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Maternal infections with gram-negative bacteria are associated with miscarriage and are one of the most common complications during
pregnancy. Previous studies from our group have shown that lipopolysaccharide (LPS)-activated infiltrating peripheral blood mononuclear
cells (PBMC) into decidual tissue plays an important role in the establishment of a local inflammatory process that results in embryo
cytotoxicity and early embryo resorption. Moreover, we have also shown that an increased endocannabinoid tone mediates LPS-induced
deleterious effects during early pregnancy loss. Here, we sought to investigate whether the infiltrating PBMC modulates the decidual
endocannabinoid tone and themolecular mechanisms involved. PBMC isolated from 7-day pregnant mice subjected to different treatments
were co-cultured in a transwell systemwith decidual tissue from control 7-day pregnant mice. Decidual fatty acid amide hydrolase (FAAH)
activity was measured by radioconvertion, total decidual protein nitration by Western blot (WB), and decidual FAAH nitration by
immunoprecipitation followed byWB.We found that co-culture of PBMC obtained from LPS-treated mice increased the level of nitration
of decidual FAAH, which resulted in a negative modulation of decidual FAAH activity. Interestingly, co-treatment with progesterone or
aminoguanidine prevented this effect. We found that LPS-treated PBMC release high amounts of nitric oxide (NO) which causes tyrosine
nitration of decidual FAAH, diminishing its enzymatic activity. Inactivation of FAAH, the main degrading enzyme of anandamide and similar
endocannabinoids, could lead to an increased decidual endocannabinoid tone with embryotoxic effects.
J. Cell. Physiol. 232: 1441–1447, 2017. � 2016 Wiley Periodicals, Inc.

Miscarriage caused by systemic or localized gram-negative
bacterial infections is one of the most common complications
in human pregnancy (Giakoumelou et al., 2016). The presence
of systemic lipopolysaccharide (LPS) triggers an inflammatory
response in the mother that has the capability of exerting
deleterious effect on the conceptus. Thus, high ratios of pro-
inflammatory/anti-inflammatory cytokines have been detected
in pregnant women with threatened miscarriage (Calleja-Agius
et al., 2011). Indeed, high levels of pro-inflammatory cytokines
have been shown to activate macrophages, enhancing
apoptosis of extravillious trophoblasts (Wu et al., 2012).
Furthermore, decidual cells, placental villous stromal cells, and
cytotrophoblasts produce and secrete chemokines (Drake
et al., 2004), which attract peripheral leukocytes into
reproductive tissues. First trimester human decidual cells
stimulated with IL-1b or TNF-a have been shown to
upregulate the expression of CCL5, CXCL2, CXCL3, CCL2,
and CXCL8 (Huang et al., 2006; Lockwood et al., 2006). We
have previously shown that LPS administration to 7-day
pregnant mice not only induced the decidual expression of the
chemokines RANTES, CXCL-10, and MCP-1 in the murine
decidua (Wolfson et al., 2015a), but also increased decidual
leukocyte infiltration (Ogando et al., 2003; Wolfson et al.,
2015a). These pro-inflammatory changes were associated with
an increased rate of embryo resorption and fetal expulsion
(Ogando et al., 2003; Aisemberg et al., 2007; Wolfson et al.,
2015a).

Even though immune cells are abundant in first trimester
decidua, representing �40% of the cells present within the
decidua (Amsalem et al., 2008), their role in this tissue is not
fully understood. It has been hypothesized that their presence

