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  Pref ace   

 According to legend, Hippocrates advocated the use of willow bark,  Salix alba , to 
ameliorate the pain of childbirth and fever. Salicylates were later isolated as the 
active component in willow bark and conjugated with an acetyl group to generate 
aspirin. Today, aspirin is the most well-known nonsteroidal antiinfl ammatory drug 
and has numerous recognized clinical benefi ts, ranging from reducing the risk of 
heart attack and colon polyposis to its frequently exploited antiinfl ammatory and 
pain-relief actions, by decreasing the production of prostaglandins and thrombox-
ane from arachidonic acid. The other arachidonate-derived lipid mediators leukotri-
ene B 4  and cysteinyl leukotrienes have also attracted research interest and are now 
well known, particularly in the immunology fi eld, as a potent leukocyte attractant 
and a bronchoconstrictor, respectively. 

 Recent advances in biochemistry and molecular biology have enabled us to 
purify and cDNA-clone multiple biosynthetic enzymes and receptors responsible 
for the production and recognition of individual lipid mediators. Numerous lines of 
transgenic and knockout mice in relation to lipid mediators have been established 
and analyzed to unveil their  in vivo  roles. Given that some lipid mediators were 
shown to cause infl ammatory, immune, or oncogenic disorders, some of these 
enzymes and receptors are now recognized as targets for new drugs. Furthermore, 
whole sequencing of the human genome led us to discover many orphan receptors, 
some of which were later identifi ed as receptors for lysophospholipids or their 
derivatives, such as platelet-activating factor, lysophosphatidic acid, and sphingo-
sine 1-phosphate, and their physiological and pathophysiological roles are currently 
being extensively analyzed. It has also become evident that omega-3 polyunsatu-
rated fatty acids, which have long been believed to be benefi cial for our health, are 
metabolized to another class of lipid mediators (the so-called pro-resolving lipid 
mediators), which include resolvins and protectins. The molecular nature of lyso-
phospholipid acyltransferases, which are involved in the remodeling and asymme-
try formation of membrane phospholipids, has fi nally been identifi ed. In addition to 
progress in protein chemistry and molecular biology, the development of highly 
sensitive mass spectrometry has greatly contributed to the direct identifi cation of 
novel lipid mediators that are lowly abundant in tissues. Recently, imaging mass 
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spectrometry successfully elucidated the intra-tissue and intracellular distribution 
of a particular class of lipids. 

 We are proud to say that many Japanese scientists contributed to the recent prog-
ress in lipid mediator research. In 2010, we started to organize a group of Japanese 
lipid researchers with the support of the research grant “Lipid machineries” from 
the Ministry of Education, Culture, Sports, Science, and Technology in Japan 
(MEXT). At the end of this research term, we are pleased to publish this book 
entitled  Bioactive Lipid Mediators: Current Reviews and Protocols , which contains 
22 comprehensive reviews of various lipid mediators and seven up-to-date protocols 
to analyze lipid mediators. No such comprehensive book on lipid mediators has 
been previously published, and we therefore believe that this book will greatly con-
tribute to the understanding of the roles of lipid mediators in physiology and pathol-
ogy, the determination of research targets for the near future, and the commencement 
of drug screening to develop new drugs that target lipid mediators. 

 We sincerely thank all the authors for their invaluable contributions to this book. 
We would like to dedicate this book to two prominent lipid researchers, Professors 
Ichiro Kudo and Santosh Nigam, who opened up this fi eld and trained numerous 
young researchers over their lifetimes.  

  Tokyo, Japan     Takehiko     Yokomizo    
     Makoto     Murakami     

Preface
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    Chapter 1   
 Lysophospholipid Acyltransferases       

       Hideo     Shindou     ,     Takeshi     Harayama    , and     Daisuke     Hishikawa   

    Abstract     Glycerophospholipids are the main components of cellular membranes. 
Saturated (also monounsaturated) fatty acids and polyunsaturated fatty acids are 
usually esterifi ed at the  sn -1 and  sn -2 position, respectively, in an asymmetrical 
manner. Using acyl-CoAs as donors, fatty acids of glycerophospholipids are regu-
lated by lysophospholipid acyltransferases in a  de novo  pathway (Kennedy path-
way) and a remodeling pathway (Lands’ cycle) to generate membrane diversity. 
Both pathways were reported in the 1950s. Fourteen lysophospholipid acyltransfer-
ases in the 1-acylglycerol-3-phosphate  O -acyltransferase (AGPAT) and membrane- 
bound  O -acyltransferases (MBOAT) families have been identifi ed to date. In this 
section, recent studies reporting the cloning and characterization of mammalian 
lysophospholipid acyltransferases are summarized.  

  Keywords     Phospholipid   •   Remodeling   •   Lands’ cycle   •   Kennedy pathway   •   LPLAT  

1.1         Introduction 

 Glycerophospholipids (phospholipids) are important not only as structural and 
functional components of cellular membranes, but also as the precursors of various 
lipid mediators, such as platelet-activating factor (PAF) and eicosanoids [ 1 ,  2 ]. 
Phospholipids are also the main components of pulmonary surfactant: they are com-
posed of two fatty acids and a polar head on a glycerol backbone. Tissues and cells 
contain several phospholipids such as phosphatidic acid (PA), phosphatidylcholine 

        H.   Shindou      (*) 
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(PC), phosphatidylethanolamine (PE), phosphatidylserine (PS),  phosphatidylinositol 
(PI), phosphatidylglycerol (PG), and cardiolipin (CL) [ 3 ,  4 ]. Phospholipids are bio-
synthesized by two pathways that were proposed in the 1950s: the fi rst is the de novo 
pathway (Kennedy pathway) [ 5 ], and the second is the remodeling pathway (Lands’ 
cycle) [ 6 ]. Saturated and monounsaturated fatty acids are usually esterifi ed at the 
 sn -1 position, whereas polyunsaturated acyl groups are esterifi ed at the  sn -2 posi-
tion. Using acyl-CoAs as donors, phospholipids are fi rst produced from glycerol- 3-
phosphate (G3P) by the  de novo  pathway. Next, in the remodeling pathway, the fatty 
acids of phospholipids are maturated by the coordinated actions of phospholipase 
A 2 s (PLA 2 s) and lysophospholipid acyltransferases (LPLATs) (Fig.  1.1 ) [ 4 ,  7 ,  8 ].

   Recently, several LPLATs were identifi ed in the 1-acylglycerol-3-phosphate 
 O -acyltransferase (AGPAT) and membrane-bound  O -acyltransferase (MBOAT) 
families. Both these families have motifs that are essential for LPLAT activities. 
Site-directed mutagenesis revealed four AGPAT motifs ([1] HxxxxD, [2] GxxFxxR, 
[3] xxEGxx, and [4] xxxxPxx), and four MBOAT motifs ([A] WD, [B] 
WHGxxxGYxxxF, [C] YxxxxF, and [D] YxxxYFxxH) [ 7 ,  9 ,  10 ]. AGPAT motif 4 
consists of a conserved proline surrounded by hydrophobic amino acids. Although 
the AGPAT and MBOAT motifs are known to differ completely, more detailed 
structural information will be provided by future protein crystallization analyses. 

 Many of the LPLATs have been assigned multiple names because several groups 
identifi ed them independently or registered different names for the same enzyme 
based on activity or sequence homology [ 8 ]. To eliminate confusion regarding the 
nomenclature, the proposed names based on their substrate specifi cities and in order 
of their publication are summarized in Table  1.1 .

LPLATs

lyso-PAF PAF
Lyso-PAFAT

1-alkyl-PC

PLAs

G3P

LPA

PA

DAG

CDP-DAG

TAG
PC

PE

PS

PI

PG

CL

LPC

LPE

LPS

LPI

LPG

LCL

GPATs

LPAATs

Phospholipids Lysophospholipids

cytosolic PLA2α

Phospholpid biosynthesis

PAF biosynthesis

  Fig. 1.1    Phospholipid biosynthetic pathways. Acyltransferase steps are indicated in  red , phospho-
lipase (PLA) steps to release fatty acids in  blue , and phospholipids in  yellow        
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1.2        Lysophosphatidic Acid Acyltransferase 
(LPAAT) Enzymes 

 Lysophosphatidic acid (LPA) is the substrate for LPAAT enzymes and is biosynthe-
sized as part of the acyltransferase reaction. Four mammalian GPATs, which syn-
thesize LPA from glycerophospholipids (GP), have been cloned from the AGPAT 
family [ 2 ,  4 ]. GPAT1 and GPAT2 function in the outer mitochondrial membrane, 
whereas GPAT3 and GPAT4 are localized to the endoplasmic reticulum (ER) [ 4 ]. 
GPAT4 is also found in lipid droplets [ 11 ]. The four GPATs preferentially use satu-
rated and monounsaturated fatty acyl-CoAs to produce LPA, which is then con-
verted to PA by LPAAT. To date, four LPAATs (LPAAT1, -2, -3, and -4) have been 
cloned and characterized. The representative LPAAT-catalyzed reaction is shown in 
Fig.  1.2 .

1.2.1       LPAAT1 and LPAAT2 

 Human LPAAT1 and LPAAT2 were cloned based on their homology with yeast, 
 Escherichia coli , and coconut AGPATs. LPAAT1 has a higher activity toward 14:0-, 
16:0-, and 18:2-CoAs, whereas LPAAT2 exhibited higher activity toward 20:4-CoA 
compared with 16:0- or 18:0-CoA. Both mRNAs are found in a broad range of tis-
sues [ 4 ]. LPAAT2 mutations have been linked to congenital generalized lipodystro-
phy (also known as Berardinelli–Seip syndrome) [ 12 ], suggesting that LPAAT2 
might be involved in triacylglycerol (TAG) synthesis and storage in adipocytes.  

1.2.2     LPAAT3 

 LPAAT3 is mainly expressed in the testis and is upregulated in an age-dependent 
manner [ 13 ,  14 ]. In a biochemical assay, LPAAT3 exhibited LPAAT activity with a 
preference for polyunsaturated fatty acyl-CoAs (PUFA-CoAs) such as 22:6-CoA 
[ 15 ]. Thus, docosahexaenoic acid (DHA, 22:6) could be inserted into phospholipid 
via the Kennedy pathway. The induction of LPAAT3 during germ cell development 
might contribute to the accumulation of PUFAs in testicular phospholipids, suggest-
ing that it has a potential role in proper sperm cell differentiation and maturation. 
LPAAT3 is also reported to affect Golgi structure and function because Golgi mem-
brane tubule formation and traffi cking were inhibited by overexpression of LPAAT3 
[ 16 ]. In addition, LPAAT3 was detected in lipid droplets [ 11 ].  

H. Shindou et al.
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1.2.3     LPAAT4 

 Recently, LPAAT4 was also reported to possess LPAAT activity with 22:6-CoA 
[ 17 ]. LPAAT4 mRNA is expressed predominantly in the brain. The brain contains 
an abundant amount of DHA-containing phospholipids. Therefore, LPAAT4 might 
have important roles in brain function.  

SH-CoA

LPAAT

18:1-CoA

LPA(18:0)

PA(18:0/18:1)

CoA

O

S

O O
HO

O

P
O

O-

O

OH

O O
HHO

P
O

O-

O

OH

SH-CoA

LPAAT

22:6-CoA

LPA(16:0)

PA(16:0/22:6)

CoA

O

S

O O
HO

O

P
O

O-

O

OH

O O
HHO

P
O

O-

O

OH

A

B

  Fig. 1.2    Representative LPAAT-catalyzed reactions: PA (18:0/18:1) ( a ); PA (16:0/22:6) ( b )       
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1.2.4     Putative LPAAT 

 AGPAT5 (also called LPAATε) was reported to be a LPAAT and lyso-PE (LPE) AT, 
but it has not yet been analyzed in detail [ 18 ,  19 ]. AGPAT5 also contains the AGPAT 
motifs. Further studies are needed to identify the AGPAT5 roles.   

1.3     Lysophosphatidylcholine Acyltransferase 
(LPCAT) Enzymes 

 Phosphatidylcholine (PC) is biosynthesized from LPC by LPCATs in the remodel-
ing pathway. Four LPCATs have been reported to date: LPCAT1 and LPCAT2 from 
the AGPAT family, and LPCAT3 and LPCAT4 from the MBOAT family. The repre-
sentative LPCAT-catalyzed reaction is shown in Fig.  1.3 .

1.3.1       LPCAT1 

 LPCAT1 was the fi rst enzyme identifi ed as having LPCAT activity [ 20 ,  21 ]. LPCAT1 
preferentially uses 16:0-CoA to produce dipalmitoyl-PC (DPPC), which is the main 
component of the pulmonary surfactant that prevents alveolar collapse, small air-
way closure, and alveolar fl ooding by decreasing surface tension. Alveolar type II 
cells produce the pulmonary surfactant that is essential for respiration. Consistent 
with this, LPCAT1 is expressed mainly in the lung, particularly in alveolar type II 
cells, and its mRNA expression is upregulated during the perinatal period [ 21 ]. 

 Pulmonary surfactant defi ciency is an important contributing factor during the 
pathogenesis of infant respiratory distress syndrome (IRDS), acute respiratory dis-
tress syndrome (ARDS), bronchial asthma, and bronchiolitis because pulmonary 
surfactant plays a critical role in respiratory physiology [ 22 ]. Recently, several 
groups reported the function of LPCAT1 in the lung. LPCAT1 gene trap mice exhib-
ited a decreased level of saturated PC and increased perinatal mortality because of 
respiratory failure [ 23 ]. In addition, LPCAT1-knockout mice had low levels of 
DPPC, as well as higher sensitivity for acute lung injury than control mice [ 24 ]. 
These reports suggest that the saturated PC generated by LPCAT1 is important for 
lung surfactant production and function. 

 Retinal degeneration and visual dysfunction were also found in a mouse strain 
with a LPCAT1 mutation ( rd11 ) [ 25 ]. LPCAT1 mRNA levels decreased in the retina 
and the brain in response to the onset of diabetes in Ins2(Akita) and  db/db  mice, 
mouse models of type 1 and type 2 diabetes, respectively [ 26 ]. LPCAT1 expression 
was reported in colorectal cancer and was also correlated with the progression of 
prostate cancer [ 27 ,  28 ]. 
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 LPCAT1 also has lyso-PAF acetyltransferase activity to produce PAF. PAF 
 production by LPCAT1 is described as “lyso-PAF acetyltransferase activity.” 
However, additional studies are required to discover the biological roles of 
 LPCAT1-generated PAF.  
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  Fig. 1.3    Representative LPCAT-catalyzed reaction: PC (16:0/16:0, DPPC) ( a ); PC (18:0/20:4) ( b )       
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1.3.2     LPCAT2 

 The main product of the LPCAT2-mediated reaction is thought to be PAF, although 
LPCAT2 also possesses LPCAT (lyso-PAF acyltransferase) activity with a prefer-
ence for 20:4-CoA [ 29 ]. Therefore, LPCAT2 is not only important during the bio-
synthesis of PAF, but also for membrane homeostasis in infl ammatory cells. 
However, it is important to identify and characterize the binding sites for each sub-
strate (acetyl-CoA and arachidonoyl-CoA). Both LPCAT1 and LPCAT2 are local-
ized in the endoplasmic reticulum (ER) and are also found on the surface of lipid 
droplets [ 20 ,  29 ,  30 ]. PAF biosynthetic activity of LPCAT2 is described as “lyso- 
PAF acetyltransferase activity.”  

1.3.3     LPCAT3 

 LPCAT3 mRNA is expressed ubiquitously, and the protein exhibits LPCAT, LPEAT, 
and LPSAT activities with PUFA-CoAs such as 20:4-CoA and 18:2-CoA [ 31 ,  32 ]. 
LPCAT3 knockdown in HEK293 cells induced apoptosis and altered cellular mor-
phology [ 33 ]. Liver-specifi c LPCAT3 knockdown in mice showed increased levels of 
LPC, which led to decreased hepatic triglyceride levels and increased triglyceride- rich 
lipoprotein production and apolipoprotein-B secretion [ 34 ]. LPCAT3 knockdown in 
mammalian cells also enhanced the palmitic acid-induced unfolded protein response 
[ 35 ]. LPCAT3 is induced by agonists for peroxisome proliferator-activator receptor-α 
and liver X receptor, as well as during the differentiation of C3H10T1/2 cells into 
adipocyte-like cells [ 32 ,  36 ,  37 ]. LPCAT1, LPCAT2, LPCAT3, and LPCAT4 were 
induced in a model of nonalcoholic steatohepatitis [ 38 ]. In addition, hepatic LPCAT3 
and LPCAT4 were induced by treatment with fi brates [ 39 ]. Interestingly, the 
 Drosophila  orthologue of LPCAT3,  nessy , is controlled by ultrabithorax (Ubx), 
homeobox (Hox), and other Hox proteins during  Drosophila  embryogenesis [ 40 ].  

1.3.4     LPCAT4 

 LPCAT4 has both LPCAT and LPEAT activities [ 31 ,  41 ]. LPCAT4 preferentially uses 
18:1-CoA as a donor. Mouse LPCAT4 mRNA is highly expressed in the epididymis, 
brain, testis, and ovary. However, biological roles of LPCAT4 remain unclear.   

1.4     Lyso-PAF Acetyltransferase Enzymes 

 The lyso-PAF acetyltransferase-catalyzed reaction is shown in Fig.  1.4 .
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1.4.1       LPCAT1 and LPCAT2 

 In response to extracellular stimuli, PAF is synthesized rapidly and has important 
roles as a potent pro-infl ammatory lipid mediator [ 42 ]. Specifi cally, it triggers vari-
ous cellular functions via its G protein-coupled receptor, PAF receptor [ 43 ]. PAF is 
biosynthesized via the activation of acetyl-CoA:lyso-PAF acetyltransferase (lyso- 
PAFAT). To date, two lyso-PAFAT enzymes have been reported: LPCAT1 and 
LPCAT2 [ 9 ,  29 ]. LPCAT1 is mainly expressed in the lung, whereas LPCAT2 is 
mainly observed in infl ammatory cells such as peritoneal macrophages. Before the 
identifi cation of LPCAT1 and LPCAT2, it was reported that endogenous lyso- 
PAFAT activity is enhanced in three distinct ways in mouse macrophages: (i) rapid 
activation (30 s) after PAF stimulation and (ii, iii) minutes to hours after lipopoly-
saccharide stimulation [ 44 ]. However, three distinct mechanisms have been clari-
fi ed. (1) After G protein-coupled receptor (PAF receptor and ATP receptor) 
stimulation for 30 s, LPCAT2 phosphorylation at Ser34 in the conventional protein 
kinase C (cPKC) pathway enhances lyso-PAF acyltransferase activity [ 45 ]. (2) 
After lipopolysaccharide stimulation for 30 min, LPCAT2 is phosphorylated at 
Ser34 and activated via the p38 MAP kinase (MAPK)/MAPK-activated protein 
kinase 2 (MK2) pathway [ 46 ]. (3) LPCAT2 mRNA is upregulated within 16–24 h 
of lipopolysaccharide stimulation [ 29 ]. 

 In contrast, LPCAT1 is unaffected by lipopolysaccharide, PAF, or ATP stimula-
tion. Therefore, LPCAT1 is a constitutively expressed lyso-PAF acetyltransferase, 
whereas LPCAT2 is an inducible lyso-PAF acetyltransferase. This relationship is 
similar to cyclooxygenase 1 and 2, which are constitutively expressed and inducible 
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  Fig. 1.4    Representative lyso-PAF acetyltransferase-catalyzed reaction: PAF       
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enzymes, respectively [ 47 ]. Recently, the LPCAT2-specifi c inhibitor TSI-01 was 
identifi ed from 174,131 compounds. TSI-01 might form a better basis for antiin-
fl ammatory drugs in PAF-related diseases [ 48 ]. 

 LPCAT2 expression is elevated in several conditions. LPCAT2 mRNA was also 
reported to be upregulated in the ipsilateral spinal cord in a rat model of peripheral 
nerve injury [ 49 ]. In addition, LPCAT2 was increased in the spinal cords of mice 
with experimental allergic encephalomyelitis (EAE), which is a model of multiple 
sclerosis [ 50 ]. During this condition, infl ammatory cells infi ltrate into the central 
nervous system (CNS).   

1.5     Lyso-PE Acyltransferase (LPEAT) Enzymes 

 A representative LPEAT-catalyzed reaction is shown in Fig.  1.5 .

1.5.1       LPEAT1 

 LPEAT1 exhibits both LPEAT and LPSAT activities and has a preference for 18:1- 
CoA as a donor [ 31 ,  41 ]. LPEAT1 mRNA is highly expressed in the stomach, epi-
didymis, and colon. Furthermore, the human LPEAT1 gene, which is located on 
chromosome 6, was disrupted in a brachydactyly-syndactyly syndrome patient [ 51 ], 
suggesting that LPEAT1 contributes to the turnover of phospholipids during normal 
development and organogenesis.  
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  Fig. 1.5    Representative LPEAT-catalyzed reaction: PE (18:0/22:6)       
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1.5.2     LPEAT2 

 LPEAT2 was identifi ed from the AGPAT family. Although LPEAT2 exhibits 
LPEAT, LPGAT, LPSAT, and LPCAT activities using 18:1-CoA or 20:4-CoA as the 
acyl donor  in vitro , only LPEAT activity was decreased by its siRNA transfection in 
HEK293T cells [ 52 ]. LPEAT2 is expressed at high levels in the brain, suggesting 
that it might be important for the biogenesis of brain PE. However, the reported 
biochemical activities of LPEAT2 are inconsistent with the brain PE composition 
[ 53 ]. It has been reported that hepatic LPEAT2 expression increases on exposure to 
lithocholic acid exposure [ 54 ]. Confusingly, LPEAT2 is also called LPCAT4 (see 
Table  1.1 ).  

1.5.3     LPCAT3 and LPCAT4 

 LPCAT3 and LPCAT4 both exhibit LPEAT activity [ 31 ,  41 ]; however, their biologi-
cal roles as LPEAT are yet to be clarifi ed. The regulation of these enzymes is 
described earlier in the “LPCAT enzymes” section.   

1.6     Lyso-PS Acyltransferase (LPSAT) Enzymes 

 The representative LPSAT-catalyzed reaction is shown in Fig.  1.6 .
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  Fig. 1.6    Representative LPSAT-catalyzed reaction: PS (16:0/22:6)       
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1.6.1       LPCAT3 and LPCAT4 

 LPCAT3 and LPCAT4 both exhibit LPSAT activity [ 31 ,  41 ]; however, their biologi-
cal roles as LPSAT are yet to be clarifi ed. The regulation of these enzymes is 
described earlier in the “LPCAT enzymes” section.   

1.7     Lyso-PI Acyltransferase (LPIAT) Enzymes 

 The representative LPIAT-catalyzed reaction is shown in Fig.  1.7 .

1.7.1       LPIAT1 

 LPIAT1 is the fi rst reported LPIAT and was identifi ed from the MBOAT family 
[ 55 ]. LPIAT1 prefers 20:4-CoA and 20:5-CoA as donors. In LPIAT1-KO mice, PI 
and PI phosphates containing arachidonic acid decreased, and the mice exhibited 
abnormal brain morphology, delayed neural migration, and reduced neurite out-
growth. LPIAT1-KO mice were signifi cantly smaller than their littermates and were 
born at a frequency less than would be expected from the Mendelian ratio [ 56 ,  57 ]. 
Arachidonic acid containing PI produced by LPIAT1 is converted to phosphoinosit-
ides. They play an important role in brain development [ 56 ]. A  Caenorhabditis 
elegans  LPIAT1 (mboa-7) mutant showed a “bag of worms” phenotype, whereby 
the embryos hatched within the mother, leaving a cuticle sack containing multiple 
wriggling larvae [ 55 ].  
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  Fig. 1.7    Representative LPIAT-catalyzed reaction: PI (18:0/20:4)       

 

H. Shindou et al.



15

1.7.2     Lyso-CL Acyltransferase (LCLAT)1 

 LCLAT1, a member of the AGPAT family, has LPIAT activity and uses 18:1-CoA 
as the donor [ 58 ]. LCLAT1 can also incorporate 18:0-CoA into the  sn -1 position of 
LPI [ 59 ], as is described in detail in the “LCLAT enzyme” section.   

1.8     Lyso-PG Acyltransferase (LPGAT) Enzyme 

 The representative LPGAT-catalyzed reaction is shown in Fig.  1.8 .

1.8.1       LPGAT1 

 PG is synthesized from LPG by LPGAT enzyme during the Lands’ cycle. LPGAT1 
was cloned as an LPGAT enzyme from the AGPAT family [ 60 ]. Human LPGAT1 
has a preference for 16:0-, 18:0-, and 18:1-CoAs as donors and is widely expressed 
in several tissues. PG is a precursor for the synthesis of CL.   

1.9     LCLAT Enzyme 

 Representative LCLAT-catalyzed reaction is shown in Fig.  1.9 .
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1.9.1       LCLAT1 

 CL, a dimeric glycerophospholipid, is remodeled from dilyso-CL and monolyso-
 CL by LCLAT. Normal CL contains four linoleoyl group (C18:2) fatty acyl chains. 
Mouse LCLAT1 was fi rst identifi ed from the AGPAT family as a LCLAT enzyme 
[ 58 ]. Subsequently, it was also reported to possess LPIAT and LPGAT activities 
[ 61 ]. A previous study used site-directed mutagenesis to identify a putative LPI 
recognition site. Transfection with LCLAT1 siRNA decreased LPIAT and LPGAT 
activity but not LCLAT activity. It is possible that LCLAT1 functions as both LPIAT 
and LPGAT enzymes  in vivo . An additional report showed that LCLAT1 was local-
ized in the mitochondria-associated membrane (MAM) [ 62 ]. LCLAT1 overexpres-
sion in cells increased the amount of polyunsaturated fatty acid that contained CL 
and also induced oxidative stress and mitochondrial dysfunction. LCLAT1-KO 
mice are protected from diet-induced obesity, insulin resistance, and hypertrophic 
cardiomyopathy [ 34 ,  62 ,  63 ].   
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1.10     Conclusion 

 The Kennedy pathway and the Lands’ cycle were fi rst proposed in the 1950s. More 
than ten LPLATs have been identifi ed during the past decade, resulting in signifi -
cant advancement of the LPLAT fi eld. However, the nomenclature should be stan-
dardized in the international conferences to bring about progress in phospholipid 
research because most enzymes have several confusing names. It is possible that 
additional LPLATs with preferences for different substrates might contribute to the 
generation of membrane diversity and will be identifi ed in future studies. The 
redundant and pleiotropic substrate preferences of LPLATs might help regulate 
membrane diversity in tissues, which could be changed in response to external stim-
uli (Fig.  1.10 ). Further  in vivo  studies are needed to elucidate the biological roles of 
LPLATs and to understand the biological signifi cance of membrane diversity and 
asymmetry.

  Fig. 1.10    Generation of 
tissue-specifi c membrane 
diversity. Several LPLATs 
biosynthesize 
phospholipids using 
acyl-CoAs and 
lysophospholipids. 
Expression pattern of 
LPLATs, acyl-CoA 
synthetases, and 
phospholipase As 
determines phospholipid 
composition in individual 
cells       
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    Chapter 2   
 Phospholipase A 2        

       Makoto     Murakami      and     Yoshitaka     Taketomi   

    Abstract     Phospholipase A 2 s (PLA 2 s) are a group of enzymes that hydrolyze the 
 sn -2 position of phospholipids to generate fatty acids and lysophospholipids, which 
serve as lipid mediators or their precursors. Mammalian genomes encode genes for 
more than 30 PLA 2 s or related enzymes, which are subdivided into several groups 
on the basis of their structures, enzymatic properties, and evolutional relationships. 
Among them, the Ca 2+ -dependent cytosolic PLA 2  (cPLA 2 ), Ca 2+ -independent PLA 2  
(iPLA 2 ), and secreted PLA 2  (sPLA 2 ) families are regarded as the “big three.” From 
a general point of view, cPLA 2 α (the prototypic cPLA 2 ) plays a major role in the 
initiation of arachidonic acid (AA) metabolism, the iPLA 2  family contributes to 
membrane homeostasis or energy metabolism, and the sPLA 2  family affects various 
biological events by modulating extracellular phospholipid milieus in response to 
given microenvironmental cues. In this chapter, we overview current understanding 
of the biological functions of PLA 2 s as revealed by gene-manipulated mice and 
human diseases.  

  Keywords     Arachidonic acid   •   Eicosanoid   •   Fatty acid   •   Glycerophospholipid   • 
  Immunity   •   Infl ammation   •   Lipoprotein   •   Lysophospholipid   •   Metabolic disease   • 
  Phospholipase A 2   

2.1         Introduction 

 Phospholipase A 2  (PLA 2 ) catalyzes the hydrolysis of the  sn -2 position of membrane 
glycerophospholipids to liberate free fatty acids and lysophospholipids. To date, 
more than 30 enzymes that possess PLA 2  or related activities have been identifi ed in 
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mammals, and these have been subdivided into several groups based on their struc-
tures, catalytic mechanisms, localizations. and evolutionary relationships. The 
cPLA 2  family contains 6 enzymes (cPLA 2 α−ζ), which (except for cPLA 2 γ) contain 
an N-terminal C2 domain for Ca 2+ -dependent association with the membrane. The 
iPLA 2  or patatin-like phospholipase domain-containing lipase (PNPLA) family 
includes 9 enzymes, some of which act principally on phospholipids and others on 
neutral lipids such as triglyceride (TG). The sPLA 2  family, in which 10 catalytically 
active enzymes have been identifi ed, are low molecular weight, extracellular enzymes 
that require Ca 2+  of the mM order for optimal enzymatic activity. Because of this 
diversity, PLA 2  enzymes have been implicated in various biological processes such 
as lipid mediator production, membrane remodeling, and energy metabolism. 

 During the past few decades, studies of various PLA 2  transgenic and/or knockout 
mice as well as human diseases with PLA 2  gene mutations have provided new 
insights into the emerging biological roles of individual PLA 2 s. The functions of 
individual PLA 2 s may not simply refl ect changes in lipid mediator signaling, or 
more particularly eicosanoid signaling, but may also be attributable to hydrolysis of 
one or a combination of various target membrane lipids. Herein, we focus on the 
pathophysiology of various PLA 2 s as revealed by information from transgenic or 
knockout mice, as well as human diseases.  

2.2     The cPLA 2  Family 

2.2.1     General Aspects of cPLA 2 s 

 Enzymes belonging to the cPLA 2  family are characterized by the presence of a C2 
domain in their N-terminal region, with the exception of cPLA 2 γ, which lacks this 
domain. Evolutionarily, the cPLA 2  family emerged from the ancestral iPLA 2  family 
at the branching point of vertebrates, correlating with the development of eicosanoid 
signaling cascades. cPLA 2 α is no doubt the best-known PLA 2 , with a major role in 
releasing arachidonic acid (AA), a precursor of eicosanoids (prostaglandins, PGs, 
and leukotrienes, LTs), from cellular membrane phospholipids.  

2.2.2     cPLA 2 α 

 cPLA 2 α, also known as group IVA PLA 2 , is localized in the cytosol of resting cells, 
and in response to an increase in cytosolic Ca 2+  levels after cell activation, it trans-
locates to the perinuclear or, more specifi cally, the Golgi membranes to encounter 
its preferred substrate, AA-containing phosphatidylcholine (PC). Ceramide-1- 
phosphate or phosphoinositide-4,5-bisphosphate (PIP 2 ) enhances the membrane 
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interaction of cPLA 2 α. Mitogen-activated protein kinases phosphorylate Ser 505  on 
cPLA 2 α, leading to its activation. The AA released by cPLA 2 α is then converted to 
PGs and LTs by cyclooxygenases and 5-lipoxygenase, respectively. As an example, 
the cPLA 2 α activation mechanism in mast cells (MCs) is shown in Fig.  2.1 .

   Mice lacking cPLA 2 α ( Pla2g4a  −/− ) exhibit a number of striking phenotypes that 
can be explained by defects in pathways involving PGs, LTs, or platelet-activating 
factor (PAF). For instance,  Pla2g4a  −/−  mice are protected from asthma, acute respi-
ratory distress syndrome, and pulmonary fi brosis, which can be explained by 
marked reductions of detrimental lipid mediators such as LTs and PAF [ 1 – 3 ]. 
 Pla2g4a   −/−   mice or wild-type mice treated with a cPLA 2 α inhibitor are less suscep-
tible to experimental autoimmune encephalomyelitis or collagen-induced arthritis 
[ 4 ,  5 ], are protected from brain injuries caused by ischemia or Aβ amyloid [ 6 ,  7 ], 
and have reduced incidences of intestinal and lung cancer [ 8 ,  9 ], all of which can be 
attributed to reduced PGE 2  signaling. Consistent with the protective role of PGE 2  in 
the gastrointestinal mucosa, the intestinal epithelium of  Pla2g4a   −/−   mice has numer-
ous small ulcerative lesions [ 9 ]. The impairment of female fertility observed in 
 Pla2g4a   −/−   mice suggests that cPLA 2 α has an important role in parturition and 
implantation by providing PGF 2α  and PGE 2  [ 10 ,  7 ]. Because of reduced production 

  Fig. 2.1    Activation of cytosolic PLA 2  (cPLA 2 )α in mast cells (MCs). In response to Ca 2+  infl ux 
following FcεRI activation with IgE and cognate antigen, cPLA 2 α translocates from the cytosol to 
the perinuclear membrane and is phosphorylated by mitogen-activated protein kinase (MAPK) for 
optimal activation. The arachidonic acid (AA) released from membrane phospholipids by cPLA 2 α 
is then converted to PGD 2  by the sequential action of cyclooxygenase (COX)-1 (or COX-2 when 
the cells are primed by particular stimuli) and hematopoietic PGD 2  synthase (H-PGDS) to PGD 2  
or by the sequential action of 5-lipoxygenase (5-LOX) incorporation with 5-LOX-activating pro-
tein (FLAP) and LTC 4  synthase (LTC4S) to LTC 4        
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of thromboxane A 2  (TXA 2 ) by platelets,  Pla2g4a   −/−   mice are protected from throm-
boembolism and have prolonged bleeding times [ 11 ]. Furthermore, ablation or 
knockdown of cPLA 2 α ameliorates metabolic disorders including atherosclerosis, 
hepatic fi brosis, insulin resistance, and adipose tissue infl ammation [ 12 – 14 ]. In all 
cases, the levels of lipid mediators responsible for the corresponding pathophysio-
logical events are markedly reduced in  Pla2g4a   −/−   mice relative to wild-type mice. 
In humans, an inherited  PLA2G4A  mutation is linked to impaired eicosanoid bio-
synthesis, ulceration of the small intestine, and platelet dysfunction [ 15 ].  

2.2.3     Other cPLA 2 s 

 cPLA 2 β, δ, ε, and ζ (group IVB, IVD, IVE, and IVF PLA 2 s) map to the same chro-
mosomal locus and are therefore evolutionally more related [ 16 ]. cPLA 2 β is a dual 
PLA 1 /PLA 2  enzyme, although cPLA 2 δ has a robust PLA 1  activity in preference to 
PLA 2  activity. cPLA 2 γ (group IVC PLA 2 ) is unique in that it lacks the C2 domain 
and displays lysophospholipase and transacylase activities in addition to PLA 2  
activity [ 17 ]. The  in vivo  functions of these cPLA 2  isoforms are entirely unknown 
because knockout studies have yet to be performed. A recent study has shown that 
cPLA 2 ε may drive recycling through clathrin-independent endocytosis [ 18 ].   

2.3     The iPLA 2 /PNPLA Family 

2.3.1     General Aspects of iPLA 2 s 

 The human genome encodes nine iPLA 2 /PNPLA enzymes, which share a protein 
motif known as the “patatin domain” with an unusual folding topology that differs 
from classical lipases (Fig.  2.2 ). The cPLA 2  and iPLA 2  families seem to have 
evolved from a common ancestral gene, as their catalytic domains are commonly 
characterized by a three-layer α/β/α architecture employing a conserved Ser/Asp 
catalytic dyad instead of the classical catalytic triad [ 19 ]. iPLA 2 /PNPLA enzymes 
are found in virtually all eukaryotes including yeast, plants, invertebrates, and ver-
tebrates, suggesting that they possess fundamental roles in cellular lipid metabolism 
conserved in the eukaryote kingdom. The designation “PNPLA” appears to be more 
appropriate than “iPLA 2 ,” as some of the isoforms have enzymatic activities appar-
ently distinct from  bona fi de  PLA 2  activity. For instance, iPLA 2 ζ/PNPLA2 functions 
as a major TG lipase in adipose and many other tissues, whereas iPLA 2 ε/PNPLA3 
may act mainly as an acyltransferase or transacylase for accumulation of TG, par-
ticularly in the liver [ 20 ]. Here, we focus on two particular iPLA 2 s, iPLA 2 β/PNPLA9 
and iPLA 2 γ/PNPLA8, which have robust PLA 2  activity.
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2.3.2        iPLA 2 β 

 iPLA 2 β (PNPLA9 or group VIA PLA 2 ), the best characterized iPLA 2 , has long been 
thought to be involved in homeostatic phospholipid remodeling through deacylation 
of phospholipids in the Lands’ cycle. Indeed, the composition of phospholipids, 
particularly those containing docosahexaenoic acid (DHA), is noticeably altered in 
the brain (but not other tissues) of mice lacking iPLA 2 β ( Pla2g6  −/− ) [ 21 ]. Notably, 
human  PLA2G6  mutations are associated with neurodegenerative diseases such as 
infantile neuroaxonal dystrophy (INAD), neurodegeneration with brain iron accu-
mulation (NBIA), and Schindler’s disease, which share the distinctive pathological 
feature of axonal degeneration with spheroid bodies in the nervous system [ 22 ]. 
Similar neurodegenerative phenotypes are also evident in  Pla2g6  −/−  mice or  Pla2g6  
mutant mice ( Pla2g6-inad , in which the  Pla2g6  gene harbors a point mutation), 
which show motor dysfunction caused by widespread degeneration of axons and 
synapses, accompanied by the appearance of spheroids and vacuoles [ 23 ,  24 ]. 
iPLA 2 β has also been proposed to have more diverse signaling roles. These  Pla2g6  −/−  
phenotypes include male infertility [ 25 ], defective opening of store-operated Ca 2+  
entry, probably caused by reduced production of lysophosphatidylcholine (LPC) 
[ 26 ], impaired insulin secretion by pancreatic β-cells [ 27 ], reduced apoptosis [ 28 ], 
decreased eicosanoid generation in vascular cells [ 29 ], and protection from ovarian 
cancer, possibly through reduction of lysophosphatidic acid (LPA) [ 30 ]. In most 
cases, however, the iPLA 2 β-driven lipid metabolic processes underlying these 
events are poorly characterized.  

  Fig. 2.2    Evolutional relationship between the cPLA 2  and iPLA 2  families. The iPLA 2  family is 
present in all eukaryotes, whereas the cPLA 2  family emerged from the iPLA 2  family at the stage of 
divergence of vertebrates       
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2.3.3     iPLA 2 γ 

 iPLA 2 γ, also known as PNPLA8 or group VIB PLA 2 , is localized to mitochondria 
or peroxisomes and displays PLA 2  or PLA 1  activity depending on the substrates 
involved [ 31 ]. Mice null for iPLA 2 γ ( Pnpla8  −/− ) exhibit bioenergetic dysfunctional 
phenotypes, including growth retardation, cold intolerance, reduced exercise endur-
ance, increased mortality from cardiac stress, and abnormal mitochondrial function 
with an altered cardiolipin composition [ 32 ]. Furthermore,  Pnpla8  −/−  mice are resis-
tant to diet-induced obesity, fatty liver, and hyperlipidemia [ 33 ,  34 ]. These mice 
also display lipodystrophy, impaired glucose-stimulated insulin secretion, and 
decreased mitochondrial β-oxidation. Myocardium-specifi c  Pnpla8 -transgenic 
mice show a dramatic reduction of myocardial phospholipid mass, marked accumu-
lation of TG, impaired mitochondrial function, and hemodynamic dysfunction [ 35 ]. 
Thus, iPLA 2 γ appears to be crucial for maintaining effi cient bioenergetic mitochon-
drial function by tailoring mitochondrial lipid metabolism. However, considering 
that defective β-oxidation usually leads to increased fat accumulation in peripheral 
tissues, the protective effect of iPLA 2 γ ablation against diet-induced metabolic dis-
orders might involve an as yet unknown mechanism.  Pnpla8  −/−  mice also display a 
profound alteration in hippocampal mitochondrial homeostasis, leading to cognitive 
dysfunction [ 36 ]. The  Pnpla8  −/−  hippocampus has an increased level of cardiolipin 
and a decrease of plasmalogen, implying a function of iPLA 2 γ in remodeling of 
these phospholipids. Overall, the neurological abnormalities in  Pnpla8  −/−  mice are 
reminiscent of features in patients with Barth syndrome, a disease caused by dis-
turbed cardiolipin metabolism [ 37 ].   

2.4     The sPLA 2  Family 

2.4.1     General Aspects of sPLA 2 s 

 More than one third of the PLA 2  enzymes belong to the sPLA 2  family, which con-
tains ten catalytically active isoforms (IB, IIA, IIC, IID, IIE, IIF, III, V, X, XIIA). 
Individual sPLA 2 s exhibit unique tissue and cellular localizations and enzymatic 
properties, suggesting their distinct pathophysiological roles. Classical group I/
II/V/X sPLA 2 s are closely related, 14- to 19-kDa secreted enzymes with a highly 
conserved Ca 2+ -binding loop and a His/Asp catalytic dyad as well as conserved 
disulfi de bonds, whereas group III and XII sPLA 2 s are atypical and classifi ed into 
distinct classes. As sPLA 2 s are secreted, their target membranes should reside in the 
extracellular spaces. Individual sPLA 2 s contribute to various biological events 
through production of lipid mediators, promotion of membrane remodeling, modi-
fi cation of extracellular noncellular lipid components such as surfactant, micropar-
ticles, and lipoproteins, or degradation of foreign phospholipids such as those 
originating from microbes and dietary components. Here we overview the 
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pathophysiological functions of several classical sPLA 2 s (IB, IIA, IID, IIE, V, X) 
and an atypical sPLA 2  (group III), as revealed by their transgenic overexpression or 
gene targeting in mice. Several examples of these sPLA 2 -mediated lipid networks 
are illustrated in Fig.  2.3 .

2.4.2        sPLA 2 -IB 

 sPLA 2 -IB, often called “pancreatic sPLA 2 ,” is abundantly expressed in the pancreas. 
After secretion into the duodenal lumen, an N-terminal heptapeptide of the inactive 
zymogen is cleaved by trypsin to yield an active enzyme. The main role of this 

  Fig. 2.3    Several examples of sPLA 2 -driven lipid networks. ( a ) sPLA 2 -V in M2 macrophages 
facilitates the Th2 response and that in airway epithelial cells degrades lung surfactant. sPLA 2 -X 
from the airway epithelium acts on eosinophils to augment LTC 4  generation. Accordingly, the two 
sPLA 2 s independently promote asthma. ( b ) sPLA 2 -III released from immature MCs acts on fi bro-
blasts to promote L-PGDS-dependent generation of PGD 2 , which in turn acts on the PGD 2  receptor 
DP1 on MCs to promote MC maturation. Accordingly, PLA2G3 facilitates MC-dependent ana-
phylaxis. Activation of cPLA 2 α in mature MCs is highlighted in Fig.  2.1 . ( c ) In lymph nodes, 
sPLA 2 -IID in DCs hydrolyzes PE to release DHA, which is then converted to the pro-resolving 
lipid mediator resolving D1 (RvD1) to sequester Th1 immunity. Accordingly, sPLA 2 -IID amelio-
rates Th1-dependent contact dermatitis       
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enzyme is digestion of dietary and biliary phospholipids. Gene disruption of sPLA 2 -
 IB ( Pla2g1b  −/− ) results in decreased phospholipid digestion and absorption in the 
gut [ 38 ]. The reduced intestinal production of LPC, which is a causal factor for 
hepatic insulin resistance, results in protection from diet-induced obesity, glucose 
intolerance, hyperlipidemia, and atherosclerosis in  Pla2g1b  −/−  mice [ 39 – 41 ].  

2.4.3     sPLA 2 -IIA 

 sPLA 2 -IIA is the only isozyme detectable in the circulation, particularly under path-
ological conditions. It is often referred to as “infl ammatory sPLA 2 ” as its levels in 
sera or infl ammatory exudates correlate with the severity of infl ammatory diseases, 
and it is robustly induced by pro-infl ammatory stimuli in various cells [ 42 ]. 
However, the precise role of sPLA 2 -IIA in infl ammation remains debatable, as a 
natural mutation in its gene ( Pla2g2a ) in C57BL/6 and 129Sv mice [ 43 ] prevents 
adequate evaluation of its functions by gene targeting. So far, therefore, most of the 
 in vivo  functions of sPLA 2 -IIA have currently been addressed mainly using  Pla2g2a - 
transgenic  mice. 

  Pla2g2a -transgenic mice have skin abnormalities manifested by hair loss and 
epidermal hyperplasia [ 44 ] and by increased carcinogen-induced skin cancer [ 45 ]. 
In line with clinical evidence that the serum level of sPLA 2 -IIA correlates with car-
diovascular diseases [ 46 ],  Pla2g2a -transgenic mice develop advanced atheroscle-
rotic lesions [ 47 ]. Given that atherosclerosis represents chronic infl ammation in the 
aorta, sPLA 2 -IIA can be regarded as a pro-infl ammatory enzyme in atherosclerosis. 
The most probable physiological role of sPLA 2 -IIA is degradation of bacterial 
membranes, thereby providing a fi rst line of antimicrobial defense [ 48 ]. sPLA 2 -IIA 
is capable of hydrolyzing phosphatidylethanolamine (PE) and phosphatidylglycerol 
in marked preference to PC, which can account for the preferential action of this 
enzyme on bacteria rather than on mammalian cells. Accordingly,  Pla2g2a - 
transgenic  mice or wild-type mice treated with sPLA 2 -IIA are resistant to pneumo-
nia and sepsis following bacterial infection [ 49 ]. For this reason, sPLA 2 -IIA is often 
referred to as a “bactericidal sPLA 2 .” 

 Mouse strains with natural disruption of the  Pla2g2a  gene (see foregoing) are 
more sensitive to intestinal tumorigenesis [ 50 ]. Transgenic transfer of the  Pla2g2a  
gene into these strains reduces the incidence of intestinal polyposis [ 51 ]. Thus, 
sPLA 2 -IIA appears to have an antitumorigenic role in the gastrointestinal tract. 
Presumably, bactericidal sPLA 2 -IIA may affect the gastrointestinal microfl ora, 
thereby infl uencing tumor development. On the other hand, sPLA 2 -IIA expression 
is positively correlated with the malignancy of prostate cancer [ 52 ], revealing dis-
tinct impacts of sPLA 2 -IIA on different types of cancer. Recently, the mutated 
 Pla2g2a  allele in the C57BL/6 mouse strain was delivered into the BALB/c mouse 
strain to produce  Pla2g2a  −/−  BALB/c mice. Autoantibody-induced arthritis is atten-
uated in these  Pla2g2a  −/−  mice relative to  Pla2g2a -suffi cent mice, whereas it is 
conversely aggravated in  Pla2g2a -transgenic mice [ 53 ]. This study has provided the 

M. Murakami and Y. Taketomi



31

fi rst compelling evidence for the pro-infl ammatory role of sPLA 2 -IIA. Recently, it 
has been shown that sPLA 2 -IIA targets phospholipids in extracellular mitochondria, 
and thereby amplifi es infl ammation by producing eicosanoids as well as mitochon-
drial DNA, a kind of danger-associated molecular pattern (DAMP) [ 54 ].  

2.4.4     sPLA 2 -IID 

 sPLA 2 -IID is structurally most related to sPLA 2 -IIA and is expressed preferentially 
in dendritic cells (DCs) in secondary lymphoid organs [ 55 ], suggesting its immuno-
regulatory role. In a model of Th1-dependent contact dermatitis, resolution of 
infl ammation is compromised in skin and lymph nodes of mice lacking sPLA 2 -IID 
( Pla2g2d  −/− ) [ 55 ]. sPLA 2 -IID in regional lymph nodes mobilizes a pool of polyun-
saturated fatty acids that can be metabolized to pro-resolving lipid mediators such 
as DHA-derived resolvin D1, which reduces Th1 cytokine production and DC acti-
vation. sPLA 2 -IID preferentially hydrolyzes DHA-containing PE in lymph node 
membranes. In accordance with its antiinfl ammatory role, sPLA 2 -IID expression in 
DCs is downregulated after cell activation. Furthermore, administration of sPLA 2 -
IID- Fc protein attenuates autoimmune diseases in mice [ 56 ]. Together, the existing 
data suggest that sPLA 2 -IID is a “resolving sPLA 2 ” that ameliorates infl ammation 
by mobilizing DHA-derived pro-resolving lipid mediators.  

2.4.5     sPLA 2 -IIE 

 Similar to sPLA 2 -IID, sPLA 2 -IIE is structurally most homologous to sPLA 2 - 
IIA. Expression of sPLA 2 -IIE is markedly induced in adipocytes during adipogen-
esis  in vitro  and after high-fat feeding  in vivo . Mice defi cient in sPLA 2 -IIE 
( Pla2g2e  −/− ) are modestly protected from diet-induced obesity, fatty liver, and 
hyperlipidemia [ 57 ]. sPLA 2 -IIE preferentially hydrolyzes minor lipoprotein phos-
pholipids, phosphatidylserine (PS), and PE, with no apparent fatty acid selectivity. 
As such, sPLA 2 -IIE alters lipid composition in lipoproteins, thereby affecting fat 
deposition in adipose tissue and liver. Thus, sPLA 2 -IIE is a “metabolic sPLA 2 ” that 
controls systemic metabolic states by modulating lipoprotein phospholipids. These 
fi ndings shed light on the importance of the minor lipoprotein phospholipids (PS 
and PE) in metabolic regulation.  

2.4.6     sPLA 2 -V 

 Because sPLA 2 -V is able to hydrolyze PC more effi ciently than sPLA 2 -IIA, most 
investigators in this research fi eld have been interested in the potential roles of this 
enzyme in infl ammation in the context of AA metabolism. Indeed, zymosan-induced 
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peritonitis or lipopolysaccharide (LPS)-induced air pouch infl ammation is partially 
attenuated in mice lacking sPLA 2 -V ( Pla2g5  −/− ) [ 58 ,  59 ]. sPLA 2 -V is highly 
expressed in the myocardium, and  Pla2g5  −/−  mice exhibit a markedly decreased 
infarct size in a myocardial ischemia and reperfusion model [ 60 ]. sPLA 2 -V is 
expressed in bronchial epithelial cells and alveolar macrophages, and  Pla2g5  −/−  
mice are protected from airway disorders such as antigen-induced asthma and LPS- 
induced respiratory distress syndrome [ 61 ,  62 ]. Moreover, in keeping with the view 
that hydrolysis of phospholipids in low density lipoprotein (LDL) by sPLA 2 -V can 
promote foam cell formation by macrophages  in vitro  [ 63 ],  Ldlr  −/−  mice transplanted 
with  Pla2g5  −/−  bone marrow cells are partially protected from atherosclerosis [ 64 ]. 
Although most of these studies support the offensive roles of sPLA 2 -V, the underly-
ing mechanisms by which sPLA 2 -V regulates each of these pathologies have 
remained controversial. Of note, sPLA 2 -V prefers phospholipids bearing fatty acids 
with a lower degree of unsaturation (e.g., oleate and linoleate) to those containing 
highly polyunsaturated fatty acids (e.g., AA and DHA), making it unclear whether 
sPLA 2 -V indeed mobilizes AA-derived eicosanoids  in vivo . Because increased 
infl ammation is generally accompanied by cPLA 2 α activation, the observed changes 
in eicosanoid levels in  Pla2g5  −/−  mice might simply refl ect disease-associated 
changes in cPLA 2 α activation, rather than hydrolytic liberation of AA by sPLA 2 -V. 
Indeed, transgenic overexpression of sPLA 2 -V leads to respiratory distress and neo-
natal death without alterations in pulmonary eicosanoid levels [ 65 ]. This phenotype 
has been ascribed to aberrant hydrolysis of surfactant phospholipids (dipalmitoyl-
 PC) and is apparently eicosanoid independent. 

 The roles of sPLA 2 -V in infl ammation have been proven to be more complex. 
Although sPLA 2 -V was thought to be induced by pro-infl ammatory stimuli (as in 
the case of sPLA 2 -IIA), it has recently become obvious that its expression is induced 
by the Th2 cytokines IL-4 and IL-13, rather than proinfl ammatory stimuli including 
LPS, zymosan, and Th1 cytokines, which decrease sPLA 2 -V expression [ 57 ,  66 ]. 
sPLA 2 -V is expressed in IL-4-driven M2 macrophages and Th2 cells, which facili-
tate Th2-type infl ammation while attenuating Th1 or Th17 immunity. Importantly, 
Th2 responses, as monitored by IL-4 expression and IgE production, are greatly 
reduced in  Pla2g5  −/−  mice, thus underscoring the reduced asthmatic phenotype from 
the lack of sPLA 2 -V. Thus, sPLA 2 -V appears to function in at least two regulatory 
steps in asthma: (1) in antigen-presenting cells to regulate antigen processing and 
thereby the Th2 response, and (2) in airway-resident cells to promote airway infl am-
mation that may involve surfactant degradation.  Pla2g5  −/−  mice are more suscepti-
ble to  Candida  infection (Th1 immunity) and arthritis (Th17 immunity) [ 53 ,  67 ], 
which could also be partly explained by the ability of sPLA 2 -V to promote Th2 
immunity (and therefore to suppress Th1/Th17 immunity). 

 The function of sPLA 2 -V as a “Th2-prone sPLA 2 ” also infl uences obesity, as Th2 
or M2 response dampens adipose tissue infl ammation. In obesity, sPLA 2 -V is 
induced in hypertrophic adipocytes [ 57 ]. When fed a high-fat diet,  Pla2g5   −/−   mice 
display hyperlipidemia with higher plasma levels of lipid-rich LDL and increased 
obesity, fatty liver, and insulin resistance. sPLA 2 -V has a protective function against 
metabolic disorders by hydrolyzing and thereby normalizing PC in LDL and by 

M. Murakami and Y. Taketomi



33

 tipping the immune balance toward an Th2/M2 state that counteracts adipose tissue 
infl ammation. Mechanistically, sPLA 2 -V-driven oleate and linoleate from PC in 
LDL dampen M1 macrophage polarization by saturated fatty acids (e.g., palmitate), 
probably through attenuation of endoplasmic reticulum stress. Clinically also, 
sPLA 2 -V expression in human visceral adipose tissue inversely correlates with 
plasma LDL levels. These studies underscore the physiological relevance of lipo-
protein hydrolysis by sPLA 2 s, highlight two adipocyte-driven “metabolic sPLA 2 s” 
(sPLA 2 -IIE and sPLA 2 -V) as integrated regulators of immune and metabolic 
responses, and bring about a paradigm shift toward a better understanding of the 
roles of the sPLA 2  family as a metabolic coordinator.  

2.4.7     sPLA 2 -X 

 As in the case of sPLA 2 -IB, sPLA 2 -X is synthesized as a zymogen, and removal of 
an N-terminal pro-peptide produces an active mature enzyme [ 68 ]. Among the 
sPLA 2 s, sPLA 2 -X has the highest binding affi nity for PC and thus exhibits the most 
potent ability to hydrolyze plasma membrane phospholipids in intact cells [ 69 ]. 
Because of this property, many investigators have speculated that sPLA 2 -X has a 
major role in infl ammation. In line with this scenario, mice lacking sPLA 2 -X 
( Pla2g10  −/− ) are refractory to antigen-induced asthma, with markedly reduced infi l-
tration of eosinophils and lymphocytes, attenuated goblet cell hyperplasia and 
smooth muscle layer thickening, and decreased levels of Th2 cytokines and pro- 
asthmatic eicosanoids [ 70 ]. The attenuated asthmatic responses in  Pla2g10  −/−  mice 
are fully restored by knock-in of human sPLA 2 -X, and treatment of the knock-in 
mice with an inhibitor specifi c for human sPLA 2 -X suppresses airway infl ammation 
[ 71 ]. Mechanistically, sPLA 2 -X secreted from the airway epithelium may act on 
infi ltrating eosinophils to augment LT production in a process involving LPC- 
dependent activation of cPLA 2 α [ 72 ].  Pla2g10  −/−  mice are also protected from the 
early phase of infl uenza infection [ 73 ], further highlighting the role of this enzyme 
in the airway. Moreover, sPLA 2 -X is one of the major sPLA 2  isoforms detected in 
the airway of patients with asthma [ 74 ], thus directing attention to sPLA 2 -X as a 
novel therapeutic target for asthma. In contrast to sPLA 2 -V, however, sPLA 2 -X does 
not infl uence the Th2 response itself, as antigen-sensitized  Pla2g10  −/−  mice have 
normal IgE and IL-4 levels. 

 Several phenotypes have been reported for  Pla2g10  −/−  mice, but the data are con-
troversial. These phenotypes include protection from myocardial infarction or aneu-
rysm [ 75 ,  76 ], exacerbation or attenuation of atherosclerosis [ 77 ,  78 ], increased or 
decreased adiposity [ 79 ,  80 ], altered macrophage responses [ 81 ], and lower response 
to peripheral pain [ 79 ]. In some of these studies, experiments were performed under 
the assumption that sPLA 2 -X is expressed in immune cells such as neutrophils and 
macrophages. However, the expression of sPLA 2 -X in such immune cells is very 
low or almost undetectable [ 75 ,  79 ], raising a question as to the physiological rele-
vance of studies involving adoptive transfer of  Pla2g10  −/−  bone marrow-derived 
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cells. Rather, the possibility that paracrine sPLA 2 -X may alter the properties of 
infl ammatory cells should be taken into account. Because sPLA 2 -X is abundantly 
expressed in the gut epithelium, it is likely that the decreased digestion and absorp-
tion of dietary and biliary phospholipids are eventually linked to reduced fat accu-
mulation in adipose tissue of  Pla2g10  −/−  mice [ 79 ], a situation similar to 
 Pla2g1b  −/−  mice (see foregoing). 

 sPLA 2 -X is most abundantly expressed in the testis, where it is stored in acro-
somes (secretory granules) in the head of sperm cells [ 82 ].  Pla2g10  −/−  spermatozoa 
display an impaired acrosome reaction and low fertility despite showing a normal 
number and motility [ 83 ,  82 ]. Thus, sPLA 2 -X plays a specifi c role in sperm activa-
tion, boosting the acrosome reaction by producing LPC from sperm membranes in 
a paracrine or autocrine manner. Last, a striking skin phenotype characterized by 
alopecia in  Pla2g10 -transgenic mice points to a unique role of sPLA 2 -X in hair 
homeostasis [ 84 ]. Although grossly the coat hairs of  Pla2g10  −/−  mice appear nor-
mal, they have ultrastructural abnormalities including a hypoplasic outer root sheath 
and reduced melanin granules in their hair follicles.  

2.4.8     sPLA 2 -III 

 sPLA 2 -III, an atypical sPLA 2 , more closely resembles bee venom sPLA 2  rather than 
other mammalian sPLA 2 s [ 85 ]. Transgenic overexpression of sPLA 2 -III in mice 
with an  ApoE  −/−  background results in increased atherosclerosis from accelerated 
LDL hydrolysis and increased TXA 2  synthesis [ 86 ]. These mice also develop sys-
temic infl ammation as they age because of elevated eicosanoid formation [ 87 ]. 
Thus, beyond the overexpression strategy, sPLA 2 -III has a pro-infl ammatory 
potential. 

 sPLA 2 -III is highly expressed in the epididymal epithelium. Studies using mice 
lacking sPLA 2 -III ( Pla2g3  −/− ) have revealed that epididymal sPLA 2 -III acts on 
immature sperm cells passing through the duct in a paracrine manner to regulate 
phospholipid remodeling. During epididymal transit of spermatozoa, PC in the 
sperm membrane undergoes a dramatic shift in its acyl groups from oleate, linole-
ate, and AA to docosapentaenoic acid (DPA) and DHA, and the increased propor-
tion of DPA/DHA consequently contributes to increased sperm membrane fl uidity 
and thereby sperm motility. In  Pla2g3  −/−  mice, this sperm membrane remodeling is 
severely compromised. Accordingly, spermatozoa from  Pla2g3  −/−  mice have a low 
DPA/DHA content, aberrant acrosomes and fl agella with an abnormal axoneme 
confi guration, and display hypomotility and reduced fertility [ 88 ]. Thus, the two 
“reproductive sPLA 2 s” (sPLA 2 -III and sPLA 2 -X), which are expressed in different 
locations within the male genital organs, exert nonredundant but interrelated func-
tions in two major steps of male fertility, the former during sperm maturation in the 
epididymis and the latter during capacitation and the acrosome reaction, likely after 
ejaculation in the uterus and oviduct. 
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 Microenvironmental alterations in MC phenotypes affect susceptibility to allergy, 
yet the mechanisms underlying the proper maturation of MCs toward an allergy- 
sensitive phenotype were poorly understood. sPLA 2 -III is stored in and released 
from MC granules, and MC-associated passive and active anaphylactic responses 
are markedly attenuated in  Pla2g3  −/−  mice, whereas they are augmented in  Pla2g3 - 
transgenic  mice [ 89 ]. Tissue MCs in  Pla2g3  −/−  mice are immature and are therefore 
resistant to IgE-dependent and -independent activation. Similar MC abnormalities 
are also seen in mice lacking lipocalin-type prostaglandin D 2  (PGD 2 ) synthase 
(L-PGDS) or those lacking the PGD 2  receptor DP1, suggesting their functional rela-
tionship. Indeed, genetic or pharmacological ablation of DP1 in MCs or L-PGDS in 
fi broblasts phenocopies that of sPLA 2 -III in MCs in terms of defective MC matura-
tion and anaphylaxis. Taken together, the data suggest that sPLA 2 -III secreted from 
immature MCs is coupled with fi broblastic L-PGDS to provide microenvironmental 
PGD 2 , which in turn promotes MC maturation via DP1. The sPLA 2 -III/L-PGDS/
DP1 paracrine loop is a novel lipid-orchestrated mechanism, providing a missing 
microenvironmental cue that underlies the proper maturation of MCs.   

2.5     Concluding Remarks 

 With the growing list of knockout and transgenic mouse strains for PLA 2 s, much 
progress has been made in delineating the physiological functions of each PLA 2 . It 
is now becoming obvious that cPLA 2 α is a central regulator of AA metabolism, sup-
ported by the view that the molecular evolution of cPLA 2 α coincided with that of 
eicosanoid receptors when vertebrates evolved, that the iPLA 2  family is a funda-
mental regulator of membrane homeostasis and energy metabolism, and that indi-
vidual sPLA 2 s exert unique and tissue-specifi c biological functions by acting on 
extracellular phospholipids, which include adjacent cell membranes, noncellular 
lipid components, and foreign phospholipids such as those in microbes and the diet. 
The diversity of target phospholipids and products may explain why each PLA 2  
family contains many isoforms. Further advances in this research fi eld and their 
integration for therapeutic applications are likely to benefi t from improved, time- 
and space-resolved lipidomics technology that will allow monitoring of individual 
PLA 2 s and their associated forms of lipid metabolism within specifi c tissue niches. 
Hopefully, the next decade will yield a comprehensive map of the PLA 2 -driven lipid 
networks, which will allow the therapeutic application of inhibitors for some PLA 2 s 
central to human diseases.     
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    Chapter 3   
 Prostaglandin Terminal Synthases as Novel 
Drug Targets       

       Shuntaro     Hara     

    Abstract     Prostanoids are lipid metabolites of ω3 and ω6 20-carbon essential fatty 
acids such as arachidonic acid and have a broad range of biological activities. Three 
kinds of enzymes—phospholipase A 2  (PLA 2 ), cyclooxygenase (COX), and prosta-
glandin (PG) terminal synthase—are involved in the biosynthesis of prostanoids. 
Arachidonic acid released from membrane glycerophospholipids by PLA 2  enzymes 
is then supplied to either of the two COX isozymes, COX-1 and COX-2. The COX 
metabolite PGH 2  is then converted to each prostanoid by specifi c PG terminal syn-
thases. Nonsteroidal antiinfl ammatory drugs (NSAIDs) exert their antiinfl amma-
tory and antitumor effects by inhibiting COX and thereby reducing prostanoid 
production. However, gastrointestinal, renal, and the recently reported cardiovascu-
lar side effects associated with the pharmacological inhibition of the COX enzymes 
have led to renewed attention to other potential targets for NSAIDs. As new meth-
ods appear for the selective modulation of prostanoid production, PG terminal syn-
thases have gained attention as a novel target for NSAIDs. To date, multiple PG 
terminal synthases have been identifi ed, and mice with specifi c deletions in each of 
these PG terminal synthases have been engineered. In this review, we summarize 
the current understanding of the  in vivo  roles of PG terminal synthases by knockout 
mouse studies.  
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3.1         Introduction 

 Prostanoids are cyclic and oxygenated metabolites of ω3 and ω6 20-carbon essential 
fatty acids and have a broad range of biological activities. Prostanoids include what 
are sometimes referred to as the “classical” prostaglandins (PGs), such as PGD, 
PGE, and PGF, as well as prostacyclin (PGI) and thromboxane (TX). The most 
abundant prostanoids are the “2-series” compounds such as PGE 2  (the “2” denotes 
the number of carbon–carbon double bonds in the prostanoid) that are formed from 
arachidonic acid. 

 Three kinds of enzymes—phospholipase A 2  (PLA 2 ), cyclooxygenase (COX), 
and PG terminal synthase—are involved in the biosynthesis of prostanoids (Fig.  3.1 ), 
and each of the three enzymatic steps involves multiple enzymes that can act in dif-
ferent phases of cell activation [ 1 – 3 ]. Arachidonic acid released from membrane 
glycerophospholipids by PLA 2  enzymes is then supplied to either of the two COX 
isozymes, COX-1 or COX-2. The constitutive COX-1 contributes mainly to imme-
diate prostanoid generation, whereas the inducible COX-2 mediates delayed pros-
tanoid generation. The COX metabolite PGH 2  is then converted to each prostanoid 
by specifi c PG terminal synthases.

   Nonsteroidal antiinfl ammatory drugs (NSAIDs) exert their antiinfl ammatory and 
antitumor effects by inhibiting COX and thereby reducing prostanoid production. 
Long-term application of NSAIDs is associated with severe side effects, mainly gas-
trointestinal injury and renal irritations, apparently because of impaired COX-1- 
dependent prostanoid biosynthesis [ 1 ]. Although COX-2 selective inhibitors show 
reduced gastrointestinal complications, recent clinical trials have indicated that these 
inhibitors pose signifi cantly increased cardiovascular risk. Specifi c inhibition of 
COX-2 alters the balance between platelet-derived TXA 2  and endothelium- derived 
PGI 2 , leading to increases in the risk of thrombosis caused by altered vascular tone 
[ 4 ]. Thus, to develop novel NSAIDs without adverse side effects, more selective 
modulation of prostanoid production appears to be desirable. For this reason, PG 
terminal synthases are currently gaining attention as a novel target for NSAIDs. 

 To date, multiple PG terminal synthases have been identifi ed (Table  3.1 ). 
Recently, mice with specifi c deletions in each of these synthases have been engi-
neered. In this review, we summarize the current understanding of the  in vivo  roles 
of PG terminal synthases by knockout (KO) mouse studies. For details of the bio-
chemical properties of PG terminal synthases, please refer to the review by Smith 
et al. [ 3 ].

3.2        PGE Synthase 

 PGE synthase (PGES), which converts PGH 2  to PGE 2 , is known to constitute a 
group of at least three structurally and biologically distinct enzymes [ 5 ]. Two of 
them are membrane bound and have been designated as microsomal PGES-1 
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(mPGES-1) and mPGES-2. The third one is a cytosolic enzyme referred to as 
 cytosolic PGES (cPGES). 

3.2.1     mPGES-1 

 mPGES-1 was identifi ed as the fi rst PGES by Jakobsson et al. [ 6 ]. Murakami et al. 
also cloned rat and mouse orthologues of this protein and showed that this enzyme 
is identical to a membrane-associated PGES, which our group had originally 
detected in lipopolysaccharide (LPS)-stimulated macrophages [ 7 ]. mPGES-1 con-
sists of 152 or 153 amino acids and belongs to the MAPEG (membrane-associated 
proteins involved in eicosanoid and glutathione metabolism) family. Among PGES 
enzymes, only mPGES-1 is markedly induced by pro-infl ammatory stimuli, is 
downregulated by antiinfl ammatory glucocorticoids, and is functionally coupled 
with COX-2 in marked preference to COX-1. Because both COX-2 and mPGES-1 
are present in the perinuclear membrane, colocalization of these two enzymes in the 
same subcellular compartment may allow effi cient transfer of the unstable substrate 
PGH 2  between them. Steady-state expression of mPGES-1 in normal tissues is very 
low. Induction of mPGES-1 expression has been observed in various processes in 
which COX-2-derived PGE 2  has been shown to play a critical role, such as infl am-
mation, fever, pain, tissue repair, and cancer [ 5 ,  8 ]. 

