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Introduction
Leukotrienes (LTs) are potent lipid mediators of inflammation
and immunity, with established roles in asthma and allergic rhini-
tis, but also in atherosclerosis, cardiovascular disease, and cancer
(1, 2). For LT biosynthesis, arachidonic acid (AA) is released from
phospholipids by cytosolic phospholipase A, (cPLA) and delivered
to 5-lipoxygenase (5-LO) by the nuclear membrane-bound 5-LO-
activating protein (FLAP) for conversion to 5-hydro(pero)xyeico-
satetraenoic acid (5-H[p]ETE) and then to LTA, (2). The epoxide
LTA, can be metabolized to LTB, or to cysteinyl-LTs (cysLTs), which
induce leukocyte activation or confer smooth muscle contraction
and vascular leakage, respectively (1). In order to access liberated
AA in the cell, 5-LO translocates to the nuclear membrane, binds
via its C2-like domain to phosphatidylcholine, and assembles a
dynamic complex with FLAP and AA, which is temporally regu-
lated and considered pivotal for LTA, biosynthesis (3-7).

Sex differences in the incidence of LT-related diseases (e.g.,
severe asthma, autoimmune diseases, and allergic rhinitis, which
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Proinflammatory leukotrienes (LTs) are produced by 5-lipoxygenase (5-L0) aided by 5-LO-activating protein (FLAP). LT
biosynthesis inhibitors are currently under clinical investigation as treatments for respiratory and cardiovascular diseases.
Here, we have revealed a sex bias in the efficiency of clinically relevant LT biosynthesis inhibitors, showing that their effects
are superior in females. We found that androgens cause these sex differences by impeding the LT-biosynthetic 5-LO/FLAP
complex assembly. Lower doses of the FLAP inhibitor MK886 were required to reduce LTB, levels in exudates of female versus
male mice and rats. Following platelet-activating factor-induced shock, MK886 increased survival exclusively in female

mice, and this effect was abolished by testosterone administration. FLAP inhibitors and the novel-type 5-LO inhibitors
licofelone and sulindac sulfide exhibited higher potencies in human blood from females, and bioactive 5-LO/FLAP complexes
were formed in female, but not male, human and murine leukocytes. Supplementation of female blood or leukocytes with
S5a-dihydrotestosterone abolished the observed sex differences. Our data suggest that females may benefit from anti-LT
therapy to a greater extent than males, prompting consideration of sex issues in LT modifier development.

all dominate in females) are evident (8-10), and sex is recently
emerging as a key variable for the regulation of various lipoxy-
genases. Thus, sex differences in LT biosynthesis exist in human
neutrophils and monocytes as well as in murine peritoneal mac-
rophages (PMs), and androgens downregulate LT formation by
affecting 5-LO cell biology (11-13). In zymosan-induced peritoni-
tis, higher LT biosynthesis in female mice in vivo was connected
to increased vascular permeability and neutrophil recruitment
versus male animals (13). Moreover, a sex-specific attenuation of
atheroma formation was observed in dual 5-LO and 12/15-LO KO
mice (14), and deletion of the LTB, receptor BLT1 protected female,
but not male, mice in the platelet-activating factor-induced (PAF-
induced) shock model (15). Recently, sex differences in resolu-
tion of inflammation (cantharidin-induced skin blisters in healthy
humans) were connected to higher D-resolvin formation in female
neutrophils (16) and estradiol was shown to reduce the biosynthe-
sis of lipoxin A, (produced by 15-LO and 5-LO), accounting for
attenuated corneal epithelial wound healing in female mice (17).
Together, these observations call for consideration of sex issues in
evaluating the therapeutic potential of LT biosynthesis modifiers.

Clinically relevant LT-modifying agents include inhibitors
of FLAP or 5-LO, which are currently under clinical investigation
as candidates for the treatment of respiratory and cardiovascular
diseases (18, 19). Despite intensive research, only the direct 5-LO
inhibitor zileuton entered the market as an antiasthmatic drug,
while other compounds failed in clinical trials due to lack of efficacy
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Figure 1. Sex differences in the production of LTB, and in the potency of LT biosynthesis inhibitors in vivo. (A) LTB, levels in the thoracic cavity 2 hours
after A-carrageenan injection in male and female rats. n = 35 (5 rats/sex in 7 experiments); unpaired 2-tailed t test. Data passed normality test. ***P < 0.001.
(B) Effects of zileuton and MK886 on pleural LTB, levels in male and female rats 2 hours after A-carrageenan injection. Vehicle or compounds were injected
i.p. 30 minutes prior to A-carrageenan. Data show percentage of controls, mean + SEM. For 10 mg/kg zileuton and 0.5 mg/kg MK886, n =10 (5 rats/sex in

2 experiments); for the other doses, n = 5 (5 rats/sex in 1 experiment). The different doses were tested in independent experiments performed side by side
with male/female rats and controls. *P < 0.05; **P < 0.01vs. corresponding males, ANOVA plus Bonferroni. (C) LTB, levels in the peritoneal cavity 15 minutes
after i.p. zymosan injection in male and female mice. n = 5 (5 mice/sex in 1 experiment); unpaired 2-tailed t test. (D) Mice received 1 mg/kg MK886 or 0.5
mg/kg 5a-DHT or vehicle 30 minutes prior to zymosan injection. LTB, levels in the peritoneal cavity of male and female mice were assessed 15 minutes after
i.p. zymosan. n =5 (5 mice/sex in 1 experiment); ANOVA plus Bonferroni. (E) Plasma levels of MK886 after i.p. injection of 1 mg/kg in male and female mice
at 0, 30, 60, and 240 minutes after administration. n = 3 (3 mice/sex in 1 experiment); no significant differences, ANOVA plus Bonferroni.

or toxicity (19). However, either published studies did not examine
sex subgroups separately or sex-related effects were not reported.
In fact, a uniform approach is traditionally assumed for women and
men in biomedical research (20), although sex may influence both
pathophysiology and efficacy of therapeutics as well as pharmaco-
kinetics (e.g., drug metabolism) and pharmacodynamics (21-23).
However, the knowledge of the biological basis of sex differences
is often insufficient to support the inclusion of sex as a variable in
pharmacological studies, and sex differences in drug response have
been identified mainly during the pharmacovigilance phase and
not during the preclinical and clinical development of compounds.
Here, we present preclinical in vivo and in vitro evidence that points
out that the effectiveness and potency of certain LT biosynthesis
inhibitors depend on the sex, mediated by androgens. Our data
show that androgens prevent the tight LT-biosynthetic 5-LO/FLAP
complex assembly at the nuclear membrane, possibly explaining
why LT biosynthesis inhibitors, which act by inhibiting the 5-LO/
FLAP interaction, are less efficient in males.

