L1 cells and 
their laboratory protocol (second row), using their lab stock of 3T3-L1 cells and 
the provided protocol (third row), and using the provided 3T3-L1 cells and 
provided protocol (bottom row). Dashed lines represent concentrations at 
which cytotoxicity was observed (significant decreased DNA content at that 
concentration). 
 
3.3. Tributyltin chloride (TBT) responses across laboratories and conditions 

 
TBT is a biocide that has been reported previously to exhibit robust adipogenic 
effects in vitro (Grun et al., 2006; Li et al., 2011; Pereira-Fernandes et al., 2013) 
and in vivo (Chamorro-Garcia et al., 2013; Penza et al., 2011). Maximal 
triglyceride accumulation efficacies for TBT varied considerably across test 
conditions (<LOD – 429 %), with lower variances in the LC/LP and SC/SP groups 
(Fig. 4, Fig. S2, Table S5, Table S6). Relative to pyraclostrobin, wide variances 
were observed even within laboratories, and two response groupings (high and 
low consistency) were observed. Five laboratories ranged widely in triglyceride 
accumulation responses across test conditions, and five laboratories were more 
consistent (moderate to high triglyceride accumulation). No differences were 
observed in LOELs, though maximum response concentrations and potencies 
appeared more consistent in the SC/SP group, albeit with slightly lower 
potencies (Fig. 4, Table S6). Almost all laboratories identified this chemical as 
active for inducing triglyceride accumulation, with the exception of two 
laboratories using the LC and one using the SC/SP (Fig. 4D). 
For pre-adipocyte proliferation, maximal efficacies had low consistency (<LOD – 
84 %; Fig. S2, Fig. 4, Table S6), but the highest consistencies for efficacy, LOEL, 
and potencies were observed in the SC/SP group. At the level of activity 
determination, 50–70 % of laboratories reported TBT as inactive for 
proliferation across all test conditions (Fig. 4D), with no laboratory reporting 
consistent activity across test conditions. Two laboratories identified TBT as 
inactive for proliferation for all conditions and two as inactive in three of four 
conditions. Clear cytotoxicity was observed for TBT at 1 and 10 mM, with high 
consistency across laboratories and conditions (Fig. S2). 
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Fig. 4. Tributyltin Chloride Responses Across Labs and Conditions. Comparison 
of dose responses for tributyltin chloride across the ten participating 
laboratories. Mean responses ± standard error of the mean (SEM) are provided 
as raw triglyceride accumulation per well of tissue culture plate, normalized to 
maximal rosiglitazone-induced response using those test conditions (left 
column); cell proliferation and/or cytotoxicity as per Hoechst DNA dye (middle 
column); and normalized triglyceride accumulation per cell, normalized to DNA 
content of that treatment (right column). Laboratories were asked to test 
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equivalent concentrations using their lab stock of 3T3-L1 cells and their 
laboratory differentiation protocol (top row), using the provided stock of 3T3-
L1 cells and their laboratory protocol (second row), using their lab stock of 3T3-
L1 cells and the provided protocol (third row), and using the provided 3T3-L1 
cells and provided protocol (bottom row). Dashed lines represent 
concentrations at which cytotoxicity was observed (significant decreased DNA 
content at that concentration). 
 
3.4. Bisphenol A responses across laboratories and conditions 
 
BPA is a synthetic chemical used often as a cross-linker in the synthesis of some 
plastics and can be found in some consumer products. (vom Saal et al., 2007; 
Welshons et al., 2006) BPA has been extensively described to disrupt metabolic 
health in vitro (Masuno et al., 2002; Sargis et al., 2010; Taxvig et al., 2012), in 
vivo (Angle et al., 2013; Somm et al., 2009; Vom Saal et al., 2012), and in 
epidemiological studies (Carwile and Michels, 2011; Rochester, 2013; Trasande 
et al., 2012). Maximal triglyceride accumulation efficacies for BPA varied across 
test conditions (<LOD – 93 %), with apparent lower variances in the SP groups 
(Table S7, Table S8, Fig. S3, Fig. 5). Relatively wide variances were observed even 
within laboratories, and three response groupings (inactive, low/moderate and 
moderate/high activity) were observed. Given lower reported activity, potency 
and LOEL comparisons were difficult to ascertain (Fig. 5, Table S8). Nearly all 
laboratories identified this chemical as active for triglyceride accumulation, 
though with considerable variation across test conditions and no apparent 
difference between groups (Fig. 5). 
For pre-adipocyte proliferation, maximal efficacies were again less consistent 
but with a smaller dynamic range (<LOD – 42 %; Fig. S3, Fig. 5, Table S8) that 
hindered evaluation of several reproducibility metrics. Greater agreement was 
observed for inactivity of BPA on the proliferation metric (Fig. 5D). Three 
laboratories reported BPA as inactive for proliferation across test conditions, 
three laboratories as inactive in three of four test conditions, and the remaining 
laboratories reported higher rates of activity. Within test conditions, the 
greatest consistency was observed using the SC/LP and SC/SP conditions, with 
80 % of laboratories reporting BPA as inactive for proliferation. No significant 
toxicity was reported for BPA at any test concentration by any laboratory and in 
any test condition. 
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Fig. 5. Bisphenol A Responses Across Labs and Conditions. Comparison of dose 
responses for bisphenol A across the ten participating laboratories. Mean 
responses ± standard error of the mean (SEM) are provided as raw triglyceride 
accumulation per well of tissue culture plate, normalized to maximal 
rosiglitazone- induced response using those test conditions (left column); cell 
proliferation and/or cytotoxicity as per Hoechst DNA dye (middle column); and 
normalized triglyceride accumulation per cell, normalized to DNA content of 
that treatment (right column). Laboratories were asked to test equivalent 
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concentrations using their lab stock of 3T3-L1 cells and their laboratory 
differentiation protocol (top row), using the provided stock of 3T3-L1 cells and 
their laboratory protocol (second row), using their lab stock of 3T3-L1 cells and 
the provided protocol (third row), and using the provided 3T3-L1 cells and 
provided protocol (bottom row). 
 
4.  Discussion 
 
These results confirm that repeatability of adipogenic (pre-adipocyte 
proliferation) and lipogenic (triglyceride accumulation) responses utilizing 3T3-
L1 cells are highly variable across laboratories, which can be problematic for 
reproducibility and data comparability. There have been previous reports of 
inconsistencies in adipogenic determinations for specific chemicals (Kassotis et 
al., 2017b), but this has not previously been evaluated in a blinded, systematic 
manner. While standard in most areas, reproducibility studies are relatively 
uncommon for toxicological outcomes, and as a consequence, reproducibility 
across laboratories is not well-appreciated. While bioactivities 
(efficacies/potencies) varied considerably across laboratories and test 
conditions, activity determinations (active/inactive) were more consistent, 
which suggests that most laboratories can accurately identify MDCs. Though 
importantly, even these determinations were less consistent when using LC/LP, 
suggesting that standardization may greatly improve reproducibility between 
laboratories (at least for triglyceride accumulation) and thus confidence in 
reported outcomes. The most consistent results across test conditions and 
chemicals tested were generally observed in the LC/SP and SC/SP groups. While 
potencies were lower for rosiglitazone-induced triglyceride accumulation in the 
SC/SP group, this pattern did not carry over to other test chemicals or the pre-
adipocyte proliferation metric, and this group had the most potent responses 
for other test chemicals. 
Pyraclostrobin was selected for screening given the previously reported non-
traditional mechanism(s) of action (antagonism of TRb and/ or mitochondrial 
dysfunction) and robust adipogenic response (Kassotis et al., 2017a; Luz et al., 
2018). A high degree of consistency was observed for triglyceride accumulation 
activity determination between laboratories and test conditions for this 
chemical, though magnitude and potency of responses were much more 
variable. Efficacy did not seem to vary based on test conditions, but instead was 
more laboratory-specific, with laboratories reporting more consistent 
responses regardless of test condition. These responses appeared independent 
of cell source and protocol, which could suggest more overarching variables 
such as fetal bovine serum source/consistency that may impact results across 
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these conditions. Maximal response concentrations and LOELs were more 
consistent when using the SP, albeit with slightly lower potencies. Pre-adipocyte 
proliferation was much more variable (50 % of laboratories and test conditions 
reported active), though twice the laboratories reported significant proliferative 
activity using the SP. In most cases, greater proliferative responses were 
observed when using the SP, for which laboratories were provided tissue culture 
plates; it has been previously reported that the tissue culture plates used could 
drastically impact the proliferative response (Kassotis et al., 2017b; Mehra et 
al., 2007). Overall, greater consistency but lower sensitivity/potency were 
observed for the SC/SP group. It is worth noting that pyraclostrobin exhibited 
much greater activity TBT was selected due to well-reported adipogenic effects 
via activation of PPAR and RXR (Chamorro-Garcia et al., 2013; Grun et al., 2006; 
le Maire et al., 2009; Li et al., 2011; Penza et al., 2011; Pereira-Fernandes  et  al.,  
2013).  We  previously  demonstrated  consistent expression for PPAR isoforms 
and RXRα in ATCC and Zenbio-sourced 3T3-L1 cells (Kassotis et al., 2017b), 
suggesting this chemical might have greater consistency across laboratories and 
test conditions. However, while nearly all laboratories and test conditions 
successfully identified TBT as active for promoting significant triglyceride 
accumulation, the broad range of efficacies, potencies, and sensitivities 
reported here would suggest that these methods may not be sensitive enough 
to accurately characterize less active chemicals. This could be due to small 
differences in cytotoxicity impacting our broad concentration response curves. 
Pre-adipocyte proliferation is a less frequently examined and/or reported 
endpoint in 3T3-L1 cells, with explicit reporting only becoming more standard in 
the last several years. Accounting for varying cell densities across wells and 
replicates can be achieved by normalizing the triglyceride content with the DNA 
content. Indeed, when examining the total triglyceride content per well only 
(Table S5), the number of laboratories and conditions reporting TBT inactive 
would increase from five to nine. Thus, the normalization to DNA content is 
important to accurately defining adipogenic activity, particularly given that 
varying cell densities across plates are common and since mature adipocytes 
detach easily from the plate bottom during media changes and rinses. Pre-
adipocyte proliferation as its own metric, however, was considerably less 
consistent. Approximately half of the laboratories and test conditions reported 
TBT as inactive for proliferation (17/40) and half as active, demonstrating no 
clear correct determination for this endpoint. Greater consistency was observed 
when using SC/SP, however, demonstrating that greater concordance in testing 
may be possible if protocols were standardized. 
BPA was selected due to the non-canonical mechanism of action and the less 
reproducible outcomes reported previously in vitro (Kassotis et al., 2017b). BPA 
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has been reported to increase adipogenic gene expression (aP2) through an 
estrogen receptor-mediated mechanism (Boucher et al., 2014), which we 
reported to have differential expression between 3T3-L1 cell sources (Kassotis 
et al., 2017b). As expected, lower consistency was observed for BPA-induced 
triglyceride accumulation (65 % of laboratories/conditions reported as active). 
Lower variance was observed for DNA content measurements, with only 30 % 
of labs and test conditions reporting BPA as active for this metric. While test 
condition did not appreciably influence activity determinations for triglyceride 
accumulation, improved consistency was observed for the pre-adipocyte 
proliferation metric using the LC/SP and SC/SP conditions, suggesting that 
protocol and not cell differences were the primary factors in these disparities. 
Overall, cell source appeared to be a significant factor in variation observed 
between laboratories and test conditions. Zenbio-sourced cells often had lower 
variation than ATCC-sourced cells for chemicals, which we reported previously 
(Kassotis et al., 2017b). It is perhaps unsurprising that 3T3-L1 cells sourced from 
different companies had high variation in responses between them, though it is 
notable that considerable variation was observed even when comparing cells 
obtained from the same provider (Table 1, Figs. 2–5); cells sourced from the 
Green Lab were unsurprisingly more similar to the Zenbio-sourced cells. It has 
been previously established that ATCC maintains a variety of 3T3-L1 cell lots, 
which are described in ATCC protocols to differentiate to different extents 
(Kassotis et al., 2017b). This appears to be a common problem, as noted above, 
as the European Collection of Authenticated Cell Culture (ECACC) currently 
reports that their 3T3-L1 cells will not differentiate. It is likely, based on the 
varied responses reported herein and the differentiation issues noted by the 
providers, that continuity of this cell line has not been properly controlled across 
sources. This may be contributing to a portion of the divergent responses 
observed across laboratories. As observed here, this contributes to considerable 
variance even for laboratories ordering presumably the same cell line from the 
same supplier. This has been reported previously for MCF-7 cells obtained by 
two laboratories that ordered the same lot of MCF-7 cells from ATCC (Kleensang 
et al., 2016). Phenotypic, gene expression, metabolomic, and hormone-
responsiveness were all demonstrated to clearly vary between these sub-clones 
even of the same lot of cells and were eventually linked to genetic variability in 
a single frozen lot of ATCC MCF-7 cells (Kleensang et al., 2016). As these authors 
recommended, future research should investigate these 3T3-L1 cell sources and 
lots through Direct Compararative Genome Hybridization and/or deep 
sequencing approaches to determine shifts in frozen cell line stocks that may be 
contributing to disparate responses. This should be pursued to improve 
response consistency and to increase confidence and transparency of results. 
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For a number of chemicals and laboratories, the most reproducible and least 
variable outcomes (lower Z-score ranges; Supplemental Tables) based on the 
performance metrics examined here were observed in the SC/SP group. Often, 
we observed reduced variance in the LC/SP group as well, suggesting that while 
cell source should be considered as a contributory factor in improving 
reproducibility, improvements can be made more readily through taking steps 
to harmonize differentiation protocols across laboratories. Numerous factors 
varied widely across laboratories (Table 1). While the differentiation timeline 
was often consistent, a variety of cell culture plastics were used, concentrations 
and presence of media additives varied considerably. The source of additives 
such as fetal bovine serum have been reported to vary substantially and may 
have contributed to varying degrees of differentiation. While 
isobutylmethylxanthine (IBMX) concentrations were quite consistent, insulin 
concentrations varied >1000-fold, and seven laboratories used dexamethasone 
(10-fold variation in concentrations). Even 10-fold variations in insulin 
concentration have been described to promote robust impacts on adipogenesis 
via both triglyceride accumulation and pre-adipocyte proliferation (Green and 
Kehinde, 1975). Additionally, dexamethasone has been demonstrated to 
promote potent and efficacious effects on triglyceride accumulation (Kassotis et 
al., 2017b). Taken together, the concentrations of these additives are likely 
contributory factors, though no clear trends in media additive use could be 
associated with specific patterns of activity (Fig. S4). While the SP groups utilized 
consistent detection and staining protocols, these were not consistent in the LP 
groups and may have contributed to some of the protocol-specific variances. 
Despite these factors, particularly variation likely contributed by fetal bovine 
serum sourcing, we need to utilize models such as this to evaluate the tens of 
thousands of chemicals requiring toxicological characterization. Appreciating 
these factors, and understanding the inherent variability, is key to making 
proper determinations based on studies utilizing these and similar models 
 In summary, we report poor reproducibility (efficacies, potencies, and 
sensitivities) for several blinded test chemicals across laboratories, though this 
largely did not impact determination of chemical activity classification (e.g. 
categorized as “active” or “inactive”). While activity determinations for 
triglyceride accumulation were quite consistent, even this gross level of 
bioactivity measurement was not consistent for pre-adipocyte   proliferation.   
These   results   suggest   that   toxicologic reproducibility assessments are 
warranted for other endpoints (for other assays and other metrics of 
differentiation success such as percent of differentiated cells, etc.) and suggests 
some avenues for improvements through harmonization of cell sourcing and 
differentiation protocols. It is also important to note that analytical 
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reproducibility efforts have also reported high variance across laboratories 
(Melymuk et al., 2015, 2018); we do not believe this should reduce confidence 
in bioassay findings, but should be acknowledged to support accurate 
determinations of activity for unknown test chemicals when considering 
regulatory next steps. We report that the differentiation protocol and the 
source of the 3T3-L1 cells both contributed to variance in responses and even 
some dissimilar determinations of activity, suggesting that these factors may 
provide opportunity for reducing inter-laboratory variability. While we did not 
detect specific differences that we could associate with individual media additives, 
further research should evaluate this more explicitly. It should be noted that 
pyraclostrobin exhibited much greater activities than BPA, though has received as of 
yet very limited relative research attention. 
While human mesenchymal stem cell and human pre-adipocyte cell lines are 
increasingly available commercially, there are wide reported variations based on sex, 
race and ethnicity, as well as physiological status of the donor. These models should 
see increased use, and direct comparisons to 3T3-L1 results, in future research; 
however, the decades of research on 3T3-L1 cells support continued use of this model 
at least until there are clearly superior models and/or clear translation of prior findings 
to human models. 
Given the increasing need for accurate and reliable metabolic health assays and the 
difficulty of policing cell line providers, we suggest that future efforts focus on 
establishing best practices and consistency in differentiation protocols to improve 
translation across laboratories. There are also notable efforts ongoing through the 
Horizon 2020 program in the European Union to develop and validate new and diverse 
metabolism disrupting chemical assays in silico, in vitro, and in vivo (Audouze et al., 
2020; Legler et al., 2020). Towards that end, we have provided the detailed shared 
differentiation protocol used in this study (Supplemental File 1), though further efforts 
towards harmonization should be undertaken with experts to weigh inclusion or 
exclusion of specific factors in the protocol and to consider the issues inherent with 
specific sources of 3T3-L1 cells. 
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Abstract: (E)-β-caryophyllene (BCP) is a bicyclic sesquiterpene widely distributed in the plant
kingdom, where it contributes a unique aroma to essential oils and has a pivotal role in the survival
and evolution of higher plants. Recent studies provided evidence for protective roles of BCP in animal
cells, highlighting its possible use as a novel therapeutic tool. Experimental results show the ability of
BCP to reduce pro-inflammatory mediators such as tumor necrosis factor-alfa (TNF-α), interleukin-1β
(IL-1β), interleukin-6 (IL-6), nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB),
thus ameliorating chronic pathologies characterized by inflammation and oxidative stress, in particular
metabolic and neurological diseases. Through the binding to CB2 cannabinoid receptors and the
interaction with members of the family of peroxisome proliferator-activated receptors (PPARs), BCP
shows beneficial effects on obesity, non-alcoholic fatty liver disease/nonalcoholic steatohepatitis
(NAFLD/NASH) liver diseases, diabetes, cardiovascular diseases, pain and other nervous system
disorders. This review describes the current knowledge on the biosynthesis and natural sources of
BCP, and reviews its role and mechanisms of action in different inflammation-related metabolic and
neurologic disorders.

Keywords: (E)-β-caryophyllene; biosynthesis and distribution; inflammation; metabolic disorders;
obesity; steatosis; type II diabetes; cardiovascular disorders; pain; neurodegenerative diseases

1. Introduction

The scientific interest for natural compounds as novel potential drugs has increased exponentially
in the last few years, along with the number of trials and studies on nutraceuticals and herbal extracts,
aimed to test their effects on many disorders, including obesity, type II diabetes (T2D), cardiovascular
disease (CVD), NAFLD and also cancer [1–4].

The sesquiterpene hydrocarbon (E)-β-caryophyllene (BCP) is one of the most studied and
promising natural compounds [5–10]. In recent years, modulatory and pharmacological effects of BCP
have been demonstrated in numerous organs such as liver [11], kidney [12] and brain [13]. BCP has been
reported to exert therapeutic effects as antioxidant [11], anti-inflammatory [14] and anticancer [12,15].
Importantly, BCP has been identified as a fully selective agonist of CB2 cannabinoid receptors [16],
one of the key members of the endocannabinoid system (ECS). The ECS is an endogenous system
exerting regulatory control on food intake, metabolism and storage of calories and for this reason
it represents a potential pharmacotherapeutic target for a wide range of metabolic disorders such
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as obesity, dyslipidemia, steatosis, diabetes and eating disorders [17]. The ECS is also involved in
the regulation of inflammation [18] and in the modulation of depression, schizophrenia and chronic
pain [6,19–21]. The selectivity of BCP for CB2 receptors avoids potential psychotropic effects mediated
by brain CB1 cannabinoid receptor, being CB2 receptors mainly expressed in peripheral tissues and in
central nervous system (CNS) immune cells [5,16]. Apart from CB2 receptors, BCP has been recently
demonstrated to interact with members of the family of peroxisome proliferator-activated receptors
(PPARs), in particular PPARα and γ, transcriptional factors belonging to the ligand-activated nuclear
receptor superfamily [10,22,23].

This review will first present the molecular features, biosynthesis and distribution of BCP in plants,
followed by current information on the molecular targets of BCP in animal cells. Finally, the beneficial
effects of BCP on human health will be discussed; since many of them have been already extensively
reviewed [5–7,9,24,25], this review will specifically focus on BCP effects in metabolic and neurological
diseases/disorders, with special emphasis on those characterized by chronic inflammation.

2. Plant Distribution, Biosynthesis and Molecular Biology of BCP

BCP, a bicyclic sesquiterpene, is widely distributed in the plant kingdom. It is a secondary
metabolite belonging to the macro group of terpenes, it exerts a pivotal role in the survival and
evolution of higher plants and contributes to the unique aroma of essential oils extracted from
numerous species [26]. BCP is one of the most widespread sesquiterpenes in floral volatiles, occurring
in more than 50% of angiosperm families [27]. A recent study identified several plants able to produce
high percentages and high yields of BCP [28]. The work, out of more than 300 selected species,
identified top species like Copaifera langsdforffii, Cananga odorata, Humulus lupulus, Piper nigrum and
Syzygium aromaticum, which provide a high percentage of BCP along with interesting essential oil
yields. These species possess a high potential for BCP utilization; however, only a skillful molecular
fractionation of the essential oil allows the removal of undesired or even toxic terpenes that sometimes
may be present along with BCP [28]. For instance, essential oils from S. aromaticum (also known as
clove oil) may contain relatively high percentages of the toxic compound eugenol. This compound may
form eugenol–quinone methides in hepatocytes, which are responsible for the cytotoxicity mediated
by eugenol; finally, methyl eugenol, a derivative of eugenol, is also hepatotoxic [29]. With the due
fractionation, the high percentages of BCP provided by these plants can be used for the preparation of
new drugs or dietary supplements aimed to improve health, prevent lifestyle illnesses and act as a
valid support for chronical diseases such as pain, metabolic and neurological disorders [28].

Due to the wide variety of plants producing BCP, the chemical synthesis of BCP appears to be
an inconvenient strategy. For instance, a chemical method for BCP synthesis required eight steps
including reduction, dehydration by Mitsunobu activation, diastereoselective reduction, selective
tosylation, deprotonation, carbonyl-forming elimination, desilation and wittig methylenation [30].
Another way of producing BCP could be through microbial fermentation, because microorganisms
grow rapidly. Although significant BCP yields have been obtained by employing a multi-step metabolic
engineering strategy to increase precursor and cofactor supplies for BCP production [31], the costs for
biotechnological applications are still too high when compared to essential oil costs and yields.

Thus, plants remain the main factories for BCP synthesis. In plants, terpenes are synthesized
by terpene synthases (TPSs) which accept the ubiquitous prenyl diphosphates geranyl diphosphate
(GPP), farnesyl diphosphate (FPP) and geranylgeranyl diphosphate (GGPP) as substrates and convert
them into the different mono-, sesqui- and diterpene skeletons, respectively [32]. In the biochemical
pathway that leads to BCP, the five-carbon building blocks isopentenyl diphosphate (IPP) and its allylic
isomer dimethylallyl diphosphate (DMAPP) originate from two alternative pathways: the cytosolic
mevalonate (MVA) pathway and the plastidial methylerythritol phosphate (MEP) pathway [32].
However, there is no compartmental separation of the two pathways and the extent of this cross-talk
depends on the species and the physiological conditions [33].
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The condensation of one DMAPP and two IPP molecules catalyzed by farnesyl diphosphate
synthase (FPPS) leads to the formation of farnesyl diphosphate (FPP) in the cytosol [34]. FPP serves as
substrate for TPSs for synthesizing BCP and the reaction starts with FPP ionization to a trans-farnesyl
cation [35]. This is then followed by a series of complex chemical mechanisms involving isomerizations,
cyclizations, and rearrangements catalyzed by TPSs, which generate humulyl cation, caryophyllyl
cation and eventually BCP [36] (Figure 1).

Figure 1. Simplified mechanism of the formation of (E)-β-caryophyllene (BCP) from DMAPP and
IPP. Abbreviations: DMAPP, dimethylallyl diphosphate; IPP, isopentenyl diphosphate; TPS, terpene
synthase. Modified from [36].

The BCP synthase (BCS) gene is characterized by the GVYXEP consensus sequence common to
angiosperm sesquiterpene synthases [37], a conserved aspartate-rich region (DDxxD), which is crucial
for the substrate binding [38] and by the xDx6E motif for metal cofactor binding [39]. A RR(X)8W
motif, which is present in the N-terminal region and downstream of the N-terminal transit peptide,
is assumed to participate in the ionization of the substrate [40] and is characteristic of the majority of
the members of the terpene synthase subfamilies TPS-a and TPS-b [37]. Another conserved region,
the RxR motif, is located 35 amino acids upstream of the DDxxD motif and is known to form the
complex of diphosphate group after substrate ionization [41].

The role of BCP in plants is directly connected to plant defense and attraction. BCP is the
main product of Gossypium hirsutum terpene synthase 1 (GhTPS1) and the expression of GhTPS1 is
induced in leaves of methyl jasmonate (MeJA)-treated cotton plants [42,43]. In Medicago truncatula,
the MEP pathway-derived BCP is the main product of the terpene synthase 1 (MtTPS1); in this case
the gene is induced by jasmonate (JA) and by the combination of JA and the ethylene precursor
1-aminocyclopropane-1-carboxylic acid (ACC) [44].

In grapevine five genes are known to code for BCP synthases [45] but only one (VvGwECar2)
is actually expressed in all plant tissues and therefore accounts for most of the volatile production
in vegetative parts and berries [46]. In this plant, flowers express two other genes (VvGwECar1 and
VvPNECar2) that seem to play an important role in these organs [47]. Biochemical analysis of Oryza
sativa terpene synthase 1 (OryzaTPS1), coded by a rice terpene synthase gene involved in indirect
defense against insects, showed that the enzyme functions as a BCS [48].

A partial cDNA for the BCP synthase gene (MmCS) was isolated from the expressed sequence tag
(EST) library of Mikania micrantha leaves. MmCS expression was significantly increased in M. micrantha
leaves within 3-days after wounding [49] and was found to be induced by high CO2 levels [50].
The Japanese pepper (Zanthoxylum piperitum) produces BCP in the secretory cavities. In this plant,
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the BCS ZpTPS1 specifically accepts the substrate FPP and is responsible for the biosynthesis of
BCP [51]. In the flowers of the model plant Arabidopsis thaliana, the expression of terpene synthases
can be induced by the phytohormones gibberellin (GA) and JA, and their induction increases the
expression of TPS21, which encodes an enzyme that converts farnesyl diphosphate into BCP [52,53].
TPS21 overexpression also demonstrated that BCP served as a defense against pathogens that invade
floral tissues [35]. In Liquidambar formosana, the characterization of the BCS LfTPS04 showed that
seasonal differences in BCP content were correlated to the sesquiterpene synthase gene expression [54].
Expression patterns of BCP synthase gene during the development of Artemisia annua were observed
in response to wounding and elicitation [55], whereas in Pinus sylvestris (Scots pine), insect oviposition
enhances the transcription of the BCP/α-humulene synthase (PsTPS1), which in turn induces the
attraction of an insect parasitoid [56]. Finally, in black pepper (Piper nigrum), PnTPS1 produced BCP as
a main product and α-humulene as a minor compound. The transcript level of PnTPS1 correlated with
the predominant BCP biosynthesis in black pepper, defining it as a relevant source of BCP [57].