PGH2

PGE2 PGI2

COX-1 
COX-2NSAIDs

PGF2PGD2 TXA2

Glycerophospholipids

Arachidonic Acid

PLA2

COX

PGFS
PGIS TXSPGDSPGES

mPGES-1
mPGES-2 
cPGES

H-PGDS 
L-PGDS

  Fig. 3.1    Prostanoid biosynthetic pathway. Arachidonic acid released from membrane glycero-
phospholipids by phospholipase A 2  (PLA 2 ) enzymes is then supplied to either of the two cyclooxy-
genase (COX) isozymes, COX-1 or COX-2. The COX metabolite prostaglandin (PG) H 2  is then 
converted to each prostanoid [PGE 2 , PGD 2 , PGF 2α , PGI 2 , and thromboxane (TX) A 2 ] by specifi c 
PG terminal synthases       
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 mPGES-1 KO mice were established in 2002 and have been used to demonstrate 
the involvement of mPGES-1 in various kinds of diseases [ 9 ,  10 ]. mPGES-1 KO 
mice are generally protected against a variety of infl ammatory disease phenotypes, 
including collagen- or anti-collagen antibody-induced arthritis, LPS-induced bone 
loss, and antigen-induced edema [ 10 – 12 ]. In a collagen-induced arthritis model, 
reduced infl ammation in the mPGES-1 KO mice was associated with a failure to 
produce antibody against type II collagen, suggesting that mPGES-1 has a role in 
the development of a humoral immune response [ 13 ]. We further found that 
mPGES-1 KO mice displayed signifi cantly reduced accumulation of exudate and 
impaired leukocyte migration into the pleural cavity during carrageenan-induced 
paw edema formation [ 5 ]. The formation of infl ammatory granulation tissue and 
attendant angiogenesis in the dorsum induced by subcutaneous implantation of a 
cotton thread were also signifi cantly reduced in mPGES-1 KO mice [ 11 ]. 
Furthermore, mPGES-1 KO mice exhibited reductions in pain, fever, and other 
symptoms associated with infl ammatory diseases [ 14 ,  15 ]. It is noteworthy that 
genetic deletion of mPGES-1 in mice does not adversely affect cardiovascular func-
tions. These studies suggested the possibility that pharmacological targeting of 
mPGES-1 may ultimately prove to less toxic and perhaps more effective than the 
traditional NSAIDs for controlling acute infl ammatory diseases. New drug candi-
dates have recently been developed for targeting mPGES-1. Some of them have 
been shown to suppress infl ammatory reactions in animal models. Xu et al. reported 
that when tested in the guinea pig and a knock-in mouse expressing human mPGES- 1, 
MF63 inhibited LPS-induced pyresis, hyperalgesia, and iodoacetate-induced osteo-
arthritic pain, although it did not cause gastrointestinal toxic effects [ 16 ]. Leclerc 
et al. reported that their compound II attenuated both the acute and delayed infl am-
matory responses in rat adjuvant-induced arthritis [ 17 ]. 

 The role of mPGES-1-derived PGE 2  in brain diseases, including ischemic injury 
and several neurodegenerative diseases, has also been established in models using 
mPGES-1 KO mice. In mPGES-1 KO mice, infarction, edema, and apoptotic cell 
death in the cortex after ischemia were all reduced compared with those in wild- 
type (WT) mice [ 18 ]. The behavioral neurological dysfunctions observed after isch-
emia in WT mice were also signifi cantly ameliorated in mPGES-1 KO mice. 
Furthermore, mPGES-1 KO mice had less severe symptoms of experimental auto-
immune encephalomyelitis [ 19 ]. We further found that mPGES-1 deletion reduced 
the accumulation of microglia around senile plaques and attenuated learning impair-
ments in Tg2576 mice, a transgenic Alzheimer’s disease mouse model [ 20 ]. 

 It has also been shown that whereas the selective inhibition or KO of COX-2 
accelerated thrombogenesis and elevated blood pressure in mice, the deletion of 
mPGES-1 had no such effect and restrained atherogenesis, the proliferative response 
to vascular injury, and angiotensin-induced aortic aneurysm formation in mice [ 21 –
 23 ]. mPGES-1 inhibitors are thus expected to be applicable as therapeutic agents for 
infl ammatory neurological or cardiovascular diseases. 

 In addition to COX-2, mPGES-1 levels are increased within a number of human 
cancers, and the tumorigenic potential of mPGES-1 has been suggested by several 

3 Prostaglandin Terminal Synthases as Novel Drug Targets



48

studies using cell culture systems. Transfection of mPGES-1 in combination with 
COX-2, but not with COX-1, into HEK293 cells led to cellular transformation with 
a concomitant increase in PGE 2  [ 24 ]. Furthermore, the COX-2/mPGES-1- 
cotransfected cells formed a number of large colonies in soft agar culture and were 
tumorigenic when implanted into nude mice. It was also shown that transgenic mice 
overexpressing both COX-2 and mPGES-1 developed metaplasia, hyperplasia, and 
tumorous growth in the glandular stomach with heavy macrophage infi ltration [ 25 ]. 
We further showed that PGE 2  synthesis, cell proliferation, and invasive activity  in 
vitro  and xenograft formation  in vivo  were reduced by mPGES-1 knockdown and 
conversely enhanced by mPGES-1 overexpression in Lewis lung carcinoma (LLC) 
cells [ 26 ]. In addition to cancer cell-associated mPGES-1, host-associated mPGES-1 
also contributes to tumor growth, invasion, and metastasis. LLC tumors grafted sub-
cutaneously into mPGES-1 KO mice grew more slowly than did those grafted into 
WT mice, with concomitant decreases in the density of microvascular networks. 
Lung metastasis of intravenously injected LLC cells was also signifi cantly less 
apparent in mPGES-1 KO mice than in WT mice. mPGES-1-driven PGE 2  signaling 
on host stromal cells may be functionally linked to the induction of potent pro- 
angiogenic and matrix-degrading factors, which in turn would facilitate tumor 
development. 

 An effect of mPGES-1 defi ciency on intestinal tumorigenesis has also been 
reported. Nakanishi et al. showed that the genetic deletion of mPGES-1 ameliorated 
the development of intestinal tumors in both  Apc  Δ14 -dependent and azoxymethane- 
induced models [ 27 ,  28 ]. We also found that mPGES-1 deletion suppressed 
azoxymethane- induced colon carcinogenesis with reduced nuclear translocation of 
β-catenin and altered expression profi les of chemokines/cytokines [ 29 ]. It was note-
worthy that genetic ablation of mPGES-1 resulted not only in the suppression of 
carcinogenic PGE 2  production, but also in the reciprocal upregulation of anticar-
cinogenic PGD 2  and PGI 2  production. In light of the fact that inhibition of COX-2 
suppresses both pro- and antitumorigenic PGs, an mPGES-1-specifi c inhibitor, 
which blunts pro-tumorigenic PGE 2  while increasing antitumorigenic PGD 2  and 
PGI 2 , is expected to be a more effective anticarcinogenic agent than a COX-2- 
specifi c inhibitor. 

 It is also important to remember that mPGES-1-derived PGE 2  is crucial for main-
taining gastrointestinal mucosal homeostasis. We found, in a mouse model of dex-
tran sodium sulfate-induced colitis, that mPGES-1 defi ciency induced severe 
epithelial loss and crypt abscesses in the colon [ 5 ]. mPGES-1-specifi c inhibitors 
may worsen infl ammatory bowel disease, including Crohn’s disease and ulcerative 
colitis. It has also been reported that healing of acetic acid-induced ulcers was sig-
nifi cantly delayed in mPGES-1 KO mice compared with WT mice, accompanied 
with reduced angiogenesis in ulcer granulation tissues [ 30 ]. These results indicated 
that mPGES-1 is involved in the wound-healing process in gastric ulcers. Therefore, 
any mPGES-1 inhibitors that may be developed would need to be used carefully in 
patients with gastrointestinal ulcers.  
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3.2.2     mPGES-2 

 mPGES-2 was initially purifi ed from a microsomal fraction of bovine heart, and 
cDNAs encoding human and monkey homologues were subsequently identifi ed 
[ 31 ]. mPGES-2 is a 41-kDa protein consisting of 378 to 385 amino acids that is 
structurally distinct from mPGES-1. mPGES-2 has an N-terminal hydrophobic 
domain, followed by a glutaredoxin/thioredoxin homology region, in which the 
consensus thioredoxin homology sequence of Cys 110 -X-X-Cys 113  is present. 
mPGES-2 is synthesized as a Golgi membrane-associated protein, and the proteo-
lytic removal of the N-terminal hydrophobic domain leads to the formation of a 
mature cytosolic enzyme. When transfected in several cell lines, mPGES-2 is cou-
pled with both COX-1 and COX-2, leading to PGE 2  production [ 32 ]. The transcript 
for mPGES-2 is more abundantly distributed in the brain, heart, skeletal muscle, 
kidney, and liver than in other tissues; this differs from the expression profi le of 
mPGES-1. mPGES-2 expression is rather constitutive in various cells and tissues 
and is not elevated appreciably during infl ammation or tissue damage. This fi nding 
suggests that the operation of these two enzymes is not always redundant, but rather 
that both enzymes exhibit tissue-specifi c functions. 

 mPGES-2 KO mice showed no specifi c phenotype and no alteration in PGE 2  
levels in several tissues (including liver, kidney, heart, and brain) or in LPS- 
stimulated macrophages [ 33 ]. These results suggest that mPGES-2 is not involved 
in PGE 2  synthesis under the physiological and pathological conditions tested thus 
far. However, the possibility of tissue-specifi c or particular pathological roles of 
mPGES-2 has not yet been ruled out.  

3.2.3     cPGES 

 Our group purifi ed cPGES as a cytosolic form of PGES from LPS-treated rat brains, 
and sequence analysis of the 23-kDa purifi ed protein revealed that it is identical to 
the heat shock protein 90 (Hsp90)-associated protein p23, which had been origi-
nally implicated as a cofactor for the molecular chaperone function of Hsp90 [ 34 ]. 
cPGES is directly associated with and phosphorylated by protein kinase CK2. In 
activated cells, CK2-directed phosphorylation of cPGES occurs in parallel with 
increased cPGES enzymatic activity and PGE 2  production, and these processes are 
facilitated by interaction with Hsp90 [ 35 ]. 

 cPGES is expressed ubiquitously and in abundance in the cytosol of various tis-
sues and cells. Cotransfection and antisense experiments have indicated that cPGES 
is capable of converting COX-1-, but not COX-2-, derived PGH 2  to PGE 2  in cells, 
particularly during the immediate PGE 2  biosynthetic response elicited by Ca 2+ -
evoked stimuli [ 34 ]. Localization of cPGES in the cytosol may allow coupling with 
proximal COX-1 in the ER in preference to distal COX-2 in the perinuclear enve-
lope, although other regulatory mechanisms could also be involved. 
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 To elucidate the  in vivo  function of cPGES, cPGES KO mice were developed, 
but cPGES KO mice were perinatal lethal with poor lung development, delayed skin 
maturation, and growth retardation [ 36 – 38 ]. The lung phenotype was consistent 
with a defective glucocorticoid response and with p23 acting as a co-chaperone for 
the glucocorticoid receptor/Hsp90 complex. In fi broblasts and tissues from cPGES 
KO mice, the expression of glucocorticoid-responsive genes, as well as the gluco-
corticoid transcriptional activation of reporter plasmids, was reduced. Defective 
nuclear translocation of the glucocorticoid receptor in cPGES-defi cient fi broblasts 
was also observed. Although PGE 2  levels were reduced in lung and other tissues in 
cPGES KO mice, primary fi broblasts from these mice showed increased, rather than 
decreased, PGE 2  production. We found that cPGES-defi cient fi broblasts decreased 
the expression of the PGE 2 -degrading enzyme, 15-hydroxyprostaglandin dehydro-
genase, which catalyzes the inactivating conversion of the PGE 2  15-OH to a 15-keto 
group, compared with that of WT fi broblasts [ 39 ]. These results suggested that the 
PGE 2 -inactivating pathway may be controlled by the PGE 2  biosynthetic enzyme, 
cPGES.   

3.3     PGD Synthase 

 PGD synthase (PGDS) catalyzes the isomerization of PGH 2  to PGD 2  and occurs in 
two distinct types [ 3 ]. One is hematopoietic PGDS (H-PGDS), which is found in 
mast cells, Th2 cells, and microglia, and the other is lipocalin-type PGDS (L-PGDS), 
which is localized in the brain, male genital organs, and cardiovascular tissues, 
including the human heart. 

3.3.1     H-PGDS 

 H-PGDS was originally purifi ed from rat spleen by Christ-Hazelhof and Nugteren 
as a 26-kDa, cytosolic, monomeric glutathione-requiring enzyme [ 40 ]. Sequences 
of full-length cDNAs for the human and mouse H-PGDS were obtained by Kanaoka 
et al. [ 41 ]. The cDNA encodes a protein composed of 199 amino acid residues, 
which is identifi ed as a vertebrate homologue of class σ glutathione- S -transferase. 
The N-terminal methionine is cleaved from the mature protein. The X-ray crystal 
structure analysis of the human recombinant H-PGDS revealed that this enzyme is 
a 45- to 49-kDa homodimeric protein that binds one molecule of reduced glutathi-
one per monomer and one Mg 2+  ion per dimer [ 41 ]. 

 H-PGDS-derived PGD 2  is involved in a variety of allergic and nonallergic disor-
ders. H-PGDS is expressed in infi ltrated leukocytes in the nasal mucosa of patients 
with polyposis or allergic rhinitis, and in necrotic muscle fi bers of patients with 
Duchenne’s muscular dystrophy and polymyositis. In addition to gene deletion of 
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H-PGDS, oral administration of an oral active H-PGDS inhibitor (HQL-79) 
 suppressed the astrogliosis, neuroinfl ammation, and demyelination seen in the 
genetic demyelinating  twitcher  mice, an animal model of human Krabbe’s disease, 
and the expansion of muscular necrosis in mdx mice, an animal model of Duchenne’s 
muscular dystrophy [ 42 ,  43 ]. These results suggested that inhibition of PGDS would 
be an effective therapy for neuroinfl ammation and muscular dystrophy. HQL-79 
administration also ameliorated airway infl ammation in WT and human H-PGDS- 
transgenic mice. 

 Although PGD 2  promotes allergic infl ammation via the PGD 2  receptor DP2, 
PGD 2  is initially converted to 15-deoxy-Δ 12,14 -PGJ 2 , a putative ligand for peroxi-
some proliferator-activated receptor-γ (PPARγ). Studies using H-PGDS KO mice 
indicated that H-PGDS plays a central role in controlling the onset of acute infl am-
mation and its resolution. H-PGDS synthesizes 15-deoxy-Δ 12,14 -PGJ 2  and together 
with PGD 2  working on the DP1 receptor, the 15-deoxy-Δ 12,14 -PGJ 2  controls the bal-
ance of pro- versus antiinfl ammatory cytokines as well as macrophage clearance 
through draining lymphatics. In H-PGDS KO mice, zymosan-induced peritonitis 
was more severe during the onset phase and resolution was impaired [ 44 ]. 15-Deoxy- 
Δ  12  ,14 -PGJ 2  not only can activate PPARγ but also can inhibit a range of pro- 
infl ammatory signaling pathways, including NF-κB. Trivedi et al. investigated the 
severity and duration of a delayed-type hypersensitivity reaction in H-PGDS and 
transgenic mice and found that H-PGDS KO mice displayed a more severe infl am-
matory response that failed to resolve, characterized histologically as persistent 
acute infl ammation, whereas transgenic mice had little detectable infl ammation 
[ 45 ]. Thus, H-PGDS-derived PGD 2  is likely to have a complex role by acting as 
both a pro- and antiinfl ammatory mediator, depending on the target cell and 
stimulus. 

 H-PGDS-derived PGD 2  also functions as an antitumorigenic factor. Gene dele-
tion of H-PGDS in  Apc  Min/+  mice induced an increase in the number of intestinal 
adenomas, whereas  Apc  Min/+  mice with transgenic human H-PGDS tended to have 
fewer intestinal adenomas [ 46 ]. Furthermore, host H-PGDS defi ciency enhanced 
the progression of subcutaneously grafted LLC, accompanied by increased vascular 
leakage, angiogenesis, and monocyte/mast cell infi ltration. Mast cell H-PGDS- 
derived PGD 2  suppresses vascular leakage and modulates TNF-α production, 
thereby shaping the tumor microenvironment [ 47 ].  

3.3.2     L-PGDS 

 L-PGDS was isolated from the rat brain as a 26-kDa glutathione-independent PGDS 
[ 48 ]. The cDNA for L-PGDS was isolated from the rat brain by Urade et al. [ 49 ] and 
subsequently from humans and many other mammalian species, as well as from 
nonmammals such as chickens, frogs, and fi sh. The L-PGDS cDNA encodes a pro-
tein composed of 189 to 190 amino acid residues. L-PGDS is posttranslationally 
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modifi ed by cleavage of an N-terminal signal peptide of 24 and 22 amino acid 
 residues from mouse and human enzymes, respectively. Two N-glycosylation sites 
are well conserved in all mammalian enzymes, and L-PGDS is highly glycosylated. 
A homology search revealed that L-PGDS is a member of the lipocalin gene family, 
which consists of small, secretory proteins that serve as transporters of various 
 lipophilic ligands. 

 L-PGDS was originally identifi ed in the brain and has been shown to be involved 
in sleep regulation. Human L-PGDS-overexpressing transgenic mice slept exces-
sively after noxious stimulation such as tail clipping. L-PGDS KO mice failed to 
exhibit a rebound from excessive sleep after sleep deprivation [ 50 ]. In the CNS, 
L-PGDS is also considered to be involved in pain sensation. Intrathecal administra-
tion of PGE 2 , an endogenous pain-producing substance, failed to elicit allodynia 
(touch-evoked pain), which is one typical phenomenon of neuropathic pain, 
although it did evoke thermal hyperalgesia in L-PGDS KO mice [ 51 ]. It was also 
found that the allodynic response induced by the γ-aminobutyric acid (GABA) A 
receptor antagonist bicuculline was selectively abolished in the L-PGDS KO mice. 

 L-PGDS is expressed in cardiovascular systems as well as nervous systems and 
has important vascular functions. A genetic polymorphism of L-PGDS has been 
identifi ed in Japanese hypertensive patients with carotid atherosclerosis [ 52 ]. 
L-PGDS KO mice have been shown to exhibit nephropathy, atherosclerosis, and 
obesity [ 53 ]. 

 The role of L-PGDS in various kinds of immune responses has also been estab-
lished in models using L-PGDS transgenic and KO mice. When mice were infected 
with  Pseudomonas , the clearance of  Pseudomonas  from the lung was improved in 
human L-PGDS-overexpressing transgenic mice and impaired in L-PGDS KO 
mice [ 54 ]. In a dextran sodium sulfate-induced colitis model, L-PGDS KO mice 
showed lower disease activity than WT mice [ 55 ]. Furthermore, we recently found 
that L-PGDS is coupled with group III secretory PLA 2  as an upstream enzyme to 
synthesize PGD 2  and drive mast cell maturation. In L-PGDS KO mice, the matura-
tion of tissue mast cells was impaired and passive cutaneous anaphylaxis was sup-
pressed [ 56 ].   

3.4     PGF Synthase 

 PGE 2  and PGF 2α  were the fi rst prostanoids to be isolated from human semen. 
However, despite the long history of research on the physiological and pathological 
functions of PGF 2α , the identity of PGF synthase (PGFS), which catalyzes PGH 2  to 
PGF 2α  in vivo , is unclear. Some enzymes belonging to the aldo-keto reductase (AKR) 
superfamily have been shown to exhibit PGFS activity [ 3 ,  57 ].  
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3.5     PGI Synthase 

 PGI synthase (PGIS) catalyzes the isomerization of PGH 2  to PGI 2 . Ullrich and 
coworkers were the fi rst to provide spectral evidence that PGIS is a cytochrome 
P450, but unlike most P450s, PGIS does not require NADPH and O 2  as cosubstrates 
[ 58 ]. We collaborated with Ullrich’s research group to purify and characterize PGIS 
from bovine aorta, and then isolated cDNA for PGIS and designated this enzyme as 
CYP8A1 in the P450 family [ 59 ]. The PGIS cDNA encodes a 56-kDa protein con-
sisting of 500 to 501 amino acid residues. In addition to mPGES-1, PGIS is func-
tionally coupled with COX-2 in marked preference to COX-1, although this enzyme 
is constitutively expressed in vascular cells [ 60 ]. 

 PGIS-derived PGI 2  is a strong vasodilator that inhibits the growth of vascular 
smooth muscle cells and is also the most potent endogenous inhibitor of platelet 
aggregation. Therefore, it has been considered to play an important role in cardio-
vascular diseases. We showed that overexpression of PGIS prevents neointimal for-
mation after carotid balloon injury in rats [ 61 ]. Iwai et al. identifi ed a repeat 
polymorphism in the promoter region of the human PGIS gene that is associated 
with promoter activity [ 62 ]. They further showed that this repeat polymorphism 
might be a risk factor for higher pulse pressure and consequently a risk factor for 
systolic hypertension in the Japanese population. The blood pressure of PGIS KO 
mice was signifi cantly higher than that of WT mice [ 63 ]. Furthermore, PGIS KO 
mice developed ischemic renal disorders, including nephrosclerosis and renal 
infarction. 

 A role of PGIS in infl ammatory disease and carcinogenesis has also been sug-
gested. Pulmonary-specifi c PGIS-overexpressing mice were chemoprotected from 
developing lung tumors in a smoke-exposure model [ 64 ].  

3.6     TX Synthase 

 TX synthase (TXS) catalyzes the isomerization of PGH 2  to TXA 2  with parallel pro-
duction of malondialdehyde and 12-hydroxyheptadecatrienoic acid (12-HHT). In 
addition to PGIS, Ullrich and coworkers purifi ed and characterized TXS from 
human platelets as a cytochrome P450 enzyme [ 65 ]. The cDNA for TXS was iso-
lated from human platelets [ 66 ]. The TXS cDNA encodes a 60-kDa protein com-
posed of 533 amino acid residues. Although both TXS and PGIS belong to the 
cytochrome P450 family, they share only 15 % sequence identity. TXS was desig-
nated as CYP5 in the P450 family. 

 TXA 2  is a potent stimulator of platelet activation and aggregation and vascular 
constriction. Gene deletion of TXS has been shown to cause a mild hemostatic 
defect and to protect mice against arachidonate-induced shock and death [ 67 ]. TXS 
inhibitors were originally considered to be promising antiplatelet agents, but clini-
cal trials of various inhibitors yielded unsatisfactory results when compared with 
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low-dose aspirin. Nonetheless, TXS inhibitors have been evaluated for other dis-
eases involving TXA 2 , such as bronchial asthma and pulmonary hypertension [ 68 ]. 

 Very recently, 12-HHT, the other TXS-derived metabolite, was found to act on 
BLT2 receptors [ 69 ]. Specifi cally, Liu et al. reported that 12-HHT promoted 
 epidermal wound healing by accelerating keratinocyte migration via the BLT2 
receptors [ 70 ].  

3.7     Conclusion 

 It has become apparent there are multiple PG terminal enzymes in mammalian cells 
and that distinct PG terminal enzymes may control the spatial and temporal produc-
tion of prostanoids in different pathophysiological events in particular tissues and 
cells. Further investigation into the biochemical properties, transcriptional regula-
tion, and  in vitro  and  in vivo  functions of each PG terminal enzyme may illuminate 
the potential utility of clinically targeting these enzymes.     
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    Chapter 4   
 Pathophysiological Roles of Prostanoid 
Receptors in the Central Nervous System       

       Tomoaki     Inazumi     and     Yukihiko     Sugimoto    

    Abstract     Prostanoids comprising prostaglandins (PGs) and thromboxanes exert 
diverse actions by acting on their specifi c receptors. Recently, physiological roles of 
these receptors have been clarifi ed using knockout mice for each receptor as well as 
receptor-selective agonists and antagonists. In the central nervous system (CNS), pros-
tanoids have been shown to regulate not only fever, but also neuroinfl ammation, and to 
play a role in the pathogenesis of many neurodegenerative diseases. In this report, we 
review the recent research on the roles and molecular mechanisms of prostanoids and 
their receptors in the CNS and discuss their possibilities as therapeutic targets.  

  Keywords     Prostanoid receptors   •   Central nervous system   •   Cyclooxygenase   • 
  Lipopolysaccharide   •   Fever   •   Innate immunity   •   Arachidonic acid   •   Monoacylglycerol 
lipase  

4.1         Introduction 

 Prostanoids comprising four types of prostaglandins (PGE 2 , PGD 2 , PGF 2α , and 
PGI 2 ) and thromboxane (TXA 2 ) are arachidonate metabolites synthesized by cyclo-
oxygenase (COX) as the rate-limiting enzyme (Fig.  4.1 ). Prostanoids exert various 
physiological roles in various tissues and organs. In contrast to hormones, which 
exert systemic action, prostanoids work only locally because of their inactivating 
enzymes and exert their functions via selective receptors on the surface of neighbor-
ing cells [ 1 ]. Recently, knockout mice of the prostanoid-synthesizing enzymes or 
prostanoid receptors, as well as selective agonists and antagonists for each receptor, 
have been developed, and these tools have helped us to understand the physiological 
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roles and functional mechanisms of prostanoids at the molecular level [ 2 ]. It has 
been known that prostanoids regulate fever responses at the time of organism infec-
tion. Recently, functional mechanisms of the fever response by prostanoids in the 
CNS have been clarifi ed, and it has also been shown that prostanoids are deeply 
involved in the development of many neurodegenerative diseases including 
Alzheimer’s disease. In this review, we summarize these new physiological and 
pathophysiological roles and functional mechanisms of prostanoids in the CNS and 
discuss their possibilities as therapeutic targets.

4.2        Prostanoid Receptors 

 Pharmacological studies initially indicated the presence of selective receptors for 
each prostanoid [ 3 ,  4 ]. The fi rst receptor was identifi ed by Narumiya and his col-
leagues, who purifi ed the TXA 2  receptor from human platelets [ 5 ], and subse-
quently, molecular identifi cation of eight prostanoid receptors was achieved by 
cDNA cloning [ 6 – 12 ] (Fig.  4.1 ). These receptors are G protein-coupled receptors 
(GPCRs) with seven transmembrane domains and form a unique prostanoid recep-
tor family. Recently, a second PGD 2 -responding receptor was identifi ed [ 13 ]. This 

  Fig. 4.1    Prostanoid synthesis and its receptors. PGH 2  is produced from arachidonic acid by 
COX- 1/2, and is subsequently converted to different prostanoids by the action of their respective 
synthases. Prostanoids act on specifi c receptors on the plasma membrane and elicit changes in the 
levels of second messengers (cAMP or Ca 2+ )       
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receptor, abundantly expressed in Th2 cells, is called DP2 or chemoattractant recep-
tor homologous molecule expressed on Th2 cell (CRTH2). The structure of this 
receptor is not similar to the other prostanoid receptors, and it belongs to the che-
moattractant receptor family including the leukotriene B 4  receptors BLT1 and 
BLT2. Therefore, it was considered that this receptor originally responded to a sub-
stance different from PGD 2 , and then came to recognize PGD 2  during the course of 
evolution. The signal transduction pathways of prostanoid receptors were revealed 
by various biochemical studies: the EP2, EP4, DP1, and IP receptors couple to Gs 
and stimulate adenylate cyclase [ 8 ,  10 ,  14 ], the EP1, FP, and TP receptors couple to 
Gq and elicit the elevation of intracellular [Ca 2+ ] [ 15 – 17 ], and the EP3 and DP2 
receptors couple to Gi and contribute to the inhibition of adenylate cyclase and the 
stimulation of intracellular [Ca 2+ ] mobilization [ 13 ,  18 ]. This variety of receptor 
signaling contributes to the diverse physiological roles of prostanoids. In particular, 
the four PGE receptor subtypes EP1, EP2, EP3, and EP4 respond to PGE 2  and are 
used differently depending on the stimulation and cell type. In addition, recent stud-
ies revealed that the same receptor couples to different G proteins depending on cell 
type [ 19 ,  20 ], and EP2 and EP4 receptors stimulate the β-arrestin pathway indepen-
dently of G proteins [ 21 ]. Additional detailed analyses are therefore required to 
clarify the functional mechanisms of prostanoids.  

4.3     Molecular Mechanism of Fever Generation by PGE 2  

 A fever is elicited by cellular components of infectious organisms, such as lipopoly-
saccharide (LPS), or by non-infectious infl ammatory substances. These exogenous 
stimulations fi rst activate peripheral macrophages and induce the production of 
endogenous pyrogenic cytokines such as interleukin (IL)-1β and interleukin (IL)-6 
[ 22 ]. Next, the produced cytokines act on the preoptic area (POA), which then stim-
ulates the neural pathways that raise body temperature. Non-steroidal anti- 
infl ammatory drugs (NSAIDs) including aspirin are selective COX inhibitors, and 
their powerful anti-pyrogenic effects suggest that prostanoids regulate fever genera-
tion [ 23 ,  24 ]. Indeed, the level of PGE 2  in the POA is elevated during the LPS- 
induced fever response, and NSAIDs treatment completely abolishes this increase 
in PGE 2  [ 25 ]. Moreover, intracerebral administration of PGE 2  induces a fever 
response [ 26 ]. Therefore, PGE 2  was suggested to work as a central mediator of 
fever, but the detailed molecular mechanisms involved had not been clarifi ed. To 
identify the receptor involved in the generation of fever, Ushikubi et al .  analyzed 
mice lacking each PGE receptor subtype. They found that only EP3 receptor- 
defi cient mice fail to show a fever response induced by PGE 2 , IL-1β (endogenous 
pyrogen), and LPS (exogenous pyrogen), although the EP3-defi cient mice were 
normal in stress-induced thermogenesis [ 27 ]. Indeed, Sugimoto et al .  revealed that 
the EP3 receptor transcript is abundantly expressed in the POA [ 28 ]. These studies 
demonstrated that PGE 2  mediates fever generation in response to both exogenous 
and endogenous pyrogens by acting on EP3 receptors in the POA. 
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 Receptor-activator of nuclear factor κB ligand (RANKL) is an essential intercel-
lular mediator that regulates bone remodeling, lymph node organogenesis, and the 
development of the mammary gland; it exerts its actions by acting on its receptor 
RANK [ 29 ]. Recently, Penninger and his colleagues revealed that RANKL/RANK 
signaling plays an essential role in both LPS-induced and cytokine-induced fever 
response [ 30 ]. Intracerebral administration of RANKL induces COX-2 expression 
and PGE 2  production and raises body temperature. Moreover, this fever response is 
blocked in NSAIDs-treated wild-type mice, EP3-defi cient mice, and astrocyte- 
specifi c RANK-defi cient mice. They also revealed that peripheral administration of 
LPS or IL-1β induces the expression of RANKL and RANK in the POA. These 
results demonstrated that RANKL signaling in astrocytes of the POA induces 
COX-2 expression and PGE 2  production, and PGE 2  elevates body temperature via 
the EP3 receptor (Fig.  4.2 ).

  Fig. 4.2    Molecular mechanisms of infl ammation-induced and stress-induced thermogenesis. 
Peripheral macrophages produce IL-1β (endogenous pyrogen) in response to lipopolysaccharide 
(LPS) (exogenous pyrogen) stimuli. The released IL-1β induces COX-2 expression in astrocytes in 
the preoptic area via the RANK-RANKL pathway. The produced PGE 2  decreases the expression 
of GABA A  subunits via the EP3 receptor in a Gi-dependent manner, which provides direct 
GABAergic input to sympathetic neurons in the medullary raphe ( MR ) regions. As a result, MR 
neurons are disinhibited and activate brown adipose tissue-mediated thermogenesis. Stress signals 
activate dorsomedial hypothalamus ( DMH ) neurons, which also provide direct glutamatergic input 
to MR neurons to drive thermogenesis       
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   Then, how does the EP3 receptor in the POA induce a fever response? Nakamura 
et al. showed that the EP3 receptor is expressed on the surface of neuronal cell bod-
ies in the POA [ 31 ]. Moreover, they revealed that most EP3 receptor-positive neu-
rons in the POA are also positive for glutamate decarboxylase 67, that is, they are 
inhibitory GABAergic neurons. They also revealed that administration of the 
GABA A  agonist muscimol into the raphe nucleus abolishes the PGE 2 -induced fever 
response [ 32 ]. Tsuchiya et al .  isolated EP3-positive POA neurons from PGE2- 
administered mice and examined PGE 2 -induced gene expression changes. They 
revealed that PGE 2  decreased the expression of the GABA A  receptor in POA neu-
rons [ 33 ]. PGE 2  is therefore thought to decrease GABA A  receptor expression by 
acting on EP3 receptors on POA neurons and to attenuate the inhibitory control of 
GABAergic neurons to the raphe pallidus nucleus, leading to sympathetic nerve- 
mediated thermogenesis (Fig.  4.2 ). 

 Interestingly, a recent report demonstrated that stress signals activate dorsome-
dial hypothalamic neurons, which provide direct glutamatergic input to sympathetic 
premotor neurons in the medullary raphe region to drive thermogenesis [ 34 ]. Thus, 
infl ammation-induced and stress-induced thermogenesis share a common output 
pathway but have very different input pathways (Fig.  4.2 ).  

4.4     Regulatory Mechanism of Innate Immunity in the CNS 
by PGE 2  

 LPS activates innate immunity not only in peripheral tissues but also in the CNS 
during bacterial infection [ 35 ]. Microglia are mainly responsible for the host defense 
response in the CNS, but excessive activation of microglia induces a severe infl am-
matory state, leading to neurotoxicity [ 36 ]. Breyer and his colleagues revealed that 
neuronal damage induced by intracerebral LPS injection is blocked by NSAIDs 
treatment or EP2 receptor gene defi ciency [ 37 ]. Moreover, they showed that EP2 
receptor defi ciency in microglia inhibits LPS-induced neuronal apoptosis in a co- 
culture system of neurons and microglia [ 38 ]. Recently, Andreasson et al .  revealed 
that LPS induces the expression of the EP4 receptor in microglia. Moreover, they 
showed that an EP4 selective agonist inhibits the LPS-induced infl ammatory 
response, and this infl ammatory response is delayed in microglia-specifi c EP4- 
defi cient mice [ 39 ]. These results demonstrated that PGE 2  produced by LPS stimuli 
activates innate immunity via the EP2 receptor of microglia in the early phase, and 
then inhibits the excessive infl ammatory response by acting on the EP4 receptor in 
the late phase (Fig.  4.3 ). Both EP2 and EP4 receptors couple to the Gs protein and 
have similar signaling pathways: stimulation of adenylyl cyclase or the 
Gs-independent β-arrestin pathway [ 21 ,  40 ]. In this case, EP2 receptor signaling 
induces neuroinfl ammation, whereas EP4 receptor signaling mediates antiinfl am-
matory effects. It remains to be elucidated as to how such different outcomes are 
elicited downstream of EP2 and EP4 receptors.
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4.5        Novel Production Pathway of Arachidonic Acid in Brain 

 As already mentioned, prostanoids are arachidonate metabolites, and arachidonic 
acid is thought to be generated from membrane phospholipids by phospholipase A 2  
(PLA 2 ) [ 41 ]. However, genetic deletion of the principal PLA 2  subtype, cytosolic 
PLA 2  (cPLA 2 ), does not change the arachidonic acid levels in the brain [ 42 ]. 
Recently, Nomura and his colleagues revealed that monoacylglycerol lipase 
(MAGL) produces arachidonic acid by hydrolyzing endocannabinoid 
2- arachidonoylglycerol in some tissues including the brain [ 43 ] (Fig.  4.4 ). In 
MAGL-defi cient mice, brain arachidonic acid levels were decreased, and brain 
PGE 2  production and microglial activation by LPS were markedly inhibited. In con-
trast, this inhibition was rarely seen in cPLA 2 -defi cient mice. They also showed that 
MAGL is largely responsible for PGE 2  production not only in the brain but also in 
the liver and lung, whereas cPLA 2  is responsible for PG production in the gut and 
spleen. These results demonstrate that different production pathways of arachidonic 
acid are utilized in different tissues.

   Parkinson’s disease and Alzheimer’s disease are typical neurodegenerative dis-
eases involving chronic infl ammation [ 44 ], and NSAIDs treatment studies have 
shown that prostanoids contribute to the development of these disorders [ 45 ,  46 ]. 
Nomura et al. examined whether MAGL contributes to the production of  prostanoids 
in these neurodegenerative diseases using an MAGL inhibitor [ 43 ,  47 ]. This MAGL 
inhibitor prevented both dopaminergic neuronal loss in the substantia nigra in a 
model of parkinsonism and neuroinfl ammation in a model of Alzheimer’s disease, 
similarly to NSAIDs (Fig.  4.4 ). These results suggested that MAGL contributes to 
the production of prostanoids in the brain during the development of these neurode-
generative diseases.  

  Fig. 4.3    Regulation of microglial activation by PGE 2  in the infl ammatory response. In the early 
phase, LPS-induced PGE 2  activates innate immunity via microglial EP2. In contrast, in the late 
phase, EP4 expression is upregulated and EP4 inhibits infl ammation       

 

T. Inazumi and Y. Sugimoto



65

4.6     Perspectives 

 Recently, the physiological roles and functional mechanisms of prostanoids in the 
CNS have been clarifi ed by studies on knockout mice of the enzymes involved in 
prostanoid synthesis and prostanoid receptors, or studies using receptor-selective 
agonists and antagonists. Widely used NSAIDs that inhibit prostanoid synthesis 
have severe problems of digestive or circulatory side effects. MAGL, which does 
not block PG synthesis in the gut, has the possibility of being a safer therapeutic 
target. However, prostanoids often act both positively and negatively via different 
receptors, and hence strategies inhibiting PG-synthesizing enzymes are not always 
appropriate. In this context, the development of selective agonists and antagonist of 
each PG receptor is expected to have great signifi cance toward establishment of 
treatments against neurodegenerative diseases.     
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    Chapter 5   
 Lipoxygenases: A Chronological Perspective 
on the Synthesis of  S  and  R  Fatty Acid 
Hydroperoxides       

       Alan     R.     Brash    

    Abstract     Lipoxygenase enzymes initiate, control, and terminate a free radical 
reaction of their polyunsaturated fatty acid substrate with molecular oxygen, typi-
cally forming a single chiral fatty acid hydroperoxide as product. The enzymes are 
best known for the synthesis of lipid mediators: for example, leukotrienes and 
resolvins in animals, jasmonates and short-chain aldehydes in plants. The fi rst part 
of this review focuses on how and when the distinguishing features of these enzymes 
were discovered. Lipoxygenase activity was fi rst detected around 1930, yet it took 
until the 1950s to recognize that the oxygen molecule is introduced with chirality 
(the products have optical activity), thus distinguishing the reactions from nonenzy-
matic lipid peroxidation. Specifi city for particular polyunsaturated fatty acid sub-
strates and the precise  S -stereochemistry of the products were fi rst established in the 
1960s. In the 1980s the fi rst lipoxygenases forming  R -chirality hydroperoxides 
were recognized, ultimately leading to the discovery of human 12 R -lipoxygenase in 
the late 1990s. Inactivating mutations in 12 R -lipoxygenase (or epidermal lipoxy-
genase- 3) are associated with congenital ichthyosis. These lipoxygenases are 
involved in mobilization of ceramides in the outer epidermis, and the fi nal sections 
of this chapter give an overview of the current understanding of their role in contrib-
uting to formation of the epidermal water barrier.  

  Keywords     Lipoxygenase   •   Dioxygenase   •   HPETE   •   HETE   •   Arachidonic acid   • 
  Linoleic acid   •   Stereo control   •   12 R -Lipoxygenase   •   Ichthyosis  

     This review takes a historical perspective in covering the actions of lipoxygenase 
(LOX) enzymes as catalysts of the  chiral  synthesis of fatty acid hydroperoxides. My 
earlier review covers many of the basics and remains valid for a background on 
LOX biochemistry [ 1 ], and a current review with Marcia E. Newcomer focuses on 
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the structure–function of LOX enzymes [ 2 ]. The perspective here is on the LOX- 
catalyzed synthesis of  R  and  S  confi guration fatty acid hydroperoxides. In historical 
context, I describe discovery of  S - and  R -LOX enzymes and fi nally explain how we 
approached our current studies on the vital role of 12 R -LOX in mammalian skin. 

5.1     Characterization of Lipoxygenases 

5.1.1     Early Days: Establishing the Existence of Lipoxygenases 

 There are numerous and occasionally very abundant LOX enzymes in plants, and all 
the early history of the LOX enzyme family—as well as many of the concepts of 
their mechanism of action—stemmed from studies with the enzymes in soybeans. 
Originally detected in the late 1920s and 1930s as an oxidizing activity in soybean 
fl our [ 3 ], and named “lipoxidase” in 1932 [ 4 ], by 1940 it was recognized as an activ-
ity that reacted polyunsaturated fatty acids (PUFA) with molecular oxygen (O 2 ) to 
form fatty acid peroxides [ 5 ,  6 ]. By 1947 the work of Nobel laureate Hugo Theorell 
with Ralph Holman and Åke Åkeson resulted in purifi cation and crystallization of 
the main enzyme in soybean fl our [ 7 ], now known as the L-1 isozyme or soybean 
LOX-1. It is commercially available and is by far the most studied and most utilized 
LOX enzyme. It happens to use arachidonic acid, EPA, and DHA as excellent sub-
strates, along with the fatty acids it would encounter in plants (linoleic, α-linolenic, 
and γ-linolenic acids), so this greatly enhances its utility as a model LOX enzyme. 
The Theorell preparation of soybean LOX-1 reacted with linoleic acid at 330 
turnovers/s [ 7 ], around the top attainable rate for this enzyme, which is one of the 
most effi cient known. In fact, for reasons that currently remain obscure, the best that 
many other LOX enzymes can manage is 10–100 times or even 1000 times slower 
than this. All the mammalian enzymes fall into the relatively slow category.  

5.1.2     Oxygenation of Linoleic Acid 

 The reaction of soybean LOX with linoleic acid was outlined by Bergström and 
Holman in 1948 [ 8 ], and noting the conjugation of the double bonds in association 
with the substrate oxygenation and the likeness to the reactions of lipid peroxida-
tion, which Bergström earlier had helped characterize [ 9 ]. This similarity to lipid 
peroxidation for a time raised a somewhat misleading concept. It was recognized 
that lipid peroxidation requires generation of a radical to start the process and then 
it is self-generating [ 10 ]: the radical is not lost as more and more molecules are 
peroxidized, hence the term “autoxidation.” Around the 1940s and early 1950s it 
was considered possible that the soybean lipoxygenase generated a radical and then 
the process continued out of enzymatic control. A study of the enzymology by Al 
Tappel, Boyer, and Lundberg put paid to this misconception: they showed that 
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soybean LOX could follow Michaelis–Menten kinetics and that the enzyme initiates 
each turnover of substrate to product [ 11 ]. Still, in modern days there remains some-
thing partly akin to the old concept: LOX enzymes require activation (generally an 
oxidation of the resting ferrous enzyme (Fe 2+ ) to ferric (Fe 3+ )) and only then do 
repetitive cycles of turnover occur (see [ 12 ,  13 ]). The difference in this modern 
understanding is that once activated, the LOX enzyme remains in control of each 
turnover of substrate to product.  

5.1.3     Synthesis of a Chiral Fatty Acid Hydroperoxide 

 Of course, non-enzymatic lipid peroxidation proceeds with no stereo control and 
the fatty acid hydroperoxide products are racemic. In 1955 it was reported by 
Privett, Nickell, and Lundberg that the soybean lipoxygenase products of linoleic 
acid are optically active, the fi rst evidence that a LOX enzyme forms a chiral prod-
uct [ 14 ]. Knowing that the products exhibit optical rotation, however, does not sig-
nify the absolute confi guration ( R  or  S ). By 1965 Hamberg and Samuelsson had 
defi ned the regio-specifi city of soybean LOX-1 as oxygenation at the ω6 carbon of 
C18, C20, or C22 PUFA [ 15 ], and by 1967 they had determined the absolute con-
fi guration on the ω6-hydroperoxide of dihomo-γ-linolenic acid as 15 S -hydroperoxy 
[ 16 ]. The equivalent ω6 oxygenation on other PUFAs gives the 13 S -hydroperoxide 
of linoleic acid (13 S -HPODE, 13 S -hydroperoxy-octadecadienoic acid), 15 S -HPETE 
from arachidonate, and 17 S -HPDHA from docosahexaenoic acid. 

 By the early 1970s, several groups defi ned the characteristic stereochemistry of 
other plant LOX enzymes: Gardner and Weisleder identifi ed the corn (maize) LOX 
product of linoleic acid as the 9 S -hydroperoxide (9 S -HPODE) [ 17 ], and in a classic 
methods paper on steric analysis of LOX products this was confi rmed by Hamberg 
[ 18 ]. Galliard and Phillips identifi ed 9 S -HPODE as the main product of potato LOX 
[ 19 ], and Veldink, Vliegenthart and Boldingh showed that 9 S -HPODE can be a 
minor by-product of soybean LOX preparations [ 20 ], as confi rmed much later by 
Gardner [ 21 ].  

5.1.4     Lipoxygenase, Not Lipoxidase 

 Lipoxygenases are fatty acid dioxygenases (RH + O 2  → RO 2 H): this is a covalently 
complete reaction and therefore in contrast to monooxygenases the transformation 
requires no reducing cofactor. Around the late 1960s, the nomenclature became 
standardized as lipoxygenase, indicating an enzyme that incorporates molecular 
oxygen (O 2 ) into its substrate. By contrast the term oxidase signifi es an enzyme that 
reduces molecular oxygen, ultimately to water. For example, NADPH oxidases 
reduce O 2  to HO 2   •   (superoxide, in ionic form O 2   • − ) using electrons from NADPH, 
cytochrome  c  oxidase takes the electrons at the end of the respiratory chain and 

5 Lipoxygenases: A Chronological Perspective on the Synthesis of S and R Fatty…



72

reduces O 2  to water, whereas the typical cytochrome P450 is both a monooxygenase 
and “mixed function oxidase:” the enzyme uses one atom of O 2  to oxygenate the 
substrate while the other O atom is reduced to water again using the reducing 
 equivalents from NADPH (RH + O 2  + NADPH (2H) → ROH + H 2 O + NADP + ). Only 
Sigma still uses the term soybean lipoxidase (!).  

5.1.5     Mid-1970s: Discovery of Lipoxygenases in Animals 

 The fi nding in 1971 that aspirin inhibits prostaglandin synthesis and the known 
effects of aspirin on blood platelet function [ 22 ] directed attention to the metabo-
lism of arachidonic acid in platelets. A brilliant series of experiments by Mats 
Hamberg, Svensson and Samuelsson at the Karolinska Institutet not only revealed 
the existence of thromboxane A 2  of the cyclooxygenase pathway and its powerful 
pro-aggregatory effect on platelets [ 23 ], they also uncovered the fi rst LOX enzyme 
in animal tissues, arachidonate 12 S -lipoxygenase (product of the ALOX12 gene) 
[ 24 ]; platelet 12-LOX was discovered independently by Diederik Nugteren of 
Unilever [ 25 ]. We know from the work of Shozo Yamamoto’s group and others that 
this platelet-type 12-LOX enzyme is widespread in many tissues [ 26 ,  27 ]. 

 At much the same time Samuel Rapoport’s group in Berlin was investigating a 
peroxidizing enzyme in peripheral blood reticulocytes induced by severe anemia, and 
reporting that it could oxygenate PUFA esterifi ed in phospholipids [ 28 ]; this enzyme 
was identifi ed as an arachidonate 15 S -lipoxygenase [ 29 ,  30 ], and is now designated as 
the ALOX15 gene product, 15-LOX-1. Most mammals express the ALOX15 gene 
primarily as a 12-LOX, given the helpful designation leukocyte-type 12-LOX by 
Shozo Yamamoto [ 26 ,  27 ], and the enzyme is often referred to as a 12/15-LOX. 

 By 1976 the search for lipid mediators in mammalian leukocytes led to the dis-
covery by Pierre Borgeat, Hamberg and Samuelsson at the Karolinska Institutet of 
5 S -lipoxygenase (from the ALOX5 gene) [ 31 ]. Soon the role of 5-LOX as the fi rst 
committed step in leukotriene synthesis was revealed, along with the identity of the 
peptide leukotrienes as the slow-reacting substance of anaphylaxis, a major lipid 
mediator with bronchiolar contractile activity in asthma [ 32 – 34 ]. The development 
of leukotriene receptor antagonists and their clinical effi cacy confi rmed the impor-
tant role of 5-LOX and the leukotrienes in asthma and other infl ammatory diseases 
[ 35 ]. In more recent times the antitheses of these actions have also been appreciated 
with the recognition by Charles Serhan and colleagues of the involvement of vari-
ous LOX products (lipoxins, resolvins, protectins) in promoting the resolution 
phase of infl ammation [ 36 ]. 

 For 20 years after the discovery in the mid-1970s of 12-LOX, 15-LOX-1, and 
5-LOX, these three enzymes stood alone at the forefront of lipoxygenase patho-
physiological studies in mammals [ 26 ,  37 ]. They each synthesize an  S -confi guration 
fatty acid hydroperoxide, the same as all the other known LOX enzymes of plants 
and animals at the time. It took until the late 1990s to recognize that three additional 
LOX genes occur in humans and other mammals: 15-LOX-2, 12 R -LOX, and 
epidermal- LOX3 (eLOX3) (Fig.  5.1 ).
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5.1.6        The Discovery of  R -Lipoxygenases 

 In a curious fi nding at the time, in 1979 van Os, Rijke-Schilder, and Vliegenthart 
reported that the soybean LOX-2 enzyme formed not only 13 S -HPODE from lin-
oleic acid (same as the well-known soybean LOX-1 enzyme), but also 9 R -HPODE, 
the fi rst description of a specifi c LOX-catalyzed  R -hydroperoxide formation, and 
later understood in terms of the fundamental basis of  S  and  R  stereocontrol in lipox-
ygenases (see following). 

 My interest in  R -LOX biochemistry was sparked by a couple of unexpected 
occurrences. The fi rst eye-opening event was a telephone conversation in 1985 with 
Gordon Bundy, a chemist at the Upjohn Company in Kalamazoo, Michigan. As an 
aside to the topic of our conversation on leukotrienes, Gordon told me he had uncov-
ered  R -HPETE synthesis “from an unusual source” and he asked me if I had ever 
heard of a lipoxygenase that synthesized a fatty acid  R -hydroperoxide and did I 
know of any reason this was not possible? I replied that it did seem possible, noting 
that the cyclooxygenase enzyme initiates prostaglandin synthesis with an 
11 R -oxygenation of arachidonic acid [ 38 ]. Gordon Bundy’s discovery, reported in 
the  Journal of Biological Chemistry  in 1986, described the synthesis of 8 R -HPETE 
from arachidonic acid in the Caribbean coral  Pseudoplexaura porosa  [ 39 ]. 

 My second introduction to  R -LOX activity stemmed from the persistent letter 
writing of Laurent Meijer of the CNRS research laboratories in Roscoff, France, 
asking me to prepare 8 R -HETE and 8 S -HETE so he could test their activities in 
inducing the reinitiation of meiosis in starfi sh oocytes. Laurent had identifi ed ara-
chidonic acid and particularly 8-HETE as potent inducers of oocyte maturation 
(unpublished at the time, but related to the results of Meijer et al. [ 40 ]), and he had 
noticed that we resolved the 8-HETE enantiomers in a study of the mechanisms of 
autoxidation [ 41 ]. I prepared 8 R - and 8 S -HETE, and Laurent identifi ed 8 R -HETE as 
the active principle in inducing starfi sh oocyte maturation; I characterized the 
 synthesis of specifi cally 8 R -HETE in starfi sh oocyte homogenates, published in the 
 Journal of Biological Chemistry  in 1986 [ 42 ]. Later, Molly Hughes provided much 
circumstantial evidence for the existence of an 8 R -HETE-specifi c G protein- coupled 
receptor (GPCR) in starfi sh oocytes [ 43 ]. 

 Just before the Bundy and Meijer publications, E.J. Corey, Peter Lansbury, and 
Yasuji Yamada described the synthesis of a prostaglandin-related cyclopentenone 
fatty acid in the Japanese coral  Clavularia viridis  and postulated its synthesis via 
8 R -HPETE [ 44 ]. Bundy’s and Corey’s work had a background in the earlier discov-
ery that the Caribbean coral  Plexaura homomalla  contained masses of  prostaglandins 
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(~3 % of the dry weight) [ 45 ,  46 ]. During the 1970s this coral was used as a source 
of prostaglandins (hence the Upjohn interest in coral), and for biochemical interest 
the possibility had arisen that the coral prostaglandins were formed via a non-cyclo-
oxygenase route [ 47 ,  48 ]. 

 I decided to investigate the metabolism of arachidonic acid in the prostaglandin- 
containing coral  Plexaura homomalla : this led to the discovery of 8 R -LOX activity 
in the coral as well as transformation of 8 R -HPETE to an extremely unstable but 
covalently complete epoxide known as an allene oxide [ 49 ]. Allene oxides can 
cyclize to give a prostaglandin-like 5-membered carbon ring, and this is a key step 
in the biosynthesis of fatty acid cyclopentenones in corals [ 50 ] and of jasmonic acid 
biosynthesis in plants [ 51 ,  52 ]. Despite the apparent similarity of the allene oxide- 
derived cyclopentenone to true prostaglandins, through many productive collabora-
tions with Nigulas Samel and colleagues of Tallinn University of Technology in 
Estonia, the basis of coral prostaglandin synthesis was shown to be a cyclooxygenase- 
catalyzed pathway. This work led to the cloning and characterization of the coral 
cyclooxygenases, which are related quite closely (~50 % sequence identity) to 
mammalian COX-1 and COX-2 [ 53 – 55 ].  

5.1.7     Occurrence of  R -HETE Biosynthesis 

 By the late 1980s the synthesis of  R -HETEs was identifi ed from many sources, mostly 
invertebrate animals [ 49 ,  56 – 58 ]. One human connection was known, the occurrence 
of high concentrations of 12-HETE in the hyperproliferative and infl ammatory skin of 
psoriasis, described in 1975 by Hammarström, Hamberg, and Samuelsson in collabo-
ration with the dermatology group of Voorhees in Michigan [ 59 ]. In 1986 Pat Woollard 
presented the unexpected fi nding that the psoriatic 12-HETE is predominantly of the 
12 R  confi guration [ 60 ]. At the time, only cytochrome P450s were known to synthe-
size 12 R -HETE, albeit as one of a complex mixture of epoxy and HETE products 
[ 61 ], and the concept of P450 involvement in mammalian 12 R -HETE synthesis (mis-
takenly) dominated the thinking for the next decade.  

5.1.8     Purifi cation and Cloning of the First  R -Lipoxygenase 

 Bill Boeglin, in my laboratory, succeeded in purifying an enzyme responsible for 
8 R -HPETE synthesis from the coral  P. homomalla , and after obtaining peptide 
sequences we cloned a partial cDNA by homology-based PCR and cloned the full 
length by 5′- and 3′-RACE; the deduced sequence matched all the known peptides 
[ 62 ]. The encoded 79-kDa protein exhibited all the characteristic features of a typi-
cal LOX family member [ 1 ], establishing that closely related LOX proteins can 
synthesize either  S  or  R  (mirror image) fatty acid hydroperoxides. 

 As outlined in an earlier review [ 1 ], there are compelling reasons to conclude 
that fatty acid orientation in the LOX active site is a key determinant of reaction 
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specifi city. Also, it is well established that both  R  and  S  lipoxygenases catalyze an 
initial hydrogen abstraction from the CH 2  group between the two  cis  double bonds 
followed by insertion of oxygen on the opposite face of the substrate (antarafacial 
relationship between H-abstraction and oxygenation) [ 63 ,  64 ]. To understand the 
relationship between the  R  and  S  positions in oxygenated polyunsaturated fatty 
acids, consider the simplest example, linoleic acid (Fig.  5.2 , top). Linoleate has only 
one reacting pentadiene and therefore two available ends; one face presents the 9 S  
and 13 R  positions, with 9 R  and 13 S  on the other side. The same applies to arachi-
donic acid (Fig.  5.2 ), which has three pentadienes available for reaction. A switch 
in the head-to-tail orientation of the fatty acid will present the correct face to the 
activating non-heme iron. Putting these concepts together, and knowing the sequence 
relatedness of  R - and  S -LOX, in the 1996  Journal of Biological Chemistry  paper we 
proposed a conceptual model of how LOX enzymes of similar structure can form  R  
or  S  HPETEs (Fig.  5.3 ) [ 62 ].

5.1.9         Identifi cation of a Key Structural Determinant of Stereo 
Control in  R - and  S -LOX 

 By the early 2000s there were many  S -LOX sequences available, although only four 
from  R -LOX. Gianguido Coffa in my laboratory made extensive  R / S  LOX enzyme 
chimeras and selected mutations in attempts to identify amino acid residue(s) that 

  Fig. 5.2    Perspective view of the CH 2  hydrogens and available positions for oxygenation in lin-
oleic and arachidonic acids. As shown on linoleate, the 9 S  and 13 R  positions are on the same face 
of the substrate (front face in this view) at opposite ends of the pentadiene, with 9 R /13 S  on the back 
face. The same principles apply to arachidonate: for example, the  green  pentadiene with CH 2  
hydrogens at C7 has the 5 S  and 9 R  positions facing towards the viewer with 5 R /9 S  at the back. For 
clarity, the positions around the CH 2  at C10 and C13 are not labeled       
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controlled  R  or  S  specifi city. One of the conserved differences he spotted was an Ala 
residue in  S -LOX replaced by Gly in the four available  R -LOX, and by making the 
Ala/Gly switch in two  S -LOX and two  R -LOX, he identifi ed this Ala-or-Gly as a 
major determinant of stereospecifi city [ 65 ]. With Ala in this critical position the 
oxygenation always favors reaction of O 2  at the end of the activated pentadiene deep 
in the substrate-binding pocket and  S  stereochemistry, whereas the Gly residue 
allows reaction at the other end and gives  R  stereochemistry [ 66 ]. 

 In principle there are a number of ways in which the LOX enzyme could control 
the reaction of O 2  and thus direct formation of an  R  or  S  confi guration product [ 67 ]. 
The most likely is shielding of the reacting pentadiene to prevent reaction of O 2  at 
one end or the other, and it appears that this is accomplished through the Ala/Gly 
switch by changing the conformation of a nearby leucine [ 2 ,  68 ,  69 ]. 

 Only a few exceptions to this Ala/Gly stereo determinant have been identifi ed 
[ 70 ], usually with a slight size modifi cation of the amino acid; for example, 
 Anabaena  linoleate 9 R -LOX has Ala in the key position (instead of the expected 
Gly), and its substitution with Val or Ile gives 13 S -HPODE as a new product [ 71 , 
 72 ]. Interestingly, there is a natural substitution of the expected Ala residue to Gly 
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  Fig. 5.3    The principle of  R  or  S  stereo control in lipoxygenases. In this example, formation of four 
different products is represented in lipoxygenase active sites of related structure.  Top panels:  The 
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A.R. Brash



77

in a LOX from  Olea europaea  (common olive; accession no. EU678670); the 
expressed enzyme synthesizes 9 S -HPODE along with 13 R -HPODE [ 73 ], exactly as 
predicted by the model. The recent report from the Newcomer laboratory of the fi rst 
crystal structure of a lipoxygenase–substrate complex [ 68 ] paves the way to a 
detailed understanding of stereo control in the LOX enzyme superfamily [ 2 ].   

5.2     12 R -LOX and eLOX3 and the Epidermal Water Barrier 

5.2.1     12 R -LOX in Human Skin and Its Role in Sealing 
the Epidermal Permeability Barrier 

 The eicosanoid group in the German Cancer Centre in Heidelberg led by Gerhard 
Fürstenberger and Peter Krieg has a long-standing interest in skin LOX enzymes 
and their role in carcinogenesis and epidermal proliferation. By the late 1990s they 
had cloned three epidermal LOX genes distinct from the mammalian 15-LOX-1, 
12 S -LOX, and 5-LOX known at the time [ 74 – 77 ]. The fi rst of these epidermal LOX 
enzymes was identifi ed in my laboratory by Mitsuo Jisaka and in Heidelberg as 
8S-LOX in the mouse [ 74 ,  78 ] (its human homologue being 15-LOX-2, which we 
had cloned a couple of years beforehand [ 79 ]). The second epidermal LOX was 
identifi ed by Bill Boeglin in my laboratory as (human) 12 R -LOX [ 80 ]. Colin Funk 
and colleagues later described both the human and murine enzymes [ 81 ] and Peter 
Krieg and colleagues found that the murine 12R-LOX reacts only with fatty acid 
esters [ 82 ], an intriguing and biologically signifi cant property in relation to its pro-
posed role in the epidermis (see following). The third epidermal enzyme described 
by Fürstenberger and Krieg was also an enigma—at the time no catalytic activity 
could be ascribed [ 75 ]—and its name has endured as epidermal lipoxygenase-3, or 
eLOX3 (gene ALOXE3).  

5.2.2     The Connection to Ichthyosis 

 Congenital ichthyosis is a scaly skin condition associated with an inactivation muta-
tion in one of several genes involved in construction of the water permeability bar-
rier in the outer epidermis. The discovery by geneticists led by Judith Fischer that 
mutations in 12 R -LOX and eLOX3 are linked to congenital ichthyosis has set the 
stage for unraveling the role of these enzymes in epidermal barrier function [ 83 ]. 
Mutation of either LOX enzyme was associated with a similar scaly skin phenotype, 
leading to their suggestion that the two enzymes are involved in the same metabolic 
pathway. This proposal prompted our enzymological studies to test the hypothesis. 
Zheyong Yu in my laboratory showed that eLOX3 isomerizes HPETEs to epoxy- 
alcohol products, with a preference for  R -confi guration fatty acid hydroperoxides 
[ 84 ,  85 ]; he thus characterized this apparently inactive enzyme as a hydroperoxide 
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isomerase. Subsequently, LOX gene knockout studies in mice established the role 
in barrier function for both 12 R -LOX and eLOX3 [ 86 ,  87 ]; in each case the knock-
out is neonatal lethal because of severe water loss within 5–10 h of birth. Human 
babies with inactivating mutations in 12 R -LOX or eLOX3 survive and develop the 
hyperproliferative scaly skin of ichthyosis, presumably in attempts to counteract the 
defective barrier.  

5.2.3     The Connection to the Scaly Skin of Essential Fatty Acid 
Defi ciency 

 When animals [ 88 ] or humans [ 89 ] are nutritionally defi cient in essential fatty acids, 
there is a permeability barrier defect, and they develop a scaly skin. Various topi-
cally applied fatty acids have the ability to reverse this skin defect, and the structural 
requirements for active fatty acids have been extensively examined. By testing 
twenty different fatty acids, Houtsmuller and van der Beek identifi ed the minimal 
structural requirement as including a pair of  cis  double bonds in the ω6 and ω9 posi-
tions, as in linoleic acid [ 90 ]. Changing the position of this pair of double bonds in 
the fatty acid, removal of one of them or substitution with a  trans  double bond, or 
adding a CH 2  between the bonds eliminated activity [ 90 ]. The strong inference from 
these studies is that having double bonds alone is insuffi cient to relieve the skin 
symptoms of essential fatty acid defi ciency. By all appearances the key structural 
features of an active fatty acid match the substrate specifi city of a LOX enzyme that 
utilizes the ω9–ω6 pair of double bonds.  

5.2.4     The Connection Between EFA Defi ciency and LOX- 
Dependent Congenital Ichthyosis 

 A conceptual model of how 12 R -LOX, eLOX3, and essential fatty acids are involved 
in sealing the epidermal barrier was developed by Yuxiang Zheng in my laboratory. 
The only EFA in the mammalian outer epidermis where the barrier resides is lin-
oleic acid [ 91 ], and it is esterifi ed to the omega-hydroxy group of a unique, 
epidermal- specifi c ceramide, EOS (esterifi ed omega-hydroxy sphingosine) [ 92 ]. 
Yuxiang showed that the linoleate moiety in EOS can be oxidized by 12 R -LOX and 
further transformed by eLOX3 to a specifi c epoxy-alcohol derivative [ 93 ]. She 
detected traces of these oxidized ceramides in pig epidermis and in the epidermis of 
neonatal mice, and the products were absent in the epidermis of 12 R -LOX knockout 
mice [ 93 ]. Most signifi cantly, the knockout mice also had an almost complete 
absence of omega-hydroxy ceramide covalently bound to protein. It is known that a 
fraction of EOS is de-esterifi ed and the free omega-OH is coupled to a layer of 
polymerized protein on the outer surface of the corneocytes, replacing the original 
plasma membrane, and forming a covalently bound lipid coating named the corneo-
cyte lipid envelope or CLE [ 94 ]. The CLE lies between the polymerized protein and 
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extracellular lamellar lipids, and potentially functions as a scaffold that holds the 
two other parts together as a complete and intact barrier. Taking all the facts together, 
we propose that LOX-catalyzed oxidation of the linoleate ester in EOS is required 
to facilitate enzymatic hydrolysis of the ester, thus freeing OS for coupling to pro-
tein (Fig.  5.4 ) [ 93 ,  95 ].

   In EFA defi ciency, oleate (not a LOX substrate) replaces linoleate as the fatty 
acid ester in EOS [ 91 ]. Because it is not a LOX substrate it cannot be oxidized and 
therefore it cannot be hydrolyzed, resulting in a defi ciency in free OS; the predic-
tion, therefore, is that this should lead to decreased levels of covalently bound 
ceramides in the barrier layer, which is exactly what is found [ 96 ]. On the other 
hand, in LOX defi ciency, in either knockout mice or affl icted human families, the 
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oxidizing enzymes are missing, with ultimately the same consequences: no oxida-
tion, therefore no hydrolysis of the linoleate ester, therefore a lack of covalently 
bound ceramides, an epidermal barrier defect, and the resulting phenotype [ 93 ,  95 ]. 

 There is a good chance that understanding the basis of the role of 12 R -LOX and 
eLOX in epidermal function will lead to improved treatments for patients affl icted 
with LOX-dependent ichthyoses. In these patients it is predicted that the fundamen-
tal problem with the skin barrier is a defect in the covalently bound lipid envelope 
resulting from the lack of available free omega-hydroxy ceramide. As topical appli-
cations can be effective, the prediction is that topical OS should provide the missing 
substrate and ameliorate the skin symptoms. In the near future, this may emerge as 
another example of basic research resulting in a translational impact.      
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    Chapter 6   
 Leukotriene B 4  Receptors       

       Tomoaki     Koga     and     Takehiko     Yokomizo    

    Abstract     Leukotriene B 4  (LTB 4 ) is a classical pro-infl ammatory lipid mediator that 
activates and recruits neutrophils into infl ammatory areas. LTB 4  is an arachidonic 
acid-derived metabolite produced by 5-lipoxygenase and LTA 4  hydrolase. To date, 
two leukotriene B 4  receptors, the high-affi nity receptor BLT1 and the low-affi nity 
receptor BLT2, have been cloned, and a systemic knockout mouse for each receptor 
has been generated. BLT1 is mainly expressed in leukocytes, but BLT2 is expressed 
in epithelial cells. Based on many knockout mouse studies, BLT1 is now known to 
play important roles in acute and chronic infl ammation and immune diseases. On 
the other hand, BLT2 protects against colitis, accelerates epidermal wound healing, 
and promotes cancer progression. Thus, BLT1 and BLT2 have totally different fea-
tures with respect to their expression patterns and their physiological and pathologi-
cal roles. In this review, we summarize the fundamental characteristics of BLT1 and 
BLT2, as well as recent advances in our understanding of the biosynthesis and deg-
radation of LTB 4  and the LTB 4  receptors.  

  Keywords     Leukotriene B 4    •   BLT1   •   Leukocyte   •   BLT2   •   12-HHT   •   Epithelial cells   
•   Barrier function  

6.1         Leukotriene B 4 : Biosynthesis, Degradation, 
and Physiological Roles 

 Leukotriene B 4  (LTB 4 ) is a classical lipid mediator that activates and attracts neutro-
phils [ 1 ,  2 ]. LTB 4  is produced mainly in leukocytes, including neutrophils and mac-
rophages, and it contains three conjugated double bonds (a triene), explaining the 
origin of the name “leukotriene.” LTB 4  is an arachidonic acid metabolite that is 
produced by two enzymes, 5-lipoxygenase (5-LO) and leukotriene A 4  hydrolase 
(LTA 4 H) [ 3 ]. Arachidonic acid is converted into 5-hydroperoxyeicosatetraenoic 
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acids (5-HpETE) and subsequently into LTA 4 . 5-LO mediates these reactions in 
functional cooperation with 5-lipoxygenase-activating protein (FLAP) [ 3 ]. When 
cells are exposed to certain stimuli ( e.g. , Ca 2+  infl ux), cytoplasmic 5-LO is activated 
and translocates to the nuclear membrane. FLAP binds to 5-LO to form an active 
complex on the nuclear membrane, and this complex catabolizes arachidonic acid 
into 5-HpETE and subsequently to LTA 4 . LTA 4  is either converted to LTB 4  by 
LTA 4 H or conjugated to glutathione to generate leukotriene C 4  (LTC 4 ) by LTC 4  syn-
thase (LTC 4 S). LTB 4  is exported from the cytoplasm to the extracellular space in an 
energy-dependent manner. In humans, LTB 4  export is mediated by the ATP-binding 
cassette (ABC) family transporter ABCC4/MRP4 [ 4 ]. The biosynthesis and trans-
port pathway of LTB 4  is summarized in Fig.  6.1 .

