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Abstract

The major endocannabinoid (eCB) 2-arachidonoylglycerol (2-AG) is a member of the endocannabinoid system (ECS) that participates in
cell proliferation and apoptosis, important events for the homoeostasis of biological systems. The formation of placenta is one of the most
important stages of pregnancy and its development requires highly regulated proliferation, differentiation and apoptosis of trophoblasts.
Anomalies in these processes are associated with gestational pathologies. In this work, we aimed to study the involvement of 2-AG in
cytotrophoblast cell turnover. We found that 2-AG biosynthetic (diacylglycerol lipase A) and degradative (monoacylglycerol lipase)
enzymes are expressed in human cytotrophoblasts and in BeWo cells. We also found that 2-AG induces a decrease in cell viability in a
time- and concentration-dependent manner and exerts antiproliferative effects. The loss of cell viability induced by a 48-h treatment with
2-AG (10 pM) was accompanied by chromatin fragmentation and condensation, morphological features of apoptosis. Additionally, 2-AG
induced an increase in caspase 3/7 and 9 activities, a loss of mitochondrial membrane potential (A¢m) and an increase in reactive oxygen
species (ROS)/reactive nitrogen species (RNS) generation, suggesting the activation of the mitochondrial pathway. Moreover, whereas
A¢m loss and ROS/RNS generation were significantly attenuated by the antagonists of both the cannabinoid receptors 1 and 2 (CB1 and
CB2), the increase in caspase 3/7 and 9 activities and loss of cell viability were reversed only by the antagonist of CB2 receptor; the
blockage of the eCB membrane transporter and the depletion of cholesterol failed to reverse the effects of 2-AG. Therefore, this work
supports the importance of cannabinoid signalling during cytotrophoblast cell turnover and that its deregulation may be responsible for
altered placental development and poor pregnancy outcomes.
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Introduction CB1 and CB2 receptors, whereas AEA is only a partial
agonist (Pertwee et al. 2010), which leads some authors
to defend that 2-AG is the ‘true eCB’ (Sugiura 2009).
2-AG has been pointed out as an important messenger in
multiple physiological processes in the nervous, immune
and cardiovascular systems, though its exact function still
remains unclear (Sugiura 2009). It has been reported that
this eCB induces apoptosis in some cell types such as
decidual cells (Fonseca et al. 2010) and hepatic stellate
cells (Siegmund et al. 2007). On the other hand, 2-AG is
also involved in pro-proliferative effects in cholangiocar-
cinoma cells (DeMorrow et al. 2007) and neuroprotection
(Chen etal.2011). The eCBs may play a role in the network
of lipids, proteins, cytokines and hormones that regulates

The endocannabinoid system (ECS) is present in several
tissues and organs and constitutes a novel target in
several physiological and pathophysiological situations.
The actual members of the ECS are the two cannabinoid
receptors CB1 and CB2 and their endogenous ligands
(endocannabinoids (eCBs)) and the enzymes involved in
the biosynthesis and degradation of eCBs and their
putative membrane transporter. There are several
endogenous ligands of CB receptors and anandamide
(AEA) and 2-arachidonoylglycerol (2-AG) are considered
to be the ‘major’ eCBs. There are also some other
G-protein-coupled receptors that have been described as

targets for eCBs (see Fonseca et al. (2013) for a review).

2-AG is synthesized from membrane phospholipids,
mainly through a reaction catalysed by diacylglycerol
lipase (DAGL) and it is degraded in the cytoplasm into
arachidonic acid and glycerol by monoacylglycerol
lipase (MAGL). This eCB acts as a full agonist of both
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the gestational events. Thus, its homoeostasis seems to be
crucial for a proper pregnancy outcome. However, little
information is available regarding the role of 2-AG in fetal-
placental development. In rats, the main metabolic
enzymes of 2-AG are expressed in the decidua throughout
the gestation, whereas in the placenta they are expressed
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from mid-pregnancy to term pregnancy (Fonseca et al.
2012). Moreover, 2-AG induces apoptosis by the activation
of CB1 receptor, which indicates a role for this eCB in
decidual development and regression (Fonseca et al.
2010). Nevertheless, the involvement of this molecule in
human placentation is not clear, though some members
of the ECS in this organ have been described. In fact, CB1
and CB2 receptors and the main metabolic enzymes
of AEA, fatty acid amide hydrolase (FAAH) and
N-arachidonoylphosphatidylethanolamine-phospholipase
D (NAPE-PLD), have been described to be present in
first-trimester and term placentas, as well as in BeWo
cells (Kenney et al. 1999, Park et al. 2003, Helliwell et al.
2004, Habayeb et al. 2008, Trabucco et al. 2009, Taylor
etal. 2011). Furthermore, AEA induces a decrease in the
viability of BeWo cells, a cell model of cytotrophoblasts,
via CB2 receptor (Habayeb et al. 2008), suggesting a role
for the ECS during placentation.

