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Leukotrienes (LTs) are a class of mediators derived from ara-

chidonic acid by the initiating activity of 5-lipoxygenase and 

5-lipoxygenase–activating protein (FLAP). They are involved in 

self-defense systems against foreign bodies or microorganisms, 

but overproduction causes a variety of immune and inflammatory 

diseases (1). Currently, while only 5-lipoxygenase inhibitors and 

cysteinyl leukotriene receptor 1 (CysLT
1
) antagonists are market-

ed to treat bronchial asthma and allergic rhinitis, other targets for 

at least four distinct types of receptors or their combinations are 

under consideration. The 3D structure analysis followed by the 

determination of the catalytic sites of LTC
4
 synthase and LTA4 

hydrolase provides new structural bases for the development of 

LT synthesis inhibitors (2–6). As described here, the 3D structure 

of BLT
1
 has been resolved, enhancing the rational design of potent 

antagonists and inverse agonists. We also refer readers to a more 

comprehensive review of leukotriene receptors including agonist 

and antagonist structures and their applications (7).

Characterization of BLT receptors
Two G protein–coupled receptors (GPCRs) have been cloned as 

receptors for leukotriene B
4
 (LTB

4
) (Table 1 and refs. 8, 9). The 

first, BLT
1
, known as a high-affinity LTB

4
 receptor, is expressed 

in various subsets of leukocytes and is responsible for LTB
4
- 

dependent leukocyte migration. The second, BLT
2
, was originally 

reported as a low-affinity LTB
4
 receptor and is now considered as 

a receptor for various oxidized fatty acids, including 12-hydroxy-

heptadecatrienoic acid (12-HHT) and hydroxyeicosatetraenoic 

acids (HETEs). BLT
2
 is expressed in epidermal keratinocytes and 

epithelial cells of intestine, cornea, and lung and is responsible for 

wound healing and epidermal barrier function. In addition to oth-

er Reviews in this series, the reader may also refer to a comprehen-

sive series of 9 recent reviews on LTB
4
 (10–18).

BLT
1
. Human BLT

1
 consists of 352 amino acids and is main-

ly expressed in various subsets of leukocytes, including granulo-

cytes (8), eosinophils (19, 20), and effector-type CD4+ and CD8+ 

T cells (21–23), as well as certain subsets of dendritic cells (24, 

25) and macrophages (26). BLT
1
 is also expressed in murine (27) 

and human (28) vascular smooth muscle cells, and is involved in 

atherogenesis and vascular injury. It is a high-affinity and LTB
4
- 

specific receptor with a K
D

 value of 0.15 nM for LTB
4
 when 

expressed in Cos-7 cells (8). In BLT
1
-transfected CHO cells, BLT

1
 is 

able to couple with both G
i
-like and G

q
-like (G16) G proteins, and 

an extensive mutagenesis study showed that intracellular loop 3 is 

important for the G
i
 coupling of BLT

1
 (29). Human BLT

1
 has two 

N-glycosylation sites (N2 and N164), and mutagenesis of these 

asparagine residues does not affect localization, ligand binding, or 

intracellular signaling of BLT
1
. BLT

1
 does not contain the cysteine 

residue that is often palmitoylated in the C-tails of various GPCRs; 

instead, it has a so-called helix 8 structure immediately following 

transmembrane 7. Helix 8 of BLT
1
 is important in the conforma-

tional change to the low-affinity state after G protein activation 

(30, 31) and internalization (32–34) of BLT
1
.

Recently, the crystal structure analysis of BLT
1
 with the antag-

onist BIIL260 was achieved (Figure 1, A and B, and ref. 35). Dock-

ing study with LTB
4
 and BLT

1
 indicates that LTB

4
 would interact 

with the residues H96, R158, E187, and S243 that were predicted 

to be involved with LTB
4
 binding by the mutation study (Figure 

1C and ref. 36). The benzamidine moiety of BIIL260 interacted 

with the side chains of D66, V69, S106, W236, and S276, which 

are shared among most GPCRs (Figure 1B). These amino acid 

residues bind water molecules as the sodium ion–centered water 

cluster, which stabilizes the inactive form of BLT
1
 (Figure 1). This 

observation suggests the possible application of the benzamidine 

moiety as a common structural feature of inverse agonists for var-

ious GPCRs, including BLT
1
.

The most important characteristic of LTB
4
 is its potent chemo-

tactic effect on leukocytes. BLT
1
-deficient granulocytes and eosin-

ophils do not migrate toward LTB
4
 (19–23, 37). BLT

1
 stimulation in 

leukocytes leads to degranulation through the production of phos-

phatidylinositol tris-phosphates (IP
3
) via activation of phosphati-

dylinositol-3-kinase (PI3 kinase) (38). LTB
4
 also activates phago-

cytosis in macrophages through the activation of G
i
, PI3 kinase, 

Rac, and Syk (38). Recently, the receptor for advanced glycation 

end products (RAGE) was identified as a BLT
1
-binding protein 
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of BLT
1
 in eosinophils was later confirmed by nematode infection 

experiments in which BLT
1
-deficient eosinophils did not accumu-

late and kill nematodes (58). Although classical studies showed 

the restricted expression of BLT
1
 in granulocytes, eosinophils, 

and macrophages, recent studies showed that BLT
1
 expression is 

observed more widely in a variety of subsets of leukocytes, as fol-

lows. BLT
1
 is not expressed in naive T cells but is strongly induced 

by T cell differentiation: both CD4+ and CD8+ effector-type T cells 

abundantly express BLT
1
 and migrate to inflamed tissues (21–23). 

Interestingly, LTB
4
 was shown to inhibit the differentiation of reg-

ulatory T cells and to stimulate naive T cell differentiation into 

Th17 cells in vitro (59). Monoclonal antibodies against human 

(60) and mouse (61) BLT
1
 have been established and will help to 

analyze the detailed expression pattern of BLT
1
 in these species.

Allergic airway inflammation. The importance of BLT
1
 in aller-

gic airway inflammation was confirmed by murine models of 

bronchial asthma in which ovalbumin (OVA) was used for sensi-

tization and challenge. Infiltration of CD4+ and CD8+ T cells into 

the airway after OVA challenge was greatly reduced in BLT
1
-KO 

mice (23). In addition to T cells, eosinophil infiltration was atten-

uated in BLT
1
-KO mice with reduced production of Th2 cytokines 

and attenuated airway hyperresponsiveness (AHR) to methacho-

line (37). Miyahara et al. showed that IL-13–producing CD4+ and 

CD8+ T cells were reduced in allergic BLT
1
-KO lung, and transfer 

of OVA-sensitized BLT
1

+/+ T cells fully restored the reduced AHR 

in BLT
1
-KO mice, showing the importance of IL-13–producing T 

cells in AHR (62). They also showed that effector-type CD8+ T 

cells express a higher level of BLT
1
, and LTB

4
-dependent traffick-

ing of CD8+ effector T cells is important in establishing AHR in 

mice (63). Dendritic cells also express BLT
1
 (24, 25), and adoptive 

transfer experiments using OVA-loaded dendritic cells showed 

that BLT
1
 expression in antigen-loaded dendritic cells is crucial in 

inducing asthmatic response (24).

Inflammatory arthritis. The roles of the LTB
4
/BLT

1
 axis in 

inflammatory arthritis have been studied using several animal 

models. In the K/BxN serum transfer arthritis model, in which 

serum transferred from arthritic transgenic mice produces 

robust arthritis in WT strains, genetic or pharmacological abla-

tion of BLT
1
 abrogated the development of arthritis, showing the 

requirement for BLT
1
 in recruiting neutrophils into the joints (64). 

Although BLT
1
 was initially shown to be important in the early 

phase of the disease, it is required for the continuous extravasa-

tion of neutrophils throughout the course of an arthritis model 

(65). Mice deficient in 5-lipoxygenase were also tested using the 

same model: in that study, 5-lipoxygenase but not LTC
4
 synthase 

that regulates BLT
1
 signaling (39). RAGE functions as a molecular 

switch for BLT
1
, inhibits BLT

1
-dependent NF-κB activation, and 

stimulates BLT
1
-dependent chemotaxis. RAGE was also shown to 

bind to GPCRs other than BLT
1
 and is a new class of GPCR modu-

lator and a new target of GPCR study (40).

BLT
2
. During the analysis of leukocyte-specific transcription 

of BLT
1
 (41), we and others identified a putative open reading 

frame for a GPCR with similarity to BLT
1
 (9, 42–44). As the mem-

brane fraction of cells overexpressing this receptor exhibited a 

low-affinity LTB
4
 binding with K

D
 values of 10–20 nM, this recep-

tor was named BLT
2
. BLT

2
 shares amino acid identity of 45% with 

BLT
1
 and high interspecies homology. In contrast to BLT

1
, BLT

2
 

is a promiscuous receptor that can be activated by 12(S)-HETE, 

12(S)-HPETE, and 15(S)-HETE at micromolar concentrations 

(45). In 2008, we identified BLT
2
-specific agonistic activity in lip-

id extract of rat small intestine, then partially purified and deter-

mined the structure of this BLT
2
 agonist as 12(S)-hydroxyheptade-

catrienoic acid (12-HHT) (46). Prior to our work, 12-HHT had been 

known as a nonenzymatic degradation product of prostaglandin 

endoperoxides or an equimolar byproduct of thromboxane bio-

synthesis from prostaglandin H
2
 (PGH

2
), a process that includes 

removal of three carbons to produce malondialdehyde (47–49). 

No biological activity of 12-HHT had been reported.

Platelets produce a large amount of 12-HHT in thrombox-

ane A
2
 synthase–dependent and –independent pathways, and 

aspirin and other NSAIDs inhibit 12-HHT production (50). We 

found that 12-HHT activates BLT
2
 at lower concentrations than 

LTB
4
, leading to the activation of G

i
- and G

q
-type G proteins. In 

some cancer cells, BLT
2
 was shown to activate the generation 

of reactive oxygen species (51). Most classical BLT antagonists 

inhibit both BLT
1
 and BLT

2
, and a synthetic BLT

2
-specific agonist 

(CAY10583) is available (52–54). In contrast to BLT
1
 expression 

in leukocytes, BLT
2
 is expressed in keratinocytes (53), epithelial 

cells of intestine (55) and cornea (54), lung alveolar type 2 cells, 

and vascular endothelial cells (56).

BLT1 in disease
Even before its molecular identification, BLT

1
 had been considered 

as an important drug target, especially for inflammatory diseases 

(7, 57). Here we describe representative reports on animal disease 

models using BLT
1
-knockout (BLT

1
-KO) mice and BLT

1
 antagonists.

Chemotaxis of leukocytes. Two groups independently report-

ed attenuated leukocyte chemotaxis in the BLT
1
-KO mouse using 

peritonitis models (19, 20). The effect of BLT
1
 deficiency was more 

prominent in eosinophils than in granulocytes. The importance 

Table 1. Characteristics of leukotriene receptors

BLT
1

BLT
2

CysLT
1

CysLT
2

Ligand LTB
4
 > 20-OH-LTB

4
12-HHT > LTB

4
 > 12(S)-HETE > 

12(R)-HETE > 15(S)-HETE
LTD

4
 > LTC

4
 >> LTE

4
LTD

4
 = LTC

4
 >> LTE

4

Antagonist BIIL260, LY255283, ZK158252, 
CP195543, U75302 (weak agonist)

LY255283, ZK158252, CP195543 Montelukast, zafirlukast,  
pranlukast, MK-571, pobilukast

Zafirlukast, pranlukast, BAY-u9773, 
gemilukast

Expression (human) Leukocytes > spleen,  
smooth muscle, lung, intestine

Intestine, skin > endothelial cells Leukocytes, spleen,  
smooth muscle > lung, intestine

Leukocytes, spleen, adrenal medulla, 
lung, heart, brain
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and produced a larger amount of LTB
4
, leading to the recruitment 

of tumor-associated macrophages (75). A 5-LOX inhibitor, zileu-

ton, was shown to inhibit polyp formation in the APCd468 mouse 

colon (76) and the growth of ovarian cancer xenografts (75), pos-

sibly by inhibiting local inflammation. Recently, Jala et al. report-

ed that BLT
1
 deficiency in ApcMin/+ mice resulted in increased size 

and number of intestinal tumors due to altered gut microbiota 

and increased chronic inflammation (77). Thus, depending on the 

context and experimental conditions, the LTB
4
/BLT

1
 axis acts as 

either a tumor-promoting or a tumor-suppressing factor.

Clinical studies on BLT
1
-targeted therapy. Several BLT

1
 antagonists 

were tested in a few inflammatory diseases. Oral administration of 

a BLT
1
 antagonist, LY293111, attenuated LTB

4
-dependent activa-

tion of Mac-1 in human neutrophils (78) and skin (79), but failed to 

decrease allergic inflammation induced by histamine and allergen 

challenges (80). Psoriasis was also a target of BLT
1
 antagonists, as 

recently shown in a mouse experiment (81); however, LY293111 was 

not effective on stable plaques (82), nor on relapse in human psoria-

sis (83). LY293111 was also tested in cystic fibrosis (84) and chondro-

sarcoma and melanoma (85, 86) without significant effectiveness.

BLT2 in health and disease
Identification of BLT

2
 was reported in 2000 (9), and the first 

report on BLT
2
-KO mice appeared in 2010 (55). In some cases, it 

is difficult to distinguish the roles of BLT
1
 and BLT

2
, because both 

receptors are activated by LTB
4
, transduce similar intracellular 

signaling, and are antagonized by most BLT antagonists; however, 

different tissue distribution gives a clue to distinguish biological 

proved requisite for the development of arthritis (66). BLT
1
-KO 

mice were also tested in a collagen-induced arthritis (CIA) mod-

el. BLT
1
-KO and BLT

1
/BLT

2
 double-KO mice were completely 

protected from CIA, despite normal accumulation of serum anti- 

collagen antibody (67). BLT
1
 antagonists (66, 68) were also effec-

tive for the attenuation of arthritis.

Atherosclerosis. The relationship between LTB
4
 and atheroscle-

rosis has been documented in several reports. LTB
4
 triggered adhe-

sion of human monocytes to endothelial cells in a β
1
 and β

2
 inte-

grin–dependent fashion (69), and strongly increased monocyte 

chemoattractant protein-1 (MCP-1) (70). In LDLr–/– and apoE–/–  

mice, the BLT antagonist CP-105,696 reduced atherogenesis 

without affecting the plasma lipid concentrations (71). Atherogen-

esis was attenuated in BLT
1
-KO mice crossed with apoE–/– mice, 

which was explained by the lack of LTB
4
-dependent expression 

of CD36 (a fatty acid translocase, B-type scavenger receptor) and 

CCL2 chemokine (72), and by the reduced recruitment of smooth 

muscle cells to the atherosclerotic lesions (27).

Cancer. Although the involvement of eicosanoids, especial-

ly PGE
2
, in carcinogenesis has been extensively studied (73), the 

contribution of LTB
4
 to cancer has not been well demonstrated. 

Recently, inflammation has been considered as an important fac-

tor in the initiation and progression of certain cancers, and some 

research has focused on the roles of LTB
4
 and BLT

1
 in cancer (17). 