   Degradation of LTB 4  is catalyzed by ω-oxidation and subsequent β-oxidation, or 
by the 12-hydroxydehydrogenase/15-oxo-prostaglandin-13-reductase (12HDH/
15oPGR) pathway [ 3 ]. In the ω-oxidation pathway, LTB 4  is metabolized into 
20-hydroxy-LTB 4  (20-OH-LTB 4 ), and subsequently into 20-carboxy-LTB 4  
(20-COOH-LTB 4 ) [ 5 ]. The cytochrome P450 family protein CYP4F3A (CYP4F18 in 
mouse) is a human neutrophil LTB 4 -ω-hydroxylase that is induced by retinoic acid 
and phorbol ester stimulation. This enzyme effi ciently oxidizes the methyl moiety 
of LTB 4  at the ω-terminus. In neutrophils, 20-OH-LTB 4  is further oxidized by 
CYP4F3A into 20-COOH-LTB 4  through the 20-oxo-LTB 4  intermediate. In other 
tissues ( e.g. , liver), an alternative pathway produces 20-COOH-LTB 4  from 
20-OH-LTB 4 ; in the liver, the enzymes involved in LTB 4  oxidation are alcohol dehy-
drogenase (ADH) and aldehyde dehydrogenase (ALDH). Although 20-OH-LTB 4  
binds fairly well to leukotriene B 4  receptor 1 (BLT1), 20-COOH-LTB 4  is not an 
active ligand of BLT1. A recent report showed that patients with Sjögren–Larsson 
syndrome, who have mutations in the fatty aldehyde dehydrogenase ( FALDH ) gene, 
exhibited high urinary levels of LTB 4  and 20-OH-LTB 4 , indicating the importance 
of the ADH/ALDH pathway in LTB 4  metabolism. In some tissues, LTB 4  can be 
converted into 12-oxo-LTB 4 , a reaction catalyzed by the enzyme 12HDH/
15oPGR [ 6 ]. 12HDH/15oPGR recognizes the structural motif [R-CH(OH)-
( trans )-CH = CH-R′] of LTB 4 , and oxidizes the 12( R ) hydroxyl group into the 
12-oxo moiety. Biosynthesized 12-oxo-LTB 4  is unable to activate BLT1 signaling. 
A recent report showed that LTB 4  is extensively metabolized by the 12HDH/15oPGR 
pathway in human keratinocytes. Because CYP4F activity is very low in the human 
keratinocytes, ω-oxidized LTB 4  metabolite is rarely observed in these cells. The 
degradation pathway of LTB 4  is summarized in Fig.  6.2 .

6.2        Leukotriene B 4  Receptor 1: BLT1 

 LTB 4  is recognized by two G protein-coupled receptors, BLT1 and BLT2, as shown 
in Fig.  6.3  [ 7 ,  8 ]. BLT1 is expressed in various cell types, including neutrophils, 
macrophages, osteoclasts, dendritic cells, and differentiated T cells [ 9 – 14 ]. Once 
BLT1 is activated by LTB 4 , it cooperates with Gi and Gq proteins, inducing 
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  Fig. 6.1    Biosynthesis and export pathway of LTB 4  and 12-HHT. LTB 4  is synthesized from arachi-
donic acid by 5-LO, FLAP, and LTA 4 H. LTB 4  is exported by MRP4, at least in humans, and recog-
nized by high-affi nity receptor BLT1. On the other hand, production of 12-HHT is catalyzed by 
COX-1, COX-2, and TxA 2 S. 12-HHT is exported and recognized by BLT2.  PM  plasma 
membrane       
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  Fig. 6.2    Degradation pathway of LTB 4 . Two pathways inactivate LTB 4 . The ω-oxidation pathway 
is catalyzed by CYP4F3A. Its product, 20-hydroxy-LTB 4 , still has the ability to activate BLT1. To 
inactivate 20-hydroxy-LTB 4 , 20-carboxylation by either CYP4F3A (in human neutrophils) or 
ADH/ALDH (in hepatocytes) is required. Alternatively, the 12HDH/15oPGR pathway is also 
important for inactivation of LTB 4 . Its metabolite, 12-oxo-LTB 4 , is inactive.  PM  plasma 
membrane       

  Fig. 6.3    Phylogenic tree of G protein-coupled receptors (GPCRs) for lipid mediators. Among all 
GPCRs, BLT1 and BLT2 receptors are the most closely related to each other       
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phospholipase Cβ-dependent intracellular Ca 2+  mobilization and activating the 
phosphatidyl inositol-3-OH kinase (PI3K)-Akt pathway, mitogen-activated protein 
kinase (MAPK)/extracellular signal-regulated kinase (ERK) kinase (MEK) 1/2-
ERK1/2 pathway,  etc . Activation of downstream signaling causes chemotaxis, 
phagocytosis, and gene transcription [ 15 ].

   Because BLT1 was originally identifi ed as a receptor for LTB 4  expressed in neu-
trophils, it is thought to have important roles in infl ammatory diseases. Consistent 
with this, neutrophil activation, called “swarming,” in a mouse model of 
 Pseudomonas aeruginosa  infection is attenuated in BLT1-defi cient mice [ 9 ]. The 
LTB 4 –BLT1 axis is also required for neutrophils to secrete interleukin-1 (IL-1), 
which initiates joint infl ammation. IL-1-producing neutrophils activate synovial 
cells and induce chemokines to recruit more infl ammatory cells into joints [ 16 ]. In 
that arthritis model, LTB 4  release from neutrophils requires C5a receptor activation 
by C5a, indicating that the LTB 4 –BLT1 axis in neutrophils plays an important role 
in the vicious cycle of arthritis [ 17 ]. A recent report demonstrated that BLT1 facili-
tates neutrophil infi ltration in a mouse model of psoriasis  via  CXCR2-induced LTB 4  
production, suggesting the existence of crosstalk between chemokine and lipid 
mediator [ 18 ]. As in neutrophils, BLT1 is also expressed in eosinophils, and it 
 prevents nematode infection [ 19 ]. In macrophages, BLT1 plays a crucial role in 
phagocytosis  via  functional cooperation with the FcγR signaling pathway [ 20 ]. 
LTB 4 –BLT1 signaling also enhances the expression of MyD88, an important adapter 
molecule for toll-like receptor (TLR) signaling molecules such as TLR2, TLR4, 
TLR5, TLR7/8, and TLR9  via  suppression of suppressor of cytokine signaling 
(SOCS) 1 expression in macrophages [ 21 – 23 ]. 

 Although BLT1 has important roles in infl ammatory cells, recent reports showed 
that BLT1 is also expressed in immune cells, such as dendritic cells and differenti-
ated T lymphocytes, including Th1 and Th2 [ 12 – 14 ]. BLT1 in dendritic cells upreg-
ulates CCR7 expression, which enhances the migration of dendritic cells into lymph 
nodes, and Th1-dependent contact hypersensitivity is attenuated by BLT1 defi -
ciency [ 11 ,  24 ]. In addition, BLT1 knockout (KO) mice exhibit a less severe pheno-
type in an ovalbumin-induced Th2-dependent murine asthma model [ 25 ]. BLT1 is 
also crucial for the development of Th17-dependent experimental autoimmune 
encephalomyelitis (EAE), a murine model of multiple sclerosis [ 26 ]. Furthermore, 
a recent report showed that BLT1 is also expressed in CD4 +  CD25 +  Foxp3 +  Tregs 
[ 27 ]. In a lipopolysaccharide (LPS)-induced model of acute lung injury (ALI), the 
LTB 4 –BLT1 axis is critical to promote the resolution from ALI through the 
 recruitment of Tregs into the infl ammatory area, suggesting that BLT1 is important 
in various immune responses. 

 In addition to acute infl ammation, BLT1 is also involved in chronic infl amma-
tion. BLT1 is expressed in vascular smooth muscle cells, and BLT1 defi ciency atten-
uates atherogenesis in the  Apoe  KO murine model of atherosclerosis [ 28 ,  29 ]. In 
addition, a recent report showed that BLT1 provides a potent signal that accelerates 
the differentiation from preadipocytes to adipocytes  in vitro  [ 30 ]. Moreover, BLT1 
defi ciency protects against systemic insulin resistance in high-fat-induced obesity, 
which arises from monocyte traffi cking to adipose tissue [ 10 ]. Stimulation of 
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 osteoclasts with LTB 4  increases osteoclastic activity, and BLT1 defi ciency attenu-
ates osteoporosis after ovariectomy in mice [ 31 ]. In summary, although BLT1 was 
initially identifi ed as a LTB 4  receptor expressed in neutrophils, recent reports reveal 
that it is expressed in various cell types, including neutrophils, eosinophils, macro-
phages, dendritic cells, differentiated T cells, smooth muscle cells, osteoclasts, and 
adipocytes, and that it plays important roles in acute and chronic infl ammation and 
in immune diseases.  

6.3     Leukotriene B 4  Receptor 2: BLT2 

 BLT2 was identifi ed as a low-affi nity receptor for LTB 4 ; the gene that encodes this 
protein is localized in the proximal promoter region of  BLT1  on human chromo-
some 14 [ 15 ]. Similar to BLT1, BLT2 is also coupled to two classes of G proteins 
(Gi and Gq), through which it activates the MAPK (ERK and p38), NADP oxidase 
(NOX)-reactive oxygen species (ROS), and NF-κB signaling pathways [ 32 ]. We 
recently identifi ed 12( S )-hydroxyheptadeca-5 Z ,8 E ,10 E -trienoic acid (12-HHT) as 
an endogenous ligand for BLT2. 12-HHT is a fatty acid with 17 carbons, and its 
physiological role has not been elucidated. 12-HHT is also a metabolite of arachi-
donic acid, which is biosynthesized during blood coagulation primarily by two 
enzymes, cyclooxygenase (COX) and thromboxane A 2  synthase (TxA 2 S). In addi-
tion to this pathway, we recently identifi ed a nonenzymatic production of 12-HHT 
from PGH 2  by using pharmacological and genetic inhibition of TxA 2 S  in vitro  and 
 in vivo  [ 33 ]. 12-HHT is present in intestine, and BLT2 is highly expressed in intes-
tinal epithelial cells [ 34 ,  35 ]. BLT2 plays protective roles against dextran sulfate- 
induced colitis by enhancing barrier function in intestinal epithelial cells [ 36 ]. BLT2 
is also expressed in human and mouse skin. BLT2 defi ciency delays epidermal 
wound healing by slowing keratinocyte migration without affecting fi broblast dif-
ferentiation or keratinocyte proliferation [ 37 ]. 12-HHT is mainly produced by plate-
lets in wound areas, and it activates BLT2 expressed in epidermal keratinocytes. 
Through the NF-κB pathway, activated keratinocytes induce tumor necrosis factor-α, 
which upregulates matrix metalloproteinase (MMP) 9 in an autocrine or paracrine 
manner. Although BLT2 is primarily expressed in epithelial cells, a recent report 
demonstrated that BLT2 is also expressed in Th2 cells; furthermore, BLT2-defi cient 
mice exhibit enhanced eosinophil accumulation and IL-13 and IL-4 production in a 
Th2-dependent murine asthma model [ 38 ]. Furthermore, several studies showed 
that BLT2 is involved in progression of various cancers, including bladder, ovarian, 
prostate, and breast cancers [ 32 ]. BLT2 is upregulated in human bladder cancer, 
ovarian carcinoma, breast cancer, renal cell carcinoma, lung carcinoma, and other 
tumors [ 39 ]. In addition, cell transformation induced by constitutively active mutant 
Ras might be BLT2 dependent [ 39 ]. BLT2-mediated cancer progression is associ-
ated with the NOX-ROS-NF-κB signaling pathway, which promotes cancer cell 
survival and invasion through induction of androgen receptor and MMP9, 
respectively.  
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6.4     Perspectives and Future Directions 

 The biosynthesis and degradation pathways of LTB 4 , with the exception of the 
export mechanism of LTB 4  to the extracellular space, have been clarifi ed in detail. 
Because transporters are promising therapeutic targets, detailed studies of MRP4 by 
MRP4-defi cient mice are required. On the other hand, the roles of leukotriene B 4  
receptors have been extensively investigated in both BLT1 and BLT2 systemically 
defi cient mice. However, because many studies found that BLT1 and BLT2 are 
expressed in various tissues and cell types, the cell-specifi c role of those receptors 
should be elucidated using conditional-knockout mice. Future studies should focus 
on determining which cells produce LTB 4 , which cells express BLT1  in vivo , and 
the clinical relevance of the LTB 4 –BLT1 and 12-HHT-BLT2 pathways.     
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    Chapter 7   
 Platelet-Activating Factor (PAF) in Infectious 
Diseases       

       Satoshi     Ishii    

    Abstract     Platelet-activating factor (PAF) is a phospholipid that was originally dis-
covered as an IgE-sensitized rabbit basophil-derived substance responsible for 
platelet aggregation. The chemical structure was determined to be 1- O -alkyl-2-
acetyl- sn   -glycero-3-phosphocholine. The cellular effects of PAF are mediated by a 
specifi c G protein-coupled receptor (PAFR). When PAF is administered to labora-
tory animals, versatile pharmacological responses including platelet aggregation 
occur. In some studies, the pathophysiological roles of PAF have been deduced from 
observations that PAF production and PAFR expression are increased in the affected 
tissues or organs. Furthermore, mimicking of pathophysiological conditions by PAF 
and suppressive effects of PAF antagonists also suggest signifi cant roles for PAF in 
some diseases. Under such experimental circumstances, PAFR-knockout (KO) 
mice were fi rst reported in 1998. Since then, numerous studies using PAFR-KO 
mice have provided insight into multiple pathophysiological roles of PAF. Some of 
the studies used experimental infection models with various pathogens. This chap-
ter reviews the current understanding of the PAF/PAFR axis and its protective or 
deleterious roles in infectious diseases.  

  Keywords      Klebsiella pneumoniae    •    Pseudomonas aeruginosa    •    Streptococcus pneu-
moniae    •    Haemophilus infl uenzae    •    Mycobacterium tuberculosis    •    Aggregatibacter 
actinomycetemcomitans    •   Dengue virus   •   Infl uenza virus   •    Leishmania amazonensis    • 
   Trypanosoma cruzi    •    Plasmodium berghei    •    Strongyloides venezuelensis   

7.1         PAF Biosynthesis and Metabolism 

 Phospholipids are major components of the biomembrane. Some phospholipids, 
when metabolized, are converted into intercellular signaling molecules, including 
lysophosphatidic acid [ 1 ], sphingosine-1-phosphate [ 2 ], and platelet-activating fac-
tor (PAF) [ 3 ,  4 ]. 
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 PAF is synthesized intracellularly by either the  de novo  or the remodeling path-
way [ 5 ,  6 ] (Fig.  7.1 ). The remodeling pathway is regulated by extracellular stimuli 
and is responsible for the bulk of PAF synthesis under infl ammatory conditions. 
Stimulus-coupled PAF biosynthesis is initiated by the activation of cytosolic PLA 2  
(cPLA 2 ), which hydrolyzes 1- O -alkyl-phosphatidylcholine in biomembranes to 
1- O -alkyl- sn -glycero-3-phosphocholine (lyso-PAF) [ 7 ,  8 ]. This biologically inac-
tive phospholipid is then acetylated at the  sn -2 position to form PAF by the activity 
of LPCAT2, an acetyl-CoA:lyso-PAF acetyltransferase [ 9 ]. LPCAT2 expression is 
observed mainly in infl ammatory cells such as peritoneal macrophages. In response 
to infl ammatory signals that lead to the activation of p38 mitogen-activated protein 
kinase (MAPK) and protein kinase C (PKC)α, LPCAT2 is serine-phosphorylated 
and activated [ 10 ,  11 ]. Considering that the catalytic activity of cPLA 2  is stimulated 
in a Ca 2+ - and ERK MAPK-dependent manner [ 12 ,  13 ], a mechanism in which 

  Fig. 7.1    Synthetic 
pathways of platelet- 
activating factor (PAF). 
PAF is synthesized via two 
distinct pathways, the  de 
novo  and the remodeling 
pathways. LPCAT2 is an 
enzyme with acetyl- 
CoA:lyso-PAF 
acetyltransferase activity 
that catalyzes the fi nal 
reaction for PAF synthesis 
in the remodeling pathway. 
PAF is degraded by PAF 
acetylhydrolase (PAF-AH) 
to lyso-PAF.  P  in a  circle  
indicates phosphate group       
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cPLA 2  and LPCAT2 act sequentially seems reasonable for the effective production 
of PAF in response to extracellular stimuli. Following secretion into the  extracellular 
space, PAF exerts its bioactivity on a variety of cells through a specifi c G protein- 
coupled receptor (see following).

   Deacetylation of PAF is catalyzed by plasma PAF acetylhydrolase, which results in 
its conversion into lyso-PAF [ 14 ]. This enzyme appears to be secreted mainly by mac-
rophages [ 15 ,  16 ] and circulates in association with LDL and HDL particles [ 17 ]. 
Thus, PAF released into the extracellular space can be rapidly inactivated to prevent 
excessive and uncontrolled activation of the specifi c receptor for PAF (PAFR).  

7.2     PAFR 

 Using an expression cloning method with  Xenopus  oocytes, Prof. Takao Shimizu 
and his research team isolated a cDNA clone encoding PAFR from a guinea pig 
lung cDNA library in 1991 [ 18 ]. Subsequent cross-hybridization screening studies 
identifi ed PAFR orthologues from humans [ 19 ], rats [ 20 ], and mice [ 21 ]. 
Consistently, these PAFRs were found to be single polypeptides composed of 
approximately 340 amino acids. Similar to other G protein-coupled receptors, PAFR 
possesses seven transmembrane domains. A single receptor subtype is currently 
thought to mediate all the actions of PAF. Of note, PAFR can couple to both Gq/11 
and Gi/o proteins, which initiate distinct signals (Fig.  7.2 ). This trait enables the 
receptor to simultaneously activate various kinases and phospholipases. The former 
involves MAPK, PKC, phosphatidylinositol 3-kinase (PI3K), and protein tyrosine 
kinase (PTK), and the latter includes phospholipase C (PLC)β and cPLA 2 .

   Northern hybridization experiments have revealed the distribution of PAFR 
mRNA expression in several species. In guinea pigs [ 18 ], PAFR mRNA is most 
abundant in leukocytes. Furthermore, the spleen and lung contain detectable 
amounts of PAFR mRNA. In humans, the PAFR message has been detected in neu-
trophils [ 19 ], monocytes [ 22 ], monocyte/CD34 +  cell-derived dendritic cells [ 23 ], 
and umbilical vein endothelial cells (HUVECs) [ 24 ]. As in guinea pigs, the human 
lung has been shown to express high levels of PAFR mRNA [ 25 ,  26 ]. Rat PAFR 
mRNA can be detected in the spleen, small intestine, and lung [ 20 ], as well as in 
microglia [ 27 ] and mesangial cells [ 28 ]. Mouse peritoneal macrophages express a 
signifi cant amount of PAFR mRNA. In mouse tissues, abundant expression of PAFR 
mRNA has been observed in the spleen, lung, and small intestine [ 21 ]. Altogether, 
these observations indicate that tissues rich in myeloid cells commonly contain high 
levels of PAFR mRNA. 

 Specifi c receptors for PAF have been identifi ed in numerous tissues and cells 
through the use of  3 H-labeled PAFR agonists and antagonists. The fi rst binding 
experiment utilizing [ 3 H]-PAF was conducted in washed human platelets [ 29 ]. 
Consistent with the data obtained by Northern hybridization, specifi c receptors for 
PAF have been detected on neutrophils, macrophages, mononuclear leukocytes, 
eosinophils, and Kupffer cells (see [ 30 ] for review). In addition to these myeloid 
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cells, tracheal epithelial cells [ 31 ] and HUVECs [ 32 ] also have shown specifi c 
 binding activity to PAF. Although these cultured cells were assayed intact, mem-
brane fractions were used to demonstrate specifi c PAFRs in tissues or to eliminate 
the intracellular degradation of PAF. Such specimens were prepared from the lung 
[ 33 ] and spleen [ 34 ].  

7.3     Role of the PAF/PAFR Axis in Infectious Diseases 

 A variety of microorganisms can cause disease in mammals. These microorganisms 
are referred to as pathogenic microorganisms or pathogens, composed of four cat-
egories: viruses, bacteria, fungi, and parasites. Immune responses are induced 
against infection by pathogens. Since PAFR-knockout (KO) mice were fi rst reported 
in 1998 [ 35 ], there have been several studies examining whether PAF contributes to 
host defense against or pathogenesis of infectious diseases. In the following, studies 

  Fig. 7.2    Schematic representation of intracellular signaling events coupled to PAF receptor. This 
scheme represents an overlay of signaling pathways leading to intracellular Ca 2+  increase and 
mitogen-activated protein kinase (MAPK) activation. Some of the signaling events may be cell- 
type specifi c.  Dashed lines  indicate the pathways that need to be further characterized. PKCs 
include conventional and novel PKC isozymes, which are activated by Ca 2+  and DAG. PTKs 
include Src and Tec family tyrosine kinases as well as receptor tyrosine kinases.  AA  arachidonic 
acid,  AC  adenylate cyclase,  DAG  diacylglycerol,  IP3  inositol 1,4,5-trisphosphate,  MEK  MAP 
kinase kinase,  LT  leukotriene,  PG  prostaglandin,  TX  thromboxane. See text for other 
abbreviations       
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published during the past dozen years or so will be reviewed that offer insight into 
the protective or deleterious roles of the PAF/PAFR axis in infectious disease. 

7.3.1     Bacterial Infection 

7.3.1.1      Klebsiella pneumoniae  and  Pseudomonas aeruginosa  

 Soares  et al . investigated the relevance of PAFR in a model of pulmonary infection 
in mice caused by the gram-negative bacterium  Klebsiella pneumoniae  [ 36 ]. 
Infection of PAFR-KO mice with  K. pneumoniae  resulted in signifi cantly earlier 
lethality when compared with wild-type (WT) controls. This phenomenon was 
associated with a signifi cant increase in the number of bacteria and a marked sup-
pression of  K. pneumoniae  uptake by neutrophils in the lungs of PAFR-KO mice. 
Notably, there was little effect of PAFR defi ciency on the number of neutrophils in 
the mouse lung. Thus, PAF is likely to exert a protective role against  K. pneumoniae  
infection by activating infi ltrating neutrophils in the lung. This study exemplifi es 
how the innate immune system utilizes lipid mediators to protect the host against 
pathogens. 

  Pseudomonas  pneumonia is a critical clinical problem with a high mortality rate. 
Another experimental pulmonary infection study was performed with  Pseudomonas 
aeruginosa  [ 37 ]. When compared with WT mice, PAFR-KO mice also show 
reduced resistance against  P. aeruginosa , most likely the result of a reduced phago-
cytic capacity of PAFR-KO neutrophils in the lung. PAFR seems to contribute to 
host defense against  P. aeruginosa  infection in a manner similar to that of  K. pneu-
moniae  infection.  

7.3.1.2      Streptococcus pneumoniae  and  Haemophilus infl uenzae  

 The characteristic features of each bacterial pathogen are diverse in terms of the 
mode of infection transmission, colonization procedure, and mechanism of patho-
genesis. Phosphorylcholine is a critical moiety of PAF and is also a component of 
the cell walls of  Streptococcus pneumoniae  [ 38 ] and nontypeable  Haemophilus 
infl uenzae  [ 39 ]. 

 Susceptibility to  S. pneumoniae  infection is reportedly observed after infl ammatory 
activation of A549 alveolar epithelial cells and HUVECs  in vitro  [ 40 ], likely caused by 
upregulation of PAFR expression at the cell surface. The  in vivo  relevance of the inter-
action between pneumococcal phosphorylcholine and PAFR was evident in a model of 
pneumococcal pneumonia showing that PAFR-KO mice had an attenuated infl amma-
tory response, reduced bacterial numbers, and an improved outcome [ 41 ]. 

 It should be noted that the interaction between phosphorylcholine and PAFR 
does not affect murine host defense during nontypeable  H. infl uenzae  pneumonia 
[ 42 ]; PAFR-KO and WT mice display similar bacterial counts, myeloperoxidase 
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activity, and histopathology in the lung. These results suggest that receptors other 
than PAFR are responsible for the regulation of innate immune responses to non-
typeable  H. infl uenzae  infection despite  in vitro  data indicating a signifi cant role of 
the phosphorylcholine–PAFR interaction in the invasion of pulmonary epithelial 
cells [ 43 ].  

7.3.1.3      Mycobacterium tuberculosis  

 Mycobacteria such as  Mycobacterium tuberculosis  are intracellular pathogens that 
grow primarily in the phagosomes of macrophages [ 44 ]. Th1 cells can activate mac-
rophages to eliminate these pathogens. To examine the role of PAF in host Th1 
responses during pulmonary tuberculosis, PAFR-KO and WT mice were infected 
with  M. tuberculosis  [ 45 ]. Mycobacterial outgrowth as well as CD4 +  lymphocyte 
recruitment/activation and Th1 cytokine [interferon (IFN)-γ] production in the 
lungs did not differ signifi cantly between PAFR-KO and WT mice, as determined 
during the early phase of infection when all mice were still alive. Subsequently, 
similar mortality rates in the two genotypes were observed. These data argue against 
a role for PAF in T-cell-mediated immune responses to  M. tuberculosis  infection 
and seem to be in contrast to a role for PAF in neutrophil-mediated innate immune 
responses to  K. pneumoniae  and  P. aeruginosa  infections. Indeed, little is known 
regarding the effects of PAF on lymphocyte activation [ 3 ].  

7.3.1.4      Aggregatibacter actinomycetemcomitans  

 Periodontitis is a chronic infl ammatory and alveolar bone destructive disease that 
affects the supporting structures of the tooth. This disease is caused by oral biofi lm- 
producing bacteria, such as  Aggregatibacter actinomycetemcomitans . There is a 
report that the mRNA expression level of the PAF biosynthetic enzyme LPCAT2 
was increased after  A. actinomycetemcomitans  lipopolysaccharide (LPS) injection 
into mouse periodontal tissues [ 46 ]. Indeed, PAF has been detected in infl amed 
human gingival tissues [ 47 ]. After experimental oral infection with  A. actinomy-
cetemcomitans , PAFR-KO mice show reduced alveolar bone loss [ 46 ]. In line with 
this, the number of tartrate-resistant acid phosphatase-positive cells, which include 
osteoclasts, is reduced within the alveolar bone of PAFR-KO mice. We previously 
reported that LPCAT2 is expressed in osteoclasts [ 48 ]. The produced PAF is consid-
ered to activate PAFR on osteoclasts in an autocrine/paracrine manner and exert 
positive effects on cell survival and bone-resorptive activity. Altogether, it is likely 
that PAF, in concert with LPS, enhances the differentiation and activity of osteo-
clasts in the periodontal tissues during  A. actinomycetemcomitans  infection.   
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7.3.2     Viral Infection 

7.3.2.1    Dengue Virus 

 Dengue fever is a mosquito-borne disease caused by dengue virus. In a small per-
centage of cases, individuals develop a severe syndrome, referred to as dengue hem-
orrhagic fever or dengue shock syndrome, which is characterized by increased 
vascular permeability, an altered number of leukocytes, increased hematocrit, 
thrombocytopenia, and varying amounts of hemorrhage [ 49 ]. When administered 
systemically to animals, PAF can mimic several responses that are commonly 
observed in the context of severe dengue infection. Consistently, a previous study 
showed that PAF production was greater in macrophages obtained from patients 
who were previously infected with dengue virus than those from healthy controls 
[ 50 ]. Therefore, it was hypothesized that excessive activation of PAFR during den-
gue infection could account, in part, for the symptoms of dengue hemorrhagic fever/
dengue shock syndrome. Indeed, inoculation of PAFR-KO mice with dengue virus 
caused milder thrombocytopenia, hyperpermeability, and infl ammatory cytokine 
production (including IFN-γ) and delay in death when compared with WT infected 
mice [ 51 ]. It is notable that viral titers in PAFR-KO mice were similar to those 
found in WT mice. These results are consistent with the hypothesis that PAF plays 
an important role in infl ammation during viral infections without affecting viral 
clearance by the host.  

7.3.2.2    Infl uenza Virus 

 In a model of experimental infection with infl uenza A virus, PAFR-KO mice had 
reduced pulmonary infl ammation, Th1 cytokine production, and lethality rates [ 52 ], 
suggesting the importance of PAF in the pathogenesis of infl uenza A virus infec-
tion. Consistently, the infection induced the mRNA expression level of LPCAT2. 
Again, immune responses against the virus, as assessed by viral titers and specifi c 
antibodies, were unaffected in PAFR-KO mice.   

7.3.3     Parasite Infection 

7.3.3.1     Leishmania amazonensis  and  Trypanosoma cruzi  

 The intracellular protozoans  Leishmania  and  Trypanosoma  are medically important 
parasites [ 53 ]. Several  Leishmania  species are responsible for cutaneous, mucocu-
taneous, or visceral leishmaniasis, and  Trypanosoma cruzi  causes Chagas’ disease. 
The roles of PAFR in the outcome of infection with these protozoan parasites were 
assessed in experimental models using PAFR-KO mice. 
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  Leishmania  preferentially infects macrophages and drives Th1 immune responses 
in the host, which are effective for elimination of this parasite [ 53 ]. The infl amma-
tion observed in infected tissues is characterized by infi ltration of lymphocytes, 
neutrophils, and macrophages, which appear to secrete a range of infl ammatory 
mediators, including PAF. PAFR-KO mice are more susceptible to  Leishmania 
amazonensis  infection than WT controls, as observed both by the infl ammatory area 
and parasite number at the site of infection [ 54 ]. Consistently, IFN-γ production is 
impaired in PAFR-KO mice by unknown mechanisms. Expression of nitric oxide 
(NO) synthase-2 mRNA is also impaired in PAFR-KO mice. Thus, in concert with 
IFN-γ, PAF may activate macrophages to eliminate infecting  L. amazonensis , most 
likely through NO production. 

  Trypanosoma cruzi  infects many cell types [ 53 ]. In addition to parasite-driven 
infl ammation, an autoimmune component may also be involved in the tissue dam-
age that occurs during chronic stages of the disease, especially in cardiac tissues. 
Effective immune responses to  T. cruzi  consist of macrophage activation that favors 
phagocytosis and NO production. Additionally, the establishment of antigen- 
specifi c Th1 response is important for host protection against the parasite. The 
hearts of  T. cruzi -infected PAFR-KO mice have an increased number of parasite 
nests associated with a more intense infl ammatory infi ltrate [ 55 ]. This pathology is 
accompanied by greater parasitemia and lethality, although there is no signifi cant 
change in the expression of IFN-γ in the hearts of infected PAFR-KO mice.  In vitro , 
macrophages from PAFR-KO mice fail to phagocytose  T. cruzi  in response to leu-
kotriene B4 and MCP-1 as well as PAF and produce reduced amounts of NO fol-
lowing infection and activation with IFN-γ. These data suggest that PAF is involved 
in host resistance to  T. cruzi  infection by activating macrophages to phagocytose the 
parasite and subsequently produce NO.  

7.3.3.2     Plasmodium berghei  

  Plasmodium falciparum  is an intracellular protozoan parasite that causes malaria in 
humans. Cerebral malaria is a severe form of the disease that may result, in part, 
from an overt infl ammatory response during infection by  P. falciparum  [ 56 ]. 
Although the exact pathogenesis of cerebral malaria remains unclear, several mech-
anisms have been proposed to explain it, including breakdown of the blood–brain 
barrier in the central nervous system and infl ammatory adaptive immune responses 
[ 56 ,  57 ]. Infection with  P. berghei  is the main mouse model for cerebral malaria 
[ 57 ]. PAFR deletion in mice causes a delay to death in experimental cerebral malaria 
[ 58 ]. In addition, brain infl ammation is signifi cantly reduced in PAFR-KO mice, as 
demonstrated by histology, vascular permeability, and recruitment/activation of 
CD8 +  T cells. In contrast, PAFR-KO mice display normal parasitemia, which sug-
gests that PAFR is not relevant to parasite replication and does not appear to have 
any signifi cant antimalarial properties. Therefore, PAFR appears to contribute to the 
infl ammatory events that lead to premature death of the host.  
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7.3.3.3     Strongyloides venezuelensis  

 Gastrointestinal nematode species with a pulmonary migration component of their 
life cycles are the most prevalent parasites in humans [ 59 ]. Experimental murine 
infections with gastrointestinal nematodes such as  Strongyloides venezuelensis  
induce predominantly Th2 immune responses for host protection. Following their 
obligatory migration through the lungs of mice,  S. venezuelensis  larvae become 
established in the duodenal mucosa [ 60 ]. Arrival of the parasite in the intestine is 
accompanied by intestinal eosinophilia and mastocytosis, which may be involved in 
the process of worm elimination by approximately 10 days after infection. Although 
larval migration and intestinal establishment are not affected by the absence of the 
PAFR,  S. venezuelensis -infected PAFR-KO mice show a delay in the elimination of 
worms compared to infected WT mice [ 61 ]. Histopathological changes in the small 
intestine are reduced in PAFR-KO mice. Indeed, PAFR-KO mice express lower 
levels of Th2 cytokines. Although the mechanisms underlying PAFR-driven Th2 
immune responses remain to be established, these results suggest that PAFR activa-
tion is associated with the elimination of  S. venezuelensis  from the small intestine.   

7.3.4     Conclusions 

 In this review, the involvement of the PAF/PAFR axis in several models of infec-
tious diseases is described. These experimental infection studies revealed several 
distinctive functions of PAFR in host defense, depending on the pathogenic mecha-
nisms of infection. Outcomes for each study are summarized in Table  7.1 .

   By facilitating phagocytosis and killing of bacteria, PAF appears to affect the 
ability of phagocytes (likely mainly neutrophils) to address pulmonary infections 
with  K. pneumoniae  [ 36 ] and  P. aeruginosa  [ 37 ]. Most likely because of different 
characteristic features of pathogens, the other pulmonary infections with extracel-
lular bacteria, that is,  S. pneumoniae  [ 41 ] and  H. infl uenzae  [ 42 ], appear to develop 
independently of PAFR-activated phagocytes. It is of interest that PAFR-mediated 
activation of phagocytes (likely mainly macrophages) is also responsible for host 
resistance to the intracellular protozoan parasites  L. amazonensis  [ 54 ] and  T. cruzi  
[ 55 ]. NO produced in PAFR-activated macrophages may be a key effector molecule 
of the intracellular parasite killing. Alveolar macrophages serve as the major host 
cell niche for the growth and survival of  M. tuberculosis , and NO also has mycobac-
tericidal activity in mice [ 62 ]. However, PAFR-KO mice have normal protective 
immune responses to  M. tuberculosis  [ 45 ], the reason for which remains unclear. 

 PAF exerts different functions during intracellular infection with dengue and 
infl uenza A viruses [ 51 ,  52 ]. PAF-producing cells, such as phagocytes, in the 
infected tissues appear to release a large amount of PAF, which aberrantly activates 
PAFR in an autocrine/paracrine manner and causes tissue injury and, in some 
instances, death. A similar mechanism may underlie the pathogenesis of cerebral 
malaria [ 58 ], pneumococcal pneumonia [ 41 ], and periodontitis [ 46 ], although the 
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latter two are caused by infection with extracellular pathogens. Thus, PAFR could 
be a useful therapeutic target to interfere with the aggravation of these diseases. It is 
worth noting that treatment of mice with PAFR antagonists prevented, at least in 
part, the progression of infection with these pathogens [ 51 ,  52 ,  58 ,  40 ,  63 ]. 
Equivalent studies in humans are required to understand the potential role of PAFR 
blockade in the amelioration of disease symptoms. 

   Table 7.1    Characteristics of the experimental infection studies using platelet-activating receptor 
(PAFR)-knockout (KO) mice   

 Pathogens 

 Effects of PAF/PAFR 
on 

 Responsible immune 
mechanisms  References 

 Pathogen 
burden 

 Disease 
symptoms 

  Klebsiella pneumoniae   ⇓  ⇓  PAF activates neutrophil 
phagocytosis. 

 [ 36 ] 

  Pseudomonas aeruginosa   ⇓  ⇓  PAF activates neutrophil 
phagocytosis. 

 [ 37 ] 

  Streptococcus pneumoniae   ⇑  ⇑  PAFR anchors  S. pneumoniae  
to epithelial and endothelial 
cells. 

 [ 41 ] 

  Haemophilus infl uenzae   ⇒  ⇒  N/A a   [ 42 ] 
  Mycobacterium tuberculosis   ⇒  ⇒  N/A  [ 45 ] 
  Aggregatibacter 
actinomycetemcomitans  

 ⇒  ⇑  PAF enhances the 
differentiation and activity of 
osteoclasts in infl amed 
periodontal tissues. 

 [ 46 ] 

 Dengue virus  ⇒  ⇑  PAF induces 
thrombocytopenia, 
hyperpermeability, 
hemoconcentration, and Th1 
cytokine production. 

 [ 51 ] 

 Infl uenza virus  ⇒  ⇑  PAF induces lung injury with 
increased neutrophil 
recruitment and Th1 cytokine 
production. 

 [ 52 ] 

  Leishmania amazonensis   ⇓  ⇓  PAF stimulates macrophages 
and Th1 polarization. 

 [ 54 ] 

  Trypanosoma cruzi   ⇓  ⇓  PAF stimulates macrophages.  [ 55 ] 
  Plasmodium berghei   ⇒  ⇑  PAF contributes to vascular 

permeability and CD8 +  T cell 
activation in the brain. 

 [ 58 ] 

  Strongyloides venezuelensis   ⇓  ⇓  PAF stimulates Th2-
predominant intestinal 
infl ammation. 

 [ 61 ] 

   a  N/A , not applicable  
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 In many of the experimental infection models mentioned earlier, adaptive 
immune responses are induced: Th1 immune responses during infections with 
 dengue and infl uenza A viruses [ 51 ,  52 ] and  L. amazonensis  [ 54 ], Th2 responses 
during infection with  S. venezuelensis  [ 61 ], and CD8 +  T-cell responses with  P. ber-
ghei  [ 58 ]. PAFR-KO mice are defi cient in the ability to induce these adaptive 
immune responses. Considering that PAFR activation is likely to be important for 
phagocytosis [ 64 ,  65 ], the ensuing antigen presentation by phagocytes may be 
impaired in PAFR-KO mice. Future research will further characterize the role of the 
PAF/PAFR axis in the modulation of adaptive immunity.      
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    Chapter 8   
 Lysophospholipid Mediators: Their Receptors 
and Synthetic Pathways       
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    Shizu     Aikawa    ,     Akiharu     Uwamizu    ,     Yuji     Shinjo    ,     Kahori     Namiki    , 
    Hiroki     Kawana    ,     Saki     Nemoto    ,     Hirotaka     Matsumoto    ,     Ryoji     Kise    , 
    Asuka     Inoue    , and     Junken     Aoki    

    Abstract     It is now widely accepted that lysophospholipids (LPLs), a product of the 
phospholipase A reaction, function as mediators through G protein-coupled recep-
tors (GPCRs). Notably, recent studies of lysophosphatidic acid (LPA) and sphingo-
sine 1-phosphate (S1P) have revealed their essential roles  in vivo . In addition, recent 
studies have identifi ed several GPCRs for other lysophospholipids such as lyso-
phosphatidylserine (LysoPS) and lysophosphatidylinositol (LPI). In this chapter, 
we summarize the actions and production of these LPLs as lipid mediators includ-
ing LysoPS and LPI.  

  Keywords     Lysophospholipids   •   Lysophosphatidic acid   •   Lysophosphatidylserine   • 
  G protein-coupled receptors (GPCRs)   •   Autotaxin   •   Phosphatidic acid-selective 
phospholipase A 1   

8.1         Introduction 

 Lysophospholipids (LPLs) are deacylated forms of phospholipids. They include 
lysophosphatidic acid (LPA), sphingosine 1-phosphate (S1P), lysophosphatidylcho-
line (LPC), lysophosphatidylethanolamine (LPE), lysophosphatidylinositol (LPI), 
lysophosphatidylserine (LysoPS), and lysophosphatidylglycerol (LPG). LPLs had 
long been thought as merely by-products of the arachidonate cascade and choles-
terol metabolism. However, they have been shown to induce multiple cellular 
responses such as stimulation of proliferation, migration, and mast cell degranula-
tion, and suppression of apoptosis. Moreover, in the past two decades, a number of 
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studies have identifi ed multiple receptors and synthetic enzymes specifi c to each 
LPL. From the studies on their receptors and producing enzymes together with stud-
ies on LPLs themselves, the pathophysiological roles have been identifi ed espe-
cially for LPA, S1P, LysoPS, and LPI. Thus, these LPLs are now known as lipid 
mediators. In this chapter, we review the receptors and synthetic enzymes for each 
LPL and summarize their pathophysiological function.  

8.2     Receptors for lysophospholipids 

 Most lysophospholipids exert their functions via G protein-coupled receptors 
(GPCRs). More than 20 GPCRs have been identifi ed. They respond to LPA, S1P, 
LPI, LysoPS, LPC, and sphingosylphosphorylcholine (SPC). However, for some of 
them, including G2A (for LPC) and OGR1 (for SPC), it remains controversial 
whether they are the genuine LPLs receptor, and these need further study. In this 
chapter, we review only legitimate LPLs receptors that are supported by indepen-
dent studies (Table  8.1 ). LPLs also act as ligands for other types of receptors such 
as peroxisome proliferator-activated receptor-γ (PPARγ) and transient receptor 

   Table 8.1    Lysophospholipid receptors and their functions   

 Receptor  Ligand  G protein  mRNA localization  Functions 

 LPA 1  (Edg2)  LPA  G i , G q , 
G 12/13  

 Ubiquitous  Development of central 
nervous system, 
osteogenesis, neuropathic 
pain, fi brosis 

 LPA 2  (Edg4)  LPA  G i , G q , 
G 12/13  

 Spleen, testis  Suppression of dendritic 
cell activation 

 LPA 3  (Edg7)  LPA  G i , G q   Uterus, testis, lung, 
kidney 

 Embryo implantation 

 LPA 4   LPA  G s , G i , 
G q , G 12/13  

 Ovary, endothelium  Vascular development 

 LPA 5  (GPR92)  LPA, 
FPP 

 G i , G 12/13   Thymus, small 
intestine, dorsal 
root ganglion, 
platelets 

 Neuropathic pain 

 LPA 6  (P2Y5)  LPA  G 12/13   Hair follicle  Differentiation and 
maturation of hair 
follicles 

 GPR55  LPI  G i/o , G q , 
G 12/13  

 Immune cell, 
osteoclast 

 Nociceptive pain, bone 
morphogenesis 

 LPS 1  (GPR34)  LysoPS  G i   Immune cell, 
microglia 

 Suppression of cytokine 
release 

 LPS 2  (P2Y10)  LysoPS  G 12/13   Thymus, spleen  Unknown 
 LPS 2L  (A630033H20)  LysoPS  G 12/13   Thymus, spleen  Unknown 
 LPS 3  (GPR174)  LysoPS  G 13 , G s   Thymus, spleen  Unknown 
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potential V1 (TRPV1), but we shall not consider these in this chapter. After their 
discovery, multiple nomenclatures have been proposed. In this chapter, we princi-
pally follow the nomenclature proposed recently by Kihara et al. [ 1 ], except that 
LysoPS receptors are noted as LPS x . In all cases, receptor proteins are noted as 
LP(X)( y ), whereas receptor genes are  LP(X)R(   y   ) , where X and  X  denote the head 
group of LPLs and y and  y  denote the order of discovery.

8.2.1       Receptors for LPA 

 In 1989, van Corven et al. reported that LPA-induced cell proliferation is G protein 
(Gα i ) dependent and indicated that the LPA receptor was GPCR [ 2 ]. In 1996, Hecht 
et al. fi rst reported that EDG2 was a cellular receptor for LPA [ 3 ]. More recently, 
Noguchi et al. reported that P2Y9 reacted specifi cally with LPA [ 4 ]. To date there 
are six GPCRs for LPA belonging to either of two clusters: one is the EDG family 
members consisting of LPA 1 /EDG2, LPA 2 /EDG4, and LPA 3 /EDG7, and the other is 
the P2Y family members consisting of LPA 4 /P2Y9, LPA 5 /GPR92, and LPA 6 /P2Y5. 
These LPA receptors are expressed by particular cells in different organs and acti-
vate multiple intracellular signaling pathways, which accounts for their many bio-
logical functions. Here, we summarize recent advances in the studies of LPA 
receptors and their physiological function obtained mainly from analyses of knock-
out (KO) mice and human genetic diseases. 

8.2.1.1     LPA 1  ( LPAR1 ) 

 LPA 1  is the fi rst identifi ed LPA receptor. It was identifi ed by Chun and colleagues in 
1996 [ 3 ]. LPA 1  is expressed ubiquitously in various tissues. It couples to multiple G 
proteins (Gα i , Gα q , Gα 12/13 ) to activate various intracellular signaling pathways. 

 Several studies have shown the pathophysiological functions of LPA 1 . (1) LPA 1  
KO mice have defects in the development of parts of the central nervous system 
such as the cerebral cortex and olfactory neurons. (2) LPA 1  has a role in the adult 
peripheral nervous system. LPA 1  KO mice are resistant to injury-induced demyelin-
ation of the spinal cord and less sensitive to neuropathic pain [ 5 ,  6 ]. (3) LPA 1  has 
been linked to fi brotic disease in multiple organs. LPA 1  promotes pulmonary fi bro-
sis and renal fi brosis by mediating fi broblast migration and vascular permeability, 
suggesting that LPA 1  could be a promising new therapeutic target in fi brosis [ 7 ]. 
LPA 1  KO mice were also reported to be resistant to bleomycin-induced dermal 
fi brosis [ 8 ]. (4) LPA 1  KO mice show cranial and rib cage deformities and low bone 
mass [ 9 ]. We found that LPA 1  KO mice exhibited abnormal chondrocyte arrange-
ment in cartilage tissue throughout the body, including the cranial bone 
(unpublished).  
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8.2.1.2     LPA 2  ( LPAR2 ) 

 Two years after identifi cation of LPA 1 , the second LPA receptor LPA 2  was discov-
ered by virtue of its homology to LPA 1  [ 10 ]. LPA 2  is coupled with G proteins similar 
to LPA 1  (Gα i , Gα q , Gα 12/13 ). LPA 2  KO mice exhibit no obvious phenotypic abnor-
malities under normal conditions, and it is speculated that LPA 2  acts redundantly 
with LPA 1  [ 11 ]. However, colon cancer induced by azoxymethane and dextran sul-
fate sodium was dramatically reduced in LPA 2  KO mice [ 12 ]. In addition, dendritic 
cells from LPA 2  KO mice were found to induce T-cell proliferation and interleukin 
(IL)-13 production more effi ciently than their wild-type (WT) counterparts, and 
LPA 2  KO mice developed greater allergen-induced lung infl ammation in ovalbumin- 
challenged asthma [ 13 ], revealing the immunomodulatory roles of LPA 2 .  

8.2.1.3     LPA 3  ( LPAR3 ) 

 LPA 3  is the third LPA receptor identifi ed by our group in 1999 [ 14 ]. Interestingly, 
LPA 3  appears to discriminate among different LPA species (classes and positions of 
fatty acid), and LPA 3  is fully activated by 2-acyl-LPA with unsaturated fatty acids 
such as 18:1, 18:2, and 20:4. LPA 3  is known to couple to mainly Gα q  and Gα i . 

 Female LPA 3  KO mice exhibited implantation failure, as revealed by delayed 
implantation and crowded implantation sites [ 15 ]. As a result, LPA 3  KO mice 
showed decreased litter size and shared placenta. In the mouse uterus, LPA 3  is 
expressed specifi cally in the endometrial epithelium in a progesterone-dependent 
fashion during the peri-implantation period or menstrual cycle. This manner of 
expression is also observed in humans, sheep, and pigs [ 16 ,  17 ]. On the other hand, 
clinical observations revealed that LPA 3  expression is low in the secretory endome-
trium of patients with recurrent implantation failure [ 18 ]. These fi ndings suggest 
that LPA 3  is essential for normal pregnancy in a wide range of mammals.  

8.2.1.4     LPA 4  ( LPAR4 ) 

 LPA 4  is a novel type of LPA receptor classifi ed in the P2Y receptor family that is 
very distant from Edg family LPA receptors. Noguchi et al. identifi ed this receptor 
by screening for orphan GPCRs using a large number of lipids in 2003 [ 4 ]. LPA 4  is 
coupled with various G proteins including Gα s , Gα q , Gα i , and Gα 12/13 . 

 LPA 4  defi ciency in C57BL/6 mice was reported to be partially embryonically 
lethal [ 19 ]. LPA 4 -defi cient embryo displayed hemorrhage or edema in many organs 
as a result of abnormal development of blood and lymphatic vessels. Mouse embryos 
defi cient in autotaxin (ATX), an LPA-producing enzyme, showed profound vascular 
defects and died around embryonic day 9.5–10.5 [ 20 ]. Although the phenotype of 
ATX-defi cient mice was more severe than that of LPA 4  KO mice, some of the phe-
notypes observed in ATX-defi cient mice might be attributed to LPA 4 . Recently, we 
found that zebrafi sh embryos showed aberrant segmental vascular development 
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upon knockdown of both LPA 4  and LPA 1  [ 21 ], again suggesting that LPA 4  is one of 
the candidates in vascular development by ATX-LPA signaling.  

8.2.1.5     LPA 5  ( LPAR5 ) 

 GPR92/LPA 5  was shown to be an LPA receptor by two groups in 2006 [ 22 ,  23 ]. 
LPA 5  was more strongly activated by alkyl-LPA than by acyl-LPA. Because alkyl- 
LPA robustly aggregates human platelets, it has been speculated that LPA-induced 
platelet activation and aggregation are mediated through LPA 5  [ 24 ]. Although LPA 5  
did react with LPA, it also responds to a dietary protein hydrolysate (peptone) at 
nanomolar (nM) concentrations [ 25 ] and to farnesyl pyrophosphate (FPP) [ 26 ]. So, 
further studies are needed to reveal the real endogenous ligand for LPA 5  and how 
LPA 5  distinguishes different ligands. 

 LPA 5  is expressed in platelets, small intestine, and dorsal root ganglia. LPA 5  KO 
mice, which are used as a sciatic nerve ligation model, are apparently normal, but 
not sensitive to injury-induced neuropathic pain [ 27 ]. As already described, LPA 1  
KO mice were also insensitive to neuropathic pain. However, LPA 5  seems to have a 
downstream signaling pathway that is mechanistically distinct from the LPA 1  path-
way, because nerve injury induced demyelination in LPA 5  KO mice but not in LPA 1  
KO mice.  

8.2.1.6    LPA 6  ( LPAR6 ) 

 LPA 6  (P2Y5) is also a member of the P2Y family. It has high sequence homology to 
LPA 4 . Patients who have mutations in  LPAR6  or  LIPH , a gene coding an LPA- 
producing enzyme (PA-PLA 1 α), show the same congenital hypotrichia phenotypes 
[ 28 ,  29 ], which strongly suggests that P2Y5 is an LPA receptor (and PA-PLA 1 α is 
an LPA-producing enzyme). However, conventional GPCR assays including Ca 2+  
and cAMP assays failed to detect LPA-induced activation of P2Y5. In 2009, 
Yanagida et al. found that in B103 stably expressing P2Y5, LPA induced signifi cant 
neurite regression, and the LPA effect was blocked by ROCK inhibitor [ 30 ]. On the 
other hand, we found that PA-PLA 1 α KO mice exhibited wavy hairs, which resem-
bled hairs in mutant mice defective in tumor necrosis factor-α-converting enzyme 
(TACE), transforming growth factor-α (TGF-α), and epidermal growth factor recep-
tor (EGFR). In addition, we showed that LPA as well as recombinant PA-PLA 1 α 
itself induced P2Y5- and TACE-mediated ectodomain shedding of TGF-α in 
HEK293 cells [ 31 ]. These fi ndings clearly showed that P2Y5 is a receptor for 
LPA. Now, P2Y5 is recognized as the sixth LPA receptor, LPA 6 . 

 LPA 6  showed a marked preference for 2-acyl LPA with unsaturated fatty acid 
[ 30 ] and primarily coupled with Gα 12/13 . In addition to being expressed in hair fol-
licles, LPA 6  is highly expressed in endothelial cells of blood vessels [ 32 ], which 
suggests that LPA 6  is involved in endothelial functions such as blood vessel 
formation.  
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8.2.1.7    Other LPA receptors 

 LPA receptors other than those described here have been proposed: these include 
GPR87 and P2Y10 because cells stably expressing these GPCRs responded to 
LPA. However, further studies are needed to confi rm these fi ndings.   

8.2.2     Receptors for LysoPS 

 Several orphan GPCRs have been recently identifi ed as LysoPS receptors, including 
GPR34, P2Y10, A630033H20, and GPR174, all of which are P2Y family members. 
According to the nomenclature of lysophospholipid receptors, we propose that 
GPR34, P2Y10, A630033H20, and GPR174 be designated as LPS 1 , LPS 2 , LPS2- 
like (LPS 2L ), and LPS 3 , respectively. These four LysoPS receptors are encoded by 
the X chromosome and are highly expressed in immune cells, but their functions are 
largely unknown. 

8.2.2.1    LPS 1 /GPR34 ( LPSR1 ) 

 In 2006, Sugo et al. identifi ed GPR34 as the fi rst receptor that is specifi c to LysoPS 
[ 33 ]. They showed that LysoPS inhibited forskolin-stimulated cAMP accumulation, 
promoted incorporation of [ 35 S]-GTPγS, and induced phosphorylation of ERK in 
GPR34-expressing cells. The response was completely abolished by treatment of 
pertussis toxin (PTX), indicating that GPR34 couples to Gi/Go-type G proteins. 

 Under normal breeding condition, GPR34 KO mice show no remarkable abnor-
malities in development, reproductive potential, size of organs, histology, and blood 
parameters, although they were slightly less active in the open fi eld test and more 
active in the light arena in a light–dark test [ 34 ]. GPR34 is highly expressed in 
mononuclear cells of the immune system, suggesting that it has a role in the immune 
response. Accordingly, GPR34 KO mice (1) showed an increased delayed-type 
hypersensitivity response, (2) were more susceptible toward a disseminating 
 Cryptococcus neoformans  infection, and (3) accumulated signifi cantly fewer granu-
locytes/macrophages in the spleen after methylated bovine serum albumin (BSA) 
immunization. They produced more cytokines (TNF-α, GM-CSF, interferon 
(IFN)-γ). These results show that GPR34 is important in appropriate immune 
response. Further studies are needed to elucidate what types of cells are involved.  

8.2.2.2    LPS 2 /P2Y10 ( LPSR2 ) 

 In 2012, we identifi ed three LysoPS receptors (P2Y10, A630033H20, and GPR174) 
by using a TGF-α shedding assay, which is a novel method for detecting GPCR 
activation [ 35 ] (see Chapter 28). These three LysoPS receptors are clustered in a 
range of about 200,000 bp on the X chromosomes. P2Y10 is coupled with Gα 12/13  
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but not with other G proteins. In 2008, it was reported that a fusion protein of 
P2Y10 and Gα 16  was activated by LPA and S1P [ 36 ]. However, our TGF-α shedding 
assay showed that P2Y10 is a LysoPS-specifi c receptor [ 35 ]. Neither LPA nor S1P 
induced P2Y10-dependent response, even in the presence of Gα 16 . P2Y10 is highly 
expressed in thymus and spleen, suggesting that it has a role in the immune system. 
However, the  in vivo  role of P2Y10 is unknown.  

8.2.2.3    LPS 2L /A630033H20 ( LPSR2L ) 

 As mentioned earlier, in 2012 we found that A630033H20 also reacted specifi cally 
with LysoPS [ 35 ]. Human A630033H20 has a truncated open reading frame, caus-
ing it to become a pseudogene ( P2RY10P2 ). We confi rmed that A630033H20 
derived from mouse and rat species responded to LysoPS. A630033H20 is coupled 
with Gα 12/13 . As A630033H20 is the closest homologue of P2Y10/LPS 2  (75 % 
homology to P2Y10 at the amino acid level) and has a similar expression pattern, 
we propose to name A630033H20 as LPS 2L  (LPS 2 -like) .   

8.2.2.4    LPS 3 /GPR174 ( LPSR3 ) 

 In 2012, we identifi ed GPR174 as a LysoPS receptor [ 35 ]. In contrast to P2Y10 and 
A630033H20, GPR174 is coupled with Gα 13 , but not Gα 12 . GPR174 is also coupled 
with Gα s  [ 37 ]. As is P2Y10, GPR174 is highly expressed in thymus and spleen, but 
its  in vivo  role is unknown.  

8.2.2.5    Other LysoPS Receptors 

 It is reported that G2A expressed on macrophages was activated by LysoPS and 
enhanced apoptotic cell phagocytosis [ 38 ]. On the other hand, G2A is known to be 
the receptor for protons [ 39 ] and the oxidized fatty acid, 9-HODE [ 40 ]. In G2A- 
expressing cells, 9-HODE was found to trigger a TGF-α shedding response, but 
LysoPS did not, which suggests that G2A is not a LysoPS receptor. 

 LysoPS is known to promote degranulation of mast cells. Degranulation is triggered 
by aggregation of high-affi nity IgE receptor (FcεRI). When LysoPS is added, degranu-
lation is dramatically increased. This event required strictly LysoPS structure because 
conversion of the L-serine of LysoPS to D-serine abolishes the activity [ 41 ,  42 ]. 
Degranulation is also partially blocked by PTX pretreatment [ 33 ]. These results suggest 
that mast cells have a LysoPS-specifi c receptor that promotes degranulation. In the 
course of synthesis of an LysoPS structural analogue, we identifi ed lysophosphati-
dylthreonine (LysoPT) as a strong promoter of degranulation (about tenfold more potent 
than LysoPS) [ 41 ]. However, LysoPT does not activate GPR34, P2Y10, A630033H20, 
or GPR174. Moreover, LysoPS promotes degranulation of mast cells from GPR34 KO, 
P2Y10 KO, and GPR174 KO mice. These results indicate that the LysoPS receptor that 
promotes degranulation is different from identifi ed LysoPS receptors.   
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8.2.3     Receptors for LPI 

 The role of LPI was fi rst demonstrated in 1986, when it was shown to stimulate the 
release of insulin from pancreatic cells [ 43 ]. Subsequent studies found that LPI is 
produced in various cell systems and that it induces a number of cellular events [ 44 ]. 
LPI is known as an agonist for two GPCRs (GPR55 and GPR119). However, 
GPR119 is activated by not only LPI, but also by other lysophospholipids including 
lysophosphatidylcholine [ 45 ,  46 ], so that in this section, we focus on GPR55 as an 
LPI-specifi c receptor. 

8.2.3.1    GPR55 

 Human GPR55 is 319 amino acids in length, and its gene maps to human chromo-
some 2q37. A database search for sequences similar to human GPR55 revealed that 
GPR55 is conserved among vertebrates from fi sh to mammals. The closest homo-
logues to GPR55, as judged by amino acid homology, are LPA 6 /P2Y5 (29 %), LPA 4 /
GPR23 (30 %), GPR35 (27 %), and the chemokine receptor CCR4 (23 %). GPR55 
was once proposed as the third receptor for cannabinoid. However, to date, the most 
potent ligand identifi ed for GPR55 is LPI [ 47 ]. Although GPR55 clearly interacts 
with certain cannabinoid ligands that interact with cannabinoid receptors such as 
CB1 and CB2, it is not clear whether CB1/CB2-independent cannabinoid actions 
are mediated by GPR55. 

 GPR55 appears primarily to be coupled with Gα 13 . GPR55 is expressed in osteo-
clasts, and GPR55 activation in the cells results in osteoclastogenesis, cell polariza-
tion, and bone resorption [ 48 ]. Knockout of GPR55 in male mice signifi cantly 
increased the numbers of osteoclasts. These fi ndings indicate that the LPI–GPR55 
axis affects differentiation and proliferation of osteoclasts and thus regulates bone 
metabolism. GPR55 KO mice were also resistant to mechanical hyperalgesia 
 associated with Freund’s complete adjuvant (FCA)-induced infl ammation or partial 
nerve ligation [ 49 ]. In GPR55 KO female mice, the onset of experimentally autoim-
mune encephalomyelitis was delayed, and the symptoms were less severe than 
those in WT mice [ 50 ].    

8.3     Synthetic Pathways and Enzymes for Lysophospholipids 

 LPLs are mainly produced by deacylation mediated by phospholipase A 1  (PLA 1 ) or 
phospholipase A 2  (PLA 2 ). For LPA, phospholipase D (PLD) is involved in addition 
to PLA 1 /PLA 2  (Fig.  8.1 ). Although a number of enzymes that are able to produce 
LPLs  in vitro  have been identifi ed, a few of them were proved to be producing 
enzymes for LPL mediators. Many PLA 1 /PLA 2  enzymes appear to be involved in 
the release of arachidonic acid from phospholipids to be used in the arachidonate 
cascade or fatty acid remodeling of phospholipids.
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8.3.1       Synthetic Pathways and Enzymes for LPA 

 At least two pathways have been postulated for bioactive lipid LPA production. In 
the fi rst pathway, lysophospholipids are produced by phospholipase A 1  (PLA 1 ) or 
phospholipase A 2  (PLA 2 ) and then converted to LPA by lysophospholipase D (lyso-
PLD). In the other pathway, phosphatidic acid is hydrolyzed by PLA 1  or PLA 2 , 
generating LPA. Extracellular LPA production mainly involves two phospholipases, 
autotaxin (ATX)/lysoPLD and phosphatidic acid-selective phospholipase A 1 α 
(PA-PLA 1 α). Inside the cell, LPA is generated as intermediates by addition of fatty 
acyl-CoA to glycerol-3-phosphate in the course of de novo phospholipid biosynthe-
sis. This LPA-producing pathway is conserved in lower organisms such as 
 Escherichia coli  that do not have LPA receptors. Currently, there is no evidence that 
this pathway contributes to the extracellular functions of LPA production. In this 
section, we describe the latest fi ndings in LPA-producing enzymes, especially ATX 
and PA-PLA 1 α. 

Phospholipid

2-acyl-lysophospholipid 1-acyl-lysophospholipid

2-acyl-lysophosphatidic acid 1-acyl-lysophosphatidic acid

Phosphatidic acid
(PA)

lysoPLD (Autotaxin)

PLA1 PLA2

PLA1 (PA-PLA1 ) PLA2a

  Fig. 8.1    Lysophosphatidic acid (LPA)-producing pathway. There are two pathways of LPA pro-
duction. First, lysophospholipids generated by phospholipase A 1  (PLA 1 ) or PLA 2  reaction are sub-
sequently converted to LPA by lysophospholipase D (lysoPLD) reaction. Second, phosphatidic 
acid (PA) is converted to LPA by the PLA 1  or PLA 2  reaction. In extracellular LPA production, 
mainly two phospholipases, autotaxin ( ATX )/lysoPLD and phosphatidic acid-specifi c phospholi-
pase A 1 α (PA-PLA 1 α), are crucial       
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8.3.1.1    LPA Production by ATX 

 ATX is a member of the nucleotide pyrophosphate phosphodiesterase (NPP) family 
and is also referred to as NPP2. Some NPP family members such as NPP2 and 
NPP3 hydrolyze nucleotides such as ATP. ATX was originally found as an autocrine 
motility-stimulating factor identifi ed in the culture cell supernatant of human malig-
nant melanoma cells [ 51 ]. However, the mechanism by which ATX stimulated can-
cer cell motility remained to be solved. In 2002, we and others showed that an 
enzyme (lysoPLD) that acts on various LPLs and produces LPA by its phosphodi-
esterase activity is identical to ATX [ 52 ,  53 ]. ATX is a secretory glycoprotein with 
a molecular weight about 100 kDa. Multiple ATX isoforms are present, generated 
by alternative splicing sites. ATX activity depends on divalent cations such as Co 2+  
or Mn 2+ . The preferred substrates of ATX are LPLs such as LPC with short fatty 
acids (12:0, 14:0, 16:0) or unsaturated fatty acids (18:2, 20:4). Recently, the crystal 
structure of ATX was determined, showing that these substrate specifi cities can be 
explained by the structure of the catalytic pocket [ 54 ,  55 ]. ATX has a deep hydro-
phobic pocket for substrates that other NPP family members do not have: LPA acyl 
chains are accommodated in this hydrophobic pocket. Unsaturated fatty acids bend 
sharply at the unsaturated bonds, which also confi rmed that highly unsaturated fatty 
acids bind more stably. 

 In mice, ATX knockout (KO) is lethal at around embryonic day 10.5 because of 
impaired vessel formation in the yolk sac and embryo, suggesting that ATX-LPA 
signaling has an essential role in vessel formation during embryonic development 
[ 20 ,  56 ]. Because ATX KO mice are embryonically lethal, the pathophysiological 
functions of ATX in the adult stage are largely unknown. ATX is present in various 
biological fl uids such as blood, seminal fl uid, and cerebrospinal fl uid [ 57 ]. Thus, by 
measuring lysoPLD activity or directly measuring ATX protein using specifi c 
 antibodies, the ATX level in such biological fl uids can be determined, providing 
important insights into ATX function in human pathophysiology. ATX concentra-
tions are signifi cantly higher in serum from patients with liver cirrhosis and follicu-
lar lymphoma and from pregnant women [ 58 – 60 ]. Interestingly, serum ATX levels 
in patients with pregnancy-induced hypertension were found to be signifi cantly 
lower than those in normal pregnancy controls [ 60 ]. In cholestatic pruritus, the 
intensity of itching is signifi cantly correlated with ATX concentration [ 61 ], which 
raises the possibility that the itching is caused by ATX-LPA signaling. ATX is also 
highly expressed in particular endothelial cells such as cells of the choroid plexus 
and high endothelial venules (HEV) [ 62 ,  63 ]. The HEV is where lymphocytes pass 
from the bloodstream into lymphoid tissue. Experiments with an ATX inhibitor 
revealed that ATX promotes the adhesion of lymphocytes to intercellular adhesion 
molecule (ICAM) on the surface of HEV endothelial cells and promotes their trans-
migration across the basal lamina of HEV [ 64 ]. ATX have been implicated in the 
progression of arthritis [ 65 ], lung fi brosis [ 66 ], and kidney fi brosis. ATX promotes 
cancer cell motility via the LPA 1  receptor  in vitro  [ 67 ]. Some malignant tumors such 
as glioblastoma, non-small cell lung cancer, and breast cancer strongly express 
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ATX, although the role of ATX in these tumors is unknown. Mice overexpressing 
ATX exhibit a higher rate of the initiation and metastasis of breast cancer, which 
suggests that ATX is related to the initiation and progression of cancer [ 68 ].  

8.3.1.2    LPA Production by PA-PLA 1 α 

 Phosphatidic acid-selective phospholipase A 1  (PA-PLA 1 α) has sequence similarity 
to phosphatidylserine-specifi c phospholipase A 1  (PS-PLA 1 ). These enzymes, both 
with molecular weight about 55 kDa, are classifi ed to the pancreatic lipase family, 
including hepatic lipase and lipoprotein lipase [ 69 ]. Although PA-PLA 1 α has a sig-
nal sequence at the N-terminus as do other lipases, it is mainly detected in the mem-
brane fraction in both tissues and cultured cells, indicating that PA-PLA 1 α is a 
membrane-binding protein rather than a secreted protein. PA-PLA 1 α-expressing 
cells constantly produce LPA with an unsaturated fatty acid at the  sn -2 position of 
the glycerol backbone from phosphatidic acid (PA). Interestingly, LPA 3  and LPA 6  
receptors are more strongly activated by 2-acyl LPA than by 1-acyl LPA. Therefore, 
PA-PLA 1 α might supply the ligand for these LPA receptors. 

 PA-PLA 1 α, which is encoded by  LIPH , is the gene responsible for autosomal 
recessive hypotrichosis [ 28 ]. Many mutations in  LIPH  have been identifi ed in some 
family lineages with hypotrichosis [ 70 – 72 ]. The LPA 6  receptor has also been identi-
fi ed as a causative gene for the same disorder [ 29 ,  73 ], which suggests that LPA 
produced by PA-PLA 1 α promotes the formation of hair follicles. PA-PLA 1 α KO 
mice showed a hair abnormality (wooly hair) as was observed in humans [ 31 ]. That 
study also demonstrated that, in wild-type mice, PA-PLA 1 α and LPA 6  receptor are 
highly expressed on epidermal cells in the inner root sheath of hair follicles. 
Together, these fi ndings show that PA-PLA 1 α and LPA 6  receptor regulates growth or 
differentiation of epidermal cells in the follicles. Interestingly, similar abnormal 
hair (wooly hair) was also found in knockout mice of TACE or TGF-α and in mice 
with mutations in epidermal growth factor receptor genes. The activation of LPA 6  
induces the TACE-dependent-ectodomain shedding of TGF-α, followed by activa-
tion of EGFR, described earlier. It is now accepted that a PA-PLA 1 α–LPA–LPA 6  
axis regulates differentiation and maturation of hair follicles via a TACE–TGF-α–
EGFR pathway.   

