~ International Journal of
Molecular Sciences

Article

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

Rosaria Scandiffio 1>(), Sara Bonzano 1-3(7, Erika Cottone (%, Sujata Shrestha (), Simone Bossi 2,
Silvia De Marchis 13, Massimo E. Maffei 2

check for
updates

Citation: Scandiffio, R.; Bonzano, S.;
Cottone, E.; Shrestha, S.; Bossi, S.; De
Marchis, S.; Maffei, M.E.; Bovolin, P.
Beta-Caryophyllene Modifies
Intracellular Lipid Composition in a
Cell Model of Hepatic Steatosis by
Acting through CB2 and PPAR
Receptors. Int. J. Mol. Sci. 2023, 24,
6060. https://doi.org/
10.3390/1jms24076060

Academic Editors: Giuseppe Colucci,
Andrea Ferrigno and Mariapia
Vairetti

Received: 15 February 2023
Revised: 15 March 2023
Accepted: 20 March 2023
Published: 23 March 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2

and Patrizia Bovolin 1*

Cell Biology Unit, Department of Life Sciences and Systems Biology, University of Turin,

Via Accademia Albertina 13, 10123 Turin, Italy

Plant Physiology Unit, Department of Life Sciences and Systems Biology, University of Turin,

Via Quarello 15/a, 10135 Turin, Italy

Neuroscience Institute Cavalieri Ottolenghi (NICO), Regione Gonzole 10, Orbassano, 10043 Turin, Italy
*  Correspondence: patrizia.bovolin@unito.it

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)-B-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 o« (PPARw) and y (PPARy). Interestingly, BCP was able to counteract the increase in
CB2 and the reduction in PPAR« 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: 3-caryophyllene; NAFLD; steatosis; lipid profile; CB2 receptors; PPARy; PPAR«; 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)y
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)-3-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 o and y [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]. PPAR« 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. PPARYy is
characterized by three isoforms: PPARy1, PPARy2 and PPARY3. PPARY1 is ubiquitously
expressed, PPARYy2 is mainly expressed in adipose tissue and in the liver, whereas PPARy3
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 PPARx and PPARY 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 PPAR« [13] and probably an indirect interaction with PPARy. In fact, the
triggering of PPARy 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 uM,
5 uM, 10 uM and 50 uM). 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.

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 pM).
After 24 h treatment, lipid droplets and nuclei were visualized by AdipoRed™ /NucBlue™
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 uM BCP + 0.5 mM
FFAmM = HepG2 cells co-treated for 24 h with BCP and FFAm. Scale bar: 50 um. (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 pM, 5 uM and 10 uM
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 uM, 5 uM and 10 uM BCP were able to induce a significant
(p < 0.01) decrease in triglyceride accumulation/cell, with the maximum reduction at 5 uM
(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-A%-C16:1), stearic acid (C18:0), oleic acid (cisA°-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-A°-C18:1 and C16:0 (Figure 3A), as well as
C14:0, C18:0 and cis-A?-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-A°-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-A°-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-A°-C16:1
were increased by BCP treatment.

(B) 15+
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== 0.5 mM FFAm

Bm 5 M BCP + 0.5 mM FFAm

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-A9-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-A9-
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., PPARx and PPARy. The specific CB2 receptor antagonist AM630, the
PPARw receptor antagonist GW6471 and the PPARy 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, PPAR«x and PPARY 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 pM CB2
antagonist AM630. (B) Treatment with 100 nM PPAR« antagonist GW6471. (C) Treatment with 10 uM
PPARY 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 uM BCP (identified as the most
effective doses in previous experiments), the co-treatment of HepG2 cells with the CB2
receptor antagonist AM630 (5 uM) 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 PPARx antagonist GW6471 (100 nM) completely
reversed the anti-steatotic effect of BCP at all concentrations (Figure 4B). The treatment
with the PPARy-specific antagonist GW9662 (10 uM) partially reversed the lipid reduction
induced by 1, 5 and 10 uM 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, PPARa and PPARy mRNA Expression Is Affected by Steatosis and BCP Treatment

To investigate whether CB2, PPARx and PPARy 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 PPAR«x expression (Figure 5B), while no statistically
significant change was observed in the expression of PPARy (Figure 5C).
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Figure 5. qRT-PCR analysis of CB2 (A), PPAR« (B) and PPARY (C) mRNAs normalized for the house-
keeping gene [3-actin. Data are represented as the mean 4+ 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).