The formation of placenta involves continuous tissue
remodelling; apoptosis is a crucial cellular event during
this process. In fact, cytotrophoblast cell turnover is very
proactive during gestational time: cytotrophoblasts
proliferate and differentiate into multinucleated cells
named syncytiotrophoblasts, while the quiescent cells
die by apoptosis. Alterations in the apoptotic rates during
pregnancy have been widely reported to be related to
some gestational complications such as pre-eclampsia,
intrauterine growth restriction (IUGR) and gestational
trophoblastic disease (Smith etal. 1997, Wong etal. 1999,
Allaire et al. 2000, Leung et al. 2001, Crocker et al. 2003,
Roje et al. 2011). To highlight the role of 2-AG in
cytotrophoblast cell turnover occurring during the
development of placenta, this work aimed to investigate
the expression of the main metabolic enzymes of 2-AG
(DAGLA and MAGL) in human cytotrophoblasts and in
a cytotrophoblast in vitro cell model as well as the
involvement of 2-AG in trophoblast cell proliferation and
death. In addition, the signalling pathways activated by
this eCB were studied. In these studies, we assessed the
presence of 2-AG metabolic enzymes in primary human
cytotrophoblasts and in BeWo cells. The choriocarcinoma
cellline BeWo was considered a good model for this work,
as BeWo cells have the ability to proliferate and produce
hormones and proteins similar to human cytotropho-
blasts, express CB receptors and other members of the
ECS and respond to cannabinoid stimulation (Habayeb
etal. 2008). As primary cultures of cytotrophoblasts spon-
taneously differentiate in vitro into syncytiotrophoblasts
(Kliman et al. 1986), the BeWo cell line was used to
study the effect of 2-AG on cytotrophoblast cell turnover.

Materials and methods
Materials

The human choriocarcinoma cell line BeWo was obtained
from the American Type Culture Collection (ATCC, Manassas,

Reproduction (2014) 147 301-311

VA, USA). DMEM/F12 medium, fetal bovine serum (FBS),
antibiotic-antimycotic solution (100 U/ml penicillin G,
100 pg/ml streptomycin and 0.25 pg/ml amphotericin B),
2.5% trypsin, 3,3’-dihexyloxacarbocyanine iodide (DiOCq)
and TRIzol reagent were from Gibco/Invitrogen Corporation.
Rabbit antibodies anti-MAGL, anti-DAGLA and B-tubulin and
rabbit IgG were from Santa Cruz Biotechnology. The per-
oxidase-conjugated goat anti-rabbit secondary antibody and
the Vectastain ABC Rabbit Kit were from Vector Laboratories,
Burlingame, CA, USA. Nitrocellulose membranes and Percoll
were from GE Healthcare, Chalfont St Giles, Bucks, UK. The
Super Signal West Pico Chemiluminescence Detection Kit was
from Pierce, Rockford, IL, USA, and X-ray films were from
Kodak XAR, Eastman Kodak. DNAse, paraformaldehyde, Sigma
Fast Red tablets, Mayer’s haematoxylin solution, protease
inhibitor cocktail, Triton X-100, methylthiazolyldiphenyl-tetra-
zolium bromide (MTT), Héechst 33342, methyl-B-cyclodextrin
(MCD), N-acetylcysteine (NAC), staurosporine (STS), carbonyl
cyanide m-chlorophenylhydrazone (CCCP), 2,7-dichlorodihy-
drofluorescein diacetate (DCDHF-DA) and H,O, were from
Sigma-Aldrich Co. Ethanol, isopropanol and methanol were
from Fisher Scientific, Loughborough, UK. DMSO was from
VWR, Fontenay-sous-Bois, France. Z-VAD-FMK was from BD
PharMingen, San Diego, CA, USA. Aquamount medium was
from BDH Laboratory Supplies, Poole, England. The iScript
Select cDNA Synthesis Kit and the Experion RNA StdSens Kit
were from Bio-Rad Laboratories. The KAPA SYBR FAST qPCR
Master Mix 2X Kit was from Kapa Biosystems, Woburn,
MA, USA. 2-AG, AM251, AM630 and AM404 were from Tocris
Bioscience, Bristol, UK. CytoTox 96 Non-Radioactive
Cytotoxicity Assay Kit, Caspase-Glo 3/7 and Caspase-Glo 9
were from Promega. *H-thymidine was from Amersham.
Giemsa was from Merck. Ninety-six-well white plates were
from Thermo Scientific, Roskilde, Denmark. Ninety-six-well
black plates and eight-well chamber slides were from BD
Biosciences, Erembodegem, Belgium. Brains were collected
from Wistar rats obtained from Charles River Laboratories,
Barcelona, Spain, and all the procedures were conducted in
accordance with the guidelines of the Ethics Committee of the
Institute of Molecular and Cellular Biology, Porto, Portugal.