Infection of endothelial cells with Kaposi’s sarcoma–associated  

herpesvirus induced higher expression of 5-LOX, FLAP, and 

LTA4H, and increased LTB
4
 production (74). Hypoxic ovarian 

cancer cells express higher levels of LTB
4
-biosynthetic enzymes, 

Figure 1. Structure of guinea pig BLT
1
 bound with a BLT antagonist, BIIL260. (A) Overall structure of BLT

1
 and BIIL260 complex (35). BLT

1
 is presented as a 

rainbow-colored cartoon model, and BIIL260 is presented as pink (carbon), blue (nitrogen), and red (oxygen) spheres. (B) Mode of BIIL260 binding by BLT
1
. 

BLT
1
 side chains within 4 Å from BIIL260 are presented by stick models. Carbon and sulfur atoms of BLT

1
 are colored green and gold, respectively. The salt 

bridge and hydrogen bond interactions are indicated by black dashed lines. (C) Docking of LTB
4
 in the orthosteric binding site of BLT

1
. The docking study 

was performed with the program AutoDock 4 (184). Carbon atoms of LTB
4
 are colored yellow. The residues involved in the LTB

4
 binding shown by the muta-

tion study (36) are presented by stick models.
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Lung. Small but significant BLT
2
 expression was observed in 

mouse lung, and BLT
2
-KO mice were evaluated in the pneumolysin- 

dependent (PLY-dependent) acute lung injury model. BLT
2
-KO 

mice and NSAID-treated mice were sensitive to intratracheal 

infusion of PLY and died immediately as a result of the increased 

vascular permeability and subsequent pulmonary edema. PLY 

treatment induced the production of CysLTs in the lung, and the 

CysLT
1
 antagonist montelukast prevented the death of BLT

2
-KO 

and NSAID-treated mice, suggesting the possible drug reposition-

ing of CysLT
1
 antagonists for acute lung injury (56). BLT

2
-KO mice 

showed a severe eosinophilic lung inflammation in an OVA-induced 

allergic airway disease model. This was explained by the enhanced 

production of IL-13 from BLT
2
-deficient CD4+ T cells (89).

Characterization of CysLT receptors
So far, five CysLT receptors have been identified: CysLT

1
, CysLT

2
, 

P2Y
12

, GPR99, and GPR17 (Figure 2 and Table 1). CysLT
1
 is wide-

ly expressed in spleen, leukocytes, lung, small intestine, colon, 

and skeletal muscle (90–92). CysLT
2
 exhibits 37.3% amino acid 

identity with CysLT
1
 (93), and is exclusively expressed in heart, 

adrenals, leukocytes, spleen, lymph nodes, and brain (93–96). 

CysLT
1
 is preferentially activated by LTD

4
, whereas CysLT

2
 binds 

both LTC
4
 and LTD

4
 with equal affinity. Recently, P2Y

12
, GPR99, 

and GPR17 were reported as receptors for LTE
4
 (97–99). More-

over, GPR17 has been proposed as a putative negative regulator of 

CysLT
1
. This section serves to give information on these receptors.

CysLT
1
. Consistent with the clinical effectiveness of CysLT 

antagonists in asthma, CysLT
1
 is expressed in a variety of inflam-

matory cells, i.e., neutrophils, mast cells, and monocytes/mac-

rophages (100, 101). Human CysLT
1
-expressing cells respond 

selectively to CysLTs with rank order of potency LTD
4
 > LTC

4
 > 

LTE
4
 (90, 91). Antagonist affinities are similar to those investi-

gated in other functional assays for CysLT
1
 as well as in binding 

experiments (90, 102). Activation of CysLT
1
 by LTD

4
 results in the 

production of several second intracellular messengers through 

phospholipase Cβ (103, 104). Several reports demonstrated 

that CysLTs elicit Ca2+ responses via a pertussis toxin–sensitive 

roles of these two receptors. Currently, BLT
2
 agonists are attract-

ing interest as new drugs for skin, corneal, and intestinal ulcers.

Small intestine. The first phenotype of BLT
2
-deficient mice 

was susceptibility to drug-induced inflammatory colitis. Because 

of the lack of BLT
2
-specific antibody at that time, in situ hybrid-

ization was used to show BLT
2
 expression in epithelial and cryptic 

cells of mouse intestine. BLT
2
-KO mice exhibited bloody stool and 

severe body weight loss following administration of 1% dextran 

sodium sulfate in the drinking water under conditions in which 

WT mice did not show any clinical manifestations. Histological 

examination showed severe intestinal inflammation in the BLT
2
-

KO intestine that may be linked to observations of increased 

STAT3 phosphorylation (55). In vitro study using BLT
2
-overex-

pressing Madin-Darby canine kidney II (MDCKII) cells showed 

that BLT
2
 expression increased transepithelial electrical resistance 

and decreased FITC-dextran leakage through MDCKII monolay-

ers, suggesting the barrier-enhancing activity of BLT
2
 (55). The 

intracellular mechanism of BLT
2
-dependent barrier function will 

be described in the next section.

Skin and cornea. In skin, BLT
2
 expression is restricted to dermal 

keratinocytes. Wound-healing assays after skin punching were per-

formed using BLT
2
-KO mice. Mass spectrometric analysis showed 

the accumulation of 12-HHT in the wound exudates, and pretreat-

ing the mice with high-dose aspirin completely abolished the accu-

mulation of 12-HHT. Both BLT
2
 deficiency and aspirin treatment 

delayed skin wound healing with the attenuated re-epithelializa-

tion, and the aspirin effect was not seen in BLT
2
-KO mice. Thus, 

BLT
2
 stimulates keratinocyte migration after skin injury, and BLT

2
 

agonists might be a therapeutic tool for intractable skin ulcers (53, 

87). It is of note that aspirin-dependent delays in wound healing 

occur as a consequence of decreased production of 12-HHT but not 

of prostaglandins. Similarly, BLT
2
 is expressed in corneal epithelial 

cells and stimulates corneal wound healing (54). BLT
2
-KO mice also 

showed enhanced transepidermal water loss and antigen uptake, 

suggestive of attenuated skin barrier function in BLT
2
-KO mice. 

BLT
2
-dependent barrier function involves the enhanced expression 

of the tight junctional protein claudin-4 downstream of BLT
2
 (88).

Figure 2. Signaling via CysLT
1
, CysLT

2
, GPR17, 

GPR99, and P2Y
12

. Synthetic antagonists for 
each receptor are given in red text. Ligands and 
relative affinities are described adjacent to their 
respective receptor. GPR17 is a negative regulator 
for CysLT

1
. Shown below each receptor is its 

downstream coupling to G
i/o

 and adenylyl cyclase 
(AC) and/or G

q/11
 and phospholipase Cβ (PLCβ). 
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deficiency eliminated vascular leaks in response to CysLTs in the 

CysLT
1
/CysLT

2
-KO mice (99). GPR99, which is also expressed in 

respiratory epithelial cells, mediates mucin release and submuco-

sal swelling in response to LTE
4
 induced by Alternaria fungi (121). 

GPR99-KO mice are protected from epithelial cell mucin release 

and swelling by Alternaria or intranasal administration of LTE
4
. 

Moreover, GPR99 regulates a baseline number of mucin-contain-

ing goblet cells. Because LTE
4
 elicits airflow obstruction and lung 

inflammation in asthmatics, inhibition of LTE
4
/GPR99 signaling 

may have therapeutic benefit in asthma.

GPR17, which also belongs to the P2Y receptor family, responds 

to two unrelated ligands: uracil nucleotides and CysLTs (122). Acti-

vation of GPR17 leads to intracellular Ca2+ increase and inhibition 

of cAMP synthesis, suggesting a coupling with G
i/o

 proteins (Figure 

2 and refs. 98, 122). Recent studies demonstrate that the admin-

istration of montelukast, a CysLT
1
 antagonist, leads to reduced 

neuroinflammation, elevation of hippocampal neurogenesis, and 

improved learning and memory in old rats (123, 124). These effects 

are abolished by GPR17 deficiency, suggesting the involvement of 

this receptor in the rejuvenation of the aged brain. Maekawa et al. 

demonstrated that GPR17 suppresses CysLT
1
-mediated signaling 

on the cell surface through heterodimerization, proposing CPR17 

as a negative regulator for CysLT
1
 (125). In vivo, they demonstrat-

ed that in IgE-dependent passive cutaneous anaphylaxis, vascular 

permeability is increased in GPR17-KO mice and that this response 

is blocked by administration of a CysLT
1
 antagonist (125). Further-

more, they recently reported the negative regulation of CysLT
1
 by 

GPR17 in both the antigen-presentation and downstream phases of 

allergic pulmonary inflammation, suggesting physiological evidence 

for its negative regulatory role (126). Further studies are necessary 

on the mechanism and biological output of negative regulations.

CysLTs and cognate receptors in health  
and diseases
CysLTs are inflammatory lipid mediators implicated in multiple 

diseases, including asthma, allergic rhinitis, cardiovascular dis-

ease, atopic dermatitis, and experimental autoimmune enceph-

alitis (a model of multiple sclerosis). The identification of Cys-

LT receptors, generation of CysLT receptor–deficient mice, and 

development of specific antagonists have expanded the scope of 

functions of these mediators in disease. In particular, signaling 

via these receptors is implicated in many components of these 

diseases, such as bronchoconstriction, increased microvascular 

permeability, recruitment of effector cells, mucus and cytokine 

secretion, and fibrosis (127–133). In this section, we discuss the 

functional relevance of CysLT receptors to various diseases as 

determined by animal experiments.

Bronchoconstriction. LTC
4
 and LTD

4
 are equipotent in guinea 

pig tracheal smooth muscle, while LTD
4
 is more effective in periph-

eral airways (134). For example, the potency of LTD
4
 in the guinea 

pig lung parenchymal tissues is significantly different from that 

observed in the tracheal preparations (135), implying the existence 

of distinct CysLT receptors. LTE
4
 elicits smooth muscle constric-

tion in isolated guinea pig trachea in preference to LTC
4
 and LTD

4
, 

which required an intact epithelium (136). Moreover, patients with 

bronchial asthma show an increased sensitivity to LTE
4
 leading 

to airflow obstruction (137–139). Similarly, LTE
4
 elicits eosinophil 

(PTX-sensitive) G protein (G
i/o

) in peripheral blood mononuclear 

cells (105, 106), or through two distinct G proteins, PTX-sensitive 

and -insensitive (G
q/11

), in monocyte/macrophage U937 cells (Fig-

ure 2 and ref. 107) as well as a human epithelial cell line, suggest-

ing the promiscuity of CysLT
1
 in G protein coupling (108).

CysLT
2
. Comparison of human CysLT

1
 and CysLT

2
 revealed 

negligible existence of CysLT
1
 but high expression of CysLT

2
 in the 

heart and eosinophils (109). In contrast, both receptors are high-

ly expressed in spleen (93–95). In situ hybridization analyses of 

human lung demonstrated that CysLT
2
 is expressed in interstitial 

macrophages and smooth muscle cells (93). Moreover, the pres-

ence of human CysLT
2
 mRNA was determined in atrium, ventricle, 

and intermediate coronary arteries by in situ hybridization (110). 

The potency ranking for the competition with tritiated [3H]LTD
4
 

binding to human CysLT
2
 is LTD

4
 = LTC

4
 >> LTE

4
 (93). The CysLT

1
 

antagonists are either weak (zafirlukast and pranlukast) or inactive 

(montelukast and pobilukast) at competing for [3H]LTD
4
 bind-

ing to human CysLT
2
 (Figure 2 and refs. 93, 111, 112), whereas full 

competition was observed with the dual CysLT
1
/CysLT

2
 antagonist 

BAY-u9773 (112). LTC
4
 and LTD

4
 evoke a dose-dependent activation 

of Ca2+ flux through a PTX-insensitive G protein (G
q/11

) in human 

CysLT
2
-expressing oocytes (Figure 2 and ref. 93). On the other hand, 

in human mast cells, the CysLT
2
 stimulation elicits IL-8 secretion, 

and the effect is completely blocked by PTX, suggesting it occurs 

via G
i/o

 protein (113). Recent reports demonstrated that CysLT
2
 neg-

atively regulates the development of Th2 pulmonary inflammation 

by inhibiting the CysLT
1
 functions on dendritic cells (114). Further-

more, LTC
4
, but not LTD

4
 and LTE

4
, activates mouse platelets via 

CysLT
2
, although these cells express both CysLT

1
 and CysLT

2
 (115).

Other receptors related to CysLTs. Some of LTE
4
-mediated 

responses are resistant in mice deficient in CysLT
1
 and CysLT

2
, 

implying the existence of LTE
4
 receptors. Based on the similarity 

among CysLT
1
, CysLT

2
, and the nucleotide P2Y receptors, LTE

4
 

receptors seemed to be P2Y-like GPCRs.

Human mast cells express P2Y
12

, an adenosine diphosphate 

receptor, and knockdown of this receptor impaired the LTE
4
-elicit-

ed production of MIP-1β and PGD
2
 in LAD2 human mast cells with-

out altering their responses to LTD
4
 (116). LTE

4
 induces the activa-

tion of ERK1/2 in CHO cells expressing P2Y
12

, which is sensitive to 

PTX (Figure 2 and ref. 97). Furthermore, administration of LTE
4
 to 

the airways of sensitized BALB/c mice induces eosinophilia, gob-

let cell metaplasia, and IL-13 production in response to low-dose 

aerosolized OVA. These effects are intact in CysLT
1
/CysLT

2
-null 

mice but are completely blocked by administration of clopidogrel, a 

P2Y
12

-selective antagonist. A recent study showed that clopidogrel 

prevents airway hyperresponsiveness and eosinophilic inflamma-

tion in a mouse model of asthma (117), suggesting a possible link 

between platelet activation and inflammatory responses.

GPR99, which belongs to the P2Y receptor subfamily, was 

initially identified as a receptor for α-ketoglutarate (118). Because 

the α-ketoglutarate–dependent inositol phosphate formation in 

GPR99-expressing cells is insensitive to PTX, GPR99 seems to act 

via a G
q/11

 pathway (Figure 2 and ref. 118). Kanaoka et al. reported 

that GPR99 is a high-affinity receptor for LTE
4
 (99). The binding 

study revealed a specificity of GPR99 to [3H]LTE
4
 with a K

D
 value 

of 2.5 nM. GPR99 is highly expressed in kidney, placenta, trachea, 

salivary glands, lung, and smooth muscle (118–120), and GPR99 

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/7


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  L I P I D  M E D I A T O R S  O F  D I S E A S E

2 6 9 6 jci.org   Volume 128   Number 7   July 2018

influx in asthmatic subjects (140). Recently, Yonetomi et al. estab-

lished a novel guinea pig model of asthma induced by treatment 

with S-hexyl glutathione (S-hexyl GSH), an inhibitor of γ-glutamyl 

transpeptidase (141, 142). Using this model, they demonstrated that 

both CysLT
1
 and CysLT

2
 promote LTC

4
- or antigen-induced bron-

choconstriction. In humans, both CysLT
1
 and CysLT

2
 are expressed 

in lung specimens isolated from asthmatic patients, suggesting 

the involvement of these receptors in antigen-induced bronchoc-

onstriction (143). Previous study showed that montelukast, a  

CysLT
1
 antagonist, effectively ameliorates regional air trapping 

due to small airway obstruction in asthma, although contribution of  

CysLT
2
 in this disease has not been fully clarified (144). Intriguing-

ly, Sekioka et al. recently suggested that inhalation of LTC
4
 causes 

CysLT
2
-mediated bronchoconstriction and lung air trapping in an 

S-hexyl GSH–treated guinea pig model (145).

