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a  b  s  t  r  a  c  t

Leukotrienes  (LTs)  are  5-lipoxygenase  (5-LO)  metabolites  which  are  implicated  in  sex-dependent  inflam-
matory  diseases  (asthma,  autoimmune  diseases,  etc.).  We  have  recently  reported  sex  differences  in
LT biosynthesis  in in  vitro  models  such  as  human  whole  blood,  neutrophils  and  monocytes,  due  to
down-regulation  of  5-LO  product formation  by  androgens.  Here  we present  evidences  for  sex  differ-
ences  in  LT  synthesis  and  related  inflammatory  reactions  in  an  in  vivo  model  of  inflammation  (mouse
zymosan-induced  peritonitis).  On  the  cellular  level,  differential  5-LO  subcellular  compartmentalization
in  peritoneal  macrophages  (PM)  from  male  and female  mice might  be  the  basis  for  these  differences.
Sex  differences  in vascular  permeability  and  neutrophil  recruitment  (cell  number  and  myeloperoxidase
activity)  into  peritoneal  cavity were  evident  upon  intraperitoneal  zymosan  injection,  with  more  promi-
nent  responses  in female  mice.  This  was  accompanied  by  higher  levels  of LTC4 and  LTB4 in  peritoneal
exudates  of  female  compared  to male  mice.  Interestingly,  LT  peritoneal  levels  in orchidectomized  mice
ex differences
ymosan

were higher  than  in sham  male  mice.  In  accordance  with  the  in  vivo results,  LT  formation  in stimulated
PM  from  female  mice  was  higher  than  in male  PM, accompanied  by  alterations  in 5-LO  subcellular  local-
ization.  The  increased  formation  of  LTC4 in  incubations  of PM from  orchidectomized  mice  confirms  a  role
of sex  hormones.  In  conclusion,  sex  differences  observed  in  LT  biosynthesis  during  peritonitis  in vivo  may
be  related,  at  least  in part,  to a variant  5-LO  localization  in  PM from  male  and  female  mice.

©  2014  Elsevier  Ltd. All  rights  reserved.
ntroduction

Leukotrienes (LTs) are biologically active lipid mediators with

ey roles in inflammation [1], including regulation of vascular
ermeability and of leukocyte extravasation and migration [2,3].
Ts derive from arachidonic acid (AA) through the action of

Abbreviations: 5-LO, 5-lipoxygenase; AA, arachidonic acid; cys-LTs, cysteinyl-
eukotrienes; DMEM, Dulbecco’s modified Eagle’s medium; EIA, enzyme immunoas-
ay; ERK, extracellular signal-regulated kinases; LTs, leukotrienes; MAPKs,
itogen-activated protein kinases; MPO, myeloperoxidase; ORCH, orchidec-

omized; PM,  peritoneal macrophages; PMSF, phenylmethylsulfonyl, fluoride; PG,
rostaglandin.
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5-lipoxygenase (5-LO), which converts AA to LTA4, representing
the first step in the synthesis of all LTs [4]. In fact, LTA4 can be
hydrolyzed to the chemotactic agent LTB4 by LTA4 hydrolase or con-
jugated with reduced glutathione by LTC4 synthase to form LTC4.
LTC4 is then metabolized by sequential proteolytic hydrolysis to
LTD4 and LTE4, which are together known as cysteinyl-LTs (cys-
LTs) with vascular actions. LT biosynthesis is regulated by different
mechanisms and among them post-translational modifications of
5-LO, including phosphorylation at serine residues, Ca2+ binding,
interactions with certain phospholipids and glycerides, and inter-
actions with 5-LO-activating protein and coactosin-like protein [4].
Also, LT synthesis is strongly influenced by the intracellular local-
ization of 5-LO and the amount of trafficable enzyme. Thus, 5-LO is
a soluble protein in the cytosol or nucleoplasm of resting cells, and
translocates to perinuclear membranes when intracellular Ca2+ lev-

els increase or/and after its phosphorylation by mitogen-activated
protein kinase (MAPK) [3,5–7].