Primary cultures of human cytotrophoblasts

Term placentas of normal pregnancies were immediately
collected after spontaneous delivery or elective caesarean
section. All the procedures were conducted in accordance
with the Ethical Committee of Hospital S. Jodo, Porto.
Cytotrophoblast cells were isolated as described previously
(Kliman et al. 1986, Keating et al. 2007). Briefly, placentas were
washed with saline solution to remove the blood, and villous
tissue was dissected and digested in a solution of trypsin and
DNAsel. Then, the resulting cells were separated in a
discontinuous Percoll gradient. Cytotrophoblasts were collected
and seeded in 21 cm” dishes or eight-well chamber slides at
densities 1X10” or 4.5X10° respectively. The cells were
incubated in DMEM/F12 medium supplemented with 10%
(v/v) of FBS and an antibiotic-antimycotic solution at 37 °C in
95% air/5% CO, humidified atmosphere. After adherence, the
cells were washed with PBS and processed as described below.
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The purity of the cytotrophoblast cell culture was assessed by
immunocytochemistry with anti-vimentin and anti-cytokeratin
antibodies using cells fixed with 4% paraformaldehyde.
Culture was considered pure when 95% or a higher percentage
of cells were cytokeratin positive.

BeWo cell culture

BeWo cells were maintained in DMEM/F12 medium supple-
mented with 10% (v/v) of FBS and an antibiotic—antimycotic
solution and were incubated at 37 °C in 95% air/5% CO,
humidified atmosphere.

Expression of the main metabolic enzymes of 2-AG in
human cytotrophoblasts and BeWo cells

Human cytotrophoblasts and BeWo cells were scraped in RIPA
buffer and centrifuged at 14 000 g for 10 min at 4 °C. Proteins
(100 pg) were subjected to 10% SDS-PAGE and transferred
onto nitrocellulose membranes. After blocking non-specific
binding sites with blocking buffer (5% of dry milk in PBS with
Triton X-1000, 1%), the membranes were incubated with anti-
MAGL and anti-DAGLA antibodies (1:100) overnight at 4 °C.
Then, the membranes were incubated for 1h, at room
temperature, with peroxidase-conjugated secondary antibody
(1:1000). Finally, the blots were analysed using a chemi-
luminescence detection kit and exposed to X-ray films. The
membranes were then stripped and reincubated with anti-p-
tubulin (1:500) for loading control. A negative control assay
was conducted in one strip membrane where the primary
antibody was omitted and only the secondary antibody was
added to detect non-specific binding (data not shown). Rat
brain was used as a positive control.

For immunocytochemistry, human cytotrophoblasts and
BeWo cells (310" cells/well) were seeded in eight-well
chamber slides and fixed with methanol, and the expression
of DAGLA and MAGL was analysed using an avidin-biotin
alkaline phosphatase complex immunohistochemical technique
(Vectastain ABC Kit). The non-specific binding sites were blocked
and the slides were incubated with anti-DAGLA (1:100) or anti-
MAGL (1:100) antibodies overnight at 4 °C. The cells were then
incubated with biotinylated secondary antibody, followed by
incubation with the Vectastain ABC-AP reagent, according to
the manufacturer’s instructions. The reaction was developed
with Sigma Fast Red tablets. The slides were counterstained
with Mayer’s haematoxylin solution and mounted in Aquamount
medium. Negative control assays were conducted in the
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absence of primary antibodies, which were replaced with rabbit
1gG. Rat brain was used as a positive control.

Gene transcription of MAGL and DAGLA was evaluated
by RT-PCR. Human cytotrophoblasts and BeWo cells were
collected in TRIzol reagent and total RNA was extracted
according to the manufacturer’s instructions and quantified
in the NanoDrop ND-1000 spectrophotometer (NanoDrop
Technologies, Inc., Wilmington, DE, USA). RNA quality was
assessed using the Experion RNA StdSens Kit, and the results
were analysed with the Experion analytical software (Bio-Rad
Laboratories). cDNA was obtained by RT of RNA using the
iScript Select cDNA Synthesis Kit. For quantitative PCR, cDNA
was amplified using the KAPA SYBR FAST gqPCR Master Mix
2 X Kit according to the kit protocol in the MiniOpticon Real-
Time PCR Detection System (Bio-Rad Laboratories). Primer
sequences and PCR conditions are summarized in Table 1. The
specificity of the amplified PCR products was assessed by the
analysis of the melting curve.

Cell viability

BeWo cells were plated in 96-well plates at a density of 1 X 10?
cells/well. After 24 h, the medium was replaced with
DMEM/F12 medium with 1% FBS and 1% antibiotic solution
in the presence or absence of 2-AG (0.01-25 uM), and the cells
were incubated for 24, 48 and 72 h. The yellow tetrazole MTT
(final concentration: 0.5 mg/ml) was added, and the cells were
incubated for 2 h 30 min at 37 °C. The formed purple formazan
was dissolved in a solution of DMSOQ:isopropanol (3:1) and
spectrophotometrically quantified at 540 nm using a Multiskan
Ascent microplate reader. The release of cytoplasmic enzyme
lactate dehydrogenase (LDH) into the culture medium was
evaluated using the CytoTox 96 Non-Radioactive Cytotoxicity
Assay Kit according to the manufacturer’s instructions.