Recruitment of effector leukocytes. In humans, peripheral 

blood cells, e.g., monocytes (93, 100), eosinophils (146), and lung 

macrophages (90, 93), all express both CysLT
1
 and CysLT

2
. The 

expressions of these receptors are further confirmed in eosino-

phils, mononuclear cells, and resident mast cells in nasal biopsy 

tissue from humans with seasonal allergic rhinitis (100). More-

over, inhaled LTC
4
, LTD

4
, or LTE

4
 increases airway eosinophil 

numbers in bronchoalveolar lavage fluid (BALF) prepared from 

humans and guinea pigs (129, 147–149). Together, these results 

indicate that CysLTs may serve as chemotactic ligands and acti-

vating mediators for human effector leukocytes. In the chronic 

asthma model, treatment with montelukast significantly reduced 

eosinophil infiltration, mucus plugging, and smooth muscle 

hyperplasia, demonstrating that CysLTs, particularly the CysLT
1
 

pathway, initiate features of chronic inflammation (150). Fur-

thermore, several CysLT
1
 antagonists decreased LTD

4
-induced 

chemotaxis of peripheral blood eosinophils from humans, rats, 

guinea pigs, and cynomolgus monkeys (148, 151–153). In contrast, 

in the OVA-induced asthma model, the level of LTC
4
 in the BALF 

of challenged mice increased compared with those of the saline 

controls (154). These increases are correlated with an influx of pre-

dominantly eosinophils in airway tissues and BALF, suggesting the 

contribution of CysLT
2
 in OVA-induced airway inflammation. A 

recent study further demonstrated that intranasal administration 

of LTC
4
 to OVA-sensitized mice induces airway eosinophilia via a 

platelet- and CysLT
2
-dependent pathway (155).

Microvascular permeability. CysLTs increase microvascular 

permeability in hamster cheek pouches (127) and guinea pig air-

ways by promoting the contraction of endothelial cells, leading 

to gaps in the endothelium of venules (156–159). The latter effect 

is inhibited by pranlukast (156, 158), indicating the involvement 

of CysLT
1
. Zymosan A–induced plasma protein leakage and IgE- 

dependent passive cutaneous anaphylaxis are reduced in both 

CysLT
1
-KO mice and LTC

4
 synthase–KO mice (160). These results 

indicate the pivotal role of CysLT
1
 in mediating increased vascular 

permeability in the models of both innate and adaptive immunity. 

However, several controversial data have been reported. For exam-

ple, neutrophil recruitment is not impaired in either LTC
4
 syn-

thase–KO or CysLT
1
-KO mice in the zymosan A–induced peritonitis 

model (160, 161). Moreover, the enhanced vascular permeability 

associated with the IgE-dependent passive cutaneous anaphy-

laxis is decreased in CysLT
2
-KO mice, although the zymosan A– 

induced peritoneal inflammation is not altered (162). CysLT
2
- 

mediated vascular permeability via transendothelial vesicle trans-

port was further investigated in a CysLT
2
-KO LacZ mouse model 

(163). In this model, CysLT
2
 mediated inflammatory reactions in 

a vascular bed–specific manner by altering transendothelial ves-

icle transport–based vascular permeability. Further reports cor-

roborate CysLT/CysLT
2
-induced permeability of human vascular 

endothelial cells (164).

Pulmonary fibrosis. Bleomycin (165), an anticancer agent, 

causes chronic pulmonary inflammation and fibrosis by intratra-

cheal or systemic administration in mice. The induced injuries, 

e.g., pulmonary macrophage and neutrophil recruitment, fibro-

blast accumulation, and collagen deposition, are significantly 

reduced in LTC
4
 synthase–KO mice (166). Although these injuries 

are not prevented by CysLT
1
 deficiency in mice, CysLT

1
-KO mice 

do show exaggerated alveolar septal thickening with reticular 

fiber deposition when compared with WT or LTC
4
 synthase–KO 

mice (166). Additionally, CysLT levels in the BALF recovered from  

CysLT
1
-KO mice are greater than those of WT mice. These find-

ings suggest that the CysLTs are crucial for bleomycin-induced 

chronic inflammatory and fibrotic insult, presumably working via 

other types of receptors, including CysLT
2
. Intriguingly, alveolar 

septal thickening after intratracheal injection of bleomycin is sig-

nificantly reduced in CysLT
2
-KO mice (166). Because the amount 

of CysLTs in BALF is similar in CysLT
2
-KO mice and WT mice, 

CysLT
2
 promotes chronic pulmonary inflammation with fibrosis 

in response to a particular pathological stimulus.

Cardiovascular effects. After reports of the reduced coronary 

blood flow induced by slow-reacting substance of anaphylaxis 

(SRS-A) (167), several groups have investigated the cardiovascu-

lar effects of CysLTs in several animal models. In sheep and pigs,  

CysLTs cause induction of coronary vasoconstriction and isch-

emia and impairment of left ventricular function (168, 169). More-

over, in isolated perfused guinea pig heart preparations, LTC
4
 

and LTD
4
 reduce myocardial contractility concomitant with the 

vasoconstriction (170, 171). In human heart, the negative inotropic 

effect of CysLTs is similar to that in guinea pigs, with rank order of 

potency LTD
4
 > LTC

4
 > LTE

4
 (172).

Although CysLT
2
 is predominantly expressed in vascular 

smooth muscle cells, the expression of CysLT
1
 is also induced by 

stimulation with lipopolysaccharide in human coronary artery vas-

cular smooth muscle cells (173). Intriguingly, in these cells, CysLT
1
 

is localized in the perinuclear region of human aortic valve myofi-

broblasts, and its activation is coupled to a predominantly nuclear 

Ca2+ signaling (173, 174). Furthermore, a recent report suggested 

that CysLTs elicit inflammation and proliferation of endothelial 

cells through CysLT
2
 and CysLT

1
, respectively (175). In this study, 

the authors further demonstrated that CysLT
2
 activation leads to 

endothelial cell contraction and barrier disruption via the Rho 

kinase pathway, suggesting the critical roles of CysLT receptors in 

the pathology of cardiovascular diseases such as atherosclerosis.

Clinical studies on CysLT receptor–targeted 
therapy
CysLT receptors play an important role in the pathogenesis of 

bronchial asthma and allergic rhinitis. The effects of blockers of 

these receptors indicate that interventions in the signaling path-
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way via CysLT receptors may be of therapeutic use in the treat-

ment of these diseases. Blockers of CysLT
1
, including montelukast 

(marketed as Singulair and Kipres), pranlukast (Onon), and zafir-

lukast (Accolate), are used in asthma and rhinitis. Montelukast, 

which is administered orally once daily, is the most prescribed 

antagonist for asthmatic patients (176). This drug is effective 

in allergic rhinitis and several types of asthma, e.g., exercise- 

induced asthma, asthma in obese patients, asthma in smokers, 

and aspirin-induced asthma (176, 177). The beneficial effect of 

montelukast in cardiovascular disease has been under clinical tri-

al (178–180). Pranlukast is an orally administered, selective, and 

competitive antagonist. Clinical studies demonstrated that pro-

phylactic treatment with this drug is effective for chronic bron-

chial asthma in pediatric and adult patients. Moreover, recent 

studies suggested that pretreatment with this drug significantly 

inhibits pollinosis (181) and decreases nasal eosinophil cationic 

protein and obstruction (182). Zafirlukast is approved for treat-

ment of asthma in patients 7 years or older. The most common 

adverse effects are pharyngitis, headache, rhinitis, and gastritis. 

Transient increases in liver enzymes and rare but significant liver 

dysfunction have prompted recommendations against prescrib-

ing this drug to patients with hepatic dysfunction (183).

Conclusion
CysLT

1
 antagonists and inhibitors of LT biosynthesis are clinically 

useful to ameliorate the symptoms of bronchial asthma and aller-

gic rhinitis. Although the past clinical studies on BLT
1
 antagonists 

failed to attenuate arthritis and psoriasis, studies using BLT
1
-KO 

mice and BLT
1
 antagonists are expanding the BLT

1
-related inflam-

matory diseases, suggesting the usefulness of BLT
1
 antagonists in 

the future. BLT
2
 agonists will target intractable skin and corneal 

ulcers, including bedsores. Thus, leukotriene receptors are still 

important drug targets.

Acknowledgments
This work is supported by Ministry of Education, Culture, Sports, 

Science and Technology (MEXT)/Japan Society for the Promo-

tion of Science KAKENHI Grants 15H04708, 15H05897, and 

18H02627 (to TY), 17K082 (to MN), and S29229003 (to TS); 

AMED GAPFREE Program 17ak0101043h0003 (to TS); the Take-

da Science Foundation (to TY, MN, and TS); the Naito Founda-

tion (to MN); the Mitsubishi Foundation (to MN); a Grant-in-Aid 

(S1311011) from the Foundation of Strategic Research Projects in 

Private Universities from MEXT; and a grant from the Institute for 

Environmental and Gender-Specific Medicine (to TY). The labo-

ratory at the University of Tokyo is funded by Shimadzu Co. Ltd., 

Japan, and the laboratory at the National Center for Global Health 

and Medicine is partially supported by ONO Pharmaceutical Co. 

We are grateful to T. Hori at Riken for generously drawing Figure 1.

Address correspondence to: Takehiko Yokomizo, Department 

of Biochemistry, Graduate School of Medicine, Juntendo Uni-

versity, Hongo 2-1-1, Bunkyo-ku, Tokyo 113-8421, Japan. Phone: 

81.3.5802.1031; Email: yokomizo-tky@umin.ac.jp.

 1. Shimizu T. Lipid mediators in health and disease: 

enzymes and receptors as therapeutic targets for 

the regulation of immunity and inflammation. 

Annu Rev Pharmacol Toxicol. 2009;49:123–150.

 2. Saino H, et al. The catalytic architecture of leu-

kotriene C4 synthase with two arginine residues. 

J Biol Chem. 2011;286(18):16392–16401.

 3. Rinaldo-Matthis A, et al. Arginine 104 is a key 

catalytic residue in leukotriene C4 synthase.  

J Biol Chem. 2010;285(52):40771–40776.

 4. Martinez Molina D, et al. Structural basis 

for synthesis of inflammatory mediators by 

human leukotriene C4 synthase. Nature. 

2007;448(7153):613–616.

 5. Ago H, et al. Crystal structure of a human mem-

brane protein involved in cysteinyl leukotriene 

biosynthesis. Nature. 2007;448(7153):609–612.

 6. Thunnissen MM, Nordlund P, Haeggström JZ. 

Crystal structure of human leukotriene A(4) 

hydrolase, a bifunctional enzyme in inflamma-

tion. Nat Struct Biol. 2001;8(2):131–135.

 7. Nakamura M, Shimizu T. Leukotriene receptors. 

Chem Rev. 2011;111(10):6231–6298.

 8. Yokomizo T, Izumi T, Chang K, Takuwa Y, Shi-

mizu T. A G-protein-coupled receptor for leu-

kotriene B4 that mediates chemotaxis. Nature. 

1997;387(6633):620–624.

 9. Yokomizo T, Kato K, Terawaki K, Izumi T, Shi-

mizu T. A second leukotriene B(4) receptor, 

BLT2. A new therapeutic target in inflamma-

tion and immunological disorders. J Exp Med. 

2000;192(3):421–432.

 10. Haribabu B. Back to the future of targeting 

leukotriene B4mediated inflammation. Semin 

Immunol. 2017;33:1–2.

 11. Wan M, Tang X, Stsiapanava A, Haeggström JZ. 

Biosynthesis of leukotriene B4. Semin Immunol. 

2017;33:3–15.

 12. Subramanian BC, Majumdar R, Parent CA. The 

role of the LTB4-BLT1 axis in chemotactic gra-

dient sensing and directed leukocyte migration. 

Semin Immunol. 2017;33:16–29.

 13. Saeki K, Yokomizo T. Identification, signaling, 

and functions of LTB4receptors. Semin Immunol. 

2017;33:30–36.

 14. Brandt SL, Serezani CH. Too much of a good 

thing: how modulating LTB4 actions restore host 

defense in homeostasis or disease. Semin Immu-

nol. 2017;33:37–43.

 15. Gelfand EW. Importance of the leukotriene 

B4-BLT1 and LTB4-BLT2 pathways in asthma. 

Semin Immunol. 2017;33:44–51.

 16. Miyabe Y, Miyabe C, Luster AD. LTB4and BLT1 

in inflammatory arthritis. Semin Immunol. 

2017;33:52–57.

 17. Jala VR, Bodduluri SR, Satpathy SR, Chheda Z, 

Sharma RK, Haribabu B. The yin and yang of leu-

kotriene B4-mediated inflammation in cancer. 

Semin Immunol. 2017;33:58–64.

 18. Bhatt L, Roinestad K, Van T, Springman EB. 

Recent advances in clinical development of 

leukotriene B4 pathway drugs. Semin Immunol. 

2017;33:65–73.

 19. Haribabu B, Verghese MW, Steeber DA, Sellars 

DD, Bock CB, Snyderman R. Targeted disruption 

of the leukotriene B(4) receptor in mice reveals 

its role in inflammation and platelet-activat-

ing factor-induced anaphylaxis. J Exp Med. 

2000;192(3):433–438.

 20. Tager AM, Dufour JH, Goodarzi K, Bercury SD, 

von Andrian UH, Luster AD. BLTR mediates leu-

kotriene B(4)-induced chemotaxis and adhesion 

and plays a dominant role in eosinophil accumu-

lation in a murine model of peritonitis. J Exp Med. 

2000;192(3):439–446.

 21. Goodarzi K, Goodarzi M, Tager AM, Luster 

AD, von Andrian UH. Leukotriene B4 and 

BLT1 control cytotoxic effector T cell recruit-

ment to inflamed tissues. Nat Immunol. 

2003;4(10):965–973.

 22. Ott VL, Cambier JC, Kappler J, Marrack P, Swan-

son BJ. Mast cell-dependent migration of effector 

CD8+ T cells through production of leukotriene 

B4. Nat Immunol. 2003;4(10):974–981.

 23. Tager AM, et al. Leukotriene B4 receptor BLT1 

mediates early effector T cell recruitment. Nat 

Immunol. 2003;4(10):982–990.

 24. Miyahara N, et al. Leukotriene B4 receptor 1 

expression on dendritic cells is required for the 

development of Th2 responses and allergen- 

induced airway hyperresponsiveness. J Immunol. 

2008;181(2):1170–1178.