8.3.2     Synthetic Pathways for Lysophosphatidylserine 
and Lysophosphatidylinositol 

 Although the synthetic pathway of LPA is well known, the synthetic pathways for 
LysoPS and LPI remained to be solved. Analyses of these LPLs in tissues and cells 
by a recently developed LC-MS/MS-based method revealed that they are mixtures 
of 1-acyl-LPLs and 2-acyl-LPLs, indicating that both PLA 1  and PLA 2  are involved. 
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8.3.2.1    Production of LysoPS 

 Rat platelets express two extracellular PLA enzymes, secretory PLA 2  group IIA 
(sPLA 2 IIA) and PS-specifi c PLA 1  (PS-PLA 1 ), and secrete them upon activation 
(Fig.  8.2 ). In the course of activation of rat platelets, sPLA 2 -IIA and PS-PLA 1  are 
thought to participate in production of 1-acyl LysoPS and 2-acyl LysoPS, 
respectively.

   PS-PLA 1  is stored in granules in rat platelets and is secreted into the medium 
when activated. Although PS-PLA 1  is structurally homologous to triglyceride (TG) 
lipase, it selectively hydrolyzes PS and does not have lipase activity for TG [ 74 ]. 
The amino acid sequence of PS-PLA 1  showed about 30 % identity to an LPA- 
producing enzyme, PA-PLA 1 α, and PS-PLA 1  expression is dramatically induced at 
the mRNA and protein levels by various infl ammatory stimuli. For these reasons, 
PS-PLA 1  is the most likely candidate for an  in vivo  LysoPS-producing enzyme. 

 Because secretory PLA 2  and PS-PLA 1  are secreted proteins, they should act on 
PS extracellularly. However, PS exists in the inner leafl et of the plasma membrane. 
Recently, TMEM16F was identifi ed as a scramblase that triggers exposure of PS in 
activated platelets [ 75 ]. Although LysoPS exists at only several nanomoles (nM) in 
mouse plasma, it exists at about 100 nM in mouse serum, and especially LysoPS 
species with unsaturated fatty acids are abundant. These observations suggest that 
LysoPS is produced as follows: PS is exposed outside the activated platelets by 
TMEM16F during serum preparation or in wound sites and then deacylated by a 
PLA 1  such as PS-PLA 1 .  
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  Fig. 8.2    Lysophosphatidylserine (LysoPS)-producing pathway. LysoPS is produced from phos-
phatidylserine (PS) via phospholipase A. PLA 2  enzymes hydrolyze the acyl chain at  sn -2 position 
and produce 1-acyl-LysoPS with saturated fatty acids; PLA 1  enzymes hydrolyze the acyl chain at 
 sn -1 position and produce 2-acyl-LysoPS with unsaturated fatty acids       
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8.3.2.2    Production of LPI 

 Although the tissue distribution of lysophosphatidylinositol (LPI) is mostly 
unknown, a mass spectrometer analysis showed that LPI exists inside and outside of 
cells. Although LPI is thought to be produced inside and outside of cells by PLA 1  
and/or PLA 2 , this has not been demonstrated  in vivo . In this section, we review can-
didate enzymes involved in the production of LPI. 

 The  sn- 1 and  sn- 2 positions of phospholipids usually have saturated and unsatu-
rated fatty acids, respectively. In phosphatidylinositol (PI), the  sn -1 and  sn -2 positions 
predominantly have stearic acid (18:0) and arachidonic acid (20:4), respectively. 

  Caenorhabditis elegans  synthesizes PI (with oleic acid (18:1) in the  sn -1 posi-
tion) by a  de novo  pathway. The  sn -1 linkage is hydrolyzed by an intracellular PLA 1 , 
producing LPI. Subsequently, stearic acid is incorporated into the  sn -1 position 
[ 76 ], which means that the PLA 1  is involved in remodeling the  sn -1 position of PI. 

 Mammals have three intracellular isoforms of PLA 1 : iPLA 1 α (DDHD1/
PA-PLA 1 ), iPLA 1 β (p125), and iPLA 1 γ (DDHD2/KIAA0725). iPLA 1 α purifi ed 
from the cytosolic fraction of bovine testis was reported to predominantly hydrolyze 
phosphatidic acid (PA) [ 77 ], but it was later found to hydrolyze other phospholipids 
including PE and PI. Although a PLA 2  that specifi cally cleaves PI has not been 
reported currently, cPLA 2  (a type of cytosolic PLA 2 ) and iPLA 2  may be involved in 
the production of LPI. In thyroid PCCL-3 cells, cPLA 2 α was found to cleave PI and 
produce 1-acyl-LPI and GPI [ 78 ]. There is no report that cells expressing LPI- 
producing enzymes stimulate cells expressing GPR55. Furthermore, it is unclear 
how LPI is released from inside the cell to outside and then activates GPR55. Recent 
advances in mass spectrometry make it possible to quantify LPI easily and can help 
to reveal the production pathway of LPI.    

8.4     Conclusion 

 In contrast to LPA, which is relatively well characterized, LysoPS and LPI are just 
beginning to be investigated. Receptors for LPI and LysoPS have only recently been 
identifi ed. In the future, physiological and pathophysiological roles of LPI and 
LysoPS as novel lysophospholipid mediators will be elucidated through functional 
analysis of these receptors.     
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    Chapter 9   
 Sphingolipid Metabolism via Sphingosine 
1-Phosphate and Its Role in Physiology, 
Pathology, and Nutrition       

       Akio     Kihara    

    Abstract     A delicate balance between the synthesis and degradation of sphingolipids 
must be kept to maintain cellular sphingolipid levels. Otherwise, cellular functions are 
impaired, leading to various disorders. Complex sphingolipids are degraded to sphin-
gosine by the actions of a series of lysosomal hydrolases, mutations in the genes of 
which are known to be responsible for approximately ten sphingolipid storage dis-
eases to date. The resultant sphingosine is either recycled to sphingolipids or metabo-
lized to glycerophospholipids via sphingosine 1-phosphate (S1P). Extracellular S1P 
is well known to be a lipid mediator, whereas intracellular S1P is a key intermediate 
of the sphingolipid metabolic pathway linking sphingolipids to glycerophospholipids. 
This pathway is important for sphingolipid homeostasis, and its impairment results in 
several harmful effects on cells and tissues. We have recently identifi ed and described 
in detail the downstream metabolic pathway of S1P. S1P is metabolized to palmitoyl-
CoA via  trans -2-hexadecenal,  trans -2- hexadecenoic  acid, and  trans -2-hexadecenoyl-
CoA, and then incorporated into glycerophospholipids. One of the genes involved in 
this pathway is  ALDH3A2 , the causative gene of Sjögren–Larsson syndrome. This 
review focuses on the physiological, pathological, and nutritional aspects of S1P as an 
intermediate of the sphingolipid- metabolic pathway.  

  Keywords     Sphingolipid   •   Sphingosine 1-phosphate   •   Metabolism   •   Glycerophos-
pholipid   •   Sphingolipid storage disease   •   Sjögren–Larsson syndrome   •   Fatty aldehyde  

9.1         Sphingolipid Structure, Function, and Diversity 

 Sphingolipids are one of the major eukaryotic lipid species and have a role in a 
variety of physiological functions, including embryogenesis, organogenesis, skin 
barrier formation, neural functions, cell adhesion, recognition of bacterial toxins 
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and viruses, spermatogenesis, immunity, and glucose metabolism [ 1 – 5 ]. 
Sphingolipids are particularly enriched in the plasma membrane. Sphingolipids 
account for 28 % [sphingomyelin, 18 %; glycosphingolipids (GSLs), 10 %] of total 
human erythrocyte lipids [ 6 ]; this is thought to represent a rough estimate of the 
sphingolipid percentage in the plasma membrane of mammalian cells because the 
cellular membranes of erythrocytes are solely composed of the plasma membrane. 

 Sphingolipids consist of two parts: the hydrophobic ceramide (Cer) backbone 
and a polar head group. Sphingolipid synthesis occurs in the endoplasmic reticulum 
(ER) until the Cer synthesis step. In contrast, the synthesis of complex sphingolipids 
(sphingomyelin and GSLs) occurs in the Golgi complex, after which they are trans-
ported to the plasma membrane. Sphingolipid synthesis starts with the condensation 
of serine and palmitoyl-CoA to produce 3-ketosphinganine 
(3- ketodihydrosphingosine), a reaction catalyzed by serine palmitoyltransferases 
(SPTs) [ 7 ]. Mammals contain three SPT subunits (SPTLC1, -2, -3), which function 
as heterodimers (SPTLC1/SPTLC2 and SPTLC1/SPTLC3) [ 7 ]. Particular muta-
tions in the  SPTLC1  or  SPTLC2  genes affect the substrate specifi cities of the SPTs. 
In addition to the physiological substrate serine, these mutated SPTs are able to use 
alanine and glycine as substrates, producing 1-deoxysphinganine and 
1- deoxymethylsphinganine, respectively. These compounds are neurotoxic and can 
cause hereditary sensory neuropathy type 1 [ 8 ]. 

 The 3-ketosphinganine reductase FVT1/KDSR catalyzes the second reaction of 
sphingolipid synthesis, namely, the conversion of 3-ketosphinganine to sphinganine 
(dihydrosphingosine) [ 9 ]. Sphinganine is then amide-linked to a fatty acid, generat-
ing dihydroceramide. This reaction is catalyzed by one of the six Cer synthases 
(CERS1-6) [ 2 ]. Sphinganine is classifi ed as a long-chain base (LCB). Although 
sphinganine-containing sphingolipids exist in mammalian cells at low levels, the 
major LCB in mammals is sphingosine, which contains a  trans  double bond between 
the C4 and C5 positions of sphinganine. The sphinganine moiety of dihydrocer-
amide is converted to sphingosine by the dihydroceramide desaturase DES1 [ 10 ], 
producing Cer. Therefore, free sphingosine is not generated de novo through the 
sphingolipid-biosynthetic pathway but is instead produced via the degradation path-
way, that is, through the hydrolysis of Cer. Sphingosine can also be used as a sub-
strate for Cer synthases, in which case Cer is produced directly. Each CERS exhibits 
characteristic substrate specifi city toward the acyl-CoA substrate. CERS3 is 
involved in the formation of Cer with extremely long fatty acids (≥C26), which is 
important for skin barrier function [ 11 ]. Accordingly, mutations in the  CERS3  gene 
cause the cutaneous disorder ichthyosis [ 12 ]. 

 The head group of mammalian sphingolipids is either phosphocholine (in sphin-
gomyelin) or a sugar chain (in GSLs). GSLs are unique in that they are highly 
diverse molecules. In mammals, hundreds of GSLs exist, with differing sugar com-
position and linkage positions among the sugar residues. The sugar residues found 
in GSLs include glucose, galactose,  N -acetylglucosamine,  N -acetylgalactosamine, 
sialic acid, fucose, and mannose. The simplest GSLs are glucosylceramide (GlcCer) 
and galactosylceramide (GalCer), which contain glucose and galactose, respec-
tively, at the C1 position of Cers (Fig.  9.1 ). These compounds are referred to as 
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monohexosylceramides or cerebrosides. Synthesis of GlcCer is catalyzed by the 
GlcCer synthase (Cer glucosyltransferase) UGCG.  Ugcg -knockout mice die during 
early embryogenesis between embryonic day (E)7.5 and E9.5 [ 13 ]. The addition of 
galactose to the glucose residue of GlcCer produces lactosylceramide (LacCer), 
which is a starting material of a variety of GSL series. Defi cient LacCer synthesis 
also causes embryonic lethality [ 14 ]. The LacCer-derived GSL series include the 
ganglio-series, asialoganglio-series, isoganglio-series, globo-series,  isoglobo- series, 

  Fig. 9.1    Synthetic pathways of complex sphingolipids. In the sphingolipid-synthetic pathway, 
ceramide (Cer) is converted to sphingomyelin, GlcCer, GalCer, or C1P. The  number  indicates the 
position of each bond, in which the C1 hydroxy group of the numbered sugar residue links to the 
numbered position of its left sugar residue.  Underlined numbers  represent an α-linkage and  non- 
underlined numbers  indicate a β-linkage       
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lacto-series, and neolacto-series (Fig.  9.1 ). SM3, which contains a sulfate group at 
the 3-position of the galactose residue, is also produced from LacCer.

   GalCer is produced by the Cer galactosyltransferase CGT/UGT8. Some GalCer 
is further converted to sulfatide, GM4, or the gala-series GSLs (Fig.  9.1 ). GalCer 
and sulfatide are enriched in myelin. Accordingly,  Cgt -knockout mice, which pro-
duce neither GalCer nor sulfatide, exhibit neural symptoms such as severe general-
ized tremors and mild ataxia [ 15 ]. 

 Sphingomyelin, the most abundant sphingolipid in mammals, can interact with 
cholesterol to form lipid microdomains in the plasma membrane [ 16 ]. Sphingomyelin 
synthases catalyze the formation of sphingomyelin by transferring the phosphocho-
line moiety of phosphatidylcholine to Cer. Two sphingomyelin synthases with dif-
fering intracellular localizations exist in mammals; SMS1 is localized to the 
 trans -Golgi network whereas SMS2 is localized to the plasma membrane [ 17 ]. 
 Sms1 -knockout mice exhibit impaired insulin secretion, immune function, and hear-
ing [ 18 – 20 ], whereas  Sms2 -knockout mice are resistant to high-fat diet-induced 
obesity and atherosclerosis [ 21 ,  22 ]. 

 Cer can also be metabolized to Cer 1-phosphate (C1P) by the Cer kinase CerK 
(Fig.  9.1 ). C1P is involved in the regulation of infl ammation, stimulation of phago-
cytosis by neutrophils, degranulation of mast cells, and obesity [ 1 ,  23 ]. However, 
signifi cant amounts of C1P are still present in  CerK -knockout mice, strongly sug-
gesting the existence of another C1P-generating pathway [ 24 ].  

9.2     The Sphingolipid Degradation Pathway 
and Sphingolipid Storage Diseases 

 The polar head groups of sphingolipids are removed by a series of hydrolases, pro-
ducing Cer that is then degraded to sphingosine and a fatty acid by ceramidase. 
Mutations in the genes encoding these hydrolases result in sphingolipid storage 
diseases (SLSDs), also known as sphingolipidoses. Because the hydrolases respon-
sible for SLSs are localized to the lysosomes, SLSDs are classifi ed as lysosomal 
diseases. To date, about 10 SLSDs with about 40 genetically distinct forms have 
been reported [ 25 ,  26 ]. For example, mutations in the lysosomal forms of cerami-
dase (acid ceramidase) and sphingomyelinase (acid sphingomyelinase) genes are 
the underlying cause of Farber disease and Niemann–Pick disease (type A and B), 
respectively [ 26 ,  27 ] (Fig.  9.2 ). Another form of Niemann–Pick disease (type C) is 
caused by mutations in  NPC-1  or  NPC-2  [ 28 ]. NPC-1 and NPC-2 are thought to be 
involved in the removal of cholesterol from endosomes, in their roles as a choles-
terol transporter and a cholesterol-binding protein, respectively [ 26 ,  28 ]. 
Furthermore, it has been suggested that the interaction of sphingomyelin with cho-
lesterol obstructs the removal of cholesterol from endosomes [ 26 ]. Accordingly, 
patients with Niemann–Pick disease type A or B exhibit accumulation of choles-
terol as well as sphingomyelin [ 29 ].
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  Fig. 9.2    Sphingolipid degradation pathways and related disorders. In the sphingolipid degrada-
tion pathway, the polar head groups of complex sphingolipids are removed by the successive 
actions of lysosomal hydrolases. The resulting Cer is then converted to sphingosine, which is either 
recycled for sphingolipid synthesis or converted to S1P. When S1P is irreversibly degraded by S1P 
lyase to  trans -2-hexadecenal, it is metabolized to glycerophospholipids via  trans -2-hexadecenoic 
acid,  trans -2-hexadecenoyl-CoA, and palmitoyl-CoA       
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   Sphingolipids containing sialic acid are known as gangliosides. The ganglioside 
GM2 accumulates in the neurons of patients with GM2 gangliosidoses, which can be 
divided into the B variant (Tay–Sachs disease;  HEXA  mutation), the AB variant 
( GM2A  mutation), and the O variant (Sandhoff disease;  HEXB  mutation) [ 26 ] 
(Fig.  9.2 ). The  N -acetylgalactosamine residue of GM2 is removed by β-hexosaminidase 
A, which consists of an α-subunit (the  HEXA  gene product) and a β-subunit (the 
 HEXB  gene product), in cooperation with the GM2 activator protein (the  GM2A  gene 
product). β-Hexosaminidase A also cleaves other β-linked  N -acetylgalactosamine 
and  N -acetylglucosamine residues from negatively charged and uncharged glycocon-
jugates [ 26 ]. β-Hexosaminidase B is composed of two β-subunits and exhibits activ-
ity toward uncharged substrates such as the GSLs GA2 and Gb 4 . 

 The GM2 activator protein and saposins (saposin-A, -B, -C, -D) comprise the 
class of sphingolipid activator proteins (SAPs). Saposins are small glycoproteins 
that are produced from the common precursor protein (prosaposin) by processing 
[ 30 ]. These saposins activate several hydrolases involved in sphingolipid degrada-
tion. For example, saposin-C is involved in the degradation of GlcCer together with 
β-glucocerebrosidase. Mutations in the β-glucocerebrosidase or saposin-C genes 
cause Gaucher disease [ 25 ,  26 ,  30 ]. Saposin-D is required for the optimal enzyme 
activity of acid ceramidase, and a mutation in the saposin-D gene leads to clinical 
symptoms that are reminiscent of Farber disease [ 27 ].  

9.3     Sphingosine 1-Phosphate Is a Key Intermediate 
of the Sphingolipid Degradation Pathway 

 After the degradation of Cer by ceramidase, the resultant fatty acids are converted 
to acyl-CoAs and used in the synthesis of a variety of lipids such as glycerophos-
pholipids, triglycerides, and sphingolipids or in energy production via β-oxidation. 
On the other hand, sphingosine, another degradation product of Cer, is recycled 
for sphingolipid synthesis or metabolized to glycerophospholipids via sphingo-
sine 1-phosphate (S1P). The latter pathway, referred to as the S1P-metabolic path-
way hereafter, is the sole route for the removal of the sphingosine (LCB) 
component of sphingolipids. Therefore, the S1P-metabolic pathway is important 
for the maintenance of sphingolipid homeostasis: indeed, this pathway is con-
served in eukaryotes. 

 Sphingosine/LCB is phosphorylated to S1P/LCB 1-phosphate (LCBP) by sphin-
gosine/LCB kinases. Mammals contain two sphingosine kinases: SPHK1 and 
SPHK2 [ 31 ,  32 ]. Extracellular S1P acts as a lipid mediator by binding to one of the 
fi ve S1P receptors (S1P 1 –S1P 5 ). The functions of S1P as a lipid mediator are par-
ticularly important in the immune and vascular systems. Taking advantage of its 
role in immune system, the sphingosine analogue fi ngolimod (FTY720) has been 
developed to treat multiple sclerosis [ 33 ]. Fingolimod is a pro-drug: its functional 
form is fi ngolimod phosphate, which binds to all S1P receptors with the exception 
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of S1P 2  [ 34 ]. Only vertebrates and chordates possess S1P receptors, yet all 
 eukaryotes produce S1P/LCBP. Thus, in evolutionary terms, the role of S1P/LCBP 
in sphingolipid metabolism greatly precedes its role as a lipid mediator [ 35 ]. 

 The fi rst irreversible (i.e., committed) step of the S1P-metabolic pathway is the 
cleavage of S1P between the C2 and C3 positions by the S1P lyase SPL/SGPL1 
[ 36 ]. This reaction produces the fatty aldehyde  trans -2-hexadecenal and phospho-
ethanolamine.  Spl -knockout mice die approximately 1 month after birth, and exhibit 
abnormalities in the lung, heart, urinary tract, and bone, as well as displaying 
enhanced pro-infl ammatory responses, myeloid cell hyperplasia, and aberrant lipid 
homeostasis in the liver and brain [ 37 – 40 ], thus clearly indicating the importance of 
the S1P-metabolic pathway. The S1P metabolite phosphoethanolamine is converted 
to CDP-ethanolamine, which is then used for synthesis of the glycerophospholipid 
phosphatidylethanolamine. On the other hand,  trans -2-hexadecenal is converted to 
palmitoyl-CoA via  trans -2-hexadecenoic acid and  trans -2-hexadecenoyl-CoA [ 41 , 
 42 ]. The majority of palmitoyl-CoA is then incorporated into glycerophospholipids 
[ 35 ,  41 – 43 ]. All these reactions of the S1P-metabolic pathway occur in the ER [ 35 ]. 

 The conversion of  trans -2-hexadecenal to  trans -2-haxadecenoic acid is cata-
lyzed by the fatty aldehyde dehydrogenase ALDH3A2 [ 41 ]. Mutations in the 
 ALDH3A2  gene cause the neurocutaneous disorder Sjögren–Larsson syndrome 
(SLS). ALDH3A2 exhibits activity toward a broad range of aliphatic aldehydes 
with medium- and long-chain lengths in vitro [ 44 ]. A variety of ALDH3A2 sub-
strates are generated via the metabolism of lipids such as fatty alcohol, leukotriene 
B 4 , and phytol (other than S1P) and through lipid peroxidation [ 45 ]. Aldehyde mol-
ecules are reactive and can form Schiff bases with the amino groups of biomole-
cules. Furthermore, α,β-unsaturated aldehydes, to which  trans -2-hexadecenal 
belongs, can react with general nucleophiles (e.g., lysine, cysteine, and histidine 
side chains) via a 1,4-Michael addition [ 46 ]. Therefore, accumulated aldehydes are 
thought to cause SLS by reacting with important cellular biomolecules and impair-
ing their functions. However, the primary aldehyde responsible for the pathology of 
SLS is still unknown. Both the activities of the S1P-producing enzyme (sphingosine 
kinase) and the degradation enzyme (S1P lyase) are high in most tissues [ 47 ,  48 ], 
suggesting that S1P metabolism is an active pathway that occurs ubiquitously and 
continuously in cells. Therefore, the S1P metabolite  trans -2-hexadecenal appears to 
be produced constitutively at a relatively high level. In addition, both ALDH3A2 
and  trans -2-hexadecenal coexist in the ER [ 35 ], suggesting that  trans-2- hexadecenal   
may be a major ALDH3A2 substrate. Thus, it is possible that impairment of the 
S1P-metabolic pathway is one of the major causes of SLS pathology. 

 Fatty acids must be converted to their active acyl-CoA form by acyl-CoA synthe-
tases (ACSs) for further metabolism. Humans possess 26 ACSs, which are  classifi ed 
into six subfamilies—ACSS, ACSM, ACSL, ACSVL, ACSF, and ACSBG—based 
on their substrate specifi city and sequence similarity [ 49 ]. Among them, the ACSL 
subfamily members (ACSL1, -3, -4, -5, -6), which exhibit activity toward long- 
chain fatty acids, have central roles in the conversion of  trans -2-hexadecanoic acid 
to  trans -2-hexadecenoyl-CoA in the S1P-metabolic pathway [ 41 ,  43 ].  
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9.4     The Importance of the S1P-Metabolic Pathway 
from a Nutritional Perspective 

 Foods contain abundant sphingolipids: it is estimated that humans consume 
 300–400 mg sphingolipids per day [ 50 ]. Dietary sphingolipids have several benefi -
cial effects, including reducing serum LDL cholesterol, inhibiting colon carcino-
genesis and infl ammation, and reinforcing the skin barrier [ 51 – 56 ]. Because 
complex sphingolipids and Cer do not readily enter cells, they must be fi rst con-
verted to sphingosine for intestinal absorption. The successive actions of alkaline 
sphingomyelinase and neutral ceramidase, both of which are localized to the intes-
tinal lumen, produce sphingosine from sphingomyelin [ 57 ,  58 ]. The sphingosine 
absorbed by small intestinal epithelial cells is converted either to sphingolipids or 
to glycerophospholipids via the S1P-metabolic pathway. Because the quantity of 
sphingosine obtained from the diet is much higher than required for sphingolipid 
synthesis in the small intestine, the majority of the sphingosine is converted to 
glycerophospholipids [ 42 ]. Consistent with this notion, the protein level and activ-
ity of the S1P lyase SPL, which catalyzes the committed step of the S1P-metabolic 
pathway, have been reported as the highest in the small intestine among 12 mouse 
tissues examined [ 48 ]. 

 Plasma sphingolipids can also enter cells in the vascular system that are in con-
tact with the blood, such as endothelial cells, after conversion to sphingosine. In 
addition to sphingomyelin and Cer, which are present mainly in LDL and VLDL, 
respectively [ 50 ], plasma S1P can also be a source of extracellular sphingosine. The 
concentration of S1P in plasma is several hundreds of nanomoles [ 1 ]. S1P is fi rst 
dephosphorylated by the cell-surface lipid phosphate phosphatase LPP1 before 
entering endothelial cells [ 59 ]. Imported sphingosine is metabolized to sphingolip-
ids or glycerophospholipids via the S1P-metabolic pathway.  

9.5     Perspective and Future Directions 

 The function of S1P as a lipid mediator has attracted signifi cant attention and has 
been analyzed extensively. Although research on the function of S1P as a metabolic 
intermediate has slowed since the identifi cation of S1P as an intermediate in the 
sphingolipid degradation pathway in the late 1960s [ 60 ], the recent elucidation of 
the entire S1P-metabolic pathway provides welcome information allowing further 
analysis of the pathophysiological functions of this pathway. It is possible that 
impairment of the S1P-metabolic pathway is responsible for the pathology of SLS 
and other disorders. Recent analyses of  Spl -knockout mice also emphasize the phys-
iological importance of the S1P-metabolic pathway. Future studies will doubtless 
reveal additional physiological, pathological, and nutritional functions of the S1P- 
metabolic pathway.     
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    Chapter 10   
 Fatty Acids Receptors       

       Akira     Hirasawa     ,     Masato     Takeuchi    ,     Takafumi     Hara    ,     Ayako     Hirata    , 
    Soshi     Tanabe    , and     Naoya     Umeda   

    Abstract     In the past decade, a strategy to deorphanize G protein-coupled receptors 
(GPCRs) has identifi ed a series of receptors for free fatty acids (FFAs) that play 
signifi cant roles in nutrition regulation. In this free fatty acid receptor family, FFAR1 
(GPR40) and FFAR4 (GPR120) are activated by medium- and long-chain FFAs. 
FFAR1 regulates insulin secretion in pancreatic β-cells, whereas FFAR4 promotes 
the secretion of glucagon-like peptide-1 (GLP-1) in the intestine and also act as the 
lipid sensor in the adipose tissue to sense dietary fat and control energy balance. In 
this chapter, we discuss recent advances in the identifi cation of ligands and the phar-
macological characterization of FFAR1 and FFAR4, and we present a summary of 
the current understanding of their physiological roles and potential as drug targets.  

  Keywords     GPCR   •   Fatty acid receptor   •   FFAR1   •   FFAR4   •   GPR40   •   GPR120  

10.1         Introduction 

 Free fatty acids (FFAs) are not only essential dietary nutrients but they also act as 
signaling molecules in various physiological functions. The nuclear receptors per-
oxisome proliferator-activated receptors (PPARs) and fatty acid-binding proteins 
(FABPs) are known to act as ‘sensors’ of FFAs. They maintain homeostasis under 
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physiological and pathophysiological conditions by coordinating the expression of 
proteins involved in lipid uptake, synthesis, transport, storage, degradation, and 
elimination [ 5 ]. However, these mechanisms could not explain all biological effects 
of FFAs. Some effects were thought to be mediated by other mechanisms such as 
signaling through cell-surface receptors [ 28 ,  40 ]. In the last decade, a strategy to 
deorphanize G protein-coupled receptors (GPCRs) has identifi ed a series of such 
receptors for FFAs that have signifi cant roles in nutrition regulation (Table  10.1 ). 
Among FFARs, FFAR2 (GPR43) and FFAR3 (GPR41) are activated by short-chain 
FFAs (SCFAs) such as acetate, propionate, and butyrate. On the other hand, GPR84 
is activated by medium-chain fatty acids, and FFAR1 (GPR40) and FFAR4 
(GPR120) are activated by medium- and long-chain saturated and unsaturated 
FFAs. The importance of the characterization of these GPCRs is emphasized by the 
fact that 30 % of all prescription drugs target GPCRs, and many groups have 
reported that these FFARs are expressed in the gastrointestinal tract and have sev-
eral important roles involved in energy homeostasis. These FFARs are also widely 
conserved among vertebrates, which suggests that they have common important 
physiological functions. Therefore, FFARs have received considerable attention as 
potential therapeutic targets for metabolic disorders. In this chapter, we focus on 
recent advances in our understanding of FFARs, especially FFAR1 and FFAR4, and 
their roles in energy homeostasis.

10.2        FFAR1 

10.2.1     Ligand and Tissue Distribution 

 FFAR1 is activated by medium- and long-chain saturated and unsaturated FFAs, as 
reported by three independent groups almost simultaneously [ 1 ,  24 ,  27 ]. A variety 
of FFAs has been found to act as agonists of FFAR1 in the micromolar concentra-
tion range, with eicosatrienoic acid being the most potent. FFAR1 is enriched 2- to 
100-fold in pancreatic islets as compared with the whole pancreas. FFAR1 is also 
expressed in the intestine. FFAR2 and FFAR3, on the other hand, are both activated 
by short-chain FFAs, such as formate, acetate, propionate, butyrate, and pentanoate 
[ 7 ,  8 ,  13 ]. FFAR3 is activated equally by propionate, butyrate, and pentanoate, 
whereas FFAR2 prefers propionate over the other short-chain FFAs [ 7 ,  8 ]. Short- 
chain fatty acids activate FFAR2 or FFAR3 in a relatively high submillimolar con-
centration range. FFAR2 and FFAR3 are expressed in the adipose tissue and 
sympathetic ganglions, respectively [ 26 ]. There are also several reports suggesting 
that fermentation end products, especially short-chain fatty acids produced by gut 
microbiota, affect infl ammation via FFARs [ 29 ,  38 ].  
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10.2.2     Genomic Structure and Evolution 

 FFAR1, FFAR2, FFAR3, and GPR42, which is thought to be a pseudogene, are all 
GPCRs of the rhodopsin family located within a gene cluster on the human 19q13 chro-
mosome. GPR42 only exists in the family  Hominidae  and cannot be detected in species 
below gibbons. The members of this subfamily share approximately 30–40 % identity, 
with the exception that human GPR42 (hGPR42) differs from human FFAR3 (hFFAR3) 
at only six amino acid positions [ 3 ]. These fi ndings suggest that hGPR42 arose as the 
result of a gene duplication of hFFAR3 that occurred after the gibbons branched off from 
the superfamily  Hominoidea  [ 3 ]. Recent advances in genomic analysis of various spe-
cies have revealed that FFAR1, FFAR2, and FFAR3 are widely conserved throughout 
vertebrates from fi shes to mammals (with the exception of birds). In amphibians, rep-
tiles, and mammals, FFAR1, FFAR2, and FFAR3 create a family of genes in tandem 
sequence with shared synteny (Fig.  10.1 ). However, similar genomic structures cannot 
be found in birds, at least among genomically analyzed species such as pigeons and 
chickens. On the other hand, we have found multiple clusters of these genes existing in 
 Teleostei , which suggests that multiplication of these genes occurred after the divergence 
of amphibians. We have also found that only one homologous gene exists in cartilagi-
nous fi shes. To date, the function of FFARs have only been investigated in mammals, 
and we lack information about their expression and physiological function in other spe-
cies. Thus, the connection between these receptors and physiological functions are not 
fully understood and should become a matter of great interest in the upcoming years.

10.2.3        Signal Transduction 

 In Chinese hamster ovary (CHO) cells, exogenously expressed FFAR1 is coupled to 
the formation of inositol 1,4,5-trisphosphate, intracellular Ca 2+  mobilization, and 
the activation of extracellular signal-regulated kinase (ERK) 1/2 [ 24 ]. These results 
suggest that FFAR1 is coupled to Gαq and/or G i/o  protein. Fujiwara et al. showed, in 
rat islet β-cells, that oleic acid (OA) interacts with FFAR1 to increase intracellular 
Ca 2+ , via the phospholipase (PL) C- and L-type Ca 2+  channel-mediated pathway, 
which links to insulin release [ 10 ]. Feng et al. showed that linolenic acid reduces the 
voltage-gated K +  current in rat pancreatic β-cells through the FFAR1-mediated reg-
ulation of cAMP levels and protein kinase A activity; the reduction in K +  current 
leads in turn to enhanced β-cell excitability and insulin secretion [ 9 ].  

10.2.4     Protein Structure and New Chemicals 

 The fi rst report identifying a series of FFAR1 agonists based on 3-(4-[ N -alkyl]ami-
nophenyl)propanoic acid was by Garrido et al. [ 12 ]. In particular, the physiological 
and pharmacological properties of GW9508 have been studied in detail, as it has 
potential as an agonist for not only FFAR1 but also FFAR4 (Fig.  10.2 ). Furthermore, 
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  Fig. 10.2    Chemical structures of FFAR1 and FFAR4 ligands       
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a synthetic FFAR1 antagonist, GW1100, has been identifi ed and its antagonistic 
activities were examined via in both in vitro and in vivo studies [ 1 ,  19 ,  22 ,  53 ]. The 
antidiabetic thiazolidinediones troglitazone and rosiglitazone, and the experimental 
anti-obesity compound MEDICA16, also activate FFAR1 [ 2 ,  16 ]. Very recently, the 
X-ray crystallography of co-crystals of a novel compound, TAK-875 (fasifl ifam), 
and FFAR1 was performed, and the state of the ligand binding to the receptor was 
revealed [ 42 ]. It was reported that binding sites other than those predicted in recent 
models exist and that TAK-875 could act as a partial agonist or an allosteric ligand. 
In the same paper, a mass spectrometry-based ligand-binding assay system for 
FFAR1 was also established, and the FFAR–ligand interaction has been studied in 
great detail.

10.2.5        Physiological Roles of FFAR1 

 Free fatty acids have so far been known to exert versatile effects on pancreatic 
β-cells. Chronic exposure to high levels of FFAs results in the impairment of β-cell 
function and secretory capacity, whereas acute administration of FFAs stimulates 
insulin release. FFAs are considered to be important for maintaining basal insulin 
secretion as well as increasing glucose-stimulated insulin secretion when fasting [ 1 , 
 7 ,  8 ,  13 ,  43 ,  44 ], but the mechanisms of these phenomena have not been explained. 
Itoh et al. showed that long-chain free fatty acids amplifi ed glucose-stimulated insu-
lin secretion from pancreatic β-cells via activation of FFAR1 [ 24 ]. Because inhibi-
tion of FFAR1 expression with small interfering RNA (siRNA) resulted in quenching 
of FFA-stimulated insulin secretion, FFAR was presumed to be involved in this 
pathway. In contrast to the decrease in FFA-stimulated insulin secretion observed in 
FFAR1-defi cient β-cells, FFAR1-defi cient mice actually exhibited resistance to 
obesity-induced hyperinsulinemia, hepatic steatosis, hypertriglyceridemia, 
increased hepatic glucose output, hyperglycemia, and glucose intolerance. Steneberg 
et al. have indicated that both acute and chronic effects of FFAs were mediated by 
FFAR1 [ 44 ]. In contrast, overexpression of FFAR1 in β-cells by methods via the 
mouse Ipf1/Pdx1 promoter impaired β-cell function and resulted in hyperinsu-
linemia and diabetes [ 44 ]. Moreover, FFAR1 was found to regulate glucose- 
stimulated insulin secretion by overexpressing FFAR1 under the control of mouse 
insulin II promoter [ 33 ]. On the basis of these studies, we speculate that FFAR1 is 
involved in an essential pathway that connects obesity and type 2 diabetes. 

 Furthermore, there have been several studies reporting genomic polymorphisms 
in human FFAR1. One type of polymorphisms, D175N, has the same EC 50  but lower 
maximum response compared to the wild-type receptor. This polymorphism, how-
ever, has no relevance to changes in insulin secretion [ 15 ]. Another polymorphism, 
R211H, shows no difference in primary response, but results from laboratory data 
comparison suggests its involvement in insulin secretion [ 34 ]. Moreover, β-cell 
response to FFAs is quenched in the polymorphism G180S because of impaired 
mechanisms in increasing intracellular Ca 2+  concentration [ 52 ]. 
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 These results have raised a great deal of interest in FFAR1 as a potential target 
for novel drugs in metabolic diseases such as type 2 diabetes. Various experimental 
models have identifi ed chemical compounds that display agonistic or antagonistic 
activity, and their physiological and pharmacological functions are being examined. 
One such compound was TAK-875 (fasiglifam, mentioned earlier), an orally avail-
able, potent, and selective agonist of FFAR1 [ 39 ]. This agent was tested in a phase 
III clinical trial for the potential treatment of type 2 diabetes mellitus, but the trial 
was cancelled because of an undesired side effect. Another FFAR1 agonist, 
JTT- 851, has completed phase II clinical trials and is anticipated to become the fi rst 
therapeutic drug to target FFAR1.   

10.3     FFAR4 

10.3.1     Ligand and Tissue Distribution 

 Using a receptor internalization assay [ 11 ], medium- to long-chain FFAs were iden-
tifi ed as endogenous ligands of FFAR4. Saturated FFAs (C14-18) and unsaturated 
FFAs (C16-22) activate FFAR4. Although some have claimed that FFAR4 was a 
selective receptor for ω-3 polyunsaturated fatty acids (PUFAs), it is now widely 
accepted that both ω-3 and ω-6 PUFAs act as agonists. A variety of PUFAs, regard-
less of ω-3 or ω-6 species, can activate FFAR4 in the micromolar concentration 
range [ 18 ]. The ligand profi les for FFAR4 are similar to those for FFAR1; however, 
the amino acid homology between FFAR4 and FFAR1 is only 10 %.  

10.3.2     Genomic Structure and Evolution 

 FFAR1 and FFAR4 have no homology in structure, although some ligands activate 
both receptors. FFAR4 has been experimentally proved to function as a receptor in 
only mammals. Nonetheless, the FFAR4 gene is conserved in vertebrates from 
 Coelacanthiformes  to mammals, and the neighboring genomic structures are also 
quite similar, as shown in the comparison of the human and  Silurana tropicalis  
genomes (Fig.  10.1 ). However, differing from FFAR1, FFAR2, and FFAR3, which 
prevail throughout vertebrates, the FFAR4 gene cannot be seen in teleost fi sh, with 
an exception of the family  Cichlidae . Sequences similar to FFAR4 are detected in 
 Cichlidae  genomes, but the reason for this exception is unknown. Multiplication of 
genes such as those in FFAR1, FFAR2, and FFAR3 are also not observed in FFAR4. 
Comparing the FFAR4 orthologues including  Cichlidae , we found that the chief 
amino acid sequences are well conserved among species. The amino acid residue 
equivalent to human R99 (described later in this chapter), which is important for the 
interaction of FFAR4 and FFAs, is conserved in all species, strongly suggesting that 
the function is conserved as well (Fig.  10.3 ).
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10.3.3        Signal Transduction 

 Both PUFAs and synthetic ligands induced a rise in cytosolic free Ca 2+  in FFAR4- 
overexpressing HEK293 cells, suggesting that FFAR4 is coupled with the Gαq pro-
tein family. Recently, Shah et al. showed that PUFA-induced depolarization induced 
by the monovalent cation-specifi c transient receptor potential channel type M5 
(TRPM5) is related to intracellular Ca 2+  rise as well as CCK secretion from STC-1 
cells, suggesting that TRPM5 plays a crucial role in FFAR4 signaling in STC-1 cells 
[ 41 ]. Oh et al. showed that a FFAR4 agonist exerts anti-infl ammatory effects through 
β-arrestin 2 signaling in monocytic RAW 264.7 cells and primary macrophages 
[ 36 ]. FFAR4 can also induce the activation of ERK1/2 under certain conditions and 
activation of PI3-kinase and the serine/threonine protein kinase Akt in FFAR4- 
expressing cells [ 17 ,  25 ].  
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  Fig. 10.3    Sequence alignment of FFAR4 in multiple animal species. The alignment is obtained by 
multiple sequence alignment for six homology protein sequences. Amino acid sequences corre-
sponding to FFAR4 from different animal species were aligned using the NCBI COBALT algo-
rithm [ 37 ]. Transmembrane ™ helix regions are shown between  black bars . Highly conserved 
residues are highlighted by  yellow        
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10.3.4     Structure–Activity Relationships of FFAR4 Ligands 

 Because the three-dimensional structure of FFAR4 has not yet been elucidated by 
X-ray crystallography, structure–activity relationship studies are being conducted 
by combining site-directed mutagenesis and homology modeling. The results of the 
site-directed mutagenesis showed that the R99 residue is signifi cant for the ligand 
binding for FFAR4, and the amino acid sequences around R99 are well conserved 
in aforementioned orthologues [ 47 ] (Figs.  10.3  and  10.4a ). The calculation of the 
docking simulation and homology model of FFAR4 revealed signifi cant correlation 
between the calculated value of the hydrogen bond energy and ligand-induced 
activity in many compounds, which led us to predict the activity of novel com-
pounds [ 47 ,  49 ]. To identify other natural ligands of FFAR4, we screened and iden-
tifi ed a selective partial agonist among a series of natural compounds derived from 
fruiting bodies of  Albatrellus ovinus  [ 17 ]. Depending on the experimental condi-
tions, this compound is also useful as an antagonist selective for FFAR4. In addi-
tion, based on the structure of the PPARγ agonist thiazolidinediones, we synthesized 
a series of compounds containing carboxylic acids and developed a selective ago-
nist using a homology model of FFAR4 [ 48 ] (Fig.  10.2 ). Hudson et al. have also 
reported the synthesis of compounds selective for FFAR4 [ 20 ], and many patents of 
compounds have been claimed [ 14 ]. The structure–activity relationship studies 
combining site-directed mutagenesis and homology modeling of FFAR4 showed 
that hydrophobic amino acid residues facing the ligand-binding pocket play an 
important role in the binding of FFAR4 ligand [ 21 ]. These compounds might be 
useful tools to monitor the physiological effects of FFAR4, and they might be poten-
tially useful in the development of novel drug candidates for the treatment of type 2 
diabetes, obesity, and metabolic diseases.

  Fig. 10.4    Single-nucleotide polymorphisms (SNPs) in human FFAR4 and homology model of 
FFAR4. ( a ) Representation of secondary structure of FFAR4. Locus of its SNPs (R67C, R270H) 
and an interaction site (R99) are marked. ( b ) FFAR4 homology model docked with NCG21       
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10.3.5        Physiological Roles of FFAR4 

 We recently reported that dysfunctional FFAR4 led to obesity in both mice and 
humans [ 23 ]. We found that FFAR4-defi cient mice fed a high-fat diet developed 
obesity, glucose intolerance, and fatty liver along with decreased adipocyte differ-
entiation and lipogenesis and enhanced hepatic lipogenesis (Fig.  10.5 ). Insulin 
resistance in these mice was associated with reduced insulin signaling and enhanced 
infl ammation in adipose tissue. FFAR4 exon sequencing in obese subjects revealed 
a deleterious nonsynonymous mutation (R270H) that inhibited FFAR4 signaling 
activity (Fig.  10.4b ). Furthermore, the R270H variant increases the risk of obesity 
in European populations. Overall, this study demonstrates that the lipid sensor 
FFAR4 has a key role in sensing dietary fat and, therefore, in the control of energy 
balance in both humans and rodents.

   Endogenous expression of FFAR4 has been identifi ed in the intestine of humans 
and mice. Our previous study showed that FFAR4-expressing cells were located in 
the GLP-1-expressing enteroendocrine cells in the large intestine [ 18 ,  31 ]. 
Furthermore, the enteroendocrine cell line STC-1 also expressed FFAR4 endoge-
nously, and PUFA or synthetic ligand stimulation induced the secretion of GLP-1 
and cholecystokinin (CCK) as well as the [Ca 2+ ] i  response [ 50 ]. These studies led us 
to speculate the physiological function of FFAR4 in incretin secretion in vivo. 

  Fig. 10.5    Obesity in FFAR4-defi cient mice fed a high-fat diet. ( a ) Body weight changes of wild- 
type and FFAR4-defi cient mice fed a normal diet (ND) or a high-fat diet (HFD). All data represent 
mean + SEM. ** P  < 0.01 versus the corresponding wild-type value. ( b ,  c ) Computed tomography 
images of fat accumulation in wild-type ( b ) and FFAR4-defi cient ( c ) male mice fed a high-fat diet. 
Fat depots are demarcated for illustration       
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 FFAR4 is also expressed in other cells and tissues. Oh et al. found endogenous 
expression of FFAR4 in monocytic RAW 264.7 cells and in primary pro- 
infl ammatory, M1-like macrophages. Matsumura et al. found the expression of 
FFAR4 in taste buds [ 30 ]. In the lung, we found that FFAR4 protein was colocalized 
with the Clara cell 10-kDa protein, a marker of Clara cells [ 31 ]. Further studies are 
needed to reveal the physiological function of FFAR4 in the lung. 

 Taneera et al. performed a systems genomics approach to identify genes for type 
2 diabetes, and FFAR4 was ranked among the top 20 possibly associated genes [ 51 ]. 
In this report, FFAR4 expression in human islets was positively correlated with 
insulin secretion and insulin content and with lower HbA1c. Although inconsistent 
with previous reports that FFAR1 is dominantly detected in mouse pancreatic 
islets [33], these data suggest that FFAR4 can protect pancreatic islets from lipotox-
icity in humans. 

 Recently, it has become clear that FFAR4 is expressed in the pancreas and con-
tributes to glucagon secretion [ 46 ]. According to a report by Oh et al., continued 
administration of an agonist selective for FFAR4 improved glucose tolerance and 
insulin sensitivity in mice fed a high-fat diet [ 35 ]. However, they attributed their 
results to a macrophage-mediated pathway and did not mention its relationship to 
obesity; this is in disagreement with our results. 

 From the analyses of human and mice described here, there is no doubt that 
FFAR4 is strongly involved in diet-induced obesity and acts as a lipid sensor that 
maintains the balance of energy metabolism by controlling lipid biosynthesis [ 23 ]. 
Further investigation is anticipated to develop therapeutic drugs targeting FFAR4 
for the treatment of obesity-related metabolic disorders.   

10.4     Conclusion 

 Because of the low binding affi nity of FFAs to FFARs, there was skepticism toward 
FFARs when originally discovered. However, the experimental facts described here 
confi rmed that FFAs were indeed ligands for FFARs; thus, the names of the fatty acid 
receptor family, which were originally the numbers of the orphan receptors (GPR40, 
GPR120, etc.), are now offi cially changed to FFAR1, FFAR4, etc, respectively. [ 6 , 
 45 ]. The ligands for some nutrient-sensing GPCRs bind with lower affi nity (in the 
micromolar or millimolar range) than that of classic high-affi nity ligands, such as 
hormones or growth factors, for their receptors. The fatty acid receptor family is con-
sidered to be a group of sensor molecules that detect FFAs of various lengths and 
structures as natural ligands with binding constants comparable with their vivo con-
centrations. Among the FFARs, FFAR1 and FFAR4 are considered to be potential 
drug targets for the treatment of metabolic diseases such as type 2 diabetes, because 
their physiological functions are related to energy homeostasis. Further analysis of 
FFARs may also be important to better understand the nutrient- sensing process and to 
develop novel therapeutic compounds to treat metabolic diseases.     
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    Chapter 11   
 Omega-3 Fatty Acid Metabolism 
and Regulation of Infl ammation       

       Yosuke     Isobe     and     Makoto     Arita    

    Abstract     Increasing evidence from both human and animal studies has demon-
strated that omega-3 polyunsaturated fatty acids (PUFAs), primarily eicosapentae-
noic acid (EPA) and docosahexaenoic acid (DHA), can suppress infl ammation and 
play a benefi cial role in a variety of infl ammation-related human diseases, such as 
infl ammatory bowel disease, rheumatoid arthritis, asthma, cancer, and cardiovascu-
lar diseases. Omega-3 PUFAs serve as substrates for the production of potent bioac-
tive anti-infl ammatory lipid mediators such as resolvins. Herein we review recent 
advances in understanding the formation and action of these mediators, especially 
focusing on the LC-ESI-MS/MS-based lipidomics approach and on recently identi-
fi ed bioactive compounds with potent anti-infl ammatory properties.  

  Keywords     Omega-3 PUFA   •   Anti-infl ammation   •   Lipidomics   •   Lipid mediator   • 
  Lipoxygenase   •   LC-MS/MS  

11.1         Introduction 

 Polyunsaturated fatty acids (PUFAs) are essential in human nutrition and can be 
divided into two subcategories, termed omega-3 and omega-6, based on the location 
of their fi rst double bond relative to the tail (omega) of the carbon chain. Omega-6 
arachidonic acid is a common precursor of many eicosanoids, a family of bioactive 
lipid mediators important in controlling infl ammatory responses (Fig.  11.1 ). 
Omega-3 PUFAs such as eicosapentaenoic acid (EPA) and docosahexaenoic acid 
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(DHA), which are enriched in some fi sh oils, are believed to exert benefi cial effects 
on a wide range of human infl ammatory disorders, including infl ammatory bowel 
disease, rheumatoid arthritis, and cardiovascular diseases [ 1 – 3 ]. In addition, studies 
using omega-3 desaturase ( fat-1 ) transgenic mice, which have abundant endoge-
nous omega-3 PUFAs, strongly support the idea that omega-3 PUFAs are protective 
in infl ammatory pathology [ 4 ,  5 ]. Omega-3 PUFAs prevent conversion of arachi-
donic acid (AA) to the pro-infl ammatory eicosanoids by serving as an alternative 
substrate for cyclooxygenase (COX) or lipoxygenase (LOX), resulting in the pro-
duction of less potent products. In addition, a number of enzymatically oxygenated 
metabolites derived from omega-3 PUFAs were recently identifi ed as anti- 
infl ammatory mediators. These compounds may contribute to the benefi cial actions 
that have been attributed to omega-3 PUFAs in human diseases.

11.2        LC-ESI-MS/MS-Based Lipidomics 

 Liquid chromatography-tandem mass spectrometry (LC-ESI-MS/MS) is the most 
reliable and sensitive method to identify and quantify PUFA metabolites (Fig.  11.2 ). 
The development of electrospray ionization (ESI) technology provided an ideal 
interface between LC and MS because it avoids unwanted degradation and gener-
ates primarily molecular ions for MS/MS analysis. ESI is a soft ionization technol-
ogy that forms either positive or negative ions through the addition of a proton to 
form [M + H] +  or the removal of a proton to form [M − H] − . In case of PUFA-derived 
mediators, ESI results in [M − H] −  carboxylate ions that can be detected with rela-
tively high sensitivity. The triple quadrupole mass spectrometer is capable of 

COOH COOH
COOH

Prostaglandins
Leukotrienes

E-series resolvins D-series resolvins
Protectins
Maresins

Omega-6 Omega-3

Arachidonic acid Eicosapentaenoic acid Docosahexaenoic acid

  Fig. 11.1    Polyunsaturated fatty acid (PUFA)-derived mediators. Arachidonic acid is a metabolic 
precursor of eicosanoids [e.g., prostaglandins (PGs) and leukotrienes (LTs)], which have distinct 
roles as pro-infl ammatory mediators. Omega-3 PUFAs prevent conversion of arachidonic acid into 
pro-infl ammatory eicosanoids via substrate competition. In addition, omega-3 PUFAs are con-
verted to bioactive metabolites such as resolvins and protectins with anti-infl ammatory and pro- 
resolving properties       
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 operating an MS/MS mode called multiple reaction monitoring (MRM). A specifi ed 
precursor ion is selected according to its mass-to-charge ratio (m/z) in the fi rst quad-
rupole mass fi lter, and it is then fragmented into product ions in the second chamber 
by collision-induced dissociation (CID). Then, the third quadrupole mass fi lter is 
locked onto its specifi ed product ion. Representative chromatograms of PUFA 
metabolites are depicted in Fig.  11.2 . Among HEPE isomers, 8-HEPE and 12-HEPE 
do not resolve well using a C18 column. However, the choice of structure-specifi c 
product ions allows their differentiation (8-HEPE m/z 317 > 155, and 12-HEPE m/z 
317 > 179). Also, the MRM transition used for 18-HEPE (m/z 317 > 215) showed 
cross-reactivity with 17,18-EpETE, but these hydroxy- and epoxy-fatty acids could 
be resolved well by C18 column chromatography. This MRM mode leads to further 
improvement in detection and quantifi cation limits when combined with high- 
resolution LC separations [ 6 ].

11.3        E-Series Resolvins: Novel EPA-Derived Mediators 
with Potent Anti-infl ammatory Properties 

 Using an unbiased lipidomics approach, Serhan’s group identifi ed resolvin E1 
(RvE1) and RvE2 as novel anti-infl ammatory and pro-resolving mediators derived 
from EPA [ 7 – 9 ]. RvE1 (5 S ,12 R ,18 R -trihydroxy-6 Z ,8 E ,10 E ,14 Z ,16E- 
eicosapentaenoic acid) and RvE2 (5 S ,18 R -dihydroxy-6 E ,8 Z ,11 Z ,14 Z ,16E- 
eicosapentaenoic acid) are biosynthesized by human polymorphonuclear leukocytes 

12-HEPE
m/z 317 > 179

17,18-EpETE

m/z 317 > 259

LTB4
m/z 335 > 195

m/z 351 > 271
PGE2 PGD2

5-HEPE
m/z 317 > 115

PD1
m/z 359 > 153

18-HEPE

solid phase extraction reverse phase HPLC ESI-MS/MS

8-HEPE
m/z 317 > 155

  Fig. 11.2    Liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based lipidomics. 
After solid-phase extraction, samples are separated by reverse-phase HPLC, and PUFA metabo-
lites are detected and quantifi ed by multiple reaction monitoring (MRM) using triple quadrupole 
MS/MS. Representative MRM chromatograms of PUFA metabolites are shown       
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(PMNs) through the 5-lipoxygenase (5-LOX) pathway from a common precursor, 
18-hydroxyeicosapentaenoic acid (18-HEPE). The general functions of RvE1 
include reducing neutrophil transmigration, attenuating infl ammation and pain, and 
promoting resolution of acute infl ammation [ 8 – 14 ]. RvE2 is the second E-series 
member to inhibit zymosan-induced PMN infi ltration and display potent anti- 
infl ammatory properties in murine peritonitis [ 15 ,  16 ]. 

 Using a similar strategy, we recently identifi ed RvE3 (17 R ,18-dihydroxy- 
5Z,8 Z ,11 Z ,13 E ,15 E -eicosapentaenoic acid) as a potent and stereoselective antiin-
fl ammatory metabolite [ 17 ]. RvE3 blocked PMN infi ltration in acute peritonitis, 
and inhibited LTB 4 -induced PMN chemotaxis in vitro at low nanomolar concentra-
tions. Of interest, the unnatural stereoisomers (i.e., 17 S ,18-dihydroxy- 
5Z,8 Z ,11 Z ,13 E ,15 E -eicosapentaenoic acid obtained via chemical synthesis [ 18 ]) 
were much less active compared with the natural isomers, demonstrating the stere-
oselective action of RvE3 [ 19 ]. A recent study showed that the administration of 
RvE3 to LPS-exposed pregnant mice lowered the incidence of preterm birth [ 20 ]. 

 In contrast to RvE1 and E2 biosynthesized by PMNs via the 5-LOX pathway, 
RvE3 is biosynthesized by eosinophils via the 12/15-LOX pathway [ 17 ]. Eosinophils 
are circulating granulocytes known to be involved in the pathogenesis of allergic 
diseases such as asthma. On the other hand, several studies have identifi ed novel 
benefi cial roles for eosinophils in maintaining tissue homeostasis [ 21 – 23 ]. Also, our 
recent studies suggest that eosinophils are recruited to the infl ammatory site during 
the resolution phase, where they locally produce pro-resolving lipid mediators via 
the 12/15-LOX-initiated biosynthetic route [ 24 ,  25 ]. Therefore, RvE3 may contrib-
ute, at least in part, to the eosinophil functions of regulating acute infl ammation and 
resolution. 12/15-LOX is also expressed by tissue resident macrophages, dendritic 
cells, mast cells, and airway epithelial cells [ 26 ]. 12/15-LOX defi ciency leads to 
progressive atherosclerosis [ 27 ], exacerbation of arthritis, and infl ammatory joint 
destruction [ 28 ], reduced corneal re-epithelialization [ 29 ], and a decline in immune 
self-tolerance [ 30 ]. Cells expressing 12/15-LOX may be involved in regulating 
infl ammatory responses by locally producing anti-infl ammatory lipid mediators 
such as RvE3.  

11.4     Novel Bioactive Metabolites Formed via Omega-3 
Epoxygenation of EPA 

 In addition to E-series resolvins, which are formed via a common precursor 
18-HEPE, we recently discovered a new EPA-metabolic pathway via omega-3 
epoxygenation, and identifi ed a novel bioactive metabolite, 12-OH-17,18-EpETE, 
with potent and stereoselective anti-infl ammatory properties [ 31 ]. Intravenous 
administration of 12-OH-17,18-EpETE dose-dependently blocked acute PMN infi l-
tration in zymosan-induced peritonitis. This compound also signifi cantly reduced 
PMN migration speed toward an LTB 4  chemotactic gradient at low nanomolar 
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concentrations. PMNs treated with 12-OH-17,18-EpETE exhibited less directed 
migration toward the chemotactic gradient of LTB 4  and extended multiple pseudo-
podia during migration. Interestingly, when compared with RvE3, both compounds 
reduced speed of PMN migration toward the chemotactic gradient of LTB 4 , but only 
12-OH-17,18-EpETE treatment resulted in less direct PMN migration. These results 
indicate that 12-OH-17,18-EpETE has a structure-specifi c effect and a mechanism 
of action different from that of RvE3. 

 12-OH-17,18-EpETE is presumably biosynthesized in vivo through 
12- hydroxylation of 17,18-EpETE or 17,18-epoxygenation of 12-HEPE. Although 
12-OH-17,18-EpETE has potent anti-infl ammatory activity, the structurally related 
17,18-EpETE, 12-HEPE or 12,17,18-triHETE were essentially devoid of activity in 
zymosan-induced peritonitis and LTB 4 -induced PMN polarization. Because the 
epoxide moiety of 12-OH-17,18-EpETE can be rapidly hydrolyzed by epoxide 
hydrolase to form 12,17,18-triHETE, this may be the physiological enzymatic path-
way used to inactivate this endogenous autacoid. 

 Using chemically synthesized stereoisomers, the complete structures of two nat-
ural isomers were assigned as 12 S -OH-17 R ,18 S -EpETE and 12 S -OH-17 S ,18R- 
EpETE. These natural isomers both displayed potent anti-infl ammatory action, 
whereas the unnatural stereoisomers were essentially devoid of activity. The low 
nanomolar activity levels of these compounds and their stereospecifi city activity 
requirements support the existence of a high-affi nity receptor for 12-OH-17,18- 
EpETE on PMNs.  

11.5     Perspectives 

 The formation of endogenous autacoids derived from omega-3 PUFA may explain 
in part the well-known, essential roles of the omega-3 PUFA in health and disease. 
E-series reolvins are biosynthesized from a common precursor, 18-HEPE, and 
12-OH-17,18-EpETE is formed from 17,18-EpETE. These oxidation reactions tar-
get the omega-3 double bond of EPA, which distinguishes it from omega-6 arachi-
donic acid. Also, as in EPA, our recent study has identifi ed novel anti-infl ammatory 
metabolites generated via omega-3 oxidation of DHA [ 32 ]. Thus, we propose that 
omega-3 oxidation is an important structural and metabolic feature for the anti- 
infl ammatory actions of omega-3 PUFA (Fig.  11.3 ). EPA is converted to 18-HEPE 
by aspirin-acetylated COX-2 [ 7 ] or cytochrome P450 monooxygenase (CYP) [ 33 ]. 
Several CYPs, including the CYP1A, CYP2C, and CYP2J subfamily members, can 
preferentially introduce a  cis -epoxide at the omega-3 double bond of EPA to form 
17,18-EpETE [ 34 – 36 ]. Recent studies have demonstrated contributions of CYP1 
enzymes to the resolvin-biosynthetic pathway, and there was increased neutrophil 
recruitment in zymosan-induced peritoneal exudates of  Cyp1a1/1a2/1b1  triple- 
knockout mice [ 37 ]. Thus, cells expressing these enzymes are likely to be involved 
in regulating infl ammatory responses via local production of anti-infl ammatory 
metabolites. Further studies to understand lipid mediator biosynthesis and the 
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structure–activity relationship of these mediators will provide insight into endoge-
nous protection against aberrant or uncontrolled innate infl ammatory responses as 
well as a molecular basis for the benefi cial actions of omega-3 PUFAs noted in 
humans.
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    Chapter 12   
 Membrane Lipid Transporters in  Drosophila 
melanogaster        

       Kohjiro     Nagao    ,     Naoto     Juni    , and     Masato     Umeda    

    Abstract     Membrane lipid transport within and across the membrane is mediated 
by lipid transport machineries known as fl ippase, fl oppase, and scramblase. Flippase 
translocates lipids from the exocytoplasmic to the cytoplasmic leafl et of cellular 
membranes, fl oppase mediates the translocation of lipids in the opposite direction, 
and scramblase facilitates bidirectional translocation of lipids. These specialized 
lipid transport machineries are now demonstrated to have crucial roles in a variety 
of biological processes, including lipid metabolism, immune response, apoptosis, 
and neural function, in many mammalian species. The  Drosophila melanogaster  
genome contains orthologues to about 70 % of all human disease-associated genes, 
and thus both traditional genetic approaches and more recent genome-wide screen-
ing techniques in  Drosophila  have been powerful tools for the study of lipid-related 
processes. There are, however, many open questions about the structure and func-
tion of lipids and their transport machineries in  Drosophila . In this review, we sum-
marize the functions of fl ippase, fl oppase, and scramblase from several species, and 
discuss the roles of these lipid transporters in  D. melanogaster.   

  Keywords      Drosophila melanogaster    •   Flippase   •   Floppase   •   Scramblase   • 
  P4-ATPase   •   CDC50   •   ABC transporter   •   PLSCR   •   TMEM16F   •   XKR8  

12.1         Introduction 

 The fruit fl y  Drosophila melanogaster  has played a central role in establishing the 
link between genetics and embryology and has provided a useful model system for 
cell biology, physiology, immunology, social biology, and population genetics. 
Although evolutionarily distant from humans, the  D. melanogaster  genome con-
tains orthologues to around 70 % of all human disease-associated genes [ 1 ], 
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including genes whose disruption are responsible for a variety of human diseases 
such as developmental disorders, cancer, neurological diseases, and metabolic dis-
orders [ 1 – 3 ]. Recent advances in  Drosophila  genetics have provided a powerful tool 
for genome-wide screening of disease-associated genes and a pharmacological 
approach for the development of anticancer drugs [ 4 ,  5 ]. Despite the continued 
accumulation of knowledge about gene and protein function in  Drosophila,  how-
ever, there are many open questions about the structure and function of lipids in this 
fl y species.  Drosophila  has been shown to have a unique phospholipid composition 
in which phosphatidylethanolamine (PE) is the dominant component, in contrast to 
other animals and plants in which phosphatidylcholine (PC) is the major phospho-
lipid component [ 6 ]. Because of its sterol auxotrophy and facile genetic manipula-
tion,  Drosophila  also provides a unique system for the study of dietary sterol uptake 
and the genetic basis of diet-induced metabolic disorders [ 7 ,  8 ]. A recent lipidomics 
study identifi ed more than 500 molecular species of lipids during  Drosophila  devel-
opment, and showed the dynamic remodeling of lipid species at specifi c stages dur-
ing development [ 9 ]. 

 It is now known that lipid molecules are not tethered to the site of their synthesis, 
but rather are actively transported and assembled into specifi c sites of cellular mem-
branes [ 10 ]. Specialized lipid transport machineries are now demonstrated to have 
crucial roles in the formation of distinct membrane domains, which are involved in 
highly localized remodeling of membrane structures as well as recruitment and acti-
vation of membrane proteins [ 11 ]. It is well established that phospholipids in bio-
logical membranes are distributed asymmetrically between the inner and outer 
leafl ets of the lipid bilayer. In many eukaryotic plasma membranes, aminophospho-
lipids such as PE and phosphatidylserine (PS) reside in the inner leafl et, whereas 
choline-containing phospholipids, such as PC and sphingomyelin (SM), are  localized 
mainly in the outer leafl et [ 12 ]. This phospholipid asymmetry is generated and main-
tained in part by the three putative phospholipid transport machineries known as 
phospholipid fl ippase, fl oppase, and scramblase [ 13 ,  14 ] (Fig.  12.1 ). Phospholipid 
fl ippase translocates phospholipids from the exocytoplasmic (extracellular/luminal) 
to the cytoplasmic leafl et of cellular membranes and is now known to belong to a 
subfamily of P-type ATPases known as type IV P-type ATPases (P4-ATPases). Some 
members of the ATP-binding cassette (ABC) transporters function as phospholipid 
fl oppases, which translocate phospholipids from the  cytoplasmic to the 

Flippase Floppase Scramblase

Inner leaflet

Outer leaflet

A B C

  Fig. 12.1    Lipid-transport machineries: fl ippase ( a ), fl oppase ( b ), and scramblase ( c )       
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 exocytoplasmic leafl et of the membrane bilayer. Phospholipid  scramblase causes a 
rapid disruption of the phospholipid asymmetry by bidirectional translocation of 
phospholipids, and several candidates for the scramblase, such as PLSCR [ 15 ], 
TMEM16F [ 16 ], and XKR8 [ 17 ], have been identifi ed. In this review, we summarize 
the function of fl ippases, fl oppases, and scramblases from several species, and dis-
cuss the roles of these lipid transporters in  D. melanogaster. 

12.2        Flippase 

12.2.1     A Complex of P4-ATPase and CDC50 
as a Phospholipid Flippase 

 Bovine ATPase II (currently designated as ATP8A1), which mediates the net trans-
fer of PS and PE from the outer to inner leafl ets of the plasma membrane bilayer, 
was identifi ed as the fi rst candidate for a phospholipid fl ippase [ 18 ]. A subsequent 
genome search revealed that ATP8A1 and its closest yeast homologue, Drs2p, 
were founding members of a novel subfamily of P-type ATPases known as 
P4-ATPases [ 19 ]. P4-ATPases share structural similarity with other P-type 
ATPases, including ten transmembrane-spanning segments and a P-type ATPase-
specifi c sequence motif, most notably the DKTGTLT sequence motif in which the 
canonical aspartic acid is phosphorylated during the reaction cycle, and a nucleo-
tide (ATP)-binding site [ 20 ]. The unique structural feature of P4-ATPases is that 
the conserved charged and polar amino acids in the transmembrane domains 4 and 
6 of cation-transport ATPases are replaced with hydrophobic and aromatic amino 
acid residues. Although it is not known how the P4-ATPases couple ATP hydroly-
sis and phospholipid translocation, recent studies by Graham’s group proposed a 
structural model for their phospholipid specifi city and transport mechanism [ 21 , 
 22 ]. It is also shown that the association of P4-ATPases with CDC50 family pro-
teins is required for their exit from the endoplasmic reticulum (ER) and for their 
proper cellular localization [ 23 ,  24 ]. 

 P4-ATPases represent the largest subfamily of P-type ATPases and are present 
only in eukaryotic cells. In mammals, at least 14 members of P4-ATPases, desig-
nated ATP8A1 through ATP11C, and three CDC50 proteins (CDC50A, CDC50B, 
and CDC50C) have been identifi ed. Among the P4-ATPases expressed in 
 mammalian cells, ATP8A1, ATP8A2, ATP8B1, ATP8B3, ATP8B5, and ATP11C 
have been implicated in the translocation of phospholipids. With regard to the bio-
logical functions of phospholipid fl ippases, studies using the budding yeast 
 Saccharomyces cerevisiae  have demonstrated that P4-ATPases interact genetically 
and directly with the components involved in clathrin-dependent vesicular transport 
[ 25 ]. The translocation of aminophospholipids such as PS and PE creates an imbal-
ance in the numbers of phospholipids between the two leafl ets, which increases the 
membrane curvature and anionic phospholipid content of the cytosolic leafl et, 
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thereby driving the recruitment of functional molecules and the resulting vesicular 
formation [ 26 ,  27 ]. Recent studies of mammalian P4-ATPases have also shown 
their involvement in various cellular and pathophysiological events such as neural 
function, bile salt secretion, acrosome reaction, B-cell differentiation, cell migra-
tion, and apoptosis [ 24 ,  28 ].  