Incorporation of *H-thymidine

Proliferative assays were carried out by the quantification
of ?H-thymidine incorporated in BeWo cells treated
with increasing concentrations of 2-AG. *H-thymidine
(final concentration: 0.5 uCi) was added 8 h before the end
of the experiment. After two cycles of freezing/defrosting, the
cells were harvested using a semi-automated cell harvester
(Skatron Instruments, Lier, Norway), 1T ml of scintillation
cocktail was added and *H-thymidine that was incorporated
was quantified using a scintillation counter (LS 6500, Beckman
Instruments, Fullerton, CA, USA).

Table 1 RT-PCR conditions used to assess the gene expression of diacylglycerol lipase A (DAGLA) and monoacylglycerol lipase (MAGL) in BeWo

cells.
Annealing Amplicon Melting
Gene GenBank Primer sequence (5'-3') temperature (°C) length (bp) temperature (°C) Reference
DAGLA NM_006133.2  Forward: TGCTCTTCGGCCTGGTCTAT 61 130 85.6 Ludanyi et al.
Reverse: CGCATGCTCAGCCAGATGAT (2008)
MAGL BC000551.2 Forward: CAAGGCCCTCATCTTTGTGT 57 162 85.5 Ludanyi et al.
Reverse: ACGTGGAAGTCAGACACTAC (2008)
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Morphological studies

2-AG-induced morphological alterations in BeWo cells were
evaluated by phase-contrast microscopy and Giemsa and
Hoechst staining. The cells (3% 10% were seeded in eight-
well chamber slides, treated with 2-AG (10 pM) for 48 h and
fixed with methanol for Giemsa staining or 4% paraformalde-
hyde solution for Hoechst staining. The cells were incubated
with Giemsa stain for 30 min and analysed under a light
microscope or exposed to 0.5 mg/ml Hoechst 33342 (in PBS)
for 20 min and observed under a fluorescence microscope
equipped with an excitation filter with maximum transmission
at 360/40 nm (Eclipse E400, Nikon, Japan).

Determination of caspase 3/7 and 9 activities

The cells (5X10% were seeded in a 96-well white plate
and treated with 2-AG (10 pM) for 36 h, and at the end of the
incubation time, Caspase-Glo 3/7 and Caspase-Glo 9 reagents
were added to the cells according to the manufacturer’s
instructions. The plate was incubated at room temperature
and the resultant luminescence was measured in relative
light luminescence units (RLU) using the 96-well Microplate
Luminometer (BioTek Instruments, Winooski, VT, USA).
A negative control assay was conducted by co-incubation
of 2-AG with a specific caspase inhibitor, Z-VAD-FMK, and
a positive control assay was conducted using STS (100 nM),
which was added 12 h before the end of the experiment.
The results are expressed in RLU.

Assessment of mitochondrial membrane potential

BeWo cells were seeded in a 96-well black plate (density
1Xx10% and treated with 10 uM of 2-AG for 36 h. The cells
were then washed with a PBS/sucrose 100 mM/protease
inhibitor (Pl) cocktail and incubated with a 100 nM DiOCq
solution for 20 min at 37 °C in the dark. The DiOCg solution
was removed to eliminate the background fluorescence, a
PBS/sucrose/Pl solution was added to the cells and the
fluorescence was read using the Microplate Fluorimeter
(BioTek Instruments Winooski, VT, USA) (excitation: 488 nm;
emission: 525 nm). For the positive control, the cells were
incubated with the mitochondrial membrane-depolarizing
agent CCCP (10 pM) for 15 min, at 37 °C, before incubation
with DiOCe. The results are expressed as a percentage,
comparing the loss of mitochondrial membrane potential of
the 2-AG-treated cells with the untreated cells.

Measurement of intracellular reactive oxygen and
nitrogen species

For the quantification of reactive oxygen species (ROS) and/or
reactive nitrogen species (RNS) generated in BeWo cells after a
48-h treatment with 2-AG, cells seeded in a black 96-well plate
were incubated with the probe DCDHF-DA for 1 h at room
temperature. Fluorescence was measured using the Microplate
Fluorimeter (BioTek Instruments) (excitation: 485410 nm;
emission: 530+12.5 nm). H,O, (200 uM) was used as a
positive control. The results are expressed as a percentage,
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comparing the increase in ROS/RNS production induced by
2-AG with the production in the untreated cells.