MAX z-projection MAX z-projection MAX z-projection

CB2/DAPI

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 pm (low magnification) and 10 pm
(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 uM 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.

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 uM. 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.

PPAR«x and PPARYy 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 PPAR« in the liver has
been widely investigated both in physiological and steatotic conditions. The activation
of PPAR« 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 Ppara in mice results
in enhanced liver steatosis because of the impaired oxidation of FFA [30], underscoring the
relevance and potential of hepatocyte PPAR«x as a drug target for NAFLD.

PPARY 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 PPARy 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 PPARY agonists in ameliorating lipid accumulation and inflammation associated with
NASH. This is the case of GVS-12, a synthetic PPARYy 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 PPARo/y agonist with prevalent
PPARo agonist activity. The efficacy of saroglitazar in counteracting NAFLD/NASH has
been compared to that of fenofibrate, a PPARx agonist, and pioglitazone, a PPARy 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 PPARx and PPARY activation may be a
successful strategy in the therapy of NAFLD [36].

According to our data, BCP effects are mediated both through PPAR« and PPARYy.
The activation of PPAR« 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 PPAR« 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 PPARYy, 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 PPARx and PPARY, 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 PPAR«x /7y agonist
like saroglitazar. It should also be noted that GW9662, the PPARYy antagonist used in
our experiments, has an IC50 value of 3.3 nM for PPARy and 32 nM for PPAR« [39].
Therefore, it cannot be excluded that GW9662 partially blocks PPAR«, 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 PPARx and y are downregulated
during the pathological condition of steatosis. Intriguingly, co-treatment with BCP induced
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a marked upregulation of PPAR«, 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)-B-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 pg/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 x 10* 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 uM); 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 pL 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 x 10* cells/well were seeded in 96-well black clear
bottom plates, starved and treated as above mentioned with FFA mixture, 5 uM BCP
and the following antagonists: 5 uM AM630 (CB2 receptor antagonist), 100 nM GW6471
(PPAR« receptor antagonist) or 10 uM GW9662 (PPARY receptor antagonist).

4.6. Lipid Extraction, Identification and Quantification by Gas Chromatography

For lipid extraction and quantification experiments, 2 x 106 cells were grown on T-25
flasks. After cell starvation, HepG2 cells were treated with FFAm alone or FFAm and 5 uM
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 pug 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~!, and
separation was obtained with a non-polar capillary column ZB5-MS (30 m length, 250 pm
diameter and stationary phase thickness of 0.25 pm, 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~ ! fresh weight (f.wt).

4.7. Intracellular Quantification of BCP in Time-Course Experiments

For BCP time-course uptake experiments, 1 x 10° cells were grown on 6-well plates
and treated with 5 uM BCP. Starting from time zero and after 30 min, 1h,1.5h,2h,3h, 4h,
5h, 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 um diameter and stationary phase thickness of 0.25 um, 5%
phenyl-arylene and 95% of poly-dimethyl siloxane stationary phase); splitless mode, oven
program: 40° for 1 min, thena 5 °C min~? ramp to 200 °C, a 10 °C min ! ramp to 220 °C,
and a 30 °C min~! 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 x 10* cell/cm? 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 um 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 x 240 nm X 692 nm; with 2.5x additional
zoom: 1 voxel, xyz = 96 nm X 96 nm x 692 nm). Images are shown as maximum intensity
projection or single plane with reslice.

4.9. RNA Extraction and gRT-PCR

For gRT-PCR experiments, 1 x 10° cells were grown on 6-well plates and treated to
induce steatosis in the presence/absence of 5 uM 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 pL 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 (3-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:
-actin 98%, CNR2 103%, PPAR«x 95%, PPAR"y 105%.

Table 1. Specific primers used in qRT-PCR.

Gene Forward Sequence Reverse Sequence

Amplicon  GenBank Accession

Size Number
[3-actin 5" CCAACCGCGAGAAGATGA 3/ 5" CCAGAGGCGTACAGGGATAG 3’ 97 bp NM_001101.5
CNR2 5 TGGCATAGAAGACGGAGCTG 3 5" CCCGGAGAGCCCCAAATG 3’ 177 bp NM_001841.3
PPAR« 5" ACACCGAGGACTCTTGCGA 3/ 5" GGAAAGGGCAAGTCCCGATG 3 207 bp NM_001393944.1
PPARy 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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