3. Molecular Targets of BCP Action in Animal Cells

Apart from the functions of BCP in plants, recent studies outlined also a role of BCP in animal
cells, highlighting its possible use as a novel therapeutic tool. Although the mechanism of action is not
yet fully understood, studies indicate that BCP could act in animal cells through the specific binding to
the CB2 receptor, a member of the endocannabinoid system [16], as well as the activation of PPARs,
in particular PPARα and γ [10,22,23].

In the next few paragraphs, we will therefore describe more in detail these two classes of receptors.

3.1. CB2 Receptors

The cannabinoid receptors CB2 and CB1 belong to the endocannabinoid system, along with
their natural ligands, the endocannabinoids, e.g., anandamide (AEA) and 2-arachidonoylglycerol
(2-AG), and a plethora of enzymes involved in their biosynthesis and inactivation [58,59]. Nevertheless,
exogenous cannabinoids do exist, the most potent of which is Δ9-tetrahydrocannabinol (THC),
a well-known terpenoid present in Cannabis sativa var. indica, responsible for the psychoactive effects of
marijuana [60]. The endocannabinoid system shares mediators and overlaps with metabolic processes
of other signaling pathways; thus, a wider endocannabinoid-related network has been identified as
“expanded endocannabinoid system” or “endocannabinoidome” [61].

Both CB1 and CB2 receptors are G-protein coupled receptors, with an extracellular N-terminal
domain, seven transmembrane alpha-helices and an intracellular C-terminus [62,63]. They show
44% overall amino acid similarity and 68% homology in the transmembrane domain [63]; one of
the most different regions is the one located in the extracellular domain, which is responsible for
cannabinoid binding [64]. Both receptors signal through Gi/o proteins, thus they can inhibit adenylyl
cyclase and activate mitogen-activated protein kinases (MAPKs). Worthy of note is the fact that
MAPKs could regulate the activation of PPARs via direct phosphorylation. Differently from CB2
receptor, CB1-coupled Gi/o proteins can mediate activation of A-type and inwardly rectifying potassium
channels, and inhibition of N- and P/Q-type calcium currents; in addition, CB1 receptors can signal
through Gs proteins [65].

CB1 is the most abundant and widespread G-protein coupled receptor in the mammalian brain,
being highly expressed by presynaptic termini of neurons in the cortex, amygdala, hippocampus, basal
ganglia, and cerebellum, where its activation modulates neurotransmitter release [66]. Notably, CB1 is
present also in many peripheral sites, including spleen, lung, thymus, heart [67].

On the other hand, CB2 receptors, are mostly distributed peripherally, in the cells of the immune
system [68] and indeed the main role of CB2 seems to be immune modulation. However, recent studies
showed low levels of CB2 also in the central nervous system [69], especially in microglial cells and its
activation in association with neurodegenerative disorders [70].
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The endocannabinoid system, due to its wide distribution, regulates various physiological
functions, such as neurogenesis and neurodegeneration, cognitive and mood regulation, appetite and
metabolism, muscle contractility, inflammation and immune functions [67].

In 2008, Gertsch and colleagues [16] showed that BCP is able to elicit some of its effects by acting
as a fully functional agonist of the CB2 receptor. Notably, BCP binds selectively CB2 receptors, since
it lacks significant binding activity to the human CB1 (hCB1) receptor, and it is unable to displace
high-affinity ligands from hCB1. BCP was shown to bind hCB2 with an inhibitory constant Ki of
155 ± 4 nM, a binding affinity about 150 times lower than the potent high affinity cannabinoid ligand
WIN55,212-2 (whose Ki for hCB2 is 1.2 nM). BCP, likely in its bioactive ββ conformation, binds to the
hydrophobic region of the amphipathic hCB2 receptor binding pocket, being the putative binding site
located adjacent to helices III, V, VI, and VII at the near extracellular site of the seven transmembrane
domain. BCP acts as a full CB2 receptor ligand, since its binding activates CB2-mediated intracellular
signaling, e.g., adenylate cyclase inhibition, intracellular calcium release and mitogen-activated
kinases Erk1/2 and p38 activation [16]. Notably, BCP was shown to lead to anti-inflammatory effects,
inhibiting lipopolysaccharide (LPS)-induced TNF and IL-1β expression in peripheral blood and
attenuating LPS-stimulated Erk1/2 and JNK1/2 phosphorylation in monocytes. CB2-mediated BCP
anti-inflammatory effects were also observed in an in vivo model, where BCP (5 and 10 mg/kg body
weight), orally administered 1 h before carrageenan treatment, strongly reduces inflammatory response
in wild-type mice but not in CB2 deficient mice [16].

Recent studies have demonstrated a role of BCP, through the activation of CB2 receptors,
in the modulation of different processes. A specific BCP-mediated CB2 receptor activation has been
demonstrated to be at the base for example of tumor suppression in glioblastoma where it has
anti-proliferative effects and plays an anti-inflammatory activity through the modulation of NF-κB
and PPARγ [71]. In LPS-induced interstitial cystitis in mice, the intravesical instillation or the oral
treatment with BCP (100 mg/kg) resulted in a significant decrease in the number of adherent leukocytes,
thus confirming an anti-inflammatory activity in bladder inflammation [72]. In another study [73], BCP
(25 mg/kg) was able to prevent nucleoside reverse transcriptase inhibitors (NRTI)-induced neuropathic
pain in mice, in a CB2 cannabinoid receptor-dependent manner; also, BCP treatment prevented the
induced upregulation of inflammatory cytokines mRNA transcripts (i.e., Interferon γ, IL-6β and
TNFα).

3.2. PPARs

PPARs are transcriptional factors belonging to the ligand-activated nuclear receptor superfamily
involved in both metabolic and inflammatory responses (recently reviewed by Hong et al. [74]).
The existence of receptors that could mediate peroxisome proliferation was first hypothesized in 1983
by Lalwani et al. [75]. PPARα (also called NR1C1) was later identified [76] as a new member of the
steroid hormone receptor superfamily, that could be activated by different molecules, such as fatty
acids and fibrates, a widely used class of hypolipidemic drugs. Further on, other members of PPARs
family were discovered [77], namely PPARβ/δ (NR1C2) and PPARγ (NR1C3). PPARβ/δ is activated
by saturated and polyunsaturated fatty acids and eicosanoids, as well as synthetic ligands. PPARγ
is instead a specific receptor for thiazolidinediones (TZDs), such as troglitazone, rosiglitazone and
pioglitazone, widely used for T2D treatment [74].

Although PPARs share high structural homologies, they are encoded by different genes, have
different ligands, are expressed in different tissues and regulate different biological processes [74].

PPARα is abundantly expressed in the liver, where it acts as the master regulator of hepatic lipid
metabolism [10,78,79]. PPARα is also present in the brown adipose tissue, heart, kidney and muscles [80].
PPARβ/δ is expressed in skeletal muscle, heart, gastrointestinal tract, adipose tissue, where it regulates
fatty acid metabolism [81]. PPARγ is actually considered the master gene of adipogenesis, being
mostly expressed in white and brown adipose tissue, but also the large intestine and the spleen [10,82].
Two major PPARγ isoforms, derived from alternative promoter usage, have been described. While
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PPARγ1 is expressed in many different tissues, PPARγ2 is specifically expressed in adipose tissue,
although it can be induced in other districts by a high-fat diet [83,84]. PPARγ participates into the
programmed differentiation of adipocytes by enhancing the 5’-adenosine monophosphate-activated
protein kinase (AMPK) activity, a master energy sensor which regulates diverse metabolic pathways,
increases mitochondrial activity and biogenesis in muscles and is responsible for the inhibition of
adipogenesis [9,85]; moreover, PPARγ is an insulin sensitizer also involved in glucose homeostasis [74].

PPARs are ligand-activated nuclear receptors, that enhance the transcription of specific genes.
They are characterized by 13 helices and a small four beta-sheets with a large hydrophobic binding
pocket. Ligand binding induces a conformational change of the ligand-binding region and allow PPARs
to form heterodimers with the retinoid-X-receptor (RXR); after activation, PPAR-RXR heterodimers
can bind to specific DNA sequences (PPAR response elements, PPREs), which in turn stimulate the
transcription of target genes [86]. The function of PPARs can be stimulated by the presence of specific
coactivators or inhibited by corepressors, depending on the different tissues [87].

BCP has been demonstrated to interact with and to up-regulate members of the PPARs family.
In particular, it can activate PPARα through a direct interaction with the ligand-binding pocket,
thus regulating lipid metabolism [23].

Furthermore, studies indicate the triggering of PPARγ via a BCP-mediated CB2 receptor
activation [88,89]. In this respect, PPARγ was demonstrated to be involved in BCP-dependent
neuroprotection [90] and tumor suppression functions [71], as well as hypolipidemic effects and
vascular inflammation amelioration [10], anxiolytic, anti-oxidant, anti-arthritic and anti-inflammatory
effects [22,48,91].

4. Protective Effects of BCP on Metabolic and Neural Disorders Characterized by Inflammatory
States

Recently, a growing number of studies has described multiple protective effects of BCP in
several metabolic and neural disorders. Notably, these disorders are mostly characterized by chronic
inflammation. In the next subsections, first the general features of chronic inflammation will be
presented, followed by description of the protective and anti-inflammatory effects exerted by BCP in
specific metabolic and neurologic diseases.

4.1. Chronic Inflammation as a Common Theme of Many Metabolic and Neurological Disorders

During the last decades, the complex phenomenon of inflammation has been extensively studied,
and it has become clear that this condition is a fundamental feature of metabolic disorders such
as obesity, type II diabetes (T2D), nonalcoholic steatohepatitis (NASH), NAFLD [92–95] and also
neurological disorders, e.g., chronic pain, Parkinson’s and Alzheimer’s diseases [21,96,97].

The process of inflammation constitutes the tissue response to injury, and can be divided into
acute and chronic inflammation. The first one is characterized by increased blood flow and vascular
permeability, along with accumulation of inflammatory mediators such as cytokines, and immune
cells, like neutrophils. The resolution of acute inflammation occurs rapidly [98]. Chronic inflammation
involves progressive changes in inflammatory cells and the coexistence of tissue destruction and
repair; it can become pathological because of the loss of tolerance or regulatory processes. Obesity
and metabolic syndrome lead to an inflammatory state that differ from the classical response, being
the inflammatory process systemic and characterized by a chronic low-intensity reaction [99]. During
the first stages of white adipose tissue expansion, typical of an overweight condition, a set of acute
pro-inflammatory mediators is required to support the remodeling of healthy adipose depots; however,
if lipid accumulation progresses and the pro-inflammatory molecules persist, a state of chronic low-level
inflammation is established, a typical scenario of an obesity condition. Recent studies showed that local
infiltration of immune cells and enhanced production of pro-inflammatory cytokines lead to a condition
that could generate insulin resistance, defective insulin secretion, and disruption of other aspects of
energy homeostasis [93,94,100]. This chronic, low-grade, metabolically triggered inflammation is also
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called metaflammation, a condition mainly generated by metabolic excess and occurring in several
metabolic tissues, including adipose tissue, pancreas, liver, muscle, brain, and heart [101–103].

The chronic inflammatory response develops from the interaction between adipose tissue resident
immune cells, including macrophages, and the immune system, skewed to a proinflammatory
phenotype. Under physiological conditions, immune cells coordinately regulate tissue integrity and
metabolism by controlling the activity of subsets of T lymphocytes. These cells release a cascade of
cytokines that regulate other immune cells such as mast cells, eosinophils and others, maintaining
resident macrophages in a M2-polarized phenotype, therefore acting toward an anti-inflammatory and
immunoregulatory direction [94,104].

Conversely, under pathological conditions like obesity, fatty liver disease and T2D, immune
cells withstand changes such as the recruitment of M1-polarized macrophages, which display a more
proinflammatory phenotype and secrete proinflammatory cytokines such as TNF-α,IL-1, IL-6, IL-12
and C-reactive protein [94,105–107].

The hypothesis that inflammation is linked to metabolic conditions was formulated in 1993 with
the publication by Hotamisligil and colleagues, demonstrating that adipocytes constitutively express
TNF-α, whose expression is noticeably increased in adipocytes of obese animal models (ob/ob mouse,
db/db mouse and fa/fa Zucker rat) [108,109]. Nowadays, almost 30 years later, the link between
obesity, diabetes and chronic inflammation has been confirmed [93,109] and it has been also proved
that mice lacking functional TNF-α are more insulin sensitive and glucose tolerant than wild type
animals [106,110]. Moreover, TNF-α is overexpressed in the adipose and muscle tissues of obese
humans, and its exogenous dragging leads to insulin resistance [92,111].

Metabolic, inflammatory and innate immune processes are also regulated by lipids [92,112]
through the action of PPARs and liver X receptor (LXR) families. Activation of these transcription
factors inhibits the expression of several genes involved in the inflammatory response in macrophages
and adipocytes, therefore suppressing the production of proinflammatory cytokines [92,113,114].

In this complex scenario, the Toll-Like receptor (TLRs) pathway plays a crucial role; in fact, it has
been demonstrated that fatty acids may also bind to Toll-like receptors, inducing the synthesis of
inflammatory markers in macrophages and exacerbating insulin resistance [107,115]. TLRs are a
family of transmembrane receptors that recognize a variety of pathogen-associated molecular patterns
(PAMPs), playing a fundamental role in the innate immune system. Presumably reflecting structural
similarity between microbial and host membrane lipids, the subfamily of TLR2 and TLR4 have been
reported also to recognize select host lipids and to play important roles in the pathogenesis of insulin
resistance and obesity [99,115].

Hypertrophic obesity leads to a dysregulated subcutaneous adipose tissue and the accumulation
of ectopic fat in many depots, such as in liver, where inflammation and hepatocyte injury are the
hallmarks of NASH and NAFLD [95,116]. The innate immune system plays a fundamental role also in
triggering and amplifying hepatic inflammation in liver lipid disorders. Activation of the inflammatory
response pathway results from abnormal accumulation of lipids and consequent lipotoxicity [95].
It has been demonstrated that PPARα plays central role in this context, exerting anti-inflammatory
activities in murine models of systemic inflammation. In fact, PPARα agonists specifically attenuate
IL-6 concentration in vitro and in vivo [117,118].

Inflammatory reaction can also occur in chronic nervous system diseases, being neuroinflammation
a central pathological feature of several neurological disorders such as Alzheimer’s disease,
Parkinson’s disease and multiple sclerosis. Acting as a mediator in neurodegenerative pathologies,
neuroinflammation causes microglia activation, mitochondrial dysfunction, as well as release of
pro-inflammatory cytokines and reactive oxygen species (ROS) production [119].

4.2. Protective Effects of BCP on Metabolic Disorders Characterized by Chronic Inflammation

The current increase in metabolic diseases such as obesity, T2D, liver lipid disorders, and the
complex framework of metabolic syndrome (MetS) is now considered a sort of epidemics caused by
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multiple factors, including loss of exercise, aging, wrong diet, genetic background and exposure to
endocrine disruptors [120–122]. Most single metabolic diseases and complex syndromes such as MetS
are characterized by inflammation, often becoming chronic and leading to CVD [123–125].

To cope with this global complex problem, several strategies are needed. Thanks to the growing
data in this field, natural compounds are becoming an important approach to promote health and
ameliorate metabolic disorder conditions [1,123,126–130].

Recently, a growing number of reports has described multiple protective effects of BCP in
several metabolic disorders (see Table 1). In particular, BCP has been shown to actively promote the
inhibition of lipid accumulation, fatty acids oxidation, decrease of visceral fat index, reduction of total
cholesterol, triglycerides, and low density lipoprotein (LDL) cholesterol levels, decrease of hepatic
3-hydroxy-3-methylglutayl coenzyme A (HMG-CoA) reductase activity, reduction of body weight in
animal models and action as insulinotropic agent [5,10,78,126,131–136]. Notably, the effectiveness of
BCP as anti-inflammatory agent is at least partly due to its ability to inhibit the main inflammatory
mediators, e.g., inducible nitric oxide synthase (iNOS), IL-1β, IL-6, TNF-α, NF-κB, cyclooxygenase 1
(COX-1) and cyclooxygenase 2 (COX-2) [5,10,16,137].

The next subsections will describe the current knowledge about BCP action in different
inflammation-related metabolic diseases.
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Table 1. Evidence of a role of BCP on metabolic diseases.

Disease Main Metabolic Effect Experimental Model BCP Administration References

Obesity and dyslipidemia

Decrease of visceral fat index. LDL and VLDL Wistar rats fed with HFFD 30 mg/Kg b.w./day for 4 weeks by oral gavage [10]

Inhibition of adipogenesis Bone marrow cells 0.1–100 μM for 3–4 days in differentiation medium [85]

Inhibition of lipid accumulation Preadipocytes (3T3-L1 cells)
1 nM–10 μM for 9 days in differentiation medium [133]

5 or 10 μM for 6 days in differentiation medium [134]

Suppression of body weight gain HFD-fed C57BL/6N mice
0.15% or 0.3% supplemented diets for 16 weeks [134]

0.02% or 0.2% supplemented diets for 4 and 8
weeks [136]

Reduction of total cholesterol, triglycerides, and LDL
cholesterol levels

Hypercholesterolemic Wistar rats 1 mL/Kg b.w. for 3 days by oral gavage [126]

30 mg/Kg b.w./day for 4 weeks by oral gavage [135]

Hepatic steatosis
Decrease of hepatic HMG-CoA reductase activity Hypercholesterolemic Wistar rats 1 mL/Kg b.w. for 3 days by oral gavage [126]

30 mg/Kg b.w./day for 4 weeks by oral gavage [135]
Inhibition of palmitate-inducible lipid accumulation
Downregulation of FAS and upregulation of ATGL
Reduction of triglycerides. increase of FFA uptake and
FFA oxidation

Human hepatocyte cell line (HepG2)
5 μM for 24h in serum free medium [78]

1, 10 or 100 μM
for 24h [23]

T2D
Increase of glucose uptake and GLUT4 translocation Skeletal myotubes (C2C12 cells) 1, 10, 100 nM for 30 min in glucose and serum free

medium [133]

Decrease of blood glucose levels and proinflammatory
cytokines levels
Increase of plasma insulin

Streptozotocin-Induced Diabetic rats 200 mg/Kg b.w. for 45 days by oral gavage [138,139]

Decrease of fasting blood glucose and fasting insulin Wistar rats fed with a HFFD 30 mg/Kg b.w./day for 4 weeks by oral gavage [10]

Cardiovascular
disorders

Reduction of atherogenic and coronary risk index Hypercholesterolemic Wistar rats 30 mg/Kg b.w./day for 4 weeks by oral gavage [10]

Protective role against isoproterenol-induced
myocardial infarction Male Sprague–Dawley rats 100 or 200 mg/Kg b.w/day for 21 days orally [140]

Protective effect against Doxorubicin-induced
inflammation in the myocardium Male Wistar Rats

25, 50, 100 mg/Kg b.w. for 5 days by
intraperitoneal injection [141]

25 mg/Kg b.w. for 6 days a week for 5 weeks by
intraperitoneal injection [142]

HFFD: high fat/fructose diet; HFD: high fat diet; LDL: low density lipoprotein; HMG-CoA: Hydroxy methylglutaryl-Coenzyme A; FAS: fatty acid synthase; ATGL: adipose triglyceride
lipase; GLUT4: glucose transporter 4; VLDL: very low density lipoprotein; FFA: free fatty acids.
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4.2.1. Obesity and Dyslipidemia

Obesity is a chronic metabolic disease characterized by excessive fat accumulation in adipose
tissue [129]. The prevalence of obesity has increased globally over the last two decades [125], as a
consequence of our evolutionary history [143]. Obesity is a multifactorial disease, caused by interactions
between environment, lifestyle and genetics. Comprehension of these multiple factors is still ongoing
and necessary for developing efficient strategies for obesity prevention and treatment [122].

According to the World Health Organization’s report dated April 2020, worldwide obesity has
nearly tripled since 1975. In 2016, more than 1.9 billion adults were overweight; of these, over
650 million were obese. Moreover, in 2019 an estimated 38.2 million children under the age of 5
were overweight or obese. Once considered a problem only for high-income countries, overweight
and obesity are now on the rise in low- and middle-income countries, particularly in urban settings.
In Africa, the number of overweight children under 5 has increased by nearly 24% percent since 2000.
Almost half of the children under 5 who were overweight or obese in 2019 lived in Asia [144].

Obesity correlates with cardiovascular risk, since it is associated with increased fasting plasma
triglycerides and low density lipoprotein (LDL) cholesterol, low levels of high density lipoprotein (HDL)
cholesterol, elevated blood glucose and insulin levels, and high blood pressure [145]. Specifically,
the elevation of lipids in the blood is a condition called dyslipidemia, nowadays considered the
major risk factor for the development of atherosclerotic disease and subsequent cardiovascular
disease [146,147].

As mentioned before, obesity and overweight are characterized by chronic, low-grade
inflammation, which perpetuates the disease and is associated with multiple complications [148],
including the increase of inflammatory markers in liver, adipose tissue, skeletal muscle, pancreatic
islets, and brain. Although the relationships between these events in rodents or obese humans remain
poorly understood [94], in the last few years it has been suggested that adipocyte dysfunction is the
trigger of obesity-related inflammation [149].

Several studies have been focused on possible strategies to treat obesity. Among the approaches
based on natural compounds and bioactive molecules, the use of BCP has been tested both in vivo
and in vitro. In this regard, we recently demonstrated an in vitro anti-obesogenic effect of 1 nM–10 μM
BCP extracted from Piper nigrum and showed that it was able to reduce intracellular triglycerides
accumulation without interfering with adipocyte number in the murine 3T3-L1 adipocytes [133].
The same in vitro model was already used to prove that dietary 5 or 10 μM BCP inhibits lipid
accumulation in adipocytes and 0.15%–0.3% BCP dietary supplementation suppresses in vivo body
weight gain and fasting blood glucose levels in high fat diet (HFD)-fed mice [134].

Another in vitro study tested the effects of 0.1–100 μM BCP on osteoblastic mineralization,
osteoclastogenesis and adipogenesis in a bone marrow mesenchymal stem cells (MSC) model,
demonstrating that BCP significantly suppresses the differentiation of bone marrow cells into adipocytes
in a dose-dependent manner [85]. In an in vivo experiment on Wistar rats fed with high fat/fructose diet
(HFFD), the effect of 30 mg/Kg b.w. /day BCP administration for 4 weeks by oral gavage on diet-induced
dyslipidemia and inflammation was assessed [10]. In this study, BCP was able to decrease the visceral
fat index, total cholesterol, LDL, very low density lipoprotein (VLDL), and pro-inflammatory cytokines
(TNF-α and NF-κB). These effects were reversed by treatment with CB2 and PPAR-γ antagonists,
suggesting that BCP activity is mediated by direct binding to CB2 receptors and by the activation of
PPAR-γ, possibly through a cross-talk between these two receptor systems [10].

The effect of BCP on hypercholesterolemia was tested in a rat model of Triton-induced
hyperlipidemia; 30 mg/Kg b.w. BCP was found to reduce total cholesterol, triglycerides, and LDL
cholesterol levels in hypercholesterolemic animals and to exert hypolipidemic effects via inhibition of
the hepatic HMG-CoA reductase [126]. The hypocholesterolemic effect of 30 mg/Kg b.w. BCP was also
demonstrated in rats fed with cholesterol and fat enriched diet (HCFD); a significant decrease in serum
total cholesterol and LDL, and an increase in HDL levels were observed also in this case [135].
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In a mouse model of nonalcoholic steatohepatitis, 0.02% and 0.2% BCP supplementation in the
diet exerted an antioxidant action and reduced hepatic steatosis as well as liver inflammation and
fibrosis [136].

4.2.2. NAFLD and NASH

Liver diseases are among the major causes of illness worldwide, and are caused by viral infections,
alcohol abuse, abnormal dietary fat ingestion. In particular, NAFLD and the consequent NASH are
considered as hepatic manifestation of MetS and strictly correlate with insulin resistance, obesity,
dyslipidemia, atherosclerosis, and hypertension [116,150,151]. NAFLD is characterized by excess
accumulation of triglycerides in hepatocytes due to both increased ingestion of free fatty acids (FFAs)
and de novo hepatic lipogenesis. The accumulation of lipids causes oxidative stress and inflammatory
response leading to NASH, which may progress to cirrhosis and liver cancer [78,116,150].

There is multiple scientific evidence on the beneficial effects of BCP on NAFLD and
NASH experimental models. Clove extract (5 μM) was demonstrated to potently suppress the
palmitate-induced lipid accumulation in human HepG2 hepatocytes, used as a model of in vitro
NAFLD [78]. The major active molecule was found to be BCP, exerting its effects by binding to CB2
receptors, with subsequent AMPK phosphorylation, which in turn led to the upregulation of the
lipolytic enzyme adipose triglyceride lipase (ATGL) and the downregulation of the lipogenic enzyme
fatty acid synthase (FAS). In another in vitro study on HepG2 cells, BCP stimulation (1, 10 or 100 μM)
led to a significant reduction of intracellular triglycerides and an increase of hepatic FFA uptake and
FFA oxidation, via a PPARα-dependent mechanism [23].

In hypercholesterolemic Wistar rats fed with high cholesterol and fat diet, 1 mL/Kg b.w. or 30 mg/Kg
b.w. BCP administration correlated with decreased hepatomegaly, lower hepatic lipid accumulation
and steatosis, and decreased aspartate aminotransferase (AST) and alanine aminotransferase (ALT)
activities; the hypolipidemic effects were mediated through inhibition of the hepatic HMG-CoA
reductase [126,135].

In mice fed with methionine- and choline-deficient diet (MCD) reproducing the histopathological
features of human NASH, BCP administration (0.2% of total diet for 8 weeks) exerted beneficial effects
against hepatic steatosis, liver damage and inflammation found in the development and progression of
NASH [136].

4.2.3. Diabetes

T2D is considered one of the most important chronic diseases with severe complications,
responsible for elevated indexes of morbidity and mortality [152]. The combination of genetic
factors associated with impaired insulin secretion, insulin resistance, environmental factors, including
overeating, aging, obesity and lack of exercise, typically accounts for T2D [153]. Moreover, insulin
resistance can be a consequence of a reduction of insulin receptors numbers or a failure in insulin-receptor
binding or in glucose transportation into the cell by the glucose transporter GLUT4 [152]. Inflammatory
pathways have been suggested as the underlying and unifying pathogenic mediators for obesity and
diabetes mellitus [154]. Indeed, an increase in body weight results in a dysfunction of the adipose tissue,
with a greater release of proinflammatory cytokines, such as IL-6 and TNF-α. These molecules, together
with increased FFA, can alter insulin sensitivity by stimulating the phosphorylation of serine instead of
tyrosine residues in insulin receptor substrate-1 (IRS-1), thereby preventing the activation of insulin
signaling pathway and making tissues less responsive to its action until insulin resistance [152,155].

Both in vivo and in vitro studies suggested a potential impact BCP on glucose metabolism.
In particular, by in vitro analysis in skeletal myotubes (C2C12 cells) we demonstrated that 1, 10 and
100 nM of BCP was as efficient as insulin in stimulating cellular glucose uptake [133]. Besides, BCP
induced the translocation of the GLUT4 storage vesicles to the plasma membrane of C2C12 cells,
a process that, mainly in skeletal muscle and in adipose tissue, is directly correlated with the ability to
lower elevated blood glucose levels. Other studies demonstrated that BCP induces insulin secretion in
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rat insulinoma (RIN-5F cells) [131], and in mouse pancreatic β−(MIN) cell line, through activation of
CB2 and small G proteins ADP ribosylation factor (Arf)6, Ras-related C3 botulinum toxin substrate
(Rac)1 and Cell division control protein (Cdc) 42 [156].