contributes to the appropriate trophoblast invasion at the
implantation site (Nakayama et al., 2002). However, during
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maternal infection with gram-negative bacteria, the presence of
LPS might contribute to the activation and recruitment of
peripheral blood mononuclear cells (PBMC) into reproductive
tissues (Ogando et al., 2003). Moreover, LPS induced an
increased nitric oxide (NO) release by PBMC from both
pregnant and non-pregnant mice (Wolfson et al., 2015b).NO is
a short-lived molecule that acts as a mediator of multiple
cellular functions. In reproductive tissues, local synthesis of
NO plays important roles in endometrial, myometrial, and
cervical function (Telfer et al., 1995) as well as embryo
implantation and development (Chwalisz et al., 1999;
Battaglia et al., 2003). Moreover, the levels of NO
production and the expression of nitric oxide synthase
(NOS) isoforms vary greatly throughout pregnancy (Suzuki
et al., 2009). However, excessive production of NO has
been associated with peroxidative damage (Franco and
Est�evez, 2014), embryotoxicity (Barroso et al., 1999), and
early pregnancy loss (Haddad et al., 1995; Athanassakis
et al., 1999; Ogando et al., 2003). Previous reports from our
lab showed that LPS enhanced the production of NO
(Wolfson et al., 2015b) and altered components of the
endocannabinoid system (eCS) in pregnant mice (Wolfson
et al., 2013, 2015b).

The eCS is comprised by ligands of lipid nature, their cognate
receptors, and the synthesis and degradation enzymes. High
levels of endocannabinoids have been associated with arrested
embryo development and pregnancy failure (Paria and Dey,
2000; Habayeb et al., 2008; Wolfson et al., 2015a). Similarly,
low levels of FAAH activity in peripheral lymphocytes have
been associated with miscarriages in humans (Maccarrone
et al., 2000b). Previous studies from our lab have shown that
LPS increases the endocannabinoid tone in pregnant mice
(Wolfson et al., 2015a) while diminishing the activity of FAAH
in murine PBMC (Wolfson et al., 2013). Interestingly, mice
lacking CB1 receptor were resistant to the deleterious effects
of LPS and showed significantly less leukocyte infiltration in the
deciduas (Wolfson et al., 2015a), suggesting a bidirectional
relationship between LPS and the eCS.We have shown that the
endocannabinoid system (eCS) was a mediator of the effects of
LPS on NO production and the ensuing embryotoxicity during
early pregnancy loss (Vercelli et al., 2009a,b). FAAH is
considered to be the “metabolic gatekeeper” of local levels of
anandamide (AEA) and related endocannabinoids in
reproductive tissues, maintaining and appropriate
“endocannabinoid tone” for a correct development of
pregnancy (Wang et al., 2006b). Thus, low levels of FAAH
activity are associated with high plasma levels of AEA and
increased risk of miscarriage (Maccarrone et al., 2000b).
Moreover, deficient FAAH mice show poor outcome of
pregnancy (Wang et al., 2006c), suggesting that a proper FAAH
expression/activity is important for a successful pregnancy.

Our aim here was to study the role of maternal PBMC-
derived NO production on the decidual FAAH activity. We
hypothesized that infiltrating PBMCs produce large amounts of
NO which negatively alters the decidual FAAH activity by
inducing tyrosine nitration of this enzyme. Diminished decidual
FAAH activity results in an increased endocannabinoid tone,
which are ultimately responsible for the toxic effects of LPS on
the embryo.

Materials and Methods
Reagents

LPS from Escherichia coli 05:B55, anti-b-actin antibody,
aminoguanidin (AG), and progesterone were purchased from
Sigma Chemical Co. (St Louis, MI). The anti-FAAH antibody was a
gift fromDr. Benjamin Cravatt (Scripps Research Institute, La Jolla,
San Diego, CA). Anti-nitrotyrosine (anti-NT) antibody was
purchased from Millipore (Billerica, MA). The Western blotting

reagents were obtained from Bio-Rad (Tecnolab, Buenos Aires,
Argentina). Secondary horse radish peroxidase (HRP) conjugated
antibody was purchased from Jackson Immunosearch (Baltimore
Pike, Pennsylvania). [3H]-anandamide (specific activity 172.4 Ci/
mmol) was provided by Perkin Elmer (Boston,MA). TLC aluminum
silica gel plates were purchased from MerkKGaA (Darmstadt,
Germany). Protein A/G PLUS-Agarose was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). All other chemicals were of
analytical grade.