LTs are implicated in a range of inflammatory diseases, often
presenting sex-related differences in the incidence and/or the
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ourse, such as asthma, allergic rhinitis, and autoimmune dis-
ases [8–10]. Interestingly, the sex has emerged as a fundamental
ariable for the LT pathway and we have recently reported sex dif-
erences in LT biosynthesis in in vitro models such as human whole
lood, neutrophils [11] and monocytes [12]. Thus, male sex hor-
ones repressed LT biosynthesis in human neutrophils by affecting

-LO localization via differential activation of extracellular signal-
egulated kinase (ERK) [11]. Also, sex-related differences in LT
iosynthesis were observed in human monocytes where, in vitro,
estosterone caused a repression of phospholipase D, resulting in
mpaired 5-LO product biosynthesis due to lack of activating dia-
ylglyceride [12]. Moreover, data from animal models showing
ex-specific attenuation of atheroma formation in dual 12-/15- and
-LO knock-out mice [13] and exclusive protection of female mice
rom platelet-activating factor-induced shock after knocking out of
he LTB4 receptor 1 [14] suggested a major contribution of LTs in
he pathophysiology of females. Nevertheless no in vivo data about
ex-dependent LT biosynthesis are available.

Here, we investigated whether the sex influences the production
f LTs in vivo, using zymosan-induced peritonitis as experimental
odel. This model displays all classical signs of acute inflammation,

ncluding increased vascular permeability, edema, leukocyte influx
nd release of inflammatory mediators. We  show for the first time,
hat LT production is sex-biased in vivo and significantly higher
n the peritoneum of female mice challenged with zymosan. The
ata indicate that this bias can be traced back to sex differences in
he LT-synthetic capacities of peritoneal macrophages (PM) and are
ccompanied by sex-specific 5-LO subcellular localization.

aterials and methods

aterials

Enzyme immunoassay (EIA) kits were from Cayman Chem-
cal Company (Aurogene, Rome, Italy). [3H-PGE2] was  from
erkinElmer Life Sciences (Milan, Italy). All other reagents and com-
ounds were obtained from Sigma–Aldrich (Milan, Italy).

nimals

Male and female CD-1 mice (8–9 weeks old, Charles River, Calco,
taly) were housed in a controlled environment (21 ± 2 ◦C) and
rovided with standard rodent chow and water. All animals were
llowed to acclimate for four days prior to experiments and were
ubjected to 12 h light – 12 h dark schedule. Experiments were
onducted during the light phase.

To investigate the impact of sex hormones, male mice were
rchidectomized (ORCH group) and allowed to recover for 5 weeks.
his time period ensures that sex hormones have been metabo-
ized and are no longer in the blood, and it is sufficient to allow
he turnover of immune cells generated under the influence of this
eproductive hormone [15,16]. In particular, orchidectomies were
erformed through scrotal incision. Sham groups were performed
hrough the similar procedures, except that the gonads were not
emoved. Plasma testosterone was measured with a commer-
ially available EIA (Cayman Chemical Company). The experimental
rotocols were approved by the Animal Care Committee of the Uni-
ersity of Naples Federico II, in compliance with Italian regulations
n protection of animals used for experimental and other scientific
urpose (Ministerial Decree 116/92) as well as with the European
conomic Community regulations (Official Journal of E.C. L 358/1
2/18/1986).
ymosan-induced peritonitis

Peritonitis was induced by i.p. injection (0.5 mL)  of zymosan
2 mg  mL−1 in saline, boiled and washed; Sigma, Milan, Italy). At
 Research 87 (2014) 1–7

selected time points after zymosan injection (0, 15, 30, 60, 120,
180 and 240 min), mice were euthanized and peritoneal exudates
were collected using 2 mL  of PBS. The cells were counted using
a light microscope in a Burker’s chamber after vital trypan blue
staining. Exudates were centrifuged at 20,000 × g for 20 min  and
supernatants and cell pellets were collected and frozen at −80 ◦C for
measurements of eicosanoids and myeloperoxidase (MPO) activ-
ity, respectively. The peritoneal exudate levels of LTC4 and LTB4
were measured by EIA kits according to manufacturer’s instruc-
tions (Cayman Chemical; Aurogene, Rome, Italy) and expressed as
ng mL−1.