 25. Toda A, Terawaki K, Yamazaki S, Saeki K, 

Shimizu T, Yokomizo T. Attenuated Th1 induc-

tion by dendritic cells from mice deficient 

in the leukotriene B4 receptor 1. Biochimie. 

2010;92(6):682–691.

 26. Serezani CH, Lewis C, Jancar S, Peters-Golden 

M. Leukotriene B4 amplifies NF-κB activation 

in mouse macrophages by reducing SOCS1 

inhibition of MyD88 expression. J Clin Invest. 

2011;121(2):671–682.

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/7
https://doi.org/10.1146/annurev.pharmtox.011008.145616
https://doi.org/10.1146/annurev.pharmtox.011008.145616
https://doi.org/10.1146/annurev.pharmtox.011008.145616
https://doi.org/10.1146/annurev.pharmtox.011008.145616
https://doi.org/10.1074/jbc.M110.150177
https://doi.org/10.1074/jbc.M110.150177
https://doi.org/10.1074/jbc.M110.150177
https://doi.org/10.1074/jbc.M110.105940
https://doi.org/10.1074/jbc.M110.105940
https://doi.org/10.1074/jbc.M110.105940
https://doi.org/10.1038/nature06009
https://doi.org/10.1038/nature06009
https://doi.org/10.1038/nature06009
https://doi.org/10.1038/nature06009
https://doi.org/10.1038/nature05936
https://doi.org/10.1038/nature05936
https://doi.org/10.1038/nature05936
https://doi.org/10.1038/84117
https://doi.org/10.1038/84117
https://doi.org/10.1038/84117
https://doi.org/10.1038/84117
https://doi.org/10.1021/cr100392s
https://doi.org/10.1021/cr100392s
https://doi.org/10.1038/42506
https://doi.org/10.1038/42506
https://doi.org/10.1038/42506
https://doi.org/10.1038/42506
https://doi.org/10.1084/jem.192.3.421
https://doi.org/10.1084/jem.192.3.421
https://doi.org/10.1084/jem.192.3.421
https://doi.org/10.1084/jem.192.3.421
https://doi.org/10.1084/jem.192.3.421
https://doi.org/10.1016/j.smim.2017.09.010
https://doi.org/10.1016/j.smim.2017.09.010
https://doi.org/10.1016/j.smim.2017.09.010
https://doi.org/10.1016/j.smim.2017.07.012
https://doi.org/10.1016/j.smim.2017.07.012
https://doi.org/10.1016/j.smim.2017.07.012
https://doi.org/10.1016/j.smim.2017.07.002
https://doi.org/10.1016/j.smim.2017.07.002
https://doi.org/10.1016/j.smim.2017.07.002
https://doi.org/10.1016/j.smim.2017.07.002
https://doi.org/10.1016/j.smim.2017.07.010
https://doi.org/10.1016/j.smim.2017.07.010
https://doi.org/10.1016/j.smim.2017.07.010
https://doi.org/10.1016/j.smim.2017.08.006
https://doi.org/10.1016/j.smim.2017.08.006
https://doi.org/10.1016/j.smim.2017.08.006
https://doi.org/10.1016/j.smim.2017.08.006
https://doi.org/10.1016/j.smim.2017.08.005
https://doi.org/10.1016/j.smim.2017.08.005
https://doi.org/10.1016/j.smim.2017.08.005
https://doi.org/10.1016/j.smim.2017.09.009
https://doi.org/10.1016/j.smim.2017.09.009
https://doi.org/10.1016/j.smim.2017.09.009
https://doi.org/10.1016/j.smim.2017.09.005
https://doi.org/10.1016/j.smim.2017.09.005
https://doi.org/10.1016/j.smim.2017.09.005
https://doi.org/10.1016/j.smim.2017.09.005
https://doi.org/10.1016/j.smim.2017.08.007
https://doi.org/10.1016/j.smim.2017.08.007
https://doi.org/10.1016/j.smim.2017.08.007
https://doi.org/10.1016/j.smim.2017.08.007
https://doi.org/10.1084/jem.192.3.433
https://doi.org/10.1084/jem.192.3.433
https://doi.org/10.1084/jem.192.3.433
https://doi.org/10.1084/jem.192.3.433
https://doi.org/10.1084/jem.192.3.433
https://doi.org/10.1084/jem.192.3.433
https://doi.org/10.1084/jem.192.3.439
https://doi.org/10.1084/jem.192.3.439
https://doi.org/10.1084/jem.192.3.439
https://doi.org/10.1084/jem.192.3.439
https://doi.org/10.1084/jem.192.3.439
https://doi.org/10.1084/jem.192.3.439
https://doi.org/10.1038/ni972
https://doi.org/10.1038/ni972
https://doi.org/10.1038/ni972
https://doi.org/10.1038/ni972
https://doi.org/10.1038/ni972
https://doi.org/10.1038/ni971
https://doi.org/10.1038/ni971
https://doi.org/10.1038/ni971
https://doi.org/10.1038/ni971
https://doi.org/10.1038/ni970
https://doi.org/10.1038/ni970
https://doi.org/10.1038/ni970
https://doi.org/10.4049/jimmunol.181.2.1170
https://doi.org/10.4049/jimmunol.181.2.1170
https://doi.org/10.4049/jimmunol.181.2.1170
https://doi.org/10.4049/jimmunol.181.2.1170
https://doi.org/10.4049/jimmunol.181.2.1170
https://doi.org/10.1016/j.biochi.2009.12.002
https://doi.org/10.1016/j.biochi.2009.12.002
https://doi.org/10.1016/j.biochi.2009.12.002
https://doi.org/10.1016/j.biochi.2009.12.002
https://doi.org/10.1016/j.biochi.2009.12.002
https://doi.org/10.1172/JCI43302
https://doi.org/10.1172/JCI43302
https://doi.org/10.1172/JCI43302
https://doi.org/10.1172/JCI43302
https://doi.org/10.1172/JCI43302


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  L I P I D  M E D I A T O R S  O F  D I S E A S E

2 6 9 8 jci.org   Volume 128   Number 7   July 2018

 27. Heller EA, et al. Inhibition of atherogenesis in 

BLT1-deficient mice reveals a role for LTB4 and 

BLT1 in smooth muscle cell recruitment. Circula-

tion. 2005;112(4):578–586.

 28. Bäck M, Bu DX, Bränström R, Sheikine Y, Yan 

ZQ, Hansson GK. Leukotriene B4 signaling 

through NF-κB-dependent BLT1 receptors on 

vascular smooth muscle cells in atherosclerosis 

and intimal hyperplasia. Proc Natl Acad Sci U S A. 

2005;102(48):17501–17506.

 29. Kuniyeda K, Okuno T, Terawaki K, Miyano M, 

Yokomizo T, Shimizu T. Identification of the 

intracellular region of the leukotriene B4 recep-

tor type 1 that is specifically involved in Gi activa-

tion. J Biol Chem. 2007;282(6):3998–4006.

 30. Okuno T, Ago H, Terawaki K, Miyano M, Shimizu 

T, Yokomizo T. Helix 8 of the leukotriene B4 

receptor is required for the conformational change 

to the low affinity state after G-protein activation. 

J Biol Chem. 2003;278(42):41500–41509.

 31. Okuno T, Yokomizo T, Hori T, Miyano M, Shimizu 

T. Leukotriene B4 receptor and the function of its 

helix 8. J Biol Chem. 2005;280(37):32049–32052.

 32. Chen Z, Gaudreau R, Le Gouill C, 

Rola-Pleszczynski M, Stanková J. Agonist- 

induced internalization of leukotriene B(4) 

receptor 1 requires G-protein-coupled recep-

tor kinase 2 but not arrestins. Mol Pharmacol. 

2004;66(3):377–386.

 33. Gaudreau R, et al. Structural determinants 

regulating expression of the high affinity 

leukotriene B4 receptor: involvement of dileu-

cine motifs and alpha-helix VIII. J Biol Chem. 

2004;279(11):10338–10345.

 34. Aratake Y, et al. Helix 8 of leukotriene B4 recep-

tor 1 inhibits ligand-induced internalization. 

FASEB J. 2012;26(10):4068–4078.

 35. Hori T, et al. Na+-mimicking ligands stabilize the 

inactive state of leukotriene B4receptor BLT1. 

Nat Chem Biol. 2018;14(3):262–269.

 36. Basu S, et al. Critical role for polar resi-

dues in coupling leukotriene B4 binding to 

signal transduction in BLT1. J Biol Chem. 

2007;282(13):10005–10017.

 37. Terawaki K, et al. Absence of leukotriene B4 

receptor 1 confers resistance to airway hyperres-

ponsiveness and Th2-type immune responses.  

J Immunol. 2005;175(7):4217–4225.

 38. Okamoto F, Saeki K, Sumimoto H, Yamasaki 

S, Yokomizo T. Leukotriene B4 augments and 

restores FcγRs-dependent phagocytosis in macro-

phages. J Biol Chem. 2010;285(52):41113–41121.

 39. Ichiki T, et al. Modulation of leukotriene B4 

receptor 1 signaling by receptor for advanced 

glycation end products (RAGE). FASEB J. 

2016;30(5):1811–1822.

 40. Ichiki T, Koga T, Yokomizo T. Receptor for 

advanced glycation end products regulates leu-

kotriene B4 receptor 1 signaling. DNA Cell Biol. 

2016;35(12):747–750.

 41. Kato K, Yokomizo T, Izumi T, Shimizu T. 

Cell-specific transcriptional regulation of human 

leukotriene B(4) receptor gene. J Exp Med. 

2000;192(3):413–420.

 42. Kamohara M, et al. Molecular cloning and char-

acterization of another leukotriene B4 receptor.  

J Biol Chem. 2000;275(35):27000–27004.

 43. Tryselius Y, Nilsson NE, Kotarsky K, Olde B, 

Owman C. Cloning and characterization of 

cDNA encoding a novel human leukotriene 

B(4) receptor. Biochem Biophys Res Commun. 

2000;274(2):377–382.

 44. Wang S, et al. A novel hepatointestinal leukotriene 

B4 receptor. Cloning and functional characteriza-

tion. J Biol Chem. 2000;275(52):40686–40694.

 45. Yokomizo T, Kato K, Hagiya H, Izumi T, Shimizu 

T. Hydroxyeicosanoids bind to and activate the 

low affinity leukotriene B4 receptor, BLT2. J Biol 

Chem. 2001;276(15):12454–12459.

 46. Okuno T, Iizuka Y, Okazaki H, Yokomizo T, 

Taguchi R, Shimizu T. 12(S)-Hydroxyhepta-

deca-5Z, 8E, 10E-trienoic acid is a natural 

ligand for leukotriene B4 receptor 2. J Exp Med. 

2008;205(4):759–766.

 47. Hecker M, Haurand M, Ullrich V, Diczfalusy U, 

Hammarström S. Products, kinetics, and sub-

strate specificity of homogeneous thromboxane 

synthase from human platelets: development 

of a novel enzyme assay. Arch Biochem Biophys. 

1987;254(1):124–135.

 48. Hecker M, Ullrich V. On the mechanism of pros-

tacyclin and thromboxane A2 biosynthesis. J Biol 

Chem. 1989;264(1):141–150.

 49. Hamberg M, Samuelsson B. Oxygenation of 

unsaturated fatty acids by the vesicular gland of 

sheep. J Biol Chem. 1967;242(22):5344–5354.

 50. Matsunobu T, Okuno T, Yokoyama C, Yokomizo 

T. Thromboxane A synthase-independent pro-

duction of 12-hydroxyheptadecatrienoic acid, a 

BLT2 ligand. J Lipid Res. 2013;54(11):2979–2987.

 51. Lee JW, Kim JH. Activation of the leukotriene B4 

receptor 2-reactive oxygen species (BLT2-ROS) 

cascade following detachment confers anoikis 

resistance in prostate cancer cells. J Biol Chem. 

2013;288(42):30054–30063.

 52. Iizuka Y, Yokomizo T, Terawaki K, Komine M, 

Tamaki K, Shimizu T. Characterization of a 

mouse second leukotriene B4 receptor, mBLT2: 

BLT2-dependent ERK activation and cell migra-

tion of primary mouse keratinocytes. J Biol Chem. 

2005;280(26):24816–24823.

 53. Liu M, et al. 12-Hydroxyheptadecatrienoic acid 

promotes epidermal wound healing by accelerat-

ing keratinocyte migration via the BLT2 receptor. 

J Exp Med. 2014;211(6):1063–1078.

 54. Iwamoto S, et al. Non-steroidal anti-inflammato-

ry drug delays corneal wound healing by reduc-

ing production of 12-hydroxyheptadecatrienoic 

acid, a ligand for leukotriene B4 receptor 2. Sci 

Rep. 2017;7(1):13267.

 55. Iizuka Y, et al. Protective role of the leukotriene 

B4 receptor BLT2 in murine inflammatory colitis. 

FASEB J. 2010;24(12):4678–4690.

 56. Shigematsu M, et al. Leukotriene B4 receptor 

type 2 protects against pneumolysin-dependent 

acute lung injury. Sci Rep. 2016;6:34560.

 57. Bäck M, et al. International Union of Basic and 

Clinical Pharmacology. LXXXIV: leukotriene 

receptor nomenclature, distribution, and 

pathophysiological functions. Pharmacol Rev. 

2011;63(3):539–584.

 58. Patnode ML, Bando JK, Krummel MF, Locksley 

RM, Rosen SD. Leukotriene B4 amplifies eosino-

phil accumulation in response to nematodes.  

J Exp Med. 2014;211(7):1281–1288.

 59. Chen H, et al. Effects of leukotriene B4 and 

prostaglandin E2 on the differentiation of 

murine Foxp3+ T regulatory cells and Th17 

cells. Prostaglandins Leukot Essent Fatty Acids. 

2009;80(4):195–200.

 60. Pettersson A, Richter J, Owman C. Flow cytomet-

ric mapping of the leukotriene B4 receptor, BLT1, 

in human bone marrow and peripheral blood 

using specific monoclonal antibodies. Int Immu-

nopharmacol. 2003;3(10-11):1467–1475.

 61. Sasaki F, et al. Biochemical and immunological 

characterization of a novel monoclonal antibody 

against mouse leukotriene B4 receptor 1. PLoS 

One. 2017;12(9):e0185133.

 62. Miyahara N, et al. Requirement for leukotriene 

B4 receptor 1 in allergen-induced airway hyper-

responsiveness. Am J Respir Crit Care Med. 

2005;172(2):161–167.

 63. Miyahara N, et al. Leukotriene B4 receptor-1 is 

essential for allergen-mediated recruitment of 

CD8+ T cells and airway hyperresponsiveness.  

J Immunol. 2005;174(8):4979–4984.

 64. Kim ND, Chou RC, Seung E, Tager AM, Luster 

AD. A unique requirement for the leukotriene 

B4 receptor BLT1 for neutrophil recruit-

ment in inflammatory arthritis. J Exp Med. 

2006;203(4):829–835.

 65. Miyabe Y, et al. Complement C5a receptor is 

the key initiator of neutrophil adhesion igniting 

immune complex-induced arthritis. Sci Immunol. 