In streptozotocin (STZ)-induced diabetic rats (40 mg/Kg b.w.), the oral administration of 200 mg/Kg
b.w. BCP significantly decreased blood glucose levels and increased plasma insulin; BCP increased
the activity of metabolic enzymes such as hexokinase, pyruvate kinase and glucose-6-phosphate
dehydrogenase in liver, kidney and skeletal muscle; BCP also reversed the activity of gluconeogenic
enzymes that are deficient in diabetic rats, proving that it could normalize carbohydrate metabolism
by enhancing glucose utilization and decreasing hepatic glucose production. Immunohistochemical
analysis of pancreas sections demonstrated that BCP treatment improved tissue structure and increased
insulin-secreting cell number, suggesting an insulinotropic effect of BCP [138]. In another study,
oral administration of 200 mg/Kg b.w. BCP to STZ-induced diabetic rats significantly improved the
levels of antioxidant enzymes, decreased lipid peroxidative markers in plasma and pancreatic tissues
and reversed proinflammatory cytokines (TNF-α and IL-6) to near normal levels, thus indicating a
relevant anti-inflammatory role of BCP in preventing diabetes-induced oxidative stress and associated
complications [139].

An ex vivo and in vivo study in diabetic rats, also suggested an antidiabetic effect of BCP alone or
in combination with dietary supplementation of L-arginine, that displays pancreatic β cell regenerative
effects through nitric oxide (NO) modulation [131].

The protective effects of 30 mg/Kg b.w. BCP treatment on metabolic alterations were also
highlighted in rats receiving a high fat/fructose diet (HFFD) that causes insulin resistance and obesity,
where BCP administration prevented HFFD-induced elevation of adipose-index, hyperglycemia and
hyperinsulinemia, acting through the activation of CB2 receptors [10].

4.2.4. Cardiovascular Disorders

Metabolic dysfunctions are strictly related to cardiovascular inflammatory responses [157].
In particular, diet-induced disorders augment atherogenic complications and exacerbate vascular
inflammation, leading to several detrimental outcomes as vascular wall thickness, platelet activation
and predisposition to thrombosis [158,159]. This atherosclerotic process underlies ischemic diseases,
among which myocardial infarction, the leading cause of death worldwide. Current established
therapeutic options to prevent and treat atherosclerosis include inhibitors of cholesterol synthesis
(statins), inhibitors of fat breakdown in adipose tissue (niacin), inhibitors of platelet aggregation
(aspirin) and antihypertensive drugs (β-blockers, renin-angiotensin system inhibitors) [160].

Among new experimental strategies, the use of plant-derived bioactive compounds, in combination
with drugs or used as preventive intervention from early life, represents a promising approach.
Anti-atherosclerotic properties have been shown by several bioactive compounds, such as Omega-3
fatty acids, phytosterols, phenolic compounds [161], and, very recently, BCP. In particular the role
of BCP in the regulation of the inflammatory cascade has been investigated in order to evaluate
its use as a therapeutic agent against cardiovascular damage. In this regard, rats fed with a high
fat/high fructose diet showed an ameliorated lipid profile (higher levels of HDL and lower levels
of triglycerides, total cholesterol, LDL and VLDL) when supplemented with BCP. Furthermore,
30 mg/Kg b.w. BCP induced a reduction in pro-inflammatory cytokines TNF-α and NF-kB and no
expression of adhesion molecule vascular cell adhesion molecule (VCAM)-1 in the aorta, underlining a
positive effect of the molecule against atherosclerotic burden [10]. Furthermore, oral administration
of BCP to hypercholesterolemic rats reduces atherogenic index and coronary risk index, preventing
cardiovascular damage [10,162].

Occlusion of vascular wall could be a possible exacerbation of atherosclerosis, thus causing
ischemic tissue damage with improper tissue blood supply. When the heart is involved in prolonged
ischemic condition, myocardial infarction can develop, thus causing loss of cardiac cells and impaired
organ function. Younis and colleagues showed the protective role of 100 or 200 mg/Kg b.w. BCP against
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isoproterenol-induced myocardial infarction, underlining the reduction of the inflammatory response
induced by the treatment through a CB2-independent pathway. Indeed, orally administered BCP
inactivated the heat shock protein (HSP)-60/Toll-like Receptor (TLR)/Myeloid differentiation primary
response (MyD) 88/NF-kB pathway thus protecting the heart from pro-inflammatory cytokines and
chemokines rising and reducing infarct size [140].

Among drug-mediated cardiotoxic inflammation, the deleterious effect of doxorubicin,
an anthracycline used in chemotherapy, has been underlined. Doxorubicin treatment induced
the expression of NF-kB and activation of pro-inflammatory cytokines and chemokines that are
involved in the progression of the inflammatory response in the cardiac tissue [163]. Intraperitoneal
injection of 25–100 mg/Kg b.w. BCP showed protective effects against doxorubicin toxicity, in fact,
it reduced the expression of NF-kB, TNF-α, IL-1β and IL-6, and down-regulated COX-2 and iNOS, thus
attenuating inflammatory response in the myocardium without altering the antitumor effect of the drug
and suggesting the possible use of BCP to prevent cardiac damage induced by doxorubicin [141,142].

4.3. Activity of BCP in Pain and Other Nervous System Disorders

Acute and especially chronic pain is a serious social burden and it has been estimated that
around 10% of population worldwide suffers from long-lasting pain [164]. The neuroprotective role of
cannabinoids against pain and neurodegenerative diseases has been extensively demonstrated [165].
Moreover, the endocannabinoid system seems to play an important role on inflammation and
nociception with analgesic effects in numerous pain conditions, frequently in hyperalgesic and
inflammatory states [165]. In inflammatory hyperalgesia, CB2 receptors localized on mast and immune
cells could possibly achieve pain inhibition by the reduction of prostanoids or cytokines release, which
are responsible for peripheral nociceptor sensitization [7]. This evidence is of particular relevance,
since, as we already mentioned, CB2 receptors can be activated by BCP binding. Indeed, several
studies demonstrated the efficacy of BCP to treat neuropathies and pain [21,73].

Due to its lipophilicity, BCP easily penetrates cell membranes, while still presenting good oral
bioavailability and a very large therapeutic window, with an oral 50% lethal dose (LD50) of more than
5000 mg/kg in rats [7]. Significant and dose-dependent antinociceptive response was produced by
BCP without the presence of gastric damage [166]. Antiallodynic actions of BCP are exerted only
through activation of local peripheral CB2 [7]. In neuropathic pain models, BCP reduced spinal
neuroinflammation and the oral administration was more effective than the subcutaneously injected
synthetic CB2 agonist JWH-133. Thus, BCP may be highly effective in the treatment of long-lasting,
debilitating pain states [167]. BCP also prevents nucleoside reverse transcriptase inhibitors-induced
mechanical allodynia, possibly via reducing the inflammatory response, and attenuates mechanical
allodynia through CB2 receptor activation [73]. BCP induces decrement in expression of COX-2
and iNOS, which could suppress NF-κB activation and as a consequence promote analgesia [168].
Recently, BCP was found to attenuate mechanical allodynia induced by paclitaxel, a drug used in
chemotherapy, in a CB2-dependent manner. Moreover, BCP was able to attenuate the development of
paclitaxel-induced peripheral neuropathy by reducing mitogen-activated protein kinases (p38MAPK)
and NF-kB activation and increased ionized calcium-binding adaptor molecule-1 (Iba-1) and IL-1β
immunoreactivity promoted by paclitaxel [169].

Interestingly, BCP can diminish acute and chronic pain not only through the endocannabinoid
system, but also through the opioid system [21]. This latter mechanism involves the participation
of benzodiazepine and serotonin 1A (5-HT1A) receptors, as well as nitric oxide [170]. BCP is able to
indirectly activate the opioid system through β-endorphin release, which in turn activates μ-opioid
receptors on primary afferent neurons [166]. The role of the opioid system is further demonstrated by
blockade with naloxone, resulting in the abolishment of BCP analgesic effects in acute and chronic
pain models [171].

The degeneration of axons is a critical event in many neurodegenerative conditions including
stroke, glaucoma, motor neuropathies, amyotrophic lateral sclerosis (ALS), Alzheimer’s, Parkinson’s
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and Huntington’s diseases [172,173]. BCP could have a beneficial role in inducing neuritogenesis
through the activation of tropomyosin receptor kinase A (TrkA) receptors by a mechanism independent
of nerve growth factor (NGF) or cannabinoid receptors [5].

Parkinson’s disease (PD) is a long-term neurodegenerative disorder characterized by progressive
dopaminergic neurons loss in the substantia nigra pars compacta (SNc). Treatment of mice with BCP
rescued dopaminergic neurons and decreased microglia and astrocyte activation, as evidenced by
reduced levels of Iba-1 and glial fibrillary acidic protein (GFAP) expression [6]. BCP, in addition to
attenuation of pro-inflammatory cytokines and inflammatory mediators such as COX-2 and iNOS,
also restored antioxidant enzymes and inhibited lipid peroxidation as well as glutathione depletion [174].
BCP acts via multiple neuroprotective mechanisms in murine models, thus it may be viewed as a
potential treatment and/or preventative agent for PD [175].

Administration of BCP protects against cerebral ischemic injury in rats and reduces astrogliosis
and microglial activation in a transgenic mouse model of Alzheimer’s disease [89].

A beneficial effect of BCP was also found for multiple sclerosis, also known as encephalomyelitis
disseminata, the most common inflammatory and demyelinating autoimmune disease of the
central nervous system. BCP reduced the clinical score and severity of experimental autoimmune
encephalomyelitis and inhibited H2O2, NO, TNF-α, interferon-γ (IFN-γ), and IL-17 production.
Moreover, BCP treatment significantly reduced the numbers of inflammatory infiltrates and attenuated
neurological damages in the CNS of experimental autoimmune encephalomyelitis mice [176].

Epilepsy is a neurological disease, and recurrent epileptic seizures and behavioral comorbidities
such as depression, anxiety, psychosis, and cognitive deficits largely affect the quality of life of the
patients with epilepsy and their families [177]. BCP was found to display anticonvulsant activity against
seizures induced by pentylenetetrazole in mice. Since no adverse effects were observed when BCP
was administered at the concentration of 100 mg/kg b.w., and because of the lack of genotoxicity [178],
this compound was considered a potential new anticonvulsant drugs [179]. Moreover, BCP was
clinically useful as an adjunct treatment against seizure spread and status epilepticus and concomitant
oxidative stress, neurotoxicity and cognitive impairments [180].

As a summary of the experimental evidence reported in this review, Figure 2 schematizes the
major currently known positive effects of BCP on metabolic and neurological disorders.



Nutrients 2020, 12, 3273 15 of 24

Figure 2. Positive effects of BCP on metabolic and neurological disorders. Scheme created with
BioRender.com. ↓: reduction; ↑: increase; LDL: Low density lipoproteins; HMG-CoA: Hydroxy
methylglutaryl-Coenzyme A; FAS: fatty acid synthase; ATGL: adipose triglyceride lipase; GLUT4:
glucose transporter 4.

5. Conclusions

The bicyclic sesquiterpene BCP is a natural compound widely present in the plant kingdom and
obtained in high concentrations from the essential oils of several plants. As a secondary metabolite,
particularly present in both vegetative and reproductive parts, BCP is primarily involved in plant
defense and attraction. Recent studies outlined a protective role of BCP also in animal cells, underlining
its beneficial effects against many diseases. These results have been summarized in previous reviews;
the present review specifically focused on BCP action on diseases characterized by chronic inflammation.

Chronic inflammation is a common theme of many metabolic and neurologic disorders.
The definition of new therapeutic approaches based on natural compounds could represent a promising
way to complement, or even replace, currently administered drugs. The data accumulated so far
both in in vivo and in vitro studies show that BCP is a good candidate in the treatment of chronic
inflammation due to its specific molecular targets and very low toxicity. In fact, it is now widely
accepted that this sesquiterpene acts on several molecular pathways implicated in the generation
of inflammatory states and is able to reduce several pro-inflammatory mediators, including IL-1β,
IL-6, TNF-α, NF-κB. The molecular mechanisms underlying BCP effects are only beginning to be
unraveled. The available data suggest that BCP is able to exert its potent anti-inflammatory effects
through multiple mechanisms mostly initiated by the binding of BCP to CB2 receptors. Subsequent
steps likely depend on the cell type and grade of the inflammatory state. Recently, BCP activation of
PPARs, a class of nuclear receptors involved both in metabolic and inflammatory responses, has been
clearly demonstrated. Direct binding of BCP has been shown only for PPARα, while available data
suggest CB2-mediated PPARγ activation. Further clarification of the molecular details involved in this
receptor-cross-talk will strengthen the possible therapeutic use of BCP.

Although further studies are needed to better define the systemic effects of BCP in animals,
the promising results obtained so far in preclinical studies on models of metabolic and neurologic
disorders strongly suggest that BCP constitute an attractive molecule for the treatment of diseases
characterized by chronic inflammation.
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Abstract: Trans-β-caryophyllene (BCP) is a natural sesquiterpene hydrocarbon with several important
pharmacological activities, including antioxidant, anti-inflammatory, anticancer, and cardioprotective
functions. These properties are mainly due to its selective interaction with the peripherally expressed
cannabinoid receptor 2. In addition, BCP activates peroxisome proliferated activator receptors α and
γ and inhibits the Toll-like receptor signaling pathway. Given the growing scientific interest in BCP,
the aim of our study was to investigate the metabolic effects of a black pepper extract (PipeNig®-FL),
containing a high standardized content of BCP. In particular our interest was focused on its potential
activity on lipid accumulation and glucose uptake. The extract PipeNig®-FL was chemically
characterized by gas chromatography–mass spectrometry (GC–MS) and gas chromatography with
flame-ionization detection (GC–FID), confirming a high content (814 mg/g) of BCP. Experiments
were performed on 3T3-L1 preadipocytes and on C2C12 myotubes. Lipid content following 3T3-L1
adipogenic differentiation was quantified with AdipoRed fluorescence staining. Glucose uptake and
GLUT4 membrane translocation were studied in C2C12 myotubes with the fluorescent glucose analog
2-NBDG and by immunofluorescence analysis. Here we show that PipeNig®-FL reduces 3T3-L1
adipocyte differentiation and lipid accumulation. Moreover, acute exposure of C2C12 myotubes to
PipeNig®-FL improves glucose uptake activity and GLUT4 migration. Taken together, these results
reveal interesting and novel properties of BCP, suggesting potential applications in the prevention of
lipid accumulation and in the improvement of glucose uptake.

Keywords: trans-β-caryophyllene; adipogenesis; lipid accumulation; glucose uptake; GLUT4;
black pepper

1. Introduction

Metabolic syndrome is a non-communicable disease characterized by visceral adiposity, insulin
resistance, hyperlipidemia, hypertension and a chronic low-grade inflammatory state, often dragging
into the onset of type 2 diabetes, coronary disease, stroke, and other disabilities. This chronic illness
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represents a major health hazard in the modern population, being rapidly spread from Western to
developing countries [1]. The multiple biological mechanisms included in metabolic syndrome provide
a complex interorgan communication, involving adipokines, macrophages, endoplasmic reticulum
stress, thyroid hormones, beta adrenergic hormones, gut microbiome and other factors, where epigenetic
drivers represent the major component with respect to genetic predisposition [1]. The pharmacological
treatment of metabolic syndrome commonly involves anti-obesity drugs, thiazolidinediones (TZDs),
metformin, statins, fibrates and several other drugs [2], but its management chiefly lies in the adoption
of a healthy lifestyle [3]. In this perspective, many studies and clinical trials highlight some quality diets,
such as the Mediterranean diet, the Nordic diet, and the Dietary Approaches to Stop Hypertension
(DASH) diet, to protect against metabolic syndrome or to improve its phenotype. Moreover, plants
and plant-derived molecules have received great attention as complementary supports in managing
metabolic dysfunctions [4]. As an example, Piper nigrum, a widely used spice, has been present in
traditional medicine of different countries all over the world since ancient times due to the beneficial
effects of its biologically active extracts, underlining its possible use in the treatment of metabolic
syndrome or other related conditions [5]. Among active compounds naturally present in Piper nigrum,
the dietary cannabinoid trans-β-caryophyllene (BCP) could be considered as a possible key component
in the treatment of obesity and type 2 diabetes in the metabolic syndrome scenario [6].

BCP is a bicyclic sesquiterpene hydrocarbon, highly present in a consistent number of plant-derived
essential oils, such as balsams of Copaiba spp. (up to 53%), black pepper (Piper nigrum, up to 70%),
lemon balm (Melissa officinalis, up to 19%), cloves (Syzygium aromaticum, up to 12%) and hops
(Humulus lupulus, up to 9%) [7]. The Research Institute for Fragrance Materials (RIFM) evaluated
BCP safety [8] and it has been approved by the Food and Drug Administration and by the European
Food Safety Authority as a flavoring agent, usable in cosmetic and food additives. In recent years,
many studies reported the beneficial properties of BCP against several disorders, in particular cancer,
chronic pain and inflammation; among the main ones, recent findings showed chemosensitizing
properties for doxorubicin chemotherapy [9], sorafenib [10], and 5-fluorouracil and oxaliplatin [11],
neuroprotective effects against cerebral ischemia reperfusion injury [12] and dopaminergic neuron
injury [13], cardioprotective features against myocardial infarction [14] and doxorubicin toxicity [15]
and, especially, a significant impact in the metabolic syndrome context. BCP has indeed been
highlighted as a hypocholesterolemic and insulinotropic agent in high-fat diet-fed [16,17], or in
streptozotocin-induced, diabetic rats [18,19], where it showed non-clinical toxicity and an absence
of adverse effects [20]. BCP can act as a selective agonist of cannabinoid receptor 2 (CB2) [21], can
directly activate peroxisome proliferator-activated receptor-α (PPAR α) [22], involved mainly in liver
metabolism, and triggers the activation of PPPAR γ [17], a master regulator of adipogenesis, possibly
through an indirect mechanism [23]. Therefore, BCP may represent a promising treatment for several
metabolic disorders.

The effects of BCP on adipose tissue have never been addressed before, and so far, all studies on the
BCP effects on glucose metabolism have been reported only in vivo. In vitro studies are a fundamental
step for initial screening of potential cellular targets and characterization of the cellular mechanisms of
bioactive molecules. Moreover, in the aim of a dietary approach, natural plant extracts with a high and
standardized content of BCP could have a more suitable impact with respect to plain/synthetic BCP.
Therefore, the present study was designed to evaluate the chemical characterization of a black pepper
extract with a high content of BCP (PipeNig®-FL) produced by Biosfered Srl (Italy), and to study its
effects on lipid accumulation and glucose uptake in in vitro models. The efficacy of the product was
evaluated in two different cellular models, 3T3-L1 and C2C12, by assessing triglycerides accumulation
in adipocytes and both glucose uptake and GLUT4 translocation in skeletal muscle myotubes.
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2. Materials and Methods

2.1. Reagents

PipeNig®-FL (batch number PNF01-1907001), a Piper nigrum L. (black pepper) liquid extract, was
kindly provided by Biosfered Srl (Torino, Italy). Certificate of analysis, technical sheets and materials
safety data sheet of PipeNig®-FL are available from Biosfered upon request. The method of extraction
and production of PipeNig®-FL are covered by the company trade secrets. PipeNig®-FL contains BCP
at a concentration of 3.5 M in rice oil. For experiments, a stock solution of 1 M in DMSO was obtained,
then diluted in culture medium for cell treatments. Concentrations reported in this work refer to those
of BCP in each dilution.

NucBlue™ Live ReadyProbes™ Reagent and 2-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-
Deoxyglucose) (2-NBDG) were obtained from Invitrogen (Carlsbad, CA, USA); CellTiter-Glo®

Luminescent Cell Viability and CellTiter 96® AQueous One Solution Cell Proliferation Assays were
from Promega (Madison, WI, USA); anti-GLUT4 primary antibody and anti-rabbit secondary antibody
Alexa Fluor 568 were from ThermoFisher Scientific (Waltham, MA, USA). Human insulin was used
for cell treatments. Unless otherwise specified, all chemicals were purchased from Sigma Aldrich (St.
Louis, MO, USA).

2.2. Gas-Chromatographic Analyses of PipeNig®-FL

PipeNig®-FL was analyzed by gas-chromatography (mod. 6890N, Agilent Technologies, Santa
Clara, CA, USA) coupled with mass spectrometry (mod. 5973A, Agilent Technologies) (GC–MS).
Compounds were separated on a Zebron ZB-5MS (mod. 7HG-G010-11, Phenomenex, Torrance, CA,
USA) capillary column (stationary phase: 95% polydimethyl siloxane—5% diphenyl, 30 m length,
250 μm internal diameter, 0.25 μm film thickness) with the following temperature program: 60 ◦C
for 5 min followed by a temperature rise at a 3 ◦C min−1 rate to 270 ◦C (held for 5 min). Carrier gas
was He with a constant flow of 1 mL min−1, transfer line temperature to MSD was 280 ◦C, ionization
energy (EI) 70 eV, and full scan range 50–300 m/z. Separated compounds were identified by pure
standard comparison, by comparison of their mass spectra with those of reference substances and
by comparison with the NIST mass spectral search software v2.0 using the libraries NIST 98 library.
Quantitative analyses were confirmed by gas chromatography coupled with flame ionization detector
(GC–FID) (mod. 6890N, Agilent Technologies); analyses performed with the same column and GC
conditions as above.

2.3. Cell Cultures

3T3-L1 preadipocytes (ATCC® CL-173™; Lot No 70009858, ATCC, Manassas, VA, USA) were
cultured in high-glucose (4.5 g/L) Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% calf serum, 2 mM L-glutamine, 50 IU/mL penicillin, and 50 μg/mL streptomycin [24]. For
experiments, 5 × 103 cells/well were seeded in 96-black well clear bottom plates (Greiner Bio-One,
Frickenhausen, Germany). Two days after reaching confluence (day 0), cells were exposed to the
differentiation medium (MDI; which was DMEM containing 10% fetal bovine serum (FBS), 1 μg/mL
insulin, 0.25 μM dexamethasone, 0.5 mM isobutylmethylxanthine). Two days later (day 2), MDI
was replaced with maintenance medium (MM; which was DMEM 10% FBS, 1 μg/mL insulin). Fresh
medium was provided every two days. Experiments ended after 9 days from the beginning of the
differentiation (day 9).

The mouse myoblast cell line C2C12 (ECACC 91031101, lot 17I044) was purchased from
the European Collection of Authenticated Cell Cultures (ECACC, Salisbury, UK) and cultured in
high-glucose DMEM supplemented with 10% FBS, 1% penicillin/streptomycin and 2 mM L-glutamine
in a humidified atmosphere of 5% CO2 at 37 ◦C. Cultures were plated at a density of 2× 103 cells per cm2

on tissue plastic dishes (Becton Dickinson, Franklin Lakes, NJ, USA) and sub-cultured before reaching
70% confluence. For experiments, cells were seeded at a density respectively of 2 × 103 cells/cm2 in
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96-well plates or 10 × 103 cell/cm2 on coverslips or glass bottom dishes (VWR Int., Radnor, PA, USA),
to enhance adhesion. After cells reached confluence, differentiation was induced by changing the
medium to DMEM supplemented with 2% horse serum (HS). Cells were allowed to differentiate for
additional 5 to 7 days. The day before glucose uptake and GLUT4 translocation experiments, C2C12
cells were starved in DMEM glucose and serum free for 24 h.

2.4. Cell Viability

The viability of 3T3-L1 cells was evaluated at the end of the experiments (day 9) by CellTiter-Glo®

Luminescent Cell Viability Assay, based on the quantitation of ATP, which signals the presence of
metabolically active cells. After AdipoRed™/NucBlue™ quantification (see belove), the dye mixture
was removed from the cell cultures and CellTiter-Glo® reagent, diluted 1:1 in phosphate-buffered saline
(PBS), was added. Cells were incubated at room temperature in the dark for 10 min, then luminescence
was detected and quantified with FilterMax F5™Multi-Mode microplate reader (Molecular Devices,
Sunnyvale, CA, USA). The values of luminescence are directly proportional to the number of viable
cells. Data from three independent experiments were expressed as percentage referred to control
condition; these values were then summarized to calculate mean ± standard error of the mean (SEM).

C2C12 cell viability was evaluated by the CellTiter 96® AQueous One Solution
Cell Proliferation Assay, using the tetrazolium compound [3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt (MTS), that is bioreduced by
metabolically active cells into a colored formazan product soluble in tissue culture medium. C2C12
cells, grown and differentiated into 96-well plates, were treated in 50 μL DMEM + 2% HS with different
concentrations of PipeNig®-FL for one hour; during the last 30 min, 10 μL of MTS were added to each
well (six wells for each condition). Formazan product was measured with FilterMax F5 microplate
reader at 450 nm; absorbance is directly proportional to the number of viable cells. Data from three
independent experiments were expressed as percentage referred to control condition; these values
were then summarized to calculate mean ± SEM.

2.5. Quantification of Adipocyte Lipid Accumulation and DNA Staining

The 3T3-L1 cells, grown in 96-black well clear bottom plates, were exposed to PipeNig®-FL from
day 0 to day 9 (whole differentiation period treatment), at scalar dilutions ranging from 1 nM to 10 μM
(maximum DMSO concentration: 0.1%). Control cells were treated with 0.1% DMSO. Experiments
were repeated three times (four wells for each condition), using cells at different passage numbers
(p3–p5). At the end of the experiments (day 9 after the induction of differentiation), lipid accumulation
was quantified by using AdipoRed™ assay reagent (Lonza, Walkersville, MD, USA), while the DNA
content was estimated by NucBlue™ staining. Briefly, medium was removed from 3T3-L1 cultures
and cells were rinsed with PBS, subsequently replaced with a dye mixture containing AdipoRed™
and NucBlue™ assay reagents diluted in PBS (25 μL and 1 drop, respectively, per mL of PBS). After
40 min of incubation at room temperature in the dark, fluorescence was measured with Filtermax
F5 microplate reader respectively with excitation at 485 nm and emission at 535 nm for AdipoRed™
and excitation at 360 nm and emission at 460 nm for NucBlue™ quantification. Data from three
independent experiments were expressed as percentage referred to control condition; these values
were then summarized to calculate mean ± SEM.

2.6. Glucose Uptake Measurements

C2C12 cells, plated and differentiated on glass bottom dishes, after 24 h without glucose and serum,
were treated with a different concentration of PipeNig®-FL (1–10–100 nM), and simultaneously loaded
with 100 μM of 2-NBDG in glucose and serum-free DMEM, for 30 min in the dark. Insulin (25 nM)
was used as a positive control. After two washes in PBS, cells were observed in confocal microscopy.
Fluorescence images at 488 nm were acquired using an Olympus Fluoview 200 laser scanning confocal
system (Olympus America Inc., Melville, NY, USA) mounted on an inverted IX70 Olympus microscope,
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equipped with a 60X Uplan FI (NA 1.25) oil-immersion objective. Fluorescence variations were
calculated with the definition and measurement of regions of interest (ROIs) using the ImageJ software
(Rasband, W.S., U. S. National Institutes of Health, Bethesda, MA, USA; http://rsb.info.nih.gov/ij/,
1997–2008). Data from four independent experiments were evaluated as mean fluorescence/area and
expressed as percentage referred to control condition; these values were then summarized to calculate
mean ± SEM.

2.7. GLUT4 Translocation Analysis

C2C12 cells were grown and differentiated on glass coverslips. After 24 h without glucose and
serum, cells were treated with insulin 25 nM or different concentration of PipeNig®-FL (1–10–100 nM)
for 30 min in glucose and serum-free DMEM. Then cells were fixed for 40 min in 4% paraformaldehyde
dissolved in 0.1 M phosphate buffer, pH 7.3. After three washes with PBS, cells were incubated for
20 min with 0.3% Triton and 1% bovine serum albumin in PBS and stained for 24 h at 4 ◦C with
the primary polyclonal antibody anti-GLUT4, 1:100. Cover slides were washed twice with PBS and
incubated for 1 h at room temperature with the secondary antibody, anti-rabbit Alexa Fluor 568, 1:1000.
After two washes in PBS, coverslips were mounted on standard slides with DABCO and observed
after 24 h under confocal microscope. GLUT4 staining measurements of both cell periphery and cell
interior were performed with the ABSnake plugin of the ImageJ software [25]. Briefly, for each myotube
the ABSnake plugin was employed to design a ROI band of 1.45 μm around the plasma membrane
and the fluorescence intensities of both the band and the cellular inside were collected. Data from
three independent experiments were expressed as peripheral/internal fluorescence and summarized to
calculate mean ± SEM.