Vascular permeability
Evans blue dye (40 mg  kg−1, 0.3 mL;  Sigma, Milan, Italy) was

injected into the tail vain followed by an i.p.  injection of zymosan
(0.5 mL;  2 mg  mL−1). After 0, 15, 30, 60, 120, 180 and 240 min, mice
were euthanized and peritoneal exudates were collected using
PBS (0.1 mL g−1 of body weight). After centrifugation, supernatants
(diluted 1:3) were analyzed for Evans Blue bound to plasma albu-
min  by reading at 610 nm in a plate reader (MultiskanGo, Thermo
Scientific).

MPO assay
The use of MPO  as an index of neutrophil infiltration is well doc-

umented [17]. Cell pellets were disrupted by sonication in 2 mL PBS
(50 mM,  pH 6) with 0.5% hexadecyltrimethylammonium bromide,
freeze-thawed three times and centrifuged (32,000 × g, 20 min) to
collect supernatants which were used in MPO  assay, performed as
described by Bradley et al. [17]. Briefly, 20 �l samples were added
to a 96 well plate and the reaction was  initiated by the addition
of 0.2 mL  of assay buffer containing 0.167 mg  mL−1 of o-dianisidine
and 0.0005% hydrogen peroxide. The rate of change of absorbance
was monitored in kinetic mode by a plate reader (IMarkmicroplate
Reader, Bio-Rad, Segrate, Milan, Italy). Levels of MPO  in samples
were determined from the calibration curve using human neu-
trophil MPO  as the reference standard. The levels of MPO  were
expressed as U mL−1.

Peritoneal macrophages

Resident PM were obtained by lavage of the peritoneal cavity
of mice with 7 mL  of cold Dulbecco’s modified Eagle’s medium
(DMEM) with heparin (5 U mL−1). PM were then centrifuged at
500 × g 4 ◦C for 5 min, resuspended at 1 × 107 cells mL−1 and 0.5 mL
of cell suspension were added to a 15 mL  conical polypropylene
tube for each experimental condition. Cells were then incubated at
37 ◦C with ionophore A23187 (4.5 mL,  final concentration 2.5 �M,
15 min), zymosan (4.5 mL,  final concentration 13 particles per cell,
30 min) or vehicle (0.25% dimethyl sulfoxide in DMEM for A23187
and DMEM for zymosan). EDTA at a final concentration of 4 mM was
added at the end of incubation time to A23187-stimulated cells. All
samples were then centrifuged at 500 × g at 4 ◦C for 5 min. Super-
natants were collected and frozen at −80 ◦C for measurements of
LTC4 and prostaglandin (PG)E2 by EIA (Cayman Chemical Company;
Aurogene, Rome, Italy) and radioimmunoassay (PerkinElmer Life
Sciences, Milan, Italy; Sigma, Milan, Italy) respectively. The cell pel-
lets were washed by resuspending in ice-cold PBS, centrifuged and
collected and frozen at −80 ◦C for 5-LO evaluation.

Cell disruption and fractionation
Total cell lysates were prepared by lysis for 15 min  at 4 ◦C with
lysis buffer (20 mM HEPES, pH 7.6, 1.5 mM MgCl2, 0.4 M NaCl,
1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM phenylmethanesulfonyl
fluoride (PMSF), 15 �g mL−1 soybean trypsin inhibitor, 3 �g mL−1

pepstatin A, 2 �g mL−1 leupeptin, 1% Nonidet P-40, 20% glycerol,
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Fig. 1. Sex-dependent differences in vascular permeability (A) peritoneal cell influx
(B) and MPO  activity (C) in zymosan-induced peritonitis in mice. Mice were
treated with zymosan (i.p.) and sacrificed at the indicated time points. Time zero
(T0) corresponded to untreated mice. Values represent means ± S.E.M.; (A) n = 8
mice; (B) n = 10 mice/T0; 15 min; n = 13 mice/30 min; n = 13–15 mice/60 min; n = 8
mice/120 min; 180 min for cell influx; n = 16 mice/240 min; (C) n = 12 mice/240 min.◦

p < 0.05;◦◦ p < 0.01;◦◦◦ p < 0.001 female vs female T0; * p < 0.05; ** p < 0.01; *** p < 0.001
A. Rossi et al. / Pharmaco

0 mM NaF). Lysates were centrifuged (12,000 × g, 15 min  4 ◦C), the
upernatants were collected and stored at −80 ◦C.