12.2.2      Drosophila  P4-ATPases and CDC50 Protein 

 In  D. melanogaster , 6 P4-ATPase genes ( CG4301 ,  CG9981, CG14741 ,  CG31729 , 
 CG33298 , and  CG42321 ) and a single CDC50 gene ( CG9947 ) have been identifi ed 
(Fig.  12.2a, b ). Based on sequence similarity, P4-ATPase could be divided into sev-
eral classes [ 28 ]. CG42321 has high homology to human ATP8A1 (55 % identical) 
and ATP8A2 (54 % identical), which mediate the fl ipping of PE and PS [ 24 ,  29 – 32 ]. 
CG14741 is mainly expressed in the brain (reported in Flybase [ 33 ]), and is catego-
rized into a group containing human ATP8B1, ATP8B2, ATP8B3, and ATP8B4. 
The ubiquitously expressed CG31729 shows high homology with human ATP9A 
(52 % identical) and ATP9B (53 % identical), and CG33298 is classifi ed into a 
group containing ATP10A, ATP10B, and ATP10D. Both CG4301 and CG9981 are 
specifi cally expressed in midgut, hindgut, and Malpighian tubules and belong to a 
group with human ATP11A, ATP11B, and ATP11C. Although fl ippase activity of 
 Drosophila  P4-ATPase has not been demonstrated in vitro and little information on 
the substrate specifi cities and cellular functions of  Drosophila  phospholipid fl ip-
pases is available, recent genetic analyses have revealed some unique functions of 
these transporters.

12.2.3        A  Drosophila  P4-ATPase Involved in Odorant Receptor 
Function 

 Recently, two groups have independently shown that dATP8B (CG14741), a 
 Drosophila  homologue of the mammalian ATP8B subclass, modulates odorant 
receptor function [ 34 ,  35 ]. By immunocytochemical analysis, dATP8B was shown 
to be enriched in a subset of olfactory neuron cilia, the site of odorant transduction. 
In dATP8B mutant fl ies, responses of odorant receptor 67d (OR67d)-expressing 
neurons to a male-specifi c pheromone, 11- cis -vaccenyl acetate (cVA), are severely 
impaired, whereas responses mediated by other receptor families (ionotropic-like 
and gustatory receptors) are not affected. Because the amount of OR67d localized in 
dendritic cilia is decreased in dATP8B mutants, the olfactory defects of the dATP8B 
mutant are likely caused by the mislocalization of odorant receptors. In addition, the 
cVA responses of dATP8B mutants are restored by expressing wild- type dATP8B or 
bovine ATP8A2 in pheromone-sensing neurons. On the other hand, defects in the 
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dATP8B mutant are not rescued by expression of a dATP8B protein harboring a 
mutation in the DGETN motif, which is important for the phosphatase activity of 
P-type ATPase. Because proper lipid localization is required for vesicle docking and 
receptor recycling, dATP8B may regulate the odorant receptor traffi cking by 
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fl ipping phospholipids in olfactory neurons. Thus, the lipid-fl ipping activity of 
dATP8B is important for proper subcellular traffi cking of odorant receptors and 
modulates odorant sensitivity in  Drosophila  [ 34 ,  35 ].  

12.2.4     The Role of  Drosophila  P4-ATPase in Secretory Vesicle 
Formation and Cholesterol Homeostasis 

 Modulating the composition and the distribution of phospholipids and sterols is 
important for intracellular vesicle traffi cking. It has been reported that overexpres-
sion of the  Drosophila  oxysterol-binding protein (OSBP) leads to sterol accumula-
tion in the Golgi apparatus in salivary gland cells, and OSBP-overexpressing fl ies 
fail to perform post-eclosion behaviors including wing expansion [ 36 ]. The wing 
expansion defects in OSBP-overexpressing fl ies are the result of impaired function 
of crustacean cardioactive peptide (CCAP) neurons that release the neuropeptide 
bursicon, a regulator of post-eclosion behaviors. In OSBP-overexpressing CCAP 
neurons, the axon outgrowth and the synthesis of bursicon are normal, but the func-
tion and morphology of the Golgi apparatus and intracellular traffi cking of bursicon 
are impaired. Ma et al. reported that the wing expansion defect in OSBP- 
overexpressing fl ies can be restored by disruption of the  CG33298  gene, a  Drosophila  
homologue of ATP10D [ 37 ]. Mutation in the  CG33298  gene (truncation of amino 
acid residue 1-302) suppresses both defect in the bursicon traffi cking and abnormal-
ity in Golgi apparatus morphology caused by overexpression of OSBP. However, 
the accumulation of sterol is not suppressed by the loss of one copy of  CG33298  
gene. These results indicate that the mutation of the  CG33298  gene does not sup-
press the OSBP-overexpression-induced phenotype by reducing the sterol level in 
the Golgi apparatus. Therefore, it is likely that the reduction of phospholipid asym-
metry by the  CG33298  mutation modulates the membrane traffi cking by infl uencing 
the membrane curvature or fl uidity in the sterol-overloaded Golgi apparatus [ 37 ].  

12.2.5     The Role of  Drosophila  CDC50 in Body Size Control 

 In contrast to the variation among the P4-ATPases, only a single CDC50 family 
protein designated as dCDC50 (CG9947) has been identifi ed in  D. melanogaster . 
The expression profi le of dCDC50 was analyzed by using an antibody that we raised 
against a synthetic peptide corresponding to the carboxyl terminus of the protein. 
The expression of dCDC50 was detected throughout the developmental stages with 
a prominent peak at the fi rst-instar stage. In adult fl ies, dCDC50 was abundantly 
expressed in gut and brain tissues, with ubiquitous expression detected in all organs 
or body parts examined. 

 Ubiquitous gene silencing of the  dCdc50  gene using the GAL4/UAS system 
[ 38 ], in which a ubiquitous promoter from a  Drosophila αTubulin84B  gene and 
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 dCdc50  double-strand RNA (dsRNA) were employed, resulted in larval/pupal 
lethality with no adult fl ies emerging. In the same study, the  dCdc50  gene silencing 
induced developmental retardation and a striking reduction of body size, but no 
apparent morphological defects. The body weights at the last-instar stage were half 
of normal. Internal organs, including the gut, fat body, and salivary glands, were 
also smaller and less developed and consisted of smaller-than-normal cells. 

 To examine whether the reduction in cell size was the consequence of a cell- 
autonomous effect of  dCdc50  silencing, we next employed a somatic mosaic tech-
nique combining site-specifi c recombination and GAL4/UAS-driven RNAi [ 39 ]. In 
this experiment, we established fl ies carrying four transgene constructs. The fi rst 
transgene consists of a ubiquitous promoter of the  Drosophila Actin5C  gene and a 
coding sequence of the GAL4 transcription factor with an “FLPout cassette” that 
blocks GAL4 expression. The second transgene expresses a yeast site-specifi c 
recombinase, FLP, under the control of a heat shock promoter. Heat shock induction 
of FLP causes recombination between FRT sequences placed at both ends of the 
FLPout cassette in the fi rst transgene, which cancels the suppression of GAL4 and 
induces the expression of  dCdc50  dsRNA and green fl uorescence protein (GFP) 
under the control of UAS from the third and fourth transgenes. Because the recom-
bination event occurs randomly in somatic cells,  dCdc50 -silenced cells appear 
embedded within wild-type cells. Thus, the somatic mosaic technique facilitates 
comparison of  dCdc50 -silenced cells with wild-type cells. 

 Organisms to be examined were subjected to a heat shock at the fi rst-instar stage 
and allowed to grow to the last-instar stage. The resulting larvae appeared normal in 
size and morphology. In their internal tissues,  dCdc50  dsRNA-expressing cells as 
marked by GFP also appeared normal (Fig.  12.3 ). These results demonstrate that the 
reduction of cell size caused by ubiquitous  dCdc50  silencing is unlikely to be cell 
autonomous. This fi nding implies that dCDC50 in particular tissues/organs might 
affect systemic growth in a non-cell-autonomous fashion.

12.3         Floppase 

12.3.1     The ABC Transporter as a Lipid Floppase 

 The ABC transporter binds and hydrolyzes ATP in nucleotide-binding domains 
(NBDs) to induce conformational change within the transmembrane domains 
(TMDs), which drive the transport of substrates [ 40 ]. Most ABC transporters con-
sist of two NBDs and two TMDs. Although the individual domains are frequently 
expressed as separate polypeptides in prokaryotic ABC transporters, many eukary-
otic ABC transporters have four domains in one or two peptides; the former trans-
porter is called a full type and the latter a half type [ 41 ]. Each NBD contains three 
highly conserved sequence motifs, Walker A, Walker B, and the ABC signature 
sequence (also known as the C motif). Residues within the Walker A motif (G-X- X- 
G-X-G-K-S/T-S/T) interact with the phosphate group and magnesium ion of the 
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Mg 2+ –nucleotide complex, and an amino acid substitution of the conserved lysine 
residue results in a loss of ATP hydrolysis activity in several ABC transporters [ 42 , 
 43 ]. The Walker B motif is h-h-h-h-D, where ‘h’ is a hydrophobic residue, and the 
highly conserved aspartate residues are involved in the coordination of the catalytic 
Mg 2+  ion [ 44 ,  45 ]. Although Walker A and B motifs are also widely conserved 
among the many nucleotide-binding proteins (e.g., Ras, adenylate kinase, myosin, 
F 1 -ATPase), the ABC signature sequence (L-S-G-G-Q/R/K-Q-R) is unique to NBD 
of the ABC transporter. The ABC signature sequence is located immediately N ter-
minal of the Walker B motif, and is involved in recognition of the γ-phosphate and 
ribose moiety of ATP. 

 Although most ABC transporters function as effl ux pumps that secrete hydro-
phobic substrates from the membrane to the extracellular environment, some mem-
bers of the ABC transporter family function as fl oppases that translocate lipids from 
the inner to the outer leafl et of the plasma membrane [ 40 ]. Thus, in contrast to 
inward translocation by P4-ATPases, ABC transporters function as outward translo-
cases by fl opping or secreting the various kinds of hydrophobic substrates, includ-
ing phospholipids, sphingolipids, sterols, and xenobiotics. Although details of the 
mechanism for substrate recognition and transport by ABC transporters remain to 
be clarifi ed, the processes for outward transport of hydrophobic substrates across 
the membrane can be classifi ed as follows.

    1.     Flopping from the inner to outer leafl et . In this process, the substrate enters the 
transporter from the inner leafl et and exits from the transporter into the outer 
leafl et. Substrates could be moved from one substrate-binding site to another in 
the transporter in this “fl opping” manner.   

  Fig. 12.3    Whole-mount preparation of a fat body from a last-instar larva with a  dCdc50 -silenced 
somatic mosaic.  dCdc50 -silenced cells were randomly generated at the fi rst-instar stage. Fat bod-
ies were dissected at the last-instar stage and observed with a Zeiss Axiovert 200 M fl uorescent 
microscope. Nuclei are visualized with DAPI ( magenta ). Note that  dCdc50 -silenced cells [marked 
by green fl uorescent protein ( GFP ),  green ] were indistinguishable from the neighboring wild-type 
cells in both size and morphology.  Bar  100 μm       
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   2.     Secretion from the inner leafl et to extracellular environment . The substrate enters 
the transporter from the inner leafl et as in model 1, but then exits the transporter 
directly to an exogenous environment. Because the hydrophobic substrate read-
ily returns to the outer leafl et of the lipid bilayer, an acceptor is required for the 
hydrophobic substrate to be solubilized in an exogenous environment.   

   3.     Secretion from the outer leafl et to extracellular environment . In this model, the 
substrate enters the transporter from the outer leafl et and exits the transporter 
directly to an exogenous environment. An acceptor would also be required for 
the substrate to be solubilized in an exogenous environment in this case. The 
movement of substrates in this model can be called “projection” to the exoge-
nous environment.    

12.3.2        Drosophila  ABC Transporters 

 Based on the sequence similarity of NBDs, ABC transporters could be divided into 
eight subfamilies (ABCA to ABCH) [ 46 ,  47 ]. Although the  D. melanogaster  
genome encodes 56 ABC transporter genes (10 for ABCA, 8 for ABCB, 14 for 
ABCC, 2 for ABCD, 1 for ABCE, 3 for ABCF, 15 for ABCG, 3 for ABCH), infor-
mation about the function and substrate of  Drosophila  ABC transporters is limited. 
In this section, we summarize the functions of ABCG and ABCB subfamily mem-
bers that have been reported to be involved in the transport of hydrophobic 
substrate.  

12.3.3     ABCG Subfamily Members in  Drosophila  

 Among the 15 ABCG subfamily members of  D. melanogaster  (Fig.  12.2d ), the best 
characterized members are W, BW, and ST (the gene products of  white ,  brown , and 
 scarlet , respectively), which are involved in the determination of eye color [ 48 ]. 
Normally, the eye color of  D. melanogaster  is red-brown, because two color light- 
screening pigments, xanthommatin (brown pigment) and a class of drosopterins 
(red pigment), are deposited in membrane-bound granules in specialized pigment 
cells in each ommatidium of the compound eye. Xanthommatin and drosopterins 
are synthesized from tryptophan and guanosine triphosphate (GTP), respectively. 
Two  Drosophila  ABC transporters, W and ST, form a heterodimer and mediate the 
uptake of tryptophan and two intermediates of the xanthommatin pathway. W also 
forms a heterodimer with BW to mediate the uptake of the drosopterin precursor 
guanine. Therefore, W is required for the synthesis of both pigments, whereas ST 
and BW are involved in the synthesis of xanthommatin and drosopterins, respec-
tively. Refl ecting the role of each ABC transporter in pigment production, null 
mutation of the  white  gene causes white eye color because of the lack of deposition 
of either xanthommatin or drosopterins in the pigment cells, whereas fl ies with 
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deletion of the  scarlet  gene have red eyes and the null mutation of the  brown  gene 
causes brown eyes. 

 Although three  Drosophila  ABCG subfamily proteins (W, BW, and ST) trans-
port hydrophilic compounds in eye pigment synthesis, mammalian ABCG subfam-
ily members mediate the secretion of hydrophobic molecules (e.g., ABCG1 and 
ABCG4 mediate cholesterol effl ux into HDL particles; the ABCG5-ABCG8 het-
erodimer transports cholesterol and sitosterol). There are 12  Drosophila  ABCG 
subfamily proteins in addition to the three transports for eye pigment synthesis. 
Some of these proteins show high homology with mammalian lipid transporters and 
are predicted to be lipid transporters. For example, ATET has high homology with 
human ABCG1 (44 % identical) and human ABCG4 (41 % identical), but the trans-
port substrate of ATET is not clear [ 49 ]. E23 (CG3327) is involved in ecdyson- 
mediated gene activation [ 50 ]. Ecdyson is a steroid hormone that regulates 
developmental processes, and the concentration of ecdyson is drastically changed 
during the developmental course. The temporal pattern of E23 transcript accumula-
tion is consistent with that of an ecdyson pulse during development, and the expres-
sion of E23 is robustly induced by ecdyson in cultured larval tissues, demonstrating 
that E23 is an ecdyson-inducible ABC transporter. Ectopic expression of E23 sup-
presses the ecdyson-mediated transcriptional activation of the  Eip74EF  and  Eip75B  
genes, indicating that E23 may modulate the intracellular ecdyson concentration by 
secreting ecdyson into the extracellular environment. Interestingly, the system for 
induction of the putative ecdyson transporter E23 by ecdyson is similar to the induc-
tion mechanism of mammalian cholesterol transporters. For example, expression of 
the cholesterol transporters ABCG1 and ABCG4 is induced by oxidized cholesterol 
via activation of a nuclear receptor, liver X receptor (LXR) [ 51 ,  52 ]. Because ecdy-
son induces the transcription of several genes via binding to the nuclear receptor 
ecdyson receptor (EcR) [ 53 ], mammals and  Drosophila  utilize similar mechanisms 
for the modulation of cellular sterol levels. As E23 is a half-type transporter similar 
to  Drosophila  W and mammalian ABCG1, E23 requires the formation of a dimer to 
function as an active transporter. However, it is not clear whether E23 forms a 
homodimer or a heterodimer with the other half-type transporter. Identifi cation of a 
dimer partner of E23 is important for understanding both the mechanism and 
 regulation of ecdyson transport during developmental processes. Thus, the 
 Drosophila  ABCG subfamily transporter is also involved in the transport of hydro-
phobic compounds, and further research is needed to reveal the role of other ABCG 
subfamily members.  

12.3.4     ABCB Subfamily Members in  Drosophila  

 As already mentioned, the  D. melanogaster  genome encodes eight ABCB subfam-
ily transporter genes (Fig.  12.2c ). Four members (MDR49, MDR50, MDR65, 
CG10226) are full-type transporters in the manner of human ABCB1 (MDR1), 
whereas the others (CG1824, CG3156, CG7955, HMT1) are half-type transporters 
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that form dimers to serve as active transporters. Among them, two transporters have 
been shown to mediate the transport of hydrophobic substrate. Because human 
ABCB1 and ABCB4 secrete lipophilic xenobiotics and PC, respectively [ 54 ,  55 ], it 
is plausible that  Drosophila  ABCB transporters mediate the transport of hydropho-
bic substrates. 

 The full-type transporter MDR65 is specifi cally localized at the humoral barrier 
of the  Drosophila  central nervous system (CNS) of subperineural glia and is required 
for protection against chemical attack [ 56 ]. Another full-type transporter, MDR49, 
has been shown to be involved in the secretion of chemoattractant [ 57 ]. The migra-
tion of primordial germ cells from the site of origin to the somatic part of the gonad 
is crucial for embryonic development. Chemoattractants are commonly secreted 
through a classic, signal peptide-dependent pathway, but the secretion of a geranyl- 
modifi ed attractant requires MDR49. Among ABCB subfamily transporters of 
 Drosophila , the expression pattern and phenotype of the  Mdr49  mutant are consis-
tent with a role in germ cell migration. Further, the overexpression of MDR49 and 
HMGCR, an enzyme required for production of the geranylgeranyl moiety in insect 
cell lines, enhances the migration of germ cells, demonstrating the role of the 
MDR49 transporter in the secretion of the geranyl-modifi ed attractant. Although the 
transport mechanisms of MDR49 and MDR65 are not clear, these functions strongly 
suggest the importance of  Drosophila  ABCB subfamily transporters in lipid trans-
port, as seen in mammalian cells.   

12.4     Scramblase 

12.4.1     Phospholipid Scrambling by PLSCR, TMEM16 
(Anoctamin), and XK Protein Family Members 

 Phospholipid scrambling is involved in several physiological processes. For 
instance, apoptotic cells expose PS on the cell surface as an “eat-me” signal to be 
removed by phagocytes, and PS exposure in platelets is required for triggering of 
the coagulation cascade. A single-pass membrane protein, PLSCR1, was origi-
nally identifi ed as a protein enhancing the transbilayer movement of phospholipids 
[ 58 ], and humans and mice each have four PLSCRs (PLSCR1–4). However, it has 
been reported that mice lacking PLSCR1 show no defects in lipid scrambling [ 59 ]. 
Suzuki et al. found that TMEM16F, an eight-transmembrane protein, mediates a 
Ca 2+ -dependent scramblase activity on the cell surface [ 16 ]. Calcium ionophore- 
dependent PS and PE exposure detected by annexin V and Ro09-0198 are enhanced 
in TMEM16F-overexpressing Ba/F3 cells. Overexpression of TMEM16F also 
enhances calcium ionophore-induced fl ipping of NBD-PC and NBD-SM. Among 
the ten members of the TMEM16 protein family, TMEM16C, 16D, 16F, 16G, and 
16J show phospholipid scramblase activity with different preferences for lipid sub-
strate [ 60 ]. In contrast to the Ca 2+ -dependent scrambling activity of these fi ve 
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TMEM16 family members, TMEM16A and -16B work as Ca 2+ -dependent Cl −  
channels. Because TMEM16C, -16D, -16F, -16G, and -16J cannot act as Ca 2+ -
dependent Cl −  channels, their Ca 2+ -dependent phospholipid scramblase activities 
are independent of Cl −  channel activity. Recently, human and mouse XKR8, a mem-
ber of the evolutionarily conserved XK protein family, was shown to be responsible 
for PS exposure in apoptotic cells [ 17 ]. It was also demonstrated that CED-8, the 
only  Caenorhabditis elegans  XK-family homologue, is involved in apoptotic PS 
exposure and cell-corpse engulfment.  

12.4.2     Phospholipid Scramblase of  Drosophila  

 The genome of  D. melanogaster  contains two homologues of PLSCR (SCRAMB1 
and SCRAMB2), four homologues of the TMEM16 family (CG6938, CG10353, 
SUBDUED, AXS), and one homologue of the XK family (CG32579) (Fig.  12.2e, f ). 
Flies lacking both SCRAMB1 and SCRAMB2 show no defects in developmentally 
regulated and ectopically induced apoptotic events in vivo, and overexpression and 
knockdown of  Scramb1  and  Scramb2  in S2 cells have no effect on PS exposure on 
the cell surface [ 61 ]. However, the recruitment of vesicles from a reserve pool of 
vesicles and the secretion of neurotransmitters are enhanced in SCRAMB1- and 
SCRAMB2-defi cient fl ies, suggesting that these scramblases play a role in the pro-
cess of neurotransmission [ 61 ]. SUBDUED, a TMEM16A homologue of 
 Drosophila , is found to be a calcium-activated chloride channel upon heterologous 
expression in HEK293T cells [ 62 ]. Furthermore,  Subdued -knockout fl ies more 
readily succumb to death caused by ingesting the pathogenic bacteria  Serratia 
marcescens , indicating that SUBDUED is involved in the host defense of  Drosophila . 
A TMEM16K homologue, Aberrant X segregation (AXS), has been shown to be 
localized on the meiotic spindle and to be involved in the regulation of meiotic 
chromosomal segregation [ 63 ]. Because mouse TMEM16A and TMEM16K do not 
function as scramblases, AXS and SUBDUED may not have phospholipid scram-
blase activity.  Drosophila  CG6938 is a homologue of TMEM16E, and human 
TMEM16E has the highest homology with human TMEM16F, although 
TMEM16F −/−  immortalized fetal thymocytes overexpressing mouse TMEM16E 
cannot scramble phospholipids on the plasma membrane. However, because 
TMEM16E is localized in the intracellular compartment ( 64 ), it is likely that 
TMEM16E also possesses the scramblase activity, and CG6983 may be a scram-
blase of  Drosophila . A  Drosophila  homologue of the XK family, CG32579, is ubiq-
uitously expressed, and has low homology with human XKR8 (18 % identical) and 
 C. elegans  CED-8 (17 % identical). For an improved understanding of the roles of 
scramblase in  Drosophila , biochemical and cell biological analyses of the scram-
blase activity of  Drosophila  homologues are needed.   
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12.5     Perspectives 

 As already discussed,  D. melanogaster  has a variety of lipid transport machineries 
that function as fl ippase, fl oppase, and scramblase. It has become clear that the lipid 
transport machineries play a crucial role in the multilayered regulatory networks of 
lipid metabolism, transport, and signal transduction at the cellular and whole organ-
ism levels. Recent advances in gene technologies have allowed us to manipulate 
gene expression in a cell- and tissue-specifi c manner in  D. melanogaster  more eas-
ily than any other multicellular organisms. This technique provides us a unique 
opportunity to explore the pathophysiological role of the lipid transporters in vari-
ous lipid-related pathophysiological processes, such as development, energy 
homeostasis, cancer, and neurological disorders. Future research in this fi eld using 
 D. melanogaster  may provide a novel concept for lipid transport and lipid-mediated 
signaling and contribute to a better understanding of the biological processes.     
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    Chapter 13   
  Drosophila : A Model for Studying 
Prostaglandin Signaling       

       Andrew     J.     Spracklen     and     Tina     L.     Tootle    

    Abstract     Prostaglandin (PG) synthesis and signaling are conserved in  Drosophila 
melanogaster . PGs are produced downstream of cyclooxygenase or COX enzymes, 
the targets of nonsteroidal anti-infl ammatory drugs. Almost 20 years ago, biochemi-
cal studies suggested that  Drosophila  possess COX activity. Recent efforts utilizing 
a combination of pharmacological and genetic approaches revealed that PGs have 
critical functions in  Drosophila  oogenesis or follicle development. Pxt was identi-
fi ed as the COX-like enzyme and is required for multiple aspects of female fertility, 
including temporal regulation of both gene expression and actin cytoskeletal remod-
eling. Here we review the PG synthesis and signaling machinery, the evidence for 
PG activity in  Drosophila , the roles of PGs in fl ies, primarily focused on oogenic 
activities, and the conservation of PG function in higher animals. We also point out 
how studies on PGs in a genetic model system, such as fl ies, can signifi cantly 
advance our understanding of the molecular actions of PGs.  

  Keywords     Prostaglandins   •    Drosophila    •   Oogenesis   •   Reproduction   •   Actin cyto-
skeleton   •   Fascin   •   Enabled   •   Cancer   •   Gene amplifi cation  

     Prostaglandins (PGs) are lipid signaling molecules that mediate a wide range of 
physiological processes including reproduction, cardiovascular function and dis-
ease, pain and infl ammation, and cancer development and progression (reviewed in 
[ 1 ,  2 ]). Although PGs were identifi ed more than 60 years ago, the study of PGs in 
the genetic model system of  Drosophila melanogaster  (hereafter referred to as 
 Drosophila ) has largely been restricted to the past decade. Here we review (1) the 
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PG synthesis and signaling machinery, (2) the evidence for PG signaling in 
 Drosophila , (3) the currently known roles of PGs in fl ies, and (4) the extent to which 
the roles of PGs in  Drosophila  are conserved across organisms. 

13.1     Prostaglandin Synthesis and Signaling 

 Prostaglandin (PG) synthesis is a multistep processes that begins with the release of 
arachidonic acid (AA) from the glycerol backbone of membrane phospholipids 
through the enzymatic activity of phospholipase A 2  (PLA 2 ). This free AA is then 
converted into the PG precursor, PGH 2 , through the enzymatic activity of cyclooxy-
genase enzymes (in mammals, COX-1 and COX-2), which are the pharmacological 
targets of nonsteroidal anti-infl ammatory drugs (reviewed in [ 3 – 6 ]). Downstream of 
COX enzymes, PGH 2  is processed into the biologically active PGs (PGD 2 , PGE 2 , 
PGF 2α , PGI 2 ) and thromboxane (TXA 2 ) through the activity of specifi c synthases 
(PGD 2 : H-PGDS, L-PGDS; PGE 2 : mPGES-1, mPGES-2, cPGES; PGF 2α : AKR1B1; 
PGI 2 : PGIS; TXA 2 : TXAS) [ 7 ]. These bioactive species then go on to serve as auto-
crine/paracrine signaling molecules. 

 Although PGs may induce MAPK signaling pathways [ 8 – 12 ], or serve as peroxi-
some proliferator-activated receptor-gamma (PPARγ) nuclear hormone receptor 
ligands [ 13 – 16 ] independently of G protein-coupled receptors (GPCRs) (reviewed 
in [ 17 ]), their most widely accepted and best understood mechanism of action is to 
serve as ligands for specifi c GPCRs [ 18 ]. Each bioactive species of PG can bind to 
and activate from one to four cognate GPCRs (PGD 2 : DP, CRTH2; PGE 2 : EP1, EP2, 
EP3, EP4; PGF 2α : FP; PGI 2 : IP), which elicit their downstream effects through acti-
vation of Gα [ 17 ,  19 ] and, in some cases, Gβγ [ 20 ].  

13.2     Evidence for Prostaglandin Synthesis and Signaling 
in  Drosophila  

13.2.1     Evidence for COX Activity 

 PGs are derived from the COX-dependent oxygenation of three long-chain polyun-
saturated fatty acids (PUFAs): arachidonic acid (AA, 20:4n-6), eicosapentaenoic 
acid (EPA, 20:5n-3), and dihomo-gamma-linolenic acid (DGLA, 20:3n-6). In many 
organisms, these long-chain PUFAs are acquired through the diet or through the 
elongation/desaturation of the essential fatty acid, linoleic acid (LA, 18:2n-6). 
Although some insects are capable of de novo synthesis of LA [ 21 ], there is little 
evidence that this occurs in  Drosophila  [ 22 ,  23 ]. 

 The presence of long-chain PUFAs and their biological signifi cance in  Drosophila  
remains unclear. Early studies indicated that AA is not present in the fl y, but its 
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precursor, LA, is [ 23 – 25 ]. Interestingly, Shen et al. found that when 22-carbon 
PUFAs are supplied in the diet these lipids are readily converted to 20-carbon 
PUFAs [ 25 ]. Thus, fl ies possess the machinery to utilize very long chain PUFAs. 
Other more recent studies, conducted using liquid chromatography coupled to tan-
dem mass spectrometry (LC-MS/MS), suggest that 20-carbon PUFAs are present in 
 Drosophila . Using LC-MS/MS to analyze the fatty acid content of membrane phos-
pholipids in both whole adults and isolated adult testes, Steinhauer et al. reported 
the presence of numerous phospholipid species containing AA in a wild-type fl y 
strain, ranging from 0.2 to 1.5 % of the total phospholipid class [ 26 ]. Other groups 
also suggest 20-carbon PUFAs may be present in  Drosophila  [ 27 – 29 ]. Together 
these studies support the idea that the lipid precursors for PG synthesis are present 
at low levels in  Drosophila . 

 In 1986, Pages et al. found that  Drosophila  extracts incubated with AA can gen-
erate PGE 2 , PGF 1 , and PGF 2α , as detected by gas chromatography–mass spectrom-
etry. Furthermore, endogenous PGE 2  was detected in untreated extracts using high 
performance liquid chromatography–radioimmunoassay [ 24 ]. These data were the 
fi rst to suggest that a COX-like activity may be conserved in  Drosophila . 

 Given the fi nding by Pages et al. [ 24 ] and the highly conserved roles of PGs in 
female reproduction [ 30 ,  31 ], we hypothesized that if PG synthesis and signaling 
were conserved in  Drosophila  it would regulate oogenesis or follicle development. 
Initially, we took advantage of the ability of mid-oogenesis stage 10B (S10B) fol-
licles or eggs to mature in in vitro culture to ask whether COX enzyme activity was 
required to facilitate late-stage oogenesis [ 32 ]. These studies demonstrated that 
COX-1-like activity is required for follicle maturation as COX-1 inhibitors, but not 
COX-2 selective inhibitors, block follicle maturation in a dose-dependent manner 
[ 32 ]. Importantly, this COX inhibitor-dependent block in development is rescued by 
concomitant treatment with exogenous PGH 2 , PGF 2α , or fl uprostenol, a stabilized 
PGF 2α  analogue. These studies revealed that both COX-like activity and PGs are 
required for late-stage follicle development in  Drosophila  [ 32 ].  

13.2.2     Identifi cation the COX-Like Enzyme Pxt 

 The results of our pharmacological experiments [ 32 ], in combination with the previ-
ous fi ndings of Pages et al. [ 24 ], strongly suggested the presence of a COX-like 
enzyme in  Drosophila . BLAST analysis [ 33 ] revealed  Drosophila  Pxt as a candi-
date COX-like enzyme [ 32 ]. Sequence alignment using MUltiple Sequence 
Comparison by Log-Expectation (MUSCLE) [ 34 ,  35 ] reveals that Pxt is 26.76 % 
identical to ovine COX-1 and that a number of key residues [ 36 ] are conserved 
between COX-1 and Pxt. Most notably, the three critical residues for heme coordi-
nation in the peroxidase active site of COX-1 (Gln203, His207, and His388) are 
conserved in Pxt (Gln396, His402, and His590). Interestingly, Pxt possesses a can-
didate COX catalytic residue (Pxt Tyr564 vs. COX-1 Tyr385), although there is no 
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clear conservation of the residues that have been shown to be critical for substrate 
binding through mutagenesis studies performed on mammalian COX enzymes. 
Additionally, the residue that is the target of aspirin-mediated acetylation (Ser530) 
is not clearly conserved. 

 Although the sequence homology between Pxt and COX-1 enzymes is not par-
ticularly striking, genetic loss of Pxt phenocopies the effects of COX inhibition. 
Specifi cally, similar to wild-type follicles treated with COX inhibitors,  pxt  mutant 
S10B follicles fail to complete maturation in vitro and exogenous PGs can restore 
development [ 32 ]. Additionally,  pxt  mutants are female sterile, and this sterility can 
be rescued by germline expression of mouse COX-1 [ 32 ]. Together, these data sug-
gest that Pxt is the  Drosophila  COX-like enzyme and that both COX-like activity 
and PG signaling are required for  Drosophila  follicle maturation. 

 In addition to Pxt,  Drosophila  possesses putative homologues of other PG syn-
thesis and signaling components (identifi ed by BLAST [ 33 ]). Table  13.1  summa-
rizes these candidates and their level of expression during mid-to-late oogenesis, as 
revealed by our microarray analysis [ 37 ].

   Table 13.1    Putative  Drosophila  homologues of prostaglandin (PG) synthesis and signaling 
proteins defi ned by BLASTp   

 PG pathway 
component  Function 

 Putative  Drosophila  
homologue 

 Expression level during 
mid-to-late oogenesis b  

 COX  COX1-like  Pxt  High 
 COX-like?  CG4009  Low, except high during S12 

 CG10211  Below detection 
 PGD 2  synthases  H-PGDS  Gsts1  Low 

 L-PGDS  n/a  n/a 
 PGE 2  synthases  mPGES1  Mgst1  Medium 

 CG33178  Below detection 
 mPGES2  Su(P) (CG4086)  Low 
 cPGES  CG16817  High 

 CG9267  Medium 
 PGF 2α  synthases  AKR1C3  CG6084 a   High 

 AKR1B1 
 PGI 2  synthase  PGIS  n/a  n/a 
 TXA 2  synthase  TBXAS  n/a  n/a 
 PG-like receptor  GPCR  CG7497  Below detection 
 15d-PGDH  Degrades PGs  Pdh  Below detection 

 CG4086  Medium 

   a Indicates existence of numerous other similar proteins in  Drosophila ; however, CG6084 exhibits 
the highest homology 
  b Expression during oogenesis determined by microarray analysis of staged wild-type follicles [ 37 ]  
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13.3         The Roles of Prostaglandins in  Drosophila  

 Given the widely conserved roles of PGs in reproduction [ 30 ,  31 ] and our fi nding 
that both COX activity and Pxt, the COX-like enzyme, mediate  Drosophila  follicle 
development [ 32 ], we have continued to exploit the system of  Drosophila  oogenesis 
to discover the specifi c activities of PGs. Thus, here we primarily discuss the 
oogenic roles of PGs. Additionally, we briefl y discuss functions of PGs in  Drosophila  
other than female reproduction. 

13.3.1     Oogenic Roles of Prostaglandins 

 The  Drosophila  ovary is comprised of about 15 or 16 ovarioles or chains of sequen-
tially developing follicles. Each follicle passes through 14 well-characterized, mor-
phologically defi ned stages of development, termed Stages 1–14 (S1–S14) [ 38 ]. 
The germarium, a specialized structure housing both the germline and somatic fol-
licle cell stem cells, is located at the anterior tip of each ovariole. Each developing 
follicle is a self-contained unit consisting of 16 interconnected germline-derived 
cells (15 nurse cells and a single oocyte) and approximately 1000 somatic epithelial 
cells, termed follicle cells. 

 Pxt, and thus PG signaling, are required for multiple aspects of  Drosophila  
oogenesis [ 32 ]. Loss of Pxt results in age-dependent defects in follicle packaging/
fusion, nurse cell cortical actin integrity during mid-to-late oogenesis (see follow-
ing), border cell migration during Stage 9 (S9), germline stem cell division, and 
ovulation [ 32 ]. Here we focus on the characterized roles of PG signaling in eggshell 
formation [ 37 ] and temporal regulation of actin remodeling [ 32 ,  39 ,  40 ]. 

13.3.1.1     Prostaglandins Regulate Eggshell Formation 

 Pxt is required for the coordination of eggshell gene expression throughout the end 
of  Drosophila  oogenesis [ 37 ]. The somatic follicle cells secrete the eggshell. The 
 Drosophila  eggshell consists of fi ve structural layers, which are sequentially syn-
thesized in the following order: the vitelline membrane, the wax layer, and the cho-
rion, which consists of the inner chorion layer, the endochorion, and the exochorion 
(Fig.  13.1a, d ). Proper eggshell assembly requires tight temporal regulation of gene 
expression for the eggshell structural components. As such, the expression of vitel-
line membrane components begins during Stage 8 (S8), peaks during S10, and 
ceases by the end of S11, whereas the expression of chorion components occurs in 
three distinct phases, spanning from S10 to S14: early, middle, and late [ 41 ].

   In  pxt  mutants, the expression of many vitelline membrane genes is prolonged 
while chorion gene expression is severely disrupted. The onset of expression of 
some chorion genes is early, although the expression of other chorion genes is 
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delayed in  pxt  mutants [ 37 ]. Additionally, the expression of some chorion genes 
persists longer in  pxt  mutants than in wild-type [ 37 ]. These defects in temporal 
regulation of gene expression ultimately lead to numerous eggshell abnormalities, 
including a loss of vitelline membrane integrity and altered chorion production, 
resulting in short, uneven dorsal appendages and chorion patterning defects [ 37 ] 
(Fig.  13.1b, c  compared to Fig.  13.1a, e  compared to Fig.  13.1d ). Although Pxt is 
required in the germline for nurse cell actin remodeling and nurse cell dumping (see 
following) [ 32 ], it is required in the soma (follicle cells) for temporal coordination 
of eggshell gene expression [ 37 ]. 

 One means by which PG signaling could regulate the timing of eggshell gene 
expression is by affecting gene amplifi cation of eggshell gene clusters. To promote 
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mation. ( a ,  b ) Images of laid eggs of the indicated genotypes. ( d ,  e ) Transmission electron micro-
graphs (Michael Sepanski) of the eggshell of S14 follicles ( c  chorion,  vm  vitelline membrane). 
 Bars  5 μm. ( f – k′ ) Confocal images of follicle cell nuclei from specifi ed stages and genotypes 
labeled with DAPI ( blue  in  f–k ) to mark the nucleus and EdU ( green  in  f–k ;  white  in  f′ – k′ ) to label 
the number and size of gene amplifi cation sites. Loss of Pxt results in short eggs with defective 
eggshells ( b ,  c  compared to  a ). In  pxt  mutants, the vitelline membrane is produced and fuses pre-
maturely (not shown), and the chorion of S14 follicles exhibits structural defects ( e  compared to 
 d ). These eggshell defects are likely caused by the altered temporal regulation of eggshell gene 
expression during mid-to-late oogenesis (not shown), which may be caused by the altered gene 
amplifi cation observed. When Pxt is lost, S10B follicle cells exhibit an increase in the number of 
sites of gene amplifi cation observed by EdU labeling ( g – g′  compared to  f – f′ ), and during S12, 
when most of the amplifi cation has ceased in wild-type follicles ( i – i′ ), multiple and larger sites of 
amplifi cation are observed in  pxt  mutants ( j – j′ ). Conversely, overexpression of Pxt results in 
decreased sites of amplifi cation and an increase in the rate of elongation as separated replication 
forks, indicated by double-bar EdU structures, are often observed ( h – h′  and  k – k′ ,  yellow arrows )       
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the proper formation of the eggshell, the appropriate eggshell genes must be rapidly 
transcribed at high rates during a strict temporal window. The eggshell-encoding 
genes are organized into a few clusters throughout the  Drosophila  genome. These 
gene clusters undergo gene amplifi cation [ 42 ]. During gene amplifi cation, particular 
regions of the genome undergo multiple rounds of replication to increase the DNA 
copy number of those regions. In nondividing cells, such as the  Drosophila  follicle 
cells after S6, gene amplifi cation can be visualized as spots of nucleotide analogue, 
such as EdU incorporation. The size of the EdU spot generally corresponds to the 
amount gene amplifi cation. There are six characterized sites of gene amplifi cation 
in the  Drosophila  follicle cells [ 43 ]. During S10B–S11, gene amplifi cation is initiat-
ing and all the sites of amplifi cation are visible (Fig.  13.1f–f ′); by S12 it has shifted 
to elongation and only a subset of the sites are visible (Fig.  13.1i–i ′) [ 44 ]. 

 Both loss of and overexpression of Pxt affect gene amplifi cation during follicle 
development. Follicles from  pxt  mutants exhibit an increase in both the visible num-
ber and size of amplifi cation sites during both S10B and S12 (Fig.  13.1g–g ′, j-j' 
compared to Fig.  13.1f–f ′’, i–i′, respectively). Conversely, ubiquitous expression of 
either Pxt or mouse COX-1 results in a reduction in the level of amplifi cation as 
decreased EdU incorporation is observed during both S10B and S12 (Fig.  13.1h–h ′, 
k–k′ compared to Fig.  13.1f–f ′, i–i′, respectively). Additionally, double-bar EdU 
spots, indicative of replication forks [ 44 ], are easily observed in follicles overex-
pressing Pxt or mouse COX-1, suggesting increased elongation. These data indicate 
the Pxt and PG signaling regulate the sites, level, and extent of elongation of gene 
amplifi cation (Tootle, Williams, and Spradling, unpublished observations).  

13.3.1.2     Prostaglandins Regulate Actin Cytoskeletal Remodeling 

 Actin cytoskeletal remodeling has critical roles in  Drosophila  follicle development 
and female fertility [ 45 ]. Here we specifi cally focus on those events occurring dur-
ing mid-to-late oogenesis (S9–S14). 

 During S9 (Fig.  13.2a ), the developing follicle undertakes numerous processes 
that are essential for female fertility, including yolk uptake [ 46 ,  47 ], slow cytoplas-
mic streaming [ 48 ,  49 ], and border cell migration [ 50 ]. Aside from cortical actin 
deposits underlying the nurse cell membranes, the cytoplasm of the germline- 
derived nurse cells is largely devoid of actin fi lament bundles through the end of 
S10A (Fig.  13.2b–b ′).

   Loss of Pxt results in aberrant, early actin remodeling during S9. Specifi cally, the 
majority of  pxt  mutant follicles exhibit early actin fi lament or aggregate formation 
in the posterior nurse cells (Fig.  13.2c–c ′) [ 40 ]. Wild-type follicles exhibit similar 
actin structures at a low frequency. Studies using immunofl uorescence reveal that 
the actin elongation factor Enabled (Ena), the sole  Drosophila  Ena/VASP family 
member, preferentially localizes to the early actin structures in  pxt  mutants. 
Subsequent genetic interaction studies show that reduced Ena levels rescue the 
aberrant early actin remodeling when Pxt is lost [ 40 ]. Notably, Ena expression is not 
affected in  pxt  mutants. These data lead to the model that, during S9, PGs elicits a 
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  Fig. 13.2    Actin remodeling during  Drosophila  oogenesis requires the  Drosophila  COX-like 
enzyme, Pxt. ( a ) Schematic detailing the cellular composition of a S9 follicle ( GV  germinal vesi-
cle). ( b – b′ ,  d – f′ ) Maximum projections of three confocal slices of follicles, staged as indicated, 
taken at 20×. ( c – c′ ) Single confocal slice of S9 follicle, taken at 20×. Anterior is to the  left . F-actin 
(phalloidin)  white , DNA (DAPI)  cyan . ( b – b′ ,  e – e′ ) Wild type  wt  ( yw ). ( c – c′ ,  f – f′ )  pxt   EY03052   mutant , 
pxt   EY  . ( d ) Schematic detailing the cellular composition of a S10B follicle ( GV  germinal vesicle). S9 
and S10B follicles consist of 16 germline-derived cells [1 oocyte ( white ) and 15 nurse cells ( gray )] 
that are surrounded by a somatic epithelium ( a ,  c ). During S9, the nurse cell cytoplasm is largely 
devoid of actin fi lament structures aside from the cortical actin meshwork underlying the mem-
branes ( b – b′ ).  pxt  mutants exhibit a range of actin remodeling defects during S9, including cortical 
actin breakdown (not shown) and early actin remodeling, resulting in extensive early actin fi la-
ments and actin aggregate structures ( yellow arrows ).  (c – c′ ) During S10B, wild-type follicles rap-
idly undergo actin remodeling to generate a network of parallel actin fi lament bundles extending 
from the nurse cell membranes toward the nuclei ( e – e′ ).  pxt  mutants exhibit a range of actin 
remodeling defects at S10B, ranging from mild defects in the number and distribution of actin fi la-
ment bundles to a near complete loss of actin fi lament bundles ( f – f′ ). Images are representative, 
taken from multiple experiments.  Scale Bars  50 μm       
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signaling cascade that normally inhibits Ena localization or activity to temporally 
restrict actin remodeling. 

 During S10B (Fig.  13.2d ), the actin cytoskeleton within the nurse cells under-
goes a rapid remodeling resulting in increased cortical actin deposition and the for-
mation of a cage-like network of parallel actin fi lament bundles extending from the 
nurse cell membranes inward, toward the nurse cell nuclei (Fig.  13.2e–e ′) [ 51 ,  52 ]. 
This dramatic actin remodeling is required to provide the contractile force neces-
sary for the rapid transfer of nurse cell cytoplasm (nurse cell dumping) into the 
growing oocyte at S11 [ 53 ], while preventing the nurse cell nuclei from obstructing 
the ring canals, the specialized cytoplasmic bridges through which the nurse cell 
cytoplasm must fl ow [ 54 ,  55 ]. Importantly, nurse cell dumping, and thus actin 
remodeling, are required for female fertility. By S12, the nurse cells have com-
pletely transferred their cytoplasmic contents to the elongated oocyte, retaining only 
their nuclei, which will persist through S13. The mature follicle (S14) consists of 
only the oocyte, somatic follicle cells, and fully formed eggshell structures. 

 Initial studies revealed that numerous actin cytoskeletal defects are observed in 
 pxt  mutant S10B follicles. In contrast to wild-type follicles,  pxt  mutant follicles 
exhibit a signifi cant reduction, if not complete loss, in the ability to form cytoplas-
mic actin fi lament bundles during S10B (Fig.  13.2f–f ′) [ 32 ]. Additionally, nurse cell 
cortical actin levels are highly reduced in  pxt  mutants. As a result,  pxt  mutant folli-
cles fail to generate the contractile force necessary for nurse cell dumping during 
S11 and exhibit multinucleate nurse cells resulting from cortical actin and nurse cell 
membrane breakdown [ 32 ,  39 ]. Expression of mouse COX-1 is able to almost com-
pletely suppress all the actin remodeling defects observed in  pxt  mutants [ 32 ]. 
Similarly, COX inhibitor treatment of cultured follicles results in the formation of 
large actin aggregates within the nurse cells and a reduction in nurse cell cortical 
actin deposits. Importantly, exogenous PGH 2  suppresses these COX inhibitor- 
induced actin cytoskeletal defects [ 32 ]. Together, these data suggest that both the 
COX-like activity of Pxt and PG signaling are required for appropriate actin cyto-
skeletal remodeling during S10B. 

 Although PGs have been implicated in regulating the actin cytoskeleton in other 
systems, the molecular mechanisms by which this occurs remain largely unknown 
[ 56 – 62 ]. Given our fi nding that PGs are required for the dynamic remodeling events 
occurring during  Drosophila  S10B [ 32 ] and the well-established roles of numerous 
actin-binding proteins in this process [ 45 ], we reasoned that we could exploit 
 Drosophila  genetics and our ability to mature S10B in culture to identify the actin- 
binding proteins whose activity is regulated by PG signaling [ 32 ,  63 ]. 

 A pharmaco-interaction screen was performed to identify downstream targets of 
PG signaling based on their ability to dominantly modify follicle sensitivity to the 
effects of COX inhibition. Subsequently, using a combination of phenotypic analy-
ses, pharmaco-genetic interactions with additional COX inhibitors, and genetic 
interactions, the actin bundling protein, Fascin was validated as a novel downstream 
target of PG signaling [ 39 ]. Indeed, overexpression of Fascin in the germline signifi -
cantly restores cortical actin integrity and actin bundle formation in  pxt  mutants. 
Additionally, this screen uncovered an allele-dependent interaction that 
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 suggests Ena may be a downstream target of PG signaling (Spracklen, Meyer, and 
Tootle, unpublished observation). Supporting this idea, Ena localization to the sites 
of actin remodeling during S10B is reduced in  pxt  mutants [ 40 ]. As Ena [ 40 ] and 
Fascin [ 39 ] expression are unaffected by loss of Pxt, PGs likely regulate these actin-
binding proteins via posttranslational mechanisms. 

 PGs are critical in regulating the actin cytoskeleton during  Drosophila  oogene-
sis. During S9, Pxt leads to the production of PGs that block Ena localization and 
activity to preclude aberrant actin remodeling [ 40 ]. Pharmacological data suggest 
PGE 2 -dependent signaling restricts actin remodeling [ 32 ]. Conversely, during S10B, 
Pxt-dependent generation of PGs, likely PGF 2α  [ 32 ], mediates actin remodeling by 
positively regulating Ena [ 40 ] and Fascin [ 39 ]. In future, it will be critical to defi ne 
the molecular mechanisms and the signal transduction cascades by which PGs regu-
late the identifi ed targets Fascin and Ena and to identify other novel downstream 
effectors of PG signaling.   

13.3.2     Other Roles of Prostaglandins in  Drosophila  

 The studies of the roles of PGs in  Drosophila  have largely been limited to oogene-
sis, but PGs are likely to have additional functions in this organism. Indeed,  pxt  
mutant fl ies are sickly; they exhibit reduced viability, developmental delays, reduced 
lifespan, motility defects, and abnormal fl uid retention. Furthermore, COX inhibitor 
studies have implicated PGs in Fascin-dependent neural morphogenesis and branch-
ing [ 64 ]. Additionally, it has recently been observed that loss of Pxt results in sperm 
individualization defects (Josefa Steinhauer, personal communication); notably, 
these defects may be caused by altered actin dynamics [ 65 ]. Thus,  Drosophila  pro-
vides a rich system to elucidate both functions and molecular mechanisms of PG 
action in a variety of contexts.   

13.4     Conservation of Prostaglandin Function 

13.4.1     Follicle Development 

 The female reproductive functions of PG signaling are highly conserved. PGs regu-
late egg development and ovulation from insects [ 31 ] to mammals [ 30 ]. Indeed, PG 
synthesis inhibitors cause fertility defects in women, likely the result of altered fol-
licle maturation and ovulation [ 66 – 68 ]. Interestingly, COX2-dependent production 
of PGE 2  and PGF 2α  are implicated in mediating follicle development in mammals 
[ 69 – 71 ], whereas COX-1-dependent PGF 2α  mediates it in zebrafi sh [ 72 ], silkmoths 
[ 73 ], and  Drosophila  [ 32 ]. It is important to determine if the molecular targets of 
these PG signaling pathways are conserved across organisms.  
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13.4.2     Gene Amplifi cation 

 Both PGs [ 74 – 81 ] and gene amplifi cation [ 82 ,  83 ] are implicated in driving cancer 
development and progression and are independently associated with poor patient 
prognosis. We speculate that one means by which PGs may contribute to cancer is 
by modulating gene amplifi cation. In breast cancer, when the oncogene HER-2/neu 
is highly expressed it is often caused by gene amplifi cation [ 84 ]. Subbaramaiah 
et al. found that the majority of HER-2/neu-positive tumor samples tested exhibit 
high COX-2 levels [ 33 ]. It will be interesting to determine if there is mechanistic 
association between PG signaling and gene amplifi cation in cancer.  

13.4.3     Actin Cytoskeletal Remodeling 

 Numerous in vitro studies have implicated PG signaling in regulating the actin cyto-
skeleton. However, such studies have provided limited insight into the underlying 
mechanisms of PG action. Multiple studies indicate that PGs induce changes in 
cytoplasmic actin bundles by cAMP-dependent mechanisms. Indeed, PGE 2 - and 
PGI 2 -induced actin stress fi ber disassembly in human pulmonary artery endothelial 
cells occurs via cAMP-dependent kinase (PKA) and nucleotide exchange  p roteins 
directly activated by cAMP (Epac1)/Ras-related protein 1 (Rap1)-dependent activa-
tion of Rac [ 57 ]. In human umbilical vein endothelial cells, TXA 2  inhibits, while 
PGE 2  promotes, α v β 3 -dependent cell adhesion and cell spreading by both PKA- 
dependent Rac activation and Rac-independent activities [ 59 ]. PGE 2  mediates actin 
stress fi ber disassembly in human aortic smooth muscle cells by PKA-dependent 
decreases in focal adhesion kinase (FAK) phosphorylation [ 58 ]. PGs can also mod-
ulate the actin cytoskeleton via Rho GTPases. Specifi cally, PGE 2  promotes actin 
stress fi ber assembly in rat IMCD cells [ 85 ], and PGF 2α  mediates fi lopodia retrac-
tion and actin stress fi ber assembly in 293-EBNA cells via Rho activation [ 85 ,  86 ]. 

 PGs also regulate actin cytoskeletal dynamics in vivo to control platelet activa-
tion and aggregation [ 87 ]. The major prostanoid produced in platelets is TXA 2 , 
which serves as a potent activator of platelet aggregation [ 88 ]. Conversely, PGI 2  
[ 89 ], PGE 1  [ 90 ], and PGD 2  [ 91 ] inhibit platelet aggregation, and PGE 2  may both 
potentiate [ 90 ,  92 ] and inhibit platelet aggregation [ 93 ,  94 ]. The main activity of 
these prostanoids is to regulate vasodilator-stimulated phosphoprotein (VASP), a 
member of the Ena/VASP family of actin elongation factors. VASP is activated by 
TXA 2  and is inhibited through cAMP/cGMP-dependent phosphorylation down-
stream of PGI 2  and PGE 1  [ 95 ,  96 ]. The opposing actions of distinct prostanoids in 
regulating VASP activity is strikingly similar to our fi ndings on PG regulation of 
Ena, the sole  Drosophila  Ena/VASP family member. Indeed, we fi nd that PG signal-
ing inhibits Ena during S9, but likely promotes Ena activity during S10B [ 40 ]. 
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 Another context in which PGs likely regulate actin cytoskeletal dynamics is in 
cancer. Cytoskeletal remodeling is necessary for proliferation, adhesion, and 
 migration—cellular properties altered in cancer [ 97 ]. Remodeling is achieved 
through the coordinated activities of actin-binding proteins, the misregulation of 
which is associated with cancer development and progression [ 98 – 104 ]. Given that 
actin remodeling is aberrant in cancer, PGs regulate actin cytoskeletal remodeling 
in multiple contexts, and PGs play critical roles in cancer development and progres-
sion [ 74 – 81 ], it is tempting to speculate that PG signaling controls actin-binding 
protein localization/activity by posttranslation mechanisms to drive tumorigenic 
and metastatic events. This idea is particularly appealing as our studies in  Drosophila  
identifi ed Fascin [ 39 ] and Ena [ 40 ], the homologues of known cancer-associated 
actin-binding proteins, as downstream effectors of PG-dependent actin cytoskeletal 
remodeling. 

 Fascin is required for the generation of fi lopodia [ 105 ,  106 ] and invadopodia [ 98 , 
 107 ], structures required for cancer invasion and metastasis [ 108 ,  109 ]. Indeed, high 
fascin-1 levels correlate with highly aggressive cancers in patients [ 108 ,  110 – 114 ]. 
Notably, high PG levels are similarly associated with poor patient prognosis [ 74 – 77 , 
 79 ]. Together these data lead us to postulate that PG signaling posttranslationally 
regulates Fascin to drive cancer aggressiveness. 

 Our data also implicate Ena/VASP family members as targets of PG signaling 
during  Drosophila  oogenesis [ 40 ]. Alternatively spliced invasive isoforms of mam-
malian Ena (Mena), which is the closest homologue to  Drosophila  Ena [ 115 ], are 
upregulated as tumors become more advanced and strongly correlate with increased 
invasiveness and metastatic potential [ 116 ,  117 ]. Given that PGs regulate another 
Ena/VASP family member, VASP, in platelets [ 87 ] and our data that Ena activity is 
tightly controlled by PGs in  Drosophila  [ 40 ], it seems likely that PG signaling is a 
conserved means of modulating this family of actin-binding proteins.   

13.5     Concluding Remarks 

 The study of PG signaling in  Drosophila  is in its infancy, yet it has already provided 
key insights into how PGs regulate actin cytoskeletal remodeling. By taking advan-
tage of the genetic tools in  Drosophila , further insights into the developmental and 
homeostatic roles of PGs and their downstream signaling cascades can be uncov-
ered. Thus, this system is poised to truly advance our understanding of PG signal-
ing. In the future, it will be important to determine the extent to which the means of 
PG signaling in  Drosophila  are conserved in higher organisms, both during normal 
physiology, such as reproduction and tissue homeostasis, and disease, such as car-
diovascular diseases and cancer.     
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    Chapter 14   
 Zebrafi sh as a Model Animal for Studying 
Lysophosphatidic Acid Signaling       

       Junken     Aoki      and     Hiroshi     Yukiura   

    Abstract     Lysophosphatidic acid (LPA) is a second-generation lysophospholipid 
mediator that exerts multiple biological functions through its own cognate recep-
tors. LPA is produced by specifi c enzymatic reactions and activates receptors with 
similar structures (Edg receptors and P2Y receptors), which results in a variety of 
actions from embryonic blood vessel formation to development of cancer. LPA- 
related genes are highly conserved in vertebrates. In the zebrafi sh genome, three 
LPA-producing enzymes and nine LPA receptors are present. In vitro experiments 
have shown that LPA-related genes in zebrafi sh are conserved biochemically. LPA- 
related genes can be up- and downregulated by injecting morpholino antisense oli-
gonucleotides (MOs) specifi c to LPA-related genes or mRNAs in zebrafi sh embryos. 
Such tools help to assess the biological function of these genes. For example, 
knockdown of the LPA-produced enzyme autotaxin (ATX) in zebrafi sh embryos 
resulted in malformation of embryonic blood vessel formation, which has also been 
observed in embryos from ATX-knockout mice. Simultaneous inactivation of mul-
tiple genes is possible by injecting more than one MO in zebrafi sh embryos, which 
makes it possible to identify the LPA receptors responsible for embryonic blood 
vessel formation. Gene functions can be also eliminated in zebrafi sh embryos by 
pharmacological tools such as enzyme inhibitors or receptor antagonists. 
Interestingly, overexpression of ATX in zebrafi sh embryos resulted in duplication of 
the heart (two-heart phenotype) and the phenotype was canceled by treating the 
embryos with LPA receptor antagonists. The zebrafi sh system is a powerful tool not 
only for identifi cation of gene functions but also for development of drugs against 
enzymes and receptors.  
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  Abbreviations 

   ATX    Autotaxin   
  Edg    Endothelial differentiation gene   
  hpf    Hours post fertilization   
  LPA    Lysophosphatidic acid   
  LPC    Lysophosphatidylcholine   
  MO    Morpholino antisense oligonucleotide   
  S1P    Sphingosine-1-phosphate   

14.1           Introduction 

 Lysophosphatidic acid (LPA; 1- or 2-acyl- sn -glycerol-3-phosphate) is a small glyc-
erophospholipid that has a wide range of actions through its receptors. Most of the 
actions of LPA were mediated by six G protein-coupled receptors (GPCRs) named 
LPA 1–6 . Through the six LPA receptors, LPA has been shown to be involved in sev-
eral physiological processes including neuronal development (LPA 1 ) [ 1 ], implanta-
tion (LPA 3 ) [ 2 ], blood vessel formation (LPA 4 ) [ 3 ], and hair follicle formation 
(LPA 6 ) [ 4 ]. LPA also has pathological roles such as progression of lung fi brosis 
(LPA 1 ) [ 5 ], cancer development (LPA 2 ) [ 6 ,  7 ], and drug- or irradiation-induced cell 
death in the intestine (LPA 2 ) [ 8 ]. LPA is produced extracellularly by two enzymes, 
autotaxin and PA-PLA 1 α [ 9 ]. Studies of LPA synthetic pathways have revealed that 
ATX is involved in embryonic blood vessel formation [ 10 ,  11 ] whereas PA-PLA 1 α 
is involved in hair follicle formation [ 12 ,  13 ]. The level of extracellularly produced 
LPA has been suggested to be downregulated by LPA-degrading enzymes called 
lipid phosphate phosphatases (LPPs) [ 14 ]. LPPs are membrane-bound enzymes that 
effi ciently remove phosphate by their phosphatase activity.  

14.2     LPA-Related Genes in Zebrafi sh 

14.2.1     Zebrafi sh as a Model for Elucidating the Role 
of Human Genes 

 Zebrafi sh are widely used for studies of vertebrate gene function. Approximately 
70 % of human genes have at least one obvious zebrafi sh orthologue [ 15 ]. The virtu-
ally transparent embryos of this species, and the ability to accelerate genetic studies 
by gene knockdown or overexpression, have led to the widespread use of zebrafi sh 
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in the detailed investigation of vertebrate gene function and, increasingly, the study 
of human genetic disease. Fluorescent markers can be used in vivo to tag specifi c 
cell types and visualize their location and migration during embryogenesis. 
Moreover, well-developed videomicroscopic techniques have been available for 
detailed analyses of developmental stages. Analyses of vascular formation using 
mutants and antisense morpholino oligos (MOs), for example, have identifi ed a 
number of molecules involved in vasculature development, including growth fac-
tors, cell adhesion molecules, and transcription factors [ 16 ]. These analyses have 
shown that the basic mechanisms of embryonic blood vessel formation are con-
served in vertebrates. In addition to the traditional forward genetics, injection of 
morpholino oligonucleotides allows us to target gene knockdown more rapidly [ 17 ]. 
Moreover, new genome-editing tools such as TALENs (transcription activator-like 
effector nucleases) [ 18 ] and CRISPR (clustered regularly interspaced short palin-
dromic repeats)/Cas [ 19 ] have also been applied to the zebrafi sh model, providing 
exciting new opportunities for high-effi ciency mutagenesis.  

14.2.2     Structure, Sequence Homology, and Biochemical 
Properties of LPA-Related Genes in Zebrafi sh 

 LPA-related genes such as LPA receptors, LPA-producing enzymes, and LPA- 
degrading enzymes are highly conserved in zebrafi sh (Table 14.1 ). The zebrafi sh 
genome has homologous genes for autotaxin (2 genes), PA-PLA1α (2 genes), LPA 
receptors (9 genes), and LPP (6 genes) (Table  14.1 ; Fig.  14.1 ). As is often the case 
with zebrafi sh genes, there are two close homologues for ATX, PA-PLA 1 α, LPA 2 , 
LPA 5 , LPA 6 , LPP1, LPP2, and LPP3, which might be generated by gene duplication 
(Table  14.1 ). Thus, nine genes for LPA receptors ( lpa1 ,  lpa2a ,  lpa2b ,  lpa3 ,  lpa4 , 
 lpa5a ,  lpa5b ,  lpa6a ,  lpa6b ), two genes for ATX ( atxa ,  atxb ), two genes for PA-PLA 1 α 
( papla1aa ,  papla1ab ), and six genes for LPPs ( lpp1a, lpp1b, lpp2a, lpp2b, lpp3a , 
 lpp3b ) are present. The amino acid sequences of these zebrafi sh LPA- related genes 
are similar to their mammalian homologues (Table  14.1 ; Fig.  14.1 ). These LPA-
related genes are highly conserved between zebrafi sh and mammals, usually with 
50–70 % amino acid sequence homology. It is noted that among the LPA-related 
genes, zebrafi sh LPA 1  shows approximately 90 % amino acid identity to mamma-
lian LPA 1 , suggesting that its role is conserved in a wide range of vertebrates. Most 
of these LPA-related genes in zebrafi sh were shown to conserve their biochemical 
functions. Indeed, seven LPA receptors (except for  lpa5a  and  lpa5b ) were activated 
by LPA to induce downstream G-protein signaling [ 20 ]. Two ATXs ( atxa  and  atxb ) 
also hydrolyzed lysophoshatidylcholine to produce LPA in vitro [ 20 ].
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14.2.3         Functional Aspects of LPA-Related Gene in Zebrafi sh 

14.2.3.1     Embryonic Blood Vessel Formation 

 Autotaxin (ATX)-null mice die around embryonic day 9.5–10.5 with profound vas-
cular defects in both the yolk sac and embryo, and with aberrant neural tube forma-
tion [ 10 ,  11 ,  21 ]. A number of mutants and knockout mice have shown phenotypes 
similar to those in ATX-knockout mice [ 22 ,  23 ]. However, the precise phenotypes 
of these mice have not been determined because real-time observation of blood ves-
sel formation is impossible for mice. Introduction of mutant ATX, in which Thr 210 , 
an amino acid responsible for the catalytic activity of ATX, was replaced with ala-
nine, could not rescue the phenotype, indicating that the product of ATX, that is, 
LPA, is involved in embryonic vascular formation [ 24 ]. In addition, none of the LPA 
receptor knockout mice has shown a similar phenotype [ 1 – 3 ,  25 ,  26 ], and thus, it 
remains to be solved which LPA receptors are involved and how ATX regulates 
embryonic vasculature in the early developmental stages. 

 As stated earlier, zebrafi sh has two ATX orthologues, both of which have been 
shown to have lysophospholipase D activity to produce LPA. To examine the devel-
opment of embryonic blood vessels called intersegmental vessels (ISVs) in  zebrafi sh 

      Table 14.1    Amino acid sequence homology between zebrafi sh and mammalian (human and 
mouse) lysophosphatidic acid (LPA)-related genes   

  Homo sapiens  (human)   Mus musculus  (mouse) 

 Zebrafi sh  Genes 
 Amino acid sequence 
homology (%)  Genes 

 Amino acid sequence 
homology (%) 

  atxa    ATX   66.7   Atx   66.1 
  atxb   66.6  66.1 
  papla1aa    PAPLA1a   49.3   Papla1a   47.3 
  papla1ab   48.7  47.9 
  lpa1    LPAR1   89.3   Lpar1   90.1 
  lpa2a    LPAR2   49.5   Lpar2   50.8 
  lpa2b   55.3  55.6 
  lpa3    LPAR3   62.0   Lpar3   61.1 
  lpa4    LPAR4   63.7   Lpar4   64.2 
  lpa5a    LPAR5   32.0   Lpar5   33.5 
  lpa5b   28.5  29.2 
  lpa6a    LPAR6   63.0   Lpar6   63.6 
  lpa6b   55.5  56.4 
  lpp1a    LPP1   69.2   Lpp1   65.5 
  lpp1b   62.5  60.2 
  lpp2a    LPP2   63.0   Lpp2   67.0 
  lpp2b   69.0  68.2 
  lpp3a    LPP3   73.2   Lpp3   71.3 
  lpp3b   47.8  47.3 
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embryos, a transgenic line was used in which endothelial cells were labeled with 
EGFP [ 27 ]. Injection of embryos with ATX MO caused ISVs to stall in mid-course 
and to aberrantly connect to neighboring ISVs. The aberrant vascular network in 
ATX-downregulated embryos is not caused by abnormal proliferation of endothelial 
cells, because endothelial cells are differentiated and the number of the cells was 
normal. It should be stressed here that the zebrafi sh system makes it possible to 

A B

C D

  Fig. 14.1    Phylogenetic relationships of lysophosphatidic acid (LPA)-related genes [ ATX  ( a ),  LPP  
( b ),  LPAR  ( c ), and  PAPLA1A  ( d )] based on analyses of individual genes from zebrafi sh, mouse, 
and human. Trees were all inferred using GENETYC-MAC Ver. 13.1.1       
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precisely analyze blood vessel formation, which is very diffi cult in mice. Another 
important point was that the ISV phenotype has not been reported so far, indicating 
that the ATX–LPA system was a novel axis that regulates the embryonic blood ves-
sel formation. 

 Knocking out LPA receptors in mice revealed the cellular processes specifi c to 
each of six LPA receptors, from brain development (LPA 1 ) to hair follicle formation 
(LPA 6 ). None of the individual knockouts was lethal. As already stated, ATX down-
regulation resulted in embryonic lethality and impaired blood vessel formation in 
both mice and zebrafi sh. Thus, it is possible that multiple LPA receptors redun-
dantly regulate the embryonic blood vessel formation, or that novel LPA receptor(s) 
are involved. To suppress multiple LPA genes at a time in mice by crossing mice in 
which different LPA receptors are knocked out would require much time and labor. 
However, injecting zebrafi sh with MOs makes it possible to suppress multiple genes 
at a time. Simultaneous downregulation of multiple LPA receptors in zebrafi sh 
embryos revealed that LPA receptors have a redundant function in embryonic blood 
vessel formation. Downregulation of  lpa1  and  lpa4  caused abnormalities of blood 
vessel formation similar to those caused by  atx  downregulation. The phenotypic 
similarity strongly suggests that the LPA receptors and ATX act in the same axis 
governing embryonic blood vessel formation.  

14.2.3.2     Neural Development and Regulation of Left–Right Asymmetry 

 Because zebrafi sh embryos with a partially established vascular system can develop 
for 7 days, other roles of ATX were uncovered by gene knockdown experiments 
using MOs. ATX is secreted by cells from the fl oor plate of the hindbrain and stimu-
lates olig2-positive progenitor cells to differentiate into oligodendrocyte progeni-
tors [ 28 ]. Dorsal forerunner cells (DFCs) regulate the formation of the central organ 
for establishing L-R asymmetry in zebrafi sh, called Kupffer’s vesicle (KV). ATX–
LPA 3  receptor signaling was found to induce calcium fl uxes in DFCs, indicating that 
LPA is a regulator of L-R asymmetry in zebrafi sh embryos [ 29 ]. Our preliminary 
data suggest that ATX is also involved in the development of cartilage as ATX 
knockdown results in malformation of cartilage in zebrafi sh embryos.  