Results

Sex differences in the effects of LT biosynthesis inhibitors in vivo. We
analyzed LT biosynthesis in 2 different well-established in vivo
models of acute inflammation, rat carrageenan-induced pleurisy
and mouse zymosan-induced peritonitis, considering the sex of
the animals. In the pleurisy model, the levels of LTB, in the pleural
exudates at 2 hours after carrageenan injection were significantly
higher (2.8 times) in females than in males (Figure 1A). Both the iron
ligand-type 5-LO inhibitor zileuton, an N-hydroxyurea used in asth-
ma therapy (24), and the FLAP inhibitor MK886 (25, 26) were sig-
nificantly more potent in female than in male rats after carrageenan
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injection, and ID,  values were 3.9 and 7.2 times higher in males
than in females for zileuton and MK886, respectively (Figure 1B).

During acute peritonitis, the levels of LTB, (15 minutes after
zymosan injection) were 2.3-fold higher in peritoneal exudates
from female versus male mice (Figure 1C). Androgens caused rap-
id (within minutes) impairment of 5-LO product formation in vitro
(11, 12) and in vivo (13) and may account for the sex bias in the effi-
ciency of LT biosynthesis inhibitors. In fact, pretreatment of female
mice, but not of male mice, with 0.5 mg/kg 50-dihydrotestosterone
(50-DHT) (i.p., 30 minutes prior to zymosan) suppressed LTB, lev-
els in the peritoneal exudates (Figure 1D). MK886 (1 mg/kg) was
more effective in lowering LTB, in exudates of female (by 77%) ver-
sus male mice (by 50%) (Figure 1D), although MK886 plasma lev-
els (within 240 minutes) were not significantly different between
sexes (Figure 1E), implying similar pharmacokinetics.

LTsplay a critical role in the lethal shock induced by PAF in mice
(27), a suitable model for evaluation of LT biosynthesis inhibitors in
vivo. Only 23% of male and 32% of female conscious and nonanes-
thetized mice survived after i.v. injection of 200 ng/kg PAF, without
significant difference between the sexes (total: 49 male and female
mice each in 9 experiments). Male animals typically died within 20
minutes (95% CI: 17-23 minutes), which was not significantly dif-
ferent from females (25 minutes; 95% CI: 20-30 minutes). Admin-
istration of zileuton (10 mg/kg, i.p.) or MK886 (0.5 mg/kg, i.p.)
selectively improved survival of female mice, but did not provide
any advantage in male animals (Table 1). Administration of testos-
terone propionate (3 mg/kg/day, s.c.) for 10 days to female mice did
not modify PAF-induced mortality rate (Table 2). However, testos-
terone abolished the beneficial effects of MK886 (0.5 mg/kg, i.p.),
but not of zileuton (10 mg/kg, i.p.), in female mice (Table 2). Taking
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Table 1. Sex differences in the effects of zileuton and MK886 in
the PAF-induced shock of mice

% Survival (survivors/total)

Compound Male Female

Vehicle* 36% (4/11) 30% (3/10)
Zileuton® 20% (2/10) 70% (7/10)
MK886° 30% (3/10) 70% (7/10)

AVehicle, 500 pl of 0.9% saline solution containing 2% DMSO. ®*Zileuton, 10
mg/kg. ‘MK886, 0.5 mg/kg, given i.p. 30 minutes prior to i.v. injection of
200 pg/kg PAF.

these data together, LT formation in vivo during acute inflammation
is higher in female versus male animals, and the LT biosynthesis
inhibitor MK886 is more effective in females.

Sex-related differences in 5-LO product biosynthesis in human
blood and effects of direct 5-LO inhibitors. In order to also explore the
observed sex differences in humans, we analyzed 5-LO product
formation of freshly drawn peripheral blood (i.e., 10 minutes after
blood sampling) from male and female healthy donors after treat-
ment with different stimuli. In agreement with previous findings
(11), stimulation with LPS together with mediators of inflammation
and anaphylaxis (i.e., N-formyl-methionyl-leucyl-phenylalanine
[fMLP] or PAF) or with Ca?-ionophore A23187 led to significantly
higher 5-LO product formation in female versus male blood (Figure
2A). Note that the ratio in the formation of individual 5-LO products
(i.e., LTB,, its trans isomers, and 5-hydroxyeicosatetraenoic acid
[5-HETE]), including the LTB, metabolite 20-OH-LTB,, between
male and female blood was similar (0.41-0.59; Supplemental Table
1; supplemental material available online with this article; https://
doi.org/10.1172/JC192885DS1). 20-COOH-LTB, was not detect-
able. A tendency toward higher 5-LO product formation in female
blood was also observed with ionomycin as stimulus (Figure 2A).

In order to assess the efficiency of LT synthesis inhibitors in
more detail, analysis of 5-LO product formation evoked by LPS/
fMLP in blood was performed in a larger sample population by
liquid chromatography tandem mass spectrometry (LC-MS/
MS) (28), where other AA-derived lipid mediators could also be
monitored. After analysis of 35 male and female donors in paired
experiments, LPS/fMLP-stimulated 5-LO product formation
was 2.6-fold higher in female versus male blood (Figure 2B; 95%
CI: 2.1-3.0). LTB, and 5-H(p)ETE were the major 5-LO products
formed, with constantly higher levels in females (Figure 2B), while
only traces of LTC, were detected (Supplemental Figure 1). Par-
tially higher basal levels of 8-, 11-, 12- and 15-HETE were observed
in unstimulated male blood, but this difference vanished after
stimulation (Supplemental Figure 1).