2.8. Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM); statistical analysis was performed
using ANOVA (one-way analysis of variance) followed by Bonferroni’s multiple comparison test.
Differences with p < 0.05 were considered statistically significant.

3. Results

3.1. Chemical Composition of PipeNig®-FL

The chemical composition of PipeNig®-FL was assessed by GC–MS and quantified by GC–FID,
as specified in the Materials and Methods section. The extract is characterized by a high content and
percentage of the sesquiterpene hydrocarbon BCP, followed by minor mono and sesquiterpenes as
depicted in Figure 1 and listed in Table 1. In particular, the total standardized content of PipeNig®-FL
was higher than 800 mg g−1 of product, in agreement with what is specified by the producer. Amounts
ranging from 0.5 to 7.8 mg g−1 were represented by monoterpenes (with limonene being the most
abundant), whereas, among sesquiterpenes, α-caryophyllene showed the highest amount. In terms of
relative percentage, BCP reached a level of almost 88%, whereas total percentage of all other identified
compounds was around 8% (Table 1).

Concentrations reported in this work for experiments with cell cultures refer to those of BCP
contained in each dilution of PipeNig®-FL.
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Figure 1. Gas chromatography–mass spectrometry (GC–MS) total ion current gas-chromatogram of
PipeNig®-FL. The main compound trans-β-caryophyllene (BCP) is out of scale in order to evidence
the other minor monoterpenes and sesquiterpenes that characterize the chemical composition of
PipeNig®-FL. The inset shows the chemical formula and the mass spectrum of BCP. The y axis is the
total ion current; the x axis represents time (in min).

Table 1. Chemical composition of PipeNig®-FL by gas chromatography coupled to mass spectrometry.
Content is calculated based on gas chromatography with flame-ionization detection (GC–FID) analysis.
R.T., retention time.

Compound R.T. Content (mg g−1) Relative %

α-Phellandrene 5.35 0.47 0.11
α-Pinene 5.55 4.06 0.95
4-ethyl-octane 6.02 0.64 0.15
Sabinene 6.62 2.93 0.69
β-Pinene 6.79 2.76 0.65
β-Myrcene 7.11 1.10 0.12
δ-3-Carene 7.79 3.85 0.90
Limonene 8.55 7.84 1.10
δ-Elemene 24.79 2.21 0.52
α-Copaene 27.15 3.37 0.75
Isocaryophyllene 28.86 1.18 0.28
β-Caryophyllene 29.94 814.44 87.61
δ-Cadinol 31.49 0.70 0.16
α-Caryophyllene 31.75 6.13 1.43
δ-Cadinene 35.61 0.74 0.17
Caryophyllene
oxide 38.94 0.79 0.18

3.2. Effects of PipeNig®-FL on 3T3-L1 Adipocyte Cell Viability

The long-term viability of 3T3-L1 cells treated with a wide range of PipeNig®-FL concentrations
(100 nM, 1 μM, 10 μM, 100 μM, 1 mM, 10 mM) was determined by the CellTiter-Glo® viability assay, a
method based on measurement of ATP content, whose amount is directly proportional to the number
of metabolically active cells present in culture. As shown in Figure 2, after 9 days from the beginning
of adipocyte differentiation (see Materials and Methods section), cell viability was affected only at very
high PipeNig®-FL concentrations (1 mM and 10 mM), with only a minor, not statistically significant
decrease at 100 μM. Based on these results, concentrations up to 10 μM were chosen for subsequent
experiments. Mean values of luminescence signal from three independent experiments were as follow:
CTRL (DMSO 0.1%): 100 ± 0.20, PipeNig®-FL 100 nM: 92.31 ± 0.13, PipeNig®-FL 1 μM: 92.65 ± 1.01,
PipeNig®-FL 10 μM: 87.86 ± 0.83, PipeNig®-FL 100 μM: 77.55 ± 2.12, PipeNig®-FL 1 mM: 1.46 ± 1.32,
PipeNig®-FL 10 mM: 0.93 ± 0.12.
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Figure 2. PipeNig®-FL affects 3T3-L1 cell viability only at high (millimolar) concentrations. 3T3-L1
cells were induced to differentiate into adipocytes for 9 days and treated with increasing concentrations
of PipeNig®-FL for the entire differentiation period. The bar graph summarizes cell viability based on
ATP content. Data in percentage referred to control condition are represented as the mean ± standard
error of the mean (SEM) of three independent experiments. *** p < 0.001 vs. control.

3.3. PipeNig®-FL Reduces Intracellular Lipid Accumulation in 3T3-L1 Cells without Altering the Cell Number

The potential antiadipogenic activity of PipeNig®-FL was assayed on the murine 3T3-L1
preadipocyte cell line, a commonly used cell model for adipose cell biology research [26]. Since
antiadipogenic effects can be exerted by reducing both intracellular lipid accumulation and/or the
number of adipocytes (either by decreasing cell proliferation or inducing cell death), we simultaneously
assayed triglyceride accumulation (AdipoRedTM assay) and cell number (NucBlueTM staining,
measuring DNA content). Confluent preadipocytes, cultured in 96-well plates, were induced to
start adipogenic differentiation and were treated throughout the differentiation period (9 days) with
a vehicle only (0.1% DMSO; differentiated control) or with 1 nM, 10 nM, 1 μM, 10 μM PipeNig®-FL.
Higher PipeNig®-FL doses were not used, based on the cell viability data reported above. After 9 days
from the beginning of adipocyte differentiation, AdipoRedTM/NucBlueTM stainings were performed
on 3T3-L1 adipocytes (Figure 3A). Trygliceride accumulation and DNA content were calculated as
percentage change from differentiated DMSO-treated controls (Figure 3B,C). The DNA content was
used to normalize total triglyceride values to obtain triglyceride content per unit DNA (as a proxy for
triglycerides accumulation per cell).

As shown in (Figure 3B), triglyceride accumulation per well was reduced in PipeNig®-FL
treated 3T3-L1 cells compared to differentiated control cells; in particular, statistically significant
reductions were obtained after treatment with PipeNig®-FL 10 nM, 1 μM and 10 μM. Mean values of
fluorescence signal from three independent experiments were as follow: undifferentiated cells: 7.85 ±
2.36, differentiated CTRL: 100 ± 0.20, PipeNig®-FL 1n M: 63.64 ± 2.37, PipeNig®-FL 10 nM: 61.72 ±
1.35, PipeNig®-FL 1 μM: 59.00 ± 2.42, PipeNig®-FL 10 μM: 57.91 ± 3.05.

DNA content was not significantly different in PipeNig®-FL treated cells and control cells, thus
indicating that the decrease in lipid accumulation exerted by PipeNig®-FL is not due to a decrease
in cell proliferation or to cytotoxic effects (Figure 3C). Mean values of fluorescence signal from three
independent experiments were as follows: undifferentiated cells: 81.23 ± 1.36, differentiated control:
100 ± 0.20, PipeNig®-FL 1n M: 91.63 ± 1.39, PipeNig®-FL 10 nM: 86.76 ± 0.96, PipeNig®-FL 1 μM:
90.43 ± 2.03, PipeNig®-FL 10 μM: 90.72 ± 1.92.
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On the other hand, a significant reduction in intracellular lipid content per cell was found at all
concentrations (Figure 3D); mean values of fluorescence signal from three independent experiments
were as follow: undifferentiated cells: 10.63 ± 3.62, differentiated CTRL: 100 ± 0.30, PipeNig®-FL 1 nM:
68.68 ± 1.12, PipeNig®-FL 10 nM: 71 ± 0.88, PipeNig®-FL 1 μM: 64.74 ± 1.01, PipeNig®-FL 10 μM:
62.57 ± 1.31.

Figure 3. PipeNig®-FL reduces intracellular lipid accumulation in 3T3-L1 cells without altering the cell
number. (A) Representative images of AdipoRed (red) and NucBlue (blue) staining of undifferentiated
preadipocytes (UNDIFF), differentiated control adipocytes (CTRL) and 10 μM PipeNig®-FL-treated
3T3-L1 adipocytes after 9 days of differentiation. Scale bar 50 μm. (B) Bar graph summarizing
AdipoRed staining experiments to assess lipid accumulation on undifferentiated cells, differentiated
control and 3T3-L1 adipocytes treated with various concentrations of PipeNig®-FL for 9 days, showing
triglyceride accumulation per well. (C) Bar graph summarizing NucBlue staining experiments to assess
variations in the number of cells, showing DNA content per well. (D) Bar graph showing triglyceride
accumulation per cell, calculated as the ratio of AdipoRed and NucBlue staining. Data in percentage
referred to differentiated control condition are represented as the mean ± SEM of three independent
experiments. * p < 0.05; ** p < 0.01 vs. control.

3.4. PipeNig®-FL Does Not Affect Cell Viability on C2C12 Muscle Cell

In order to investigate the effect of PipeNig®-FL on C2C12 viability, differentiated cells were
treated with increasing concentration of PipeNig®-FL (100 nM, 50 μM, 200 μM, 1 mM, 10 mM) for 1
h. The MTS assay was performed in the last 30 min of treatment. The time considered to evaluate
the toxicity of PipeNig®-FL was related to experiments on glucose metabolism that were done in a
short time of treatment. As shown in Figure 4, acute exposure (1 h) to PipeNig®-FL even at the highest
doses did not affect significantly (p < 0.05) cell viability. Mean values of Abs at 450 nm from three
independent experiments were as follows: CTRL: 99.61 ± 1.48, PipeNig®-FL 100 nM: 100.72 ± 1.32,
PipeNig®-FL 50 μM: 98.90 ± 1.78, PipeNig®-FL 200 μM: 101.27 ± 2.04, PipeNig®-FL 1 mM: 101.76 ±
1.39, PipeNig®-FL 10 mM: 92.13 ± 2.34.
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Figure 4. PipeNig®-FL does not have any effects on cell viability in C2C12 muscle cell. C2C12 cells
were treated with increasing concentration of PipeNig®-FL for 1h. Data in percentage referred to
control condition are represented as the mean ± SEM (n = 3).

3.5. PipeNig®-FL Improves Glucose Uptake in C2C12 Myotubes

To verify the potential role of PipeNig®-FL on glucose uptake in skeletal muscle cells, we
performed confocal microscopy analyses by using a fluorescent D-glucose analog, 2-NBDG. Cells were
incubated simultaneously with either 100 μM 2-NBDG and different concentrations of PipeNig®-FL
(1–10–100 nM) without insulin while insulin alone (25 nM) was used as positive control, for 30 min in
the dark. Doses of PipeNig®-FL were chosen in the nM range as for insulin, since we have previously
verified that stimulation with PipeNig®-FL 100 nM for 1 h did not produce cytotoxic effects. A
significant increase of glucose uptake was observed in treated cells with respect to control cells, whereas
no differences were observed between insulin and PipeNig®-FL treatments or among PipeNig®-FL
concentrations (Figure 5). Values of mean fluorescence/area from four independent experiments were
as follows: CTRL: 100.13 ± 4.69, n cells = 68; insulin: 130.10 ± 6.21, n cells = 89; PipeNig®-FL 1 nM:
144.04 ± 7.95, n cells = 45; PipeNig®-FL 10 nM: 133.00 ± 6.73, n cells = 75; PipeNig®-FL 100 nM: 140.72
± 9.64, n cells = 56.

 

Figure 5. PipeNig®-FL stimulates glucose uptake. (A) Representative confocal images of C2C12
myotubes incubated with the fluorescent glucose analog 2-NBDG for 30 min. Images are presented
in pseudocolor (LUT = fire) to better show the fluorescence intensity variations. Insulin (25 nm) was
used as a positive control. Scale bar 36 μm. (B) Bar graph summarizing the experiments of fluorescent
glucose uptake. Data in percentage referred to control condition are represented as the mean ± SEM (n
= 4). * p < 0.05; ** p < 0.01 vs. control.
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3.6. PipeNig®-FL Induces GLUT4 Translocation in C2C12 Cells

To confirm the involvement of PipeNig®-FL on glucose metabolism, we carried out
immunofluorescence experiments using GLUT4 antibody, followed by a detailed image analysis
of peripheral vs. internal fluorescence staining. Cells were treated with insulin (25 nM) or different
concentrations of PipeNig®-FL (1–10–100 nM) without insulin, for 30 min. An evident translocation of
the glucose transporter from the cytosol to the plasma membrane was observed in treated cells with
respect to control cells, whereas there were no significant differences in staining among treatments
(Figure 6). Values of peripheral vs. internal GLUT4 staining from three independent experiments were
as follows: CTRL: 160.36 ± 18.21, n cells = 19; insulin: 282.73 ± 25.00, n cells = 21; PipeNig®-FL 1 nM:
259.26 ± 18.60, n cells = 20; PipeNig®-FL 10 nM: 336.40 ± 14.96, n cells = 18; PipeNig®-FL 100 nM:
270.96 ± 31.36, n cells = 16.

Figure 6. PipeNig®-FL induces GLUT4 translocation to the plasma membrane. (A) Confocal images of
a representative experiment of GLUT4 immunofluorescence staining. After PipeNig®-FL stimulation
(1–10–100 nM) the fluorescent signal is clearly localized to the peripheral plasmalemma, thus suggesting
the GLUT4 translocation. Images are presented in pseudocolor (LUT = fire) to better show the
fluorescence intensity variations. Insulin (25 nM) was used as a positive control. Scale bar 36 μm.
(B) Bar graph representing the ratio peripheral vs. internal GLUT4 fluorescence intensity. Data are
represented as the mean ± SEM of three independent experiments. * p < 0.05; ** p < 0.01; *** p < 0,001
vs. control.

4. Discussion

This study focuses on two goals: 1. the chemical characterization of a black pepper extract
with a high content of BCP (PipeNig®-FL). 2. the in vitro investigation of the biological activities of
PipeNig®-FL in adipocytes and skeletal myotubes. The present results highlight the high performance
of the extract regarding its BCP content (>80%) and underline its beneficial metabolic properties, in
terms of reduced lipid accumulation in adipocytes and improved glucose uptake activity in myotubes.

The attractiveness of BCP, a sesquiterpene produced by a consistent number of plant species,
arises from its pharmacological feature as a CB2 receptor full agonist, which makes BCP the
only phytoendocannabinoid found beyond the Cannabis genus to date [27], with the advantage
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of lacking any psychotropic effect. In addition to CB2 receptors, BCP also activates peroxisome
proliferator-activated receptor α and γ (PPARα-γ) [22,23], making it suitable to interfere with
several metabolic pathways and pathological conditions, including apoptotic, inflammatory,
cholesterolemic and behavioral disorders. In line with this, BCP has been demonstrated to
possess anticancerogenic, neuroprotective, cardioprotective, hepatoprotective, gastroprotective,
nephroprotective, antiinflammatory and immunomodulatary properties [27,28]. In particular,
several studies recently pointed out potential counteractive functions of BCP against metabolic
syndrome [16–19,29]. Grounding on these premises, the use of a plant-derived extract with a high
and standardized BCP content represents a high-impact goal in the cross-sectional fields of plant
food-nutrition-human health. In this perspective, the objective of our studies was to evaluate the
properties of PipeNig®-FL to reduce lipid accumulation and induce glucose uptake.

The chemical analysis of PipeNig®-FL reveals a high content of BCP, in line with what is declared
by the producer. The general GC profile is in line with the chemical composition of a typical black
pepper oil [30,31] and confirms the presence of minor monoterpenes and sesquiterpenes as well as the
complete absence of piperine.

We verified the suitability of PipeNig®-FL for in vitro cellular studies, by performing viability
tests on 3T3-L1 preadipocytes and C2C12 myotubes. As shown in Figure 2, long-term 3T3-L1 treatment
with PipeNig®-FL (9 days) did not cause any cell damage in the physiologically active range (100
nM–100 μM), only affecting cell viability at much higher concentrations (1–10 mM), while C2C12
viability (Figure 4) was unaffected by acute exposure to PipeNig®-FL (1 h, 100 nM–10 mM). Moreover, a
previous study in mice reported the absence of toxicity of both acute (300 and 2000 mg/kg) and repeated
doses of BCP [20], and BCP has been approved by United States Food and Drug Administration and
European agencies as food additive, taste enhancer and flavoring agent [7].

We further tested the properties of PipeNig®-FL as a lipid accumulation-inhibitor during the
3T3-L1 cell differentiation process. The development of obesity is characterized by an increase in the
number of fat cells (hyperplasia) and their lipid content (hypertrophy), as a result of cell proliferation
and differentiation. In our experiments PipeNig®-FL led to a significant decrease in the lipid content
per cell, without affecting cell proliferation, thus suggesting a role in reducing adipocyte-hypertrophic
response typically present in the energy overload conditions that characterizes metabolic syndrome [32].

Previous in vitro studies on bone marrow mesenchymal stem cells showed enhanced osteoblast
differentiation and reduced adipogenesis induced by synthetic BCP [33]. Moreover, recent in vivo
studies in rats exposed to fat enriched diet highlighted hypocholesterolemic and protective effects
of BCP [16,23], proving the involvement of several mechanisms, as the inhibition of endogenous
hepatic cholesterol synthesis [16], the stimulation of the activity of antioxidant enzymes [16] and the
engagement of both CB2 and PPARγ receptors [16]. In this scenario, our results of reduced adipogenesis
induced by PipeNig®-FL in 3T3-L1 pre-adipocytes strengthen the message from data obtained with
synthetic BCP in bone marrow cells, and support the effectiveness of the extract respect to its high
BCP content.

In addition to its anti-obesogenic properties, our further experiments on skeletal myotubes
highlighted PipeNig®-FL capability to be a glucose uptake inducer: as shown in Figure 5,
PipeNig®-FL was as efficient as insulin in stimulating cellular glucose uptake. In 2014 Basha and
Sankaranarayanan [18] reported an insulinomimetic effect of BCP (200 mg/kg) in streptozotocin-induced
diabetic rats. In particular they showed a significant decrease in blood glucose levels and a significant
increase in the activity of hexokinase, pyruvate kinase and glucose-6-phosphate dehydrogenase in
liver, kidney and skeletal muscle [18]. Moreover, other studies in similar animal models [19] and
in isolated pancreatic beta cells [34] reported antidiabetic properties of BCP through an enhanced
insulin release. To gain better understanding of the mechanisms involved in glucose uptake, we
performed immunofluorescence GLUT4 staining in insulin and PipeNig®-FL-treated myotubes,
showing a significant plasma membrane GLUT4 translocation in both conditions (Figure 6) respect
to control. Thus the attractive novelty of these results is to show, for the first time, a direct acute
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effect of a BCP-enriched extract in promoting glucose uptake in skeletal myotubes, likely through an
improvement of GLUT4 trafficking toward the plasma membrane. Translocation of GLUT4 storage
vesicles to the plasma membrane, mainly in skeletal muscle and adipose tissue, is directly correlated
with the ability to lower elevated blood glucose. Moreover, GLUT4 levels are significantly decreased in
the skeletal muscle of type 2 diabetic patients and in insulin resistant patients [35]. The development
of therapeutic compounds able to induce GLUT4 expression/translocation can thus improve insulin
sensitivity and reduce insulin resistance. Several plant-derived bioactive molecules have been listed
as stimulators of GLUT4 translocation and/or expression, among these resveratrol, chlorogenic acid,
daidzein (an isoflavone found in soybeans), curcumin and astaxanthin, affecting different key-points in
the intracellular cascade involved in vesicle trafficking [36]. As a major component of PipeNig®-FL,
BCP could now be included in this list.

5. Conclusions

The main limitation of our study resides in the experimental models, since we tested the effects
of PipeNig®-FL on cell lines of preadipocytes and skeletal myotubes. On the other hand, in vitro
approaches account for important advantages, as results reflect direct effects of PipeNig®-FL on specific
cellular processes, avoiding complex multi-organ interactions typical of in vivo models. At present,
we do not provide a detailed analysis on the complex molecular/functional signatures of reduced
lipidogenesis activated by PipeNig®-FL in 3T3-L1 cells. Future experiments should be directed to
gain further information on the molecular mechanisms initiated by PipeNig®-FL and to confirm its
properties as anti-lipidogenic and glucose uptake inducer in animal models.

In conclusion, giving its high content in BCP, PipeNig®-FL could represent a promising novel
bioactive complex deserving both molecular investigations and in vivo studies in order to support its
role as a beneficial metabolic modulator.
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Abstract: Non-alcoholic fatty liver disease (NAFLD) is the most common cause of chronic liver
disease; however, no specific pharmacological therapy has yet been approved for this condition.
Plant-derived extracts can be an important source for the development of new drugs. The aim of this
study was to investigate the effects of (E)-β-caryophyllene (BCP), a phytocannabinoid recently found
to be beneficial against metabolic diseases, on HepG2 steatotic hepatocytes. Using a fluorescence-
based lipid quantification assay and GC-MS analysis, we show that BCP is able to decrease lipid
accumulation in steatotic conditions and to change the typical steatotic lipid profile by primarily
reducing saturated fatty acids. By employing specific antagonists, we demonstrate that BCP action
is mediated by multiple receptors: CB2 cannabinoid receptor, peroxisome proliferator-activated
receptor α (PPARα) and γ (PPARγ). Interestingly, BCP was able to counteract the increase in
CB2 and the reduction in PPARα receptor expression observed in steatotic conditions. Moreover,
through immunofluorescence and confocal microscopy, we demonstrate that CB2 receptors are mainly
intracellularly localized and that BCP is internalized in HepG2 cells with a maximum peak at 2 h,
suggesting a direct interaction with intracellular receptors. The results obtained with BCP in normal
and steatotic hepatocytes encourage future applications in the treatment of NAFLD.

Keywords: β-caryophyllene; NAFLD; steatosis; lipid profile; CB2 receptors; PPARγ; PPARα; HepG2
cell line

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common chronic liver disorder,
with an average prevalence of 25%, ranging from 13% (adult African population) to 32%
(Middle East population) [1]. This disease is characterized by the excessive accumulation
of fats, due to overnutrition or an unbalanced diet and not to ethanol consumption, with
an increase of visceral fats that results in macrophage infiltration and pro-inflammatory
conditions [2]. In this context, insulin resistance occurs, causing dysregulated lipolysis of
triglyceride in the adipose tissue and delivery of fats to the liver. This is accompanied by
increased de novo lipogenesis, the process through which hepatocytes convert excess car-
bohydrates to free fatty acids (FFA). The disposal of FFA occurs through beta-oxidation or
re-esterification, and when this process is overloaded the formation of lipotoxic lipids may
occur. This causes oxidative stress, endoplasmic reticulum stress and hepatocellular dam-
ages. The exacerbation of this condition leads to nonalcoholic steatohepatitis (NASH) that
can progress to cirrhosis and liver cancer [1,2]. No specific pharmacological treatments are
currently approved for NAFLD and NASH. The therapeutic strategies are based on lifestyle
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improvement (i.e., physical activity and healthy diet) associated with periodical checking
of cardiometabolic risk factors to avoid advanced forms of NAFLD and the prevention of
complications [3]. Nevertheless, numerous anti-hypertensive, lipid-lowering (statins) and
glucose-lowering drugs (metformin) have been investigated because of NAFLD association
with type 2 diabetes (T2DM), hypertension, obesity and dyslipidemia [3]. Other investi-
gated drugs are those belonging to peroxisome proliferator-activated receptor (PPAR)γ
agonists (e.g., pioglitazone, rosiglitazone). However, because of the side effects, the incom-
plete efficacy of these drugs and the variability of the conditions that exist among different
patients, the suggested strategies remain those mentioned above [3].

In recent years, natural molecules have been demonstrated to ameliorate typical
conditions of NAFLD, from steatosis to inflammation. Among them, the methyl brevifolin-
carboxylate, a polyphenolic compound, can reduce inflammation and oxidative stress in
an hepatocarcinoma cell line [4] and berberine, a benzylisoquinoline alkaloid, can reduce
triglyceride synthesis-related genes in in vitro and in vivo models [5]; nevertheless these
molecules have not yet been approved by the FDA. Instead, (E)-β-caryophyllene (BCP)
has been recognized by the FDA as a safe food or cosmetic additive. BCP is a bicyclic
sesquiterpene hydrocarbon widely distributed in the plant kingdom, especially in floral
volatiles, occurring in more than 50% of angiosperm families [6]. In plants, BCP acts as
a chemoattractant for pollinators, defense against bacterial pathogens and has a pivotal
role in the survival and evolution of higher plants as well as in contributing to the unique
aroma of essential oils extracted from numerous species [7]. In addition to its role in plants,
recent studies have highlighted that BCP plays a role in animal cells as anti-cancer [8], anti-
oxidant [9], anti-inflammatory agent [10]. Although its mechanism of action is not yet fully
understood, studies indicate that BCP could act in animal cells through the specific binding
to the CB2 cannabinoid receptors [11,12], of which it is a full selective agonist, and possibly
through the interaction with members of the family of peroxisome proliferator-activated
receptor (PPAR), in particular the isoforms α and γ [13,14].

CB2 receptors belong to the endocannabinoid system (ECS), a complex endogenous
system involved in several physiological and pathophysiological functions. The ECS exerts
regulatory control on metabolism and food intake and for this reason it represents a poten-
tial target for numerous metabolic disorders such as obesity, eating disorders, dyslipidemia
and steatosis [15,16]. The ECS is also involved in the regulation of inflammation and in
the modulation of depression, schizophrenia and chronic pain [17,18]. The selectivity of
BCP for CB2 receptors avoids potential psychotropic effects mediated by the neuronal
CB1 cannabinoid receptor, being CB2 receptors mainly expressed in peripheral tissues and
in central nervous system (CNS) immune cells [19]. This peculiarity makes BCP a safe
phytocannabinoid, with countless beneficial and non-psychoactive effects.

PPAR nuclear receptors are transcriptional modulators, with each isoform having a
specific location and role regarding energy homeostasis, lipid and glucose metabolism and
inflammatory response [20]. PPARα is mainly expressed in the liver (but also in brown
adipose tissue, heart, muscles and kidney) and acts as the master regulator of hepatic
lipid metabolism, being involved especially in fatty acid (FA) beta-oxidation. PPARγ is
characterized by three isoforms: PPARγ1, PPARγ2 and PPARγ3. PPARγ1 is ubiquitously
expressed, PPARγ2 is mainly expressed in adipose tissue and in the liver, whereas PPARγ3
is expressed in the colon and adipose tissue [20]. The role of the three isoforms slightly
changes based on cell type, but in the liver they are essentially involved in the regulation
of glucose and lipid metabolism, protection against inflammation, oxidation and liver
fibrosis [21].

The interaction between BCP and PPARα and PPARγ is not as well documented as it
is for CB2 receptors; however, some studies have shown that there is a direct interaction
between BCP and PPARα [13] and probably an indirect interaction with PPARγ. In fact, the
triggering of PPARγ via BCP-mediated CB2 receptor activation has been hypothesized [22].

This study aimed to investigate the anti-steatotic effects of BCP in the immortalized
human hepatoma cell line HepG2, one of the cell models mostly used to induce NAFLD
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and to test the therapeutic effects of pharmacological and natural compounds [23]. To
mimic the key NAFLD risk factor, increased fat intake, we added palmitic and oleic acid
to cell culture media obtaining significant intracellular lipid accumulation in the absence
of overt cytotoxicity. We first investigated the effect of BCP on the intracellular lipid
accumulation and lipid profile, then we examined the involvement of different receptors in
these processes. Our findings suggest that treatment with BCP induces a reduction in lipid
accumulation and a modification in intracellular lipid composition mediated by CB2 and
PPAR receptors and that these effects are accompanied by a modulation of their expression.
We also observed that BCP is able to cross the plasma membrane and therefore to act on
intracellular localized receptors.