2017;2(7):eaaj2195.

 66. Chen M, et al. Neutrophil-derived leukotriene B4 

is required for inflammatory arthritis. J Exp Med. 

2006;203(4):837–842.

 67. Shao WH, Del Prete A, Bock CB, Haribabu B. 

Targeted disruption of leukotriene B4 recep-

tors BLT1 and BLT2: a critical role for BLT1 in 

collagen-induced arthritis in mice. J Immunol. 

2006;176(10):6254–6261.

 68. Griffiths RJ, et al. Leukotriene B4 plays a critical 

role in the progression of collagen-induced arthri-

tis. Proc Natl Acad Sci U S A. 1995;92(2):517–521.

 69. Friedrich EB, et al. Mechanisms of leukotriene 

B4 — triggered monocyte adhesion. Arterioscler 

Thromb Vasc Biol. 2003;23(10):1761–1767.

 70. Huang L, et al. Leukotriene B4 strongly increases 

monocyte chemoattractant protein-1 in human 

monocytes. Arterioscler Thromb Vasc Biol. 

2004;24(10):1783–1788.

 71. Aiello RJ, Bourassa PA, Lindsey S, Weng W, 

Freeman A, Showell HJ. Leukotriene B4 

receptor antagonism reduces monocytic foam 

cells in mice. Arterioscler Thromb Vasc Biol. 

2002;22(3):443–449.

 72. Subbarao K, et al. Role of leukotriene B4 recep-

tors in the development of atherosclerosis: 

potential mechanisms. Arterioscler Thromb Vasc 

Biol. 2004;24(2):369–375.

 73. Wang D, Dubois RN. Eicosanoids and cancer. Nat 

Rev Cancer. 2010;10(3):181–193.

 74. Sharma-Walia N, Chandran K, Patel K, Veettil 

MV, Marginean A. The Kaposi’s sarcoma-asso-

ciated herpesvirus (KSHV)-induced 5-lipoxy-

genase-leukotriene B4 cascade plays key roles 

in KSHV latency, monocyte recruitment, and 

lipogenesis. J Virol. 2014;88(4):2131–2156.

 75. Wen Z, et al. Increased metabolites of 5-lipox-

ygenase from hypoxic ovarian cancer cells pro-

mote tumor-associated macrophage infiltration. 

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/7
https://doi.org/10.1161/CIRCULATIONAHA.105.545616
https://doi.org/10.1161/CIRCULATIONAHA.105.545616
https://doi.org/10.1161/CIRCULATIONAHA.105.545616
https://doi.org/10.1161/CIRCULATIONAHA.105.545616
https://doi.org/10.1073/pnas.0505845102
https://doi.org/10.1073/pnas.0505845102
https://doi.org/10.1073/pnas.0505845102
https://doi.org/10.1073/pnas.0505845102
https://doi.org/10.1073/pnas.0505845102
https://doi.org/10.1073/pnas.0505845102
https://doi.org/10.1074/jbc.M307335200
https://doi.org/10.1074/jbc.M307335200
https://doi.org/10.1074/jbc.M307335200
https://doi.org/10.1074/jbc.M307335200
https://doi.org/10.1074/jbc.M307335200
https://doi.org/10.1074/jbc.R500007200
https://doi.org/10.1074/jbc.R500007200
https://doi.org/10.1074/jbc.R500007200
https://doi.org/10.1074/jbc.M309207200
https://doi.org/10.1074/jbc.M309207200
https://doi.org/10.1074/jbc.M309207200
https://doi.org/10.1074/jbc.M309207200
https://doi.org/10.1074/jbc.M309207200
https://doi.org/10.1096/fj.12-212050
https://doi.org/10.1096/fj.12-212050
https://doi.org/10.1096/fj.12-212050
https://doi.org/10.1038/nchembio.2547
https://doi.org/10.1038/nchembio.2547
https://doi.org/10.1038/nchembio.2547
https://doi.org/10.1074/jbc.M609552200
https://doi.org/10.1074/jbc.M609552200
https://doi.org/10.1074/jbc.M609552200
https://doi.org/10.1074/jbc.M609552200
https://doi.org/10.4049/jimmunol.175.7.4217
https://doi.org/10.4049/jimmunol.175.7.4217
https://doi.org/10.4049/jimmunol.175.7.4217
https://doi.org/10.4049/jimmunol.175.7.4217
https://doi.org/10.1074/jbc.M110.175497
https://doi.org/10.1074/jbc.M110.175497
https://doi.org/10.1074/jbc.M110.175497
https://doi.org/10.1074/jbc.M110.175497
https://doi.org/10.1096/fj.201500117
https://doi.org/10.1096/fj.201500117
https://doi.org/10.1096/fj.201500117
https://doi.org/10.1096/fj.201500117
https://doi.org/10.1089/dna.2016.3552
https://doi.org/10.1089/dna.2016.3552
https://doi.org/10.1089/dna.2016.3552
https://doi.org/10.1089/dna.2016.3552
https://doi.org/10.1084/jem.192.3.413
https://doi.org/10.1084/jem.192.3.413
https://doi.org/10.1084/jem.192.3.413
https://doi.org/10.1084/jem.192.3.413
https://doi.org/10.1006/bbrc.2000.3152
https://doi.org/10.1006/bbrc.2000.3152
https://doi.org/10.1006/bbrc.2000.3152
https://doi.org/10.1006/bbrc.2000.3152
https://doi.org/10.1006/bbrc.2000.3152
https://doi.org/10.1074/jbc.M004512200
https://doi.org/10.1074/jbc.M004512200
https://doi.org/10.1074/jbc.M004512200
https://doi.org/10.1074/jbc.M011361200
https://doi.org/10.1074/jbc.M011361200
https://doi.org/10.1074/jbc.M011361200
https://doi.org/10.1074/jbc.M011361200
https://doi.org/10.1084/jem.20072329
https://doi.org/10.1084/jem.20072329
https://doi.org/10.1084/jem.20072329
https://doi.org/10.1084/jem.20072329
https://doi.org/10.1084/jem.20072329
https://doi.org/10.1016/0003-9861(87)90088-9
https://doi.org/10.1016/0003-9861(87)90088-9
https://doi.org/10.1016/0003-9861(87)90088-9
https://doi.org/10.1016/0003-9861(87)90088-9
https://doi.org/10.1016/0003-9861(87)90088-9
https://doi.org/10.1016/0003-9861(87)90088-9
https://doi.org/10.1194/jlr.M037754
https://doi.org/10.1194/jlr.M037754
https://doi.org/10.1194/jlr.M037754
https://doi.org/10.1194/jlr.M037754
https://doi.org/10.1074/jbc.M113.481283
https://doi.org/10.1074/jbc.M113.481283
https://doi.org/10.1074/jbc.M113.481283
https://doi.org/10.1074/jbc.M113.481283
https://doi.org/10.1074/jbc.M113.481283
https://doi.org/10.1074/jbc.M413257200
https://doi.org/10.1074/jbc.M413257200
https://doi.org/10.1074/jbc.M413257200
https://doi.org/10.1074/jbc.M413257200
https://doi.org/10.1074/jbc.M413257200
https://doi.org/10.1074/jbc.M413257200
https://doi.org/10.1084/jem.20132063
https://doi.org/10.1084/jem.20132063
https://doi.org/10.1084/jem.20132063
https://doi.org/10.1084/jem.20132063
https://doi.org/10.1038/s41598-017-13122-8
https://doi.org/10.1038/s41598-017-13122-8
https://doi.org/10.1038/s41598-017-13122-8
https://doi.org/10.1038/s41598-017-13122-8
https://doi.org/10.1038/s41598-017-13122-8
https://doi.org/10.1096/fj.10-165050
https://doi.org/10.1096/fj.10-165050
https://doi.org/10.1096/fj.10-165050
https://doi.org/10.1124/pr.110.004184
https://doi.org/10.1124/pr.110.004184
https://doi.org/10.1124/pr.110.004184
https://doi.org/10.1124/pr.110.004184
https://doi.org/10.1124/pr.110.004184
https://doi.org/10.1084/jem.20132336
https://doi.org/10.1084/jem.20132336
https://doi.org/10.1084/jem.20132336
https://doi.org/10.1084/jem.20132336
https://doi.org/10.1016/j.plefa.2009.01.006
https://doi.org/10.1016/j.plefa.2009.01.006
https://doi.org/10.1016/j.plefa.2009.01.006
https://doi.org/10.1016/j.plefa.2009.01.006
https://doi.org/10.1016/j.plefa.2009.01.006
https://doi.org/10.1016/S1567-5769(03)00145-0
https://doi.org/10.1016/S1567-5769(03)00145-0
https://doi.org/10.1016/S1567-5769(03)00145-0
https://doi.org/10.1016/S1567-5769(03)00145-0
https://doi.org/10.1016/S1567-5769(03)00145-0
https://doi.org/10.1371/journal.pone.0185133
https://doi.org/10.1371/journal.pone.0185133
https://doi.org/10.1371/journal.pone.0185133
https://doi.org/10.1371/journal.pone.0185133
https://doi.org/10.1164/rccm.200502-205OC
https://doi.org/10.1164/rccm.200502-205OC
https://doi.org/10.1164/rccm.200502-205OC
https://doi.org/10.1164/rccm.200502-205OC
https://doi.org/10.4049/jimmunol.174.8.4979
https://doi.org/10.4049/jimmunol.174.8.4979
https://doi.org/10.4049/jimmunol.174.8.4979
https://doi.org/10.4049/jimmunol.174.8.4979
https://doi.org/10.1084/jem.20052349
https://doi.org/10.1084/jem.20052349
https://doi.org/10.1084/jem.20052349
https://doi.org/10.1084/jem.20052349
https://doi.org/10.1084/jem.20052349
https://doi.org/10.1126/sciimmunol.aaj2195
https://doi.org/10.1126/sciimmunol.aaj2195
https://doi.org/10.1126/sciimmunol.aaj2195
https://doi.org/10.1126/sciimmunol.aaj2195
https://doi.org/10.1084/jem.20052371
https://doi.org/10.1084/jem.20052371
https://doi.org/10.1084/jem.20052371
https://doi.org/10.4049/jimmunol.176.10.6254
https://doi.org/10.4049/jimmunol.176.10.6254
https://doi.org/10.4049/jimmunol.176.10.6254
https://doi.org/10.4049/jimmunol.176.10.6254
https://doi.org/10.4049/jimmunol.176.10.6254
https://doi.org/10.1073/pnas.92.2.517
https://doi.org/10.1073/pnas.92.2.517
https://doi.org/10.1073/pnas.92.2.517
https://doi.org/10.1161/01.ATV.0000092941.77774.3C
https://doi.org/10.1161/01.ATV.0000092941.77774.3C
https://doi.org/10.1161/01.ATV.0000092941.77774.3C
https://doi.org/10.1161/01.ATV.0000140063.06341.09
https://doi.org/10.1161/01.ATV.0000140063.06341.09
https://doi.org/10.1161/01.ATV.0000140063.06341.09
https://doi.org/10.1161/01.ATV.0000140063.06341.09
https://doi.org/10.1161/hq0302.105593
https://doi.org/10.1161/hq0302.105593
https://doi.org/10.1161/hq0302.105593
https://doi.org/10.1161/hq0302.105593
https://doi.org/10.1161/hq0302.105593
https://doi.org/10.1161/01.ATV.0000110503.16605.15
https://doi.org/10.1161/01.ATV.0000110503.16605.15
https://doi.org/10.1161/01.ATV.0000110503.16605.15
https://doi.org/10.1161/01.ATV.0000110503.16605.15
https://doi.org/10.1038/nrc2809
https://doi.org/10.1038/nrc2809
https://doi.org/10.1128/JVI.02786-13
https://doi.org/10.1128/JVI.02786-13
https://doi.org/10.1128/JVI.02786-13
https://doi.org/10.1128/JVI.02786-13
https://doi.org/10.1128/JVI.02786-13
https://doi.org/10.1128/JVI.02786-13
https://doi.org/10.1038/onc.2014.85
https://doi.org/10.1038/onc.2014.85
https://doi.org/10.1038/onc.2014.85


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  L I P I D  M E D I A T O R S  O F  D I S E A S E

2 6 9 9jci.org   Volume 128   Number 7   July 2018

Oncogene. 2015;34(10):1241–1252.

 76. Gounaris E, et al. Zileuton, 5-lipoxygenase inhib-

itor, acts as a chemopreventive agent in intestinal 

polyposis, by modulating polyp and systemic 

inflammation. PLoS One. 2015;10(3):e0121402.

 77. Jala VR, et al. Leukotriene B4-receptor-1 mediat-

ed host response shapes gut microbiota and con-

trols colon tumor progression. Oncoimmunology. 

2017;6(12):e1361593.

 78. Marder P, et al. Inhibition of ex vivo neutrophil 

activation by oral LY293111, a novel leukotriene 

B4 receptor antagonist. Br J Clin Pharmacol. 

1996;42(4):457–464.

 79. van Pelt JP, et al. The regulation of CD11b inte-

grin levels on human blood leukocytes and 

leukotriene B4-stimulated skin by a specific 

leuko triene B4 receptor antagonist (LY293111). 

Biochem Pharmacol. 1997;53(7):1005–1012.

 80. Evans DJ, Barnes PJ, Spaethe SM, van Alstyne 

EL, Mitchell MI, O’Connor BJ. Effect of a leu-

kotriene B4 receptor antagonist, LY293111, on 

allergen induced responses in asthma. Thorax. 

1996;51(12):1178–1184.

 81. Sumida H, et al. Interplay between CXCR2 and 

BLT1 facilitates neutrophil infiltration and resul-

tant keratinocyte activation in a murine model 

of imiquimod-induced psoriasis. J Immunol. 

2014;192(9):4361–4369.

 82. Van Pelt JP, et al. Investigation on a novel and 

specific leukotriene B4 receptor antagonist in the 

treatment of stable plaque psoriasis. Br J Derma-

tol. 1998;139(3):396–402.

 83. Mommers JM, Van Rossum MM, Kooijmans- 

Otero ME, Parker GL, van de Kerkhof PC. VML 

295 (LY-293111), a novel LTB4 antagonist, is not 

effective in the prevention of relapse in psoriasis. 

Br J Dermatol. 2000;142(2):259–266.

 84. Schmitt-Grohé S, Zielen S. Leukotriene receptor 

antagonists in children with cystic fibrosis lung 

disease: anti-inflammatory and clinical effects. 

Paediatr Drugs. 2005;7(6):353–363.

 85. Ding XZ, Talamonti MS, Bell RH Jr, Adrian TE. 

A novel anti-pancreatic cancer agent, LY293111. 

Anticancer Drugs. 2005;16(5):467–473.

 86. Schwartz GK, et al. Phase I and pharmacokinetic 

study of LY293111, an orally bioavailable LTB4 

receptor antagonist, in patients with advanced 

solid tumors. J Clin Oncol. 2005;23(23):5365–5373.