14.2.3.3     Crosstalk Between LPA and S1P Signaling Revealed by 
Overexpression of Autotaxin in Zebrafi sh Embryos 

 Nakanaga et al. accidentally found that when ATX was overexpressed in zebrafi sh 
embryos by injecting atx mRNA, the embryos showed cardia bifi da, a phenotype 
induced by downregulation of S1P signaling [ 30 ]. A similar cardiac phenotype was 
not induced when catalytically inactive ATX was introduced. The cardiac pheno-
type was synergistically enhanced when MOs against S1P receptor (s1pr2/mil) or 
S1P transporter (spns2) were introduced together with atx mRNA. The Atx-induced 
cardia bifi da was prominently suppressed when embryos were treated with an MO 
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against LPA 1 . Thus, the study provided the fi rst in vivo evidence of crosstalk 
between LPA and S1P signaling.  

14.2.3.4    Zebrafi sh as a Tool for Drug Development 

 We have also tried to use the zebrafi sh system to evaluate small compounds for drug 
development. When zebrafi sh embryos injected with ATX mRNA were treated with 
an LPA receptor antagonist (Ki16425) (by just adding the compound to water in 
96-well plates in which the embryos develop), it dramatically suppressed the cardia 
bifi da phenotype [ 30 ]. The LPA antagonist was found to be active against zebrafi sh 
LPA receptors. However, our compounds that had ATX-inhibitory activity did not 
inhibit zebrafi sh ATX. Interestingly, overexpression of mammalian ATX instead of 
zebrafi sh ATX in zebrafi sh embryos induced a similar cardia bifi da phenotype, and 
the phenotypes were effi ciently suppressed by some of our ATX inhibitors specifi c 
for mammalian ATX. It should be noted that only a small fraction of such com-
pounds suppressed the phenotype, even though all the compounds effi ciently sup-
pressed the ATX activity in a test tube. Such compounds were also found to be 
effective in vivo in mice. Thus our preliminary trial indicated that the zebrafi sh 
system is a powerful tool for in vivo evaluation of small compounds. Because the 
evaluation can be performed in 96-well plates, only small amounts of compounds 
are required, which makes it possible to evaluate the compounds in a chemical 
library in a fi rst or second screening.       
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    Chapter 15   
 Sphingosine 1-Phosphate Signaling via 
Transporters in Zebrafi sh and Mice       

       Yu     Hisano     ,     Tsuyoshi     Nishi    , and     Atsuo     Kawahara    

    Abstract     The bioactive lipid mediator sphingosine 1-phosphate (S1P) plays a piv-
otal role in various cellular functions, such as proliferation, migration, and differen-
tiation. S1P is intracellularly produced by sphingosine kinases and is released from 
the cells. Subsequently, the secreted S1P associates with S1P receptors (S1PRs) on 
a target cell surface, causing activation of downstream signaling pathways. The 
zebrafi sh ( Danio rerio ) is widely used as a vertebrate model organism to study the 
processes of organogenesis and morphogenesis. Spns2 was originally identifi ed as 
an S1P transporter in zebrafi sh; Spns2 regulates the migration of cardiac progeni-
tors via the S1PR2 receptor. Murine and human SPNS2 can also transport S1P from 
the cells. In mice, SPNS2 enables transport of S1P from vascular endothelial cells 
into the plasma and regulates lymphocyte egress from lymphoid organs. Recent 
remarkable developments in genome-editing technologies, such as transcription 
activator-like effector nucleases (TALENs) and the clustered regularly interspaced 
short palindromic repeats (CRISPR)/CRISPR-associated (Cas)9 system, allow 
researchers to introduce genomic modifi cations in various model animals. In this 
chapter, we review not only the physiological roles of S1P transporters in mammals 
and zebrafi sh but also the strategy for generating S1PR-knockout zebrafi sh using 
genome-editing technologies.  
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15.1         Introduction 

 The bioactive lipid mediator sphingosine 1-phosphate (S1P) is involved in various 
physiological and pathological processes in immunity, allergy, and cancer [ 1 – 3 ]. 
Sphingosine kinases, SphK1 and SphK2, synthesize S1P from sphingosine via its 
phosphorylation. S1P is dephosphorylated to regenerate sphingosine by S1P phos-
phatases and extracellular lipid phosphate phosphatases, whereas S1P lyase irre-
versibly degrades S1P to ethanolamine phosphate and 2-hexadecenal [ 4 ]. S1P 
concentration may increase within a cellular compartment after various stimuli 
because SphK1 is located in the plasma membrane and SphK2 in the mitochondria, 
endoplasmic reticulum (ER), and nucleus. S1P functions not only as an intracellular 
second messenger [ 5 ] but also as an extracellular lipid mediator via G protein- 
coupled S1P receptors (S1PR1–S1PR5) on a target cell surface [ 6 ]. Thus, the sys-
tem of S1P transport across the plasma membrane is necessary for intracellularly 
produced S1P to be recognized by S1P receptors. 

 Some  S1prs  ( S1pr1, S1pr2 , and  S1pr3 ) are expressed in a wide variety of tissues 
in mice [ 7 ,  8 ], whereas  S1pr4  expression is detectable in the lymphoid organs and 
lung and  S1pr5  is expressed exclusively in the brain and skin [ 8 ]. Several types of 
cells are known to be S1P-releasing cells. Platelets were originally reported to 
release S1P in response to various stimuli, such as thrombin, collagen, and ADP [ 9 ]. 
It was reported that S1P released from platelets has an important role in maintaining 
vascular integrity during an immune response [ 10 ]. S1P release from platelets is 
inhibited by staurosporine (a protein kinase C inhibitor), glyburide (an ABCA1 
transporter inhibitor), and R5421 (a phospholipid scramblase inhibitor) [ 11 ]. 
Furthermore, erythrocytes, endothelial cells, and mast cells were also reported to 
have the ability to release S1P [ 12 – 18 ]. 

 S1P abundantly exists in blood plasma at concentrations ranging from nanomo-
lar to micromolar. Because S1P is actively degraded in blood plasma, a high plasma 
S1P level should be maintained via continuous S1P supply from the S1P-producing 
cells. Both erythrocytes and endothelial cells are sources of plasma S1P [ 19 ], and 
S1P release from endothelial cells is mediated by the S1P transporter SPNS2 [ 20 ]. 
Spns2 was identifi ed as the fi rst physiological S1P transporter by the analysis of 
zebrafi sh mutant as described next [ 21 ]. The zebrafi sh is widely used as a vertebrate 
model organism for studies on molecular mechanisms of organogenesis because the 
embryo is transparent and develops rapidly. In this chapter, we review the physio-
logical roles of S1P transporters in mammals and zebrafi sh, and describe the 
 methods for analyzing S1P transporters and S1P signaling-related molecules in 
zebrafi sh using genome-editing technologies.  

15.2     Functions of S1P Transporters in Mammals 

 The ATP-binding cassette (ABC) transporter superfamily, which is structurally con-
served from prokaryotes to eukaryotes, is one of the active transport systems in the 
cell. Various hydrophobic and amphiphilic compounds can serve as substrates for 
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several types of ABC transporters that utilize ATP hydrolysis as an energy source. 
ABCA1, ABCB1, ABCC1, and ABCG2 were independently reported to be involved 
in S1P release from several cell lines [ 22 – 25 ]. Furthermore, S1P release from plate-
lets and erythrocytes is ATP dependent and is inhibited by glyburide (an ABCA1 
transporter inhibitor) [ 11 ,  26 ]. As already described, SPNS2 functions physiologi-
cally as an S1P transporter [ 21 ] and belongs to the major facilitator superfamily 
(MFS) but not the ABC transporter superfamily. In Chinese hamster ovary (CHO) 
cells expressing SphK1, S1P is effectively synthesized and accumulated because of 
the lack of an S1P export system. The introduction of SPNS2 into these cells induces 
S1P release (Fig.  15.1 ). In contrast, introduction of ABCA1, ABCB1, ABCC1, or 
ABCG2 does not stimulate the release of S1P, indicating that SPNS2 is an exclusive 
S1P transporter capable of releasing S1P from the cells by itself (Fig.  15.1 ) [ 27 ]. If 
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  Fig. 15.1    ( a ) Chinese hamster ovary (CHO) cells expressing mouse SphK1 and human SPNS2 
were incubated for 2, 6, or 12 h. The amounts of released S1P were measured using high- 
performance liquid chromatography (HPLC). ( b ) CHO/SphK1 cells (mock) or CHO/SphK1 cells 
expressing mouse ABCA1, human ABCB1, mouse ABCC1, human ABCG2, or human SPNS2 
were incubated for 2 h after sphingosine stimulation (5 μM). Amounts of released S1P were mea-
sured using HPLC. C 17 -S1P served as an internal standard [ 27 ]. ( c ) Erythrocytes from wild-type 
(WT) ( squares ) or  Spns2 -KO mice ( circles ) were incubated with [ 3 H]sphingosine for 0, 4, or 
10 min and the [ 3 H]S1P released into the medium was quantifi ed. ( d ) Platelets from WT or 
 Spns2 -KO mice were incubated for 10 min in the presence of thrombin, and the S1P released into 
the medium was measured using ultraperformance liquid chromatography with tandem mass spec-
trometry (UPLC–MS/MS). ( e ) Vascular endothelial cells from the aorta of WT or  Spns2 -KO mice 
were incubated for 4 h and the S1P released into the medium was measured using UPLC–MS/
MS. In  Spns2 -KO endothelial cells, S1P in the medium was not detected ( N.D. ) [ 20 ]       
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these ABC transporters are indeed involved in S1P release, they may require some 
type of modifi cation or cofactor(s) for successful transport of S1P.

   Consistent with the results from the cell culture system,  Spns2 -knockout (KO) 
mice exhibit a decreased plasma S1P level, at approximately 60 % of the level in 
wild-type (WT) mice, whereas the plasma S1P level of  Abca1 -KO or  Abcc1 -KO 
mice is not altered [ 14 ,  20 ,  28 ]. These data indicate that SPNS2 enables transport of 
S1P from S1P-producing cells into the plasma. One important question is which cell 
types carry SPNS2 that contributes to plasma S1P. We isolated platelets, erythro-
cytes, and endothelial cells from  Spns2 -KO mice and separately measured the 
release of S1P by these cells. S1P release from  Spns2 -KO endothelial cells was 
completely abolished, whereas this activity was not altered in  Spns2 -KO platelets 
and erythrocytes (Fig.  15.1 ) [ 20 ]. In line with this observation, a knockdown of 
 SPNS2  by siRNA suppressed the S1P secretion in human umbilical vein endothelial 
cells (HUVECs) and human pulmonary artery endothelial cells (HPAECs) [ 20 ]. In 
fact, SPNS2 expression is detectable in the heart and lung endothelial cells by 
means of an antibody [ 29 ]. 

 The most remarkable feature of  Spns2 -KO mice is the depletion of peripheral 
blood of circulating lymphocytes [ 20 ,  28 – 31 ]. S1P signaling via S1PR1 regulates 
the lymphocyte egress from lymphoid organs, such as the thymus, bone marrow, 
and lymph nodes, into peripheral blood and lymph. Precursors from the bone mar-
row migrate to the thymus and mature into T cells in the medullary portion. S1PR1 
expression is upregulated in the mature T cells, enabling them to exit from the thy-
mus [ 32 ]. S1P is believed to be a key regulator of the egress of mature T cells via 
the activation of S1PR1. In the thymus of  Spns2 -KO mice, the population of mature 
T cells is increased and that of immature T cells is decreased [ 20 ]. Mature T cells 
isolated from  Spns2 -KO mice exhibit higher  S1pr1  mRNA expression and stronger 
migration mediated by S1P compared with WT cells [ 20 ]. These results suggest that 
thymocytes of  Spns2 -KO mice can normally mature and migrate toward S1P, but 
they cannot move from the thymus into the blood because of the lack of an SPNS2- 
mediated S1P transport system (Fig.  15.2 ). Consequently, the number of circulating 
T cells in the peripheral blood of  Spns2 -KO mice is signifi cantly reduced. Thus, 
SPNS2 could be a novel target of immunosuppressive agents because SPNS2 par-
ticipates in the regulation of the number of circulating T cells.

15.3        S1P Signaling in Zebrafi sh 

 Zebrafi sh are known as small tropical fi sh (4–5 cm long) native to India. A zebrafi sh 
embryo is transparent and its development progresses rapidly. Most of the organs 
start to function within several days after fertilization. One important point is that 
organogenesis and morphogenesis are well conserved between zebrafi sh and mam-
mals; therefore, zebrafi sh is a convenient vertebrate model organism. A pair of 
zebrafi sh produces approximately 100–200 eggs, allowing researchers to perform 
genetic analysis such as screening of zebrafi sh mutants produced by random muta-
genesis. In the forward genetic analysis,  s1pr2  was identifi ed as a gene responsible 
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for the  miles apart  mutation resulting in two hearts ( cardia bifi da ) and tail blisters 
[ 33 ]. In vertebrates, cardiac progenitors are bilaterally located in the lateral plate 
mesoderm and migrate toward the midline where they merge to form a single primi-
tive heart tube. Although  s1pr2  is expressed in the endoderm and cardiomyocytes, 
 s1pr2  mutants exhibit morphological defects in the anterior endoderm, which is 
necessary for cardiac progenitor migration [ 33 ]. S1PR2 is believed to be a partner 
of G 12/13 , G i , and G q  heterotrimeric G protein that activates their downstream signal-
ing. In zebrafi sh, G 13  was shown to be downstream of S1PR2 and to regulate migra-
tion of cardiac progenitors via a RhoGEF-dependent pathway [ 34 ]. Transplantation 
of endoderm defi cient in either S1PR2 or G 13  into WT embryos results in the devel-
opment of two hearts; conversely, WT donor cells reverse the defects of a G 13  
knockdown [ 34 ]. These results suggest that activation of S1PR2 signaling in the 
endoderm is indispensable for the migration of cardiac progenitors. 

 Recently, Stainier’s group and ours independently identifi ed other  cardia bifi da  
mutants ( two of hearts  and  ko157 ), which have two hearts and tail blisters identical 
to those of the  s1pr2  mutant (Fig.  15.3 ) [ 21 ,  35 ]. Both groups reported that the gene 
responsible for the mutations encodes a novel membrane protein Spns2. We demon-
strated that Spns2 functions as an S1P transporter, as already mentioned.  spns2  
transcripts are easily detectable in an extraembryonic tissue called the yolk syncy-
tial layer (YSL), which is located immediately underneath the migrating cardiac 
progenitors [ 21 ]. A knockdown of  spns2  by antisense morpholino oligonucleotides 
(MOs) in the YSL at the shield stage induced  cardia bifi da ; the defects of the  spns2  
mutant were reversed by injection of  spns2  mRNA into the YSL at the shield stage 
[ 21 ]. These data suggest that Spns2 in the YSL is essential for the migration of car-
diac progenitors (Fig.  15.2 ). Nevertheless, it is still unclear how S1P supplied from 
YSL is detected by S1PR2 in the endoderm or mesoderm.

Spns2

S1PR2

Zebrafish
Thymus

Vascular endothelial cells

SPNS2

S1PR1

Mice

S1P
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myocardial
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  Fig. 15.2    Physiological roles of SPNS2. In mice, SPNS2 supplies S1P from vascular endothelial 
cells to plasma, and regulates lymphocyte egress from lymphoid organs, such as the thymus and 
bone marrow. S1P released by SPNS2 is believed to be recognized by S1PR1 on the surface of 
lymphocytes. In zebrafi sh, S1P released by Spns2 regulates cardiac progenitor migration by 
S1PR2- mediated signaling.  spns2  is strongly expressed in the yolk syncytial layer (YSL) [ 21 ]       
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   S1P signaling via Spns2 and S1PR2 was reported to be involved in lower-jaw 
development [ 36 ]. S1PR2 in the endoderm is essential for lower-jaw development 
just as is S1PR2 for the migration of cardiac progenitors; however, the origin of S1P 
as supplied by Spns2 is unclear. We found that the Spns2–S1PR2 signaling pathway 
interacts with the cell adhesion molecule fi bronectin during both cardiac and lower- 
jaw development [ 37 ]. Furthermore, expression of  endothelin receptor A  is down-
regulated in the  spns2  mutant [ 37 ], suggesting that Spns2–S1PR2 signaling affects 
endothelin signaling involved in lower-jaw development.  In situ  hybridization anal-
ysis revealed that  spns2  mRNA is expressed in somites, myocardial precursors, and 
at the tip of the tail in addition to the YSL; these results indicate that Spns2 may 
participate in regulation of other types of organogenesis [ 21 ].  

15.4     Reverse Genetics in Zebrafi sh 

 During the past few years, tremendous innovations took place in the fi eld of genome- 
editing technologies, such as zinc-fi nger nucleases (ZFNs), transcription activator- 
like effector nucleases (TALENs), and the clustered regularly interspaced short 

  Fig. 15.3    Each  spns2 -mutant or  s1pr2 -KO embryo had two hearts ( cardia bifi da ) and tail blisters. 
The positions of the hearts in wild-type,  spns2 -mutant, and  s1pr2 -KO embryo at 1 day post fertil-
ization ( 1 dpf ) are indicated by  white arrowheads . Cardiac morphology ( ventral  view) was visual-
ized using monomeric red fl uorescent protein ( mRFP ) expression driven by the cardiac-specifi c 
promoter of  cmlc2  (gene of cardiac myosin light chain 2). Each  spns2 -mutant or  s1pr2 -KO embryo 
exhibited tail blisters at 2 dpf ( lateral  view)       
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palindromic repeats (CRISPR)/CRISPR-associated (Cas)9 system. These genome- 
editing technologies enable researchers to perform reverse genetic analysis in a 
variety of model organisms including zebrafi sh [ 38 ,  39 ]. TALENs are chimeric pro-
teins consisting of a TALE domain for DNA recognition and a  Fok I nuclease cata-
lytic domain. Because  Fok I functions as a dimer, a pair of TALENs causes a 
double-strand break (DSB) in the region between forward and reverse recognition 
sites of TALEN. However, the CRISPR/Cas9 system consists of a guide RNA 
(gRNA) and the nuclease Cas9. The gRNA contains a complementary sequence (20 
nucleotides) targeting a genomic region next to a protospacer-adjacent motif (PAM). 
RNA-guided Cas9 recognizes the complex of gRNA and the target genomic 
sequence, resulting in DSB within the target site. 

 Targeted DSB induced by genome-editing technologies are repaired by nonho-
mologous end-joining (NHEJ) or homology-directed repair (HDR). In NHEJ, small 
insertion or deletion (indel) mutations are frequently introduced at the breakage 
locus, resulting in frameshift-mediated gene inactivation. HDR involves a donor 
template that contains a sequence homologous to the target locus and allows for 
precise genomic modifi cation via replacement with the homologous fragment. We 
have developed a simple assay for measuring the genome-editing activity [ 40 ,  41 ]; 
thus, generation of KO zebrafi sh has become feasible and relatively easy. 

 Before the advent of genome-editing technologies, knockdown analysis using 
MO was a popular approach in studies of the function of a gene of interest. There 
are several disadvantages of MOs; these molecules are effective transiently because 
of their degradation and MOs have nonspecifi c effects such as activation of 
p53-mediated apoptosis [ 42 ]. Although it was reported that an  s1pr1  knockdown 
with MOs caused a loss of blood circulation and vascular defects [ 43 – 45 ], we found 
that  s1pr1 -KO zebrafi sh exhibit normal blood circulation without any obvious vas-
cular defects [ 37 ]. This fi nding shows that analysis of KO zebrafi sh generated using 
the genome-editing technologies is a more accurate method for loss-of-function 
analysis. We also found that the phenotype of  s1pr2 -KO zebrafi sh generated using 
TALEN technology is identical to the phenotypes of previously described mutants, 
two hearts and tail blisters [ 37 ]. Thus, genome editing is a straightforward approach 
to studies of physiological functions of genes during development.  

15.5     Conclusion 

 Physiologically important roles of S1P signaling have been elucidated in  in vitro  
biochemical and  in vivo  biological studies, and the identifi cation of the S1P trans-
porter SPNS2 leads to a better understanding of lipid mediator signaling. An inter-
cellular signaling pathway is typically composed of (1) production of signaling 
molecules, (2) secretion from the cells, and (3) recognition by receptors on the 
surface of target cells. Compared with the production and recognition of S1P by 
receptors, its secretion has been poorly understood, in spite of its importance in 
determining the spatiotemporal distribution of S1P. Analysis of  Spns2 -KO mice and 
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 spns2 -mutant zebrafi sh revealed the physiological roles of S1P signaling mediated 
by the S1P transporter. Development of genome-editing technologies is essential for 
the discovery of new powerful tools for analysis of complex signaling processes. 
There are still some unidentifi ed S1P transporters in erythrocytes and platelets; 
therefore, identifi cation of such S1P transporters should help researchers to compre-
hend the whole set of events in the S1P signaling pathway.  

15.6     Methods 

15.6.1     Isolation of Mouse Platelets, Erythrocytes, 
and Endothelial Cells 

 Platelets and erythrocytes were isolated from whole blood, which was collected 
from mouse hearts using an acid citrate–dextrose solution as an anticoagulant. 
Platelet-rich plasma (PRP) was separated by centrifugation at 100  g  for 15 min at 
room temperature. Platelets were prepared by centrifugation of PRP at 1000  g  for 
15 min at room temperature and were washed with buffer A (20 mM HEPES-NaOH 
pH 7.4, 3.3 mM NaH 2 PO 4 , 2.9 mM KCl, 1 mM MgCl 2 , 138 mM NaCl, and 1 mg/ml 
glucose) containing 1 % bovine serum albumin (BSA). In the case of erythrocytes, 
whole blood was centrifuged at 100  g  for 15 min at room temperature and the pel-
leted erythrocytes were washed twice with buffer A containing 1 % BSA. 

 Endothelial cells were isolated from the mouse aorta, according to the previously 
reported method with some modifi cations [ 46 ]. The mouse aorta was cut at the 
lower level of the abdominal aorta to release the blood and was perfused with 
phosphate- buffered saline (PBS) containing heparin (1000 units/ml). Subsequently, 
the aorta was excised between the aortic arch and the abdominal aorta and immersed 
in 20 % fetal bovine serum (FBS)–Dulbecco’s modifi ed Eagle’s medium (DMEM) 
containing 100 units/ml heparin, 100 units/ml penicillin G, and 100 μg/ml strepto-
mycin. A 24-gauge cannula was inserted into the proximal portion and the distal end 
was closed with a silk thread. Subsequently, the aorta was briefl y washed with 
serum-free DMEM and fi lled with a solution of type II collagenase (2 mg/ml). After 
incubation for 45 min at 37 °C, endothelial cells were removed from the aorta by 
fl ushing it with 2 ml 20 % FBS–DMEM. The collected endothelial cells were incu-
bated with 2 ml 20 % FBS–DMEM and cultured in a plate coated with type I col-
lagen. After incubation for 2 h at 37 °C, the cells were washed with warmed 20 % 
FBS–DMEM to remove smooth muscle cells, and cultured in the G medium [20 % 
FBS, 100 units/ml penicillin G, 100 μg/ml streptomycin, 2 mM  l -glutamine, 1× 
nonessential amino acids, 1× sodium pyruvate, 25 mM HEPES pH 7.0–7.6, 100 μg/ml 
heparin, 100 μg/μl endothelial cell growth supplement (ECGS), and DMEM] until 
confl uent state.  

Y. Hisano et al.



215

15.6.2     Measurement of S1P Secretion 

 To measure the S1P-transporting activity, we established a CHO cell line stably 
expressing SphK1 (CHO/SphK1), in which S1P was effectively produced and accu-
mulated inside the cells. Although CHO/SphK1 cells did not have the ability to 
release S1P, introduction of an exogenous S1P transporter caused S1P release into 
the medium. CHO/SphK1 cells expressing an S1P transporter candidate were 
washed with serum-free F-12 medium twice to remove S1P present in FBS and 
were incubated at 37 °C with the F-12 medium supplemented with 1 % BSA, 
10 mM sodium glycerophosphate, 5 mM sodium fl uoride, and 1 mM semicarba-
zide. After incubation for the indicated time periods, aliquots of the medium (200 
μl) were collected and the detached cells were removed by centrifugation at 12,000  g  
for 5 min at 4 °C. The amount of released S1P was measured using high- performance 
liquid chromatography (HPLC). 

 A suspension of platelets (190 μl of 10 8  cells/ml) in buffer A containing 1 % BSA 
was incubated for 10 min at 37 °C. Thereafter, thrombin (10 μl; fi nal concentration, 
5 units/ml) was added to the mixture, followed by incubation for 10 min. 
Subsequently, the platelets and the medium were separated by centrifugation at 
12,000  g  for 5 s at 4 °C. An equal volume of methanol was added to the supernatant, 
which was centrifuged at 12,000  g  for 5 min at 4 °C, and the resulting supernatant 
was applied to a Cosmospin fi lter G and analyzed using ultraperformance liquid 
chromatography with tandem mass spectrometry (UPLC–MS/MS). 

 S1P release from erythrocytes was measured using tritium-labeled sphingosine. 
A suspension of erythrocytes (190 μl of 10 7  cells/ml) in buffer A containing 1 % 
BSA was incubated for 5 min at 37 °C. Subsequently, [ 3 H]sphingosine (0.2 μM; 
40 nCi per 10 μl) was added (fi nal concentration of sphingosine, 10 nM). After 
incubation for the indicated time periods, the erythrocytes and the medium were 
separated by centrifugation at 12,000  g  for 5 s at 4 °C. Lipids were extracted from 
the erythrocytes and from the supernatant by the Bligh–Dyer method [ 47 ] and then 
dried and resuspended in chloroform:methanol (2:1 v/v), followed by HPTLC in 
butanol/acetic acid/water (3:1:1 v/v). Radioactivity of the bands was quantifi ed 
using the FLA- 3000G Bioimaging Analyzer. 

 The isolated endothelial cells were cultured until confl uent state. The cells were 
washed with a serum-free medium, and the culture medium was replaced with a 
release medium (endothelial cell serum-free defi ned medium consisting of 1 % 
BSA, 10 mM sodium glycerophosphate, 5 mM sodium fl uoride, 1 mM semicarba-
zide, and 20 mM HEPES-KOH pH 7.4). After incubation for 4 h at 37 °C, aliquots 
(200 μl) of the release medium were taken, and the detached cells were removed by 
centrifugation at 12,000  g  for 5 min at 4 °C. The amount of S1P in the release 
medium was measured using UPLC–MS/MS.  
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15.6.3     Establishment of KO Zebrafi sh Using TALENs or 
gRNA Plus Cas9 

 The strategy for generating KO zebrafi sh is shown in Fig.  15.4 . First, genomic DNA 
was isolated from 1 dpf (day post fertilization) embryos injected with TALENs or 
gRNA plus Cas9. The genome-editing activity was evaluated via generation of het-
eroduplex bands in addition to homoduplex bands during polyacrylamide gel elec-
trophoresis (heteroduplex mobility assay, HMA). Next, potential F 0  founders were 
grown to adulthood and mated with WT zebrafi sh. The germline transmission of 
indels was confi rmed by the formation of heteroduplex bands. F 1  zebrafi sh contain-
ing a mutant allele were identifi ed by genotyping of genomic DNA prepared from 
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  Fig. 15.4    ( a ) Strategy for preparation of KO zebrafi sh using genome-editing technologies. ( 1 ) 
Zebrafi sh genomic DNA samples were prepared from 1 day post fertilization (dpf) embryos 
injected with TALEN mRNA or gRNA plus Cas9 mRNA. Genome-editing activity was evaluated 
as generation of insertion and/or deletion (indel) mutations in a heteroduplex mobility assay 
(HMA). ( 2 ) Potential F 0  founders that were capable of producing indel mutations were grown to 
adulthood. We confi rmed the germline transmission of indel mutations in F 1  embryos by mating 
the F0 founders with wild-type ( WT ) fi sh. ( 3 ) F 1  zebrafi sh containing mutant alleles were identifi ed 
by genotyping of genomic DNA samples prepared from fi n clips. At these three steps, we used 
HMA to detect indel mutations induced by TALENs or gRNA plus Cas9. ( b ) The principle of 
HMA. A genomic target region was amplifi ed by means of PCR with locus-specifi c primers. 
During polyacrylamide gel electrophoresis, homoduplexes are separated by molecular weight, 
whereas heteroduplexes containing a mismatched region migrate more slowly than the homodu-
plexes because of the opened single-strand confi guration. ( 1 ) PCR products from a WT genome 
contain one homoduplex band of the expected size. ( 2 ) Among the PCR products from F 0  embryos 
injected with TALENs or gRNA plus Cas9, ladder bands (heteroduplex bands) appeared above the 
homoduplex band because of various types of indel mutations in somatic cells. ( 3 ) When F 0  
founder containing a deletion allele is mated with WT zebrafi sh, two homoduplex bands and two 
heteroduplex bands among PCR products should appear in F 1  embryos       
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fi n clips. By in-crossing of F 1  zebrafi sh containing the mutant allele heteroge-
neously, we were able to analyze the morphological phenotypes of KO zebrafi sh, in 
which a target gene was zygotically inactivated.

   As described earlier, we utilized HMA to detect genome modifi cations induced 
by TALENs or gRNA plus Cas9 [ 41 ]. TALEN- or gRNA/Cas9-injected embryos 
(1 dpf) were collected and incubated in lysis buffer (10 mM Tris-HCl pH 8.0, 0.1 
mM EDTA, 0.2 % Triton X-100, and 0.2 mg/ml proteinase K) for more than 2 h at 
55 °C, followed by the incubation for 10 min at 99 °C. After centrifugation (12,000  g , 
5 min), the supernatant was used as a source of genomic DNA. Subsequently, 100- 
to 200-bp fragments containing the target genomic locus were amplifi ed by poly-
merase chain reaction (PCR) with locus-specifi c primers. Homoduplexes from the 
WT genome were separated by molecular weight using polyacrylamide gel electro-
phoresis; heteroduplexes containing a mismatched region from the heterozygous 
mutant genome migrated more slowly than the homoduplexes because of an opened 
single-strand confi guration (Fig.  15.4 ).      
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    Chapter 16   
 Lipid Mediator LPA-Induced Demyelination 
and Self-Amplifi cation of LPA Biosynthesis 
in Chronic Pain Memory Mechanisms       

       Hiroshi     Ueda      and     Hitoshi     Uchida   

    Abstract     Chronic pain is considered to have a memory process because of its long- 
lasting nature even after the original cause such as nerve injury is resolved. This type 
contrasts to the cases with acute pain, nociceptive or infl ammatory pain, which van-
ishes without delay after the cessation of stimulation or inhibition of the original 
infl ammation. Lysophosphatidic acid (LPA) was identifi ed to be a key initiator of neu-
ropathic pain, one of the representative types of chronic pain, via activation of multiple 
machineries. Recent studies revealed that LPA induces LPA biosynthesis through 
actions of microglia and interleukin-1β. LPA 1  and LPA 3  receptor-mediated mecha-
nisms are involved in this self-amplifi cation of LPA production. Neuropathic pain is 
characterized as unique abnormal pain allodynia, in which gentle touch causes intense 
pain. The functional switch in allodynia is reasonably explained by demyelination, 
whose underlying mechanisms are also explained as downstream machineries of LPA 
and its LPA 1  receptor signaling. The conversion of tactile to intense pain caused by 
demyelination may be involved in the long-lasting feed- forward machineries in neuro-
pathic pain. Recent reports describe the importance of endocannabinoids and new ara-
chidonic acid metabolites in the regulation of chronic pain. This chapter also describes 
the possible relationships of LPA to these additional regulatory mechanisms.  

  Keywords     Lysophosphatidic acid   •   Neuropathic pain   •   Demyelination   •   Axonal 
sprouting   •   Calpain   •   Epigenetic   •   Endocannabinoids   •   Soluble epoxide hydrolase  
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  cPLA 2     cytosolic phospholipase A 2    
  DRG    dorsal root ganglia   
  ERK    extracellular signal-regulated kinase   
  GABA    gamma-aminobutyric acid   
  IL-1β    interleukin-1β   
  iPLA 2     calcium-independent PLA 2    
  JNK    c-Jun N-terminal kinase   
  LPA    lysophosphatidic acid   
  LPC    lysophosphatidyl choline   
  MAG    myelin-associated glycoprotein   
  MAPK    mitogen-activated protein kinase   
  NSAID    nonsteroidal antiinfl ammatory drug   
  ROCK    Rho-kinase   
  sEH    soluble epoxide hydrolase   
  SP    substance, P   

16.1           Introduction 

 Pain is classifi ed into two groups, acute pain and chronic pain. Acute pain is further 
classifi ed into nociceptive pain and infl ammatory pain. Nociceptive pain occurs 
through an activation of unmyelinated C-fi bers or myelinated Aδ-fi bers upon ther-
mal, mechanical, or chemical stimuli, whereas infl ammatory pain occurs mainly 
through C-fi bers, which are activated by infl ammatory mediators in response to 
local infl ammation. Both types of pain are caused by generation of action potentials 
initiated through an activation of specifi c ion channels or receptors on nociceptive 
endings [ 1 ]. The action potential later elicits a release of pain transmitters, such as 
substance P (SP) or glutamate, and then causes excitatory postsynaptic potentials in 
the superfi cial (lamina I and II) dorsal horn neurons of the spinal cord, whose fi bers 
ultimately cross the spinal cord and relay the signal to the contralateral side of thala-
mus and cerebral cortex through secondary synapse. Usually, this type of pain sen-
sation is transient and is abolished by the removal of the noxious signal with 
nonsteroidal anti-infl ammatory drugs (NSAIDs) or the opioid-induced suppression 
of primary pain signals by driving the descending pain-inhibitory system through 
noradrenergic or serotonergic neurons [ 2 ]. Innocuous or tactile perception occurs 
through an activation of sensory organs (Merkel cells, Pacinian corpuscles, and hair 
follicles) and associated myelinated Aβ-fi bers, which mostly innervate to the ipsi-
lateral side of medulla oblongata neurons, although some Aβ-fi bers innervate to the 
deeper (lamina IV) dorsal horn cells, as do noxious fi bers. 

 In chronic pain such as the neuropathic pain paradigm, on the other hand, the 
damage to peripheral or central neurons in the pain pathway from the nociceptor 
endings in the skin or internal organs to somatosensory cortex produces a   contingent 
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of near-irreversible abnormal pain [ 3 – 8 ]. The abnormal pain is characterized as 
allodynia, hyperalgesia, or hypoesthesia, which are insensitive to opioids and 
NSAIDs [ 3 – 8 ]. As allodynia means the conversion of innocuous or tactile signals to 
painful ones, the nature of neuropathic pain in pain transmission is quite different 
from acute pain. This difference may be explained by functional crosstalk between 
noxious and innocuous fi bers or respective central fi bers. One possible hypothesis is 
that the demyelination of sensory fi bers causes physical or electrical crosstalk from 
the loss of insulation and fi ber sprouting and generates abnormal pain transmission 
by innocuous fi bers [ 9 ]. Based on this speculation, we successfully discovered lyso-
phosphatidic acid (LPA) to be a key molecule that causes neuropathic pain mecha-
nisms, including demyelination [ 5 ,  6 ,  10 ].  

16.2     Demyelination in Neuropathic Pain 

 One of the anatomical and histochemical events in mice subjected to different types 
of neuropathic pain model is demyelination [ 9 ], which occurs specifi cally in dorsal 
root fi bers following sciatic nerve injury [ 11 ]. Pharmacological and biochemical 
analyses suggested that most positive actions, such as calcium channel Ca v α 2 δ 1  
upregulation and sensory fi ber-specifi c hyperalgesia, are closely related to myelin-
ated A-fi bers [ 5 ]. Based on these fi ndings, we successfully revealed that LPA is the 
chemical signature in initiation of neuropathic pain including demyelination [ 4 – 6 , 
 10 ,  12 ,  13 ]. Further confi rmation has been obtained through neuropathic-like behav-
ior and focal demyelination in animals after intrathecal and intratrigeminal injec-
tions of LPA [ 13 – 15 ]. 

16.2.1     LPA 1  Receptor-Mediated Mechanisms 

 Accumulating fi ndings have suggested that central and peripheral demyelinating 
diseases, such as diabetes, Guillain–Barré syndrome, trigeminal neuralgia, and mul-
tiple sclerosis frequently accompany neuropathic pain [ 16 – 19 ]. However, little is 
known about the molecular relationship between demyelination and neuropathic 
pain. Partial injury of sciatic nerves causes signifi cant demyelination in vivo in the 
sciatic nerve and dorsal root, except the spinal nerves [ 11 ]. As demyelination in the 
dorsal root, but not in the sciatic nerve, was abolished in  Lpar1  −/−  mice [ 11 ], although 
application of LPA causes demyelination in all these sensory nerve regions [ 11 ], the 
dorsal root specifi city following nerve injury seems to be attributed to LPA produc-
tion in the spinal cord. Details of LPA biosynthesis are described later.  
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16.2.2     Calpain-Induced Degradation of Myelin Proteins 

 Signifi cant rapid demyelination of dorsal root fi bers by partial sciatic nerve ligation 
or intrathecal injection of LPA was abolished in  Lpar1  −/−  mice [ 11 ,  13 ]. LPA induced 
downregulation of myelin-associated glycoprotein (MAG), and it was selectively 
inhibited by calpain inhibitors [ 14 ]. MAG is restricted to the innermost membrane 
facing the neuronal axon, and one of the MAG receptors is Nogo-66 receptor-1, 
which is mostly found in a tripartite complex composed of transmembrane co- 
receptors LINGO-1 and either p75 NTR  or TROY [ 20 ,  21 ]. As this postreceptor signal 
uses RhoA-Rho-kinase (ROCK) signaling that inhibits tubulin and actin assembly 
[ 22 ], the loss of MAG is supposed to lead to a sprouting of sensory A-fi bers, thereby 
possibly resulting in a formation of abnormal pain synapses in the spinal cord. 
Interestingly, nerve injury-induced calpain activation in the dorsal root was abol-
ished in  Lpar1  −/−  mice, although infl ammatogenic complete Freund’s adjuvant 
(CFA) did not induce calpain activation [ 14 ]. These fi ndings were supported by 
pharmacological studies in which pretreatment with the calpain inhibitor E-64d 
[(2 S ,3 S )- trans -epoxysuccinyl- L -leucylamido-3-methylbutane ethyl ester] or calpain 
inhibitor X (Z-Leu-Abu-CONH-ethyl) abolished nerve injury-induced neuropathic 
pain, but not CFA-induced pain [ 14 ]. Thus, it is suggested that the rapid downregu-
lation of myelin protein is caused by activated calpain following an elevation of 
[Ca 2+ ] i , possibly through an activation of LPA 1  receptor-G q/11 -phospholipase C and 
its subsequent production of inositol 1,4,5-trisphosphate.  

16.2.3     Multiple Mechanisms Underlying RhoA-ROCK- 
Mediated Myelin Protein Gene Silencing 

 Downregulation of myelin proteins and gene expression is closely related to demy-
elination. Nerve injury- or intrathecal LPA-induced downregulation of myelin pro-
teins was abolished in  Lpar1  −/−  mice, or by pretreatment with RhoA inhibitor BoNT/
C3 or ROCK inhibitor Y-27632 [ 13 ]. Recent studies revealed that RhoA-ROCK 
signaling is closely related to multiple mechanisms underlying downregulation of 
myelin genes. One of these is the mechanism through c-Jun N-terminal kinase 
(JNK) and Krox-20/Egr2, as follows: (1) c-Jun is a negative regulator to downregu-
late the transcription of pro-myelinating transcription factor Krox-20/Egr2 [ 23 ]; (2) 
c-Jun forms a nucleosome remodeling and histone deacetylation repressor complex 
with Mbd3, and represses the transcription of AP-1 target genes including c-Jun 
[ 24 ], but c-Jun phosphorylated by JNK loses this repression system; and (3) ROCK 
activation results in a sequential activation of MKK4 and JNK [ 25 ], which in turn 
phosphorylates the N-terminus of c-Jun [ 26 ,  27 ]. Therefore, we now hypothesize 
that the LPA 1  receptor could mediate a sequential activation of ROCK inhibitor- 
reversible JNK phosphorylation, followed by upregulation of c-Jun and downregu-
lation of Krox-20/Egr2 (Fig.  16.1 ).
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   Another possible pathway might include epigenetic mechanisms. ROCK acti-
vates p300 histone acetyltransferase [ 28 ], which acetylates the NF-κB [ 29 ]. Then, 
acetylated NF-κB represses the transcription of Sox10 [ 30 ], which is a positive 
regulator of the transcription of Krox-20/Egr2 and myelin protein genes [ 31 ]. In 
addition to this, the RhoA-ROCK system mediates a phosphorylation and activation 
of IKKβ, plausibly followed by degradation of IκB and activation of NF-κB [ 32 ]. 
Therefore, we now hypothesize that LPA 1  receptor signaling could cause p300- 
mediated NF-κB acetylation via activation of G 12/13 -RhoA-ROCK-IKKβ and 
 following p300-mediated NF-κB acetylation to downregulate Sox10 transcription 
(Fig.  16.1 ).  
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  Fig. 16.1    Possible mechanisms for lysophosphatidic acid (LPA)-induced demyelination of 
Schwann cells. LPA-LPA 1  receptor signaling causes calpain-mediated protelolysis of myelin pro-
teins, possibly via G q/11 -phospholipase C-inositol 1,4,5-triphosphate-Ca 2+  pathway. In addition to 
posttranscriptional regulation, LPA might drive LPA 1  receptor-G 12/13 -Rho-ROCK signaling cas-
cade to cause IKKβ-mediated NF-κB activation in parallel with activation of p300, which acety-
lates NF-κB. Acetylated NF-κB could recruit H3K9 methyltransferase to downregulate 
transcription of Sox10, which activates transcription of Egr2. Simultaneously, ROCK might induce 
MKK4-JNK-c-Jun signaling to repress transcription of Egr2, which activates myelin protein genes 
in concert with Sox10       
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16.2.4     Aberrant Sprouting and Synaptic Reorganization 

 Demyelination, a loss of insulation, may cause physical or electrical crosstalk 
among sensory fi bers, which may lead to abnormal pain perception, as seen in allo-
dynia. Physical contacts among A-fi bers may also occur after demyelination and 
subsequent axonal sprouting, as seen in clinical observations, in which more axonal 
sprouting occurs as the neuropathy from mutation of myelin proteins advances [ 33 ]. 
This fact was also evidenced by co-culture experiments using myelinated fi bers 
with isolated DRG neurons and Schwann cells, in which the addition of LPA caused 
sequential morphological changes, including collapse of the growth cone at 1 h, 
sprouting at nerve endings at 8 h, and axons at 18 h, and complete spreading of 
myelinated Schwann cells at 36 h [ 4 ]. We had the chance to observe the direct 
attachment of large-diameter fi bers (possibly A-fi bers) to small-diameter fi bers 
(C-fi bers) in the Remak bundle of mouse dorsal root after sciatic nerve injury [ 5 ]. 

 Activation of the mitogen-activated protein kinase (MAPK) family, extracellular 
signal-regulated kinase (ERK 1/2 ) following membrane depolarization and Ca 2+  
infl ux, gives an insight into biochemical alterations during this synaptic reorganiza-
tion [ 34 ,  35 ]. It is well documented that ERK 1/2  is rapidly phosphorylated following 
noxious stimulations in dorsal root ganglia (DRG) and spinal dorsal horn. The 
intensity-dependent manner of the stimulation allows visualization of the pain- 
signaling neuronal circuitry using phospho-ERK 1/2  as the functional marker [ 34 ]. A 
signifi cant number of neurons at the superfi cial layer of the spinal dorsal horn show 
phospho-ERK 1/2  activity by Neurometer stimulation of Aδ- and C-fi bers, but not by 
innocuous Aβ-fi ber stimulation [ 35 ,  36 ]. Following sciatic nerve injury, on the other 
hand, Aβ-fi ber stimulation resulted in localization of phospho-ERK 1/2  at the super-
fi cial layer of the dorsal horn. This mechanism can only be explained by massive 
structural reorganization of the synapse. Sprouting and crosstalk may be biophysi-
cal events, but the electrophysiological consequences remain to be clarifi ed.   

16.3     LPA Production 

 Although LPA is able to cause global demyelination in the dorsal root, spinal nerve, 
and sciatic nerve in ex vivo experiments, nerve injury-induced and LPA 1  receptor- 
dependent demyelination occurs specifi cally in the dorsal root remote from the injured 
sciatic nerve [ 11 ]. This fact suggests that the amount of LPA required for causing 
dorsal root demyelination after nerve injury may come from the spinal cord [ 11 ,  37 ]. 

16.3.1     Machineries of Nerve Injury-Specifi c LPA Production 

 The combined addition of SP and  N -methyl- D -aspartate (NMDA) to spinal cord 
slices causes LPA production in the presence of autotaxin (ATX), which converted 
lysophosphatidylcholine (LPC) to LPA, although the single addition of SP or 
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NMDA alone did not [ 38 ]. This fact suggests that an intense pain signal is required 
for LPA production. Recent studies have revealed that phosphatidylcholine is con-
verted to LPC by cytosolic phospholipase A 2  (cPLA 2 ) or calcium-independent PLA 2  
(iPLA 2 ), both of which are regulated by Ca 2+ -related mechanisms. cPLA 2  is acti-
vated by Ca 2+  or phosphorylation by MAPK or protein kinase Cs [ 39 – 41 ], whereas 
iPLA 2  is activated by the calcium infl ux factor, which is produced following Ca 2+  
depletion in the endoplasmic reticulum [ 42 ,  43 ]. Therefore, the activation of both 
cPLA 2  and iPLA 2 , which are predominantly expressed in neurons [ 44 – 46 ], may be 
induced by intense pain signals (SP and glutamate) after nerve injury. Using phar-
macological studies with cPLA 2  or iPLA 2  inhibitor, this view was confi rmed by 
recent studies that abolished neuropathic pain and LPA production [ 44 ,  47 ].  

16.3.2     LPA Receptor-Mediated Amplifi cation of LPA 
Production 

 As already mentioned, a single intrathecal administration of LPA causes week-long 
abnormal pain behavior that is similar to sciatic nerve injury-induced neuropathic 
pain [ 13 ]. When LPA levels in the spinal cord were measured by biological assay, 
LPA-induced amplifi cation of LPA production was observed, and this amplifi cation 
was abolished in  Lpar3  −/−  but not  Lpar1  −/−  mice. LPA measurement was then per-
formed by use of MALDI-TOF-MS/MS: after the phostag modifi cation of extracted 
LPA, sciatic nerve injury increased 18:1, 16:0, and 18:0 LPA [ 44 ]. This LPA- 
induced amplifi cation of LPA production was substantially abolished in  Lpar3  −/−  
and  Lpar1  −/−  mice. Furthermore, as LPA production was abolished by pretreatment 
with minocycline, a microglia inhibitor, it is evident that microglia have important 
functions in this mechanism. 

 Thus, the involvement of LPA 1  receptor in the amplifi cation of LPA differs 
between the LPA (intrathecal, i.t.)-induced pain model and a nerve injury-induced 
one. Although detailed mechanisms remain elusive, we now speculate as follows: 
LPA produced by intense pain transmission may stimulate presynaptic LPA 1  recep-
tors and locally release SP or glutamate, which in turn has an amplifying role in 
LPA production as well as microglial LPA 3  receptor-mediated mechanisms. 
However, exogenously added LPA may predominantly access microglia but not the 
presynaptic terminals. Recent studies have demonstrated that microglia have impor-
tant functions in chronic pain after nerve injury [ 48 ,  49 ]. Once microglia are acti-
vated, they cause temporal enzyme activation and pro-infl ammatory cytokine 
release, which in turn activates nearby astrocytes, microglia, and neurons [ 48 ,  49 ]. 
Activated astrocytes also release different types of cytokines and activate nearby 
cell types [ 48 ,  49 ]. We have reported that interleukin-1β (IL-1β) is produced by LPA 
(i.t.) or nerve injury, and neutralizing IL-1β antibody abolished neuropathic pain 
and LPA production [ 50 ] (Fig.  16.2 ).
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16.3.3        γ-Aminobutyric Acid (GABA) Switch Underlying LPA- 
Mediated Hyperalgesia 

 Our next question is what is the major machinery to cause exogenous LPA- or 
endogenously amplifi ed LPA-induced hyperalgesia. Regarding this issue, we are 
also speculating on the involvement of LPA-stimulated microglia. In our previous 
study, LPA caused an increase in the expression of brain-derived neurotrophic factor 
(BDNF) in primary cultures of rat microglia, which express LPA 3 , but not LPA 1  or 
LPA 2 , receptors [ 51 ]. A previous study demonstrated that BDNF downregulates the 
neuron-specifi c K + -Cl −  co-transporter KCC2, resulting in lower [Cl − ] i  levels in 
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  Fig. 16.2    Feed-forward mechanisms underlying LPA-induced neuropathic pain. Nonphysiological 
stimuli, including peripheral nerve injury, trigger presynaptic release of SP and glutamate, thereby 
resulting in activation of NK1 receptor and NMDA receptor, respectively, in the spinal dorsal horn. 
Subsequent activation of cPLA 2  and iPLA 2  in the secondary spinal neuron leads to production of 
LPC, which is converted to LPA by ATX. LPA 1  and LPA 3  receptor-mediated microglial activation 
is involved in biosynthesis of LPA, possibly via releasing IL-1β. On the other hand, LPA acts as a 
reverse signal to cause upregulation of pain-related genes, such as Ca v α2δ1 and ephrinB1, in the 
dorsal root ganglion (DRG), and demyelination in the DRG via LPA 1  receptor. Also, LPA-induced 
brain-derived neurotrophic factor (BDNF) release from microglia might cause GABA switch via 
KCC2 downregulation. Finally, feed-forward mechanisms via LPA transmit enhance pain signal to 
the brain regions, including the thalamus       
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neurons [ 52 ,  53 ]. Under this condition, GABA (or Glycine) receptor activation 
causes depolarization from the effl ux of Cl −  [ 52 ], and the phenomenon is called the 
GABA (or Glycine) switch (Fig.  16.2 ). The current study using the microglia inhibi-
tor minocycline revealed that LPA-induced microglia activation is involved in early- 
stage development, but not in the late-stage maintenance, of neuropathic pain [ 54 ]. 
In this study, the early treatment with minocycline abolished LPA-induced and 
nerve injury-induced neuropathic pain, LPA synthesis and its underlying activation 
of synthetic enzymes, and cPLA 2  and iPLA 2 . As later treatment with minocycline 
failed to attenuate established neuropathic pain, as previously reported [ 55 ], microg-
lia activation following LPA receptor signaling appears to be important for the ini-
tiation of neuropathic pain.   

16.4     Other Lipid Mediators Involved in Chronic Pain 
Mechanisms 

 Endocannabinoids, such as anandamide and 2-arachidonoylglycerol (2-AG), are 
produced upon tissue damage or infl ammation in neural and nonneural cells. They 
suppress sensitization and neurogenic infl ammation by activating G i/o -coupled CB 1 - 
and CB 2 -receptors [ 56 ,  57 ]. In the acute (nociceptive or infl ammatory) pain state, 
CB 1  receptor is more abundantly expressed in sensory fi bers (DRG neurons) than 
CB 2  receptor and have inhibitory functions in infl ammatory pain [ 58 ]. In contrast, 
the numbers of CB 2  receptor in sensory fi bers are markedly increased after periph-
eral nerve injury. As LPA production requires intense pain signals, it is abolished by 
pretreatment with morphine [ 59 ]. Therefore, it is plausible that endocannabinoids, 
which are produced in the early stages after tissue or nerve injury, may have similar 
preemptive functions to inhibit LPA-mediated neuropathic pain (Fig.  16.3a ). 
Although endocannabinoids also interact with transient receptor potential vanilloid 
1 (TRPV1) and G protein-coupled GPR55 receptor [ 56 ], their roles remain elusive. 
In addition to endocannabinoids, fatty acid ethanolamides, such as oleoylethanol-
mide and palmitoylethanolmide, have emerged as potential homeostatic regulators 
of pain [ 56 ]: they act as peroxisome proliferator-activated receptor-α agonists and 
exert profound anti-infl ammatory effects in rats and mice [ 56 ].

   Epoxygenated fatty acids, i.e., arachidonate-derived cytochrome P450 metabo-
lites, also attract many concerns in terms of pain control [ 60 ]. Most recently, there 
are increasing reports that arachidonic acid-derived mediators, epoxyeicosatrienoic 
acids and dihydroxyeicosatrienoic acids, are analgesic/anti-infl ammatory and alge-
sic/pro-infl ammatory, respectively [ 60 ]. The key enzyme to determine pain regula-
tion is soluble epoxide hydrolase (sEH) [ 60 ]. The selective inhibitors of sEH showed 
not only anti-infl ammatory actions but also mechanical allodynia observed in the 
streptozotocin-treated diabetic neuropathic pain model [ 61 ,  62 ]. Therefore, sEH 
may have unique roles in infl ammatory and neuropathic pain (Fig.  16.3b ).  
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16.5     Conclusion 

 Here, I propose a feed-forward system in which LPA-induced signals are involved 
in the mechanisms of neuropathic pain. In this hypothesis, the initial step is intense 
pain signal-induced LPA production in the dorsal horn. Thus, produced LPA in the 
spinal cord is then transported to the dorsal root, where LPA induces demyelination 
as a reverse signal. Demyelination may cause physical crosstalk between fi bers and 
sprouting, both of which may lead to synaptic reorganization of primary afferent 
neurons underlying allodynia or hyperalgesia. The LPA also causes LPA 
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biosynthesis through activation of LPA 3  receptor and microglia. Thus, LPA acts as 
a reverse signal, and LPA-induced amplifi cation of LPA biosynthesis is a key mech-
anism for the feed-forward system underlying sustained neuropathic pain. However, 
LPA 1  receptor-mediated signaling does not function in infl ammatory pain. It is plau-
sible that endocannabinoids, which are rapidly and abundantly produced upon 
infl ammatory stimulation, may inhibit the presynaptic pain transmitter release and 
repress the LPA production. As LPA not only stimulates the transcription of the 
endocannabinoid- degrading enzyme [ 63 ] but also inhibits ATX enzyme activity 
[ 64 ], the amplifi cation of LPA production will be reactivated, although it will not 
proceed further without limitation. Recent studies reveal that the LPA-LPA 1  recep-
tor signaling is also observed in mechanisms underlying various chronic pain mod-
els. Discovery of the best inhibitors for LPA receptors or biosynthetic enzymes is 
now needed.     
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    Chapter 17   
 Vascular Endothelial S1P 2  Receptor Limits 
Tumor Angiogenesis and Hyperpermeability       

       Noriko     Takuwa     ,     Yasuo     Okamoto     ,     Kazuaki     Yoshioka     , and     Yoh     Takuwa     

    Abstract     The lipid mediator sphingosine-1-phosphate (S1P), which is constitu-
tively produced by sphingosine kinase 1 (SphK1) in circulating erythrocytes and 
vascular endothelial cells, is exported into plasma to regulate vascular formation, 
vascular barrier function, vascular tonus, and lymphocyte traffi cking through G 
protein-coupled S1P receptors. S1P 1 , a principal endothelial S1P receptor, has cru-
cial functions in developmental vascular formation and the maintenance of barrier 
function. The stabilizing action of S1P 1  on endothelial intercellular junctions leads 
to inhibition of sprouting angiogenesis. S1P 1  maintains barrier integrity through the 
activation of the small G protein Rac. Engagement of S1P 1  triggers internalization 
of S1P 1  into early endosomes, in which Rac activation occurs. The class IIα isoform 
of phosphatidylinositol 3-kinase (PI3K-C2α) is required for the internalization of 
activated S1P 1  and Rac activation on early endosomes. Endothelial cells also express 
S1P 2 , which is a prototypic G 12/13 -coupled chemorepellant receptor to activate RhoA 
with downstream inhibition of Rac and Akt. Endothelial S1P 2 , together with S1P 2  in 
myeloid cells, mediates inhibition of tumor angiogenesis. This action, in concert 
with a direct inhibitory effect of S1P 2  on proliferation of tumor cells, suppresses 
tumor growth. Endothelial S1P 2  also suppresses disruption of intercellular junctions 
and resultant fatal vascular hyperpermeability in anaphylaxis, by limiting mediator- 
induced activation of eNOS through Rho-Rho kinase-PTEN-dependent suppression 
of Akt. Thus, endothelial S1P 1  and S1P 2  have specialized, distinct roles in the regu-
lation of angiogenesis and vascular barrier integrity.  
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  Abbreviations 

   S1P    Sphingosine-1-phosphate   
  SphK    Sphingosine kinase   
  GPCR    G protein-coupled receptor   
  PLC    Phospholipase C   
  PI3K    Phosphatidylinositol 3-kinase   
  PI3K-C2α    Class IIα isoform of phosphatidylinositol 3-kinase   
  PAF    Platelet-activating factor   
  eNOS    Endothelial NO synthase   
  ERK    Extracellular signal-regulated kinase   
  JNK    Jun N-terminal kinase   
  MAPK    Mitogen-activated protein kinase   
  PTEN    Phosphatase and Tensin Homolog Deleted from Chromosome 10   
  HUVECs    Human umbilical vein endothelial cells   
  VEGF    Vascular endothelial growth factor   

       Lysophospholipid sphingosine-1-phosphate (S1P) is an extracellular signaling mol-
ecule abundantly present in the plasma. S1P signaling is pivotal for embryonic 
development of vascular and nervous systems and postnatal regulation of cardiovas-
cular and immune cell physiology [ 1 – 7 ]. S1P signaling is also implicated in diverse 
pathological conditions, which include tumor angiogenesis, atherosclerosis, infl am-
mation, and fi brosis [ 2 ,  3 ,  5 ,  8 – 10 ]. 

 S1P was fi rst recognized in the early 1990s as a bioactive lipid that exhibits mito-
genic activity for cultured fi broblasts [ 11 ] and a unique bimodal activity to either 
stimulate or inhibit cell migration [ 12 ]. In the late 1990s the two related orphan G 
protein-coupled receptors (GPCR) that had been independently cloned from the 
vasculature in the early 1990s [ 13 – 15 ] were identifi ed as the S1P-specifi c receptors 
S1P 1 /endothelial differentiation gene-1 (Edg-1) and S1P 2 /Edg-5/AGR16/H218 
[ 16 – 18 ]. Three additional S1P-specifi c receptors, S1P 3 , S1P 4 , and S1P 5 , have been 
thereafter identifi ed so that the S1P receptor family contains fi ve members, S1P 1 –
S1P 5 , in mammals [ 19 – 21 ], among which S1P 1 , S1P 2 , and S1P 3  are the major ones, 
expressed in a wide variety of tissues including the vasculature and blood cells. 

 In this chapter, we briefl y overview the S1P signaling mechanisms and then 
focus on distinctive yet concerted regulation of vascular formation and endothelial 
barrier function by S1P 1  and S1P 2  receptors, which are the most and the least abun-
dantly expressed subtypes in endothelial cells, respectively. 
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17.1     Synthesis, Export, and Delivery of S1P 
to Endothelial Cells  

 S1P is synthesized through phosphorylation of membrane sphingolipid-derived 
sphingosine by the sphingosine kinases (SphKs) SphK1 and SphK2 [ 22 ]. S1P is 
either dephosphorylated back to sphingosine by lipid phosphate phosphatases 
(LPP1–LPP3) [ 23 ] or S1P phosphatases (SPP1, SPP2) [ 24 ], or cleaved to hexadec-
enal and ethanolamine-phosphate by S1P lyase (SPL) [ 25 ]. The products generated 
by S1P lyase are utilized to synthesize the glycerophospholipid phosphatidyletha-
nolamine. Thus, intracellular S1P is an important intermediate of membrane lipid 
metabolism located at the intersection of sphingolipid and glycerolphospholipid 
metabolic pathways. Mice defi cient for either SphK1 or SphK2 are viable and fer-
tile, whereas double-knockout (KO) mice are embryonic lethal with an undetectable 
level of S1P, indicating that SphK1 and SphK2 are functionally redundant and 
solely responsible for S1P production in vivo [ 26 ]. 

 The most distinct feature of the S1P signaling system is that the ligand S1P is 
persistently and abundantly present in plasma at a concentration about 1–3 μM [ 27 –
 29 ]. S1P is produced mainly by the action of SphK1 in a constitutive manner, mostly 
by erythrocytes [ 28 ] and vascular endothelial cells [ 30 ], which are two major cell 
types in direct contact with plasma. SphK1KO, but not SphK2KO, mice show a 
50 % reduction in plasma S1P level [ 27 ]. Blood fl ow shear stress on endothelial 
cells stimulates release of S1P, through downregulation of S1P lyase and S1P phos-
phatase [ 30 ]. In addition, in the case of vascular damage activated platelets release 
S1P [ 31 ]. S1P concentration in serum is approximately twofold greater than that of 
plasma [ 27 ], most likely because of S1P release from aggregated platelets [ 31 ]. S1P 
is exported from erythrocytes and endothelial cells through S1P transporters into 
plasma. Spns2 is responsible for S1P export from endothelial cells [ 32 ]. Although 
ABC family transporters were suggested to mediate S1P export from erythrocytes, 
the molecular entity of an S1P transporter in erythrocytes remains to be elucidated 
[ 33 ]. 

 The majority (~98.5 %) of plasma S1P is bound to HDL (60 %), albumin (30 %), 
and other proteins, and free plasma S1P is estimated to be 15–45 nM. Apolipoprotein 
M in HDL particles provides a specifi c high-affi nity binding site for S1P [ 34 ]. Many 
of the endothelium- and cardioprotective effects of HDL are attributable to HDL- 
associated S1P [ 34 – 36 ]. It is known that plasma S1P turns over rapidly [ 37 ]. Binding 
of a major portion of plasma S1P to the proteins enables stable delivery of S1P to 
target cells including endothelial cells and leukocytes. The confi nement of S1P to 
the inside of blood vessels brings about a steep S1P concentration gradient, which 
is maintained between plasma and other extracellular compartments with the order 
of plasma > lymph > tissue interstitial fl uid. The S1P concentration gradient allows 
S1P 1 -dependent regulation of lymphocyte traffi cking. The lymphatic endothelium 
is a source of S1P in lymph, which induces lymphatic patterning and drives chemo-
tactic egress of lymphocytes from secondary lymphoid organs into lymph [ 38 ].  
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17.2     Signaling Mechanisms of S1P 1 , S1P 2 , and S1P 3  
Receptors 

 S1P 1 , S1P 2 , and S1P 3  are widely expressed in most organs, mediating diverse actions 
of S1P [ 1 – 3 ,  5 – 10 ,  21 ]. Differing from S1P 1 –S1P 3 , the expression of S1P 4  is 
restricted to lymphoid tissues and the lung, and that of S1P 5  to the brain (especially 
oligodendrocytes), leukocytes, and spleen [ 1 ,  21 ]. 

 The signaling mechanisms of S1P 1 –S1P 3  are better characterized compared with 
S1P 4  and S1P 5 . S1P 1 , S1P 2 , and S1P 3  activate overlapping yet distinctive intracel-
lular signaling pathways (Fig.  17.1 ) [ 1 – 3 ,  7 ,  9 ,  16 – 21 ,  39 – 44 ]. S1P 1  couples exclu-
sively to Gi to induce activation of Ras-ERK, class I PI3K-Akt, and small GTPase 
Rac signaling pathways. S1P 1  also moderately activates phospholipase C (PLC) and 
mobilizes Ca 2+  (Fig.  17.1 ) [ 16 ,  17 ,  39 – 42 ]. In contrast to S1P 1 , S1P 2  and S1P 3  cou-
ple to multiple G proteins, such as G q , G i , and G 12/13  [ 18 – 20 ]. S1P 2  stimulates Rho 
via G 12/13 , PLC mainly via G q , extracellular signal-regulated kinase (ERK) via G i , 
and Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) 
via pertussis toxin (PTX)-insensitive G protein (Fig.  17.1 ) [ 18 ]. Similar to S1P 2 , 
S1P 3  also couples to G q -mediated PLC stimulation, G 12/13 -mediated Rho stimula-
tion, and G i -mediated ERK and Rac stimulation (Fig.  17.1 ) [ 19 ,  20 ]. Although S1P 2  
and S1P 3  can similarly couple to G q , G i , and G 12/13  when overexpressed, an obvious 
difference in the two receptor subtypes exists in primary cells including mouse 
embryonic fi broblasts (MEFs): S1P 2  preferentially couples to the G 12/13 -Rho path-
way whereas S1P 3  preferentially couples to the G q -PLC pathway [ 43 ,  44 ].
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  Fig. 17.1    Basic signaling mechanisms of S1P 1 , S1P 2 , and S1P 3 . S1P 1  couples exclusively to G i  to 
activate Ras-ERK and PI3K(class I p110β)-Akt and -Rac, and also PLC-Ca 2+  mobilization. S1P 2  
and S1P 3  couple to multiple heterotrimeric G proteins. S1P 2  couples most prominently to G 12/13  to 
stimulate the Rho-ROCK(Rho kinase)-PTEN pathway. S1P 3  couples to G q , stimulating PI3K(class I 
p110β)-Akt and PLC-Ca 2+  mobilization       
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   Because S1P 1 , S1P 2 , and S1P 3  are widely expressed, an integrated outcome of 
S1P signaling in a given cell type largely depends upon the relative expression lev-
els of the S1P receptor subtypes. In addition, crosstalk between S1P receptor signal-
ing and growth factor or cytokine receptor signaling has been reported.  

17.3     Plasma S1P and Endothelial S1P 1  Contribute 
to Vascular Barrier Integrity 

 Anaphylaxis is elicited by antigen engagement to IgE on the surface of mast cells 
and basophils, which through FcεR activation leads to exocytosis of their granule 
contents such as histamine, and enzymatic generation of lipid mediators including 
platelet-activating factor (PAF) and leukotrienes in mast cells and macrophages. 
Such mediators of anaphylaxis activate the specifi c G q/11 -coupled receptors in vas-
cular endothelial cells and airway smooth muscle cells to induce barrier disruption 
and bronchospasm, respectively, culminating in shock with cardiovascular collapse 
caused by plasma leakage, reduced vascular tone, and respiratory distress. 

 Vascular barrier integrity depends upon S1P in the plasma compartment. Camerer 
et al. [ 45 ] created “S1Pless” mice with a very low level (~30 nM) of plasma S1P by 
conditional knockout of one Sphk1 allele with poly(I:C)-treatment in mice of Mx1- 
Cre transgenic:Sphk1 fl ox/− :Sphk2 −/−  genotype. “S1Pless” mice showed increased 
vascular permeability at baseline and augmented extravasation of plasma either 
upon injection of the anaphylactic mediators histamine and PAF or upon passive 
systemic anaphylaxis. Resultantly, the lethality was much higher (50–80 %) in 
“S1Pless” mice than in non-lethal wild-type mice. PAF-induced lethality in 
“S1Pless” mice was completely prevented by prior transfusion of wild-type eryth-
rocytes, a major source of plasma S1P. They also reported that Sphk1 −/−  mice, which 
had a 50 % reduction in plasma S1P level, showed increased lethality after PAF 
challenge. Olivera et al. [ 46 ] also reported that SphK1 −/−  mice showed more pro-
nounced and sustained hypotension compared with wild-type mice after anaphy-
laxis or histamine injection, with progressive and irreversible hypothermia. 
Intravenous injection of S1P to SphK1 −/−  mice shortly after histamine administra-
tion led to rapid recovery from hypotension [ 46 ]. On the other hand, SphK2 −/−  mice, 
which had approximately twice as much plasma S1P as wild-type mice, showed 
facilitated recovery from shock compared with wild-type mice after anaphylaxis or 
histamine administration [ 46 ]. Thus, plasma S1P levels are inversely correlated 
with susceptibility to anaphylaxis. These observations indicate that plasma S1P 
plays a maintaining role in vascular barrier integrity at baseline and confers resis-
tance to acute barrier-disruptive insult as in the case of anaphylactic shock. 

 The constitutive barrier-maintaining action of plasma S1P is mediated by S1P 1  in 
the endothelium: pretreatment with an S1P 1 -specifi c agonist rescued “S1Pless” mice 
from lethality after PAF injection [ 45 ]. On the other hand, administration of an S1P 1 -
specifi c antagonist or pharmacological downregulation of S1P 1  rendered  wild- type 
mice more susceptible to vascular leakage and lethality after PAF injection [ 46 – 49 ]. 
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These observations indicate that S1P 1  mediates the barrier-protective effect of S1P 
(Fig.  17.2 ). Unexpectedly, however, inducible deletion of S1P 1  alleles in adult mice 
(because of embryonic lethality in S1P 1 KO mice) did not compromise recovery 
from histamine injection [ 46 ]. One possibility to explain the discrepancy between 
the results obtained with different experimental models would be that relatively 
gradual deletion of S1P 1  function in inducible system allowed a compensatory res-
cue system to develop, whereas acute antagonism or downregulation of S1P 1 , which 
rapidly became maximal, did not.