2. Results

2.1. HepG2 Cell Viability Is Not Affected by Steatosis Induction and BCP Treatment

HepG2 hepatoma cells were induced to become steatotic by 24 h treatment with
0.5 mM FFA mixture, made of sodium palmitate and sodium oleate (1:2, w/w, referred
hereafter as FFAm) along with BSA (1%, w/v).

To analyze BCP effect on cell viability, HepG2 cells were treated for 24 h with 0.5 mM
FFAm alone or in the presence of different concentrations of BCP (50 nM, 500 nM, 1 μM,
5 μM, 10 μM and 50 μM). Untreated cells and cells treated with 1% BSA only were used
as controls. The CellTiter-Glo® viability assay shows that neither FFAm nor FFAm + BCP
affect HepG2 steatotic cell viability (Figure 1).

Figure 1. Cell viability assay of HepG2 cells based on ATP content. HepG2 cells were treated for
24 h with 0.5 mM FFAm and with increasing concentrations of BCP. Either BCP plus 0.5 mM FFAm,
FFAm alone or 1% w/v BSA did not affect HepG2 cell viability. Control conditions (untreated) and
treatments are represented as the mean ± SEM of three independent experiments.

2.2. BCP Reduces Intracellular Triglyceride Content in HepG2 Steatotic Cells

To study the effect of BCP on the induction of steatosis, HepG2 cells were co-treated
with 0.5 mM FFAm and increasing concentrations of BCP (ranging from 50 nM to 50 μM).
After 24 h treatment, lipid droplets and nuclei were visualized by AdipoRedTM/NucBlueTM

fluorescent staining (Figure 2A). Triglyceride accumulation and DNA content were quan-
tified and expressed as a percentage change with respect to 0.5 mM FFAm-treated cells
(positive control) (Figure 2B–D).
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Figure 2. Lipid accumulation in HepG2 cells. BCP attenuates intracellular lipid accumulation in
steatotic HepG2 cells without altering the cell number (DNA content). (A) Representative images
of AdipoRed (red, triglycerides) and NucBlue (blue, nuclei) stainings; UNTREATED = untreated
hepatocytes (control); 0.5 mM FFAm = palmitate and oleate-treated hepatocytes; 5 μM BCP + 0.5 mM
FFAm = HepG2 cells co-treated for 24 h with BCP and FFAm. Scale bar: 50 μm. (B) Bar graph sum-
marizing AdipoRed staining experiments to assess triglyceride accumulation per well in untreated
cells, BSA-treated cells, 0.5 mM FFAm-treated positive control cells and HepG2 cells treated with
0.5 mM FFAm and various concentrations of BCP for 24 h. (C) Bar graph summarizing the DNA
content per well (NucBlue staining). (D) Bar graph showing the triglyceride accumulation per cell,
calculated as the ratio of AdipoRed and NucBlue stainings. Data are expressed as percentage change
with respect to 0.5 mM FFA control condition (set equal to 100) and represent the mean ± SEM of five
independent experiments. ** p < 0.01; *** p < 0.001 vs. positive control (0.5 mM FFAm-treated cells).

Triglyceride accumulation was highly increased by the treatment with FFAm, com-
pared to untreated control cells, while the co-treatment with 500 nM, 1 μM, 5 μM and 10 μM
BCP significantly (p < 0.01) reduced the amount of intracellular triglycerides (Figure 2B).
This result was not due to cytotoxic effects or to a reduction in HepG2 cell proliferation,
since the treatment with FFAm and BCP did not induce any significant change in the
DNA content (Figure 2C), nor in the cell viability (Figure 1), in respect to untreated and
FFAm-treated cells. No changes in triglyceride accumulation or the DNA content were
observed in cells cultured in the presence of 1% w/v BSA alone.

The DNA content was used to normalize the total triglyceride values to obtain the
triglyceride content per unit DNA (as a proxy for triglycerides accumulation per cell).
Figure 2D shows that 500 nM, 1 μM, 5 μM and 10 μM BCP were able to induce a significant
(p < 0.01) decrease in triglyceride accumulation/cell, with the maximum reduction at 5 μM
(corresponding to a 22% reduction of the levels of the FFAm positive control).

2.3. BCP Modifies the Intracellular Lipid Profile of HepG2 Steatotic Cells

To evaluate whether the effect of BCP on total lipid content could be linked to changes
in the intracellular lipid profile, GC-MS was employed to identify specific intracellular
FFA, whereas GC-FID was used for the quantitative analysis. The FFA composition of
steatotic HepG2 cells (0.5 mM FFAm-treated cells) was consistent with that of typical
NAFLD models, including myristic acid (C14:0), palmitic acid (C16:0), palmitoleic acid
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(cis-Δ9-C16:1), stearic acid (C18:0), oleic acid (cisΔ9-C18:1) and arachidonic acid (C20:4).
Compared to untreated controls, steatotic HepG2 cells (Figure 3, red bars) showed a
statistically significant (p < 0.01) increase of cis-Δ9-C18:1 and C16:0 (Figure 3A), as well as
C14:0, C18:0 and cis-Δ9-C16:1 (Figure 3B); no significant (p > 0.05) changes were found for
C20:4 (Figure 3B). Treatment of steatotic cells with BCP (Figure 3, green bars) caused a
significant (p < 0.01) reduction (−22%) in the amount of cis-Δ9-C18:1 and C16:0 (Figure 3A),
compared to 0.5 mM FFAm-treated cells; the same reduction was found for C14:0, whereas
a 19% reduction occurred for C18:0 (Figure 3B). Interestingly, a significant 37% increase
was found for cis-Δ9-C16:1. No changes were found for C20:4 (p > 0.05) (Figure 3B). These
results indicate that BCP was able to reduce the amount of all the identified saturated FFA,
while the unsaturated C20:4 was unaffected and the levels of the unsaturated cis-Δ9-C16:1
were increased by BCP treatment.

Figure 3. FFA composition of HepG2 cells after incubation for 24 h with 0.5 mM FFAm with or
without BCP. Six fatty acids were identified and quantified. (A) BCP reduces the amount of oleic acid
(cis-Δ9-C18:1) and palmitic acid (C:16) of steatotic cells. (B) BCP treatment significantly reduces the
content of myristic acid (C14:0) and stearic acid (C18:0), while it increases palmitoleic acid (cis-Δ9-
C16:1), in comparison to steatotic control cells. Data are represented as the mean ± SEM of three
independent experiments and the values are expressed as mg g−1 fresh weight (f.wt). ** p < 0.01;
*** p < 0.001 vs. positive control (0.5 mM FFAm-treated cells).

2.4. BCP Inhibits Lipid Accumulation through Interaction with Different Receptors: Effects of CB2
and PPAR Receptor Antagonists

In order to characterize the mechanism of action of BCP in the reduction of lipid
accumulation in steatotic HepG2 cells, a receptor antagonist approach was employed.
In particular, we focused on cannabinoid CB2 receptors and receptors involved in lipid
metabolism, i.e., PPARα and PPARγ. The specific CB2 receptor antagonist AM630, the
PPARα receptor antagonist GW6471 and the PPARγ antagonist GW9662 were used at
concentrations obtained from literature data [11,24,25]. No effects on lipid accumulation
(Figure 4A–C) nor on cell viability were observed when treating HepG2 cells with each of
the different antagonists alone, AM630, GW6471 and GW9662.
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Figure 4. Effect of CB2, PPARα and PPARγ receptors antagonists on triglyceride accumulation per
cell. Cells were incubated with different concentrations of BCP and 0.5 mM FFAm, in the presence
or absence of specific receptor antagonists for 24 h. (A) Treatment of HepG2 cells with 5 μM CB2
antagonist AM630. (B) Treatment with 100 nM PPARα antagonist GW6471. (C) Treatment with 10 μM
PPARγ antagonist GW9662. Data are expressed as a percentage change with respect to 0.5 mM FFA
control condition (set equal to 100) and represent the mean ± SEM of five independent experiments.
** p < 0.01; *** p < 0.001 vs. BCP + 0.5 mM FFAm treated cells.

At the concentration range between 500 nM and 10 μM BCP (identified as the most
effective doses in previous experiments), the co-treatment of HepG2 cells with the CB2
receptor antagonist AM630 (5 μM) completely reversed BCP-driven reduction of lipid accu-
mulation, restoring values of intracellular triglycerides comparable to that of steatotic cells
(Figure 4A). Similarly, treatment with the PPARα antagonist GW6471 (100 nM) completely
reversed the anti-steatotic effect of BCP at all concentrations (Figure 4B). The treatment
with the PPARγ-specific antagonist GW9662 (10 μM) partially reversed the lipid reduction
induced by 1, 5 and 10 μM BCP (Figure 4C).

These results indicate that BCP is able to reduce lipid accumulation in steatotic HepG2
cells by interacting with CB2 and PPAR receptors.

2.5. CB2, PPARα and PPARγ mRNA Expression Is Affected by Steatosis and BCP Treatment

To investigate whether CB2, PPARα and PPARγ mRNA expression levels are modified
by steatosis and the ability of BCP to revert these changes, qRT-PCR experiments were
conducted. The expression level of the CNR2 gene resulted in significantly upregulated
steatotic cells, when compared to untreated cells. Interestingly, co-treatment with BCP
significantly reduced (p < 0.001) CB2 mRNA levels in steatotic cells, bringing CB2 expression
levels closer to those of the non-pathological condition (Figure 5A).

The expression of PPARs was significantly reduced in steatotic conditions compared
to untreated cells (Figure 5B,C). Co-treatment of steatotic cells with BCP resulted in a
significant (p < 0.001) increase in PPARα expression (Figure 5B), while no statistically
significant change was observed in the expression of PPARγ (Figure 5C).
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Figure 5. qRT-PCR analysis of CB2 (A), PPARα (B) and PPARγ (C) mRNAs normalized for the house-
keeping gene β-actin. Data are represented as the mean ± SEM of three independent experiments.
* p < 0.05, *** p < 0.001 vs. control (untreated cells, set equal to 1) or vs. 0.5 mM FFAm-treated cells.

2.6. CB2 Receptors Are Localized Intracellularly in HepG2 Cells

Since data on CB2 receptor localization are lacking in hepatocytes, we performed CB2
immunofluorescence experiments on HepG2 cells. Figure 6 shows a confocal image with
punctate staining mainly located at intracellular sites. The staining level for CB2 in HepG2
cells appears quite heterogeneous, as evidenced by the presence of CB2high+ cells (arrows)
and CB2low + (arrowheads) cells in the same clusters of cells (Figure 6, left panel). Single
confocal planes show a prevalent perinuclear distribution of CB2 immunopositive puncta
(Figure 6, right panels).

Figure 6. Localization of CB2 receptors. Representative confocal images showing CB2 immunostain-
ing (magenta) in HepG2 cell line. Nuclei are stained with DAPI (blue). Pictures are shown as max
z-projections (low magnification; left) with white arrows and arrowheads to highlight CB2high+ cells
and CB2low+ cells, respectively, and a single confocal plane with reslicing (right) to better appreciate
the intracellular distribution of CB2+ puncta in two of the cells present in the image. The cyan
contoured image shows a cell positive for CB2 at low levels; the yellow contoured image identifies
a cell with extensive immunolabelling for CB2. Scale bars: 50 μm (low magnification) and 10 μm
(high magnification).
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2.7. BCP Enters HepG2 Cells with a Maximum Uptake at 2 h from the Beginning of Treatment

Since we demonstrated that CB2 receptors are mostly intracellularly localized and
PPAR receptors are well-known nuclear receptors, we decided to assess whether BCP
is indeed able to enter HepG2 cells. The quantification of BCP intracellular uptake was
evaluated by a time-course analysis in living cells by GC-MS. HepG2 cells were treated
with 5 μM BCP for 24 h and samples were taken from time 0 to 24 h after treatment. By
using GC-MS in the single ion monitoring (SIM) for BCP ions, we found that BCP was
able to cross the cell membrane and enter HepG2 cells as soon as 1 h from the beginning
of the treatment, with a maximum uptake measured at 2 h. After this period, the BCP
intracellular concentration decreased linearly up to 24 h after treatment (Figure 7).

Figure 7. Time-course of BCP uptake by HepG2 cells measured with GC-MS. Maximum concentration
of BCP was found 2 h after the beginning of the treatment. Data are represented as the mean ± SEM
of three independent experiments.

3. Discussion

Despite recent progresses in understanding the various steps involved in the develop-
ment and progression of NAFLD, no approved pharmacological treatments for this very
common chronic disease are yet available [3]. Therefore, additional efforts are needed to
find molecules able to interact with the molecular targets identified in NAFLD pathogenesis.
Plant-derived molecules can be an important source for the development of new drugs [26];
in this work, we focused our attention on the anti-steatotic activity of BCP, a phytocannabi-
noid with promising therapeutic effects in metabolic disorders and inflammation.

In order to mimic NAFLD in vitro, we incubated HepG2 hepatocytes for 24 h with
a mixture of oleate and palmitate, which are the most abundant monounsaturated and
saturated FFA in human diet [23]. Our steatosis protocol differed from the one used
by Kamikubo and colleagues [24], who incubated HepG2 cells with palmitic acid only,
a treatment that generally induces higher toxicity and the release of pro-inflammatory
chemokines, which are typical of NASH more than the NAFLD condition [23]. In line
with the results obtained by Kamikubo et al. [24], we found that BCP co-incubation can
reduce the total lipid accumulation in a dose-dependent manner, with maximal activity at
5 μM. BCP was able to reduce both oleic and palmitic acid, here used to induce steatosis
in HepG2 cells and also significantly reduced stearic and myristic acid, both saturated
fatty acids associated with cellular damage [27,28]. Noticeably, BCP was able to induce
a 37% increase in palmitoleic acid, a monounsaturated fatty acid that has been widely
studied in in vivo models of obesity because of its anti-inflammatory properties [29]. We
argue that the increase in palmitoleic acid might represent a protective detoxifying strategy
converting palmitic acid into an unsaturated FFA. There is a general agreement that NAFLD
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progression occurs when mechanisms aimed at counteracting FFA-induced lipotoxicity
are ineffective, leading to oxidative stress, ER stress, mitochondrial damage, immune-
mediated cellular damage and apoptotic death [1]. Our data strongly suggest that BCP
is able to reduce the amount of possibly toxic saturated fatty acids and increase selected
monounsaturated fatty acids, thus representing a valuable agent in preventing cellular
injuries associated with NASH.

Besides emphasizing BCP ability to modify intracellular lipid composition, our data
suggest that BCP effects involve the activation of CB2 as well as PPAR receptors.

PPARα and PPARγ are ligand-activated transcription factors with pleiotropic actions
in several tissues. They are critical regulators not only of fatty acid metabolism, but also
of glucose metabolism, inflammation and fibrosis [20]. The role of PPARα in the liver has
been widely investigated both in physiological and steatotic conditions. The activation
of PPARα induces the transcription of a range of genes involved in mitochondrial and
peroxisomal FA oxidation, ketogenesis and lipid transport, thereby reducing hepatic lipid
levels [20]. A recent study demonstrated that the deletion of hepatic Pparα in mice results
in enhanced liver steatosis because of the impaired oxidation of FFA [30], underscoring the
relevance and potential of hepatocyte PPARα as a drug target for NAFLD.

PPARγ is involved in FFA uptake and lipogenesis and has significant anti-inflammatory
properties. Early results demonstrated that its activation is steatogenic in the liver [31]
while recent works showed that PPARγ ligands (such as thiazolidinediones) ameliorate
fat accumulation by decreasing saturated fatty acids in a zebrafish model of NAFLD [32].
This last effect possibly depends on the enhanced release of adiponectin by the adipose
tissue and a concomitant increase in FFA oxidation in hepatocytes by AMPK activation as
demonstrated in in vivo studies [33]. There are also in vitro studies demonstrating the role
of PPARγ agonists in ameliorating lipid accumulation and inflammation associated with
NASH. This is the case of GVS-12, a synthetic PPARγ agonist that can reduce triglycerides,
inflammatory interleukins and other biomarkers associated with NASH in HepG2 cells [34].
An interesting synthetic ligand is saroglitazar, a dual PPARα/γ agonist with prevalent
PPARα agonist activity. The efficacy of saroglitazar in counteracting NAFLD/NASH has
been compared to that of fenofibrate, a PPARα agonist, and pioglitazone, a PPARγ agonist,
showing that the combined action of saroglitazar improves lipid-mediated oxidative stress,
inflammation and impaired mitochondrial biogenesis more effectively than single agonists,
both in vitro and in vivo [35]. Many PPAR agonists, such as saroglitazar, are currently
tested in clinical trials or have already been approved for the treatment of other metabolic
diseases, such as pioglitazone used for the treatment of T2DM [3,20]. Ongoing clinical
trials indicate that dual PPAR agonists can have ameliorating effects on NASH by acting
on interrelated mechanisms. Thus, combining PPARα and PPARγ activation may be a
successful strategy in the therapy of NAFLD [36].

According to our data, BCP effects are mediated both through PPARα and PPARγ.
The activation of PPARα likely occurs through a direct mechanism; in support of this
view, an interesting study demonstrated through a surface plasmon resonance (SPR)-
BIA core system that BCP directly binds the PPARα ligand binding domain (LBD) even
if it is a hydrophobic molecule and has a relatively small molecular weight compared
with conventional PPAR ligands [13]. For PPARγ, there are no studies demonstrating a
direct interaction with BCP; however, there is evidence of an indirect activation, possibly
through CB2 receptors [22,37]. BCP dual activation of PPARα and PPARγ, observed in
our in vitro experiments and previously shown in cocaine addiction studies performed
in vivo [38], highlights the possibility that BCP might behave as a dual PPARα/γ agonist
like saroglitazar. It should also be noted that GW9662, the PPARγ antagonist used in
our experiments, has an IC50 value of 3.3 nM for PPARγ and 32 nM for PPARα [39].
Therefore, it cannot be excluded that GW9662 partially blocks PPARα, contributing to the
reversion of the anti-steatotic effect of BCP observed in our experiments. In accordance
with recently published results [40], we found that both PPARα and γ are downregulated
during the pathological condition of steatosis. Intriguingly, co-treatment with BCP induced
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a marked upregulation of PPARα, bringing it back to even higher expression levels than
in the untreated control. This latter result suggests that BCP might be able to enhance FA
oxidation, therefore reducing hepatic steatosis.

The binding of BCP to the CB2 receptor has been well characterized [11], and the role
of the endocannabinoid system (ECS) in the liver has been widely studied since it may
be a therapeutic target for chronic liver disease [41], characterized by dysregulation of
hepatic lipid metabolism and also perturbation of the hepatic endocannabinoid system [42].
Although CB2 expression in the liver is moderate, its role has been demonstrated in both
physiological (regulating liver development in zebrafish embryos [43]) and pathological
conditions. For example, recent studies showed that CB2, in contrast to CB1 [44], elicits anti-
fibrogenic and anti-inflammatory effects [45]. However, the role of CB2 in the progression
of NAFLD has been debated: on the one hand, studies on the activation of both CB1 and
CB2 receptors have shown increased lipid accumulation [46] and potentiation of hepatic
steatosis [47]; on the other hand, our results with a CB2 antagonist show that CB2 activation
can counteract steatosis, in line with other works [24,48,49]. In agreement with in vivo
data [50,51], we show that steatotic conditions upregulate CB2 expression in hepatocytes,
and that concomitant exposure to BCP is able to revert the level of CB2 expression almost
to control levels, thus facilitating return-to-normal conditions.

While PPARs are well known intracellular receptors, CB2 are seven-domain transmem-
brane receptors, whose localization is assumed to be on the plasma membrane. To verify
this assumption, we performed immunolocalization studies. Unexpectedly, we found that
CB2 receptors are located mainly intracellularly in HepG2 cells, often in a perinuclear
position, most likely on the ER membrane or other intracellular organelles. Recent studies
have suggested possible intracellular CB2 localization in specific cell types; for instance,
Castaneda and colleagues [52] demonstrated that in peripheral blood B cells, CB2 receptor
expression is regulated by different factors and these receptors are localized both on the
cell membrane and on intracellular membranes. In line with this result, by kinetics studies,
we showed for the first time that BCP can cross the hepatocyte plasma membrane and
enter the cells with a maximum peak at 2 h, followed by a decrease, possibly due to BCP
metabolism. Further studies are needed to determine the exact localization of intracellular
CB2 receptors in hepatocytes and their involvement in the regulation of lipid metabolism.

4. Materials and Methods

4.1. Reagents

Chemicals used were: (E)-β-caryophyllene (BCP) purchased from Sigma-Aldrich
(St. Louis, MO, USA), AdipoRed™ assay reagent from Lonza (Walkersville, MD, USA),
NucBlue Live ReadyProbes Reagent from Invitrogen (Carlsbad, CA, USA), CellTiter-Glo®

Luminescent Cell Viability from Promega (Madison, WI, USA), anti-CB2 primary antibody
from Cayman chemical (Ann Arbor, MI, USA), anti-Rabbit IgG AlexaFluor647 secondary an-
tibody from Jackson Immunoresearch (Ely, UK), AM630, GW9662 and GW6741 antagonists
from Cayman chemical and sodium oleate, sodium palmitate and bovine serum albu-
min from Sigma-Aldrich. Unless otherwise specified, all other chemicals were purchased
from Sigma-Aldrich.

4.2. Cell Cultures

HepG2 human hepatoma cell line (European Collection of Authenticated Cell Cultures
ECACC catalogue number 85011430) was purchased from Sigma-Aldrich. Cells were
cultured in Minimum Essential Medium Eagle (MEM) supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 50 IU/mL penicillin, 50 μg/mL streptomycin and 1% non-
essential amino acids (NEAA). For every experiment, cells were grown at sub-confluence.

4.3. Cell Viability

The viability of HepG2 cells was evaluated at the end of the steatosis induction experi-
ments and treated with different concentrations of BCP, by CellTiter-Glo® Luminescent Cell
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Viability Assay, based on the quantitation of ATP, which signals the presence of metaboli-
cally active cells. Cells were washed in phosphate-buffered saline (PBS), then CellTiter-Glo®

reagent, diluted 1:1 in PBS, was added. Cells were incubated at room temperature in the
dark for 10 min, then luminescence was detected and quantified with the FilterMax F5
Multi-Mode microplate reader (Molecular Devices, Sunnyvale, CA, USA). The values of
luminescence are directly proportional to the number of viable cells.

4.4. In Vitro Steatosis Induction and Lipid Quantification

For steatosis induction experiments, 2 × 104 cells/well were seeded in 96-well black
clear bottom plates (Greiner Bio-One, Frickenhausen, Germany). Prior to the experiments,
cells were starved overnight with serum-free MEM, then cells were incubated for 12 h or
24 h in serum-free MEM containing 0.25 mM, 0.5 mM or 1 mM free fatty acid mixture
(FFAm). The mixture was prepared by coupling sodium palmitate (Na+-hexadecanoate)
and sodium oleate (Na+-(Z)-octadec-9-enoate) (1:2 ratio) with 1% w/v FFA-free BSA in
serum free MEM, at 38 ◦C in agitation overnight, to allow FFA coupling with BSA; the
mixture was then filtered and used immediately in subsequent experiments or frozen at
20 ◦C. Based on the preliminary results we obtained, for subsequent experiments, HepG2
cells were treated for 24 h with 0.5 mM FFAm alone or in the presence of scalar dilutions
of BCP (50 nM−50 μM); control cells were grown with serum-free MEM containing 1%
w/v BSA. At the end of the experiments, cells were washed in PBS, then a dye mixture
containing AdipoRed and NucBlue reagents (25 μL and 1 drop, respectively, for each
mL of PBS) was added. AdipoRed assay reagent quantifies intracellular triglycerides,
while the DNA content was estimated by NucBlue staining. After 40 min of incubation at
room temperature in the dark, fluorescence was measured with Filtermax F5 microplate
reader (Molecular Devices, San Jose, CA, USA); for AdipoRed, quantification excitation
was performed at 485 nm and emission read at 535 nm, while for NucBlue, excitation was
at 360 nm and emission read at 460 nm.

4.5. Antagonists Treatment

For antagonists experiments, 2 × 104 cells/well were seeded in 96-well black clear
bottom plates, starved and treated as above mentioned with FFA mixture, 5 μM BCP
and the following antagonists: 5 μM AM630 (CB2 receptor antagonist), 100 nM GW6471
(PPARα receptor antagonist) or 10 μM GW9662 (PPARγ receptor antagonist).

4.6. Lipid Extraction, Identification and Quantification by Gas Chromatography

For lipid extraction and quantification experiments, 2 × 106 cells were grown on T-25
flasks. After cell starvation, HepG2 cells were treated with FFAm alone or FFAm and 5 μM
BCP for 24 h. One ml of culture medium was then taken for gas chromatography–mass
spectrometry (GC-MS) analysis of free fatty acids. The intracellular fatty acid content was
also analyzed; cells were washed with PBS, detached with trypsin and centrifuged at 800 g,
5 min. Lipids were extracted from cell pellets using cyclohexane (1:10, w/v ratio) and
then esterified with boron tri-fluoride (10% w/v in methanol). Fifty μg heptadecanoic acid
(C17:0) was added as the internal standard. Fatty acid methyl esters (FAME) identification
was performed by gas chromatography coupled with mass spectrometry (GC-MS) (5975T,
Agilent Technologies, Santa Clara, CA, USA). FAME quantitative analyses were performed
through GC coupled with a flame ionization detector (GC-FID) (GC-2010 Plus, SHIMADZU,
Kyoto, Japan). The GC carrier gas was helium with a constant flux of 1 mL min−1, and
separation was obtained with a non-polar capillary column ZB5-MS (30 m length, 250 μm
diameter and stationary phase thickness of 0.25 μm, 5% phenyl-arylene and 95% poly-
dimethyl siloxane stationary phase) (Phenomenex, Torrance, CA, USA). GC-FID FAME
separation was performed in the same conditions, by using a similar column. Mass
spectrometer parameters were: ionization energy of the ion source set to 70 eV and the
acquisition mode set to 50–350 m/z. Separated molecules were identified through the
comparison of mass fragmentation spectra with reference spectra of the software NIST
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v2.0 and libraries NIST 98, by comparison of Kovats indexes and the internal standard
injection (C17,C20:4, C20:5—Sigma Aldrich, St Louis, MO, USA). The results are expressed
as mg g−1 fresh weight (f.wt).

4.7. Intracellular Quantification of BCP in Time-Course Experiments

For BCP time-course uptake experiments, 1 × 106 cells were grown on 6-well plates
and treated with 5 μM BCP. Starting from time zero and after 30 min, 1 h, 1.5 h, 2 h, 3 h, 4 h,
5 h, 6 h, 10 h and 24 h cells were washed in PBS, detached with trypsin, centrifuged and the
pellets were transferred in glass vials where 1 mL of hexane was added. The identification
of BCP amounts in cells at different times was performed with the Single Ion Monitoring
(SIM) method by GC-MS. The following chromatographic conditions were used: column
ZB5-MS (30 m length, 250 μm diameter and stationary phase thickness of 0.25 μm, 5%
phenyl-arylene and 95% of poly-dimethyl siloxane stationary phase); splitless mode, oven
program: 40◦ for 1 min, then a 5 ◦C min−1 ramp to 200 ◦C, a 10 ◦C min−1 ramp to 220 ◦C,
and a 30 ◦C min−1 ramp to 260 ◦C, final temperature held for 3.6 min. Mass spectra were
acquired within the 29–350 m/z interval operating the spectrometer at 70 eV and at scan
speed mode. The identification of BCP was performed on the basis of both matches of the
peak spectra with a library spectral database, and comparison with pure standards.