Next, the potencies of direct 5-LO inhibitors were evaluated
side by side in male and female blood. Zileuton efficiently inhibited
5-LO product formation in blood of both sexes. Although a more
pronounced reduction was evident in female versus male blood
when absolute amounts of 5-LO products were considered (Figure
2C), no sex difference in the IC, values was evident after normal-
ization of data as percentage of uninhibited (=100%) control (Figure
2D and Supplemental Table 1). In analogy to zileuton, no significant
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sex bias was observed in the potency of other direct 5-LO inhibitors,
irrespective of the molecular mechanism of interference with 5-LO.
Thus, the iron ligand-type 5-LO inhibitor BWA4C, the redox-type
inhibitor AA-861, the nonredox-type inhibitor ZM230487, and also
celecoxib and compound 11a (identified as 5-LO inhibitors; refs.
29, 30) gave equal IC,  values in male and female blood, with only
minor differences in the efficiency at defined concentrations (Sup-
plemental Figure 2 and Supplemental Table 2).

Distinct inhibitors of LT synthesis show higher efficiency in female
than in male blood. Release of AA from phospholipids by cPLA o
and its transfer via FLAP to 5-LO is critical for LT biosynthesis. A
specific cPLA o inhibitor (pyrrolidine-1 or RSC-3388) blocked 5-LO
product formation in LPS/fMLP-stimulated blood from males and
females equally well (Supplemental Figure 2 and Supplemental
Table 1). In contrast, the FLAP inhibitor MK886 was significantly
more potent in female blood, and total suppression was observed in
male blood only at a concentration 10 times higher than in females
(30 versus 3 uM; Figure 3A; Supplemental Table 1). Similarly, the
FLAP inhibitor from the quinoline series BAY-X 1005 (31), also
known as DG-031 or veliflapon, was significantly more potent
in female than in male blood (Figure 3B), and a similar tendency
was observed for the FLAP inhibitor MK591, an indole-quinoline
hybrid (Supplemental Table 2). Finally, licofelone (a biphenyl pyr-
rolizine) and sulindac sulfide (Ssi, an indene derivative), which are
classified as novel-type 5-LO inhibitors that preferentially interfere
with cellular activation of 5-LO by blocking 5-LO translocation to
the nuclear membrane where FLAP resides (32, 33), were effec-
tive only in female blood (Figure 3B and Supplemental Table 1).
Together, FLAP inhibitors and distinct novel-type 5-LO inhibitors
that block 5-LO nuclear translocation are more efficient in female
blood, whereas no sex differences were observed for a cPLA, inhib-
itor and various types of direct 5-LO inhibitors.

In agreement with our previous study (11), preincubation
of blood from females with 5a-DHT (10 or 30 nM) significantly
reduced the synthesis of 5-LO products (LTB,, its trans isomers,
20-OH-LTB,, and 5-HETE) upon stimulation with A23187 (Sup-
plemental Table 1) or with LPS/fMLP where 5¢-DHT pretreat-
ment of blood from males caused no change (Figure 3C). The sex
hormones 17-estradiol (30 nM) and progesterone (1 pM) were

Table 2. Testosterone abolishes the effect of MK886 in the PAF-
induced shock of female mice

% Survival (survivors/total)

Compound Control* Testosterone*
Vehicle® 0% (0/5) 0% (0/15)
Zileuton® 40% (2/5) 33% (5/15)
Vehicle® 10% (1/10) 5% (1/20)
MK886° 60% (6/10) 15% (3/20)¢

AFemale mice were treated daily over 10 days with subcutaneous injection
of sesame oil (100 pl, control) or testosterone propionate (3 mg/kg).
BVehicle, 500 pl of 0.9% saline solution containing 2% DMSO. “Zileuton,
10 mg/kg. °"MK886, 0.5 mg/kg; given i.p. 30 minutes prior to i.v. injection
of 200 pg/kg PAF. EP = 0.0301 vs. control (without testosterone); 2 sided
Fisher’s exact test.
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without significant effect in this respect. 5a-DHT did not modify
the efficiency of the direct 5-LO inhibitor zileuton in both male
and female blood (Figure 3D). However, 50-DHT significantly
impaired the effects of MK886 and licofelone in female, but not in
male, blood, and a similar tendency was observed for Ssi (Figure
3D). In contrast, the efficiency of the inhibitors was not signifi-
cantly affected by 17f-estradiol and progesterone.

Sex-related effects of LT biosynthesis inhibitors in neutrophils and
monocytes. Sex-related potencies of LT biosynthesis inhibitors in
blood might derive from diverse effects in LT-generating cells.
Neutrophils and monocytes account for 80% and 20% of 5-LO
products in blood, respectively (34), which is in agreement with
the relative number of neutrophils and monocytes in blood (neu-
trophils were 81.0% * 2.3% in males and 84.0% + 1.8% in females
of the total number of neutrophils plus monocytes; n = 6). While
eosinophils are major sources for cysLTs in asthmatic airways
(35), they are sparsely present in blood (1%-4% of leukocytes) and
require laborious isolation where reversible androgen effects may
vanish (11), making respective studies with isolated eosinophils
difficult. After normalization on the sum of neutrophils and mono-
cytes, the amount of 5-LO products was higher in LPS/fMLP-stim-
ulated blood from females versus males (Supplemental Figure 3A).
Accordingly, formation of 5-LO products in isolated neutrophils
and monocytes from females stimulated by LPS/fMLP was higher
compared with those in male cells, while the products of other LOs
were either not different or even partially higher in males (e.g., 12-
and 15-HETE in monocytes; LC-MS/MS in Supplemental Figure
3). Inintact cells, LTB, was detected as the main 5-LO product and
thus evaluated in subsequent inhibitor studies.