Ethics statement

The experimental procedures reported here were approved
(Resolution Number 900/2016) by the Animal Care Committee of
the Center for Pharmacological and Botanical Studies of the
National Research Council (CEFyBO–CONICET) and by the
Institutional Committed for the Care and Use of Laboratory
animals from the School of Medicine (University of Buenos Aires),
and were carried out in accordance with the Guide for Care and
Use of Laboratory Animals (NIH). Blood extractions were
performed under CO2 anesthesia and all efforts were made to
minimize animal suffering.

Animals and treatments

Animals were housed in cages under controlled conditions of light
(12 h light, 12 h dark) and temperature (21–25°C) and received
murine chow and water ad libitum.

Eight to 12-week-old virgin female Balb/cmicewere pairedwith8–
12-week-old Balb/c males. The day of appearance of a coital plug was
taken as day 0 of pregnancy. Next, pregnant Balb/cmice were divided
into different groups according to each experimental design (Fig. 1).

Determination of decidual FAAH activity in response to in vivo
administration of LPS (Fig. 1A): (i) control group received an i.p.
injection of vehicle; (ii) LPS-treated group received an i.p. injection
of LPS (1mg/g of body weight in saline solution).

Obtainment of PBMC from LPS and/or progesterone-treated
mice (Fig. 1B): (i) control group received an i.p. and/or s.c. injection
of vehicle; (ii) LPS-treated group received an i.p. injection of LPS
(1mg/g of body weight in saline solution); (iii) LPS plus

Fig. 1. Sketch of the experimental timeline. (A) Sketch of the in
vivo treatment with LPS or vehicle. (B) Sketch showing the
treatment schedule of mice on day 7 of pregnancy with LPS and/or
progesterone. (C) Sketch showing the treatment of mice on day 6
with AG and on day 7 of pregnancy with LPS and/or LPS. AG,
aminoguanidine; LPS, lipopolysaccharide.
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progesterone-treated group received a s.c. injection of
progesterone (67mg/g of body weight in corn oil, as previously
described [Aisemberg et al., 2013]) and 2 h after an i.p. injection of
LPS; (iv) progesterone-treated group received a s.c. injection of
progesterone.

Obtainment of PBMC from LPS and/or AG-treated mice (Fig.
1C): (i) control group received an i.p. and/or s.c. injection of
vehicle; (ii) LPS-treated group received on day 7 of pregnancy an
i.p. injection of LPS (1mg/g of body weight in saline solution); (iii)
LPS plus AG-treated group received on day 6 of pregnancy an i.p.
injection of AG (0.2mg/g of body weight in saline solution, as
previously described [Ogando et al., 2003]), a second dose of AG
24 h later (day 7 of pregnancy) followed by a third dose of AG 3 h
later. With the third dose of AG, an i.p. injection of LPS (1mg/g of
body weight in saline solution) was administered; (iv) AG-treated
group received a i.p. injection of AG on day 6 of pregnancy, a
second dose of AG 24 h later (day 7 of pregnancy) followed by a
third dose of AG 3 h.

For isolating PBMC from treated pregnant mice, blood from the
orbital sinus was extracted under CO2 anesthesia 6 h after LPS or
vehicle administration, followed by animal euthanization by
cervical dislocation. The blood was collected in sodium citrate
buffer-coated tubes and PBMC isolation was performed.

PBMC isolation

Balb/c female mice were anesthetized in a CO2 atmosphere and
blood was collected by orbital sinus bleeding in a tube containing
citrate sodium buffer. Anti-coagulated blood was layered onto
Histopaque-1083 (Sigma Chemical Co. St Louis, MI) and
peripheral blood mononuclear cells (PBMC) were purified by
gradient centrifugation (400 g, 30min) according to the
manufacturer’s recommendations. Briefly, PBMC were collected
from the opaque interface, transferred to a new tube, and
washed twice with PBS.