Subcellular fractionation was carried out by mild-detergent lysis
0.1% NP40) according to Werz and colleagues [6]. Isolated PM were
uspended in ice-cold NP-40-lysis buffer (10 mM Tris–HCl, pH 7.4,
0 mM NaCl, 3 mM MgCl2, 1 mM EDTA, 0.1%NP-40, 1 mM PMSF,
0 �g mL−1 soybean trypsin inhibitor and 10 �g mL−1 leupeptin),
ortexed (3×  5 s), kept on ice for 10 min, and centrifuged (1250 × g,
0 min, 4 C). Resultant supernatants (non-nuclear fractions) were
ransferred to a new tube whereas the pellets (nuclear fractions)
ere resuspended in ice-cold relaxation buffer (50 mM Tris–HCl,
H 7.4,250 mM sucrose, 25 mM KCl, 5 mM MgCl2, 1 mM EDTA,

 mM PMSF, 60 �g mL−1 soybean trypsin inhibitor, 10 �g mL−1 leu-
eptin). Both nuclear and non-nuclear fractions were centrifuged
1250 × g, 10 min, 4 ◦C) for further purification. Lysis of cells and
ntegrity of nuclei were confirmed by light microscopy with try-
an blue exclusion. Nuclei in relaxation buffer were disrupted by
onication (3 × 5 s).

nalysis of 5-LO from cellular fractions by SDS/PAGE and Western
lotting

Protein concentration was determined by Bio-Rad Protein Assay
Bio-Rad Laboratories, Segrate, Milan, Italy). The samples were

ixed with 4× gel loading buffer (250 mM Tris, 8% SDS, 40% glyc-
rol, 20% 2-mercaptoethanol, 10 mg  mL−1 of bromophenol blue),
eated for 6 min  at 95 ◦C. Each sample was loaded and analyzed by
lectrophoresis on a 10% SDS–polyacrylamide gel. Correct loading
f the gel and transfer of proteins to the nitrocellulose mem-
rane was confirmed by Ponceau staining. After electroblot to
itrocellulose membrane (Whatman Protran, Dassel, Germany),
embranes were blocked with 0.05% PBS/Tween containing 5%

SA for 2 h at room temperature. Membranes were washed and
hen incubated with primary antibody overnight at 4 ◦C. 5-LO (AK-
, 1551, affinity purified) and �-actin antibodies were used as
:1000 dilution. After the incubation, the membranes were washed
ix times with 0.1% PBS-Tween and were incubated for 1.5 h at
oom temperature with horseradish peroxidase-conjugated anti-
abbit and anti-mouse secondary antibodies diluted 1:10,000 in
.1% PBS-Tween containing 5% non-fat dry milk. The membranes
ere washed and protein bands were detected by an enhanced

hemiluminescence system.

tatistical analysis

The results are expressed as mean ± S.E.M. of the mean of n
bservations, where n represents the number of animals or num-
er of experiments performed in different days. The results were
nalyzed by Student t test. A p-value less than 0.05 was considered
ignificant.

esults

ymosan-induced peritonitis in male and female mice

ex differences in vascular permeability and cellular influx into
eritoneum

Increased vascular permeability is one of the primary steps in
nitiating inflammation leading to plasma leakage and swelling
18]. Intraperitoneal injection of zymosan induced an increase of
ascular permeability that reached its maximum after 60 min, with

 similar time-course in male and female mice (Fig. 1A). However,

ignificant sex differences were observed in the amount of dye
xtravasation, and higher vascular permeability was  observed in
emale vs male mice, particularly after 30 and 60 min  (p = 0.077 at
5 min; p < 0.05 at 30 and 60 min; Fig. 1A).
male vs male T0; # p < 0.05; ## p < 0.01 female vs male.