4.8. Immunofluorescence

For immunofluorescence experiments, 6 × 104 cell/cm2 were seeded on glass cover-
slips and incubated for at least 3 h to allow adhesion. Then, cells were fixed for 30 min
in 4% paraformaldehyde dissolved in 0.1 M phosphate buffer, pH 7.3. After three washes
with PBS, cells were incubated for 15 min with PBS containing 0.01% Triton-X100 and
then for 45 min with PBS containing 1% BSA and 10% normal donkey serum. Triton-X100,
normal donkey serum and BSA concentrations were selected after several trials to avoid
autofluorescence of HepG2. Cells were then incubated overnight at 4 ◦C with anti-CB2
(1:100 in PBS) primary polyclonal antibody. Coverslips were washed twice with PBS and
incubated for 1 h at room temperature with the secondary antibody, anti-rabbit IgG Alexa
Fluor 647 (1:600 in PBS containing 1% normal donkey serum). After two washes in PBS,
cells were incubated for 20 min in DAPI (1:200 in PBS), washed again twice in PBS and
then coverslips were mounted on standard slides with DABCO. Pictures of HepG2 cells im-
munolabeled for CB2 were taken with a TCS SP5 confocal microscope (Leica Microsystems,
Wetzlar, Germany). Confocal image z-stacks were captured throughout the thickness of
the cells and were performed with 0.7 μm optical step size using an objective 63X/1.4 NA
oil immersion lens with a resolution of 8-bit, 1024/1024 pixels and 100-Hertz scan-speed
(without additional zoom: 1 voxel, xyz = 240 nm × 240 nm × 692 nm; with 2.5× additional
zoom: 1 voxel, xyz = 96 nm × 96 nm × 692 nm). Images are shown as maximum intensity
projection or single plane with reslice.

4.9. RNA Extraction and qRT-PCR

For qRT-PCR experiments, 1 × 106 cells were grown on 6-well plates and treated to
induce steatosis in the presence/absence of 5 μM BCP (see above). Total RNA extraction
was performed using TRIZOL® Reagent (Invitrogen) following manufacturer’s instruc-
tions. Chloroform was added and, after 5 min of centrifugation at 14,000 rpm, RNA was
precipitated in isopropanol for 3 h at −20 ◦C. Samples were then centrifuged at 14,000 rpm
for 15 min, the RNA was washed with 70% ethanol and centrifuged at 14,000 rpm for
5 min. The RNA pellet was briefly air-dried and resuspended in 30 μL sterile water. Sam-
ples were quantified using NanoDrop 8000 Spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). qReal-time PCR was performed using SensiFast SYBR No-ROX One-
Step Real-Time qPCR kit (Bioline, London, UK) in the thermal cycler Rotor Gene Q (Qiagen,
Hilden, Germany). qRT-PCR conditions were: retrotranscription (55 ◦C, 15 min), initial
denaturation (95 ◦C, 2 min), 50 cycles of denaturation (94 ◦C, 15 s), annealing (55 ◦C, 10 s),
extension (68 ◦C, 24 s) and final melting (ramp from 56 ◦C to 99 ◦C). Each RNA sample was
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analyzed in three technical replicates containing 50 ng of total RNA. Relative quantification
of mRNA abundance in each sample was performed using a standard curve, built with
several dilutions of the samples. The widely used housekeeping gene β-actin was used as
an internal control to normalize target gene expression. The reliability of the housekeeping
gene was confirmed by its consistency of expression across treatments. qRT-PCR starting
from constant amounts (50 ng) of different RNA samples, accurately quantified by Nan-
oDrop Spectrophotometer analysis, resulted in fact in comparable levels of amplification
(Ct, cycle threshold values). Specific primers were designed with PrimerBlast software on
the basis of human sequences (Table 1). The qPCR primer efficiencies were first assessed by
the amplification of serial dilutions of RNA pools (three replicates for each dilution); the
efficiency values were directly calculated by Rotor Gene Q software and were as follows:
β-actin 98%, CNR2 103%, PPARα 95%, PPARγ 105%.

Table 1. Specific primers used in qRT-PCR.

Gene Forward Sequence Reverse Sequence
Amplicon

Size
GenBank Accession

Number

β-actin 5′ CCAACCGCGAGAAGATGA 3′ 5′ CCAGAGGCGTACAGGGATAG 3′ 97 bp NM_001101.5

CNR2 5′ TGGCATAGAAGACGGAGCTG 3′ 5′ CCCGGAGAGCCCCAAATG 3′ 177 bp NM_001841.3

PPARα 5′ ACACCGAGGACTCTTGCGA 3′ 5′ GGAAAGGGCAAGTCCCGATG 3′ 207 bp NM_001393944.1

PPARγ 5′ TACTGTCGGTTTCAGAAATGCC 3′ 5′ GTCAGCGGACTCTGGATTCAG 3′ 141 bp NM_138712.5

Primers sequences and amplicon size are reported in Table 1

4.10. Statistical Analysis

All experimental data are presented as means ± standard error of the mean (SEM)
from at least three technical replicates of 3–5 independent biological experiments (the exact
number of independent experiments is indicated in the figure legends). Statistical analysis
was performed using the SPSS package version 28. Statistically significant differences
between treatment and control groups were assessed by a one-way analysis of variance
(ANOVA) followed by Bonferroni’s multiple-comparison post hoc test. Differences were
considered statistically significant at p < 0.05.

5. Conclusions

Taken together, our results suggest that BCP is a promising molecule for the treatment
of NAFLD. This conclusion is based on several key aspects of this molecule. BCP may
act on multiple targets, many of which are included in NAFLD and metabolic syndrome,
since it is able to reduce lipid accumulation in hepatocytes but also in adipocytes [53], may
improve muscle insulin resistance [12] and systemic inflammation, therefore resulting in
a greater overall improvement compared with compounds with a more liver-restricted
mode of action. It should also be considered that BCP is an approved dietary additive
with a good safety profile and a safe phytocannabinoid, since it binds specifically to
CB2 receptors, thus avoiding the psychotropic effects mediated by CB1 receptors [54].
There are, however, issues related to BCP bioavailability; in fact some studies have already
focused on alternative formulations and vectorization techniques to allow better absorption,
overcoming the limitations of BCP and making the most of all the properties of this
phytocannabinoid [55,56].
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Abstract: The endocannabinoid system (ECS) is involved in the modulation of several basic biological
processes, having widespread roles in neurodevelopment, neuromodulation, immune response,
energy homeostasis and reproduction. In the adult central nervous system (CNS) the ECS mainly
modulates neurotransmitter release, however, a substantial body of evidence has revealed a central
role in regulating neurogenesis in developing and adult CNS, also under pathological conditions. Due
to the complexity of investigating ECS functions in neural progenitors in vivo, we tested the suitability
of the ST14A striatal neural progenitor cell line as a simplified in vitro model to dissect the role and
the mechanisms of ECS-regulated neurogenesis, as well as to perform ECS-targeted pharmacological
approaches. We report that ST14A cells express various ECS components, supporting the presence of
an active ECS. While CB1 and CB2 receptor blockade did not affect ST14A cell number, exogenous
administration of the endocannabinoid 2-AG and the synthetic CB2 agonist JWH133 increased
ST14A cell proliferation. Phospholipase C (PLC), but not PI3K pharmacological blockade negatively
modulated CB2-induced ST14A cell proliferation, suggesting that a PLC pathway is involved in the
steps downstream to CB2 activation. On the basis of our results, we propose ST14A neural progenitor
cells as a useful in vitro model for studying ECS modulation of neurogenesis, also in prospective
in vivo pharmacological studies.

Keywords: endocannabinoid system; cannabinoid receptor; CB1; CB2; CB ligands; antagonists;
neural progenitors; ST14A; proliferation; neurogenesis

1. Introduction

The endocannabinoid system (ECS) is comprised of several different components: (a)
the cannabinoid receptors, the best characterized being CB1 and CB2 receptors; (b) the en-
dogenous cannabinoids, also called endocannabinoids (eCBs), among which anandamide
(AEA) and 2-arachidonoylglycerol (2-AG); (c) the enzymes involved in eCB biosynthe-
sis “on demand”, e.g., N-acylphosphatidylethanolamine-specific phospholipase D-like
hydrolase (NAPE-PLD) and diacylglycerol lipase (DAGL); (d) the enzymes involved in
eCB degradation, e.g., fatty acid amide hydrolase (FAAH) and monoacylglycerol lipase
(MAGL); (e) the molecules involved in eCB transport across the membrane [1–3]. Addi-
tionally, various natural exogenous cannabinoids do exist, the most potent of which is
Δ9-tetrahydrocannabinol (THC), the main psychoactive component of Cannabis sativa [4].
Considering that marijuana is one of the most abused substances in the world and it is
becoming legal in many countries, a particular concern is on the fact that acute and chronic
use of cannabis could lead to cognitive impairments; interestingly, not only chronic treat-
ment with THC, but also the administration of a single ultra-low dose of THC was shown
to lead to long-term cognitive impairments, possibly resulting from deficits in attention
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or motivation [5]. A noteworthy finding is the fact that THC induces striatal dopamine
release in animals and humans [6], thus explaining some of the adverse effects of cannabis
consumption on neuropsychiatric disorders, such as schizophrenia, and also suggesting
that THC could share addictive properties with other drugs of abuse.

The ECS shares mediators and overlaps with other metabolic processes, thus recently
an “expanded endocannabinoid system” or “endocannabinoidome” has been defined [7].

CB1 and CB2 cannabinoid receptors are seven-transmembrane G protein-coupled
receptors [8]; they primarily signal through Gi/o proteins, leading to the inhibition of
adenylyl cyclase and activation of Mitogen-activated protein kinases (MAPKs). In response
to CB1 stimulation, MAPKs such as ERK1/2, c-Jun N-terminal kinase (JNK) and p38 are
activated; CB1 was also shown to activate the Phosphoinositide 3-kinases (PI3K) pathway,
thus leading to the regulation of neuronal survival. Similar to the CB1 receptor, the
stimulation of CB2 has been demonstrated to promote neuronal survival through the
activation of the PI3K/AKT/mTORC and JNK pathway; also, a Phospholipase C (PLC)-
mediated intracellular calcium increase has been shown to activate MAPKs. Apart from
these canonical signaling pathways, cannabinoid receptors are also able to signal through
other non-canonical ways, such as activation of Gs and Gq proteins; also, complex crosstalk
among cannabinoid receptors and other receptors, leading to heterodimerization and
transactivation, has been shown [8]. Interestingly, different ligands can elicit different
signaling pathways mediated by cannabinoid receptors [1].

CB1 is the most abundant G-protein coupled receptor in the mammalian brain; it is
highly expressed by neurons in the cortex, amygdala, hippocampus, basal ganglia, and
cerebellum, its activation leading to the modulation of neurotransmitter release [9]. The
CB1 cannabinoid receptor has a pivotal role in neuroprotection, control of excitotoxicity,
the survival of neural cells, as well as proliferation, differentiation and migration processes
of neural progenitors (NPs) [10–12].

Different from CB1, the CB2 receptor is mostly distributed peripherally, especially
in cells of the immune system [13], with a prevalent immunomodulatory role. However,
recent studies showed CB2 expression also in the central nervous system [14], especially in
association with neurodegenerative disorders [15]. In the adult brain, the CB2 receptor is
localized in microglia, brain stem neurons, striatal neurons, hippocampal glutamatergic
neurons, and dopaminergic neurons of the ventral tegmental area; CB2 mRNA levels
are 100–200 times less abundant than CB1 mRNA, being however strongly upregulated
in response to chronic pain, neuroinflammation and stroke [11]. Interestingly, the CB2
receptor is expressed in oligodendrocyte progenitors and neural progenitors [16–18] and it
has been demonstrated that its activity is important in the control of adult neurogenesis
under pathological conditions [12]. Indeed, the involvement of the CB2 receptor in neu-
rodegenerative and neuroinflammatory disorders stimulated research toward CB2-targeted
pharmacological approaches [2]. A substantial body of evidence suggests that the ECS
modulates the proliferation, migration, specification and survival of neural progenitors in
the developing and adult CNS [10]. During the different phases of neurogenesis in pre-
and post-natal brain, all the ECS components are differentially expressed, e.g., 2-AG is
prevalent in the prenatal period and dramatically decreases postnatally, while anandamide
levels increase postnatally [19]. Interestingly, NPs commonly co-express CB1 and CB2
receptors; upon commitment to a neuronal fate, CB1 levels become up-regulated at the
expense of CB2. CB2 seems more linked to a precursor undifferentiated proliferative
state [16–18,20,21] and its involvement in axon guidance along the forming retino-thalamic
pathway in vitro and in vivo has also been demonstrated [22]. Studies showed that 2-AG
can act both on CB1 and CB2 receptors present in NPs derived from the subventricular
zone, thus regulating cell proliferation and affecting neuroblast migration towards the
olfactory bulbs [23–25].

Due to the complexity of the ECS, the full understanding of how its various compo-
nents may contribute to control neurogenesis in developing and the adult brain is difficult
to reach by in vivo approaches. A simplified in vitro model of neural progenitor cells could
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therefore be a useful tool to better understand the role of ECS components and to identify
the intracellular mechanisms involved, as well as to provide the basis for ECS-targeted
pharmacological approaches.

In this paper, we used the ST14A cell line, immortalized neural precursor-derived
primary cells, dissociated from the rat striatal primordia at embryonic day 14 and con-
ditionally immortalized by retroviral transduction of the temperature-sensitive variant
of the SV40 large T antigen [26]. At the permissive conditions of 33 ◦C and 10% serum-
containing medium, ST14A cells show high proliferative activity, while switching to the
non-permissive temperature of 39 ◦C or at low serum concentrations [26–28] the cells stop
or slow down their proliferation and start differentiating into striatal medium-sized spiny
neurons [26,28,29]. Due to their simplicity of in vitro culturing, the possibility to be easily
transfected and to be transplanted into an adult and developing rodent brain, ST14A has
been successfully used by many authors to investigate several processes correlated to
neural progenitors development and migration [30–33], as well as a model for studying
Huntington’s disease [34,35].

In our research, we tested the suitability of ST14A cells as a simplified in vitro model
for studying ECS modulation of neurogenesis. First of all, we assessed the expression of
the ECS components necessary to a functional endocannabinoid system. Then, by using
CB1/CB2 agonists and antagonists, we evaluated the effects of CB1 and CB2 receptor
modulation on neural progenitor proliferation. Finally, we began to characterize the
intracellular pathways involved in the CB2-regulated proliferation of striatal projection
neuron progenitors.

2. Results

2.1. The Endocannabinoid System Is Expressed in ST14A Striatal Neural Progenitor Cells

The expression of ECS components was evaluated in the ST14A striatal neural pro-
genitor cell line. Cells were cultured for 48 h under permissive, proliferating conditions
(P; 10% serum-containing medium, incubation at 33 ◦C). By means of qualitative RT-PCR,
ST14A cells were shown to express mRNAs encoding for CB1 and CB2 receptors; moreover,
diacylglycerol lipase α (DAGLα) and monoacylglycerol lipase (MAGL), mainly involved
respectively in the biosynthesis and degradation of 2-AG, were also expressed (Figure 1A).
Focusing on cannabinoid receptors, CB1 and CB2 expression was also investigated at the
protein level by Western blot analysis (Figure 1B). In the case of CB1, two bands with
apparent molecular weights around 60 and 55 kDa, possibly corresponding to differently
glycosylated forms, were observed. The Western blot for CB2 receptor revealed instead a
major band of 45 kDa and a weaker band of about 40 kDa. CB receptor cellular localization
was then assessed by means of immunofluorescence (Figure 1C); CB1 and CB2 immunore-
activities were abundantly found in the cytoplasm, especially around the nucleus.

The expression of the ECS was also evaluated in ST14A cells cultured for 72 h in
differentiating conditions (D; 0.5% serum-containing medium, incubation at 33 ◦C), which
favors a reduction of cell proliferation and allows the progenitors to start the differentiation
toward striatal medium-sized spiny neurons. Differentiating ST14A cells were found to
express the mRNAs encoding for both CB1 and CB2 receptors, as well as for DAGLα and
MAGL (Figure 1A).

The detection of cannabinoid receptors mRNAs and proteins, as well as the expression
of the mRNAs encoding endocannabinoid synthetic and degradative enzymes, strongly
support the presence of an active ECS in ST14A neural progenitor cells.
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Figure 1. Endocannabinoid system expression in ST14A neural progenitor cells. (A) RT-PCR revealed
specific bands corresponding to CB1 and CB2 receptors and to the enzymes DAGLα and MAGL in
ST14A cells cultured 48 h under proliferating conditions (P). The same genes were also expressed
in ST14A cells induced to differentiate toward a neuronal phenotype for 72 h (D, differentiating
conditions). The housekeeping gene GAPDH was used as reference gene. The base pair (bp) length of
the different amplicons is indicated. C+: positive controls, i.e., cDNA from rat brain or from rat spleen
(for CB2 only); C−: negative control (no RT). (B) Western blot showing the expression of CB1 and CB2
receptors in ST14A neural progenitors (cells cultured 48 h under proliferating conditions); β-actin
protein expression was used as a quality control of the protein extract. The apparent molecular
weights of the bands are indicated (kDa). C+: positive controls, i.e., protein extracts from rat brain
or spleen (for CB2 only). (C) Immunofluorescence for CB1 and CB2 receptors in ST14A cells neural
progenitors (cells cultured 48 h under proliferating conditions). Single-cell magnification. Specific
immunoreactivities are mainly distributed in the cytoplasm and in proximity to the nucleus. C−:
negative controls, i.e., anti-CB1 or anti-CB2 pre-adsorbed antibodies. Calibration bar: 5 μm.

2.2. The Pharmacological Blockade of Cannabinoid Receptors Does Not Affect ST14A Cell Number

In order to determine if ST14A progenitor proliferation is under constitutive endo-
cannabinoid regulation, we tested the effects of CB1 and CB2 pharmacological blockade.

Cells were cultured in proliferating conditions (at 33 ◦C, in 10% serum-containing
medium) and treated for 24 h with alternatively one of the two selective CB1 antagonists
AM251 and PF514273, and the CB2 antagonist AM630. A dose–response experiment
(Figure S1) was conducted in order to verify different antagonist concentration effects
on cell number, as well as to exclude cytotoxic effects and to select the best antagonist
concentration to be used in subsequent experiments; based on previously unpublished
experiments performed in our lab, a 24 h treatment was chosen. As shown in Figure 2
and Figure S1, neither CB1 nor CB2 blockade, at any antagonist concentration used, led
to a change in ST14A cell number compared to untreated control cells, suggesting that
constitutive cannabinoid signaling is not involved in ST14A cell proliferation/survival.
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Figure 2. Evaluation of CB1/CB2 blockade effects on ST14A cell number. ST14A were treated for 24 h
with 250 nM AM251 or 50 nM PF514273 (CB1 antagonists), or 300 nM AM630 (CB2 antagonist), then
an MTS assay was performed. No effect on ST14A cell number was observed in treated cells, in respect
to control (CTRL, medium plus 0.05% DMSO). Data from the MTS assay are expressed as mean ±
standard deviation (SD) of the absorbance (λ = 490 nm); n = 8 replicates, 3 independent experiments.

2.3. Exogenous Administration of the Endocannabinoid 2-AG and the CB2 Agonist JWH133
Induces ST14A Cell Proliferation through CB2 Receptor Activation

We subsequently tested whether exogenous activation of CB1 and CB2 receptors by
the administration of the CB1/CB2 agonist 2-AG could affect ST14A cell proliferation. Cells
were stimulated for 24 h under proliferating conditions with 2-AG, then an MTS assay was
performed. A preliminary dose–response experiment (Figure S2, panel A) allowed us to
select the optimal agonist concentration to be used in this and subsequent experiments;
based on previously unpublished experiments performed in our lab, a 24 h treatment
was chosen.

As shown in Figure 3, 2-AG (5 μM) was able to induce a statistically significant
increase in ST14A cell number, compared to control levels. To clarify the receptor subtype
involved, CB1 and CB2 selective antagonists, used at the previously selected concentrations,
were coadministered with 2-AG. 2-AG (5 μM) effects were not modified by co-treatment
with the CB1 antagonists (250 nM AM251 or 50 nM PF514273), thus excluding a CB1-
mediated effect. On the other hand, the 2-AG-mediated increase in ST14A cell number
was specifically reverted by the coadministration of the CB2 selective antagonists AM630
(300 nM), indicating the involvement of CB2 receptor. This result was further confirmed
by treatment for 24 h with a selective CB2 receptor agonist; indeed, JWH133 (300 nM; see
Figure S2, panel B for preliminary dose–response experiment) induced an increase in cell
number, in respect to control, and the effect was specifically reverted by coadministration
of AM630 (300 nM) (Figure 3).

To confirm that the increase in ST14A cell number observed after 2-AG and JWH133
treatment was the result of an increase in cell proliferation and not in the survival rate, a
BrdU-based proliferation assay was performed. Both the endocannabinoid 2-AG (5 μM)
and the synthetic CB2 agonist JWH133 (300 nM) significantly increased BrdU incorporation
in ST14A cells, thus indicating a proliferative effect (Figure 4). AM630 (300 nM) administra-
tion alone did not influence ST14A proliferation rate, while its coadministration with 2-AG
and JWH133 specifically blocked the proliferative effect induced by the agonists (Figure 4).
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Figure 3. Evaluation of the effects of 2-AG and JWH133 alone or in the presence of specific CB1/CB2
antagonists on ST14A cell number. 2-AG (5 μM) induces an increase of ST14A cell number after 24 h,
with respect to control cells (CTRL). The effect was not reverted by the coadministration of 2-AG
with the CB1 selective antagonists AM251 (250 nM) and PF514273 (50 nM); on the other hand, cell
number was comparable to control when 2-AG was coadministered with the selective CB2 antagonist
AM630 (300 nM). Similarly, the selective CB2 receptor agonist JWH133 (300 nM) induced ST14A cell
number increase, which was specifically reverted by the coadministration of AM630 (300 nM). Data
from the MTS assay are expressed as means ± SD of the absorbance (λ = 490 nm); n = 5 replicates,
3 independent experiments. *** = p ≤ 0.001 vs. control.

Figure 4. Evaluation of the effects of 2-AG and JWH133 alone or in the presence of the specific CB2
antagonist AM630 on ST14A cell proliferation rate. Results are shown as ratio (%) of the number of
BrdU+ cells over the number of total cells, stained with DAPI fluorophore. After 24 h treatment with
2-AG (5 μM) and JWH133 (300 nM) an increase in BrdU incorporation was observed, with respect
to untreated cells (CTRL); the effect was specifically reverted in both the cases by 300 nM AM630
coadministration. Data are expressed as mean ± standard deviation (SD); n = 3 replicates (5 random
fields counted in each well), 3 independent experiments. *** = p ≤ 0.001 vs. control.

BrdU-based experiments demonstrated therefore that exogenously administered
endocannabinoid 2-AG induces ST14A neural progenitor proliferation via a CB2-
mediated mechanism.
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2.4. PLC Pharmacological Blockade Impairs CB2-Mediated ST14A Cell Proliferation

In order to identify the possible intracellular effectors involved in CB2-mediated
ST14A cell proliferation, we evaluated the effects of pharmacological blockade of the
signalling cascades involving PLC and PI3K activation.

The day after seeding, ST14A cells were pre-incubated for 30 min with the PLC
inhibitor U73122 (2 μM) or the PI3K inhibitor wortmannin (150 nM), then inhibitors were
removed and cells were cultured for 24 h in the presence of the agonists 2-AG or JWH133;
cell counting was then performed with an MTS assay. The experiments were conducted in
a medium containing 2% serum (instead of 10%) in order to reduce possible interference of
serum components on the effects of PLC and PI3K inhibitors on cell proliferation.

As shown in Figure 5, at the concentrations used, the pre-treatment with the two
inhibitors did not have any effect per se on ST14A viability/cell number, allowing further
investigations. Interestingly, wortmannin pretreatment did not counteract the 2-AG- and
JWH133-driven increase in cell number. On the opposite, the presence of the PLC inhibitor
U73122 was able to revert the cell number increase induced by 2-AG- and JWH133 to
control conditions.

Figure 5. Evaluation of Phospholipase C (PLC) and PI3K pharmacological blockade on 2-AG- and
JWH133-induced ST14A cell number increase. Cells were pretreated 30 min with U73122 (2 μM) or
wortmannin (150 nM) prior to 2-AG (5 μM) or JWH133 (300 nM) incubation for 24 h in 2% serum-
containing medium. U73122, but not wortmannin pretreatment, reverted 2-AG- and JWH133-driven
ST14A cell number increase. Data from MTS assay are expressed as means ± standard deviation
(SD) of the absorbance (λ = 490 nm); n = 8 replicates, 3 independent experiments. *** = p ≤ 0.001
vs. control.

Overall, our findings indicate that exogenously administered 2-AG promote ST14A neu-
ral progenitor proliferation through CB2 receptor engagement and PLC pathway activation.

3. Discussion

The endocannabinoid system modulates several biological processes, including the
generation and survival of neurons in the developing and adult CNS, also under pathologi-
cal conditions [10]. Indeed, the involvement of CB2 receptor in neurogenesis, as well as
neurodegenerative and neuroinflammatory disorders, open to new possible pharmacologi-
cal strategies based on the use of CB2-specific therapeutic drugs, possibly overcoming the
neuropsychiatric adverse effects of CB1-targeted therapies [2,8].
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In this work, we propose ST14A striatal neural progenitor cells as a simplified in vitro
model suitable for studying the role of the ECS in neurogenesis, as well as for ECS-targeted
pharmacological approaches.

The ST14A cell line was established by immortalization of neural precursor-derived
primary cells dissociated from the rat striatal primordia at embryonic day 14 [26]. Com-
pared to neuroblast primary cultures, this experimental model is easier to handle and to
maintain in culture, so it is more suitable when approaching initial studies on molecular
interactions. Furthermore, ST14A cells have also been used extensively for genetic manipu-
lation experiments and transplantation into an adult and developing rodent brain, making
these cells an in vitro system with great potential for biochemical, molecular, and biological
studies correlated to neural progenitors development and migration [26,30–33], as well as
a model for studying neurological diseases [34,35].

In this paper we showed that ST14A neural progenitor cells display an active ECS,
in agreement with the findings obtained by Bari and colleagues [34] on ST TetOn 12.7, a
ST14A subclone able to express reverse tetracycline-controlled transactivator under the
control of doxycycline; also, previous studies on primary cultures of neural progenitors
demonstrated functional CB1 and CB2 receptor expression [17,24,36,37]. In particular, we
found that several components of the system, such as the cannabinoid receptors CB1 and
CB2, as well as the endocannabinoid synthetic and degradative enzymes DAGLα and
MAGL, are expressed in ST14A neural progenitors (cultured under permissive, proliferat-
ing conditions). Consistent with previous results [34], Western blot analysis confirmed the
expression of both CB1 and CB2 receptors; CB1 receptor appeared as two bands with an
apparent molecular weight around 60 and 55 kDa, possibly corresponding to differently
glycosylated forms, while in the case of CB2 receptor a major band of 45 kDa and a weaker
band of about 40 kDa were seen. In ST TetOn 12.7, instead, CB1 and CB2 receptors were
detected as single bands of 60 kDa and 45 kDa, respectively [34]; the discrepancy with
our results could be either due to the different ST14A clone and/or the different primary
antibodies used. Immunofluorescence analysis for CB1 and CB2 revealed, accordingly
with [34], cytoplasmic localizations of both the receptors, rather than a membrane localiza-
tion, probably due to their intense trafficking and internalization; a marked perinuclear
localization was found for CB2, according to the observations reported by [38]. Actually,
CB2 binding sites were demonstrated to be predominantly located intracellularly in pre-
frontal cortical pyramidal neurons [39] and functional CB2 receptors were demonstrated
at the endo-lysosome level [40]; also, CB1 receptor localization is not exclusively on the
plasma membrane, since active CB1 were localized also in the outer membrane of mito-
chondria [41] and a predominant intracellular localization have been observed in diverse
cell types and also undifferentiated neuronal cells [42]. In our study, we also widened our
analysis to ECS expression in ST14A cells induced to differentiate toward a medium-size
spiny neuron phenotype; mRNAs encoding for CB1 and CB2 receptors, as well as for
DAGLα and MAGL were detected, consistent with studies showing the presence of a
functional ECS in the striatum [14,43].