Co-culture of PBMC and decidua

PBMC were obtained from treated animals as previously
described. Cells were cultured in fresh serum-free DMEM for 2 h
in 5% CO2 at 37°C. Adherent monocytes were discarded and
suspended cells were used for the co-culture.

On day 7 of pregnancy, control female mice were killed by
cervical dislocation. In each implantation site, the uterus and the
decidua were separated. Decidual explants were cultured in wells
that contained 400ml complete DMEM (supplemented with 10%
FCS and antibiotics: 20 IU/ml penicillin G, 20mg/ml streptomycin,
and 50 ng/ml amphotericin B) for 2 h in 5% CO2 at 37°C.

In each well, a transwell (membrane 0.4mm pore) were placed
with decidua from control animals remaining in the lower chamber
and 2.5� 10�5 PBMC from treated or control animals in the upper
chamber. The transwell systemwere incubated for 12 h in 5%CO2
at 37°C and then deciduas were immediately frozen at�70°C until
used.

Peroxynitrite scavenger assay

Decidual explants were cultured in wells containing 400ml
complete DMEM in the presence or absence of quercetin (a
peroxynitrite scavenger) for 2 h in 5% CO2 at 37°C. Next,
2.5� 105 PBMC from control or LPS-animals were placed in the
upper chamber and FAAH activity in the deciduas was measured
12 h later.

Determination of fatty acid amide hydrolase (FAAH)
activity

FAAH (EC 3.5.1.4) activity was assayed as described by Paria
et al. (1996). The hydrolyzed [3H]-arachidonic acid (AA) was

resolved in the organic layer of a solvent system of ethyl acetate:
hexane:acetic acid:distilled water (100:50:20:100 v/v) mixture.
The plate was exposed to iodine to identify the zones
corresponding to AA. The distribution of radioactivity on the
plate was counted in a scintillation counter by scraping off the
corresponding spots detected in the plate. The area of each
radioactive peak corresponding to AA was calculated and
expressed as a percentage of the total radioactivity of the plates.
Protein concentration was determined by the method of
Bradford. Enzyme activity is reported as nmol [3H]-AA/mg
protein/h.

Western blot analysis

Deciduas were sonicated in RIPA buffer (50mM Tris, pH 7.4;
150mM NaCl; 1% Nonidet P40; deoxycholate 0.25%; 10mg/ml
aprotinin; 10mg/ml leupeptin; 1mg/ml benzamidine; 1mg/ml
caproic acid; 10mg/ml soybean trypsinogen inhibitor; and 1M
EDTA). Sixty micrograms of protein were loaded in each lane.
Samples were separated by electrophoresis on 10% sodium
dodecyl sulphate–polyacrylamide gel (SDS–PAGE) and transferred
to a nitrocellulose membrane. Blots were incubated overnight
with anti-NT (1:400), with anti-FAAH (1:400) or with anti-actin
(1:4,000). Actin was used as a loading control. Blots were washed
with buffer (PBS and 0.1% [v/v] Tween 20, pH 7.5) followed by 1-h
incubation with horseradish peroxidase-conjugated anti-rabbit or
anti-mouse secondary antibody (1:5,000) and developed using the
enhanced chemiluminescence Western blot system. Photographs
of the membranes were taken using ImageQuant system (GE
Healthcare, Buenos Aires, Argentina) and analyzed using the
ImageJ software package.