The extravasated plasma contains first-line chemotactic factors
(e.g., LTs) that mediate subsequent neutrophil influx, leading to
their accumulation in the inflamed tissue. In fact, zymosan induced
a slight cellular influx of neutrophils into mouse peritoneum that
was significant 120 min  after zymosan injection (p < 0.05 for male
and female mice) and was substantial at 240 min  in both genders

(p < 0.001 for male and female mice) (Fig. 1B). Interestingly, the
number of peritoneal cells was significantly higher in female than
in male mice at 240 min  (p < 0.05), which was accompanied by a



4 A. Rossi et al. / Pharmacological Research 87 (2014) 1–7

Fig. 2. Sex-dependent differences in LT biosynthesis in zymosan-induced peri-
tonitis in mice. (A, B) Mice were treated with zymosan (i.p.) and sacrificed at the
selected time points. Time zero (T0) corresponded to untreated mice. Values repre-
sent means ± S.E.M.; n = 8 mice/T0; n = 14–15 mice/15 min; n = 11–14 mice/30 min;
n  = 13–14 mice/60 min; n = 8 mice/120 min, 180 min  and 240 min.◦◦ p < 0.01;◦◦◦
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Table 1
Plasma testosterone levels (ng mL−1).

Male 2.00 ± 0.7
ORCH 0.050 ± 0.006*

Female 0.055 ± 0.008*

PM from female mice (isolated and treated side-by-side with male
PM)  stimulated with zymosan (p < 0.01; Fig. 4A) or with A23187
(p < 0.05; Fig. 4B) was significantly higher than in PM from male
mice, which is in line with the data obtained in the in vivo model.
 < 0.001 female vs female T0; * p < 0.05; ** p < 0.01; *** p < 0.001 male vs male T0;
p < 0.05 female vs male at time 60 min; ## p < 0.01 female time 15 and 30 vs male

ime 15 and 30.

igher MPO  activity (a neutrophil marker) in female mice (Fig. 1C;
 < 0.01).

ex differences in LT production
Zymosan injection resulted in a marked production of LTs in

he peritoneal exudates of male and female mice. In particular,
he amount of LTC4, the main 5-LO metabolite in this experi-

ental model [18,19], rapidly increased within 15–30 min  after
ymosan injection, and then sharply decreased at 60 min  (Fig. 2A).
hough similar kinetics were observed in both genders, LTC4 lev-
ls were significantly higher in female mice (15–30 min, p < 0.01;
0 min  p < 0.05), resulting in an absolute difference of about 2–3
old (Fig. 2A). LTB4 levels were much lower as compared to LTC4 and
howed a biphasic trend, but also a significant sex-dependent dif-
erence. In fact, a slight but significant early increase was observed
n both genders (p < 0.001), with a peak at 15 min  after peritoni-
is induction in male and at 30 min  in female, where levels were
ignificantly higher than in males (p < 0.01). No sex difference was
bserved in the late LTB4 increase (120–180 min) (Fig. 2B).
ffects of orchidectomy on LT production
To determine the relative impact of sex hormones on LT produc-

ion in zymosan-induced peritonitis, gonads from adult male mice
ere surgically removed. This procedure significantly decreased
Values represent mean ± S.E.M.; n = 9–10 mice/group.
* p < 0.05 vs male sham.

testosterone plasma levels in ORCH mice that were similar to lev-
els in female mice (Table 1). Compared with sham male mice, which
have higher testosterone levels in respect to ORCH mice, gonadec-
tomy caused a significant (p < 0.05) increase of LTC4 (Fig. 3A) and
LTB4 (Fig. 3B) production at 15 and 30 min  after zymosan injec-
tion, respectively. It is important to underline that the LT levels in
ORCH mice were similar to LT levels in female mice (Fig. 3A and B),
implying a negative role of testosterone on LT production.