We subsequently focused our attention on the possible modulation played by the ECS
on ST14A neural progenitor proliferation [44,45].

First, we assessed the effects of a perturbation of the endogenous ECS by pharmaco-
logical blockade of the cannabinoid receptors. Under these conditions, neither CB1 nor
CB2 blockade had significant effects on ST14A neural progenitor cell number. On the other
hand, the stimulation of cannabinoid receptors with a non-selective CB1/CB2 ligand, the
endocannabinoid 2-AG, induced ST14A cell number increase through the activation of
the CB2 receptor, as indicated by the fact that the effect was reverted by the coadministra-
tion of 2-AG with the CB2 specific antagonist AM630, but not with the CB1 antagonists
AM251 and PF514273. CB2 involvement was further supported by the finding that the
CB2 specific synthetic agonist JWH133 increased ST14A cell number, an effect reversed
by the coadministration of the CB2 antagonist. Interestingly, a BrdU assay allowed us to
demonstrate that the increase in ST14A cell number was related to an enhancement of
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neural precursor proliferation rate, rather than an increase in cell survival. In our study, we
chose to use the endogenous ligand 2-AG to better mimic the ECS in an embryonic envi-
ronment, since until birth 2-AG is much more abundant than AEA [19]. Our results about
CB2-mediated proliferation are in agreement with the findings of [16,17,23,24], showing
that endocannabinoids and synthetic cannabinoids can act on CB2 receptors present in
NPs, regulating cell proliferation. The fact that we did not observe any effect on neural
progenitor cell number following CB2 blockade, while CB2 agonist administration induced
cell proliferation, could possibly be explained by the fact that only a few receptors might
be activated in basal conditions; conversely, following exposure to exogenous ligands, CB2
receptors are massively activated and the effect of inhibition could be readily visible.

We aimed also to identify some of the possible intracellular effectors involved in
CB2-mediated ST14A cell proliferation. CB1 and CB2 share several downstream signaling
mechanisms in neural progenitors [21]; in particular, they are coupled to the activation
of the ERK and the PI3K/Akt pathways. In cerebellar progenitor cells, CB1-induced cell
proliferation was shown to be mediated by the PI3K/Akt/GSK3β and in cortical progen-
itors, CB1 drives mTORC1 signaling and cell proliferation. CB2 was shown to promote
hippocampal neural progenitor proliferation through activation of the PI3K/Akt/mTORC
axis [17,46]. In addition, previous studies demonstrated that 2-AG-mediated activation of
CB2 leads to a PLC-IP3R dependent intracellular calcium increase and subsequent mas-
sive activation of MAPK/ERK cascade [46]. By preincubation with the PI3K inhibitor
wortmannin or the PLC inhibitor U73122, we observed that the inhibition of PI3K had
no consequence on CB2 ligand-mediated proliferation, while the PLC inhibitor U73122
significantly impaired the process. The dissimilarity between our data and Palazuelos and
colleagues’ observations [17] could be possibly due to the different brain areas of cell origin
(hippocampus vs. striatum). Furthermore, cells belonging to different brain areas and
ages (embryonic and adult) could display diverse intracellular cascades related to their
stage-specific enzymatic equipment. Interestingly, intracellularly located CB2 receptors
were demonstrated to open IP3R-dependent Ca2+-activated Cl- channels in prefrontal
cortex pyramidal neurons [46].

In conclusion, our study indicates that ST14A cells express a functional endocannabi-
noid system that is actively involved in the regulation of neural progenitor proliferation.
ST14A cells could therefore represent a useful, simplified in vitro model for studying ECS
modulation of neurogenesis. Moreover, the model could be used to test new therapeutic
drugs acting on the cannabinoid system, thus providing the basis for in vivo pharmacolog-
ical studies.

4. Materials and Methods

4.1. Cell Culture

ST14A striatal neural progenitor cell line (kindly provided by Dr. Elena Cattaneo,
University of Milan, Milan, Italy) was cultured on 100 mm Petri-dishes (BD Biosciences,
San Jose, CA, USA) in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
100 units/mL penicillin, 0.1 mg/mL streptomycin, 1 mM sodium pyruvate, 2 mM L-
glutamine (all supplied by Sigma-Aldrich, St. Louis, MO, USA), and 10% fetal bovine
serum (FBS, GIBCO®, Gaithersburg, MD, USA) decomplemented at 56 ◦C for 30 min. Cells
were grown as monolayers at 33 ◦C in a 5% CO2 incubator.

4.2. RNA Extraction and RT-PCR

Cells were seeded and let grow under permissive, proliferating conditions at 33 ◦C for
48 h in DMEM containing 10% FBS. Only for gene expression studies, cells were also grown
under non-permissive, differentiating conditions at 33 ◦C for 72 h in DMEM containing
0.5% FBS. Total RNA extraction was performed using TRIZOL® Reagent (Invitrogen,
Carlsbad, CA, USA) following the manufacturer’s instruction. DNA contaminants were
eliminated using TURBO DNA-free kit (Applied Biosystems, San Francisco, CA, USA).
cDNA was synthesized from total RNA by using Multiscribe RT (Applied Biosystems,
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USA) and random nonamers, starting from 2 μg of total RNA for each sample. PCR
(30 amplification cycles) was performed using 250 ng cDNAs. Negative controls (C−)
were carried out replacing cDNA with an equal amount of total RNA (no RT); as positive
controls (C+), cDNAs from rat brain or rat spleen (for CB2 amplification only) were used.
The housekeeping gene GAPDH was used as reference gene. Specific primers (Table 1)
were designed on the basis of rat sequences, using both Primer3 (http://frodo.wi.mit.edu/
primer3/, accessed on 15 December 2020) and AnnHyb (http://www.bioinformatics.org/
annhyb/, accessed on 15 December 2020) programs, paying attention to choose primers on
different exons to avoid amplification of genomic DNA.

Table 1. List of the primers used for PCR analysis.

PCR Primers Annealing T (◦C)

GAPDH Fw: 5′-TGGCATTGTGGAAGGGCTCATGAC-3
Rev: 5′-ATGCCAGTGAGCTTCCCGTTCAGC-3′ 60

CB1 Fw: 5′-GGGTTACAGCCTCCTTCACA-3′
Rev: 5′-CAGATTGCAGCTTCTTGCAG-3′ 55

CB2 Fw: 5′-GGAGTACATGATCTTGAGTGAT-3′
Rev: 5′-AGAACAGGGACTAGGACAAC-3′ 50

DAGLα Fw: 5′-GGCAAGACCCTGTAGAGCTG-3′
Rev: 5′-TAAAACAGGTGGCCCTCATC-3′ 60

MAGL Fw: 5′-TAGCAGCTGCAGAGAGACCA-3′
Rev: 5′-GATGAGTGGGTCGGAGTTGT-3′ 60

PCR reaction products were separated by 2% agarose gel electrophoresis in 1X TAE
buffer. The correct length of the amplicons was confirmed by analysis with Gel Doc system
and the software Quantity One (BioRad, Hercules, CA, USA), using Low DNA Mass Ladder
(Invitrogen, USA) as molecular weight standards.

4.3. Western Blot

Cells were seeded and let grow under proliferating conditions at 33 ◦C for 48 h in
DMEM containing 10% FBS, then total proteins were extracted by lysing cells in boiling
Laemmli buffer (2.5% SDS, 0.125 M Tris-HCl, pH 6.8), followed by 3 min denaturation
at 100 ◦C. Protein concentration was determined by BCA kit (Sigma-Aldrich, USA). As
positive controls, rat brain or rat spleen (for CB2) total proteins were used. Protein extracts
(20 μg/lane) were subjected to 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE)
and then blotted onto nitrocellulose membranes (BioRad, Hercules, CA, USA) according
to the manufacturer’s instructions. After blocking with 5% powder milk in TBS-T buffer
(20 mM Tris, 150 mM NaCl, 0.1% Tween20, pH 7.4), filters were probed with anti-CB1
C-terminus (last 15 aa of CB1 rat receptor) or anti-CB2 N-terminus (first 39 aa of CB2 rat
receptor) primary polyclonal antibodies (diluted 1:800 in TBS-T containing 1% no-fat milk);
both the antibodies were produced in Ken Mackie’s lab (Indiana University, Blooming-
ton, IN, USA). Membranes were then washed in TBS-T and incubated with an anti-rabbit
IgG HRP-conjugated secondary antibody (1:5000 dilution; Amersham Biosciences, Little
Chalfont, UK). In order to check protein integrity, the expression of the housekeeping pro-
tein β-actin was revealed by means of anti-β-actin monoclonal primary antibody (diluted
1:10,000; Sigma-Aldrich, USA) and anti-mouse IgG HRP-conjugated secondary antibody
(1:5000 dilution; Amersham Biosciences, USA). Specific bands were visualized by using
enhanced chemiluminescence (ECL) detection system (Amersham Biosciences, USA). The
apparent molecular weights of the stained proteins were determined by analysis with Gel
Doc system and the software Quantity One, using prestained protein ladders (PageRuler
Plus, Fermentas, Waltham, MA, USA) as reference.

4.4. Immunofluorescence

ST14A cells were seeded on poly-L-lysine-coated coverslips (3500 cells/cm2). After
48 h of growth in DMEM containing 10% FBS, at 33 ◦C (proliferating conditions), cell
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were first rinsed in PBS containing Ca2+ and Mg2+, and then in 0.05% sucrose-PBS. Cells
were subsequently fixed with 4% PAF in 0.1 M phosphate buffer (PB), pH 7.4 for 10 min.
After 4 washings in PBS, cells were incubated in blocking serum (PBS containing 5% BSA,
10% normal serum, 0.1% TritonX-100) at RT for 1 h. Cells were then incubated O/N at
4 ◦C with the anti-CB1 or anti-CB2 primary antibody, diluted 1:400 or 1:200, respectively,
in 0.01 M PBS plus 10% normal goat serum. Controls were set up by incubating cells
with primary antibodies pre-adsorbed O/N with the specific immunogens. Cells were
washed in PBS and incubated for 1 h with anti-rabbit IgG AlexaFluor 488-conjugated
secondary antibody (1:250 dilution; Invitrogen, USA), washed again and mounted with 1,4-
diazabicyclo [2.2.2]-octane (DABCO; Sigma-Aldrich, USA). Image analysis was performed
with a Nikon fluorescent microscope coupled with a computer-assisted image analysis
system (Neurolucida software, MicroBrightField, Williston, VT, USA).

4.5. Cell Count Assays

Cells were seeded at a density of 1500 cells/well in 96-well plates, in 200 μL DMEM
containing 10% FBS and incubated at 33 ◦C. The following day, the medium was replaced
with DMEM plus 10% FBS, containing alternatively or in combination (depending on the
experiment) 5 μM 2-AG, 300 nM JWH133, 250 nM AM251, 50 nM PF514273, 300 nM AM630
(all purchased from Tocris Bioscience, Bristol, UK); for controls, medium plus 0.05% DMSO
was used. Then, 24 h later, 20 μL of MTS Cell Titer 96 solution (Promega, Madison, WI,
USA) was added and plates were incubated at 37 ◦C for 4 h. The absorbance was measured
in a Microplate Reader (Bio-Rad, USA) at a wavelength (λ) of 490 nm. At least 5 replicates
for each condition were set up and the experiment was repeated three times.

For PLC- and PI3K-blockade experiments, cells were seeded as before, then the
medium was replaced with DMEM plus 2% FBS, containing 2 μM U73122 (PLC inhibitor,
Sigma-Aldrich, USA), 150 nM wortmannin (PI3K inhibitor, Sigma-Aldrich, USA) or 0.05%
DMSO (vehicle only) for 30 min. Then, all the wells were washed with PBS and the medium
was replaced with DMEM plus 2% FBS, containing alternatively 5 μM 2-AG or 300 nM
JWH133. Then, 24 h later, MTS assay was performed and cell density was measured
following the protocol reported above.

4.6. Cell Proliferation Assay

Cells were seeded on poly-L-lysine coated coverslips in 10% FBS-DMEM at a density
of 3500 cells/cm2. The following day, the medium was replaced with 10% FBS-DMEM
with or without 5 μM 2-AG, 300 nM JWH133, 300 nM AM630 and cells were cultured
for another 24 h. Six hours before cell fixation, BrdU (10 μM) was added to the culture
medium, then cells were fixed with 4% PAF in 0.1 M PB, pH 7.4, for 10 min and processed
for BrdU-immunocytochemistry and DAPI staining. Briefly, cells were washed in PBS, then
incubated at 37 ◦C with 2N HCl for 30 min and washed for 10 min with boric acid (0.1
M, pH = 8.5). Cells were washed and incubated in blocking serum (0.01 M PBS plus 10%
normal serum) at RT for 1 h. Cells were incubated O/N at 4 ◦C with anti-BrdU mouse
monoclonal antibody (Sigma-Aldrich, USA; dilution 1:3000 in 0.01 M PBS and 10% normal
serum). Cells were washed and incubated for 1 h with anti-mouse IgG Cy3-conjugated
secondary antibody (dilution 1:400; Jackson ImmunoResearch, West Grove, PA, USA).
For nuclear staining, cells were labelled with 4′,6-diamidino-2-phenylindole (DAPI) for
10 min and mounted with DABCO. Cell counts and image analysis were performed with a
Nikon fluorescent microscope coupled with a computer-assisted image analysis system
(Neurolucida Software, MicroBrightField, USA). Five random fields were counted in each
well and each treatment was done at least in triplicate; the experiment was repeated three
times. The cell proliferation was determined for each sample as the ratio of the number of
BrdU+ cells over the total cell number (cells stained with DAPI).
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4.7. Statistical Analysis

All the data were analyzed using commercially available software (SPSS version 26 for
Windows; SPSS Inc., Chicago, IL, USA). Statistical analysis was performed using one-way
ANOVA followed by Tukey’s and Bonferroni’s post hoc tests. The level of significance was
set at p < 0.05.

Supplementary Materials: The following are available online, Figure S1. Evaluation of the effect
of different concentrations of AM251, PF514273 and AM630 on ST14A cell number. Figure S2.
Evaluation of the effect of different concentrations of 2-AG and JWH133 on ST14A cell number.
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h i g h l i g h t s

� Floating MPs were collected along the western coasts of the Central Adriatic Sea.
� MPs were found in all sampling stations showing the highest abundance in open waters.
� Chemical analysis showed relevant concentrations of pollutants onto MP surfaces.
� MP extracts induced triglyceride accumulation in 3T3-L1 preadipocytes.
� Our results provide further support for the eco-toxicological impact of MPs.
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a b s t r a c t

Even though microplastic (MP) pollution in aquatic environment is nowadays widely studied, a huge gap
of knowledge exists on their actual biological effects. In this study we first reported environmental
baseline data on the occurrence and characterization of floating MPs in Italian coastal waters of the
Central Adriatic Sea by using a standardized monitoring protocol. Further, we analyzed the concentra-
tions of MP-associated chemicals and evaluated their potential adipogenic effects using 3T3-L1 pre-
adipocytes. MPs were found in each sampling stations showing the highest abundance (1.88 ± 1.78
items/m3) in the sites more distant from the coast with fragments as the most common shape category.
All targeted organic pollutants (i.e. polychlorinated biphenyls - PCBs, polycyclic aromatic hydrocarbons
-PAHs, organophosphorus - OP, and organochlorine - OC pesticides) have been detected on the surface of
the collected MPs. The highest concentrations of PAHs were found on MPs from inshore (i.e. <1.5 NM)
surface waters with low-ring PAHs as dominant components. Similarly, MPs from inshore waters had
higher SPCB concentrations (64.72 ng/g plastic) than those found in offshore (i.e. >6 NM) waters
(10.37 ng/g plastic). Among pesticides, all measured OPs were detected in each sample analyzed with
pirimiphos-methyl as the most representative compound. For OCs, the sum of all concentrations of
congeners was higher in coastal with respect to offshore waters. Moreover, in vitro 3T3-L1 screening of
MP extracts indicated potential metabolic effects resulting in both adipogenesis and lipid uptake/storage.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Microplastics (MPs, �0.001 mm and<5 mm) (Shim et al., 2018)
are a well known global issue for marine and coastal ecosystems
(Browne et al., 2011; UNEP, 2016) due to their ubiquitous presence
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throughout the marine environment compartments, as surface and
water column, sediments, and biota. In this regard, the Mediter-
ranean Sea with a mean density of floating microplastics of about
100,000 items/km2 represents one of the basin most affected byMP
litter (Fossi et al., 2012). Within the Mediterranean Sea, however,
very few studies have investigated the occurrence of floating plastic
debris in the Adriatic Sea that, due to its features (e.g. semi-closed
conformation, oceanographic conditions and heavy anthropogenic
pressure), can be considered a plastic pollution hot spot (Gomiero
et al., 2018). In this regard, recent data on the Mediterranean Sea
(partially including the Adriatic area) reported a MP range of
0.4e1.8 items/m3 with polyethylene (PE) as the most common
polymer composition types (Suaria et al., 2016). Similarly, a clear
prevalence of MPs (65.1% of sampled debris) was demonstrated in
marine sediments from the Central Adriatic (Munari et al., 2017).
MPs were also found in a wide range of marine species collected
along the Adriatic Sea showing highest concentrations (i.e. 1.0e1.7
items/specimens) in fish (Avio et al., 2015; Pellini et al., 2018). These
findings indicate that small size debris are available to marine
vertebrates and invertebrates, resulting in both physical and
chemical impacts (Fossi et al., 2012, 2014; Gall and Thompson,
2015). MPs can be translocated to the lymphatic and/or circula-
tory system, and accumulated in organs as the digestive and the
respiratory tracts (Barnes et al., 2009; Cole and Galloway, 2015;
Mazurais et al., 2015; Besley et al., 2017; Lusher et al., 2017a, 2017b).

Nowadays the research on the ecological impact of microplastics
is not limited to evaluate their accumulation in the marine envi-
ronment and consequently in living organisms, but is now moving
on to investigate the role of MPs as potential vehicles of a wide
range of toxic chemicals (Teuten et al., 2007; Engler, 2012). Recent
data indicate that hydrophobic organic contaminants (HOCs),
including endocrine disrupting chemicals (EDCs), have been
detected on the surface of MPs (Mato et al., 2001; Ogata et al., 2009;
Rios et al., 2010; Hirai et al., 2011; Rochman et al., 2014a). Indeed,
due to the physical and chemical properties of plastic polymers,
MPs can quickly accumulate and concentrate HOCs present in the
surrounding water. It should also be taken into account that MP-
associated HOCs have to be added to the chemicals already
included as additives during plastic manufacturing (e.g. bisphenol A
or nonylphenol) (Ogata et al., 2009; Hirai et al., 2011; Engler, 2012;
Mai et al., 2018; Alimba and Faggio, 2019; Chen et al., 2019), making
the potential of chemicals release from MPs to the marine envi-
ronment and wildlife particularly harmful. In addition, ingestion of
MPs by aquatic animals may result in increased bioavailability of
HOCs, bioaccumulation and both potential toxicity and transfer
along the trophic web (Avio et al., 2015; Batel et al., 2016).

It has been demonstrated that among HOCs, EDCs are commonly
found on MPs, including abrasion beads, and easily released from
plastic debris due to lower partition coefficients between plastic
and water (Liu et al., 2016). EDCs accumulation in tissues of marine
organisms, following their MP-mediated release, can thus exert
adverse effects ranging from disruption of endocrine-based
reproductive pathways to metabolic alterations (Franzellitti et al.,
2019). In this last regard, a group of endocrine disruptors, named
obesogens or metabolic disruptors, have been found to affect adi-
pogenesis by perturbing peroxisome proliferator activated receptor
(PPAR) signaling pathways (Grün and Blumberg, 2009). Recently,
the obesogenic potential of these pollutants were assayed in vitro
using 3T3-L1 adipocytes and primary cultures of sea bream hepa-
tocytes (Cocci et al., 2017; Pomatto et al., 2018).

Thus, our first objective in this study was to collect environ-
mental baseline data on the occurrence and characterization of
floating MPs in Italian coastal waters of the Central Adriatic Sea by
using a standardized monitoring protocol. Second, we aimed to
examine the concentrations of chemicals adsorbed onMPs sampled

from the same study area and to test their adverse effect by in vitro
bioassays. In particular, we used 3T3-L1 preadipocytes to investi-
gate the possible adipogenic effects of these plastic extracts in order
to provide preliminary insights on potential ecotoxicological risk of
MPs as vehicles of chemical pollutants.

2. Materials and methods

2.1. Sites and water surface sampling

Samples were collected inshore and offshore along the western
(Italian) coasts of the Central Adriatic Sea (Province of Ascoli Piceno,
Marche Region - Italy). The sampling operations were conducted
during summer season 2018, following the microplastics moni-
toring methods applied by the Italian Ministry of the Environment
and Land and Sea protection (Minambiente, 2018) and the re-
quirements indicated by the ministerial protocol within the MSFD
monitoring program (MSFD, 2013). Briefly, transects were outlined
perpendicular to the coast line along the municipalities of San
Benedetto del Tronto (SBT) and Grottammare (GRT), respectively
(Fig. 1). Three sampling stations were located at different distance
from the coast (0.5, 1.5 and 6 nautical Miles, NM) along each
transect. An additional sampling station was located inside the San
Benedetto del Tronto harbor. Floating samples were collected from
surface sea water, using a manta trawl with mesh size of 300 mm
(30 x 15� 200 cm) equippedwith amechanical flowmeter (Hydro-
Bios). Themanta net was towed on thewater surface for 20min at 2
knots and was kept at a distance far from the boat to avoid tur-
bulence by the waking of the ship. Samples were rinsed from the
outside to the end of the net, placed in glass containers and
immediately stored at 4 �C until the sorting using a stereomicro-
scope. To prevent external contamination during the analysis, the
laboratory procedures were performed according to Baini et al.
(2018).

2.2. Microplastic identification and count

Samples where dried at room temperature and weighted in
OHAUS Explorer analytical balance. Formicroplastics identification,
samples were observed under a stereomicroscope (Carl Zeiss
Stemi™) and images have been examined by a USB Camera (Optika
B Series) using the Optika ProView software. Plastic particles were
sorted based on their colour (blue, red, black, white, transparent,

Fig. 1. Map of the study area. Sampling stations were located at different distance from
the coast (0.5, 1.5 and 6 nautical Miles, NM) along each transect.
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green, other colour), size (<5, 5e25, >25mm) and shape (spherical,
filament, fragment, sheet, other shape) according to the MSFD
guidelines and Imhof et al. (2017). As reported by Baini et al. (2018),
the number of microplastic was normalized to the total water
volume filtered (V) and expressed as items/m3.

2.3. Determination of PAHs, PCBs, organophosphorus and
organochlorine pesticides

Due to limited amount of particles to be provided for both
bioassay and chemical analysis, MPs collected within the study area
were pooled according to distance from the coast in order to obtain
3 type of samples: offshore waters (i.e. 6 NM), inshore waters (i.e.
<1.5 NM, corresponding to local areas of touristic and commercial
traffics) and the harbor of San Benedetto del Tronto as expected
polluted area.

Hydrophobic organic contaminants were isolated from marine
debris following the protocol described by Chen et al. (2019) with
slight modifications. Briefly, 4 mL of dichloromethanewas added to
each microplastic sample (400 mg) and incubated for 30 min at
room temperature, vortexing every 10 min. The procedure was
repeated for 3 times and finally the supernatant was evaporated to
500 ml using a Rotavapor R-300 (Buchi). The PCB mix standard (PCB
28, PCB 52, PCB 95, PCB 99, PCB 101, PCB 105, PCB 110, PCB 118, PCB
138, PCB 146, PCB 149, PCB 151, PCB 153, PCB 170, PCB 177, PCB 180,
PCB 183, PCB 187) at a concentration of 10 mg/L in iso-octane, the
organochlorine pesticides OC1 (six congeners, i.e. a-HCH, b-HCH, g-
HCH, HCB, heptachlor and heptachlor epoxide) mix standard at a
concentration of 10 mg/L in cyclohexane and the organochlorine
pesticides OC2 (six congeners, i.e. 2.4-DDT, 4.4-DDT, 2.4-DDE, 4.4-
DDE, 2.4-DDD, 4.4-DDD) mix standard at a concentration of
10 mg/L in cyclohexane were supplied by Dr. Ehrenstorfer (Aus-
burg. Germany). Standard working solutions at various concentra-
tions were prepared daily by appropriate dilution of the stock
solutions with hexane. The organophosphorus pesticides (four
congeners, i.e. chlorfenvinphos. chlorpyrifos. malathion.
pirimiphos-methyl) mix standard were supplied by Fluka (Milano.
Italy). Individual stock solutions of organophosphorus pesticides at
concentrations of 1000 mg/L were prepared by dissolving pure
standard compounds in HPLC grade methanol and then stored in
glass-stoppered bottles at 4 �C. Afterwards standard working so-
lutions at various concentrations were prepared daily by appro-
priate dilution of the stock solution with methanol. A gas
chromatograph/mass selective detector (GC/MSD) (Hewlett Pack-
ard. Palo Alto. CA. USA; HP-6890 with HP 5973) was used. Sepa-
ration was performed on an HP 5 MSI column (30 m � 0.25 mm X
0.25 mm film thickness). An HP Chem workstation was used with
the GC/MS system. All injections were splitless and the volumewas
1 ml. The flow rate (He) was 0.8 mL/min. The injector temperature
was 270 �C. The column temperature program used for PCB and for
the second group of organochlorine pesticides, i.e. dichlor-
odiphenyltrichloroethane (DDT) and its metabolites (OC 2 sub-
group) analyses was from 60 �C (3 min) to 190 �C at 8 �C min�1,
from 190 �C (18 min) to 300 �C at 15 �C min�1, then at 300 �C for
1min. The column temperature programme used for the first group
of organochlorine pesticides, i.e. a-HCH, b-HCH, g-HCH, HCB, hep-
tachlor and heptachlor epoxide (all included in the OC 1 subgroup)
was from 60 �C (3min) to 190 �C at 8 �Cmin�1, from 190 �C (13min)
to 300 �C at 15 �C min�1, then at 300 �C for 1 min. The column
temperature programme used for organophosphorus pesticides
analyses (chlorfenvinphos, chlorpyrifos, malathion, pirimiphos-
methyl) was from 50 �C (5 min) to 320 �C at 15 �C min�1, then at
320 �C for 4 min. Data were acquired in the electron impact (EI)
mode (70 eV) using the selected ion monitoring (SIM) mode. For
this purpose, a gas chromatograph/mass selective detector (GC/

MSD) (Hewlett Packard. Palo Alto. CA. USA; HP-6890 with HP 5973)
was used. Extracts were analyzed for concentrations of 15 of the
most environmentally relevant PAHs (Naphthalene, Acenaphthene,
Fluorene, Chrysene, Phenanthrene, Fluoranthene, Anthracene,
Pyrene, Benzo[a]anthracene, Benzo[b]fluoranthene, Benzo[k]fluo-
ranthene, Benzo[a]pyrene, Dibenz[a,h]anthracene, Benzo[g,h,i]
perylene and Indeno[1,2,3-c,d]pyrene). The detailed methodology
for separation and quantification of target analytes was published
previously (see “Supplementary data” of Cocci et al., 2017).