Signalling pathways involved in 2-AG-induced
cell death

To understand the cellular mechanisms underlying the loss
of cell viability and mitochondrial membrane potential,
production of ROS/RNS and increase in caspase 3/7 and 9
activities, BeWo cells were pre-exposed to the following
compounds: AM251 and AM630 (1 pM), antagonists of CB1
and CB2 receptors respectively; MCD (400 pM), a membrane
cholesterol-depleting agent; AM404 (1 pM), an inhibitor of the
putative membrane transporter of eCBs; and NAC (500 uM), an
antioxidant. For these studies, the cells were pre-treated with
CB antagonists and AM404 for 30 min, MCD for 1 h 30 min
and NAC was co-incubated with 2-AG. AM251, AM630 and
AM404 were dissolved in ethanol; MCD and NAC were
dissolved in distilled water. Equimolar concentrations of the
vehicles did not induce significant effects on the evaluated
parameters (data not shown).

Statistical analysis

Statistical analysis was carried out using one- or two-way
ANOVA, followed by the Bonferroni post hoc test to make
pairwise comparisons of individual means when significance
was indicated (GraphPad PRISM v. 6.0, GraphPad Software,
Inc., San Diego, CA, USA). The results are the mean of at least
three independent experiments carried out in triplicate. Data
are expressed as the meanzs.e.m., and differences were
considered to be statistically significant at P<0.05.

Results

Expression of the main enzymes involved in
2-AG biosynthesis and degradation in human
cytotrophoblasts and in BeWo cells

To investigate whether human cytotrophoblast cells
possess the enzymatic machinery for 2-AG metabolism,
we sought to identify the two key enzymes involved in
the biosynthesis and degradation of this eCB, DAGLA
and MAGL respectively. Western blot analysis revealed
that these enzymes are expressed in primary human
cytotrophoblasts (Fig. TA). Gene transcription of MAGL
and DAGLA was investigated by RT-PCR (Fig. 1B). The
melting curves indicated that a specific PCR product
was amplified in the reactions. Immunocytochemistry
revealed a cytosolic expression for both the enzymes
(Fig. 10).

Since we intended to study the role of 2-AG in
cytotrophoblast cell proliferation and apoptosis, we used
a cytotrophoblast cell model, due to the spontaneous
in vitro differentiation and fusion of human cytotro-
phoblasts. In this way, we also concluded that the mRNA
and protein of both the enzymes are expressed in BeWo
cells (Fig. 2A, B and C).
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Figure 1 Expression of the main enzymes involved in 2-AG metabolism
in human cytotrophoblasts (hCTs). (A) Western blot (WB) analysis
revealed that both proteins are expressed in cytotrophoblast cells;
B-tubulin was used as a loading control. (B) RT-PCR revealed that both
genes are transcribed, as demonstrated by the specific PCR products
represented in the melting curves. (C) Immunocytochemistry (ICC)
revealed positive staining for diacylglycerol lipase A (DAGLA) and
monoacylglycerol lipase (MAGL). Cells incubated without primary
antibody were immunonegative (original magnification X 400).

Rat brain homogenate and histological sections were used as

positive control (PC) for WB and ICC respectively. 2-AG,
2-arachidonoylglycerol.

Effects of 2-AG on BeWo cell viability and proliferation

The treatment of BeWo cells with 2-AG (10-25 pM)
induced a decrease in cell viability in a time- and
dose-dependent manner (Fig. 3A). After 24 h of
treatment, only the highest concentrations of 2-AG
(25 uM) caused a significant reduction in cell viability.
After 48 and 72 h, a remarkable decrease in cell viability
was observed after treatment with 10-25 uM of 2-AG. It
was observed that only 25 pM or higher concentrations
of 2-AG induced the release of LDH (Fig. 3B).

The impact of 2-AG on cell proliferation was studied
using the *H-thymidine incorporation assay, after 24
and 48 h of treatment (Fig. 3C), though a significant
reduction in DNA synthesis with 10 uM or higher
concentrations of 2-AG was observed only after 48 h.

Morphological alterations induced by 2-AG

The morphological alterations induced by 2-AG in
BeWo cells were observed by Giemsa and Hoechst
staining. Cells treated with 2-AG (10 pM) for 48 h
exhibited marked morphological alterations, such as
the condensation and fragmentation of chromatin and
the presence of apoptotic bodies (Fig. 4), typical features
of apoptotic cell death.
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Involvement of CB receptors, membrane cholesterol
depletion and eCB membrane transporter in
2-AG-induced cell viability loss

To understand how 2-AG triggers the decrease in cell
viability and morphological alterations in BeWo cells,
the cellular signalling pathways that may be involved
in these effects were investigated. It was observed that
AM®630, a selective antagonist of CB2 receptor, partially
reversed the decrease in BeWo cell viability, whereas
pre-treatment with the selective antagonist of CB1
receptor, AM251, had no effects (Fig. 5A). The eCBs
can enter cells either by the putative eCB transporter or
by simple diffusion. To investigate which mechanisms
are involved in 2-AG signalling, BeWo cells were pre-
incubated with AM404, an inhibitor of eCB transporter,
or with MCD to deplete membrane cholesterol. Neither
the blockage of the putative eCB transporter nor the
depletion of cholesterol altered the effect on cell viability
induced by 2-AG (10 uM) (Fig. 5B).