Resident peritoneal macrophages from male and female mice

Sex differences in LT production
It has been reported that LTC4 is the main 5-LO-derived LT syn-

thesized by resident PM in zymosan-induced peritonitis [18,19].
Thus, we analyzed whether the observed sex differences in LTC4
production in vivo could be traced back to isolated PM in vitro. To
this aim resident PM were collected from adult male and female
mice at 4 ◦C to minimize cellular modification (according to [11])
and stimulated in vitro in suspension with zymosan (13 parti-
cles cell−1 corresponding to in vivo condition; 30 min, 37 ◦C) or
ionophore A23187 (2.5 �M;  15 min, 37 ◦C). Biosynthesis of LTC4 in
Fig. 3. Effects of orchidectomy on LT biosynthesis in zymosan-induced peritoni-
tis  in mice. ORCH and sham-operated mice were sacrificed at 15 (LTC4, A) and
30  min (LTB4, B) after zymosan (i.p.) treatment, respectively. Values represent
mean ± S.E.M.; n = 8–9 mice/time. * p < 0.05 ORCH vs male sham.
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Fig. 4. Sex-dependent differences in LTC4 biosynthesis in mouse peritoneal macrophages. LTC4 formation in resident PM induced by (A) zymosan (13 particles cell−1; 30 min,
37 ◦C) or (B) A23187 (2.5 �M;  15 min, 37 ◦C). Data are expressed as means ± S.E.M. from n = 2 (zymosan) or n = 4 (A23187) independent experiments performed in triplicates,
each. # p < 0.05; ## p < 0.01 stimulated PM from female vs stimulated PM from male mice. (C) 5-LO protein expression in resident PM was analyzed by immunoblotting of
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otal  cell lysates. Results are representative of three independent experiments. (D, 

ymosan (13 particles cell−1; 30 min, 37 ◦C) or A23187 (2.5 �M;  15 min, 37 ◦C) analy
f  mild-detergent (0.1% Nonidet P-40)-lysed cells. Data are representative of 2–4 in

Next, we  analyzed if the difference in the LTC4 production
etween activated female and male PM was accompanied by differ-
nt 5-LO protein levels or subcellular localization and/or observed
lso for other AA metabolites relevant in PM (e.g., PGE2). Interest-
ngly, while the absolute 5-LO protein levels were not different
etween genders (Fig. 4C), a difference in 5-LO subcellular local-

zation was observed (Fig. 4D and E). In fact, 5-LO was  found
ainly in the non-nuclear fraction of resting cells from female mice
hereas in PM from male mice (isolated and treated side-by-side
ith female PM) 5-LO was detected in both the non-nuclear and

n the nuclear fraction of resting cells, indicating a sex-dependent
ocalization of the 5-LO enzyme. When PM were stimulated with
23187 (2.5 �M;  15 min, 37 ◦C, Fig. 4D) or zymosan (13 particles
ell−1; 30 min, 37 ◦C, Fig. 4E), translocation of cytoplasmic 5-LO
o the nuclear fraction was observed in both genders (Fig. 4D and
).

Importantly, the biosynthesis of cyclooxygenase-derived AA

etabolite PGE2 did not vary between female and male after

ymosan (13 particles cell−1; 30 min, 37 ◦C) (Fig. 5A) or A23187
2.5 �M;  15 min, 37 ◦C) (Fig. 5B) stimulation, also suggesting that
he sex-difference in LT synthesis was specific for LTs.
cellular localization of 5-LO in resident PM from female and male mice induced by
 immunodetection of 5-LO in the nuclear (Nuc) and non-nuclear (Non-N) fractions
dent experiments.

Effects of sex hormones on LT production
To assess the role of orchidectomy on LT production in PM from

adult male mice, we  finally analyzed the LTC4 levels in PM iso-
lated from ORCH mice. Compared with PM isolated from sham male
mice, ORCH caused a significant (p < 0.05) increase of LTC4 biosyn-
thesis after stimulation of cells with A23187 (2.5 �M;  15 min, 37 ◦C)
(Fig. 6). Interestingly, the in vitro treatment of PM with testosterone
(100 nM;  30 min, 37 ◦C), 5�-dihydrotestosterone (10 nM;  30 min,
37 ◦C), or 17�-estradiol (100 nM;  30 min, 37 ◦C) did not affect LTC4
generation in PM from male mice (data not shown) suggesting that
the LT sex difference is seemingly caused by the in vivo actions of
male reproductive steroid hormones.