2.4. 3T3-L1 cell culture and quantification of adipocyte lipid
accumulation

3T3-L1 preadipocytes (ATCC® CL-173™; Lot No 70009858,
ATCC, Manassas, VA, USA) were cultured in high-glucose (4.5 g/L)
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% bovine calf serum, 2 mM L-glutamine, 50 IU/mL penicillin, and
50 mg/mL streptomycin (Sigma Aldrich, St. Louis, MO, USA).

For experiments, 5� 103 cells/well were seeded in 96-blackwell
clear bottom plates (Greiner Bio-One, Frickenhausen, Germany).
Two days after reaching confluence (day 0), cells were incubated
with differentiation medium (MDI; DMEM containing 10% fetal
bovine serum, 1 mg/mL insulin, 0.5 mM isobutylmethylxanthine),
containing different concentrations of the various microplastic
organic extracts. In particular, inshore, offshore and harbor micro-
plastic extracts were dried and redissolved in 30 ml DMSO; then
scalar dilutions, ranging from 10�3 to 10�6, were added to the MDI
used for adipocyte differentiation. Two days later (day 2), MDI
mediumwas replacedwithmaintenancemedium (MM; DMEM10%
FBS, 1 mg/mL insulin), always containing the various dilutions of
microplastic extracts. Negative controls (solvent only) were set up
using MDI and MM added with 0.1% DMSO, corresponding to the
maximum solvent concentration present in microplastic extract
dilutions; as a positive control, 100 nM Rosiglitazone (Sigma
Aldrich) was added to MDI and MM. Fresh medium was provided
every two days; experiments ended after 9 days from the beginning
of the differentiation (day 9). Lipid accumulation was quantified by
using AdipoRed™ assay reagent (Lonza, Walkersville, MD, USA),
while the DNA content (that correlates with cell number) was
estimated by NucBlue™ staining (Invitrogen, Carlsbad, CA, USA).
Briefly, medium was removed from 3T3-L1 cultures and cells were
rinsed with PBS, subsequently replaced with a dye mixture con-
taining AdipoRed™ and NucBlue™ assay reagents diluted in PBS
(25 ml and 1 drop, respectively, per mL of PBS). After 40 min of
incubation at room temperature in the dark, fluorescence was
measured with Filtermax F5 microplate reader (Molecular Devices,
Sunnyvale, CA, USA) with excitation at 485 nm and emission at
535 nm for AdipoRed™ and excitation at 360 nm and emission at
460 nm for NucBlue™ quantification. Experiments were repeated
three times (four wells for each condition), using cells at different
passage numbers (p3-p5). Data were referred as % of the control
(0.1% DMSO) condition (set ¼ 100%).

2.5. Statistical analysis

Data are expressed as mean ± standard error of the mean (SEM).
Statistical analysis was performed using ANOVA (one-way analysis
of variance) followed by Bonferroni’s multiple comparison test.
Differences with p < 0.05 were considered statistically significant.

3. Results

3.1. Microplastics in water surface samples

Particles isolated from surface seawater were visually counted
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and sorted based on their dimension, shape and color (Table 1).
Among the total particles sampled, microplastics (<5 mm) consti-
tuted themost representative size class (n¼ 401.08, 95%), and were
detected in each transect representing the totality of plastic litter
(100%) in GRT1, GRT2 and SBT2 stations and showing the highest
abundance in the sites more distant from the coast (SBT3:
1.88 ± 1.78 and GTR3: 3.42 ± 2.28 items/m3) or inside the San
Benedetto del Tronto harbor (0.91 ± 0.58 items/m3). Marine debris
larger than 5 mm were recorded in harbor (16%), open waters
(SBT3, 6% and GRT3, 12%), and also at 0.5 NM along the SBT transect
(2%).

Analyzing the overall study area by combining the values
measured at two sampling stations at the same distance (along
both transects), 75% of the total MPs were collected from sampling
sites at 6 NM, 3% at 1.5 NM, 8% at 0.5 NM from the coastline and
finally the 13% inside the harbor. Fragments were the most com-
mon shape category observed in each sampling station (Fig. 2a),
reaching the 74.7% (n ¼ 28.4) of all the MP types sampled in coastal
sites (<1.5 NM). Films were the second most abundant group of the
plastic items collected with the highest number (n ¼ 23.3, 42.9%)
recorded in SBT harbor. On the other hand, spherical particles were
commonly found in offshore waters (6 NM) showing a total num-
ber of 54 (25%, Fig. 2a).

Analysis of MP color pattern revealed that transparent and
white items accounted for 37% and 44% of the particles collected
respectively (Fig. 2b).

3.2. Concentrations of pollutants on inshore and offshore
microplastic samples

MP extracts were analyzed for PCBs, PAHs, OPs, and OCs
(Table 2).

The highest concentrations of PAHs were found in microplastics
collected from both inshore and harbor surface waters (Fig. 3) with
low-ring PAHs as dominant components (Table 2). On the contrary,
high-ring PAHs were most abundant in offshore samples (Table 2).

Among the sixteen PCB congeners analyzed, only seven, namely
PCB 52, PCB 95, PCB 99, PCB 101, PCB 110, PCB 138 and PCB 149,
were detected in the different samples (Table 2). The congeners 52,
95, 138 and 149 were found in MPs from each sampling area. If
congeners were considered altogether, inshore waters had the
highest SPCB concentrations (64.72 ng/g plastic) followed by SBT
harbor (37.86 ng/g plastic). On the contrary, the lowest SPCBs was
found in MPs from offshore waters (10.37 ng/g plastic) (Fig. 3).

All measured OPs were detected in each sample analyzed with
pirimiphos-methyl as the most representative compound. Gener-
ally, the highest SOP concentrations were found in samples from
inshore waters (Fig. 3). For OC1 and OC2, the sum of all concen-
trations of congeners were higher in coastal waters with respect to
offshore waters (Fig. 3).

3.3. Effects of microplastic extracts on 3T3-L1 adipocyte
differentiation

The effect of MP extracts was assayed on the murine 3T3-L1
preadipocyte cell line, a commonly used cell model for adipose cell
biology research. Since adipogenic effects can be exerted by
increasing intracellular lipids (adipocytes hypertrophy) and/or ad-
ipocytes number (adipocytes hyperplasia), we assayed both tri-
glyceride accumulation (AdipoRed™ assay) and total cell number
(NucBlue™ staining, measuring DNA content). Confluent pre-
adipocytes, cultured in 96-well plates, were induced to start adi-
pogenic differentiation and were treated throughout the
differentiation period (9 days) with solvent only (0.1% DMSO;
negative control) or with different concentrations of microplastic
extracts (serial dilutions ranging from 10�3 to 10�6); Rosiglitazone,
a well-known agonist of the adipogenesis master regulator PPARg,
was used as a positive control. All the tested concentrations of
microplastic extracts did not exert cytotoxic effects, as demon-
strated by cell evaluation under the microscope and by NucBlue
staining quantification, showing no difference in DNA content, and
thus in cell number, in microplastic extract-exposed cells versus
control adipocytes (Fig. 4c). Interestingly, harbor, inshore and
offshore microplastic extracts, at all the concentrations used,
induced an increase in triglyceride accumulation, in respect to
control cells (Fig. 4a and b). Differently from Rosiglitazone treat-
ment, exposure to microplastic extracts induced no changes in total
cell number (Fig. 4c), thus indicating that microplastic extracts did
not induce adipocytes hyperplasia. On the other hand, triglyceride
accumulation per cell (i.e. triglyceride accumulation normalized for
DNA content) resulted statistically increased after microplastic
extracts exposure (Fig. 4d), thus suggesting an induction of adi-
pocytes hypertrophy.

4. Discussion

Despite the growing monitoring of MP presence in the Medi-
terranean Sea, there is still a substantial lack of information on
amount and distribution of MPs in the Adriatic Sea (de Lucia et al.,
2014; Gomiero et al., 2018). In this respect, the present study was
aimed to provide new insight on the occurrence of MPs in Italian
coastal waters of the Central Adriatic Sea and on their capability to
adsorb organic pollutants.

Our results revealed that the average amount of MPs (2.65
items/m3) estimated in surface offshore waters was similar to that
recorded within the Tremiti island Marine Protected Area (Central
Adriatic Sea, Italy) in 2017 (2.2 items/m3; Mezzelani et al., 2018).
Interestingly, this last datawas considerably increased with respect
to the amount of 0.165 items/m3 found by (De Lucia et al., 2018) in
the same area during 2015. These findings suggest how the Adriatic
Sea basin has been characterized by an exponential increase in
plastic pollution over the last years. Recently, a range of 0.05e4.90
particles/m3 was reported for quantification of floating plastics
(<700 mm) in the southern Adriatic Sea by a large scale monitoring

Table 1
Particles abundance (items/m3) and size (mm) in water surface samples collected in three different sampling sites; mean values ± s.d. for each transect have been reported.

Sampling site Distance (nM) Items/m3 Micro-(<5 mm) Meso-(5e25 mm) Macro-(>25 mm)

GRT1 0.5 0.17 ± 0.02 12.33 ± 2.51 (100%) e e

GRT2 1.5 0.11 ± 0.05 9.34 ± 4.01 (100%) e e

GRT3 6 3.42 ± 2.28 240.33 ± 160.55 (88%) 38.33 ± 33.29 (10%) 1.67 ± 1.53 (2%)
SBT1 0.5 0.17 ± 0.11 15.75 ± 10.59 (98%) 0.50 ± 1.00 (2%) e

SBT2 1.5 0.04 ± 0.01 3.00 ± 0.00 (100%) e e

SBT3 6 1.88 ± 1.78 66.00 ± 8.54 (94%) 3.33 ± 0.58 (5%) 1.0 ± 1.00 (1%)
Harbor 0.91 ± 0.57 54.33 ± 24.11 (84%) 11.67 ± 15.30 (11%) 4.33 ± 4.51 (5%)
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study (Suaria et al., 2018). The results of this study also showed that
about 51% of the total recorded particles were smaller than 500 mm
(Gomiero et al., 2018) thus supporting the key role of this size
fraction within the plastic pollution affecting the Adriatic Sea
(Mezzelani et al., 2018; Zeri et al., 2018). In addition, the high
abundance of fragments, as previously observed in other studies
(Isobe et al., 2014; Baini et al., 2018), suggests that fragmentation of
large plastic objects could represent the main source of MPs in our
study area.

In the present work, we observed that higher MP abundances
were detected in offshore (6 nM) rather than in inshore (<1.5 nM)
sampling sites. These findings are consistent with the results of
some previous studies which observed prevalence of plastic debris
in areas 10e100 Km far from the coastline, indicating a progressive
decrease in the number of plastic items from open sea to coastal
waters (Pedrotti et al., 2016; Baini et al., 2018). In contrast, Zeri et al.
(2018) have recently found a statistically significant increases in
nearshore (�4 km) microplastic concentration with respect to that

Fig. 2. Sampling station-related abundance % of microplastics isolated fromwater surface samples in relation to shape (a) and color (b). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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of offshore (>4 km) Adriatic waters. These contrasting results could
be attributed to the variability in observational conditions which
are severely affected by the complexity of the study area circulation
patterns, weather conditions and the heterogeneity in sources of
marine litter.

A great body of studies is nowadays starting to focus on the
potential toxicity of MPs and to investigate their role as vector of
HOCs (Endo et al., 2005; Teuten et al., 2007; Bakir et al., 2014; Chen
et al., 2019; Tang et al., 2020). In this study, the overall evaluation of
pollutants carried on MPs provided a clear separation between in-
and offshore waters, highlighting the highest abundance of these

chemicals in the former. This finding is likely due to adsorption
mechanisms from the surrounding environment, because these
chemicals, especially PAHs and PCBs, show affinity with plastic
particles (Teuten et al., 2009) and the tendency to accumulate in the
organic phase of sediments (Leggett and Parker, 1994).

Among the great variety of organic pollutants which have been
isolated on the surface of microplastics, PHAs (Teuten et al., 2007),
PCBs (Endo et al., 2005) and pesticides (Bakir et al., 2014) represent
the most common categories of contaminants. Indeed, PAHs are
ubiquitous pollutants in waters, sediments and marine organisms
from the Italian coasts of the Adriatic Sea (Cocci et al., 2017, 2018;

Table 2
Concentration (ng/g plastic) of Polychlorinated biphenyls (PCBs), organophosphorus (OPs), organochlorine pesticides (OCs), and polycyclic aromatic hydrocarbon (PAH)
congeners measured on microplastics from inshore (i.e. <1.5 NM), offshore waters (i.e. 6 NM), and harbor.

POPs Inshore (ng/g plastic) Offshore (ng/g plastic) Harbor (ng/g plastic)

PCB 28 n.d. n.d. n.d.
PCB 52 27.91 0.70 12.22
PCB 95 3.58 0.17 5.85
PCB 99 0.60. n.d. n.d.
PCB 101 n.d. 0.08 0.52
PCB 105 n.d. n.d. n.d.
PCB 110 n.d. 0.08 0.34
PCB 118 n.d. n.d. n.d.
PCB 138 28.51 0.54 16.01
PCB 146 n.d. n.d. n.d
PCB 149 5.07 0.29 2.84
PCB 151 n.d. n.d. n.d.
PCB 153 n.d. n.d. n.d.
PCB 170 n.d. n.d. n.d.
PCB 177 n.d. n.d. n.d.
PCB 180 n.d. n.d. n.d.
PCB 183 n.d. n.d. n.d.
PCB 187 n.d. n.d. n.d.
P

PCBs 65.67 1.86 37.78
Chlorfenvinphos 6.57 0.14 1.98
Chlorpyrifos 45.37 0.77 32.19
Malathion 17.31 0.22 7.23
Pirimiphos-methyl 78.36 3.59 32.70
P

OPs 147.61 4.72 74.10
a-HCH 95.22 0.84 27.02
b-HCH 0.37 0.02 0.86
g-HCH 3.58 0.07 1.98
HCB 2.09 0.10 10.84
Heptachlor n.d. n.d. n.d.
Heptachlor epoxide n.d. n.d. n.d.
P

OC1s 101.26 1.03 40.70
2.4-DDE 10.15 0.16 2.41
4.4-DDE 8.66 0.19 n.d.
2.4-DDD n.d. 1.32 8.00
4.4-DDD 15.52 n.d. 67.38
2.4-DDT n.d. 0.59 n.d.
4.4-DDT n.d. 2.79 n.d.
P

OC2s 34.33 5.05 77.79
Naphthalene 9.55 n.d. 6.71
Acenaphthene n.d. n.d. n.d.
2-Bromonaphthalene 46.27 2.46 40.36
Acenaphthylene 109.40 1.27 100.00
Fluorene n.d. n.d. n.d.
Phenanthrene n.d. n.d. 2.58
Anthracene 64.18 1.54 25.04
Fluoranthene 16.87 0.57 n.d.
Pyrene n.d. 1.48 35.13
Benzo(a)Anthracene 67.31 2.64 40.36
Chrysene 81.64 2.28 47.93
Benzo(bFluoranthene n.d. n.d. n.d.
Benzo(a)Pyrene n.d. n.d. 7.66
Indeno(1,2,3-cd)Pyrene n.d. n.d. n.d.
DiBenz(a,h)Anthracene n.d. 4.40 12.91
Benzo(g,h,i)Perylene 12.84 2.34 41.48
P

low-ring PAHs 229.40 5.27 174.69
P

high-ring PAHs 178.66 13.71 185.47
P

Total PAHs 408.06 18.98 360.16

n.d.: not detectable.
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Frapiccini et al., 2018; Bajt et al., 2019). Due to their strong ability to
bind to plastic particles (Liu et al., 2016), it’s not surprising that
PAHs are the most abundant contaminants found on the surface of
MPs collected from our study area. The measured concentration of
P

PAHs is consistent with that found on plastic pellets
(166.3e2781 ng/g plastic) or fragments (85.9e2841 ng/g plastic)
beached along Crete shore (Karkanorachaki et al., 2018). Addi-
tionally, the levels of PAHs were found to range from 35.1 to

17,023.6 ng/g in marine plastic debris from Canary Island beaches
(Camacho et al., 2019) and from 3400 to 120,000 ng/g in micro-
plastics from Chinese surface waters (Mai et al., 2018). Our findings
are also comparable to the PAH concentrations (i.e.
136.3e1586.9 mg/kg plastic and of 397.6e2384.2 mg/kg plastic)
recently found in microplastics from two beaches in China (Zhang
et al., 2015). Low-ring PAHs were the most prominent compo-
nents especially in inshore MPs thus suggesting that petroleum-
derived contaminants are likely to be the main sources of MP
contamination. Of the sixteen PAHs, Acenaphthylene (Acl) showed
the highest abundance in each analyzed samples; interestingly, this
finding parallels the highest Acl concentration found in surface
coastal waters by our previous survey (Cocci et al., 2017).

PCBs were one of the most abundant group observed in our
study showing higher concentrations in microplastics sampled
from coastal areas than in those from offshore waters. These levels
are substantially in line with the measures (i.e. 0.9e2285.8 ng/g
plastic particles) recorded in plastic pellets and micro fragments
beached along the coasts of Canary Islands (Camacho et al., 2019).
PCB concentrations in coastal surface waters of the central Western
Adriatic Sea were found to vary from 6260 ng/L in areas interested
by an intensemaritime traffic to 10,650 ng/L in sea basin affected by
riverine runoffs (Cocci et al., 2017). Interestingly, we observed
similar patterns in PCB congener distribution between waters and
plastics with highest levels of PCB 52 and 138 (Cocci et al., 2017). On
the other hand, PCB congener 101 and 110 were exclusively iden-
tified in microplastics from the offshore sites or from the harbor,
and no detectable concentrations were found in inshore samples.

Total concentrations of OCs (OCs1 and OCs2) were 130.62 ng/g
plastic, 19.20 and 59.25 ng/g plastic in MP from coastal-, offshore

Fig. 3. Microplastic-associated PAH, PCB, OP, OC1 and OC2 patterns across sampling
sites.

Fig. 4. (a) Representative micrographs of AdipoRed (red) and NucBlue (blue) staining of undifferentiated 3T3-L1 preadipocytes (Undiff.) and adipocytes after 9 days of differen-
tiation in the presence of vehicle only (0.1% DMSO; Control), Rosiglitazone, or extracts obtained from microplastics collected at the different sampling stations (Harbor, Inshore,
Offshore). Scale bar: 50 mm. (b) Graph summarizing AdipoRed staining experiments to assess lipid accumulation in differentiated 3T3-L1 adipocytes treated with 0.1% DMSO solvent
(control) or cells treated with 100 nM Rosiglitazone (positive control) or serial dilutions (ranging from 10�3 to 10�6) of the different microplastic extracts, showing triglyceride
accumulation per well. (c) Graph summarizing NucBlue staining experiments to assess variations in the number of cells, showing DNA content per well. (d) Graph showing tri-
glyceride accumulation per cell (triglyceride accumulation normalized to DNA content), calculated as the ratio of AdipoRed and NucBlue staining. In b,c,d data are reported as % of
control condition (solvent control values were set equal to 100%; horizontal dotted line) and represent the mean ± SEM of three independent experiments. *Indicates dilutions with
significant increase over solvent control, p < 0.05, within each sampling site. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)
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waters and harbor, respectively. In the context of pesticides, there is
considerable evidence that OCs are chemically stable under envi-
ronmental condition, and their residues can be found in the water
even years later then their ban (Breivik et al., 2004). Among OCs1,
we observed that four of them (a-HCH, b-HCH, g-HCH and HCB)
were found in the analyzed samples with a-HCH and b-HCH pre-
sent in each sampling site. The detected concentration of OC1s (e.g.
HCB) is consistent with levels found in pellets and plastic fragments
from Camacho et al. (2018) but higher (e.g. a-HCH) than values
measured in pellets sampled from beaches in China (Zhang et al.,
2015). The a-HCH/g-HCH ratio was higher than 1, which means
that there has been no major recent input of HCHs and that the
observed values are due to their persistence in the marine envi-
ronment. After all, isomeric mixture of HCHs has been used as
pesticides for a long time. Recent studies have shown higher con-
centrations of b-HCH with respect to the other isomers in tissues of
mollusks collected at different areas including the Eastern Adriatic
(Wang et al., 2008; Kljakovic-Gaspic et al., 2010). These findings are
interesting because support the role of environmental conditions in
determining the different behaviors of HCH contaminations in
different matrices.

Regarding OCs2, 2.4-DDE was found at each sampling site while
very high concentration of 4.4-DDD were detected exclusively in
the harbor. In addition, high levels of 4.4-DDT were measured in
pooled samples from offshore waters. The overall analysis of DDT
input in terms of ratio of (DDD þ DDE)/DDT (Hitch and Day, 1992)
shows a value of >0.5 suggesting presence of DDT residues in the
environment. It is not surprising that we found similar values since
DDT in the environment is mostly a result of both past production
and use (ATSDR, 2002).

OPs are the major representative groups of pesticides found on
MPs. In particular, the Chlorpyrifos pesticide was carried by MPs
sampled at each site and was found to show the highest concen-
tration among OPs. This is an innovative finding due to the classi-
fication of chlorpyrifos as emerging contaminant but, at the same
time, it is not surprising because Camacho and coworkers (2019)
have recently found this pesticide bound to microplastics collected
along the Canary Islands beaches. Chlorpyrifos, malathion and
pirimiphos-methyl have been extensively used in agriculture dur-
ing the last decade and therefore have been detected in biotic and
abiotic marine compartments (Henriquez-Hernandez et al., 2017;
Moreno-Gonzalez and Leon, 2017). In Italy, chlorpyrifos is largely
employed on vineyards and despite the low persistence in the
environment occasional contamination of surface water can be
related to point-source pollution (Carter and Capri, 2004; Capri
et al., 2005). In addition to these findings, starting in 2007, a
particularly interesting massive use of chlorpyrifos was made as
part of the integrated pest management (IPM) strategy for
R. ferrugineus control in the Marche region (Central-Eastern Italy)
(Nardi et al., 2011).

Several recent reports have provided evidences that marine
microplastics can work as contaminants vectors and that their
leachates of chemical pollutants exert possible adverse effects on
health (Franzellitti et al., 2019). Although these studies have
investigated the activation of both aryl hydrocarbon-receptor
(AhR)- and estrogen receptor (ER)-signal transduction pathways,
little research has been carried out to investigate the role of MP-
associated micropollutants in altering metabolic functions. In this
regard, recent evidence proves that environmental pollutants can
affect lipid homeostasis promoting obesogenic effects (Cocci et al.,
2015, 2017, 2019; Palermo et al., 2016). The present study thus
aimed to investigate the potential adipogenic properties of MP
extracts by using 3T3-L1 adipocytes, a long-established in vitro
model to assess adipocyte differentiation. Indeed, our results
revealed that the pollutants extracted frommicroplastics recovered

in different sites of the Central Adriatic Sea are able to trigger
obesogenic effects in vitro. Comparatively, it is not possible to define
the contribution of each toxicant to the observed effect, because not
all components present in the extract may induce the effect chosen
for analysis. We can, however, suggest a modulatory influence of
pollutants on the effects of other chemicals (found in the extract)
that cannot be predicted by adopting the concept of additivity
(Kortenkamp, 2007). Our findings are in line with previous obser-
vations reporting obesogenic effects of persistent organic pollut-
ants including PCBs, PAHs and OC pesticides (Lee et al., 2012;
Rundle et al., 2012; Ferrante et al., 2014). In vitro data have
demonstrated the obesogenic nature of some PCBs which are likely
to modulate adipogenesis via AhR-mediated mechanisms
(Arsenescu et al., 2008). Interestingly, two of the PCBs found in our
plastic extracts, PCB101 and 138, were able to promote adipo-
genesis in 3T3-L1 cells (Ferrante et al., 2014; Kim et al., 2017). In
particular, these studies suggest that the obesogenicity of PCBs
seems to be congener specific.

It has also been reported that prenatal exposure to PAH mixture
can be associated to obesity (Rundle et al., 2012). This finding was
further confirmed following postnatal exposure to benzo(a)pyrene
that was found to induce similar increases in fat mass (Irigaray
et al., 2006). Also OC pesticides have been suggested as a possible
causative agents of obesity due their role in modulating adipo-
genesis and lipid metabolism (Lee et al., 2012; Rosenbaum et al.,
2017). Previous in vitro data found that both p,p0-DDT and DDE
significantly enhanced differentiation of 3T3-L1 preadipocytes
(Moreno-Aliaga andMatsumura, 2002; Mangum et al., 2015). For b-
HCH, one of the most common OCs2 found in our plastic extracts,
epidemiological data indicate the presence of a positive correlation
between its serum levels and BMI (Jakszyn et al., 2009; Dirinck
et al., 2011).

It is clear from the previous findings and the results presented
here that the metabolic effects induced by MP-associated con-
taminants are due to altered expression of key lipogenic tran-
scriptional factors such as the PPARg. Indeed, the signaling cascades
that provoke adipogenesis and lipid accumulation in adipocytes is
mediated by the induction of PPARg (Tontonoz and Spiegelman,
2008). Most of the chemicals found in the present work have
demonstrated the ability to interact with nuclear receptors acting
as agonist of the different PPAR isoforms in both in vitro and in vivo
models. Previous data from our lab found that exposure to envi-
ronmentally relevant doses of several plasticizers induce PPARg-
mediated lipid accumulation in 3T3-L1 adipocytes (Pomatto et al.,
2018). Besides PPARg, the other PPARs play also a role in tissue
fatty acid metabolism. For example, Cocci et al. (2017) observed an
upregulation of PPARa in fish hepatocytes exposed to seawater
organic extracts from PAHs and PCBs contaminated areas of Adri-
atic Sea. Adeogun et al. (2016) found similar effects demonstrating a
correlation between the chemical levels of PAHs and PCBs detected
in Tilapia ssp sampled from African polluted rivers and the
expression levels of PPARs genes. Therefore, PPARg seems to be the
principal driver of environmental pollutant-induced adipogenic
effects and epigenetic mechanisms aremost likely to be responsible
for this action.

Although the present work doesn’t investigate the potential
transfer of MP-associated contaminants to marine organisms, our
results provide further indication of the risk related to litter
pollution. Ecotoxicological effects of microplastics have been
demonstrated by Avio et al. (2015) showing bioaccumulation of
PAHs in mussels exposed to pyrene-coated plastic. Similarly,
ingestion of PVC with sorbed tricolosan was found to affect feeding
behavior or cause mortality in lungworms (Browne et al., 2013). In
fish, Rochman et al. (2013, 2014b) showed that long term exposure
to plastics coated with a complex mixture of POPs and metals,
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caused liver toxicity, glycogen depletion, lipidosis, cellular death,
tumor promotion, abnormal growth of germ cells in gonads. Overall
these findings highlight the importance of combined chemical and
physical impacts of microplastics to marine ecosystem.

5. Conclusions

In conclusion, this paper reports new preliminary monitoring
data, obtained by a standardized sampling protocol, on the quan-
tification of floating microplastics along the coastline in the
southern Marche (middle Adriatic). We found a higher abundance
of items in the offshorewaters (3e10 km to the coast) and a general
prevalence of fragments as shape category. Land-based sources and
riverine inputs are most likely to influence the presence of micro-
plastics, whose distribution depends on the complexity of the study
area circulation patterns. There is overall consistency between our
findings and those already published for the Adriatic basin.
Chemical analysis showed that microplastics, mainly from inshore
coastal surface waters, possessed relevant hydrophobic organic
contaminants concentrations, including PAHs and pesticides. These
findings clearly support the greater sorption ability of marine
microplastics. Moreover, in vitro 3T3-L1 screening of MP extracts
indicated potential metabolic effects resulting in both adipogenesis
and lipid uptake/storage. Although our results cannot represent a
long-termweather exposure scenario, it is clear from this study and
other works that special attention should be paid to the eco-
toxicological impact of microplastics, including potential obeso-
genic effects. It is now evident that combined chemical and physical
effects of microplastics may pose health risks to marine organisms,
especially when considering long term exposure in low-flow eco-
systems. However, further investigations are needed to elucidate
ecotoxicological models in order to ensure a suitable and detailed
risk assessment.
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