Induction of apoptosis in BeWo cells by 2-AG via a CB
receptor- and mitochondria-dependent mechanism

As 2-AG-treated cells presented apoptotic features, to
further investigate whether the viability loss effects were
due to cell death via an apoptotic mechanism, caspase
3/7 and 9 activities and mitochondrial membrane
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Figure 2 Expression of the main enzymes involved in 2-AG metabolism
in BeWo cells. (A) Western blot analysis revealed that both proteins are
expressed in BeWo cells; rat brain homogenate was used as positive
control (PC) and B-tubulin was used as a loading control. (B) RT-PCR
revealed that both genes are transcribed, as demonstrated by the
specific PCR products revealed in the melting curves. (C) Immuno-
cytochemistry revealed positive staining for diacylglycerol lipase A
(DAGLA) and monoacylglycerol lipase (MAGL); cells incubated
without primary antibody were immunonegative (original magni-
fication X400). 2-AG, 2-arachidonoylglycerol.
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Figure 3 Effects of 2-AG on BeWo cell viability and proliferation, at
different times of exposure (24, 48 and 72 h). (A) MTT assay revealed a
reduction in cell viability in a time- and concentration-dependent
manner (at concentrations higher than 1 uM). This reduction was
accompanied by an increase in LDH release at 25 pM (B).

(C) *H-thymidine incorporation decreased, after a 48-h treatment, with
10 uM of 2-AG (***P<0.001, **P<0.01 and *P<0.05 vs control).
2-AG, 2-arachidonoylglycerol; MTT, methylthiazolyldiphenyl-
tetrazolium bromide; LDH, lactate dehydrogenase.

potential (Agm) were evaluated. As caspase activation
and A¢m loss precede cell viability loss, these
parameters were evaluated after a shorter incubation
time (36 h). As shown in Fig. 6A, 2-AG induced a Aym
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loss of 23%, compared with that in the control cells, and
the antagonists of both the CB receptors reversed this
loss. The mitochondrial membrane-depolarizing agent
CCCP induced a AYm loss of 30%. An increase of 20 and
22% in caspase 3/7 and 9 activities respectively was
observed in BeWo cells treated with 2-AG (10 uM) for
36 h, in comparison with the control cells (Fig. 6B
and C). The observed increase in caspase 3/7 and 9
activities was significantly reversed only by AM®630,
antagonist of CB2 receptor.

Induction of the generation of intracellular ROS/RNS by
2-AG

The generation of ROS and RNS is implicated in several
cellular events, including apoptosis. The ability of 2-AG
to induce the production of ROS and RNS was assessed
by fluorometry with the probe DCDHF-DA. A dramatic
increase in the cellular generation of these species,
relative to the control cells, was observed. Furthermore,
it was verified that the production of ROS and RNS was
CB receptor dependent, as both the antagonists used
significantly prevented their generation (Fig. 7A).
However, the antioxidant NAC failed to reverse the
effects of 2-AG on cell viability (Fig. 7B).

Discussion

The study of endogenous cannabinoids revealed that
cannabinoid signalling plays an important role in
several pregnancy events such as embryo implantation,
decidualization and labour. Thus, threats to ECS

Hoechst

Giemsa

2-AG (10 uM)

Figure 4 Morphological alterations induced by a 48-h treatment with
2-AG at a concentration of 10 uM in BeWo cells. Giemsa staining
revealed cell shrinkage and an increase in the number of cells
presenting chromatin condensation (arrows) (C) compared with the
untreated cells (A). Hoechst staining revealed the presence of
chromatin condensation and fragmentation and the presence of
apoptotic bodies (arrow head) in the treated cells (D), relative to the
control cells (B). Original magnification X400 (A and C) and X200
(B and D). 2-AG, 2-arachidonoylglycerol.
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Figure 5 Effects of a 48-h treatment with 2-AG (10 pM) in BeWo cells
pre-exposed to CB1 antagonist (AM251) and CB2 antagonist (AM630),
eCB transporter inhibitor and MCD. (A) The CB2 antagonist partially
reversed the decrease in cell viability induced by 2-AG. AM251 did not
exert any effect (A). (B) The blockage of the putative eCB transporter by
AM404 and the depletion of membrane cholesterol by MCD did not
alter cell viability (*P<0.05 vs control; *P<0.05 vs 2-AG 10 pM).
2-AG, 2-arachidonoylglycerol; MCD, methyl-B-cyclodextrin.