FAAH immunoprecipitation

All immunoprecipitation (IP) procedures were performed at
4°C. Deciduas were sonicated in RIPA buffer (50mM Tris, pH
7.4; 150mM NaCl; 1% Nonidet P40; deoxycholate 0.25%;
10mg/ml aprotinin; 10mg/ml leupeptin; 1mg/ml benzamidine;
1mg/ml caproic acid; 10mg/ml soybean trypsinogen inhibitor;
and 1M EDTA). Two-hundred micrograms of total proteins
were resuspended in 100ml of homogenization buffer with 5ml
of anti-FAAH antibody (1:20). Samples were incubated for 3 h
with rotation at 4°C. This lysate/antibody mixture was
subsequently incubated overnight with protein G-sepharose
beads with rotation at 4°C. The beads were pelleted by
centrifugation at 15,000g for 5min and washed two times in IP
buffer A (Tris 1.2M; NaCl 0.15M; 10% detergent solution [Tris
24mM; 10% Igepal; 0.005% sodium deoxycholate]; 1mM
Na3VO4 [pH 7.4], two times in IP buffer B (Tris 1.2M; NaCl
0.5M; 1% detergent solution [Tris 24mM; 10% Igepal; 0.005%
sodium deoxycholate]; 0.5mM Na3VO4 [pH 7.4]) and two times
in IP buffer C (Tris 1.2M; 0.5% detergent solution [Tris 24mM;
10% Igepal; 0.005% sodium deoxycholate]; 0.5mM Na3VO4 [pH
7.4]). The protein–antibody complexes were released from
beads by adding the loading buffer and heating at 100°C for
5min. Next, proteins were subjected to Western blot analysis
after separation by SDS–PAGE.

Statistical analyses

Treatments were assigned completely random to experimental
units. Data were analyzed by means of one- or two-way ANOVA.
Procedures and means were compared by Tukey post hoc tests.
Differences between means were considered significant when
P-value was 0.05 or less. Different letters indicate significant
differences betweenmeans. Normality and homoscedasticity were
tested by Shapiro–Wilk (modified) and Levene test, respectively.
Statistical analysis was performed using the software Infostat
(C�ordoba, Argentina).
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Results
Effect of PBMC’s soluble factor on decidual FAAHactivity

We have previously shown that LPS administration to 7-day
pregnant mice induced an inflammatory environment in the
decidua (Wolfson et al., 2015a). We have also shown that LPS
downregulated FAAH activity in PBMCs from both pregnant
and non-pregnant mice (Wolfson et al., 2013). Therefore, we
sought to study here the effect of in vivo administration of LPS
on decidual FAAH activity in pregnant mice. As shown in
Figure 2, we observed a significant decrease in FAAH activity at
12 h after LPS treatment.

In order to investigate the role of leukocyte infiltration in our
model of early embryonic resorption, we used a transwell system
in which two chambers are separated by a permeable membrane
that only allows the passage of soluble factors. The decidua from
control mice was placed in the lower chamber and the PBMC
from mice subjected to different treatments were placed in the
upper chamber. Co-cultures were maintained for 12 h (Fig. 3A).
We observed that deciduas co-culturedwith PBMC from control
animal showed no difference in FAAH activity from deciduas
cultured in the absence of PBMC (Fig. 3B). However, when
deciduas from control mice were co-cultured with PBMC from
LPS-treated pregnant mice, a statistically significant decrease in
FAAH activity was observed (Fig. 3B). Next, we analyzed the
effects of progesterone inmodulating the levels of decidual FAAH
activity induced by PBMC from LPS-treatedmice. In the presence
of PBMC from mice co-treated with progesterone and LPS, the
levels of decidual FAAH activity from control micewere restored
(Fig. 3B). These results suggest that PMBC release a soluble factor
which modulates the decidual FAAH activity.

NO released from PBMC modulates decidual FAAH
activity

Next, we sought to investigate whether NO could be the
soluble factor modulating decidual FAAH activity.We obtained
the PBMC from animals treated with LPS and AG, a selective
inhibitor of iNOS (Fig. 4A). Using the same transwells system,
we observed that in vivo administration of AG reverted the
effects of LPS-treated PBMC on the decidual FAAH activity
from control mice (Fig. 4B).