Discussion

Inflammatory disorders are often characterized by sex-related
differences, but there is only a limited knowledge on the mech-

anisms and pathways involved. Here, we  demonstrate that the
biosynthesis of the pro-inflammatory LTs is sex-biased in vivo,
by the use of a well-established model of acute inflammation,
that is, zymosan-induced peritonitis in mice [18–20]. Thus, we
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r  (B) A23187 (2.5 �M; 15 min, 37 ◦C). Data are expressed as means ± S.E.M. from n

howed that the levels of LTC4 and LTB4 were significantly higher
n the inflamed peritoneum of female than male mice, which

as followed and/or accompanied by sex differences in relevant
nflammation parameters. In fact, higher vascular permeability and
eutrophil extravasation were observed in females. Finally, the
nalysis of isolated PM allowed the identification of sex-related
ifferences in LT formation at the cellular level, accompanied by

 differential subcellular localization of 5-LO, which was in agree-
ent with previous findings in vitro in human cells [11]. Taking

ogether, our data suggest LTs and their production as critical
actors for sex-related differences in inflammation, with in vivo rel-
vance in determining the amplitude of the acute response and
ossible significance in inflammatory diseases.

Increased vascular permeability is one of the primary steps
nvolved in initiating the inflammatory process and is a prereq-
isite for the leakage of plasma into the inflamed tissue. The i.p.

njection of zymosan in mice induced an inflammatory reaction
haracterized by early vascular permeability and steady increase
f protein leakage into the peritoneum in the first 60 min. Interest-
ngly, these events were more robust in female than in male mice,
mplying a more pronounced inflammatory response in female

nimals. Vascular permeability represents, however, a highly regu-
ated multistep process mediated by inflammatory mediators, and
ys-LTs are particularly recognized as potent vascular-regulating
gents through the interaction with the cysLT1 receptor [21,22].

ig. 6. Effects of orchidectomy on LTC4 production in stimulated-peritoneal
acrophages from male mice. LTC4 formation in resident PM from orchidectomized

ORCH) and sham-operated mice induced by A23187 (2.5 �M;  15 min, 37 ◦C). Data
re expressed as means ± S.E.M. from n = 3 independent experiments performed in
riplicates, each. * p < 0.05, stimulated PM from ORCH mice vs stimulated PM from
ham male mice.
rmation in resident PM induced by (A) zymosan (13 particles cell−1; 30 min, 37 ◦C)
mosan) n = 4 (A23187) independent experiments performed in triplicates, each.

We  observed that LTC4 levels rapidly raised after zymosan injec-
tion (peaking at 15–30 min) and were significantly higher in female
mice, suggesting that the sex differences in vascular permeability
could be due, at least in part, to differential LT biosynthesis.

Previous studies showed that the dominant peritoneal leuko-
cyte population in the early phase of the inflammatory response
in CD1 mice are resident macrophages (about 95%, [20]), which
are known to mainly synthesize LTC4 as 5-LO products [18,19]. In
fact, it has been reported that macrophage depletion caused a pro-
found decrease of LTC4 production and vascular permeability in
zymosan-induced peritonitis [18]. It is important to underline that
resident peritoneal cells consist of a mixture of cell types including
macrophages, granulocytes and lymphocytes, but the proportion of
these cell types can vary. In fact, the number and type of resident
peritoneal cells depends on the mouse strain utilized. For example,
in outbred CD1 mice resident cells are predominately macrophages
(95% [20]), while in inbred C57BL/6 mice the peritoneal cells are
macrophages, T lymphocytes and B lymphocytes [16], reflecting
a probable different inflammatory mediator production and sub-
sequent chemotaxis, as observed in the different time-course of
cell infiltration in CD1 [20, present data] and C57BL/6 mice [16].
Though small sex differences have been reported in the number
of resident leukocytes (macrophages, T lymphocytes and B lym-
phocytes) in C57BL/6 mice [16], we neither observed a significant
sex bias in the amount of peritoneal cells in untreated CD-1 mice
nor within the first 180 min  after zymosan injection. In particular,
under our experimental conditions and according to the findings
by Doherty and colleagues [20], zymosan injection induced a slight
peritoneum cellular influx of neutrophils until 180 min in CD1 mice,
a phenomenon that was very pronounced in C57BL/6 mice [16]. In
contrast to CD1 mice, in the inbred strain the peak of cell infiltra-
tion occurred at 180 min  with higher number of cells in male mice
with respect to female mice. Instead, cell numbers as well as MPO
activity in the CD1 mouse peritoneum (which is an index of neu-
trophil infiltration) were significantly higher in female than in male
mice after 240 min, suggesting that chemotaxis and/or migration of
neutrophils was superior in female vs male animals challenged with
zymosan.