homoeostasis are related to infertility and miscarriages
(Paria et al. 1996, Wang et al. 2003, Schuel 2006,
Fonseca et al. 2010, Taylor et al. 2010). The metabolic
enzymes of AEA (NAPE-PLD and FAAH) have already
been characterized in human placenta (Kenney et al.
1999, Park et al. 2003, Helliwell et al. 2004, Habayeb
etal. 2008, Trabucco et al. 2009, Taylor et al. 2011), and
it has also been reported that AEA induces a decrease in
BeWo cell viability through the activation of CB2
receptor (Habayeb et al. 2008). On the other hand,
only a few studies have examined a possible role for
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Figure 6 Evaluation of apoptotic markers in BeWo cells treated with
2-AG (10 uM) for 36 h. 2-AG induced a loss of mitochondrial
membrane potential (Agm), which was reversed by the antagonists of
both CB1 and CB2 receptors (A). 2-AG induced an increase in caspase
3/7 (B) and 9 (C) activities, compared with that in the untreated cells;
this increase was reversed by the CB2 antagonist AM630. STS (100 nM)
and Z-VAD-FMK (10 pM) were used as positive and negative controls
respectively for caspase 3/7 assay (***P<0.001, **P<0.01 and
*P<0.05 vs control; *P<0.05 vs 2-AG 10 uM). 2-AG, 2-arachido-
noylglycerol; DiOC6, 3,3’-dihexyloxacarbocyanine iodide; CCCP,
carbonyl cyanide m-chlorophenylhydrazone; STS, staurosporine.
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Figure 7 Modulation of ROS/RNS production by 10 uM of 2-AG after
48 h of treatment. 2-AG doubled the generation of ROS/RNS, with this
effect being considerably attenuated by the antagonists of both the
cannabinoid receptors (A). (B) The antioxidant NAC did not exert any
effect on 2-AG-induced decrease in cell viability, suggesting that
ROS/RNS generation is not directly involved in cell viability loss
(***P<0.001 and **P<0.01 vs control; *P<0.05 vs 2-AG 10 pM).
2-AG, 2-arachidonoylglycerol; DCDHF-DA, 2,7-dichlorodihydrofluor-
escein diacetate; NAC, N-acetylcysteine.

2-AG in pregnancy. The levels of 2-AG in inter-
implantation sites of mouse uterus (Wang et al. 2007)
and in rat decidual tissue (Fonseca et al. 2010) are
respectively 200- and 150-fold higher than those of AEA,
suggesting that this eCB may be relevant to the regulation
of implantation and uterine remodelling. In addition, it is
known that 2-AG arrests mouse embryo development via
CB1 receptor (Paria et al. 1998) and that the metabolic
enzymes of 2-AG in mouse uterus regulate 2-AG during
implantation (Wang et al. 2007). In this work, we
demonstrate that human cytotrophoblasts and BeWo
cells possess the enzymatic tools that regulate 2-AG
levels in situ, suggesting that this eCB may be important

Reproduction (2014) 147 301-311

for cytotrophoblast cell physiology. To our knowledge,
this is the first time that 2-AG metabolic machinery is
characterized in trophoblast cells. Moreover, the most
widely used trophoblast-like cell model, BeWo cells,
also expresses these key enzymes of 2-AG metabolism.
For this reason and as human cytotrophoblasts
spontaneously differentiate to form syncytiotrophoblasts
in primary cell culture, not allowing the study of
cytotrophoblast cell turnover, BeWo cells were chosen
to investigate the effect of 2-AG on cytotrophoblast cell
turnover.

The development of placenta is a highly coordinated
and regulated event where trophoblast cells proliferate,
differentiate and undergo apoptosis. It is well known
that anomalies in these cellular processes impair
placentation and are implicated in some pregnancy
pathologies, such as pre-eclampsia and IUGR (Huppertz
et al. 2006). Our results revealed that 2-AG induces a
decrease in BeWo cell viability (at concentrations higher
than 1 uM) and also exerts antiproliferative effects, in
both a time- and a concentration-dependent manner.
The inhibitory action of 2-AG on cell proliferation has
already been reported in rat C6 glioma cells (Jacobsson
etal. 2001) and colorectal carcinoma cells (Ligresti et al.
2003), both the situations being mediated by CB
receptors. Herein, we report that the antiproliferative
effects are accompanied by the presence of morpho-
logical alterations such as the condensation and
fragmentation of chromatin and the presence of
apoptotic bodies, typical features of cell death by
apoptosis. Moreover, this eCB induced a loss of
mitochondrial membrane potential, an increase in
caspase 3/7 and 9 activities and an increase in ROS/
RNS production. However, whereas the increase in
caspase 3/7 and 9 activities and the loss of cell viability
were reversed by the antagonist of CB2 receptor, the
other studied parameters were reversed by the
antagonists of both the CB receptors. These data suggest
that the mitochondrial pathway may be involved in
2-AG-induced apoptosis and that this mechanism is CB
receptor dependent. This is in agreement with the data
obtained with the inhibition of eCB transporter and
alterations in membrane integrity that did not reverse the
effects of 2-AG. The inability of AM251 to reverse the
increase in caspase 3/7 and 9 activities and loss of cell
viability is not totally clarified, and further studies have
to be carried out to elucidate the underlying mechanisms
that result from the activation of this receptor. However,
CB1 receptor is important for the loss of mitochondrial
membrane potential and the generation of ROS/RNS,
events that precede cell viability loss and may also occur
before caspase activation. On the other hand, the
activation of CB2 receptor seems to be crucial for the
mitochondria-dependent apoptotic stimulus triggered
by 2-AG in BeWo cells. Although the pro-apoptotic
effects of 2-AG have already been described in other
cell types, the mechanism may be cell specific. Indeed,