In female neutrophils, superior potencies of MK886 and
licofelone were observed compared with those in males (Fig-
ure 4A), which were abolished upon preincubation at 37°C with
50-DHT (Figure 4B). The less pronounced sex bias under these
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Figure 2. Sex-related differences in 5-LO product biosynthesis in human
blood and effects of zileuton. (A) Formation of 5-LO products (i.e., LTB,,
its trans isomers, and 5-HETE) in male and female whole blood stimulated
with LPS (1 ug/ml; 30 minutes) plus fMLP (1 uM; 15 minutes) or plus PAF
(1 uM; 15 minutes), ionomycin (50 pM; 15 minutes), or A23187 (30 uM; 10
minutes) at 37°C. Data are expressed as ng/ml plasma, lines connect dots
corresponding to the pair-wise male/female analyses at different experi-
mental days; paired 2-tailed t test. (B) 5-LO product formation in male
and female whole blood stimulated with LPS/fMLP (DMSO, 0.2%). Data
are expressed as ng/ml plasma, n = 35; paired 2-tailed t test. Data passed
normality test. Left panel: all 5-LO products; bars indicate means. Middle
panel: all 5-LO products; lines connect dots corresponding to the pair-wise
male/female analyses at different experimental days. Right panel: data
for LTB, and 5-HETE. (C and D) Effects of zileuton on 5-LO product forma-
tion in male and female whole blood stimulated with LPS/fMLP. Data are
expressed as ng/ml plasma (C) or percentage of control (D); mean + SEM;
n =4 male and n = 4 female. *P < 0.05; **P < 0.01; ***P < 0.001.

conditions (compared with whole blood, Figure 3, A and B) may
depend on the reversibility of the hormonal effects during and
after cell isolation from blood (11). No significant sex- or 5a-DHT-
related difference was observed for zileuton and Ssi (at 1 and 10
uM, respectively, concentrations higher than the IC_; Figure
4A and Supplemental Figure 4). In monocytes, licofelone and
Ssi were more active in females, and zileuton and MK886 were
instead equally potent between the sexes (Figure 4C and Sup-
plemental Figure 4). Preincubation of monocytes with 50-DHT
partially reduced the effect of Ssi in female cells (Supplemental
Figure 4). Notably, the mechanisms for sex-related differences
in 5-LO product formation were cell type dependent: in neutro-
phils, agonist-induced 5-LO nuclear membrane association dif-
fered between male and female cells (11), while in monocytes, sex
differences in 5-LO activity were instead related to variant PLD
activities (12). Conclusively, some sex differences observed in
whole blood seem to be mediated by neutrophils (MK886) and
others by monocytes (Ssi) or both cell types (licofelone), and
androgens are seemingly responsible for these differences.
5-LO/FLAP complex assembly is sex dependent and blocked by
50-DHT. A common feature of those LT synthesis inhibitors that
were affected by the sex or 5a-DHT is their ability to prevent 5-LO/
FLAPinteraction, either by blocking 5-LO nuclear translocation (i.e.,
licofelone and Ssi) (32, 33) or by direct binding to FLAP (i.e., MK886
and BAY-X 1005) (7). We thus hypothesized that a sex bias in 5-LO/
FLAP interaction, due to androgens, might underlie the differ-
ent efficiencies of FLAP inhibitors and licofelone/Ssi. 5-LO/FLAP
complex assembly at the nuclear membrane was studied using PLA
that unravels in situ interactions of proteins that are in close proxim-
ity (<40 nm) (7, 36). In resting human neutrophils and monocytes
of both sexes, only sporadic 5-LO/FLAP signals were detectable
(Figure 5A). Interestingly, in A23187-stimulated cells from females,
substantial 5-LO/FLAP interaction signals were evident, but only
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Figure 3. FLAP inhibitors and novel-type 5-LO inhibitors are more potent in female than in male blood. Effects of the FLAP inhibitors MK886 (A) and
BAY-X 1005 and of the novel-type 5-LO inhibitors licofelone and Ssi (B) on 5-LO product formation in male and female blood stimulated at 37°C with LPS (1
ug/ml; 30 minutes) and fMLP (1 uM; 15 minutes). Data are expressed as ng/ml plasma (A, left panel) or as percentage of control (A, right panel; B), means
+ SEM; n = 4. The amount of (B) 5-LO products in 100% controls were as follows: BAY-X 1005: male, 9.9 + 1.0 ng/ml; female, 37.8 + 5.4 ng/ml; licofelone:
male, 11.7 £ 0.9 ng/ml; female, 27.5 + 6.0 ng/ml; Ssi: male, 18.2 + 4.5 ng/ml; female, 39.2 +10.1 ng/ml. *P < 0.05; **P < 0.01; ***P < 0.001 vs. correspond-
ing male, ANOVA plus Bonferroni. (C) 5-LO product formation in male and female whole blood stimulated at 37°C with LPS (1 ug/ml; 30 minutes) and fMLP
(1 uM; 15 minutes) after preincubation for 10 minutes with vehicle (0.05% EtOH) or 5a-DHT (30 nM); n = 11; paired t test. (D) Effects of zileuton, MK886,
licofelone, and SSi on 5-LO product formation in female and male blood stimulated with LPS/fMLP after preincubation for 10 minutes with vehicle (0.05%
EtOH) or 50-DHT (30 nM). Data are expressed as percentage of control, mean + SEM; n = 4. 5-LO products in 100% controls were as follows: zileuton: male,

7.3 £ 0.2 ng/ml (veh) and 7.3 + 0.1 ng/ml (50-DHT); female, 25.5 + 4.6 ng/ml (veh) and 18.5 + 6 ng/ml (50-DHT); MK886: male, 9.7 + 1.4 ng/ml (veh) and
101+ 1.6 ng/ml (5a-DHT); female, 42.8 +14.0 ng/ml (veh) and 271 + 12.0 ng/ml (5a-DHT); licofelone: male, 19.4 + 9.0 ng/ml (veh) and 20.4 + 7.5 ng/ml
(50-DHT); female, 30.8 + 9.9 ng/ml (veh) and 22.6 + 7.3 ng/ml (5a-DHT); Ssi: male, 9.6 + 3.0 ng/ml (veh) and 11.3 + 4.0 ng/ml (5a-DHT); female, 19.1 + 2.7
ng/ml (veh) and 14.3 + 2.8 ng/ml (5a-DHT). *P < 0.05; **P < 0.01 for female plus 5a-DHT vs. female plus vehicle, ANOVA plus Bonferroni.