 87. Luo L, et al. A synthetic leukotriene B4 receptor 

type 2 agonist accelerates the cutaneous wound 

healing process in diabetic rats by indirect 

stimulation of fibroblasts and direct stimu-

lation of keratinocytes. J Diabetes Complicat. 

2017;31(1):13–20.

 88. Ishii Y, et al. Leukotriene B4 receptor type 

2 (BLT2) enhances skin barrier function by 

regulating tight junction proteins. FASEB J. 

2016;30(2):933–947.

 89. Matsunaga Y, et al. Leukotriene B4 receptor BLT2 

negatively regulates allergic airway eosinophilia. 

FASEB J. 2013;27(8):3306–3314.

 90. Lynch KR, et al. Characterization of the human 

cysteinyl leukotriene CysLT1 receptor. Nature. 

1999;399(6738):789–793.

 91. Sarau HM, et al. Identification, molecular 

cloning, expression, and characterization of a 

cysteinyl leukotriene receptor. Mol Pharmacol. 

1999;56(3):657–663.

 92. Woszczek G, et al. Functional characterization 

of human cysteinyl leukotriene 1 receptor gene 

structure. J Immunol. 2005;175(8):5152–5159.

 93. Heise CE, et al. Characterization of the human 

cysteinyl leukotriene 2 receptor. J Biol Chem. 

2000;275(39):30531–30536.

 94. Takasaki J, et al. The molecular characterization 

and tissue distribution of the human cysteinyl 

leukotriene CysLT(2) receptor. Biochem Biophys 

Res Commun. 2000;274(2):316–322.

 95. Nothacker HP, Wang Z, Zhu Y, Reinscheid RK, 

Lin SH, Civelli O. Molecular cloning and charac-

terization of a second human cysteinyl leukot-

riene receptor: discovery of a subtype selective 

agonist. Mol Pharmacol. 2000;58(6):1601–1608.

 96. Kanaoka Y, Boyce JA. Cysteinyl leukotrienes and 

their receptors: cellular distribution and function 

in immune and inflammatory responses. J Immu-

nol. 2004;173(3):1503–1510.

 97. Paruchuri S, et al. Leukotriene E4-induced pul-

monary inflammation is mediated by the P2Y12 

receptor. J Exp Med. 2009;206(11):2543–2555.

 98. Fumagalli M, et al. Phenotypic changes, sig-

naling pathway, and functional correlates of 

GPR17-expressing neural precursor cells during 

oligodendrocyte differentiation. J Biol Chem. 

2011;286(12):10593–10604.

 99. Kanaoka Y, Maekawa A, Austen KF. Identifi-

cation of GPR99 protein as a potential third 

cysteinyl leukotriene receptor with a prefer-

ence for leukotriene E4 ligand. J Biol Chem. 

2013;288(16):10967–10972.

 100. Figueroa DJ, et al. Expression of the cysteinyl 

leukotriene 1 receptor in normal human lung 

and peripheral blood leukocytes. Am J Respir Crit 

Care Med. 2001;163(1):226–233.

 101. Zhu J, et al. Localization and upregulation of 

cysteinyl leukotriene-1 receptor in asthmatic 

bronchial mucosa. Am J Respir Cell Mol Biol. 

2005;33(6):531–540.

 102. Frey EA, Nicholson DW, Metters KM. Char-

acterization of the leukotriene D4 receptor in 

dimethylsulphoxide-differentiated U937 cells: 

comparison with the leukotriene D4 receptor in 

human lung and guinea-pig lung. Eur J Pharma-

col. 1993;244(3):239–250.

 103. Crooke ST, et al. The signal transduction system 

of the leukotriene D4 receptor. Trends Pharmacol 

Sci. 1989;10(3):103–107.

 104. Watanabe T, et al. Characterization of the guinea 

pig lung membrane leukotriene D4 receptor sol-

ubilized in an active form. Association and disso-

ciation with an islet-activating protein-sensitive 

guanine nucleotide-binding protein. J Biol Chem. 

1990;265(34):21237–21241.

 105. Baud L, Goetzl EJ, Koo CH. Stimulation by 

leukotriene D4 of increases in the cytosolic 

concentration of calcium in dimethylsulfox-

ide-differentiated HL-60 cells. J Clin Invest. 

1987;80(4):983–991.

 106. Pollock K, Creba J. Leukotriene D4 induced 

calcium changes in U937 cells may utilize mech-

anisms additional to inositol phosphate produc-

tion that are pertussis toxin insensitive but are 

blocked by phorbol myristate acetate. Cell Signal. 

1990;2(6):563–568.

 107. Capra V, et al. Involvement of prenylated proteins 

in calcium signaling induced by LTD4 in differ-

entiated U937 cells. Prostaglandins Other Lipid 

Mediat. 2003;71(3-4):235–251.

 108. Adolfsson JL, Ohd JF, Sjölander A. Leukotriene 

D4-induced activation and translocation of the 

G-protein αi3-subunit in human epithelial cells. Bio-

chem Biophys Res Commun. 1996;226(2):413–419.

 109. James AJ, Sampson AP. A tale of two CysLTs. Clin 

Exp Allergy. 2001;31(11):1660–1664.

 110. Kamohara M, et al. Functional characterization of 

cysteinyl leukotriene CysLT(2) receptor on human 

coronary artery smooth muscle cells. Biochem Bio-

phys Res Commun. 2001;287(5):1088–1092.

 111. Labat C, et al. A second cysteinyl leukotriene 

receptor in human lung. J Pharmacol Exp Ther. 

1992;263(2):800–805.

 112. Tudhope SR, et al. BAY u9773, a novel antag-

onist of cysteinyl-leukotrienes with activity 

against two receptor subtypes. Eur J Pharmacol. 

1994;264(3):317–323.

 113. Mellor EA, et al. Expression of the type 2 

receptor for cysteinyl leukotrienes (CysLT2R) 

by human mast cells: functional distinction 

from CysLT1R. Proc Natl Acad Sci U S A. 

2003;100(20):11589–11593.

 114. Barrett NA, et al. Cysteinyl leukotriene 2 receptor 

on dendritic cells negatively regulates ligand- 

dependent allergic pulmonary inflammation.  

J Immunol. 2012;189(9):4556–4565.

 115. Cummings HE, et al. Cutting edge: Leukotriene 

C4 activates mouse platelets in plasma exclu-

sively through the type 2 cysteinyl leukotriene 

receptor. J Immunol. 2013;191(12):5807–5810.

 116. Paruchuri S, Jiang Y, Feng C, Francis SA, Plutzky 

J, Boyce JA. Leukotriene E4 activates peroxisome 

proliferator-activated receptor gamma and induc-

es prostaglandin D2 generation by human mast 

cells. J Biol Chem. 2008;283(24):16477–16487.

 117. Suh DH, et al. P2Y12 antagonist attenuates eosin-

ophilic inflammation and airway hyperrespon-

siveness in a mouse model of asthma. J Cell Mol 

Med. 2016;20(2):333–341.

 118. He W, et al. Citric acid cycle intermediates as 

ligands for orphan G-protein-coupled receptors. 

Nature. 2004;429(6988):188–193.

 119. Wittenberger T, Hellebrand S, Munck A, Krei-

enkamp HJ, Schaller HC, Hampe W. GPR99, a 

new G protein-coupled receptor with homology 

to a new subgroup of nucleotide receptors. BMC 

Genomics. 2002;3:17.

 120. Inbe H, Watanabe S, Miyawaki M, Tanabe E, 

Encinas JA. Identification and characterization of 

a cell-surface receptor, P2Y15, for AMP and ade-

nosine. J Biol Chem. 2004;279(19):19790–19799.

 121. Bankova LG, et al. Leukotriene E4 elicits respi-

ratory epithelial cell mucin release through the 

G-protein-coupled receptor, GPR99. Proc Natl 

Acad Sci U S A. 2016;113(22):6242–6247.

 122. Ciana P, et al. The orphan receptor GPR17 

identified as a new dual uracil nucleotides/

cysteinyl-leukotrienes receptor. EMBO J. 

2006;25(19):4615–4627.

 123. Marschallinger J, et al. Structural and functional 

rejuvenation of the aged brain by an approved 

anti-asthmatic drug. Nat Commun. 2015;6:8466.

 124. Fumagalli M, Lecca D, Coppolino GT, Parravicini 

C, Abbracchio MP. Pharmacological properties 

and biological functions of the GPR17 receptor, a 

potential target for neuro-regenerative medicine. 

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/7
https://doi.org/10.1038/onc.2014.85
https://doi.org/10.1371/journal.pone.0121402
https://doi.org/10.1371/journal.pone.0121402
https://doi.org/10.1371/journal.pone.0121402
https://doi.org/10.1371/journal.pone.0121402
https://doi.org/10.1080/2162402X.2017.1361593
https://doi.org/10.1080/2162402X.2017.1361593
https://doi.org/10.1080/2162402X.2017.1361593
https://doi.org/10.1080/2162402X.2017.1361593
https://doi.org/10.1016/S0006-2952(96)00884-2
https://doi.org/10.1016/S0006-2952(96)00884-2
https://doi.org/10.1016/S0006-2952(96)00884-2
https://doi.org/10.1016/S0006-2952(96)00884-2
https://doi.org/10.1016/S0006-2952(96)00884-2
https://doi.org/10.1136/thx.51.12.1178
https://doi.org/10.1136/thx.51.12.1178
https://doi.org/10.1136/thx.51.12.1178
https://doi.org/10.1136/thx.51.12.1178
https://doi.org/10.1136/thx.51.12.1178
https://doi.org/10.4049/jimmunol.1302959
https://doi.org/10.4049/jimmunol.1302959
https://doi.org/10.4049/jimmunol.1302959
https://doi.org/10.4049/jimmunol.1302959
https://doi.org/10.4049/jimmunol.1302959
https://doi.org/10.1046/j.1365-2133.1998.02401.x
https://doi.org/10.1046/j.1365-2133.1998.02401.x
https://doi.org/10.1046/j.1365-2133.1998.02401.x
https://doi.org/10.1046/j.1365-2133.1998.02401.x
https://doi.org/10.1046/j.1365-2133.2000.03295.x
https://doi.org/10.1046/j.1365-2133.2000.03295.x
https://doi.org/10.1046/j.1365-2133.2000.03295.x
https://doi.org/10.1046/j.1365-2133.2000.03295.x
https://doi.org/10.1046/j.1365-2133.2000.03295.x
https://doi.org/10.2165/00148581-200507060-00004
https://doi.org/10.2165/00148581-200507060-00004
https://doi.org/10.2165/00148581-200507060-00004
https://doi.org/10.2165/00148581-200507060-00004
https://doi.org/10.1097/00001813-200506000-00001
https://doi.org/10.1097/00001813-200506000-00001
https://doi.org/10.1097/00001813-200506000-00001
https://doi.org/10.1200/JCO.2005.02.766
https://doi.org/10.1200/JCO.2005.02.766
https://doi.org/10.1200/JCO.2005.02.766
https://doi.org/10.1200/JCO.2005.02.766
https://doi.org/10.1016/j.jdiacomp.2016.09.002
https://doi.org/10.1016/j.jdiacomp.2016.09.002
https://doi.org/10.1016/j.jdiacomp.2016.09.002
https://doi.org/10.1016/j.jdiacomp.2016.09.002
https://doi.org/10.1016/j.jdiacomp.2016.09.002
https://doi.org/10.1016/j.jdiacomp.2016.09.002
https://doi.org/10.1096/fj.15-279653
https://doi.org/10.1096/fj.15-279653
https://doi.org/10.1096/fj.15-279653
https://doi.org/10.1096/fj.15-279653
https://doi.org/10.1096/fj.12-217000
https://doi.org/10.1096/fj.12-217000
https://doi.org/10.1096/fj.12-217000
https://doi.org/10.1038/21658
https://doi.org/10.1038/21658
https://doi.org/10.1038/21658
https://doi.org/10.1124/mol.56.3.657
https://doi.org/10.1124/mol.56.3.657
https://doi.org/10.1124/mol.56.3.657
https://doi.org/10.1124/mol.56.3.657
https://doi.org/10.4049/jimmunol.175.8.5152
https://doi.org/10.4049/jimmunol.175.8.5152
https://doi.org/10.4049/jimmunol.175.8.5152
https://doi.org/10.1074/jbc.M003490200
https://doi.org/10.1074/jbc.M003490200
https://doi.org/10.1074/jbc.M003490200
https://doi.org/10.1006/bbrc.2000.3140
https://doi.org/10.1006/bbrc.2000.3140
https://doi.org/10.1006/bbrc.2000.3140
https://doi.org/10.1006/bbrc.2000.3140
https://doi.org/10.1124/mol.58.6.1601
https://doi.org/10.1124/mol.58.6.1601
https://doi.org/10.1124/mol.58.6.1601
https://doi.org/10.1124/mol.58.6.1601
https://doi.org/10.1124/mol.58.6.1601
https://doi.org/10.4049/jimmunol.173.3.1503
https://doi.org/10.4049/jimmunol.173.3.1503
https://doi.org/10.4049/jimmunol.173.3.1503
https://doi.org/10.4049/jimmunol.173.3.1503
https://doi.org/10.1084/jem.20091240
https://doi.org/10.1084/jem.20091240
https://doi.org/10.1084/jem.20091240
https://doi.org/10.1074/jbc.M110.162867
https://doi.org/10.1074/jbc.M110.162867
https://doi.org/10.1074/jbc.M110.162867
https://doi.org/10.1074/jbc.M110.162867
https://doi.org/10.1074/jbc.M110.162867
https://doi.org/10.1074/jbc.C113.453704
https://doi.org/10.1074/jbc.C113.453704
https://doi.org/10.1074/jbc.C113.453704
https://doi.org/10.1074/jbc.C113.453704
https://doi.org/10.1074/jbc.C113.453704
https://doi.org/10.1164/ajrccm.163.1.2003101
https://doi.org/10.1164/ajrccm.163.1.2003101
https://doi.org/10.1164/ajrccm.163.1.2003101
https://doi.org/10.1164/ajrccm.163.1.2003101
https://doi.org/10.1165/rcmb.2005-0124OC
https://doi.org/10.1165/rcmb.2005-0124OC
https://doi.org/10.1165/rcmb.2005-0124OC
https://doi.org/10.1165/rcmb.2005-0124OC
https://doi.org/10.1016/0922-4106(93)90149-4
https://doi.org/10.1016/0922-4106(93)90149-4
https://doi.org/10.1016/0922-4106(93)90149-4
https://doi.org/10.1016/0922-4106(93)90149-4
https://doi.org/10.1016/0922-4106(93)90149-4
https://doi.org/10.1016/0922-4106(93)90149-4
https://doi.org/10.1016/0165-6147(89)90206-X
https://doi.org/10.1016/0165-6147(89)90206-X
https://doi.org/10.1016/0165-6147(89)90206-X
https://doi.org/10.1172/JCI113192
https://doi.org/10.1172/JCI113192
https://doi.org/10.1172/JCI113192
https://doi.org/10.1172/JCI113192
https://doi.org/10.1172/JCI113192
https://doi.org/10.1016/0898-6568(90)90078-O
https://doi.org/10.1016/0898-6568(90)90078-O
https://doi.org/10.1016/0898-6568(90)90078-O
https://doi.org/10.1016/0898-6568(90)90078-O
https://doi.org/10.1016/0898-6568(90)90078-O
https://doi.org/10.1016/0898-6568(90)90078-O
https://doi.org/10.1016/S1098-8823(03)00045-5
https://doi.org/10.1016/S1098-8823(03)00045-5
https://doi.org/10.1016/S1098-8823(03)00045-5
https://doi.org/10.1016/S1098-8823(03)00045-5
https://doi.org/10.1006/bbrc.1996.1370
https://doi.org/10.1006/bbrc.1996.1370
https://doi.org/10.1006/bbrc.1996.1370
https://doi.org/10.1006/bbrc.1996.1370
https://doi.org/10.1046/j.1365-2222.2001.01259.x
https://doi.org/10.1046/j.1365-2222.2001.01259.x
https://doi.org/10.1006/bbrc.2001.5695
https://doi.org/10.1006/bbrc.2001.5695
https://doi.org/10.1006/bbrc.2001.5695
https://doi.org/10.1006/bbrc.2001.5695
https://doi.org/10.1016/0014-2999(94)00485-4
https://doi.org/10.1016/0014-2999(94)00485-4
https://doi.org/10.1016/0014-2999(94)00485-4
https://doi.org/10.1016/0014-2999(94)00485-4
https://doi.org/10.1073/pnas.2034927100
https://doi.org/10.1073/pnas.2034927100
https://doi.org/10.1073/pnas.2034927100
https://doi.org/10.1073/pnas.2034927100
https://doi.org/10.1073/pnas.2034927100
https://doi.org/10.4049/jimmunol.1201865
https://doi.org/10.4049/jimmunol.1201865
https://doi.org/10.4049/jimmunol.1201865
https://doi.org/10.4049/jimmunol.1201865
https://doi.org/10.4049/jimmunol.1302187
https://doi.org/10.4049/jimmunol.1302187
https://doi.org/10.4049/jimmunol.1302187
https://doi.org/10.4049/jimmunol.1302187
https://doi.org/10.1074/jbc.M705822200
https://doi.org/10.1074/jbc.M705822200
https://doi.org/10.1074/jbc.M705822200
https://doi.org/10.1074/jbc.M705822200
https://doi.org/10.1074/jbc.M705822200
https://doi.org/10.1111/jcmm.12727
https://doi.org/10.1111/jcmm.12727
https://doi.org/10.1111/jcmm.12727
https://doi.org/10.1111/jcmm.12727
https://doi.org/10.1038/nature02488
https://doi.org/10.1038/nature02488
https://doi.org/10.1038/nature02488
https://doi.org/10.1074/jbc.M400360200
https://doi.org/10.1074/jbc.M400360200
https://doi.org/10.1074/jbc.M400360200
https://doi.org/10.1074/jbc.M400360200
https://doi.org/10.1073/pnas.1605957113
https://doi.org/10.1073/pnas.1605957113
https://doi.org/10.1073/pnas.1605957113
https://doi.org/10.1073/pnas.1605957113
https://doi.org/10.1038/sj.emboj.7601341
https://doi.org/10.1038/sj.emboj.7601341
https://doi.org/10.1038/sj.emboj.7601341
https://doi.org/10.1038/sj.emboj.7601341
https://doi.org/10.1007/5584_2017_92
https://doi.org/10.1007/5584_2017_92
https://doi.org/10.1007/5584_2017_92
https://doi.org/10.1007/5584_2017_92