www.reproduction-online.org

Downloaded from Bioscientifica.com at 03/07/2022 10:03:01AM
via free access



2-AG induces apoptosis in rat decidual cells by the
activation of CB1 receptor (Fonseca et al. 2010) and in
hepatic stellate cells through the generation of
mitochondrial ROS (Siegmund et al. 2007). Additionally,
it has been reported that the other ‘major’ eCB, AEA,
induces a decrease in BeWo cell viability through a
mechanism involving CB2 receptor, although the
pathways behind this effect have not been totally
clarified (Habayeb et al. 2008). These data reinforce a
role for the ECS in cytotrophoblast cell turnover and
the relevance of the signalling pathways initiated by the
activation of CB2 receptor during this process. Besides,
2-AG may be hydrolysed into arachidonic acid, the
source of prostaglandins, by MAGL, or metabolized by
oxidative enzymes (Fonseca et al. 2013). In addition,
as BeWo cells express cyclooxygenase 1 (COX1) and
2 (COX2) (Xu et al. 2005), prostaglandins and 2-AG
oxygenated metabolites may be involved in 2-AG-
mediated cell death, as CB antagonists only partially
reverse these effects. Prostaglandins can induce cell
death in several cell types (Pignatelli et al. 2005, Huang
et al. 2009, Liu et al. 2013), and it is known that the
COX2 metabolites of 2-AG, the prostaglandin glyceryl
esters, possess biological activity (Nirodi et al. 2004,
Sang et al. 2007). Additionally, the COX2 metabolites
of AEA, the prostamides, can induce cell death in some
cell types (Patsos et al. 2010, Kuc et al. 2012). Further
investigation is required to clarify the role of these lipid
mediators in cytotrophoblast cell turnover.

During placentation, trophoblasts are in continuous
turnover and apoptosis is a key event for the normal
formation of the organ, with both extrinsic and intrinsic
apoptotic pathways being involved in this cellular event
(Heazell & Crocker 2008). Moreover, members of the
Bcl-2 family are differently expressed during the gesta-
tional period in cytotrophoblasts and syncytiotrophoblasts
(Ishihara et al. 2000, De Falco etal. 2001), with alterations
in their expression being described in some pathophysio-
logical situations such as pre-eclampsia, ITUGR and
hyperglycaemia (Sgarbosa et al. 2006, Tomas et al. 2011,
Longtine et al. 2012b, Borzsonyi et al. 2013). Therefore, it
seems that anomalies in cell death regulation through the
mitochondrial pathway of apoptosis may be involved in
pregnancy complications. Also, villous cytotrophoblasts
undergo caspase-dependent apoptosis and apoptosis
rates in these cells are increased in complicated gestations
(Longtine et al. 2012a, 2012b).

Pregnancy is a natural condition of oxidative and
nitrative stress. However, greater ROS and/or RNS
generation and decreased placental antioxidant defences
highly increase the carbonylation and nitration of
important proteins and the peroxidation of lipids, altering
the biological function of these molecules (Myatt 2010,
Burton & Jauniaux 2011). Moreover, these changes in
placental redox state have been reported to be related to
some pregnancy complications (Coughlan et al. 2004,
Sharma et al. 2006, Biri et al. 2007), and it has been
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reported that BeWo cell turnover is affected by oxidative
stress (Heazell et al. 2009). In this way, considering that
2-AG induces a dramatic increase in the production of
ROS and RNS in BeWo cells, the deregulation of
cannabinoid signalling may be implicated in alterations
of the oxidative state of cytotrophoblasts, interfering with
the normal course of gestation.

In conclusion, the existence of the two key enzymes
involved in 2-AG biosynthesis and degradation, DAGLA
and MAGL, in cytotrophoblast cells allows proper
regulation of 2-AG levels in situ. Moreover, the
antiproliferative effects and the induction of apoptosis
implicate 2-AG in cytotrophoblast cell turnover through
the activation of CB2 receptor. Therefore, this eCB may
be an important intervener in the development of
placenta. Thus, this work highlights the relevance
of eCB signalling in placenta, not neglecting that
deregulation in ECS homoeostasis may have
deleterious effects on cytotrophoblast cell turnover and
contribute to the pathophysiological mechanisms of
some pregnancy complications.
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