very few appeared in stimulated male cells (Figure 5A). Accord-
ingly, pretreatment of female neutrophils and monocytes with 10
nM 50-DHT for only 10 minutes prevented 5-LO/FLAP complex
formation (Figure 5B), which is actually a typical feature of FLAP
inhibitors, such as MK886 (100 nM, Figure 5B) and BAY-X 1005 (7).
Note that 5a-DHT exposure for only 3 minutes suffices to suppress
5-LO product formation in monocytes without marked changes for
prolonged preincubation periods (Supplemental Figure 5). More-
over, to correlate the androgen-related sex differences of LT levels
in mouse peritonitis (see Figure 1, C and D) to 5-LO/FLAP interac-
tions, we studied 5-LO/FLAP complex assembly in resident PMs
isolated from male and female mice. Only in female PMs, 5-LO/
FLAP signals were observed after A23187 challenge, and preincu-
bation with 10 nM 5a-DHT (for 10 minutes) prevented 5-LO/FLAP
complex formation (Figure 5C). Together, these data imply that the
assembly of 5-LO/FLAP complexes upon cell activation by A23187
occurs preferentially in female cells and that it is impeded by andro-
gens. The observation that 5-LO/FLAP complex assembly is hardly
operative in male or 5a-DHT-treated females cells may explain why
inhibitors preventing the 5-LO/FLAP interaction are less effective
in males or in females under testosterone treatment.

Discussion

Here we report on a sex bias in the efficiency of clinically rel-
evant inhibitors of LT biosynthesis, i.e., various FLAP inhibitors
and novel-type 5-LO inhibitors that are superior in females. We
provide evidence that androgens cause these sex differences in

vivo and in vitro, and we show that androgens impede the ago-
nist-induced, tight assembly of the 5-LO/FLAP complex at the
nuclear membrane of human and murine leukocytes. Conclu-
sively, females should benefit more from anti-LT therapy than
males. Based on the current active development of LT-modifying
agents as therapeutics in respiratory and cardiovascular diseases,
our data prompt consideration of sex differences in biomedical
studies related to anti-LTs in order to improve their efficacy and to
optimize dosage for both men and women.

Sex differences in LT biosynthesis in vivo are clearly supported
by the elevated LTB, levels in inflammatory exudates from female
versus male animals in 2 different, well-established models of
LT-driven acute inflammation: carrageenan-induced pleurisy in
rats (37) and zymosan-induced peritonitis in mice (38). Of inter-
est, short-term application of 5a-DHT reduced LTB, levels during
peritonitis in female, but not male, mice. These data support our
previous findings on sex disparities related to androgens in murine
zymosan-induced peritonitis (13). Androgen-mediated sex differ-
ences were recently shown in a multiple sclerosis mouse model
(39), where LT signaling contributes to pathology (40). Although
the relevance of these findings for humans needs to be confirmed
in clinical studies, they may imply a greater contribution of LTs
in the pathology of females than of males, which is most obvious
for asthma, which clearly dominates in females (9). Interestingly,
the cysLT antagonist montelukast significantly reduced asthma
morbidity in girls and prepubertal boys, but not in boys reaching
puberty, in a placebo-controlled study (41). Possibly, in pubertal
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boys with elevated androgen levels, cysLT formation is lower, with
inferior contribution to the asthmatic response; thus, the LT modi-
fier is less effective.

In the pleurisy and peritonitis models, MK886 reduced LTB,
levels in inflamed exudates more efficiently in female versus male
animals, although sex differences in pharmacokinetics of MK886
in mice were not apparent. Also, the direct 5-LO inhibitor zileuton
showed a partial sex bias, indicating that additional mechanisms
such as AA supply by cPLA,, its binding to FLAP, and transfer to
5-LO or cell uptake, export, and metabolism of the drugs may be
relevant for sex differences in vivo besides 5-LO/FLAP interactions.
Furthermore, both MK886 and zileuton were superior in female
versus male mice treated with PAF, but after administration of tes-
tosterone, only the protective effect of MK886 was abolished. These
data essentially confirm androgen-related discrepancies in the
efficiency of MK886. The mortality rate of male and female mice
upon PAF was similar and not affected by testosterone, suggesting
that factors other than LTs mediate the lethal effect of PAF in male
animals. Interestingly, genetic modulation of LT biology (e.g., BLT1
knockout) caused sex differences in response to PAF (15), confirm-
ing a more prominent role of LTs in females and a possible involve-
ment of other factors in males (42). High efficacy of FLAP inhibitors
in female mice in different in vivo models were reported by others.
Thus, MK886 and BAY-X 1005 attenuated atherosclerosis in female
Apoe/Ldlr double-knockout mice (42-44) and the FLAP inhibitors
AM103 and AM8O3 efficiently reduced lethality in PAF-induced
shock in female mice (45, 46). However, a direct comparison with
male animals was not performed in those studies.

In agreement with previous data (11), challenge of human
whole blood from females caused higher formation of various
5-LO-derived products (including the LTB, metabolite 20-OH-
LTB,) as compared with males, and 50-DHT reduced all these
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Figure 4. Effect of LT synthesis inhibitors in male and female neutrophils
and monocytes. Effects of MK886, licofelone, or Ssi on LTB, formation in
male and female (A and B) neutrophils stimulated at 37°C with LPS (1 pg/
ml; 30 minutes) or Ada (0.3 U/ml; 20 minutes) plus fMLP (1 uM; 5 minutes)
and (C) monocytes stimulated at 37°C with LPS (1 ug/ml; 15 minutes) plus
fMLP (1 uM; 10 minutes). In B, cells were preincubated for 10 minutes with
vehicle (0.05% EtOH) or 5a-DHT (10 nM). Data are expressed as percent-
age of control, mean + SEM; n = 3. *P < 0.05; **P < 0.01; ***P < 0.001

vs. corresponding male (A and C). *P < 0.05; **P < 0.01; ***P < 0.001 for
female plus 5a-DHT vs. female plus vehicle, ANOVA plus Bonferroni (B).
The amount of LTB, in 100% controls was as follows: (A) male, 1.0 + 0.3 ng
per 107 cells; female, 2.4 + 1.0 ng per 107 cells; (B) male, 1.4 + 0.1 ng per 10’
cells (veh) and 1.2 + 0.2 ng per 107 cells (5a-DHT); female, 3.3 + 0.5 ng per
107 cells (veh) and 2.1+ 0.2 ng per 107 cells (5a-DHT); (C) male, 4.8 + 1.8 ng
per 107 cells; female, 11.9 + 2.7 ng per 107 cells.