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  L I P I D  M E D I A T O R S  O F  D I S E A S E

2 7 0 0 jci.org   Volume 128   Number 7   July 2018

Adv Exp Med Biol. 2017;1051:169–192.

 125. Maekawa A, Balestrieri B, Austen KF, Kana-

oka Y. GPR17 is a negative regulator of the 

cysteinyl leukotriene 1 receptor response 

to leukotriene D4. Proc Natl Acad Sci U S A. 

2009;106(28):11685–11690.

 126. Maekawa A, Xing W, Austen KF, Kanaoka Y. 

GPR17 regulates immune pulmonary inflam-

mation induced by house dust mites. J Immunol. 

2010;185(3):1846–1854.

 127. Dahlén SE, et al. Leukotrienes promote plasma 

leakage and leukocyte adhesion in postcapillary 

venules: in vivo effects with relevance to the 

acute inflammatory response. Proc Natl Acad Sci 

U S A. 1981;78(6):3887–3891.

 128. Coles SJ, et al. Effects of leukotrienes C4 and 

D4 on glycoprotein and lysozyme secretion 

by human bronchial mucosa. Prostaglandins. 

1983;25(2):155–170.

 129. Laitinen LA, Laitinen A, Haahtela T, Vilkka V, 

Spur BW, Lee TH. Leukotriene E4 and granulo-

cytic infiltration into asthmatic airways. Lancet. 

1993;341(8851):989–990.

 130. Panettieri RA, Tan EM, Ciocca V, Luttmann 

MA, Leonard TB, Hay DW. Effects of LTD4 on 

human airway smooth muscle cell proliferation, 

matrix expression, and contraction in vitro: 

differential sensitivity to cysteinyl leukotriene 

receptor antagonists. Am J Respir Cell Mol Biol. 

1998;19(3):453–461.

 131. Nicosia S, Capra V, Rovati GE. Leukotrienes 

as mediators of asthma. Pulm Pharmacol Ther. 

2001;14(1):3–19.

 132. Arm JP. Leukotriene generation and clinical impli-

cations. Allergy Asthma Proc. 2004;25(1):37–42.

 133. Ravasi S, Citro S, Viviani B, Capra V, Rovati GE. 

CysLT1 receptor-induced human airway smooth 

muscle cells proliferation requires ROS genera-

tion, EGF receptor transactivation and ERK1/2 

phosphorylation. Respir Res. 2006;7:42.

 134. Drazen JM, et al. Comparative airway and 

vascular activities of leukotrienes C-1 and D 

in vivo and in vitro. Proc Natl Acad Sci U S A. 

1980;77(7):4354–4358.

 135. Krell RD, Tsai BS, Berdoulay A, Barone M, 

Giles RE. Heterogeneity of leukotriene recep-

tors in guinea-pig trachea. Prostaglandins. 

1983;25(2):171–178.

 136. Lee TH, Austen KF, Corey EJ, Drazen JM. Leuko-

triene E4-induced airway hyperresponsiveness 

of guinea pig tracheal smooth muscle to hista-

mine and evidence for three separate sulfidopep-

tide leukotriene receptors. Proc Natl Acad Sci U S 

A. 1984;81(15):4922–4925.

 137. Davidson AB, et al. Bronchoconstrictor effects of 

leukotriene E4 in normal and asthmatic subjects. 

Am Rev Respir Dis. 1987;135(2):333–337.

 138. Drazen JM. Comparative contractile responses 

to sulfidopeptide leukotrienes in normal and 

asthmatic human subjects. Ann N Y Acad Sci. 

1988;524:289–297.

 139. Arm JP, et al. Asthmatic airways have a dispro-

portionate hyperresponsiveness to LTE4, as 

compared with normal airways, but not to LTC4, 

LTD4, methacholine, and histamine. Am Rev 

Respir Dis. 1990;142(5):1112–1118.

 140. Gauvreau GM, Parameswaran KN, Watson RM, 

O’Byrne PM. Inhaled leukotriene E(4), but not 

leukotriene D(4), increased airway inflammatory 

cells in subjects with atopic asthma. Am J Respir 

Crit Care Med. 2001;164(8 pt 1):1495–1500.

 141. Yonetomi Y, et al. Leukotriene C4 induces bron-

choconstriction and airway vascular hyperper-

meability via the cysteinyl leukotriene receptor 2 

in S-hexyl glutathione-treated guinea pigs. Eur J 

Pharmacol. 2015;754:98–104.

 142. Yonetomi Y, et al. Effects of ONO-6950, a novel 

dual cysteinyl leukotriene 1 and 2 receptors 

antagonist, in a guinea pig model of asthma. Eur J 

Pharmacol. 2015;765:242–248.

 143. Sekioka T, et al. Expression of CysLT2 receptors 

in asthma lung, and their possible role in bron-

choconstriction. Allergol Int. 2015;64(4):351–358.

 144. Zeidler MR, et al. Montelukast improves regional 

air-trapping due to small airways obstruction in 

asthma. Eur Respir J. 2006;27(2):307–315.

 145. Sekioka T, et al. CysLT2receptor activation is 

involved in LTC4-induced lung air-trapping in 

guinea pigs. Eur J Pharmacol. 2017;794:147–153.

 146. Mita H, Hasegawa M, Saito H, Akiyama K. 

Levels of cysteinyl leukotriene receptor mRNA 

in human peripheral leucocytes: significantly 

higher expression of cysteinyl leukotriene recep-

tor 2 mRNA in eosinophils. Clin Exp Allergy. 

2001;31(11):1714–1723.

 147. Smith LJ, Shamsuddin M, Houston M. Effect of 

leukotriene D4 and platelet-activating factor on 

human alveolar macrophage eicosanoid and PAF 

synthesis. Am Rev Respir Dis. 1993;148(3):682–688.

 148. Foster A, Chan CC. Peptide leukotriene involve-

ment in pulmonary eosinophil migration upon 

antigen challenge in the actively sensitized 

guinea pig. Int Arch Allergy Appl Immunol. 

1991;96(3):279–284.

 149. Underwood DC, Osborn RR, Newsholme SJ, Tor-

phy TJ, Hay DW. Persistent airway eosinophilia 

after leukotriene (LT) D4 administration in the 

guinea pig: modulation by the LTD4 receptor 

antagonist, pranlukast, or an interleukin-5 

monoclonal antibody. Am J Respir Crit Care Med. 

1996;154(4 pt 1):850–857.

 150. Israel E, et al. Effects of montelukast and beclo-

methasone on airway function and asthma con-

trol. J Allergy Clin Immunol. 2002;110(6):847–854.

 151. Spada CS, Nieves AL, Krauss AH, Woodward DF. 

Comparison of leukotriene B4 and D4 effects 

on human eosinophil and neutrophil motility in 

vitro. J Leukoc Biol. 1994;55(2):183–191.

 152. Salmon M, et al. Involvement of cysteinyl leu-

kotrienes in airway smooth muscle cell DNA 

synthesis after repeated allergen exposure in 

sensitized Brown Norway rats. Br J Pharmacol. 

1999;127(5):1151–1158.

 153. Turner CR, Smith WB, Andresen CJ, Swindell 

AC, Watson JW. Leukotriene D4 receptor antag-

onism reduces airway hyperresponsiveness in 

monkeys. Pulm Pharmacol. 1994;7(1):49–58.

 154. Henderson WR Jr, et al. The importance of leuko-

trienes in airway inflammation in a mouse model 

of asthma. J Exp Med. 1996;184(4):1483–1494.

 155. Liu T, et al. Platelet-driven leukotriene C4-medi-

ated airway inflammation in mice is aspirin-sen-

sitive and depends on T prostanoid receptors.  

J Immunol. 2015;194(11):5061–5068.

 156. Nakagawa N, et al. In vivo pharmacologic profile 

of ONO-1078: a potent, selective and orally 

active peptide leukotriene (LT) antagonist. Jpn J 

Pharmacol. 1992;60(3):217–225.

 157. Evans TW, Rogers DF, Aursudkij B, Chung KF, 

Barnes PJ. Regional and time-dependent effects 

of inflammatory mediators on airway microvas-

cular permeability in the guinea pig. Clin Sci. 

1989;76(5):479–485.

 158. Bochnowicz S, Underwood DC. Dose-dependent 

mediation of leukotriene D4-induced airway 

microvascular leakage and bronchoconstriction 

in the guinea pig. Prostaglandins Leukot Essent 

Fatty Acids. 1995;52(6):403–411.

 159. Joris I, Majno G, Corey EJ, Lewis RA. The mech-

anism of vascular leakage induced by leukot-

riene E4. Endothelial contraction. Am J Pathol. 

1987;126(1):19–24.

 160. Maekawa A, Austen KF, Kanaoka Y. Targeted 

gene disruption reveals the role of cyste-

inyl leukotriene 1 receptor in the enhanced 

vascular permeability of mice undergoing 

acute inflammatory responses. J Biol Chem. 

2002;277(23):20820–20824.

 161. Kanaoka Y, Maekawa A, Penrose JF, Austen KF, 

Lam BK. Attenuated zymosan-induced  

peritoneal vascular permeability and IgE- 

dependent passive cutaneous anaphylaxis in 

mice lacking leukotriene C4 synthase. J Biol 

Chem. 2001;276(25):22608–22613.

 162. Beller TC, Maekawa A, Friend DS, Austen KF, 

Kanaoka Y. Targeted gene disruption reveals 

the role of the cysteinyl leukotriene 2 receptor in 

increased vascular permeability and in bleomy-

cin-induced pulmonary fibrosis in mice. J Biol 

Chem. 2004;279(44):46129–46134.

 163. Moos MP, et al. Cysteinyl leukotriene 2 

receptor-mediated vascular permeability via 

transendothelial vesicle transport. FASEB J. 

2008;22(12):4352–4362.

 164. Capra V, et al. Autocrine activity of cysteinyl 

leukotrienes in human vascular endothelial cells: 

signaling through the CysLT(2) receptor. Prosta-

glandins Other Lipid Mediat. 2015;120:115–125.

 165. Umezawa H, Takeuchi T, Hori S, Sawa T, Ishizuka 

M. Studies on the mechanism of antitumor effect 

of bleomycin of squamous cell carcinoma. J Anti-

biot. 1972;25(7):409–420.

 166. Beller TC, Friend DS, Maekawa A, Lam BK, Aus-

ten KF, Kanaoka Y. Cysteinyl leukotriene 1 recep-

tor controls the severity of chronic pulmonary 

inflammation and fibrosis. Proc Natl Acad Sci  

U S A. 2004;101(9):3047–3052.

 167. Levi R, Burke JA. Cardiac anaphylaxis: SRS-A 

potentiates and extends the effects of released 

histamine. Eur J Pharmacol. 1980;62(1):41–49.

 168. Michelassi F, et al. Leukotriene D4: a potent 

coronary artery vasoconstrictor associated 

with impaired ventricular contraction. Science. 

1982;217(4562):841–843.

 169. Fiedler VB, Mardin M, Gardiner PJ, Abram TS. 

Leukotrienes on porcine hemodynamics and pros-

tanoid release. Int J Cardiol. 1985;8(4):451–463.

 170. Letts LG, Newman DL, Greenwald SE, Piper PJ. 

Effects of intra-coronary administration of leu-

kotriene D4 in the anaesthetized dog. Prostaglan-

dins. 1983;26(4):563–572.

 171. Roth DM, Lefer DJ, Hock CE, Lefer AM. Effects 

of peptide leukotrienes on cardiac dynamics 

in rat, cat, and guinea pig hearts. Am J Physiol. 