Since NO could be transformed in peroxynitrite, we studied
whether this potent oxidizing agent was involved in the
inhibition of decidual FAAH activity. In order to do so, deciduas

from control mice were pre-incubated with quercetin, a
scavenger of peroxynitrite, and exposed to PBMC from
pregnant mice treated with LPS or vehicle (Fig. 4C). Again,
PBMC from LPS-treated mice induced a decrease in decidual
FAAH activity; however, when quercetin was present, this
effect was lost (Fig. 4D), suggesting a participation of the free
radical peroxynitrite in LPS-treated PBMC modulation of
decidual FAAH activity.

NO modulates decidual FAAH enzymatic activity by
nitrating FAAH protein

Since peroxynitrite is a highly oxidizing and nitrating agent, we
sought to investigate the protein nitration levels in deciduas
exposed to PBMC from control or LPS-treated mice in our
transwell system.We observed an increase in protein nitration
in deciduas co-cultured with PBMC from LPS-treated mice and
this effect was reversed when animals were co-administered
with AG (Fig. 5).

In order to analyze whether decidual FAAH activity could
be modulated by protein nitration in our model, we
performed a FAAH immunoprecipitation using anti-FAAH
antibody in order to precipitate all nitrated proteins followed
by a Western blot detection using anti-nitrotyrosine
antibody. We observed an increased level of nitrated FAAH
protein in deciduas exposed to PBMC from LPS-treated mice.
Interestingly, this effect was reverted when deciduas were
exposed to PBMC from LPS and progesterone co-treated
mice (Fig. 6).

Fig. 2. Effect of in vivo administration of LPS on decidual FAAH
activity. LPS treatment induces a significant decrease of FAAH
activity in the deciduas of 7-day pregnant mice. ANOVA test;
statistics: a6¼b, P< 0.05 (n¼ 5).

Fig. 3. Effect of PBMC from LPS and/or progesterone-treated mice
on decidual FAAH activity from control mice. (A) Sketch of the
transwell system: decidual tissue from control 7-day pregnant mice
was placed in the lower chamber. PBMC from 7-day pregnant mice
subjected to different treatments were placed in the upper
chamber. Co-cultures were maintained for 12h. (B) Co-culture with
PBMC from LPS-treated mice negatively modulates the activity of
decidual FAAH. When mice are co-administered with
progesterone, this effect is prevented. ANOVA test, statistics: a6¼b,
P< 0.05 (n¼ 6).
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Discussion

The molecular mechanisms by which decidua infiltrating
PBMC play a role in LPS-induced embryo loss are still poorly
understood. It has been proposed that decidual cells,
placental villous stromal cells, and cytotrophoblasts have the
capacity to produce and secrete chemokines (Drake et al.,
2004). These chemokines are well-known leukocyte
chemoattractants and have an important role in promoting
PBMC invasion of the decidua. These invading activated
leukocytes exert, in turn, deleterious effects on decidual cells
by releasing excessive pro-inflammatory mediators (Wu
et al., 2012; Wolfson et al., 2015a). Here, we sought to
explore the role of infiltrating PBMC on the regulation of
decidual FAAH activity. The endocannabinoid system plays an
important role in the establishment and maintenance of
pregnancy and a dysregulation of this system could lead to
retarded embryo development, fetal loss and pregnancy
failure (Paria and Dey, 2000; Guo et al., 2005; Wang et al.,
2006a). In this sense, cumulative evidence suggests that
FAAH is a metabolic gatekeeper of the in situ AEA levels
maintaining an in vivo endocannabinoid tone in reproductive
tissues.