   The maintenance of barrier integrity requires G i  protein [ 45 ]. S1P 1  is exclusively 
coupled to G i  to mediate multiple signaling pathways including Ras-ERK, PI3K- 
Akt, and Rac (Fig.  17.1 ). Previous in vitro studies showed that Rac and another Rho 
family GTPase Rho are both required for enhancing effect of S1P on VE–cadherin 
assembly at the adherens junction in HUVECs [ 50 ]. Because S1P 1  does not activate 
Rho, S1P receptor(s) that are capable of Rho activation, which include S1P 2  and 
S1P 3 , also seem to be involved in the maintenance of barrier integrity. However, it is 
reported that genetic deletion of S1P 3  does not compromise vascular barrier integ-
rity [ 46 ].  
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  Fig. 17.2    S1P 1  and S1P 2  protect vascular barrier function through distinctive mechanisms. S1P 1  
has a housekeeping function in endothelial barrier maintenance through mechanisms involving 
Rac activation, and in a manner dependent upon the class IIα isoform of PI3K (PI3K-C2α), which 
is required for internalization of activated S1P 1  receptor, endosomal Rac activation, and VE–cad-
herin assembly at the adherens junction. Endothelial barrier disruptors such as PAF and histamine 
act on G q -coupled receptors to induce Ca 2+  mobilization and Akt activation, which together lead to 
excess activation of eNOS, resulting in  S -nitrosylation of β-catenin and barrier disruption. S1P 2  
suppresses Akt and eNOS through the G 12/13 -Rho-ROCK-PTEN pathway to prevent barrier disrup-
tion, acting as a guardian of endothelial barrier integrity. EC, endothelial cell; VSMC, vascular 
smooth muscle cell       
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17.4     Endothelial S1P 2  is Required for Barrier Protection 
Independently of S1P 1  

 At basal state, S1P 2  −/−  mice showed a similar extent of extravasation of injected 
Evans blue as wild-type mice, indicating a normal vascular barrier function at base-
line in S1P 2  −/−  mice. However, S1P 2  −/−  mice were much more susceptible to anaphy-
laxis: they showed more exaggerated vascular leakage, hypotension, hypothermia, 
and lethality compared with wild-type mice on either antigen challenge or injec-
tions of anaphylactic mediators; nearly all S1P 2 KO mice died 30 min after PAF 
injection, whereas none of the wild-type mice died [ 51 ]. Despite marked differences 
in the severity of anaphylaxis between S1P 2  −/−  and wild-type mice, plasma concen-
trations of histamine, a major mediator released from mast cells, were similar 
regardless of the genotypes [ 51 ], implying that S1P 2  defi ciency did not affect mast 
cell activation. Olivera et al. [ 46 ] demonstrated delayed recovery from hypothermia 
after antigen challenge in S1P 2  −/−  mice compared with wild-type mice. Heterozygous 
S1P 2  +/−  mice also showed a similar extent of exaggerated hypothermia as homozy-
gous S1P 2  −/−  mice [ 46 ]. Administration of S1P after histamine injection rapidly res-
cued S1P 2  +/−  but not S1P 2  −/−  mice from sustained hypothermia [ 46 ]. These fi ndings 
indicate that reduced expression of S1P 2  in S1P 2  +/−  mice compromises barrier pro-
tection despite a normal level of S1P 1  expression, underscoring a unique and inde-
pendent role for S1P 2  in barrier protection. In contrast to the studies by Olivera’s 
group and ours, Oskeritzian et al. [ 52 ], reported totally different results showing that 
S1P 2  aggravated vascular leakage and lethality in anaphylaxis, which were attenu-
ated in either S1P 2 KO mice or mice receiving S1P 2 -selective antagonist JTE013. 
Although the experimental anaphylactic models were different (passive anaphylaxis 
model in the study by Oskeritzian et al. vs. active anaphylaxis model in our study), 
the reason for the discrepancy is not known. 

 In endothelial cells, the anaphylactic mediators PAF and histamine stimulate 
both PLC and class I PI3Kβ to mobilize Ca 2+  and activate Akt, respectively 
(Fig.  17.2 ). A rise in intracellular Ca 2+  and stimulated Akt together fully activate 
eNOS to generate a large amount of NO. Therefore, the generation of NO is ele-
vated in the vasculature in anaphylaxis. Either inhibition of PI3K or Akt [ 53 ], endo-
thelial cell- specifi c genetic deletion of G q/11  [ 54 ], or genetic deletion or 
pharmacological inhibition of eNOS [ 53 ] completely rescues otherwise fatal ana-
phylactic shock. NO leads to S-nitrosylation of β-catenin, which induces the disas-
sembly of the VE–cadherin complex at adherens junctions and consequent barrier 
disruption [ 55 ,  56 ]. Thus, barrier disruption in anaphylactic shock totally depends 
on stimulation of NO production through G q/11 -PLC/PI3K-eNOS pathway [ 53 ,  54 ]. 
In S1P 2 KO mice, activation of Akt is enhanced [ 57 ]. Resultantly, activation of eNOS 
and generation of NO in endothelial cells are exaggerated with augmented 
S-nitrosylation of β-catenin and disrupted VE–cadherin assembly. Genetic deletion 
of eNOS or pharmacological blockade of NOS almost completely rescues S1P 2 KO 
mice from lethal shock [ 51 ]. These results reveal a novel barrier-protective role of 
endothelial S1P 2 , that is, the prevention of exaggerated activation of endothelial 
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Akt-eNOS and thereby downstream  S -nitrosylation of β-catenin and consequent 
barrier disruption (Fig.  17.2 ). S1P 2  also limits profound vasorelaxation and hypo-
tension in anaphylaxis through suppressing NO-stimulated cGMP production in 
medial smooth muscle [ 51 ].  

17.5     S1P 2  Inhibits Tumor Angiogenesis 

 S1P 1  mediates stimulatory effects of S1P on cell migration toward S1P, morphogen-
esis to form tube-like structures in vitro, and assembly of VE–cadherin at adherens 
junctions and consequent maintenance of endothelial barrier integrity. Global 
S1P 1 KO mice and endothelial cell-specifi c conditional S1P 1 KO mice are embryonic 
lethal because of defective vascular formation [ 58 ,  59 ]. Recent studies have dis-
closed that S1P 1  in endothelial cells inhibits, rather than stimulates, sprouting angio-
genesis, which is otherwise excessive by the action of the angiogenic factor 
VEGF-A. Endothelial cell S1P 1  mediates promotion of VE–cadherin localization 
and assembly at adherens junctions, which suppresses tip cell formation and leads 
to the formation of a stabilized vascular network [ 60 ,  61 ]. 

 S1P 2  is the fi rst chemorepellant GPCR to be identifi ed that mediates inhibition of 
cell migration through Rho and Rho-dependent inhibition of Rac [ 39 ]. In tumor 
cells such as B16 melanoma cells, which express S1P 2 , S1P inhibits their migration, 
invasion of extracellular matrix, and hematogenous metastasis in a tail vein injec-
tion model [ 12 ,  62 ,  63 ]. The expression level of endogenous S1P 2  in cultured endo-
thelial cells is substantially low or barely detectable [ 64 ]. In S1P 2   LacZ/+   mice in which 
LacZ gene was knocked in to S1P 2  locus, the expression of S1P 2  was identifi ed in 
both of vascular endothelial cells and smooth muscle cells in the vasculature of vari-
ous organs [ 57 ]. When overexpressed in endothelial cells, S1P 2  mediated S1P- 
induced inhibition of cell migration and tube formation in vitro and inhibition of 
angiogenesis in Matrigel plug assay in vivo [ 65 ]. Overexpression of S1P 2  in endo-
thelial cells resulted in decreased barrier function when challenged with thrombin 
in vitro, for which Rho-ROCK-PTEN-dependent inhibition of Rac led to disassem-
bly of VE–cadherin [ 66 ]. 

 In the in vivo model of subcutaneous tumor inoculation, host S1P 2  that is 
expressed in both endothelial cells and angiogenic myeloid cells, the latter types of 
cells being recruited from bone marrow to tumor stroma, inhibited tumor angiogen-
esis and tumor progression [ 57 ]. Lung microvascular endothelial cells derived from 
S1P 2 KO mice showed enhanced activities of Rac and Akt but not ERK, and stimu-
lated cell proliferation, cell migration, and tube formation compared with those 
derived from wild-type mice. S1P 2 -mediated inhibition of Akt is likely involved in 
inhibition of endothelial cell proliferation. S1P 2 -mediated inhibition of Akt is the 
consequence of Rho kinase-dependent activation of PTEN (3′-specifi c phos-
phoinositide phosphatase). Rho kinase is dispensable, however, for S1P 2 -mediated 
inhibition of Rac and cell migration, which are still observed in PTEN-defi cient 
tumor cells [ 67 ]. S1P 2 KO mice develop deafness and ataxia from aberrant vascular 
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formation in the inner ear and loss of hair cells, and epileptic seizures and sudden 
death in the weaning period in C57BL/6 background [ 68 – 71 ]. 

 S1P 1 /S1P 2 -double null and S1P 1 /S1P 2 /S1P 3 -triple null embryos show increas-
ingly more severe defects in vascular formation compared with single S1P 1 -null 
embryos [ 72 ]. S1P 3 KO mice show the normal phenotype whereas S1P 2 /S1P 3 -double 
null mice show partial embryonic and perinatal lethality [ 43 ,  44 ,  72 ]. Therefore, it 
is possible that S1P 2  and S1P 3  have some functional redundancy in the regulation of 
vascular formation.  

17.6     S1P 2  and S1P 3  Are Involved in the Regulation 
of Vascular Tone 

 S1P 2  and S1P 3  are involved also in the regulation of vascular tone [ 73 – 75 ]. In vas-
cular smooth muscle cells, excitatory agonists induce Rho activation and potentiate 
contraction through Rho kinase-dependent phosphorylation of the myosin-targeting 
subunit MYPT1 of myosin phosphatase and consequent inhibition of the myosin 
phosphatase activity [ 76 – 81 ]. The Rho-Rho kinase-dependent mechanism also 
involves phosphorylation of the myosin phosphatase inhibitor protein, CPI-17 [ 82 ]. 
Myosin phosphatase inhibition mediated by G 12/13 -dependent activation of Rho-Rho 
kinase, together with activation of myosin light chain kinase by G q/11 -PLC-dependent 
Ca 2+  mobilization and Ca 2+  infl ux, effi ciently increases sustained phosphorylation of 
myosin light chain and consequent vascular contraction [ 80 ]. In addition, S1P2- 
mediated contraction mechanism involves inhibition of eNOS as already described. 

 S1P 3  couples moderately to G i  besides G q/11  and G 12/13  (Fig.  17.1 ) [ 19 ,  39 ,  43 ]. 
Differing from S1P 2 , S1P 3  in endothelial cells rather stimulates eNOS via the Gi 
pathway as does S1P 1 , leading to endothelial cell-dependent vasorelaxation.  

17.7     Class II PI 3-Kinase-C2α Is Required for S1P 1  
Signaling and Delivery of VE–Cadherin to Adherens 
Junction 

 We have recently reported that the class IIα isoform of PI 3-kinase (PI3K-C2α), 
which specifi cally phosphorylates PI-4-P to produce PI-3,4-P 2  [ 83 ], has essential 
roles in endothelial cell functions, including embryonic and pathological angiogen-
esis and vascular barrier maintenance [ 84 ]. Global and endothelial cell-specifi c 
C2α-null mice were both embryonic lethal because of defective angiogenesis [ 84 ]. 
C2α-defi cient heterozygous mice showed defective vascular barrier function, as evi-
denced by increased Evans blue dye leakage in the skin after subcutaneous injection 
of VEGF, and in the aorta and heart after chronic injection of angiotensin II, as well 
as reduced localization of VE–cadherin at the cell–cell junction in  en face  confocal 
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observation of aortic intima. Consistently, PI3K-C2α-defi cient heterozygous mice 
showed markedly increased lethality after anaphylaxis and formation of dissecting 
aneurysm of the aorta after chronic administration of angiotensin II [ 84 ]. 

 We have shown in HUVECs that PI3K-C2α is localized in clathrin-coated vesi-
cles, the  trans -Golgi network, and early endosomes [ 84 ]. PI3K-C2α is required for 
S1P 1 -mediated activation of Rac1, in which S1P-stimulated S1P 1  receptor is inter-
nalized to endosomal vesicular membrane where it co-localizes with active Rac1 
[ 85 ]. PI3K-C2α is also required for delivery of VE–cadherin to the adherens junc-
tion, which depends upon endosomal Rac1 activation [ 84 ,  85 ]. S1P-induced activa-
tion of cell migration, lamellipodium formation, and tube formation, all of which 
depend upon Rac activation, were markedly inhibited by knockdown of either 
PI3K-C2α or class I p110β, but not p110α or Vps34 [ 85 ]. By contrast, only p110β 
was necessary for S1P-iduced activation of Akt. Fluorescent resonance energy 
transfer (FRET) imaging showed that S1P induced Rac1 activation in both the 
plasma membrane and endosomes. Knockdown of PI3K-C2α, but not p110β, mark-
edly reduced S1P-induced S1P 1  internalization into endosomes and Rac1 activation. 
Pharmacological inhibition of endocytosis by Dynasore disrupted VE–cadherin 
assembly at the cell-to-cell junction and suppressed S1P-induced S1P 1  internaliza-
tion and Rac1 activation, but not activation of Akt or ERK [ 85 ]. 

 PI3K-C2α is required not only for S1P 1 -mediated activation of Rac and Rac- 
dependent cellular processes, which depends upon endocytic internalization of the 
S1P 1  receptor and its signaling that emanates from endosomes, but also for VEGFR2-
mediated RhoA activation and RhoA-dependent assembly of VE–cadherin, which 
also depends upon endocytic internalization of activated VEGFR2 [ 84 ].  

17.8     Concluding Remarks 

 Endothelial barrier integrity requires the persistent presence of high concentrations 
of S1P in the plasma, which stimulates both S1P 1  and S1P 2  to exert barrier- protective 
effects. S1P 1 , a principal S1P receptor in endothelial cells, has a housekeeping func-
tion in maintaining barrier function through mechanisms involving Rac activation, 
for which PI3K-C2α-dependent internalization of activated S1P 1  receptor is 
required. S1P 2  is much less abundant in endothelial cells than S1P 1 . However, S1P 2  
is crucial in mediating the barrier-protective role of S1P: S1P 2  counteracts anaphy-
lactic mediator-induced barrier disruption through suppressing exaggerated activa-
tion of Akt and its target eNOS. S1P 2  also inhibits tumor angiogenesis, tumor 
invasion, and metastasis. These observations suggest that the S1P 2 -selective agonist 
is a promising therapeutic tactic for cancer as well as anaphylaxis.     
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    Chapter 18   
 Roles of Prostaglandins in Regulation 
of Pathological Angiogenesis 
and Lymphangiogenesis       

       Masataka     Majima     

    Abstract     Angiogenesis, the formation of new blood vessels from preexistent 
microvasculature, is an essential component of wound repair and tumor growth. 
Nonsteroidal anti-infl ammatory drugs (NSAIDs) are known to suppress the inci-
dence and progression of malignancies including colorectal cancers, and also to 
delay wound healing. However, the precise mechanisms are not fully elucidated. 
Recent results obtained from prostaglandin (PG) receptor knockout mice indicate 
that host stromal PGE type receptor signaling is crucial in tumor-associated angio-
genesis. Implanted tumor growth and tumor-associated angiogenesis were mark-
edly suppressed in EP3 receptor knockout mice (EP3 −/− ), in comparison with their 
wild-type counterparts (WT). Tumor-associated angiogenesis in WT depends on 
vascular endothelial growth factor (VEGF). Major VEGF-expressing cells in stroma 
were CD3/Mac-1 double-negative fi broblasts, and stromal VEGF expression was 
markedly reduced in EP3 −/− . An EP3 receptor antagonist inhibited tumor growth and 
angiogenesis in WT. The wound-healing process was signifi cantly delayed in EP3 −/− . 
Transplantation of EP3 −/−  bone marrow cells revealed that recruitment of EP3-
expressing bone marrow cells to wound granulation tissues was critical to the heal-
ing of wounds. Further, lymphangiogenesis was also enhanced by EP signaling in 
pathological conditions. These observations demonstrate the signifi cance of EP 
receptor signaling to angiogenesis and lymphangiogenesis in vivo. Such signaling 
can be a good target for controlling angiogenesis and lymphangiogenesis in patho-
logical conditions.  
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18.1         Angiogenesis 

 We are complex multicellular organisms, and all cells in the body require a fi nely 
controlled supply of oxygen and nutrients [ 1 – 3 ]. The diffusion of oxygen in the tis-
sues is limited to 100–200 μm, and a highly developed vascular system has evolved 
to ensure that all cells are within this distance of a supply of oxygen. Angiogenesis, 
the process of new blood vessel development from preexisting vasculature, is indis-
pensable to maintain the integrity of the body. This function involves endothelial 
cell division, selective degradation of the basement membrane and the surrounding 
extracellular matrix, endothelial cell migration, and the formation of a tubular struc-
ture. Once blood vessels have been established, the endothelial cells undergo tissue- 
specifi c changes to generate functionally active vessels. During embryogenesis, 
blood vessels are formed by the differentiation of endothelial cell precursors (angio-
blasts), which associate to form primitive vessels. This process is called vasculo-
genesis [ 3 ,  4 ]. 

 Angiogenesis is subject to a complex control system with pro-angiogenic and 
antiangiogenic factors [ 3 ,  4 ]. In adults, angiogenesis is tightly controlled by this 
“angiogenic balance,” that is, a physiological balance between the stimulatory and 
inhibitory signals for blood vessel formation. In normal status, the formation of new 
blood vessels occurs during wound healing, organ regeneration, and in the female 
reproductive system during ovulation, menstruation, and the formation of the pla-
centa. It is also an important factor in several pathological processes such as tumor 
growth, rheumatoid arthritis, diabetic retinopathy, and psoriasis.  

18.2     Angiogenic Switch 

 An angiogenic switch, which allows substantial blood supply, is activated in the 
quiescent vasculature around tumors, regulates tumor growth and metastasis, and 
decides ultimately the patient’s prognosis [ 5 ]. Several growth factors, such as basic 
fi broblast growth factor, epidermal growth factor, and platelet-derived growth fac-
tor, that regulate tube formation of endothelial cells and pericyte structures are 
known. Besides these factors, the most important pro-angiogenic factor is vascular 
endothelial growth factor (VEGF). VEGF is a pro-angiogenic factor that is identi-
fi ed fi rst as a factor acting only on the endothelial cells. VEGF also potentiates 
microvascular hyperpermeability, which can both precede and accompany angio-
genesis. Infl ammatory mediators such as prostaglandins (PGs) are known to enhance 
angiogenesis via upregulation of VEGF. In this review, we summarize the properties 
and functions of PGs in the process of angiogenesis in malignancy and other condi-
tions. PGs may be one of the inducers of angiogenic switches.  
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18.3     Biosynthesis of Prostaglandins (PGs) 

 The arachidonic acid (AA) cascade is the biosynthetic pathway that involves the 
release of the n-6 polyunsaturated fatty acid AA from the sn-2 position of mem-
brane phospholipids by a phospholipase A 2  (PLA 2 ) enzyme, and its subsequent 
metabolism to bioactive prostaglandins (PGs), thromboxanes, leukotrienes, and 
epoxy fatty acids, by cyclooxygenase (COX), lipoxygenase (LOX), and cytochrome 
P450 epoxygenase enzymes, coupled to specifi c terminal synthases. AA and its end 
products are involved in both physiological and pathological processes. Although 
pharmacological inhibitors can be used to investigate the role of key enzymes 
involved in AA release and metabolism of AA in physiological and pathological 
models, the lack, in some cases, of specifi c inhibitors or of a complete pharmaco-
logical inhibition, and standardization of dosing paradigms complicate the studies. 
Two COX isoforms have been identifi ed: COX-1 is constitutively expressed in vari-
ous tissues, whereas COX-2 is induced by mitogens, cytokines, and tumor promot-
ers [ 6 ]. COX regulates the formation of an unstable endoperoxide intermediate, 
PGH 2 , which, in turn, is metabolized to PGD 2 , PGE 2 , PGF 2α , PGI 2 , and thrombox-
ane (TX)A 2  by cell-specifi c isomerases and synthases. Prostanoids formed are 
immediately released outside the cell; they are either chemically or metabolically 
unstable, and thus prostanoids are believed to work only locally, near their site of 
production. PGI 2  and TXA 2  spontaneously degrade into inactive compounds under 
physiological conditions, and other PGs are enzymatically inactivated during a sin-
gle passage through the lung. PGD 2  and PGE 2  are slowly dehydrated in biological 
fl uids containing serum albumin to be the cyclopentenone PGs.  

18.4     Receptors for PGs 

 Prostanoids exert their actions via membrane receptors on the surface of target cells. 
Genes for each of these receptors have been disrupted and the corresponding knock-
out mice have been produced [ 7 ]. Furthermore, with the use of cloned receptors, 
agonists and antagonists highly selective for each of the four EP subtypes have been 
developed. Eight types and subtypes of membrane prostanoid receptors are con-
served in mammals, from mouse to human [ 7 ]: the PGD receptor (DP), four sub-
types of the PGE receptor (EP1, EP2, EP3, EP4), the PGF receptor (FP), the PGI 
receptor (IP), and the TXA receptor (TP). All receptors are G protein-coupled 
rhodopsin- type receptors with seven transmembrane domains, and each is encoded 
by different genes. There are several splice variants in the EP3, FP, and TP recep-
tors, which differ only in their C-terminal tails. Among the eight types and subtypes, 
the IP, DP, EP2, and EP4 receptors mediate a cAMP rise, whereas the TP, FP, and 
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EP1 receptors induce calcium mobilization. EP3 has several splice variants, which 
increase or decrease cAMP levels and induce calcium mobilization. The effects of 
prostanoids on these G protein-coupled signaling pathways are reported to be 
changed in a ligand concentration-dependent manner. PGI 2  analogues bind to IP and 
activate adenylate cyclase via Gs in a dose-dependent manner, but higher concentra-
tions of the ligand couple to IP and activate phospholipase C to mobilize calcium 
ions via Gq. There are four subtypes of the receptor for PGE 2 , although the other 
prostanoids each have only a single receptor. The homology of amino acid sequences 
between different types of the receptors within each functional group is much higher 
than that found among the four PGE receptor subtypes. The phylogenetic tree 
derived from receptor homologies indicates that prostanoid receptors originated 
from the primitive PGE receptor. Other PGs and TX receptors subsequently evolved 
from functionally related PGE receptor subtypes by gene duplication. The roles of 
PGs in various physiological and pathophysiological processes have been clarifi ed 
with mice defi cient in each prostanoid receptor. The fi ndings, including ours, with 
use of knockout mice are summarized in Table  18.1 . In this review article, we dis-
cuss the signifi cance of the fi ndings related to angiogenesis together with lymphan-
giogenesis in vivo.

18.5        Roles of PGs in Angiogenesis Indispensable to Wound 
Healing and Recovery from Ischemia 

 Angiogenesis is believed to be an essential component of normal wound repair. 
Immediately following injury, it delivers oxygen, nutrients, and infl ammatory cells 
to the site of injury. It also assists the development of granulation tissue formation 
and ultimately wound closure. Both angiogenic agonists and antagonists are identi-
fi ed at various stages of the wound repair process [ 8 ], suggesting a dynamic balance 

   Table 18.1    Roles of prostaglandins (PGs) revealed by studies using prostaglandin receptor 
knockout mice   

 PGs  Receptors  Pathophysiological roles 

 PGD 2   DP  A mediator of allergic asthma 
 PGE 2   EP1  Inhibition of gastric motor activity 

 EP2  Ovulation and fertilization, salt-sensitive hypertension 
 EP3  A mediator of febrile response, acid-induced bicarbonate secretion in 

duodenum, urinary concentration, mast cell activation, angiogenesis, 
lymphangiogenesis 

 EP4  Closure of ductus arteriosus, bone resorption, lymphangiogenesis 
 PGI 2   IP  Antithrombotic function, adaptive cytoprotection of stomach, acetic 

acid-induced writhing reaction 
 PGF 2 α  FP  An essential inducer of labor 
 TXA 2   TP  Hemostasis, endotoxicin-induced hepatic microcirculatory dysfunction, 

lymphangiogenesis 

M. Majima



257

of stimulators and inhibitors that favor either vascular growth or regression [ 9 ]. It 
has been reported that E-type PGs have a pro-angiogenic activity in corneal tests 
[ 10 ] and in the chorioallantoic membrane (CAM) technique [ 11 ]. Further, Form and 
Auerbach reported that PGE 2  strongly induced angiogenesis on the CAM of 8-day- 
old chicken embryos, but PGA 2 , PGF 2 , and a derivative of TXA 2  did not. A report 
[ 12 ] described that the endothelial migration was mediated by COX-2. This experi-
ment was performed in vitro using confl uent monolayer endothelial cells stimulated 
with PMA, and the authors also reported that corneal angiogenesis was suppressed 
by a COX-2 inhibitor, suggesting the involvement of COX-2 products in vivo. These 
results suggest that endogenous PGs regulate angiogenesis not only in physiological 
conditions but also in pathological states. The roles of COX-2-derived PGs in wound 
healing and the PG receptor signaling relevant to wound-induced angiogenesis were 
reported recently [ 13 ]. When full-thickness skin wounds were created in mice, and 
angiogenesis in wound granulation tissues was estimated, wound closure and reepi-
thelization were delayed in mice treated with COX-2 inhibitors. The wound closure 
and reepithelization in EP3 receptor knockout mice (EP3 −/− ) were signifi cantly 
delayed compared with wild-type mice (WT) (Fig.  18.1 ), whereas those in EP1 −/− , 
EP2 −/− , and EP4 −/−  were not delayed. Wound-induced angiogenesis in EP3 −/−  was 
signifi cantly inhibited compared with that in WT (Fig.  18.2 ). Reduced wound-
induced angiogenesis in EP3 −/−  was accompanied by poor development of granula-
tion tissues under the wound. VEGF expression in wound granulation tissues in 
EP3 −/−  was markedly less than that in WT. Wound closure in WT was delayed sig-
nifi cantly by a VEGF-neutralizing antibody compared with control IgG. Wound- 
induced angiogenesis and wound closure were signifi cantly suppressed in 
EP3 −/−  bone marrow transplantation mice, compared with those in WT bone marrow 

  Fig. 18.1    Delay in wound healing in EP3 knockout mice. Typical appearance of wounds 7 days 
after wounding. Surgical wounds were made on the backs of EP3 receptor knockout mice (EP3 −/− ) 
and of their wild-type counterparts (WT). Original diameter of the wounds was 8 mm. One divi-
sion on the scale below the wound represents 1 mm (Cited from Kamoshita et al. [ 13 ] with 
permission)       
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transplantation mice. These events were accompanied by reductions in  accumulation 
of VEGF-expressing cells in wound granulation tissues and in recruitment of VEGF 
receptor 1-expressing leukocytes in peripheral circulation. These results indicate 
that the recruitment of EP3-expressing cells to wound granulation tissues is critical 
for surgical wound healing and angiogenesis via upregulation of VEGF [ 13 ].

    Signaling through the thromboxane A 2  (TXA 2 ) receptor, TP, induces platelet 
adhesion. However, the cellular and molecular mechanisms of platelet-dependent 
angiogenesis, especially during recovery from ischemic conditions, and the involve-
ment of TP signaling have not been fully elucidated. We recently identifi ed that 
TP-dependent platelet adhesion contributed to angiogenesis in a mouse hindlimb 
ischemia model. Selective platelet adhesion to ischemic endothelial cells via 
P-selectin was identifi ed in vivo microscopy. P-selectin glycoprotein ligand-1 
(PSGL-1) was upregulated in ischemic muscles in a TP-dependent manner. These 
fi ndings suggest that TP signaling facilitates angiogenesis via P-selectin-mediated 
platelet adhesion to the angiogenic regions and the supply of pro-angiogenic factors 
by the adherent platelets.  

18.6     Roles of PGs in Tumor-Associated Angiogenesis 

 Several epidemiological studies revealed a 40 % to 50 % reduction in mortality 
from colorectal cancer in individuals taking nonsteroidal anti-infl ammatory drugs 
(NSAIDs), and other evidence suggests that they also affect the incidence and pro-
gression of other types of cancer, pointing to a possible role of COX in tumor forma-
tion [ 14 ]. NSAIDs that inhibit COXs and suppress PG biosynthesis have been 

  Fig. 18.2    Reduced angiogenesis in wound granulation tissues in EP3 knockout mice. ( a ) 
Immunohistochemical localization of CD31 in wound granulation tissues isolated from mice 7 
days after wounding. ( b ) Vascular density in wound granulation tissues isolated from mice 3 and 7 
days after wounding (Cited from Kamoshita et al. [ 13 ] with permission)       
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widely used as anti-infl ammatory, anti-pyretic, and analgesic agents. Disruption of 
the COX-2 gene in mice reduced the number and size of intestinal polyps generated 
by a mutation in the adenomatous polyposis (APC) gene, thus verifying a role for 
COX-2 in the generation of colon tumors [ 15 ]. COX-2-selective inhibitors were 
expected to act as a “super aspirin” that would not exhibit the adverse effects typical 
of classical NSAIDs [ 6 ]. However, it has been reported that some organs, such as 
the kidney, expressed COX-2 constitutively [ 6 ], and that COX-2 was necessary for 
the kidney to mature after birth [ 16 ]. Thus, selective inhibition of PG receptor sig-
naling may be a more effective form of treatment of patients than that of COX-2. A 
wide range of mechanisms of the anti-tumor actions of NSAIDs, some of which are 
unrelated to inhibition of COX activity, and of subsequent PG formation has been 
proposed [ 17 – 19 ]. 

 Evidence that PG receptor signaling is relevant to tumor development has been 
accumulating through the use of PG receptor knockout mice (Table  18.2 ). We must 

   Table 18.2    PGE 2  and PGI 2  signaling in cancer development   

 Prostanoid  Receptor 
 G 
protein 

 Signaling 
effect  Relationship to cancer development  Refs 

 PGE 2   EP1  Gq  PtdIns 
response 

 EP1 receptor antagonist decreases the 
incidence of aberrant crypt foci in 
azoxymethane-treated mice 

 [ 20 ] 

 EP1 receptor −/−  mice are resistant to 
azoxymethane-induced aberrant crypt foci 

 [ 21 ] 

 PGE 2   EP2  Gs  cAMP 
increase 

 In EP2 receptor −/−  mice, the number of 
ApcΔ716 intestinal polyps and the intensity 
of angiogenesis and VEGF expression are 
decreased 

 [ 22 , 
 23 ] 

 EP2 receptor −/−  mice exhibit cancer-
associated immunodefi ciency and defective 
dendritic cell differentiation 

 [ 24 ] 

 EP2 receptor −/−  mice exhibit reduced tumor 
growth but normal tumor- associated 
angiogenesis and VEGF induction 

 [ 24 ] 

 PGE 2   EP3  Gs  cAMP 
increase 

 EP3 receptor −/−  mice have reduced tumor-
associated angiogenesis and tumor growth 
because induction of VEGF is reduced 

 [ 25 ] 

 Gi  cAMP 
decrease 

 − 

 Gq  PtdIns 
response 

 − 

 PGE 2   EP4  Gs  cAMP 
increase 

 EP4 −/−  mice decrease tumor cell motility  [ 26 ] 

 PGI 2   IP  Gs  cAMP 
increase 

 PGI 2  analogue inhibits metastasis  [ 27 ] 

 Gq  PtdIns 
response 

 − 

   Apc  adenomatous polyposis,  PGE   2   prostaglandin E 2 ,  PGI   2   prostaglandin I 2 ,  PtdIns  phosphati-
dylinositol,  VEGF  vascular endothelial growth factor  
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emphasize here that the models must be carefully selected according to the interests 
of researchers. Analysis of a tumor implantation model in some knockout mice is 
suitable for observing the host stromal responses that facilitate tumorigenesis, 
because the lack of a given receptor is observable in the host stroma, although tumor 
cells may, or may not, express the receptors in question, depending on the cell lines 
implanted. In tumor implantation experiments, differences in phenotype such as 
tumor growth and tumor-associated angiogenesis in mice are highly dependent on 
receptor signaling in the host. The models of other categories are developed to see 
the effect of PG receptor signaling on tumor cells themselves (tumor cell- autonomous 
effect), as induced by the mutation in tumor epithelial cells in addition to the host 
stromal effect. The most successful example of the latter is the marked reduction of 
polyp number in Apc 716  mice (a model of FAP) against a COX-2 −/−  background, in 
comparison with control animals [ 15 ]. In COX-2 −/−  mice, COX-2 was defi cient both 
in polyp epithelial cells and in stromal cells.

   It was previously reported that PGE 2  can promote colorectal cancer growth, in 
part through the activation of the PGE 2  receptor subtypes EP1 and EP4. Experiments 
using knockout mice with a colon carcinogen, azoxymethane, revealed the signifi -
cant suppression of aberrant crypt foci in EP1-defi cient mice together with EP4- 
defi cient mice. The suppression was limited in both cases, suggesting the possible 
involvement of other receptors or mechanisms. Moreover, aberrant crypt formation 
represents an initial step in carcinogenesis, and many events precede the develop-
ment of colon cancer. It is likely that PGs are also involved in other steps and mech-
anisms. The expression of COX-2, but not COX-1, is elevated in many colorectal 
cancers, and the protein has been localized to both stromal and epithelial compart-
ments. One mechanism by which elevated COX-2 promotes carcinogenesis is 
through stimulation of tumor-associated angiogenesis. 

 In tumor implantation models, the involvement of PGE 2 -EP receptor signaling in 
tumor-induced angiogenesis was tested [ 28 ]. It was reported that among the four 
subtypes of EP receptor knockout mice, in IP −/− , and in their WT counterparts, 
tumor-associated angiogenesis in EP3 −/−  mice was suppressed by nearly 80 %, 
although partial reduction of angiogenesis was observed in EP2 −/−  mice [ 28 ]. 
Histological examination of tumors formed in EP3 −/−  mice revealed a low level of 
vascularization and distinct boundaries with the surrounding normal tissue. In spite 
of the implantation of the same number of tumor cells, differences in tumor growth 
and tumor-associated angiogenesis were observed in these mice, strongly suggest-
ing that the EP3 receptor in the host, not on the tumor cells, has a major, indeed, the 
critical role in tumor-induced angiogenesis and tumor growth. Staining for COX-2 
was apparent in tumors together with the stromal cells and endothelial cells [ 28 ]. In 
WT mice, VEGF was abundant in the surrounding stromal cells, whose major com-
ponents were Mac-1 and CD3-negative fi broblast-like cells. Expression of VEGF 
was markedly reduced in EP3 −/−  mice. Gel shift assays revealed that AP-1 may be 
important in VEGF expression and angiogenesis [ 28 ], although other factors, such 
as HIF-1, whose activation was related to EP1, EP2, and EP4 signaling [ 29 ,  30 ], 
were not ruled out. 

 It was reported that angiogenesis and growth of polyps were EP2-dependent 
when the APC gene was mutated [ 22 ,  23 ]. The reports of those authors stated that 
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the major elements that express COX-2 are stromal cells around the intestinal pol-
yps. The tumor stromal cells that produced VEGF so as to facilitate angiogenesis 
and tumor growth were CD3 and Mac-1 double-negative fi broblasts [ 28 ]. Fibroblasts 
exhibit heterogeneity in various biological parameters including PG-generating and 
receptor systems [ 31 – 33 ]. The authors of the foregoing report [ 23 ] did not show the 
microvessel density in EP3 −/−  with APC mutation, and the reduction percentage of 
angiogenesis in APC-mutated EP2 −/−  mice was approximately 30 % at best. The 
major EP receptor expressed in the subcutaneous tissues of WT mice was EP3 [ 28 ], 
which was not expressed in the intestine [ 22 ]. These fi ndings suggest that tumor- 
associated angiogenesis may be regulated in a site-specifi c fashion, and that it may 
be related to the heterogeneity of the stromal fi broblasts. It was reported that EP2- 
null mice bearing subcutaneous tumor cells exhibited cancer-associated immunode-
fi ciency and dendritic cell abnormalities, but surprisingly had no effects on 
tumor-associated angiogenesis and VEGF induction, in spite of a partial reduction 
in tumor growth. This fi nding indicates that intracellular signaling linked to EP2 
receptor activation also may be heterogeneous. 

 The host microenvironment is believed to infl uence tumor progression [ 34 ,  35 ]. 
As already mentioned, PGs may be one of the important determinants of tumor–
host communications. Examination of human colorectal cancer has revealed marked 
COX-2 expression not only in cancer cells but also in the stroma that surrounds 
them [ 36 ]. COX-2-defi cient mice also exemplify the signifi cance of stromal 
COX-2 in tumor-induced angiogenesis [ 37 ]. The study using EP3 −/−  mice revealed 
that COX-2-expressing stromal cells around the tumors, or the tumor cells them-
selves, or both, synthesize and release PGE 2  into the tumor microenvironment; and 
that PGE 2  then acts on the stromal cells that express EP3 receptor to induce pro- 
angiogenic factor production and consequent angiogenesis (Fig.  18.3 ). EP3 receptor 
signaling is important in angiogenesis promotion, but it cannot be ruled out that EP2 
receptor signaling may facilitate angiogenesis synergistically.

18.7        Roles of PGs in Enhancement of Lymphangiogenesis 
In Vivo 

 The lymphatic vasculature forms a network of vessels that drain interstitial fl uid 
from tissues and return this fl uid to the blood. Lymphangiogenesis, the formation of 
lymphatic vessels from preexisting lymphatic vessels, is important in homeostasis 
of interstitial fl uids, metabolism, and immunity. Recent evidence, however, indi-
cates that lymphangiogenesis, similar to angiogenesis, also occurs during certain 
infl ammatory and autoimmune conditions. Psoriasis, a chronic infl ammatory skin 
disease, is characterized by extensive lymphangiogenesis [ 38 ], and lymphatic 
hyperplasia is frequently observed in rejected renal transplants from patients with 
this condition [ 25 ]. Furthermore, bacterial infection of the airway epithelia of mice 
induced intense lymphangiogenesis and upregulated VEGF-C and VEGF-D [ 39 ]. 
After infl ammation has been resolved, new lymphatic networks form a drainage 
system for fl uid and immune cells. 
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 During chronic infl ammation, angiogenesis is induced by a variety of 
 infl ammatory mediators, such as PGs. However, it remains unknown whether 
they enhance lymphangiogenesis. We recently clarifi ed the roles of COX-2 and 
PGE 2  receptor signaling in enhancement of lymphangiogenesis during prolifera-
tive infl ammation [ 40 ]. Lymphangiogenesis estimated by podoplanin/VEGF 
receptor-3/LYVE-1 expression was upregulated during proliferative infl amma-
tion seen around subcutaneous Matrigel plugs. A COX-2 inhibitor (celecoxib) 
signifi cantly reduced lymphangiogenesis in a dose-dependent manner, whereas 
topical PGE 2  enhanced lymphangiogenesis. Topical injection of fl uorescein iso-
thiocyanate-dextran into the Matrigel revealed that lymphatic fl ow from the 
Matrigels was COX-2-dependent. Lymphangiogenesis was suppressed in the 
granulation tissues of mice lacking either EP3 or EP4, suggesting that these 
molecules are receptors in response to endogenous PGE 2 . An EP3-selective ago-
nist (ONO-AE-248) increased the expression of VEGF-C and VEGF-D in cul-
tured macrophages, whereas an EP4-selective agonist (ONO-AE1-329) increased 
VEGF-C expression in cultured macrophages and increased VEGF-D expres-
sion in cultured fi broblasts. These results suggest that COX-2 and EP3/EP4 

  Fig. 18.3    Targets for controlling tumor-associated angiogenesis regulated by endogenous PGs. 
Stromal EP3 signaling is a key regulator of tumor angiogenesis and tumor growth. COX-2 inhibi-
tion and EP3 blockade are effective in preventing tumor growth and angiogenesis. Controlling host 
stromal function by modifi cation of infl ammatory signaling relevant to tumor angiogenesis may 
also become a useful strategy to treat solid tumors such as cancers       
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 signaling contributes to lymphangiogenesis in proliferative infl ammation and 
may become a therapeutic target for controlling lymphangiogenesis. 

 The same machinery was also active in the secondary lymphedema model, in 
which lymphedema was induced by a circumferential incision made in the tail of 
anesthetized mice to sever the dermal lymphatic vessels [ 41 ].  

18.8     PGs as Targets for Controlling Angiogenesis In Vivo 

 As discussed, highly selective EP antagonists such as EP3 and EP2 receptor antago-
nists therefore exhibit benefi cial actions on the stromal cells and may be a good 
choice as novel therapeutic tools against cancer. Administration of an EP3 antago-
nist to the tumor-bearing mice signifi cantly suppressed tumor-associated angiogen-
esis and tumor growth in WT mice [ 28 ]. By contrast, administration of neither an 
EP1 nor an EP4 antagonist, both previously developed [ 21 ,  42 ], did so. Furthermore, 
such a preventive effect of an EP3 antagonist was not seen in EP3 −/−  mice [ 28 ], sug-
gesting that EP3 receptors expressed on the tumor cells themselves did not exhibit 
any signifi cant function in tumor-associated angiogenesis or tumor growth, because 
the EP3 antagonist administered may have effectively blocked the EP3 receptors on 
the tumor cells (Fig.  18.3 ). These facts confi rmed the result obtained in EP3 −/−  mice, 
namely, that EP3 receptor signaling acts predominantly on the host stroma. This 
signaling on the stromal cells was relevant to the induction of the potent pro- 
angiogenic growth factor VEGF, and upregulated VEGF certainly has a pro- 
angiogenic action and facilitates tumor growth (Fig.  18.3 ) [ 28 ]. A highly selective 
EP3 antagonist therefore exhibits preventive action on the stromal cells and is 
expected to become a novel therapeutic tool against cancer. 

 Infl ammation is a local protective response to harmful stimuli. Recent results have 
expanded the concept that infl ammation is an important factor in facilitating tumor 
growth [ 43 ]. In fact, many cancers arise from the sites of infection, chronic irritation, 
and infl ammation. PGs are the major pro-infl ammatory mediators and increase 
infl ammation induced by various chemical mediators. The tumor stromal reaction can 
be characterized by the proliferation of tissues including fi broblasts, which can facili-
tate angiogenesis and probably lymphangiogenesis. The results obtained from the 
sponge implantation model can support the signifi cance of the proliferation or infi l-
tration, or both, of infl ammatory cells in the site where angiogenesis occurred 
[ 44 – 49 ]. Stromal fi broblasts may be derived from the bone marrow [ 43 ], and from 
tumor-associated macrophages as a paradigm for polarized M2 mononuclear phago-
cytes [ 50 ]. Targeting tumor angiogenesis with exogenous genes to tumor angiogene-
sis was performed by transplantation of genetically modifi ed hematopoietic stem 
cells [ 51 ]. Thus, transplantation of EP receptor-null bone marrow cells may provide 
the means for targeted inhibition of tumor-associated angiogenesis. Control of the 
infl ammatory responses in the tumor microenvironment where EP receptor-express-
ing cells are accumulating is also likely to be a novel therapeutic approach against 
cancer, which now annually causes some 550,000 deaths in the United States. [ 52 ].     
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    Chapter 19   
 Eicosanoids and Aortic Aneurysm       

       Utako     Yokoyama     ,     Ryo     Ishiwata    , and     Yoshihiro     Ishikawa   

    Abstract     Some of the derivatives of arachidonic acid, namely, the 5-lipoxygenase 
(5-LO) metabolites leukotriene B 4  (LTB 4 ) and cysteinyl-leukotrienes (CysLTs) as 
well as the microsomal prostaglandin E 2  synthase-1 (mPGES-1) product prosta-
glandin E 2  (PGE 2 ), can act as potent pro-infl ammatory mediators in vascular dis-
eases. Abdominal aortic aneurysm (AAA) is a vascular pathology characterized by 
the infi ltration of the media and adventitia by immune cells and the subsequent 
degradation of the medial elastic lamina layer. In human AAA, cyclooxygenase-2 
(COX-2) and 5-LO are abundantly expressed, and the roles of PGE 2  and LTs in 
AAA have recently been a subject of intense investigation. In particular, the PGE 2  
receptor EP4 has been suggested to promote cytokine production and proteolytic 
activation, and the inhibition of EP4 signaling attenuates the progression of murine 
models of AAA. The LTs LTB 4  and LTD 4  have been shown to stimulate the release 
of a variety of cytokines and other mediators that can enhance degradation of the 
extracellular matrix, such as macrophage infl ammatory protein-1α and monocyte 
chemoattractant protein-1. Pharmacological inhibition of these eicosanoids attenu-
ate murine models of AAA. Because no pharmacological therapies are currently 
available for inhibiting the progression of AAA, regulation of the PGE 2  and 5-LO 
pathways may serve as a new therapeutic strategy for AAA.  

  Keywords     Prostaglandin   •   Leukotriene   •   EP4   •   BLT1   •   CysLT1   •   Aortic aneurysm   
•   Atherosclerosis   •   Elastic fi bers   •   Matrix metalloprotease  

19.1         Introduction 

 Eicosanoids, which include prostanoids and leukotrienes (LTs), have an important 
role in vascular physiology and pathophysiology. Eicosanoids are involved in a vari-
ety of disease conditions such as infl ammation and abnormal immune responses. 
Prostanoid synthesis is initiated with the conversion of arachidonic acid (AA) into 

        U.   Yokoyama      (*) •    R.   Ishiwata    •    Y.   Ishikawa    
  Cardiovascular Research Institute ,  Yokohama City University School of Medicine , 
  3-9 Fukuura Kanazawaku ,  Yokohama   236-0004 ,  Japan   
 e-mail: utako@yokohama-cu.ac.jp  

mailto:utako@yokohama-cu.ac.jp


268

prostaglandin H 2  (PGH 2 ) through cyclooxygenase (COX). After the synthesis of 
PGH 2 , it is converted into other prostanoids, including prostaglandin D 2  (PGD 2 ), 
prostaglandin E 2  (PGE 2 ), prostaglandin F 2 α (PGF 2 α), prostaglandin I 2  (PGI 2 ), and 
thromboxane A 2  (TxA 2 ). In addition to this COX pathway, AA can be converted into 
5-hydroperoxyeicosatetraenoic acid (5-HPETE) via the 5-lipoxygenase (5-LO) 
pathway. The subsequent conversion of 5-HPETE into LTA 4  is also catalyzed by 
5-LO. LTA 4  then gives rise to LTB 4  or cysteinyl-LTs (CysLTs) such as LTC 4 , LTD 4 , 
and LTE 4 . Among these eicosanoids, PGE 2  and LTs have been extensively examined 
in the fi eld of vascular disease (Table  19.1 ). The present review is focused on the 
role of PGE 2  and LTs in the progression of aortic aneurysm and the potential for a 
therapeutic strategy based on regulating these signaling pathways.

19.2        Pathogenesis of Abdominal Aortic Aneurysm (AAA) 

19.2.1     Clinical Features of AAA 

 Aortic aneurysm is the 13th leading cause of death in the United States, with 
approximately 15,000 deaths per year [ 10 ]. Abdominal aortic aneurysm (AAA) is 
the most common type, comprising more than 80 % of all aortic aneurysms [ 10 ]. 

   Table 19.1    Reported roles of eicosanoids in abdominal aortic aneurysm (AAA)   

 Reported 
functions 

 Proposed effector 
pathway(s)  Pathophysiological process  References 

 Inhibition of AAA  PGE 2 -EP4  Inhibition of MCP-1 in 
macrophages 

 Tang et al. [ 1 ] 

 Progression of 
AAA 

 PGE 2 -EP4  IL-6 production and MMP2 
activation in SMCs 

 Yokoyama et al. [ 2 ] 

 Progression of 
AAA 

 PGE 2 -EP4  MMP2 and MMP9 activation  Cao et al. [ 3 ] 

 Progression of 
AAA 

 LTD 4 -CysLT1  MIP-1α production in 
macrophages 

 Zhao et al. [ 4 ] 

 No effect on AAA  5-LO  N.D.  Cao et al. [ 5 ] 
 Progression of 
AAA 

 LTD 4 -CysLT1  MMP2 activation  Di Gennaro et al. [ 6 ] 

 Progression of 
AAA 

 LTB 4 -BLT1  MCP-1, MIP-2, and IL-8 
production; 

 Ahluwalia et al. [ 7 ] 

 MMP2 and MMP9 activation 
in macrophages 

 Progression of 
AAA 

 LTB 4 -BLT1  Neutrophil chemotaxis  Houard et al. [ 8 ] 

 Progression of 
AAA 

 LTB 4 -BLT1  MMP2 activation  Kristo et al. [ 9 ] 

   N.D.  not determined  
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Ultrasonographic screening studies have shown that a small AAA, 3–5 cm in diam-
eter, is present in 4–5 % of men of more than 60 years old [ 11 ,  12 ]. A study that 
followed AAA patients for up to 6 years showed that 55 % of them exhibited 
increased aortic diameter, and 9 % exhibited a diameter greater than 6 cm, at which 
point the risk of rupture is signifi cantly elevated [ 12 ]. After rupture occurs, the mor-
tality rate exceeds 60 % [ 10 ]. Although an AAA typically continues to expand, 
increasing the risks of rupture and mortality, no effective pharmacological therapy 
to prevent the progression of an AAA is currently available. Patients with large 
AAAs with high risk of rupture are treated with open or endovascular repair. 

 It is widely accepted that the progression of AAA involves the complex interac-
tion of diverse factors such as chronic infl ammation, in contrast to thoracic aortic 
aneurysm (TAA), the cause of which is often attributed to genetic defects such as 
Marfan syndrome, Loeys–Dietz syndrome, and Ehlers–Danlos syndrome [ 13 ]. The 
risk of AAA is associated with age, gender, cigarette smoking, hypertension, and 
atherosclerosis [ 14 ]. Notably, AAA is primarily associated with atherosclerosis [ 15 ]. 
AAA was present in 10 % of patients with peripheral or cerebral arterial diseases 
[ 16 ], suggesting that AAA may share many of the risk factors of atherosclerotic ste-
nosis. Nevertheless, the distinct mechanisms of AAA progression remain elusive.  

19.2.2     Molecular Mechanisms of AAA Progression 

 AAA is characterized by chronic infl ammation of the aortic wall initiated by infi l-
tration of immune cells and excessive proteolytic degradation of elastic fi bers [ 17 ]. 
Elastic fi ber is a major extracellular matrix (ECM) in the tunica media of the aortic 
wall. The lamellae of elastic fi bers are responsible for the elasticity of the large 
arteries, which allows the arteries to maintain suffi cient blood pressure even during 
variations in hemodynamic stress. Mature elastic fi bers appear to have a half-life of 
70 years and are believed to be synthesized rarely in the adult abdominal aortae 
[ 14 ]. Indeed, elastic fi bers comprise 35 % of the dry weight of the normal aortic 
media, although this is reduced to 8 % in AAA [ 18 ]. Hence, it is generally accepted 
that promotion of the degradation of elastic fi bers results in arterial aneurysmal 
formation. 

 Activation of proteolytic enzymes, particularly matrix metalloproteinase-2 
(MMP2) and MMP9, is considered to be a critical step for elastic fi ber degradation. 
These MMPs exacerbate aortic dilatation, as demonstrated in studies using human 
patients or genetically engineered mice [ 15 ,  19 ]. MMP2 is mainly secreted by 
smooth muscle cells (SMCs) and macrophages, whereas MMP9 is predominantly 
secreted by macrophages that have infi ltrated into the AAA wall [ 20 ]. 

 In addition to MMPs, macrophages and other immune cells secrete various pro- 
infl ammatory cytokines that play important roles, particularly in the initiation of 
aneurysms [ 10 ]. The immune cells that infi ltrate into AAA tissues include T cells, 
B cells, neutrophils, and macrophages. In human AAA tissues, most infl ammatory 
infi ltrates are observed in the tunica adventitia [ 21 ]. Interleukin-6 (IL-6), tumor 
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necrosis factor (TNF)-α, interleukin-1β (IL-1β), and monocyte chemoattractant 
protein- 1 (MCP-1) are released in the AAA wall [ 22 ,  23 ]. In an experimental AAA 
model of ApoE −/−  mice infused with angiotensin II, production of IL-6, IL-8, and 
MCP-1 was increased [ 24 ]. 

 In the progression of AAA, increased neovascularization is thought to contribute 
to the introduction of immune cells into the tunica media. The tunica adventitia, the 
outermost tunic of the aortic wall, consists of fi broblasts and collagenous extracel-
lular matrices (ECMs), in which small nutrient vessels called the vasa vasorum are 
dispersed. Under physiological conditions, the tunica media is poorly vascularized, 
and the inner smooth muscle layers depend largely on direct diffusion from the 
luminal side for their nutritional needs. In human AAA tissues, however, increased 
neovascularization into the tunica media is observed [ 25 ]. In a study of aneurysm 
rupture edges, medial neovascularization and the levels of pro-angiogenic cytokines 
such as vascular endothelial growth factor (VEGF) and MCP-1 were increased 
compared with nonruptured AAA [ 26 ]. Consistent with the human data, in the 
mouse model of AAA, in which periaortic CaCl 2  treatment induces chronic vascular 
infl ammation, the expression levels of VEGF and MCP-1 were upregulated and the 
number of vasa vasorum was increased [ 27 ].   

19.3     AAA and PGE 2  Signaling 

19.3.1     PGE 2  and AAA 

 Among the prostanoids, PGE 2  is one of the major products generated by the actions 
of COX on AA and is well known to be an important mediator of infl ammation, 
fever, and pain [ 28 ,  29 ]. In human AAA tissues, COX-2-dependent PGE 2  synthesis 
is induced during the development of the disease [ 22 ,  30 ]. In aneurysm walls, COX-2 
is widely expressed in macrophages and SMCs along with locally synthesized PGE 2  
[ 22 ]. PGE 2  synthesized by macrophages and SMCs increases the production of 
MMPs [ 31 ,  32 ] and stimulates the production of cytokines [ 22 ]. In addition to the 
presence of PGE 2  in AAA, it has been demonstrated that selective COX-2 inhibition, 
as induced by celecoxib or genetic disruption of COX-2, decreased angiotensin 
II-induced AAA formation in ApoE −/−  mice [ 33 ,  34 ]. Microsomal PGE 2  synthase-1 
(mPGES-1) is an inducible enzyme that catalyzes the isomerization of the COX 
product PGH 2  into PGE 2  and is expressed in response to infl ammatory cytokines 
[ 35 ]. A study using deletion of mPGES-1 has also demonstrated that the inhibition 
of COX-2-PGE 2  decreased the rate of angiotensin II-induced AAA in ApoE −/−  mice 
[ 36 ]. Progressed AAA is frequently associated with atherosclerosis. The biosynthe-
sis of PGE 2  is increased in human atherosclerotic plaques [ 37 ] and has been impli-
cated in atherosclerotic plaque rupture as well [ 38 ]. This accumulating evidence 
from both human and murine models of AAA suggests that COX-2-PGE 2  signaling 
is greatly involved in the pathogenesis of AAA.  
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19.3.2     Expression of EP Receptors in AAA 

 The biological effects of PGE 2  depend on the prostanoid EP receptor subtypes EP1 
through EP4 [ 28 ]. Although it has been well recognized that EP2, EP3, and EP4 are 
present in vascular SMCs, EP4 is thought to play a pivotal role in AAA progression 
[ 39 ]. Bayston et al. examined the expression of EPs in human AAA tissues and 
found that EP2, EP3, and EP4 were expressed in AAA explants and that positive 
immunoreaction against EP4 was detected primarily in macrophages. Because EP4 
is a predominant PGE 2  receptor expressed in macrophages [ 40 ], EP4 expression 
appears to be increased during the development of AAA, contemporaneous with the 
infi ltration of macrophages. 

 In addition to macrophages, we have demonstrated through immunohistochemi-
cal examination that EP4 is abundantly expressed in the SMCs of human AAA 
explants [ 2 ]. Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) 
has revealed that the expression levels of EP4 mRNA are greater in primary cultures 
of SMCs from human AAA tissues than in those from normal aortae [ 2 ]. Interestingly, 
EP4 expression and elastic fi ber degradation were both enhanced in aneurysmal 
areas compared to normal areas. Statistical analysis revealed that a signifi cant cor-
relation existed between EP4 expression level and the degree of elastic fi ber degra-
dation in eight human AAA tissue samples [ 2 ]. These studies of expression of PGE 2  
receptors suggest that EP4 is highly expressed in both macrophages and SMCs in 
AAA.  

19.3.3     The Roles of EP4 in Murine AAA Models 

 Based on the expression profi les of prostanoid receptors in AAA, two groups inde-
pendently examined the role of EP4 signaling in AAA in murine models. They 
obtained similar results, indicating that pharmacological inhibition of the EP4 
receptor with ONO-AE3-208 signifi cantly inhibited progression and rupture rate of 
angiotensin II-induced AAA [ 2 ,  3 ]. Cao et al. demonstrated that the expression 
levels of macrophage infl ammatory protein (MIP)-1α, interleukin-17 (IL-17), and 
the pan-T-cell marker CD90.2 were lower in mouse aortae treated with 
ONO-AE3-208 than in untreated aortae. Furthermore, in ONO-AE3-208-treated 
aortae, activation of MMP2 and MMP9, both of which degrade elastic fi bers, was 
attenuated [ 3 ]. Not only pharmacological inhibition of EP4 but also global gene 
deletion of the EP4 receptor signifi cantly inhibited the progression of angiotensin 
II- or calcium chloride-induced mouse AAA in which MMP2 and MMP9 activation 
was attenuated [ 2 ]. These data showing EP4-mediated proteolytic activation sug-
gest that EP4 signaling promotes elastic fi ber degradation. 

 We further examined the contribution of EP4 signaling to elastogenesis using 
fetal arteries and found that activation of the EP4 receptor in SMCs inhibited elastic 
fi ber formation by inducing the degradation of lysyl oxidase, which crosslinks 
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 elastin [ 41 ]. Previous reports have demonstrated that aortic aneurysms and coronary 
dissections were related to a disturbance in lysyl oxidase expression in animal mod-
els and humans [ 42 ,  43 ]. Therefore, EP4 signaling may inhibit newly synthesized 
elastic fi ber formation in AAAs as well. 

 Expression of EP4 is not restricted to macrophages and SMCs, but is also found 
in vascular endothelial cells [ 44 ]. In vascular endothelial cells, PGE 2  may have a 
role in angiogenesis. Activation of the EP4 receptor promoted in vitro tube forma-
tion of microvascular endothelial cells through protein kinase A (PKA) catalytic 
subunit-γ-mediated upregulation of endothelial nitric oxide synthase (eNOS) or 
VEGF production [ 45 ,  46 ]. In vivo experiments have indicated EP4-mediated 
angiogenesis as well [ 44 ,  45 ,  47 ]. Although the role of EP4 in the endothelial cells 
of AAA remains unclear, available evidence suggests that EP4 signaling may con-
tribute to angiogenesis in atherosclerotic intima or adventitia. 

 The foregoing data, in particular those obtained in experiments using global 
deletion or pharmacological inhibition of EP4, suggest that PGE 2 -EP4 signaling 
promotes AAA progression. However, EP4 seems to have a contrasting function in 
macrophages. To understand the cell type-specifi c effects of EP4, Tang et al. used 
hypercholesterolemic low density lipoprotein receptor knockout mice transplanted 
with either wild-type or EP4-defi cient bone marrow and treated them with angioten-
sin II. When EP4 signaling was inhibited only in bone marrow-derived cells, infl am-
mation and angiotensin II-induced AAA formation were enhanced [ 1 ]. This change 
most likely occurred because PGE 2  in blood cells had an anti-infl ammatory effect, 
especially through reducing MCP-1 production [ 1 ].  

19.3.4     Potential Effects of EP4 on Human AAA 

 Despite these confl icting results obtained with murine AAA models, some studies 
using human AAA explants have suggested that PGE 2 -EP4 contributes to AAA 
progression through pro-infl ammatory and proteolytic actions. Bayston et al. dem-
onstrated that human AAA explants and macrophages isolated from aneurysm 
biopsy specimens secreted large amounts of IL-6 [ 48 ]. This IL-6 secretion was 
reduced in the presence of indomethacin, but the simultaneous addition of exoge-
nous PGE 2  or 11-deoxy PGE 1  partially reversed the indomethacin inhibition, 
whereas the EP2 agonist butaprost or the EP1/3 agonist sulprostone had no effect 
[ 48 ]. We have reported on EP4-mediated IL-6 production in human AAA explants 
and SMCs isolated from human aneurysmal specimens [ 2 ] as well. Several reports 
have demonstrated that IL-6 is produced by EP4 stimulation in various cell types 
including macrophages, neutrophils, and fi broblasts [ 39 ]. Although downstream 
signaling of EP4 has not been reported to contribute to IL-6 production in AAA, 
Chen et al. have suggested that intracellular signaling events involving protein 
kinase A (PKA), protein kinase C (PKC), p38 mitogen-activated protein kinase 
(MAPK), and nuclear factor-kappa B (NF-κB) contribute to IL-6 induction by EP4 
stimulation [ 49 ]. 
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 To examine the role of EP4 on proteolytic activation, we used human AAA explants 
and SMCs isolated from human aneurysmal specimens, and found that EP4 stimula-
tion by ONO-AE1-329 increased MMP2 activation in both SMCs and vascular walls 
of human AAA [ 2 ]. Furthermore, inhibition of EP4 signaling with the EP4 antagonist 
ONO-AE3-208 reduced MMP2 activation and IL-6 production in cultured human 
AAA explants [ 2 ]. Based on previous reports, the inhibition of EP4 is predicted to 
rather enhance MCP-1 production in human AAA. In practice, however, inhibition of 
EP4 did not enhance MCP-1 production in cultured human AAA explants treated with 
EP4 antagonist ONO-AE3-208 at doses ranging from 1 to 100 nM [ 2 ]. 

 Some clinical trials related to AAA have been conducted during the past decade. 
Because early reports strongly suggested that the COX-2-PGE 2  pathway was 
responsible for AAA progression, COX-2 inhibitors were expected to inhibit 
AAA. Contrary to these expectations, the administration of selective COX-2 inhibi-
tors actually increased the frequency of adverse cardiovascular events [ 50 ,  51 ]. 
These results may indicate the non-selective inhibition of prostanoid production. 
Nonetheless, the inhibition of pathophysiological COX-2-dependent PGE 2  signal-
ing would still remain an attractive therapeutic strategy. Selective inhibition of EP4 
signaling may be a means of preventing aortic aneurysm formation. Further studies 
will be required to clarify the possibility of systemic administration of an EP4 
antagonist as a pharmacological therapeutic strategy in AAA.   

19.4     AAA and the 5-LO Pathway 

19.4.1     Expression of the 5-LO Pathway in AAA 

 LTs are pro-infl ammatory lipid mediators derived from the 5-LO pathway of AA 
metabolism. They are known to recruit and activate leukocytes at sites of infl amma-
tion [ 52 ,  53 ]. 5-LO, which acts in concert with 5-LO-activating protein (FLAP), is 
a rate-limiting enzyme in the production of LTs. During the past decade, the roles of 
the 5-LO-LT pathway in AAA have been extensively examined. 

 It is well recognized that 5-LO are abundantly expressed and downstream LTs 
are robustly produced in human atherosclerotic plaques [ 54 ] and associated with 
plaque instability [ 55 ]. In addition, Zhao et al. have demonstrated that 5-LO is 
highly expressed in the macrophages of the adventitia in a cholate-containing ath-
erogenic diet-induced AAA model in ApoE −/−  mice [ 4 ]. Similar fi ndings have been 
reported using human AAA tissues. Biochemical analysis revealed an overexpres-
sion of 5-LO, FLAP, and LTC 4  synthase, but not of LTA 4  hydrolase, in the human 
AAA wall [ 6 ]. These three proteins, required for CysLTs biosynthesis, are expressed 
in the medial and adventitial layers of the AAA wall and are co-localized with 
immune cells including macrophages and neutrophils [ 6 ]. The specifi c receptor for 
LTB 4  is BLT1, a high-affi nity receptor expressed in leukocytes, vascular SMCs, and 
endothelial cells that also mediates chemotaxis [ 56 ]. It has been demonstrated that 
production of LTB 4  and mRNA expression of BLT1 were increased in angiotensin 
II-induced AAA in ApoE −/−  mice [ 7 ].  
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19.4.2     LTs in AAA 

 In accordance with these data on expression, other evidence has also demonstrated 
that the 5-LO pathways including LTB 4  and CysLTs are involved in the progression 
of AAA. Funk and coworkers found a protective effect of 5-LO gene deletion 
against cholate-containing atherogenic diet-induced AAA in ApoE −/−  mice [ 4 ]. 
Using a zymogram assay, the authors demonstrated that MMP2 activity in aneurys-
mal aortae and plasma levels of MIP-1α were attenuated by 5-LO gene deletion. An 
in vitro experiment suggested the involvement of LTD 4  in macrophage-derived 
MIP-1α and endothelial cell-derived MIP-2 [ 4 ]. Another line of study also empha-
sized the role of CysLTs. Di Gennaro et al. demonstrated using HPLC that human 
AAA explants converted AA into signifi cant quantities of CysLTs and, to a lesser 
extent, LTB 4  [ 6 ]. In organ culture of human AAA explants, administration of LTD 4  
increased MMP2 activation, which was inhibited by the selective CysLT1 antago-
nist montelukast [ 6 ]. These data from mice and humans suggest that CysLTs such 
as LTD 4  play an important role in AAA. In keeping with the data on expression in 
AAA, these data indicate that the 5-LO pathway contribute to adventitial infl amma-
tion in the vascular wall. 

 Although some papers have emphasized the role of CysLTs rather than LTB 4 , it 
has been demonstrated that genetic deletion or pharmacological inhibition of BLT1 
receptor has a protective effect on angiotensin II-induced AAA [ 7 ,  9 ]. In these stud-
ies, diminished AAA formation in BLT1-defi cient mice was associated with signifi -
cant reductions in MMP2 and MMP9 and with the infi ltration of macrophages and 
CD4 +  T cells [ 7 ]. Stimulation of LTB 4 , but not LTD 4 , increased MCP-1, MIP-2, and 
IL-8 proteins in freshly isolated human monocytes [ 7 ]. Pharmacological inhibition 
of BLT1, which can be achieved by CP-105696, decreased macrophage infi ltration 
and MMP2 activation [ 9 ]. Using human AAA explants, Houard et al. recently pro-
posed a role for LTB 4 , derived from neutrophils within the intraluminal thrombus, 
as a chemotactic factor in AAA [ 8 ].  

19.4.3     Therapeutic Strategies Against AAA Using 5-LO 
Pathway Inhibitors 

 As recent research has identifi ed the importance of infl ammation via the 5-LO path-
way as a critical step in the initiation and perpetuation of atherosclerosis [ 57 ], drugs 
that inhibit the 5-LO pathway are the subject of current vascular research. In a phase 
II trial of the 5-LO inhibitor atreleuton, new coronary plaques were observed in 
27.8 % of the placebo group but only 4.8 % of the treatment group [ 58 ]. Together 
with two other phase II trials, these phase II fi ndings on atreleuton demonstrated 
inhibition of LTs, lowering of hsCRP, and potential for plaque stabilization. 
Investigation of the FLAP inhibitor celifl apon was examined in a phase III trial in 
2006 [ 58 ]. Despite the relatively positive results that have emerged from these 
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clinical trials on atherosclerosis, no clinical trial using the 5-LO pathway to inhibit 
AAA has been reported. 

 The effects of a compound that inhibits both the PGE 2  and 5-LO pathways in 
murine models of AAA have been recently reported [ 59 ]. A pirinixic acid derivative 
called LP105 potently inhibited 5-LO [ 60 ], COX-1, and mPGES-1 [ 61 ]. The 
researchers further demonstrated that LP105 interfered with the development of 
AAA in an angiotensin II-induced model in ApoE −/−  mice [ 59 ]. In this model, 
MMP9 and the expression levels of several infl ammatory cytokines including IL-6, 
IL-1β, and TNF-α were decreased by the administration of LP105.   

19.5     Conclusions 

 The infl ammatory process of AAA is associated with several pathological reactions 
characterized by the infi ltration of immune cells in the adventitia and subsequent 
proteolytic activation in the medial layer. PGE 2  and LTs, which are primarily pro-
duced in macrophages that have infi ltrated into the adventitia, participate in chronic 
infl ammation of the aortic wall (Fig.  19.1 ). Recent studies have revealed that EP4 
receptor signaling in SMCs appears to enhance cytokine production and MMP 
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  Fig. 19.1    Schematic diagram of the roles of eicosanoids in the progression of abdominal aortic 
aneurysm (AAA). Infl ammatory infi ltrates such as macrophages are enriched in the tunica adven-
titia of human AAA tissue. The expression of the PGE 2  receptor EP4 is upregulated in smooth 
muscle cells (SMCs) in AAA. EP4 signaling upregulates secretion of IL-6 in SMCs and induces 
activation of the elastic fi ber-degrading enzyme MMP2. Stimulation of microvascular endothelial 
cells with EP4 induces VEGF expression and may contribute to the increased rate of neovascular-
ization into the tunica media. Adventitial macrophages express the LT receptors CysLT 1  and BLT 1 . 
LTD 4  via CysLT 1  upregulates MIP-1α expression, which may promote T-cell recruitment. LTB 4  via 
BLT 1  induces secretion of several cytokines by macrophages, e.g., IL-8, MCP-1, and MIP2       
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activation and to promote degradation of elastic fi bers in the medial layer. CysLTs 
such as LTD 4  and LTB 4  are suggested to contribute to infl ammatory response and 
proteolytic activation in the adventitia. Chronic infl ammation of both medial and 
adventitial layers might synergistically exacerbate AAA.