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/7
https://doi.org/10.1007/5584_2017_92
https://doi.org/10.1073/pnas.0905364106
https://doi.org/10.1073/pnas.0905364106
https://doi.org/10.1073/pnas.0905364106
https://doi.org/10.1073/pnas.0905364106
https://doi.org/10.1073/pnas.0905364106
https://doi.org/10.4049/jimmunol.1001131
https://doi.org/10.4049/jimmunol.1001131
https://doi.org/10.4049/jimmunol.1001131
https://doi.org/10.4049/jimmunol.1001131
https://doi.org/10.1073/pnas.78.6.3887
https://doi.org/10.1073/pnas.78.6.3887
https://doi.org/10.1073/pnas.78.6.3887
https://doi.org/10.1073/pnas.78.6.3887
https://doi.org/10.1073/pnas.78.6.3887
https://doi.org/10.1016/0090-6980(83)90101-6
https://doi.org/10.1016/0090-6980(83)90101-6
https://doi.org/10.1016/0090-6980(83)90101-6
https://doi.org/10.1016/0090-6980(83)90101-6
https://doi.org/10.1016/0140-6736(93)91073-U
https://doi.org/10.1016/0140-6736(93)91073-U
https://doi.org/10.1016/0140-6736(93)91073-U
https://doi.org/10.1016/0140-6736(93)91073-U
https://doi.org/10.1165/ajrcmb.19.3.2999
https://doi.org/10.1165/ajrcmb.19.3.2999
https://doi.org/10.1165/ajrcmb.19.3.2999
https://doi.org/10.1165/ajrcmb.19.3.2999
https://doi.org/10.1165/ajrcmb.19.3.2999
https://doi.org/10.1165/ajrcmb.19.3.2999
https://doi.org/10.1165/ajrcmb.19.3.2999
https://doi.org/10.1006/pupt.2000.0262
https://doi.org/10.1006/pupt.2000.0262
https://doi.org/10.1006/pupt.2000.0262
https://doi.org/10.1073/pnas.77.7.4354
https://doi.org/10.1073/pnas.77.7.4354
https://doi.org/10.1073/pnas.77.7.4354
https://doi.org/10.1073/pnas.77.7.4354
https://doi.org/10.1016/0090-6980(83)90102-8
https://doi.org/10.1016/0090-6980(83)90102-8
https://doi.org/10.1016/0090-6980(83)90102-8
https://doi.org/10.1016/0090-6980(83)90102-8
https://doi.org/10.1073/pnas.81.15.4922
https://doi.org/10.1073/pnas.81.15.4922
https://doi.org/10.1073/pnas.81.15.4922
https://doi.org/10.1073/pnas.81.15.4922
https://doi.org/10.1073/pnas.81.15.4922
https://doi.org/10.1073/pnas.81.15.4922
https://doi.org/10.1111/j.1749-6632.1988.tb38552.x
https://doi.org/10.1111/j.1749-6632.1988.tb38552.x
https://doi.org/10.1111/j.1749-6632.1988.tb38552.x
https://doi.org/10.1111/j.1749-6632.1988.tb38552.x
https://doi.org/10.1164/ajrccm/142.5.1112
https://doi.org/10.1164/ajrccm/142.5.1112
https://doi.org/10.1164/ajrccm/142.5.1112
https://doi.org/10.1164/ajrccm/142.5.1112
https://doi.org/10.1164/ajrccm/142.5.1112
https://doi.org/10.1016/j.ejphar.2015.02.014
https://doi.org/10.1016/j.ejphar.2015.02.014
https://doi.org/10.1016/j.ejphar.2015.02.014
https://doi.org/10.1016/j.ejphar.2015.02.014
https://doi.org/10.1016/j.ejphar.2015.02.014
https://doi.org/10.1016/j.ejphar.2015.08.041
https://doi.org/10.1016/j.ejphar.2015.08.041
https://doi.org/10.1016/j.ejphar.2015.08.041
https://doi.org/10.1016/j.ejphar.2015.08.041
https://doi.org/10.1016/j.alit.2015.04.008
https://doi.org/10.1016/j.alit.2015.04.008
https://doi.org/10.1016/j.alit.2015.04.008
https://doi.org/10.1183/09031936.06.00005605
https://doi.org/10.1183/09031936.06.00005605
https://doi.org/10.1183/09031936.06.00005605
https://doi.org/10.1016/j.ejphar.2016.11.036
https://doi.org/10.1016/j.ejphar.2016.11.036
https://doi.org/10.1016/j.ejphar.2016.11.036
https://doi.org/10.1046/j.1365-2222.2001.01184.x
https://doi.org/10.1046/j.1365-2222.2001.01184.x
https://doi.org/10.1046/j.1365-2222.2001.01184.x
https://doi.org/10.1046/j.1365-2222.2001.01184.x
https://doi.org/10.1046/j.1365-2222.2001.01184.x
https://doi.org/10.1046/j.1365-2222.2001.01184.x
https://doi.org/10.1164/ajrccm/148.3.682
https://doi.org/10.1164/ajrccm/148.3.682
https://doi.org/10.1164/ajrccm/148.3.682
https://doi.org/10.1164/ajrccm/148.3.682
https://doi.org/10.1159/000235508
https://doi.org/10.1159/000235508
https://doi.org/10.1159/000235508
https://doi.org/10.1159/000235508
https://doi.org/10.1159/000235508
https://doi.org/10.1067/mai.2002.129413
https://doi.org/10.1067/mai.2002.129413
https://doi.org/10.1067/mai.2002.129413
https://doi.org/10.1002/jlb.55.2.183
https://doi.org/10.1002/jlb.55.2.183
https://doi.org/10.1002/jlb.55.2.183
https://doi.org/10.1002/jlb.55.2.183
https://doi.org/10.1038/sj.bjp.0702669
https://doi.org/10.1038/sj.bjp.0702669
https://doi.org/10.1038/sj.bjp.0702669
https://doi.org/10.1038/sj.bjp.0702669
https://doi.org/10.1038/sj.bjp.0702669
https://doi.org/10.1006/pulp.1994.1005
https://doi.org/10.1006/pulp.1994.1005
https://doi.org/10.1006/pulp.1994.1005
https://doi.org/10.1006/pulp.1994.1005
https://doi.org/10.1084/jem.184.4.1483
https://doi.org/10.1084/jem.184.4.1483
https://doi.org/10.1084/jem.184.4.1483
https://doi.org/10.4049/jimmunol.1402959
https://doi.org/10.4049/jimmunol.1402959
https://doi.org/10.4049/jimmunol.1402959
https://doi.org/10.4049/jimmunol.1402959
https://doi.org/10.1254/jjp.60.217
https://doi.org/10.1254/jjp.60.217
https://doi.org/10.1254/jjp.60.217
https://doi.org/10.1254/jjp.60.217
https://doi.org/10.1042/cs0760479
https://doi.org/10.1042/cs0760479
https://doi.org/10.1042/cs0760479
https://doi.org/10.1042/cs0760479
https://doi.org/10.1042/cs0760479
https://doi.org/10.1016/0952-3278(95)90069-1
https://doi.org/10.1016/0952-3278(95)90069-1
https://doi.org/10.1016/0952-3278(95)90069-1
https://doi.org/10.1016/0952-3278(95)90069-1
https://doi.org/10.1016/0952-3278(95)90069-1
https://doi.org/10.1074/jbc.M203163200
https://doi.org/10.1074/jbc.M203163200
https://doi.org/10.1074/jbc.M203163200
https://doi.org/10.1074/jbc.M203163200
https://doi.org/10.1074/jbc.M203163200
https://doi.org/10.1074/jbc.M203163200
https://doi.org/10.1074/jbc.M103562200
https://doi.org/10.1074/jbc.M103562200
https://doi.org/10.1074/jbc.M103562200
https://doi.org/10.1074/jbc.M103562200
https://doi.org/10.1074/jbc.M103562200
https://doi.org/10.1074/jbc.M103562200
https://doi.org/10.1074/jbc.M407057200
https://doi.org/10.1074/jbc.M407057200
https://doi.org/10.1074/jbc.M407057200
https://doi.org/10.1074/jbc.M407057200
https://doi.org/10.1074/jbc.M407057200
https://doi.org/10.1074/jbc.M407057200
https://doi.org/10.1096/fj.08-113274
https://doi.org/10.1096/fj.08-113274
https://doi.org/10.1096/fj.08-113274
https://doi.org/10.1096/fj.08-113274
https://doi.org/10.1016/j.prostaglandins.2015.03.007
https://doi.org/10.1016/j.prostaglandins.2015.03.007
https://doi.org/10.1016/j.prostaglandins.2015.03.007
https://doi.org/10.1016/j.prostaglandins.2015.03.007
https://doi.org/10.7164/antibiotics.25.409
https://doi.org/10.7164/antibiotics.25.409
https://doi.org/10.7164/antibiotics.25.409
https://doi.org/10.7164/antibiotics.25.409
https://doi.org/10.1073/pnas.0400235101
https://doi.org/10.1073/pnas.0400235101
https://doi.org/10.1073/pnas.0400235101
https://doi.org/10.1073/pnas.0400235101
https://doi.org/10.1073/pnas.0400235101
https://doi.org/10.1016/0014-2999(80)90479-3
https://doi.org/10.1016/0014-2999(80)90479-3
https://doi.org/10.1016/0014-2999(80)90479-3
https://doi.org/10.1126/science.6808665
https://doi.org/10.1126/science.6808665
https://doi.org/10.1126/science.6808665
https://doi.org/10.1126/science.6808665
https://doi.org/10.1016/0167-5273(85)90122-6
https://doi.org/10.1016/0167-5273(85)90122-6
https://doi.org/10.1016/0167-5273(85)90122-6
https://doi.org/10.1016/0090-6980(83)90194-6
https://doi.org/10.1016/0090-6980(83)90194-6
https://doi.org/10.1016/0090-6980(83)90194-6
https://doi.org/10.1016/0090-6980(83)90194-6


The Journal of Clinical Investigation   R E V I E W  S E R I E S :  L I P I D  M E D I A T O R S  O F  D I S E A S E

2 7 0 1jci.org   Volume 128   Number 7   July 2018

1985;249(3 pt 2):H477–H484.

 172. Burke JA, Levi R, Guo ZG, Corey EJ. Leukotrienes 

C4, D4 and E4: effects on human and guinea-pig 

cardiac preparations in vitro. J Pharmacol Exp 

Ther. 1982;221(1):235–241.

 173. Eaton A, Nagy E, Pacault M, Fauconnier J, Bäck 

M. Cysteinyl leukotriene signaling through peri-

nuclear CysLT(1) receptors on vascular smooth 

muscle cells transduces nuclear calcium signal-

ing and alterations of gene expression. J Mol Med. 

2012;90(10):1223–1231.

 174. Nagy E, et al. Upregulation of the 5-lipoxygenase 

pathway in human aortic valves correlates with 

severity of stenosis and leads to leukotriene- 

induced effects on valvular myofibroblasts. Cir-

culation. 2011;123(12):1316–1325.

 175. Duah E, et al. Cysteinyl leukotrienes regulate 

endothelial cell inflammatory and proliferative 

signals through CysLT(2) and CysLT(1) receptors. 

Sci Rep. 2013;3:3274.

 176. Marcello C, Carlo L. Asthma phenotypes: the 

intriguing selective intervention with Montelu-

kast. Asthma Res Pract. 2016;2:11.

 177. Pacheco Y, Freymond N, Devouassoux G. Impact 

of montelukast on asthma associated with rhini-

tis, and other triggers and co-morbidities.  

J Asthma. 2014;51(1):1–17.

 178. Ingelsson E, Yin L, Back M. Nationwide cohort 

study of the leukotriene receptor antagonist 

montelukast and incident or recurrent car-

diovascular disease. J Allergy Clin Immunol. 

2012;129(3):702–707.e702.

 179. Bäck M, et al. Update on leukotriene, lipoxin and 

oxoeicosanoid receptors: IUPHAR Review 7. Br J 

Pharmacol. 2014;171(15):3551–3574.

 180. Hoxha M, Rovati GE, Cavanillas AB. The leu-

kotriene receptor antagonist montelukast and 

its possible role in the cardiovascular field. Eur J 

Clin Pharmacol. 2017;73(7):799–809.

 181. Gotoh M, Suzuki H, Okubo K. Delay of onset 

of symptoms of Japanese cedar pollinosis by 

treatment with a leukotriene receptor antagonist. 

Allergol Int. 2011;60(4):483–489.

 182. Gotoh M, et al. Noninvasive biological evaluation 

of response to pranlukast treatment in pediatric 

patients with Japanese cedar pollinosis. Allergy 

Asthma Proc. 2012;33(6):459–466.

 183. Scow DT, Luttermoser GK, Dickerson KS. Leu-

kotriene inhibitors in the treatment of allergy and 

asthma. Am Fam Physician. 2007;75(1):65–70.

 184. Morris GM, et al. AutoDock4 and AutoDock-

Tools4: automated docking with selec-

tive receptor flexibility. J Comput Chem. 

2009;30(16):2785–2791.

https://www.jci.org
https://www.jci.org
https://www.jci.org/128/7
https://doi.org/10.1007/s00109-012-0904-1
https://doi.org/10.1007/s00109-012-0904-1
https://doi.org/10.1007/s00109-012-0904-1
https://doi.org/10.1007/s00109-012-0904-1
https://doi.org/10.1007/s00109-012-0904-1
https://doi.org/10.1007/s00109-012-0904-1
https://doi.org/10.1161/CIRCULATIONAHA.110.966846
https://doi.org/10.1161/CIRCULATIONAHA.110.966846
https://doi.org/10.1161/CIRCULATIONAHA.110.966846
https://doi.org/10.1161/CIRCULATIONAHA.110.966846
https://doi.org/10.1161/CIRCULATIONAHA.110.966846
https://doi.org/10.3109/02770903.2013.822081
https://doi.org/10.3109/02770903.2013.822081
https://doi.org/10.3109/02770903.2013.822081
https://doi.org/10.3109/02770903.2013.822081
https://doi.org/10.1016/j.jaci.2011.11.052
https://doi.org/10.1016/j.jaci.2011.11.052
https://doi.org/10.1016/j.jaci.2011.11.052
https://doi.org/10.1016/j.jaci.2011.11.052
https://doi.org/10.1016/j.jaci.2011.11.052
https://doi.org/10.1111/bph.12665
https://doi.org/10.1111/bph.12665
https://doi.org/10.1111/bph.12665
https://doi.org/10.1007/s00228-017-2242-2
https://doi.org/10.1007/s00228-017-2242-2
https://doi.org/10.1007/s00228-017-2242-2
https://doi.org/10.1007/s00228-017-2242-2
https://doi.org/10.2332/allergolint.10-OA-0285
https://doi.org/10.2332/allergolint.10-OA-0285
https://doi.org/10.2332/allergolint.10-OA-0285
https://doi.org/10.2332/allergolint.10-OA-0285
https://doi.org/10.2500/aap.2012.33.3615
https://doi.org/10.2500/aap.2012.33.3615
https://doi.org/10.2500/aap.2012.33.3615
https://doi.org/10.2500/aap.2012.33.3615
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256
https://doi.org/10.1002/jcc.21256