5-LO productstoa similar degree in female blood. We demonstrate
here that, besides the capacity to generate LTs, the potency of cer-
tain pharmacological inhibitors is strongly influenced by the sex.
Our previous studies showed that expression of 5-LO, cPLA,, and
FLAP as well as the catalytic activity of 5-LO in cell-free assays is
not different between the sexes (11, 12). Accordingly, compounds
acting as direct inhibitors of 5-LO catalytic activity (iron ligand
type, redox type, and nonredox type) and a direct cPLA, inhibitor
suppressed 5-LO product biosynthesis in human blood of females
and males with comparable potencies. In contrast, compounds
affecting 5-LO product formation primarily by interfering with its
cellular regulation, such as the FLAP inhibitors and the novel-type
5-LO inhibitors licofelone and Ssi, which all prevent the assembly
of the LT-biosynthetic 5-LO/FLAP complex, were markedly more
potent in female versus male blood.

Previous data suggested that the sex bias in LT formation is
related to discrepancies in the subcellular localization of 5-LO.
Thus, sex differences in the intracellular trafficking of 5-LO in
human neutrophils (11) and murine PMs (13) may cause a bias in
5-LO/FLAP complex assembly at the nuclear membrane. Using
PLA that allows detection of in situ 5-LO/FLAP interaction in leu-
kocytes (7), we found marked assembly of tight 5-LO/FLAP com-
plexes (<40 nm distance; ref. 36) in A23187-challenged human
neutrophils and monocytes as well as murine PMs from females,
but not in male counterparts. Accordingly, pretreatment of female
cellswith 50-DHT impeded 5-LO/FLAP interaction signals, effects
that are typical for FLAP inhibitors (7). We conclude that the lower
capacity of males to produce 5-LO products is due to androgens
that can impede productive 5-LO/FLAP interactions and thus may
hinder AA transfer via FLAP to 5-LO. Note that cPLA, transloca-
tion and AA release were equal for male and female neutrophils,
and exogenous AA supply abolished sex differences in 5-LO prod-
uct synthesis in neutrophils (11).

Pharmacological and genetic approaches in vitro and in vivo
revealed the strong requirement of FLAP for cellular LT biosyn-
thesis (4, 27, 47, 48). FLAP inhibitors reduce LT biosynthesis by
preventing the interaction between FLAP and 5-LO at the nuclear
membrane (7), thereby blocking AA transfer from FLAP to 5-LO
(5). Therefore, 5a-DHT and FLAP inhibitors share the ability to
modulate the LT-biosynthetic 5-LO/FLAP interaction in neutro-
phils and monocytes, and both impair 5-LO product biosynthesis.
Besides FLAP inhibitors, the novel-type LO inhibitors licofelone
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Figure 5. 5-LO/FLAP complex assembly is sex dependent and blocked by 5a-DHT. (A) Human male and female neutrophils or monocytes were stimulated
at 37°C with 2.5 uM A23187 or left untreated (w/o) for 15 minutes. (B) Female neutrophils or monocytes were preincubated at RT for 10 minutes with 10 nM
Sa-DHT, 100 nM MK886, or vehicle (0.1% DMSO) and then stimulated with 2.5 uM A23187 or left untreated for 20 minutes. (C) PMs from male and female
mice were preincubated at 37°C for 10 minutes with 10 nM 5a-DHT or vehicle (0.1% DMSO0) and then stimulated with 2.5 uM A23187 or left untreated for

20 minutes. Then, in situ PLA, using proximity probes against mouse anti-5-L0 and rabbit anti-FLAP, was performed. DAPI (blue) was used to stain the
nucleus, and in situ PLA signals (magenta dots) visualized 5-LO/FLAP interaction. Scale bars: 5 um (insets); 25 um (overview). Results are representative

of approximately 100 individual cells of n = 3 independent experiments.

and Ssi also exhibited different potencies in male and female
blood. In contrast to other typical direct 5-LO inhibitors, licofe-
lone and Ssi blocked 5-LO nuclear translocation, were more potent
in intact cells than for isolated 5-LO, and, at least for licofelone,
FLAP has been identified as a pharmacologically relevant target
(32, 33). Together, the agonist-induced assembly of the tight LT-
biosynthetic 5-LO/FLAP complex occurs primarily in female cells,
but hardly in male cells (impeded by androgens), which explains
why LT synthesis inhibitors that act by preventing the 5-LO/FLAP
interaction are more effective in females. However, FLAP inhibi-
tors and licofelone/Ssi still suppressed 5-LO product formation
at high concentrations in male blood and neutrophils, suggesting
that FLAP-mediated AA transfer to 5-LO is operative in both sex-
es. Possibly, in male cells (or in the presence of androgens), 5-LO
and FLAP are in more distant proximity than in female cells (> 40
nm) and thus not detectable by PLA, with less efficient AA transfer
capacity compared with that of tight 5-LO/FLAP complexes.

Sex-related differences in the efficiency of 5-LO inhibitors
or FLAP inhibitors have not, to our knowledge, been reported
before. Most studies were conducted using mainly (or only) one
sex, or the sex was not considered (or reported) in the analysis
of the results. In clinical trials, MK866 was evaluated in 8 atopic
asthmatic men, leading to moderate LT inhibition as compared
with the excellent in vitro activity (49). Its clinical investigation
was discontinued. BAY-X 1005 significantly attenuated early
and late allergen-induced bronchoconstriction in 10 atopic men
with a history of asthma and reduced urinary LTE, excretion
(50), though there was no direct relation between drug plasma
concentration and degree of inhibition. Moreover, BAY-X 1005
hardly lowered LTB, in the sputum of patients with chronic
obstructive pulmonary disease (male sex: 7 of 8 total; ref. 51).
Human genetic studies have indicated stronger associations in
males than in females between specific FLAP haplotypes and
risk for myocardial infarction and stroke in populations in Ice-
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land and the United Kingdom (52, 53), which supported the
evaluation of BAY-X 1005 effects on biomarkers of myocardial
infarction risk. However, only a 26% reduction of LTB, synthesis
in human whole blood and a paradoxical 21% increase in urinary
LTE, levels were observed (where 75% were males, treatment
and placebo; ref. 54). Note that in trials analyzing the effect of
zileuton, sexes were equally represented, but sex-related differ-
ences were not mentioned (55, 56).