Interestingly, the extravasation and accumulation of neu-
trophils appeared as a delayed event as compared to the rapid
protein leakage and might be attributable to slow migration of
neutrophils from the vascular system [20,23,24], leading to pre-
dominance of neutrophils in the peritoneum only at 240 min  after

zymosan injection, as observed by others before [20]. In contrast
to the substantial amount of rapidly synthesized LTC4, the con-
comitant levels of LTB4 were about 500-fold lower (<0.3 ng mL−1)
and, though increased in a biphasic manner with a delayed peak
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120–180 min), were still minute (<3 ng mL−1) as compared to LTC4
t a later time point. Note that neutrophils produce much more LTB4
han LTC4 [11]. Conclusively, we suggest that the LTC4 peak in the
arly phase (15 and 30 min) is produced by peritoneum resident
acrophages while the delayed peak (120–180 min) in LTB4 syn-

hesis is supported by accumulating neutrophils. Because the levels
f chemotactic LTB4 in female animals were twice as high as in male
ice the more sustained neutrophil influx in female animals may

e explainable.
Androgens were previously shown to suppress LT biosynthesis

n human monocytes [12] and neutrophils [11] leading to lower
T-synthetic capacities of cells from males. Androgen-dependent
uppression of LT biosynthesis during zymosan-induced peritoni-
is is reflected by increased levels of LTC4 and LTB4 found in male

ice after orchidectomy which are similar to female mice and
hich we suggest to be related to the lack of 5-LO-suppressive

ndrogens. It is important to underline that LT levels as well
s testosterone levels were similar in male ORCH and female
ice.
As mentioned above, resident PM are seemingly responsible for

T production in zymosan-induced peritonitis. Interestingly, a sex
ifference in LTC4 production in PM,  activated with different stimuli
uch as zymosan and A23187, was observed also in vitro, suppor-
ing that differential regulation of 5-LO product synthesis in the
ell may  account for the in vivo bias of LT levels. Interestingly, pro-
ein 5-LO levels were not different between males and females, but
ex-differences were observed for 5-LO subcellular localization in
ine with our previous observation in vitro in human neutrophils
11]. In particular, differences in basal 5-LO localization (i.e., higher
evels of nuclear 5-LO in unstimulated PM from males) resulted in

 reduced trafficable 5-LO protein in stimulated male PM,  corre-
ating to lower 5-LO product synthesis vs female cells. Higher LTC4
ynthetic capacity of PM from male ORCH mice was observed, sug-
esting a prevalent role of androgens as responsible factors causing
ex differences in LT biosynthesis in PM,  according to our previous
ndings in neutrophils [11] and monocytes [12]. On the other hand,
he in vitro treatment of PM with testosterone failed to modulate LT
iosynthesis, which could be related to characteristics acquired in
his specific cell type during cell differentiation. Note that the lev-
ls of the cyclooxygenase-derived PGE2 were instead equal in PM
rom male and female mice, indicating selective bias on the 5-LO
athway within eicosanoid biosynthesis.

onclusions

In conclusion our data reveal significant sex differences in the
iosynthesis of LTs in mouse zymosan-induced peritonitis, which
ere associated with variant inflammatory responses. On the cel-

ular level, differential 5-LO subcellular compartmentalization in
M from male and female mice might be the basis for these differ-
nces. Notably, tissue-resident macrophages represent the first line
f defense against invading pathogens and activate immunological
nd inflammatory responses [25]. Therefore, the data presented
ere add significant insights into the understanding of basic sex
ifferences in mounting inflammatory responses, with possible
herapeutic implications for a sex-tailored treatment of related dis-
rders.
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