We have previously shown that in vitro treatment with LPS
induced an increase in FAAH activity in decidua explants
(Vercelli et al., 2009a). However, when we administered LPS in
vivo, we observed a decrease in decidual FAAH activity. These
seemingly disparate observations could be explained due to the
differences in an in vivo and an in vitro approach. Indeed, in vivo
administration of LPS to 7-day pregnant mice is accompanied
with an increased leukocyte infiltration of the decidua (Ogando
et al., 2003;Wolfson et al., 2015a) which is not present in the in
vitro experiments. Moreover, in our in vivo approach, the

Fig. 4. Effect of aminoguanidine (AG; an iNOS inhibitor) or quercetin (a peroxynitrite scavenger) on decidual FAAH activity. (A) Sketch of
the transwell system: decidual tissue from control 7-day pregnant mice was placed in the lower chamber. PBMC from 7-day pregnant mice
subjected to different treatments were placed in the upper chamber. Co-cultures were maintained for 12h. (B) Co-culture with PBMC from
LPS-treated mice negatively modulates the activity of decidual FAAH. When mice are co-treated with AG, this effect is prevented. ANOVA
test, statistics: a6¼b, P< 0.05 (n¼ 6). (C) Sketch of the transwell system: decidual tissue from control 7-day pregnant mice was placed in the
lower chamber. Decidua tissue cultures were pretreated with quercetin before exposing them to PBMC from LPS-treated mice placed in the
upper chamber. Co-cultures were maintained for 12h. (D) Co-culture with PBMC from LPS-treated mice negatively modulates the activity of
the decidual FAAH. When deciduas are pre-treated with quercetin, this effect is lost. ANOVA test, statistics: a 6¼b, P< 0.05 (n¼ 5).

Fig. 5. PBMC-derived NO induces an increase in total decidual
protein nitration, which is prevented with aminoguanidine (AG).
Co-culture of PBMC obtained from LPS-treated 7-day pregnant
mice increases the protein nitration levels in deciduas from control
7-day pregnant mice. This effect is reversed when animals are
co-treated with AG. Densitometric analysis of immunoblot assays.
ANOVA test, statistics: a 6¼b, P< 0.05 (n¼ 5).
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PBMC from LPS-treated mice showed increased NO
production (Wolfson et al., 2015a) and the leukocyte-
infiltrated decidua from these mice expressed higher mRNA
levels of cytokines and chemokines (Wolfson et al., 2015b).
Overall, the results presented here might resemble more
faithfully a pathophysiological process than our previous in
vitro approach.

The first trimester decidua is abundant in immune cells,
which comprise �40% of the total cells within the decidua
(Amsalem et al., 2008; Warning et al., 2011). It has been shown
that infiltrating PBMCs derived from themother during an early
stage of pregnancy promote trophoblast invasion at the
implantation site (Nakayama et al., 2002; Blois et al., 2011; Croy
et al., 2012). Under certain conditions, such us maternal
infection with gram-negative bacteria, these infiltrating PBMC
could be involved in the termination of pregnancy (Amsalem
et al., 2008). Using a transwell system, we found that in the co-
cultures of PBMC from LPS-treated mice with deciduas from
untreated mice, there was a reduction in decidual FAAH
activity and that this effect was reversed when PBMC were
obtained from LPS-treatedmice co-treated with progesterone.
Similarly, we had previously shown that in vitro cultured PBMC
from in vivo LPS-treated pregnant mice showed and increased
NO production and that in vivo co-administration with
progesterone reversed this effect (Wolfson et al., 2015b).
These results are in agreement with previous observations
showing that progesterone and other progestins exert
immunomulatory effects during pregnancy (Raghupathy et al.,
2005; Aisemberg et al., 2013; Wolfson et al., 2013; Tan et al.,
2015).

NO has a central role as a mediator of a plethora of
physiological processes. However, it becomes cytotoxic when
produced in excess. In the presence of superoxide anion, NO
generates peroxynitrite (ONOO�) which is highly oxidant and
contributes to peroxidative damage. Excessive production of
NO, which in turn generates high amounts of ONOO�, has
been associated with early pregnancy loss (Haddad et al., 1995;
Athanassakis et al., 1999; Ogando et al., 2003). In this sense, it

has been reported that NO levels in the blood from women
with recurrent pregnancy loss was higher than in control
patients (Makino et al., 2004) and that increased serum NO
levels were present in pregnant women with a history of
recurrent spontaneous abortion when compared to control
pregnant women (Wilson et al., 1997). Similarly, Raffaelli et al.
(2010) have recently reported that women with spontaneous
miscarriages or a history of recurrent spontaneous
miscarriages showed increased platelet NO and ONOO�

levels when compared to controls. Previous results from our
lab showed an increase of iNOS expression and NO
production in our model of LPS-induced early pregnancy loss
(Ogando et al., 2003; Aisemberg et al., 2007; Wolfson et al.,
2015b). Moreover, we have also shown that there is a complex
interaction between the NO system and the endocannabinoid
system, with cannabinoids inducing NO production in placenta
(Cella et al., 2008), uterus (Vercelli et al., 2009b), and decidua
(Vercelli et al., 2009a) and with NO modulating the uptake of
endocannabinoids (Maccarrone et al., 2000a). Consistent with
previous reports, we show here that PBMC-released NO in
turn modulates decidual FAAH activity and that this effect is
blocked in the presence of AG (an iNOS inhibitor) or of
quercetin (a peroxynitrite scavenger).

An increase in protein nitration levels is a hallmark of
oxidative injury caused by leukocyte infiltration to inflamed
tissues (Matata and Gali~nanes, 2002). Moreover, it has been
proposed that tyrosine nitration is a marker of tissue damage
and cell death (Franco and Est�evez, 2014). Here, we observed
increased total nitrotyrosine levels in deciduas from
untreated mice when exposed to LPS-activated PBMC. This
effect was abrogated when LPS-treated mice were co-treated
with AG, suggesting that, indeed, NO production mediates
the oxidative damage induced by activated PBMC on the
decidua from untreated mice. One of the mechanisms
responsible of tissue damage that has been proposed is the
ability of NO to alter protein activity by covalent
modifications, such as nitration/nitrosylation (Balafanova
et al., 2002; Vadseth et al., 2004). Indeed, it has been shown
that nitration/nitrosylation of proteins, such as prostacyclin I2
synthase (Salvemini et al., 2006), superoxide dismutase
(Ferrer-Sueta et al., 2002; Radi et al., 2002), and tyrosine
hydroxylase (Blanchard-Fillion et al., 2001), reduced their
enzymatic activity. We propose that NO produced by
activated PBMC induces tyrosine nitration of decidual FAAH,
therefore reducing its activity. The reduced catabolic activity
of FAAH leads to higher local levels of AEA and other
endocannabinoids which, in turn, leads to early embryo loss
and pregnancy failure. Furthermore, a reduced FAAH activity
could favor the AEA oxidative metabolism by COX-2 with
the production of prostamides, which have been recently
shown to be involved in pregnancy failure (Almada et al.,
2015). Overall, our results are in agreement with the
hypothesis of FAAH functioning as a metabolic gatekeeper
for the on-site levels of AEA in order to maintain an
appropriate endocannabinoid tone for a proper development
of pregnancy. In this sense, Wang et al. (2006c) have shown
that FAAH-deficient mice present impaired normal embryo
development and implantation, leading to pregnancy failure.
Moreover, it has been reported that low FAAH activity and
high AEA plasma levels were associated with failure to
achieve pregnancy in women subjected to in vitro fertilization
(Maccarrone et al., 2002). Furthermore, Maccarrone et al.
(2000b) found a correlation between decreased FAAH
activity in peripheral lymphocytes and higher risk of
miscarriage.

Taking together, our results point towards the participation
of infiltrating leukocyte-derived NO on the modulation of the
decidual endocannabinoid tone as an important mediator of the
embryotoxic effects of LPS.

Fig. 6. PBMC-derived NO induces decidual FAAH nitration. (A)
Co-culture of PBMC obtained from LPS-treated 7 day-pregnant
mice increases the level of nitration of decidual FAAH. This effect is
reversed when animals are co-treated with progesterone. (B)
Densitometric analysis of immunoblot assays. ANOVA test,
statistics: a6¼b, P< 0.05 (n¼ 4).
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