In summary, in vitro and animal in vivo evidence clearly
indicate the existence of sex differences in the LT pathway. Our
findings show that this testosterone-mediated sex bias affects the
efficiency of clinically relevant LT biosynthesis inhibitors, strong-
ly suggesting that therapy with LT modifiers should be evaluated
with respect to sex.

Methods
Materials, determination of LO products by LC-MS/MS, and details
on animal experiments can be found in the Supplemental Methods.

Animal studies. Male and female CD-1 mice (25-30 g) and male
and female Wistar Han rats (200-240 g) obtained from Harlan were
housed at the Department of Pharmacy (University of Naples Federico
11) in a controlled environment (21 * 2°C) and provided with standard
rodent chow and water. Animals were allowed to acclimate for 4 days
prior to experiments and were subjected to a 12-hour light/12-hour
dark schedule. Experiments were conducted during the light phase.

For analysis by PLA, resident murine PMs were obtained by lavage
of the peritoneal cavity of female and male mice with 7 ml of cold
DMEM with heparin (5 U/ml). PMs were then centrifuged at 500 gand
4°C for 5 minutes and resuspended at 1.5 x 10° cells/ml in DMEM con-
taining 5% of charcoal-stripped fetal calf serum.

For carrageenan-induced pleurisy in rats, zileuton, MK886, or
vehicle (1.5 ml of 0.9% saline solution containing 4% DMSO) was giv-
en i.p. at the indicated doses, 30 minutes before A-carrageenan type
IV 1% (w/v; 0.2 ml), which was injected into the thoracic cavity. The
animals were killed by inhalation of CO, at the indicated time point,
the thoracic exudates were collected, and the amounts of LTB, were
assayed by an enzyme immunoassay kit (Cayman Chemical) accord-
ing to the manufacturer’s instructions. The results are expressed as ng
per rat. More details can be found in the Supplemental Methods.

For the zymosan-induced peritonitis, mice (= 5 per experimen-
tal group) received MK886 (1 mg/kg), 50-DHT (0.5 mg/kg), or vehicle
(0.5 ml of 0.9% saline solution containing 2% DMSO) i.p., 30 min-
utes prior to zymosan, as previously described (38). Zymosan (Sigma-
Aldrich) was prepared as a final suspension (2 mg/ml) in 0.9% (w/v)
saline and injected i.p. (0.5 ml) after sonication. Mice were killed by
inhalation of CO, after 15 minutes, followed by a peritoneal lavage
with 3 ml of cold PBS. After 60 seconds of gentle manual massage, 2
ml of exudates were collected and centrifuged (18,000 g, 5 minutes,
4°C); LTB, levels in the supernatant were assessed by LC-MS/MS anal-
yses (see Supplemental Methods).

For the PAF-induced shock, mice were challenged with 200 pg/
kg PAF in a volume of 200 pl via a tail vein injection 30 minutes after
an 1.p. injection of either vehicle (0.5 ml 2% DMSO) or compounds at
the indicated dose. In experiments where the effect of testosterone
was evaluated, mice were treated daily by subcutaneous injection of
sesame oil (vehicle, 100 pl) or testosterone propionate (3 mg/kg) for
10 days prior to PAF injection.
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For analysis of plasma levels of MK886, mice (n =3 male and n =3
female) received 1 mg/kg i.p. injection in a volume of 500 ul of 0.9%
saline. After selected time points, mice were sacrificed (CO, atmo-
sphere) and blood (approximately 0.7-0.9 ml) was collected by intracar-
diac puncture using citrate as anticoagulant. Then plasma was obtained
by centrifugation at 800 gat 4°C for 10 minutes and immediately frozen
at-80°C. MK886 was extracted from samples by solid phase extraction
and analyzed by LC-MS/MS, as reported in Supplemental Methods.

Preparation of human whole blood and prompt isolation of neutro-
phils and monocytes. Preparation of human whole blood and isolation
of neutrophils and monocytes from leukocyte concentrates were per-
formed as described (11, 12). Venous blood was collected in heparin-
ized tubes (16 IU heparin/ml blood) from fasted (12 hours) adult (18-65
years) male and female registered, healthy volunteers at the Institute
of Transfusion Medicine, University Hospital Jena. These subjects,
who donated blood every 8 to 12 weeks, had no apparent infections,
inflammatory conditions, or current allergic reactions (according to
prior physical inspection by a clinician) and had not taken sex hor-
mones, antibiotics, or antiinflammatory drugs for at least 10 days prior
to blood collection. Where indicated, a blood count was performed
by an automated hematology analyzer (Sysmex KX-2IN, Sysmex
Deutschland GmbH). Leukocytes were immediately concentrated
by centrifugation (4,000 g/20 min/20°C) of the freshly withdrawn
blood. Neutrophils were promptly isolated by dextran sedimentation,
centrifuged on lymphocyte separation medium (LSM 1077, PAA Labo-
ratories), and subjected to hypotonic lysis of erythrocytes. Monocytes
were separated from peripheral blood mononuclear cells (PBMCs) by
adherence to culture flasks or to glass coverslips at 37°C for 90 min-
utes. For determination of 5-LO products, neutrophils and monocytes
were resuspended in PBS plus glucose (0.1%, PG buffer) to a final cell
density of 5 x 10¢ and 2 x 10° cells/ml, respectively.

Determination of 5-LO product synthesis. Aliquots of human blood
(2ml) were preincubated with 1 pug/ml LPS for 30 minutes at 37 °C, and
formation of 5-LO products was started by the addition of fMLP (1 uM)
or PAF (100 nM) for 15 minutes at 37°C. Blood was stimulated within
30 minutes after sampling unless stated otherwise. Test compounds or
vehicle (0.1% DMSO) was added 10 minutes before fMLP. Since prim-
ing with LPS enhances AA release by stimulating cPLA,, the cPLA,
inhibitor pyrrolidine-1 (RSC-3388) was added 10 minutes before LPS.
All vehicle controls were summarized (n = 35). 5a-DHT (30 nM) was
added 10 minutes prior to LPS. After stimulation, samples were placed
on ice and centrifuged (600 g, 10 minutes, 4°C); aliquots of the result-
ing plasma (500 pl) were then mixed with 2 ml of methanol, and 200
ng prostaglandin B, (PGB,) was added as an internal standard. The
samples were placed at -20°C for 2 hours and centrifuged again (600 g,
15 minutes, 4°C). The supernatants were collected and diluted with 2.5
ml PBS and 75 pl 1 N HCI; formed 5-LO products were extracted and
analyzed by HPLC as described (11). For HPLC analysis, 5-LO product
formation is expressed as ng of 5-LO products per ml of plasma. The
5-LO products include LTB,, its all-trans isomers, and 5-H(P)ETE,
unless stated otherwise. Where indicated, LC-MS/MS analyses were
performed (see Supplemental Methods).

For assays of intact cells, neutrophils (5 x 10° or 2 x 107/ml) or
monocytes (5 x 10° or 1 x 107/ml) were resuspended in 1 ml PG buffer
plus 1 mM CaCl, (PGC buffer). Neutrophils were primed at 37°C with
1 pg/ml LPS plus 0.3 U/ml adenosine deaminase (Ada) for 30 min-
utes and stimulated with 1 uM fMLP for 5 minutes. Monocytes were
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primed at 37°C with 1 pg/ml LPS for 15 minutes and stimulated with
1 uM fMLP for 10 minutes. The reactions were stopped with 1 ml of
methanol and 30 pl of 1 N HCI; 200 ng PGB, and 500 pl of PBS were
added. Test compounds or vehicle (0.1% DMSO) were added 10 min-
utes before fMLP. Formed 5-LO products were extracted and analyzed
as described for whole blood.

Analysis of 5-LO/FLAP interaction by in situ proximity ligation assay.
To detect in situ interaction of 5-LO with FLAP in neutrophils, mono-
cytes, or PMs, an in situ proximity ligation assay (PLA) (36) was per-
formed as described before (7). Neutrophils were preincubated with
50a-DHT, MK-886, or vehicle for 10 minutes at room temperature (RT)
in PGC buffer and centrifuged onto poly-D-lysine-coated glass cover-
slips (10 g for 2 seconds). For monocyte analysis, PBMCs were seeded
onto glass coverslips and cultured for 1 hour prior to preincubation
with 50-DHT, MK886, or vehicle for 10 minutes at RT. For analysis of
murine PMs, cells (1.5 x 105/ml DMEM) were seeded onto glass cover-
slips and kept at 37°C for 2 hours in order to adhere to the coverslips.

Neutrophils, monocytes, or PMs were preincubated with 10 nM
50-DHT, 100 nM MK886, or vehicle (0.1% DMSO) for 10 minutes
at 37°C prior to stimulation with A23187 (2.5 uM) for 20 minutes at
37°C and stopped by fixation with 4% paraformaldehyde. Acetone
(3 minutes, 4°C) was used to permeabilize monocytes and PMs, and
0.1% saponine was used for neutrophil permeabilization prior to
blocking with nonimmune goat serum. Samples were incubated with
mouse monoclonal anti-5-LO antibody (1:100, gift of Dieter Stein-
hilber, Goethe University Frankfurt, Frankfurt, Germany) and rabbit
polyclonal anti-FLAP antibody (5 pg/ml, Abcam, catalog ab85227)
at 4°C overnight. The cells were then incubated with species-specific
secondary antibodies conjugated with oligonucleotides (PLA probe
anti-mouse MINUS and anti-rabbit PLUS) for 1 hour at 37°C. After
addition of 2 other circle-forming DNA oligonucleotides and a ligase
(30 minutes at 37°C), the newly generated DNA circle was amplified
by rolling circle amplification for 100 minutes at 37°C and visualized
by hybridization with fluorescently labeled oligonucleotides. Cells
were fixed on glass slides, and nuclear DNA was stained with ProLong
Diamond Antifade Mountant with DAPI (Invitrogen). The PLA inter-
action signals (fluorescent spots, magenta) were analyzed by fluores-
cence microscopy using a Zeiss Axiovert 200M microscope and a Plan
Neofluar x40/1.30 oil (DIC III) objective (Carl Zeiss).

Statistics. Results are expressed as mean * SEM of n observations,
where n represents the number of experiments performed on dif-
ferent days or the number of animals, as indicated. Analyses of data
were conducted using GraphPad Prism software. The IC,  values were
determined by linear interpolation and validated with the Graph-
Pad Instat program. Data fit was obtained using the sigmoidal dose-
response equation (variable slope) or the linear regression (GraphPad
Prism software). Statistical evaluation of the data was performed by
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repeated-measures 1-way ANOVA followed by Bonferroni’s post-hoc
test for selected pairs. Where appropriate, 2-tailed Student’s ¢ test was
applied. For contingency tables, Fisher's exact test was used. Tests
were conducted using a 2-sided a level of 0.05. For evaluation of nor-
mal distribution of data, the Kolmogorov-Smirnov test was used. Sig-
nificance was defined as P < 0.05.

Study approval. Animal studies were approved by the local ethi-
cal committee of the University of Naples Federico II. Animal care
was in compliance with Italian regulations on the protection of ani-
mals used for experimental and other scientific purpose (Ministerial
Decree 116/92) as well as European Economic Community regula-
tions (Official Journal of E.C. L 358/1 12/18/1986). The protocols for
experiments with human neutrophils and monocytes were approved
by the ethical commission of Friedrich-Schiller-University Jena. All
methods were performed in accordance with relevant guidelines and
regulations. All human subjects gave informed consent.
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