   Based on these fi ndings, the regulation of PGE 2  and 5-LO-LT signaling may be 
useful for exploring pharmacological therapeutic strategies to treat or prevent AAA, 
a condition for which no pharmacological treatment is currently available. Further 
experimental and clinical studies are needed to determine the potential therapeutic 
strategies targeting these drugs in AAA.     
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    Chapter 20   
 Cysteinyl Leukotrienes and Disease       

       Laura     B.     Fanning      and     Joshua     A.     Boyce     

    Abstract     Cysteinyl leukotrienes (cys-LTs) are peptide-conjugated lipid infl amma-
tory mediators generated predominantly by hematopoietic effector cells. Although 
they were originally recognized based on their capacity to potently induce vascular 
leakage and smooth muscle contraction, they are now known to elicit a wide range 
of effects on hematopoietic and structural cells and to have a key role in the initia-
tion and amplifi cation of type 2 immunity and eosinophilic infl ammation. The three 
ligands comprising the cys-LTs, that is, leukotriene (LT)C 4 , LTD 4 , and LTE 4 , medi-
ate their effects through at least three G protein-coupled receptors (GPCRs), termed 
the type 1 and type 2 cys-LT receptors (CysLT 1 R and CysLT 2 R, respectively), and 
the recently identifi ed third receptor, GPR99, the only receptor with a binding pref-
erence for LTE 4 . This chapter is concerned primarily with the expanding role of the 
cys-LTs and their receptors in asthma and aspirin-exacerbated respiratory disease, 
and touches on the potential implications for other pathobiological processes.  

  Keywords     Cysteinyl leukotriene   •   Asthma   •   Allergic infl ammation   •   Atopy   • 
  Prostaglandin   •   Lipid mediator  

20.1         Introduction 

 Cysteinyl leukotrienes (cys-LTs) are metabolites of arachidonic acid generated by 
myeloid effector cells in response to activation. Cys-LTs were initially recognized 
as potent smooth muscle constrictors [ 1 ] and mediators of vascular leak [ 2 ], fueling 
interest in their potential role in asthma and allergic disease. More than three 
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decades after the derivation of their chemical structures, they have fulfi lled “Koch’s 
postulates” in that regard. Cys-LT biosynthesis is a characteristic feature of asthma 
and allergic rhinitis [ 3 ,  4 ] and increases concomitantly with disease activity [ 5 ]. 
Pharmacological inhibitors of 5-LO and the type 1 receptor for cys-LTs (CysLT 1 R), 
respectively, are among the fi rst successful treatments for asthma that were devel-
oped based on specifi c molecular targets. Their effi cacy validates the role of the 
cys-LTs in asthma pathogenesis. 

 This chapter focuses primarily on the role of the cys-LTs in asthma in humans 
because of the wealth of pharmacological, functional, immunohistochemical, and 
physiological data in the area. Nonetheless, an emerging body of evidence also 
implicates their function in cardiovascular disease [ 6 – 10 ], respiratory viral infec-
tions [ 11 ], obstructive sleep apnea [ 12 – 15 ], chronic urticaria [ 16 ,  17 ], and Henoch–
Schoenlein vasculitis [ 18 ]. Confi rmatory therapeutic intervention studies are 
necessary to fi rmly implicate cys-LTs in the pathobiology of these conditions. 
Additional functions of cys-LTs identifi ed in mouse model systems are covered 
elsewhere in this volume, and mouse studies are discussed only in instances that 
directly inform observations made in humans.  

20.2     Biosynthesis and Cellular Sources of the cys-LTs 

20.2.1     Biosynthetic Pathway 

 Following the release of arachidonic acid mediated by a cytosolic phospholipase A 2  
(cPLA 2 ) [ 19 ], 5-lipoxygenase (5-LO) translocates to the nuclear envelope [ 20 ] and 
acts with a 5-LO-activating protein (FLAP) [ 21 ] to catalyze the formation of LTA 4 , 
the unstable precursor of both LTC 4 , the parent cys-LT, and the dihydroxy LT, LTB 4 . 
LTC 4  results from conjugation of LTA 4  to reduced glutathione catalyzed by the 
membrane-anchored enzyme LTC 4  synthase (LTC 4 S) [ 22 ]. LTC 4  is then exported 
from the cells of origin by specifi c energy-dependent transporters [ 23 ]. In the extra-
cellular compartment, LTC 4  is converted to LTD 4 , a powerful but short-lived agonist 
of smooth muscle contraction, by a gamma glutamyl leukotrienease [ 24 ]. LTD 4  is 
then metabolized to LTE 4 , a stable (and therefore abundant) metabolite, by dipepti-
dases [ 25 ]. LTE 4  is excreted in the urine, and its measurement is commonly used in 
clinical studies as a “time-weighted” refl ection of cys-LT generation [ 26 ]. Thus, 
three separate ligands (LTC 4  and its extracellular metabolites LTD 4  and LTE 4 ) result 
from a single intracellular synthetic reaction that depends on the sequential func-
tions of 5-LO and LTC 4 S (Fig.  20.1 ) [ 27 ]. These three ligands possess a common 
lipid backbone and conjugation to cysteine. They differ not only in the amino acids 
retained from the glutathione adduct, but also in half-life, receptor specifi city, and 
function, as detailed following.
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20.2.2        Cellular Sources 

 Mast cells [ 28 ], basophils [ 29 ], eosinophils [ 30 ], monocyte/macrophages [ 31 ], and 
myeloid dendritic cells [ 32 ] all possess the complete repertoire of enzymes and 
proteins needed to convert endogenous arachidonic acid to LTC 4 . In allergic dis-
eases, cys-LTs are thought to originate from eosinophils and basophils (which accu-
mulate at sites of infl ammation) and activated resident tissue mast cells (which 
respond to cross-linkage of their high-affi nity receptor for IgE, FcεRI, in response 
to specifi c allergens). In bronchial biopsies from atopic asthmatic individuals, mast 
cells are the primary site of localization of LTC 4 S [ 33 ], potentially refl ecting the 
strongly inducible nature of the enzyme in this cell type when exposed to the Th2 
cytokine IL-4 [ 34 ]. Cys-LT concentrations in the bronchoalveolar lavage fl uid 
obtained from atopic asthmatic subjects increase sharply following challenge by 
inhalation with a specifi c allergen [ 3 ], concomitantly with the release of other mast 
cell-derived mediators (histamine, tryptase, and prostaglandin D 2  (PGD 2 )) [ 35 – 37 ] 

  Fig. 20.1    Leukotriene biosynthesis. 5-Lipoxygenase (5-LO) and 5-LO-activating protein (FLAP) 
metabolize arachidonic acid to leukotriene (LT)A 4 , which can be converted to LTB 4  (by LTA 4 H) or 
the cysteinyl leukotrienes (cys-LTs), by leukotriene C 4  synthase (LTC 4 S). LTs then bind to the 
indicated G protein-coupled receptors.  cPLA   2   cytosolic phospholipase A 2 ,  BLT  leukotriene B 
receptor,  DiP  dipeptidase,  g-GL  g-glutamyl leukotrienase,  g-GT  g-glutamyl transpeptidase, 
 5-HPETE  5-hydroxyperoxyeicosatetraenoic acid. (Reprinted from  Annals of Allergy, Asthma, & 
Immunology , Volume 111/No. 3. Fanning LB and Boyce JA, Lipid mediators and allergic diseases, 
pp. 155–162. Copyright 2013, with permission from Elsevier.)       
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that are released or generated de novo following allergen-induced mast cell activa-
tion. Basophils, which also express FcεRI and respond to allergen, are recruited to 
the bronchial mucosa in the hours after challenge and may contribute to the produc-
tion of cys-LTs during the allergen-induced late-phase response [ 38 ]. Increases in 
urinary LTE 4  occurring following anaphylaxis likely refl ect contributions from both 
mast cells and basophils [ 39 ]. Patients with eosinophilic pneumonia exhibit mark-
edly elevated levels of urinary LTE 4  relative to asthmatic and nonasthmatic controls 
[ 40 ], likely refl ecting the large burden of eosinophils capable of LTC 4  generation. 

 Similar to the foregoing myeloid cells, platelets express LTC 4 S [ 41 ]. However, 
platelets lack 5-LO and FLAP and therefore cannot generate LTA 4  from endogenous 
arachidonic acid. However, platelets can convert LTA 4  to LTC 4  if the unstable pre-
cursor is provided from an adjacent cell source [ 42 ]. Activated platelets display 
P-selectin on their surfaces, which permits their binding to neutrophils, monocytes, 
and eosinophils, all of which have an active 5-LO pathway [ 43 ]. Activated neutro-
phils, in particular, generate LTA 4  in molar excess of their capacity to convert it to 
LTB 4 , their sole terminal 5-LO pathway product. The excess LTA 4 , once released, 
can be converted to LTC 4  by the adherent platelets. Thus, platelet-adherent neutro-
phils comprise a de novo unit potentially capable of amplifying the production of 
cys-LTs in circumstances in which platelets become activated by tissue injury or 
infl ammation. In addition, the presence of adherent platelets primes neutrophils for 
augmented 5-LO pathway activity by an unknown mechanism [ 44 ]. The bidirec-
tional cooperation between neutrophils and platelets may markedly amplify the pro-
duction of cys-LTs, particularly in aspirin-exacerbated respiratory disease (AERD) 
[ 41 ], in which platelet–leukocyte complexes are detected with aberrantly high 
frequencies.   

20.3     Functions of cys-LTs in Human Airways 

 The chemical characterization of the cys-LTs, followed by the availability of the 
synthetic compounds, permitted analyses of their pharmacological properties in 
humans and preclinical models. These studies accurately predicted the existence of 
individual receptors with respective preferences for each of the three cys-LTs [ 45 ] 
decades before the cloning and characterization of these receptors [ 46 – 48 ]. 

20.3.1     Exogenous cys-LTs as Bronchoconstrictors 

 The effects of inhaled cys-LTs on airway physiology were studied in healthy and 
asthmatic volunteers subjected to challenges with LTC 4 , LTD 4 , or LTE 4 . The doses 
of both LTC 4  [ 49 ] and LTD 4  [ 50 ] required to induce bronchoconstriction in healthy 
subjects were 1000 to 5000 fold lower than the doses of histamine necessary to 
induce an equivalent fall in airfl ow. The cys-LT-mediated changes in lung function 
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were substantially more prolonged than those in response to histamine and notewor-
thy for the lack of associated cough or hoarseness. The fall in lung function induced 
by inhalation of LTD 4  occurred more rapidly than that induced by LTC 4  [ 51 ]. This 
difference, in retrospect, might refl ect the time required for LTC 4  to be converted to 
LTD 4 , or the differences between the two ligands in their receptor-binding proper-
ties. Although LTD 4  was also a markedly potent bronchoconstrictor in subjects with 
asthma [ 51 ], asthmatic subjects were not substantially more responsive to LTD 4  
than were nonasthmatic controls when corrected for histamine reactivity. 

 Similar to LTC 4  and LTD 4 , LTE 4  also causes bronchoconstriction, but is less 
potent than its precursors, inducing reductions in airfl ow at doses about 1 log lower 
than histamine in normal and asthmatic subjects [ 52 ]. A separate study, however, 
noted that subjects with asthma exhibited selective hyperresponsiveness to LTE 4 , 
but not to LTC 4 , when compared with nonasthmatic individuals (16 fold more sensi-
tive) [ 53 ]. Moreover, individuals with AERD demonstrated even greater sensitivity 
(~1 log fold) to LTE 4 , but identical responsiveness to LTC 4 , when compared with 
aspirin-tolerant asthmatics [ 54 ]. These observations fueled speculation that LTE 4  
acted by receptor-dependent mechanisms distinct from those of LTC 4  and LTD 4 , 
and that these mechanisms might be altered as a consequence (and potentially a 
pathogenetic factor) of asthma.  

20.3.2     Nonbronchoconstricting Effects of cys-LTs in Human 
Airways 

 Preincubation of guinea pig tracheal smooth muscle with LTE 4  shifted the sensitiv-
ity of the organ to constriction in response to the subsequent administration of his-
tamine [ 45 ]. This potentiation of histamine sensitivity was not observed in response 
to LTC 4  or LTD 4  and could be blocked by treatment of the tracheal rings with the 
cyclooxygenase (COX) inhibitor indomethacin. Pretreatment with LTE 4  also poten-
tiated histamine contractility of surgically excised human bronchi. This potentiation 
was inhibited by pretreatment with either indomethacin or with a T-prostanoid (TP) 
receptor antagonist [ 55 ]. In subjects with asthma, inhalation of LTE 4  shifted the 
dose–response curve to inhaled histamine challenge at 4 and 7 h [ 56 ]. As predicted 
from the in vitro studies, this effect was sensitive to inhibition by the oral adminis-
tration of indomethacin. Thus, LTE 4  enhances end-organ reactivity to histamine 
through induction of COX product(s), potentially thromboxane A 2  (TXA 2 ) or PGD 2 , 
both of which mediate their effects on the airway by TP receptors [ 57 ,  58 ]. 

 When inhaled by subjects with mild asthma, LTE 4  caused an increase in the 
numbers of eosinophils, and to a lesser extent, neutrophils, in bronchial biopsies 
obtained 4 h after the inhalation challenge [ 59 ]. In a second study, subjects with 
asthma underwent sputum induction (as well as bronchial biopsies in a subset) after 
inhalations of LTD 4 , LTE 4 , and diluent. LTE 4 , but not LTD 4 , caused sharp increases 
an increase in sputum eosinophils at both 7 and 24 h, and sputum basophils at 7 h 
when the dosages of the two cys-LTs were titrated to achieve a comparable degree 
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of bronchoconstriction [ 60 ]. Bronchial biopsies revealed an eosinophil-rich submu-
cosal infi ltrate 4 h after the inhalation of LTE 4 , but not LTD 4  or diluent. Thus, 
although LTE 4  is weaker than its precursors as a constrictor, it is unique for its abil-
ity to induce the accumulation of immune effector cells. The fact that LTE 4  has the 
longest biological half-life of the three cys-LTs suggests that it may contribute to the 
perpetuation of tissue eosinophilia in circumstances in which cys-LT synthesis is 
increased.  

20.3.3     Potential Cell Targets and Mechanisms of Action 
of LTE 4  in the Airway 

 Although the mechanisms and cell targets that account for LTE 4 -induced COX acti-
vation and eosinophilic pulmonary infl ammation in humans remain to be deter-
mined, in vitro and in vivo models support very different mechanisms of action for 
LTE 4  than for LTC 4  or LTD 4 . Although the two classical G protein-coupled recep-
tors (GPCRs) for cys-LTs (CysLT 1 R and the type 2 receptor for cys-LTs, CysLT 2 R) 
are expressed by both hematopoietic and nonhematopoietic cells in human airways 
[ 47 ,  61 ], neither of these receptors binds LTE 4  with high affi nity [ 46 ,  47 ]. One study 
demonstrated that LTE 4,  but not LTC 4  or LTD 4 , could induce the production of PGD 2  
by a human mast cell line, LAD2 [ 62 ]. Importantly, this induction was not altered 
by knockdown of either CysLT 1 R or CysLT 2 R, and required LTE 4 -mediated upregu-
lation of COX-2 and signaling through peroxisome proliferator-activated receptor-γ 
(PPAR-γ). Because PGD 2  is both a bronchoconstrictor (acting at TP receptors) [ 57 ] 
and is chemotactic for eosinophils and basophils [acting at D-prostanoid 2 (DP 2 ) 
receptors] [ 63 ], the unique properties of LTE 4  could refl ect, in part, the activation of 
pulmonary mast cells and secondary generation of PGD 2 . 

 In another study, intrapulmonary administration of LTE 4 , but not LTD 4 , potenti-
ated the recruitment of eosinophils to the airways of ovalbumin (OVA)-sensitized 
mice if administered with low-dose OVA [ 64 ]. This mechanism was independent of 
CysLT 1 R and CysLT 2 R, but depended exquisitely on platelets and P2Y 12  receptors, 
which recognize adenosine diphosphate (ADP). The requirement for platelets was 
not the result of direct platelet activation by LTE 4 , suggesting that platelets in this 
model may be the target of a mediator released by another cell type that expresses a 
true LTE 4  receptor. Moreover, P2Y 12  receptors do not bind LTE 4  directly, but are 
involved in certain LTE 4 -initiated signaling functions [ 65 ]. For example, knock-
down of P2Y 12  receptors in LAD2 cells markedly suppressed the capacity of LTE 4  
to induce PGD 2  generation and chemokine production [ 64 ]. It seems possible that 
P2Y 12  receptors, which amplify activation signals to other agonists through auto-
crine ADP-mediated circuits in platelets [ 66 ], could amplify signaling through a 
true LTE 4  receptor on mast cells or other cell types. To date, the recently identifi ed 
GPR99 is the only GPCR with a preference for LTE 4  binding [ 48 ]. The distribution 
of GPR99, its expression in human airways, and its role in responses to LTE 4  in 
general and asthma in particular remain to be determined.   
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20.4     Functions of cys-LTs and Their Receptors on Human 
Hematopoietic Cells 

 As noted, a wide range of hematopoietic cells express CysLT 1 R and CysLT 2 R [ 67 –
 70 ]. Several in vitro studies support potentially important functions of cys-LTs in 
activating immune effector cells relevant to asthma. Because primary cells express 
various combinations of two or more cys-LT receptors (including yet to be identi-
fi ed potential receptors), their functional responses to cys-LTs ex vivo often diverge 
from the pharmacology predicted from studies of transfected receptors overex-
pressed in isolation. These divergent responses refl ect physical or functional inter-
actions between known receptors [ 71 ], as well as the potential existence of 
previously unidentifi ed receptors. Additionally, the expressions of cys-LT receptors 
on cells that also generate cys-LTs (e.g., mast cells, eosinophils) suggest the poten-
tial for autocrine/intracrine signaling functions. 

20.4.1     Mast Cells 

 Human mast cells derived in vitro from both cord blood [ 68 ,  69 ] and peripheral 
blood [ 72 ] express both CysLT 1 R and CysLT 2 R. LTC 4  and LTD 4  both elicit strong 
calcium fl uxes [ 68 ] and phosphorylation of extracellular signal-related kinase 
(ERK) [ 73 ] in primary cord blood mast cells, as well as the LAD2 cell line [ 62 ]. 
Priming of primary human cord blood mast cells with the Th2 cytokine IL-4 ampli-
fi es both calcium fl ux (particularly in response to LTC 4 ) and ERK activation in 
response to the cys-LTs without changing the levels of CysLT 1 R or CysLT 2 R expres-
sion [ 68 ,  74 ]. This action differs from that in monocytes, in which IL-4 and IL-13 
upregulate the expression of CysLT 1 R [ 75 ] and CysLT 2 R [ 76 ]. LTC 4  and LTD 4  both 
behave as potent agonists for the production of cytokines (IL-5, tumor necrosis fac-
tor, and IL-13) by IL-4-primed human mast cells by a CysLT 1 R-dependent mecha-
nism [ 73 ]. LTD 4  also induces proliferation of human mast cells derived from cord 
blood or peripheral blood by inducing CysLT 1 R-dependent transactivation of the 
c-kit tyrosine kinase [ 72 ,  77 ]. Interestingly, knockdown of CysLT 2  receptors aug-
ments both proliferation and cytokine generation by mast cells in response to stimu-
lation by LTD 4 , indicating that CysLT 2 R inhibits CysLT 1 R functions on this cell 
type [ 71 ,  77 ]. CysLT 2  forms heterodimers with CysLT 1 R on mast cells, interfering 
with its presentation at the plasma membrane [ 71 ]. IL-4, an accessory mitogen for 
mast cells, requires both the induced expression of LTC 4 S and endogenous function 
of CysLT 1 R to drive mast cell proliferation [ 72 ]. Of note, both CysLT 1 R and 
CysLT 2 R proteins localize to the nuclear envelope of human mast cells (the location 
of LTC 4 S), and are thus potentially positioned to induce intracrine signaling in 
response to newly synthesized LTC 4 .  
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20.4.2     Eosinophils 

 Eosinophils express both CysLT 1 R and CysLT 2 R, with the latter receptor being 
expressed far more abundantly at the mRNA level [ 78 ]. Human peripheral blood 
eosinophils secrete IL-4 in response to stimulation with IL-16, eotaxin, or RANTES 
by a mechanism that is sensitive to the inhibition of 5-LO, suggesting a requirement 
for the synthesis of endogenous cys-LTs [ 70 ]. Interestingly, permeabilized eosino-
phils secrete IL-4 in response to LTC 4 , but not LTD 4  or LTE 4 , by a mechanism that 
is resistant to conventional CysLT 1 R antagonists but sensitive to pertussis toxin 
[ 70 ]. These fi ndings argue that intracellular cys-LT receptors exhibit a preference 
for LTC 4 , again supporting an intracrine function.  

20.4.3     Lymphocytes 

 Human CD4 +  Th2 cells express CysLT 1 R, as well as the DP 2  receptor for PGD 2 . 
Stimulation of human Th2 cells with PGD 2  ex vivo induces the release of IL-5 and 
IL-13 [ 79 ]. Although cys-LTs are comparatively weak as agonists for cytokine gen-
eration by Th2 cells, they synergize markedly with PGD 2  for this function, with 
LTE 4  being more potent than either LTC 4  or LTD 4  [ 80 ]. The effect of LTE 4  on T cells 
is blocked by treatment of the cells with the CysLT 1 R antagonist montelukast. The 
sensitivity to montelukast is at odds with the rank-order potency of LTE 4  over LTD 4  
for these T-cell-directed effects. Whether a montelukast-sensitive receptor for LTE 4  
that is not CysLT 1 R exists is unknown but has been suggested by previous studies of 
LAD2 cells [ 62 ]. The recently identifi ed LTE 4  receptor GPR99 is resistant to block-
ade by CysLT 1 R antagonists and therefore not likely to account for the effects of 
LTE 4  observed in T cells [ 48 ]. 

 Type 2 innate lymphoid helper cells (ILC2 cells) are robust sources of Th2-type 
cytokines that reside constitutively in tissues and are activated directly by epitheli-
ally derived cytokines such as IL-33, IL-25 and thymic stromal lymphopoietin [ 81 ]. 
Similar to Th2 cells, ILC2 cells express DP 2  receptors [ 81 ], and respond to the 
combination of PGD 2  and cys-LTs in a synergistic manner by generating IL-13 and 
IL-5, as well as IL-9, GM-CSF, and IL-8 [ 82 ]. Interestingly, although ILC2 cells do 
not produce IL-4 when activated by IL-33 or IL-25, they generate signifi cant 
amounts of this cytokine when activated by mast cell supernatants, an activity attrib-
uted to the combination of PGD 2  and cys-LTs [ 82 ]. The cys-LT receptor(s) expressed 
by human ILC2 cells are not yet known, although their counterparts in the mouse 
lung strongly express CysLT 1 R, and generate IL-4, IL-5, and IL-13 when stimulated 
with LTD 4  or LTE 4  [ 83 ]. Interestingly, the effects of LTD 4  in the mouse lung ILC2 
cells are blocked by montelukast, but the effects of LTE 4  are montelukast resistant, 
suggesting the potential contribution from GPR99 or a different LTE 4  receptor.  
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20.4.4     Platelets 

 Human platelets express both CysLT 1 R and CysLT 2 R proteins [ 84 ,  85 ]. Stimulation 
of human platelets with LTC 4 , LTD 4 , and LTE 4  elicits their release of the chemokine 
RANTES [ 84 ]. A recent mouse study indicated that LTC 4  can strongly potentiate 
allergen-induced eosinophilic pulmonary infl ammation through the activation of 
platelets through CysLT 2 R [ 85 ]. Whether platelets have analogous CysLT2R- 
dependent functions in humans is presently unknown.  

20.4.5     Dendritic Cells 

 Myeloid dendritic cells in human peripheral blood express CysLT 1 R [ 86 ]. The 
administration of montelukast to atopic asthmatic individuals blocked the reduction 
in blood dendritic cells elicited by allergen inhalation challenges. Several in vitro 
studies also suggest a role for cys-LTs in modulating dendritic cell function. Human 
monocyte-derived dendritic cells (moDCs) matured with LPS had a 50 % reduction 
in CysLT 1 R expression but an increase in CysLT 2 R. In contrast, moDCs treated with 
polyI:C had no change in receptor expression. This downregulation of CysLT 1 R by 
LPS was prevented by COX inhibitors. Furthermore, DCs matured with polyI:C 
demonstrated chemotaxis in response to LTD 4 , as well as increased migration in 
response to CCL19. This response to LTD 4  was seen only weakly in DCs matured 
with LPS [ 87 ]. Human moDCs cultured with LTC 4  release the eosinophil chemoat-
tractant RANTES and induce T-cell proliferation. Both of these effects are blocked 
by montelukast [ 88 ]. Whether CysLT 1 R participates in priming for Th2 responses to 
dust mite and mold allergens in humans, as it does in mice [ 89 ], remains to be seen.   

20.5     The Role of cys-LTs and Their Receptors in Asthma 

 The potency of the cys-LTs as contractile agonists for human airways, and the 
observation that urinary levels of LTE 4  were elevated in asthmatic subjects present-
ing to the emergency room for spontaneous disease exacerbations [ 5 ], suggested 
that drugs targeting the synthesis of cys-LTs or blocking their receptors had thera-
peutic potential in asthma. Indeed, the 5-LO inhibitor zileuton and the antagonists 
of CysLT 1 R were among the earliest drugs developed for the treatment of asthma 
that were based on a disease-related molecular target. 
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20.5.1     Clinical Effi cacy of cys-LT Pathway-Targeted Drugs 

 In double-blind, placebo-controlled trials of patients with mild to moderate asthma 
who were not receiving inhaled glucocorticoids, treatment with zileuton signifi -
cantly increased baseline FEV 1  while reducing exacerbations of asthma [ 90 ,  91 ]. 
The effect of zileuton on airway function occurred despite relatively modest effects 
on basal concentrations of urinary LTE 4  compared with placebo (~40 % decrease) 
[ 91 ]. Treatment of mild to moderate asthmatic subjects with antagonists of CysLT 1 R 
also improved FEV 1  compared with placebo while reducing the frequency of exac-
erbations [ 92 ]. Montelukast also reduces the frequency of exacerbations of wheez-
ing in preschool children [ 93 ]. When added to standard bronchodilator therapy, 
intravenous administration of montelukast signifi cantly increased peak expiratory 
fl ow rates in three studies of adult asthmatic subjects presenting to the emergency 
department when compared with placebo [ 94 – 96 ], although a pediatric study failed 
to replicate these results [ 97 ]. These observations demonstrate that the cys-LTs con-
tribute substantially to airfl ow obstruction during asthma exacerbations, at least in 
adults, and that signaling through CysLT 1 R is at least partially responsible. 

 In addition to spontaneous exacerbations of asthma, blockade of CysLT 1 R atten-
uates the decrements in airfl ow that occur in response to a number of provocative 
challenges. Challenges of susceptible individuals with exercise [ 98 ,  99 ] or inhala-
tion of specifi c allergens [ 99 ,  100 ] result in increases in urinary LTE 4  and accompa-
nying airfl ow obstruction that is attenuated by the administration of CysLT 1 R 
antagonists. Inhaled adenosine [ 101 ] and mannitol [ 102 ] both induce bronchocon-
striction in asthmatic subjects that is sensitive to inhibition by pretreatment with 
montelukast. Exercise, allergen, adenosine, and mannitol hold in common the fea-
ture of inducing mast cell activation. Thus, these studies support both the pathoge-
netic relevance of mast cell-derived cys-LTs in physiological provocations and the 
role of CysLT 1 R in these contexts.  

20.5.2     Determinants of Responsiveness to Leukotriene 
Pathway-Active Drugs 

 Clinical responses to zileuton and CysLT 1 R antagonists are not uniform and are at 
least partly determined by environmental and genetic controls. Asthmatic children 
exposed to cigarette smoke exhibit signifi cantly greater protection from albuterol 
usage when treated with montelukast than do children not exposed to smoke [ 103 ], 
and children with the highest ratios of urinary LTE 4  to exhaled nitric oxide are the 
most protected [ 104 ]. Promoter polymorphisms in the  ALOX5  gene (encoding 
5-LO) that alter transcription of the enzyme signifi cantly infl uence the extent to 
which treatment with zileuton changes baseline lung function [ 105 – 107 ]. The pres-
ence of a common polymorphic variant (A(−444)C) of  LTC4S , the gene encoding 
LTC 4 S, was associated with a larger increment in baseline FEV 1  with administration 
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of pranlukast in a Japanese cohort than occurred in individuals without the variant 
allele. Another study showed that individuals bearing at least one copy of the same 
 LTC4S  variant exhibited a larger suppression of exhaled nitric oxide in response to 
the administration of montelukast when compared to those with two wild-type 
alleles [ 108 ]. Variants of  ALOX5  and  MRP1  (encoding an LTC 4  transporter protein) 
are signifi cantly associated with montelukast-induced changes in FEV 1 , and vari-
ants in  LTC4S  and in  LTA4H  (encoding the terminal enzyme involved in the produc-
tion of LTB 4 ) are associated with changes in exacerbation rates [ 109 ].   

20.6     Aspirin-Exacerbated Respiratory Disease 

 No disease is more clearly linked to dysregulation of the cys-LT system than 
AERD. It is characterized by adult-onset asthma, severe rhinosinusitis with nasal 
polyps, and idiosyncratic, cys-LT-dependent respiratory reactions to aspirin and 
other nonselective inhibitors of COX [ 110 ]. Individuals with AERD exhibit levels 
of urinary LTE 4  that exceed those found in aspirin tolerant asthmatics by about 
three- to fourfold [ 41 ,  111 ]. The administration of nonselective COX inhibitors 
results in a dramatic further increase in urinary LTE 4  levels, concomitantly with 
bronchoconstriction, incremental sinonasal congestion, rhinorrhea, and ocular itch-
ing and discharge. The administration of either zileuton or CysLT 1 R antagonists 
attenuates the severity of aspirin-induced bronchoconstriction in AERD [ 112 ]. Both 
classes of drugs are also superior to placebo for improving sinonasal function [ 113 , 
 114 ]. Thus, cys-LTs are not only overproduced in AERD but are highly relevant to 
disease pathogenesis. 

20.6.1     Mechanisms of Dysregulated cys-LT Pathway Activity 
in AERD 

 Cell-specifi c dysregulation of 5-LO/LTC 4 S pathway components likely contributes 
to the overproduction of cys-LTs in AERD. Eosinophils in bronchial [ 115 ] and 
nasal biopsies [ 116 ] from patients with AERD markedly overexpress LTC 4 S, but 
not 5-LO or FLAP, when compared with eosinophils in biopsies from aspirin- 
tolerant controls. The numbers of LTC 4 S +  eosinophils in the biopsies correlated 
strongly with the levels of cys-LTs in the bronchoalveolar lavage (BAL) fl uid and 
inversely with the dose of aspirin required to induce a reduction in FEV 1 . Because 
eosinophils are the dominant cell type in the respiratory tissue lesions in AERD, 
their selective overexpression of LTC 4 S may ensure the effi cient conversion of LTA 4  
to LTC 4  in the infl ammatory milieu, although the mechanism responsible for the 
activation of eosinophils, or for their selective overexpression of LTC 4 S in AERD, 
remains unknown. A study conducted in Poland reported that the presence of the 
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A(−444)C variant allele, which enhances the production of LTC 4  by eosinophils 
[ 117 ], was a risk factor for AERD [ 118 ]. However, this association was not repli-
cated on studies of other populations [ 119 ]. 

 A recent study reported remarkably increased numbers of platelet-adherent 
eosinophils, monocytes, and neutrophils in the peripheral blood of patients with 
AERD compared to samples from aspirin-tolerant asthmatic and nonasthmatic con-
trols [ 41 ]. This increase in adherent platelets in the blood was paralleled by large 
numbers of extravasated platelet-adherent leukocytes in nasal polyps from patients 
with AERD. As noted previously, platelets express LTC 4 S, and adherent platelets 
accounted for as much as 60–70 % of the LTC 4 S activity associated with peripheral 
blood granulocytes obtained from subjects with AERD [ 41 ]. Moreover, removal of 
adherent platelets decreased the generation of LTC 4  by ionophore-stimulated granu-
locytes from subjects with AERD by approximately 70 %. The percentages of 
platelet- adherent neutrophils, eosinophils, and monocytes in the blood of patients 
with AERD correlated strongly with the amount of urinary LTE 4  detected at base-
line. These fi ndings are consistent with a substantial contribution from platelet- 
dependent transcellular mechanism of LTC 4  generation to the high-level production 
of cys-LTs in AERD. The underlying basis accounting for the high frequencies of 
adherent platelets is presently unknown but is suggestive of a stimulus for ongoing 
platelet activation and P-selectin expression in vivo. 

 Although the numbers of mast cells in the bronchial and nasal mucosa of patients 
with AERD do not differ substantially from their numbers in the tissues of aspirin- 
tolerant asthmatic controls [ 115 ,  116 ,  120 ], mast cells likely contribute to cys-LT 
generation during reactions to COX-1 inhibitors. As is the case in allergen chal-
lenges of atopic individuals, provocative aspirin challenges of patients with AERD 
result in the release of mast cell-associated mediators such as tryptase and PGD 2  
into the plasma or lavage fl uids [ 121 ]. The administration of mast cell-stabilizing 
cromone drugs blocks not only the change in lung function but also the rise in uri-
nary LTE 4  that accompanies reactions [ 122 ]. Interestingly, the administration of 
zileuton before intranasal lysine aspirin challenge blocks the release of tryptase and 
histamine as determined by their measurements in nasal lavage fl uid [ 121 ], suggest-
ing that mast cells may be both sources and targets of cys-LT-induced activation 
during aspirin-induced reactions in AERD. The existence of an autocrine/paracrine 
cys-LT-dependent mechanism of mast cell activation is supported by a recent model 
of AERD in mice [ 123 ], as well as earlier studies of cultured human mast cells [ 73 ].  

20.6.2     End-Organ Reactivity to cys-LTs in AERD 

 In addition to dysregulated cys-LT generation, subjects with AERD show enhanced 
end-organ reactivity to cys-LTs. Compared with aspirin-tolerant asthmatic controls, 
individuals with AERD demonstrate bronchoconstriction at signifi cantly lower 
doses of inhaled LTE 4  [ 54 ] and LTD 4  [ 124 ]. The numbers and percentages of 
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CysLT 1 R-positive mast cells, eosinophils, and monocytes in nasal biopsies from 
patients with AERD exceed those observed in the tissues of aspirin-tolerant asth-
matic controls [ 125 ,  126 ], whereas there are no differences in CysLT 2 R expression. 
Interestingly, bronchial reactivity to inhaled LTD 4  in AERD or aspirin-tolerant 
asthma does not correlate with the numbers of CysLT 1 R- or CysLT 2 R-expressing 
cells in bronchial biopsies [ 124 ]. The percentages of hematopoietic cells in nasal 
biopsies that express CysLT 1 R protein decreases following desensitization to aspi-
rin [ 125 ], a procedure that attenuates bronchial reactivity to LTE 4  [ 127 ]. As already 
noted, the cellular distribution of GPR99 in the airway and the potential role of this 
receptor in mediating responsiveness to cys-LTs remain to be defi ned.  

20.6.3     Control of LT Pathway Activity by Prostaglandin E 2  

 Although the dysregulated expression and function of LT pathway enzymes in 
AERD likely predispose to overproduction of cys-LTs, it cannot account alone for 
the pathognomonic cys-LT-dependent respiratory reactions to drugs that block 
COX-1. Prostaglandin E 2  (PGE 2 ), a ubiquitous COX product, is generated from ara-
chidonic acid metabolized by either COX-1 or COX-2 and one or more PGE 2  syn-
thases (PGES). Although most cell types express COX-1 constitutively, COX-2 is 
expressed inducibly or upregulated in many cell types in response to environmental 
danger signals such as lipopolysaccharide [ 128 ]. In cells that generate PGE 2  (includ-
ing macrophages, fi broblasts, and epithelial cells), COX-2 induction is accompanied 
by upregulated expression of microsomal PGES-1 (mPGES-1), a membrane-
anchored enzyme that preferentially converts the COX-2-derived precursor PGH 2  to 
PGE 2  [ 129 ]. The simultaneously induced expressions of COX-2 and mPGES-1 sub-
stantially increase the rate of PGE 2  synthesis during infl ammatory responses. Four 
different GPCRs, termed the EP 1 , EP 2 , EP 3 , and EP 4  receptors, mediate the effects of 
PGE 2 . EP 2  and EP 4  receptors share the property of activating stimulatory G (Gs) 
proteins that in turn activate adenylate cyclase, increasing intracellular levels of 
cyclic adenosine monophosphate (cAMP) and activating protein kinase A (PKA) 
[ 130 ]. PKA, in turn, can phosphorylate 5-LO and suppress its catalytic function 
[ 131 ,  132 ]. As a result, PGE 2  may serve as an endogenous inhibitor of cys-LT pro-
duction, because all 5-LO-expressing hematopoietic cell types express EP 2  and EP 4  
receptors. Indeed, inhalation of PGE 2  by subjects with AERD completely blocks 
subsequent bronchoconstriction and increases in urinary LTE 4  occurring in response 
to aspirin challenge [ 133 ], verifying the anti-leukotriene effect of PGE 2 . 

 There is considerable evidence that AERD involves dysregulated PGE 2  synthe-
sis. Extracted lipid fractions from nasal polyps excised from patients with AERD 
contain markedly less PGE 2  than does control nasal tissue [ 134 ]. mRNA levels 
encoding COX-2 are low to absent in nasal polyps from subjects with AERD [ 135 ], 
and fi broblasts cultured from AERD nasal polyps display markedly diminished 
interleukin-1β-induced COX-2 expression and PGE 2  synthesis when compared with 
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polyp fi broblasts from aspirin-tolerant controls [ 136 ]. An unbiased methylomic 
analysis of nasal polyps identifi ed the gene encoding mPGES-1 ( PTGES ) as among 
the most hypermethylated genes in polyps from subjects with AERD compared to 
those from aspirin-tolerant controls. Thus, AERD may involve epigenetic silencing 
of the COX-2/mPGES-1 system. Because COX-2 is largely resistant to aspirin at 
doses that trigger reactions in AERD, its absence would have the predicted conse-
quence of a failure to maintain tissue levels of PGE 2  in the setting of COX-1 inhibi-
tion, thus removing a tenuous “brake” on an upregulated system for cys-LT 
generation. Indeed, mice lacking mPGES-1 (and therefore lacking COX-2-derived 
PGE 2 ) are markedly impaired in their capacity to maintain PGE 2  generation in the 
lung when challenged with inhaled lysine aspirin, which also elicits mast cell acti-
vation, cys-LT release, and cys-LT-dependent bronchoconstriction in this strain 
[ 123 ]. 

 The effects of putative lesions that impair the function of the COX-2/mPGES-1 
system in AERD may be amplifi ed by parallel abnormalities in the EP receptor 
system. An immunohistochemical study of sinonasal biopsy tissue revealed that the 
percentages of eosinophils, neutrophils, mast cells, and T cells expressing the EP 2  
receptor protein were signifi cantly lower than the corresponding subsets of cells in 
aspirin-tolerant controls [ 137 ]. In contrast, the percentages of cells expressing the 
EP 1 , EP 3 , and EP 4  receptors did not differ between AERD and control tissues. A 
similar trend was reported for leukocytes in bronchial biopsies from subjects with 
AERD and aspirin-tolerant controls [ 124 ]. In contrast to the fi ndings of these immu-
nohistochemical analyses, a recent study using fl ow cytometry detected no differ-
ences in EP 2  receptor protein expression by eosinophils, neutrophils, or platelets 
between subjects with AERD and aspirin-tolerant healthy and asthmatic controls 
[ 44 ]. Nevertheless, this study reported that granulocytes from individuals with 
AERD were markedly resistant to the effects of PGE 2  and other cyclic AMP- 
activating agonists in terms of their capacity to suppress the generation of both LTB 4  
and LTC 4  in response to activation by the bacterial tripeptide fMLP. This PGE 2  
resistance was attributed to aberrantly low levels of expression of the PKA catalytic 
γ-subunit, as well as diminished basal PKA activity, in granulocytes from subjects 
with AERD relative to controls [ 44 ]. These studies suggest that several steps in the 
EP receptor system and its downstream effectors can contribute to AERD by dys-
regulating 5-LO pathway activity.   

20.7     Conclusions 

 Decades after their discovery, the cys-LTs remain a topic of intense interest and to 
date are the only successful pharmacotherapeutic mediator target for asthma. The 
application of molecular technology and experimental systems have verifi ed the 
identity of at least three receptors, suggesting additional potential therapeutic appli-
cations. The astonishing degree of heterogeneity among human subjects in both the 
production of cys-LTs and the responsiveness to cys-LTs (as exemplifi ed by studies 
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of AERD), the range of responsiveness to the targeted therapies, and the numbers of 
mechanisms that up- or downregulate components of the system hold clues both to 
fundamental biology and to underlying genetic and epigenetic modifi cations that 
might serve as more precise guides to therapy in the future.     
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    Chapter 21   
 Lipid Mediators and Skin Diseases       

       Tetsuya     Honda     and     Kenji     Kabashima    

    Abstract     Lipid mediators, such as prostanoids and leukotrienes, are metabolites of 
arachidonic acid released in various pathophysiological conditions that exert a 
range of actions mediated through their respective receptors expressed on target 
cells. Although it has been diffi cult to analyze the physiological role of prostanoids 
or leukotrienes, recent developments in the disruption of both the respective genes 
and receptor-selective compounds have enabled us to investigate the physiological 
roles for lipid mediators. It has been demonstrated that each receptor of lipid media-
tors has multiple functions in a context-dependent manner, which sometimes results 
in opposite—excitatory and inhibitory—outcomes. The balance of the production 
and the receptor expression of each lipid mediator has been proved to be important 
for maintaining the homeostasis of our body. Here, we review new fi ndings on the 
functions of prostanoids and leukotrienes in skin infl ammatory diseases, focusing 
on contact dermatitis, atopic dermatitis, and psoriasis.  

  Keywords     Prostanoid   •   Leukotriene   •   Atopic dermatitis   •   Contact dermatitis   • 
  Psoriasis  

21.1         Introduction 

 The skin is an organ that serves as an interface between the host and the environ-
ment. The skin provides not only mechanical barrier functions, to restrict water loss 
and prevent the entry of harmful environmental substances and microorganisms, but 
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also an active barrier that provides the fi rst line of immunological defense against 
infections [ 1 ,  2 ]. The skin is composed of the epidermis and dermis, and each layer 
is composed of several cell types, such as keratinocytes and dendritic cells (DCs), 
which are important for maintenance of skin homeostasis and for induction of skin 
diseases, such as atopic dermatitis (AD) and psoriasis. Lipid mediators, such as 
prostanoids and leukotrienes (LTs), are the candidates for the regulation of its bal-
ance [ 3 – 5 ]. 

 When tissues are exposed to diverse pathophysiological stimuli, arachidonic acid 
(AA) is released from membrane phospholipids and converted to lipid mediators, 
such as prostanoids, LTs, and hydroxy-eicosatetraenoic acids (HETEs). Prostanoids 
are formed by the cyclooxygenase (COX) pathway, whereas LTs and HETEs are 
formed by the 5-, 12-, and 15-lipoxygenase (LO) pathways. COX has two isoforms, 
COX-1 and COX-2: COX-1 is constitutively expressed in cells, while COX-2 
requires specifi c stimulation by substances such as acetone and phorbol ester [ 6 ]. 
The COX reaction results in the formation of an unstable endoperoxide intermedi-
ate, prostaglandin (PG) H 2 , which, in turn, is metabolized to PGD 2 , PGE 2 , PGF 2α , 
PGI 2 , and thromboxane (TX) A 2  by their specifi c synthases. LTs include LTB 4  and 
cystenyl (Cys) LTs: CysLTs further include LTC 4 , LTD 4 , and LTE 4 . 

 Prostanoids are released from cells immediately after their formation. Because 
they are chemically and metabolically unstable, they usually function only locally 
through membrane receptors on target cells [ 6 ]. Nine types and subtypes of mem-
brane prostanoid receptors are conserved in mammals from mouse to human: two 
subtypes of the PGD receptor (DP and chemoattractant receptor homologous mol-
ecule expressed on Th2 cells, CRTH2), four subtypes of the PGE receptor (EP1, 
EP2, EP3, and EP4), the PGF receptor (FP), the PGI receptor (IP), and the TXA 
receptor (TP). All are G protein-coupled rhodopsin-type receptors with seven trans-
membrane domains. LTs also exert their functions through their specifi c G protein- 
coupled receptors on the cell surface. LTB 4  binds to two kinds of receptors, BLT1 
and BLT2, and LTC 4  binds to CysLT 1  and CysLT 2 . 

 Recently, individual prostanoids and LT receptor gene-defi cient mice have been 
used as models to dissect the respective roles of each receptor in combination with 
the use of compounds that selectively bind to the receptors as agonists or antago-
nists [ 3 – 5 ]. These genetic and pharmacological approaches have revealed new roles 
for lipid mediators and their receptors in infl ammatory skin diseases. In this review, 
we describe the current investigative status of prostanoids and LTs in skin infl am-
matory diseases, focusing on contact dermatitis, atopic dermatitis, and psoriasis, 
and discuss the clinical potentials of receptor-selective drugs.  

21.2     Prostanoids and LTs in Contact Dermatitis 

 Contact dermatitis, such as metal allergy or plant allergy, is one of the most frequent 
skin infl ammatory diseases [ 7 ,  8 ]. Most of the chemicals that induce contact derma-
titis are small compound called haptens. The development of contact dermatitis 
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consists of two phases, the sensitization and elicitation phases. In the sensitization 
phase, hapten is captured by cutaneous DCs, which migrate to skin-draining lymph 
nodes and present the antigen to naïve T cells. Then, the naïve T cells differentiate 
to the antigen-specifi c effector T cells. In the elicitation phase, the effector T cells 
are recruited to the skin exposed to the haptens and are activated by the skin DCs to 
produce infl ammatory cytokines. Contact hypersensitivity (CHS) is a frequently 
used mouse model of contact dermatitis. By using this model, prostanoids and LTs 
have been shown to be essential in each phase of contact dermatitis. 

21.2.1     Prostanoids and LTs in the Sensitization Phase 
of Contact Dermatitis 

 Migration and maturation of cutaneous DCs, such as Langerhans cells (LCs) and 
dermal DCs, are the critical steps for sensitization, and several lipid mediators have 
been reported to regulate this process [ 9 – 11 ]. On hapten application to the skin, 
PGE 2  is produced by keratinocytes and acts at EP4 on LCs to facilitate initiation of 
cutaneous immune responses by promoting migration and maturation of cutaneous 
DCs [ 9 ]. 

 In contrast, PGE 2 -EP3 signaling suppresses DC migration and maturation after 
hapten application and is suggested to function suppressively to prevent excessive 
skin infl ammation [ 10 ]. PGD 2  is also reported to inhibit cutaneous DC migration 
[ 12 ,  13 ]. PGD 2  induced by percutaneous infection with the helminth parasite 
 Schistosoma mansoni  specifi cally impedes the migration of LCs through the DP 
receptor [ 13 ]. Administration of a DP agonist, BW245C, inhibits migration of LCs 
and attenuates OVA-induced dermatitis [ 12 ]. Consistently, DP-defi cient mice 
exhibit enhanced cutaneous DC migration and exacerbated infl ammation in murine 
CHS [ 14 ]. These activities of lipid mediators are not only limited to prostanoids. 

 LC migration from the skin to the draining lymph nodes utilizes multidrug 
resistance- associated protein 1 as a LTC 4  transporter [ 15 ]. BLT1-defi cient mice 
exhibit reduced numbers of migrating cutaneous DCs after hapten application, sug-
gesting that LTB 4 -BLT1 signaling also promotes DC migration [ 11 ]. 

 When cutaneous DCs migrate to draining lymph nodes, DCs present antigens to 
naïve T cells to prime them. Subsequently, the engagement of the antigen complex 
by T-cell receptors triggers clonal expansion and differentiation of T cells. CD4 +  
helper T (Th) cells are differentiated into at least three subsets: Th1, Th2, and Th17. 
Similarly, CD8 +  cytotoxic T (Tc) cells undergo differentiation into two subsets: Tc1 
cells and Tc17 cells. CHS is mainly mediated by Tc1/Th1 cells and to some extent 
by Tc17/Th17 cells [ 7 ]. 

 Although the suppressive activity of PGE 2  on Th1 differentiation in vitro has 
been known since the 1980s, the in vivo role of PGE 2  on Th differentiation has only 
recently been addressed. In the sensitization phase of CHS, PGE 2  produced by DCs 
stimulate EP1 receptors on naïve CD4 +  and CD8 +  T cells and promote Th1 and Tc1 
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differentiation [ 16 ]. Accordingly, EP1-defi cient mice exhibit reduced Th1 and Tc1 
differentiation and CHS responses [ 16 ]. Signaling from EP2 and EP4 receptors also 
facilitates Th1 differentiation [ 17 ]. In addition to EP receptor signaling, IP signaling 
also promotes Th1 and Tc1 differentiation in CHS [ 18 ]. Other than Th1/Tc1 dif-
ferentiation, PGE 2  promotes Th17 differentiation and expansion through EP2 and 
EP4 receptors by increasing interleukin (IL)-23 production from DCs and upregula-
tion of IL-23R on Th17 cells [ 17 ]. Consistently, administration of EP4 antagonist 
suppresses Th17 differentiation and expansion in CHS [ 17 ]. Prostanoids also regu-
late DC–T-cell interaction in the priming of naïve T cells. Cutaneous DCs produce 
abundant TXA 2 , which acts on naïve T cells to impair the DC–T-cell interaction 
[ 19 ]. Predictably, TP-defi cient mice or wild-type mice treated with a TP antagonist, 
S-145, during the sensitization period exhibit enhanced CHS responses, indicating 
that TP signaling negatively regulates the priming of T cells [ 19 ].  

21.2.2     Prostanoids and LTs in the Elicitation Phase of Contact 
Dermatitis 

 After establishment of the sensitization phase, antigen re-challenge onto the skin 
stimulates keratinocytes (KCs) to produce memory T cell-attracting chemokines, 
such as CCL27, and neutrophil-attracting chemokines, such as CXCL1 and CXCL2, 
and to evoke infl ammation, in a stage called the elicitation phase [ 7 ]. It has been 
demonstrated that these chemokines are induced by PGE 2  [ 20 ], and several pros-
tanoid receptors are also involved in this phase. For example, PGD 2  promotes neu-
trophil infi ltration through CRTH2 and contributes to the progression of infl ammation 
[ 21 ]. Accordingly, administration of a CRTH2 antagonist attenuates the CHS 
response [ 22 ]. On the other hand, stimulation of the EP3 receptors on KCs inhibits 
the chemokine expression in KCs and suppresses the CHS response [ 23 ]. 

 The role of LT receptors in the elicitation phase is less clear. As BLT1 is expressed 
on effector CD8 or CD4 T cells and mediates the infi ltration of those cells into skin 
[ 24 ,  25 ] and LTB 4  has been reported to enhance CCL27 production from keratino-
cytes [ 26 ], LTB 4 -BLT1-dependent mechanisms may also operate in the elicitation 
phase of CHS. The possible roles of individual prostanoid and LT receptors in con-
tact dermatitis are summarized in Figs.  21.1  and  21.2 .

21.3          Prostanoids and LTs in Atopic Dermatitis 

 Atopic dermatitis (AD) is a common pruritic and chronic infl ammatory skin disease 
that is regarded as one of the Th2 diseases. In the dermis, a cellular infi ltrate is pres-
ent consisting of lymphocytes, monocytes, and mast cells. In biopsy specimens 
from patients with AD, PGE 2  has been determined in biologically active amounts in 
both lesional and perilesional skin [ 27 ]. In contrast, normal levels of eicosanoids 
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  Fig. 21.1    Roles of prostanoids and leukotrienes (LTs) in the development of contact dermatitis. 
Schematic summary of possible roles of prostanoids and LTs in the sensitization phase ( left ) and 
the elicitation phase ( right ) of contact dermatitis       
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were found in the uninvolved skin of these patients [ 27 ]. In an OVA-induced mouse 
AD model, COX-2-defi cient mice exhibited both enhanced eosinophil infi ltration 
and elevated IL-4 expression in the skin lesion with elevated serum IgE and IgG1 
[ 28 ]. In in vitro studies, PGE 2  drives Ig class switching to IgE by acting at EP2 and 
EP4 on B cells under LPS and IL-4 stimulation [ 29 ]. These results suggest that 
COX-2-derived PGE 2  plays both protective and promoting roles in the development 
of AD. 

 PGD 2  is the major prostanoid produced by activated mast cells. PGD 2  has two 
types of receptors, DP and CRTH2. The effect of PGD 2  on skin infl ammation is not 
so simple and is extremely context dependent, because DP and CRHT2 possess 
independent, sometimes opposite, functions even in the same pathological condi-
tions [ 30 – 33 ]. However, CRTH2 generally seems to be pro-infl ammatory and DP 
has both pro- and anti-infl ammatory effects. CRTH2 induces chemotaxis in Th2 
cells, eosinophils, and basophils with enhanced degranulation [ 34 ,  35 ]. In response 
to PGD 2 , CRTH2 also induces Th2 cell and neutrophil migration into infl ammatory 
skin sites [ 21 ]. Virtually all CRTH2 +  CD4 +  lymphocytes have a pure Th2 phenotype 
and occupy not all, but a large proportion, of circulating Th2 cells in both normal 
and AD subjects. In AD patients, a preferential increase of CRTH2 +  cells was noted 
within the disease-related cutaneous lymphocyte-associated antigen-positive CD4 +  
T-cell compartment [ 36 ]. CRTH2-defi cient mice exhibit reduced infl ammation in 
the OVA-induced AD model [ 30 ]. These results suggest the importance of CRTH2 
on Th2 cells in AD, although there remains a need to clarify the respective roles of 
DP and CRTH2 in AD. 

 As for the role of LTs in the pathogenesis of AD, it has recently been reported 
that the LTB 4 -BLT1 axis of neutrophils is critical to recruit the Th2 cells into skin in 
the OVA-induced mice AD model [ 37 ]. 

 Pruritus is also an important hallmark of AD. PGE 2  is known to evoke pruritus in 
AD patients [ 38 ]. PGD 2 , but not a CRTH2 agonist, 13,14-dihydro-15-keto-PGD 2 , 
reduced scratching behavior in NC/Nga AD model mice, suggesting that DP sup-
presses pruritic activity [ 39 ]. In addition, TXA 2  and LTB 4  are known to mediate the 
itch sensation [ 40 ,  41 ]. 

 Taken together, these results suggest that appropriate control of lipid mediator 
production or signaling in the skin can become a novel drug target for AD 
(Fig.  21.3 ).

21.4        Prostanoids and LTs in Psoriasis 

 Psoriasis is a common chronic infl ammatory skin disorder characterized by epider-
mal hyperplasia and widespread erythema. Although the etiology of the disease is 
still unknown, it has been revealed that cytokines such as IL-17, IL-22, IL-23, and 
tumor necrosis factor (TNF)-α are pivotal [ 42 ]. 

 In the 1980s, several prostanoids and LTs were reported to be abundantly present 
in human psoriatic skin lesions, suggesting involvement of lipid mediators [ 43 ]. 
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However, the roles of prostanoids and LTs in the development of psoriasis remain 
mostly unclear because of the lack of an appropriate animal psoriasis model. 

 Recently, it has been reported that daily topical application of imiquimod, an 
agonist for Toll-like receptor 7 and 8, induced psoriasis-like dermatitis in mice [ 44 ]. 
Using this model, it has recently been shown that BLT1 and CXCR2, a chemokine 
receptor, work cooperatively for neutrophil infi ltration in the psoriasis lesion [ 45 ]. 
This result is in line with previous reports that a 5-lipoxygenase inhibitor improved 
the clinical symptoms of psoriasis whereas indomethacin exacerbated the symp-
toms [ 43 ]. 

 In in vitro studies, it has been reported that PGE 2  produced by fi broblasts pro-
moted IL-23 production from DCs, which supported the expansion of Th17 cells, 
suggesting the possibility that this system may work in psoriasis [ 46 ,  47 ]. We are 
currently investigating the role of prostanoids in psoriasis by applying each pros-
tanoid to receptor-defi cient mice in this model (manuscript in preparation).  

21.5     Prostanoids in Other Skin Infl ammatory Diseases 

 Finally, we discuss a couple of skin infl ammatory diseases in which lipid mediators 
have suggested to have close relationship with their pathogenesis. 

: Promotion
: Inhibition

Blood vessel

CXCR2 ligand

LTB4-BLT1 

LTB4-BLT1 

PGE2

Neutrophils IL-23

Th17 expansion?

DCs

  Fig. 21.3    Roles of prostanoids and LTs in the development of psoriasis. LTB 4  and CXCR2 ligand 
cooperatively promote neutrophil infi ltration into skin. PGE 2  may promote IL-23 production from 
skin DCs and may contribute to the expansion of Th17 cells       
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 Eosinophilic pustular folliculitis (EPF) is a chronic intractable pruritic dermato-
sis characterized by massive eosinophil infi ltrates involving the pilosebaceous units 
with unknown mechanisms [ 48 ]. Indomethacin, a COX inhibitor, is successfully 
used to treat patients with EPF, suggesting that COX metabolites such as PGs are 
involved in the etiology of EPF. The recent report suggests that eotaxin-3 produc-
tion from sebocytes, induced by PGD 2  and its immediate metabolite 15-deoxy-Δ- 
12,14-PGJ 2  via the peroxisome proliferator-activated receptor-γ pathway, may be 
the possible pathogenesis of EPF [ 49 ]. 

 Pellagra is another example with a close relationship with lipid mediators. 
Pellagra is a photosensitivity syndrome characterized by three “D’s”—diarrhea, 
dermatitis, and dementia—as a result of niacin defi ciency. Although the molecular 
mechanisms of photosensitivity dermatitis have been remained unclear, a newly 
developed murine model of pellagra has revealed that the photosensitivity was 
mediated through PGE 2 -EP4 signaling via ROS production in keratinocytes [ 50 ]. 

 Ultraviolet B-induced dermatitis is also mediated by PGE 2  through EP2 and EP4 
receptors [ 51 ]. Arachidonic acid-induced dermatitis is a murine model of acute skin 
infl ammation. Application of arachidonic acid to the skin increases vascular perme-
ability and causes edema and infl ammatory infi ltration. PGE 2  has been known as a 
potentiation of acute infl ammation [ 52 ], and PGE 2 -EP3 signaling mediates this pro-
cess by inducing mast cell activation and subsequent histamine release and IL-6 
production [ 53 ,  54 ].  

21.6     Conclusions 

 In this review, we have summarized current fi ndings on the actions of prostanoids 
and LTs and their receptors in various skin infl ammatory diseases. Although the 
function of each lipid mediator is various and complex, selective manipulation of 
the actions mediated by each receptor may provide a novel therapeutic strategy for 
cutaneous infl ammatory disorders.     
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    Chapter 22   
 Roles and Actions of Arachidonic Acid- 
Derived Bioactive Lipids in Stress-Related 
Behaviors       
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    Abstract     Excessive or prolonged stress causes cognitive and emotional changes 
and is thought to be a risk factor for psychiatric disorders. Recent studies in rodents 
showed roles and actions of arachidonic acid (AA)-derived bioactive lipids, namely, 
prostaglandin (PG) E 2  and endocannabinoids (eCB), and their receptors in emo-
tional regulation under psychological stress induced by social and environmental 
stimuli. Stress exposure increases synthesis of PGE 2  in the brain, which suppresses 
emotional impulsivity under acute stress and facilitates depression and anxiety-like 
behaviors under repeated stress. This PGE 2  action is mediated, at least in part, 
through dopaminergic regulation by EP1, a PGE receptor subtype. Stress exposure 
also increases synthesis of 2-arachidonoylglycerol (2-AG), one eCB species, which 
suppresses depression and anxiety-like behaviors through multiple brain structures 
through its receptor CB1. Thus, stress activates both the PGE 2 -EP1 pathway and the 
2-AG-CB1 pathway, which have distinct, mostly opposing, roles in emotional regu-
lation under stress. COX-1, a PG synthase enriched in microglia, is critical for 
stress-induced behavioral changes as well as PGE 2  synthesis in the brain. Given a 
recent report that PGE 2  synthesis in the brain mostly depends on 2-AG metabolism 
to AA, stress-induced 2-AG synthesis may underlie concomitant PGE 2  synthesis. 
Collectively, the PGE 2 -EP1 and 2-AG-CB1 pathways as well as their crosstalk may 
be targets for pharmaceutical development for stress-related pathophysiology in 
psychiatric disorders.  
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22.1         Introduction 

 Stress is defi ned as the state of perturbed homeostasis evoked by various aversive 
stimuli, such as social and environmental stimuli. Excessive or prolonged stress causes 
cognitive and emotional changes, including depression, anxiety, and attentional defi -
cit, across species, and is thought to precipitate psychiatric disorders, such as mood 
disorders and schizophrenia. However, because the mechanism underlying these 
changes remains unknown, a pharmaceutical strategy targeting stress has not been 
established. Recent rodent studies showed that arachidonic acid (AA)-derived bioac-
tive lipids, such as prostaglandin (PG) E 2  and endocannabinoids (eCBs), regulate 
stress-induced behavioral changes [ 11 ,  12 ,  23 ,  30 ]. Clinical studies have also sug-
gested roles of these bioactive lipids in psychiatric disorders. For example, several 
clinical reports showed that add-on therapy with nonsteroidal anti- infl ammatory drugs 
(NSAIDs) that block PG synthesis augments therapeutic effects of antidepressants in 
depressive patients [ 2 ,  31 ,  33 ]. On the other hand, rimonabant, an antagonist for one of 
the eCB receptors called CB1, increases risk for depression and anxiety [ 6 ]. This 
review introduces recent studies about the roles and actions of PGE 2  and eCB in rodent 
stress models, which have been often used as a preclinical model of depression [ 35 ].  

22.2     Synthesis of PGE 2  and Its Receptor Subtypes 

 PGE 2  is derived from AA by sequential actions of cyclooxygenase (COX) and PGE 
synthase [ 32 ,  47 ]. There are two COX isoforms, COX-1 and COX-2. Although 
these isoforms are often regarded as constitutive and inducible, respectively, both 
these isoforms are constitutively expressed in the brain [ 11 ]. COX-1 is expressed in 
microglia, whereas COX-2 is primarily expressed in neurons in cortical structures 
including the cerebral cortex and the hippocampus. PGE 2  exerts its actions through 
binding to four cognate G protein-coupled receptors named EP1, EP2, EP3, and 
EP4 [ 34 ]. EP1 is primarily coupled to intracellular Ca 2+  increase. Stimulation of 
EP2 and EP4 facilitates cAMP production through Gs. EP3 stimulation typically 
suppressed cAMP production through Gi, although this action may vary depending 
on EP3 isoforms (Fig.  22.1a ). Each of these receptor subtypes is expressed in neu-
rons in specifi c brain areas, although EP1 distribution remains less well character-
ized [ 11 ]. Cultured glial cells express all these receptors, but glial expression of 
these receptors in physiological conditions remains poorly characterized.

22.3        Roles of PGE 2  and Its Receptor Subtypes in Stress- 
Related Behaviors 

 Because NSAIDs block PG synthesis, PGE 2  synthesized in the brain has been stud-
ied as an infl ammation-related molecule that mediates pain, febrile, and neuroendo-
crine responses to peripheral infl ammation [ 11 ,  49 ]. In contrast, the function of 
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brain PGE 2  in physiological conditions remained poorly characterized. A decade 
ago, it was reported that mice lacking the PGE receptor subtype EP1 exhibit abnor-
mal emotional behavior under acute psychological challenge [ 27 ]. For example, 
although wild-type mice showed social interaction with a juvenile intruder mouse, 
EP1-knockout mice rather showed aggressive behavior to the latter. These mice also 
failed to show cliff avoidance, thus jumping off the elevated platform within several 
minutes, whereas wild-type mice stayed on the platform during this observation 
period. In contrast, several other behavioral measures, such as locomotor activity 
and short-term spatial memory, appeared to be normal. Therefore, EP1 is critical for 
behavioral control under acute social and environmental challenges. Social interac-
tion and cliff avoidance were also impaired in mice treated with ONO-8713, s spe-
cifi c EP1 antagonist. Because intracerebroventricular injection of an EP1 agonist 
suppresses electric shock-induced fi ghting, the EP1 action in behavioral regulation 
is likely to be located in the brain. 

 It was frequently reported that the levels of infl ammation-related molecules 
including PGE 2  are increased in blood samples taken from depressive patients (e.g., 
[ 25 ]; for review, [ 50 ]). As described in the Introduction, several clinical studies 
showed that NSAIDs such as celecoxib and aspirin augmented the therapeutic 

  Fig. 22.1    Biosynthesis of arachidonic acid (AA)-derived bioactive lipids and their receptors. ( a ) 
Prostaglandin (PG)E 2  biosynthesis and its receptors. PGE 2  is derived from arachidonic acid (AA) 
by sequential actions of cyclooxygenase (COX) and PGE synthase. NSAIDs, such as indometha-
cin and aspirin, suppress PG production by inhibiting COX-1 and COX-2. PGE 2  exerts its func-
tions through binding to four G protein-coupled receptors (GPCRs) named EP1, EP2, EP3, and 
EP4, each of which is coupled to a distinct signaling pathway. ( b ) eCB biosynthesis and its recep-
tors. Anandamide (AEA) is synthesized from AA through three distinct pathways. 
2-Arachidonoylglycerol (2-AG) is synthesized from AA by sequential actions of phospholipase C 
and sn-1 diacylglycerol lipase. AEA and 2-AG act as agonists for the GPCRs CB1 and CB2, 
whereas AEA can also bind to TRPV1       
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effects of antidepressants in depressive patients [ 2 ,  31 ], and the effect of celecoxib 
was further confi rmed by a meta-analysis based on the results from several clinical 
reports [ 33 ]. These clinical studies led to the hypothesis that PGE 2  may be involved 
in the pathophysiology of depression. 

 To test that hypothesis, a role of PGE 2  was examined in repeated social defeat 
stress in rodents [ 45 ], which has been considered to be a mouse model of depression 
[ 35 ]. In this stress model, a male mouse of C57BL/6 background is subjected to 
agonistic encounters from a male ICR mouse selected based on a high level of 
aggression. This social defeat is applied for 10 min daily for 10 consecutive days, 
and various behavioral changes are measured. Typically, repeated social defeat 
stress induces depression-like behaviors, such as social avoidance and reduced 
sucrose preference (anhedonia), and increases anxiety-like behaviors as often mea-
sured by the elevated plus maze test and the light–dark box test [ 35 ]. Repeated 
social defeat increases PGE 2  content in the brain, and EP1-knockout mice failed to 
show social avoidance and elevated anxiety [ 45 ]. However, EP1-knockout mice 
showed submissive posture, an immediate behavioral response to social defeat, to a 
normal level. These results showed that the PGE 2 -EP1 pathway is not critical for 
perception of repeated social defeat, but for long-term behavioral changes after 
repeated social defeat (Fig.  22.2a ).

22.4        EP1-Mediated Dopaminergic Regulation and Its 
Behavioral Effect Under Stress 

 The PGE 2 -EP1 pathway regulates stress-related behaviors through the dopaminer-
gic pathway, at least in part. Dopamine is a neuromodulator critical for various 
neural functions ranging from motor to emotional to cognitive functions. Dopamine 
neurons are mostly, but not exclusively, located in the midbrain, namely, the ventral 
tegmental area (VTA) and the substantia nigra pars compacta (SNpc). There are 
several groups of dopamine neurons. Dopamine neurons in the SNpc project to the 
dorsal striatum. In the VTA, there are at least two groups of VTA dopamine neu-
rons, each of which projects to the ventral striatum (or the nucleus accumbens) and 
the medial prefrontal cortex, respectively. 

 EP1-defi cient mice showed elevated dopamine turnover, a biochemical index of 
dopamine release, in frontal cortex and striatum, compared with wild-type mice 
[ 27 ]. Consistently, equilibrium in vivo microdialysis showed that the extracellular 
concentration of dopamine is elevated in the striatum of EP1-defi cient mice, com-
pared with wild-type mice [ 46 ]. Furthermore, systemic treatment with SCH23390, 
a dopamine D1 receptor antagonist, suppressed electric shock-induced fi ghting 

Fig. 22.2 (continued) release appears to be involved in this 2-AG synthesis, at least in the prefron-
tal cortex. The 2-AG-CB1 pathway in respective brain areas attenuates stress-induced behavioral 
changes through distinct mechanisms. Note that  red  and  gray lines  indicate active and inactive 
processes in respective conditions       
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  Fig. 22.2    Roles of PGE 2  and eCB in stress-related behaviors. ( a ) The PGE 2 -EP1 pathway facili-
tates stress-related behaviors. A single stress exposure activates the dopaminergic pathway project-
ing to the prefrontal cortex, which suppresses stress-induced social avoidance. After repeated 
stress, PGE 2  attenuates this dopaminergic pathway through EP1, thereby leading to social avoid-
ance. Because COX-1, a PG synthase enriched in microglia, is critical for PGE 2  synthesis and 
social avoidance upon stress exposure, microglia are likely to be the cellular source of PGE 2  syn-
thesis that contributes to stress-induced social avoidance. ( b ) A role of eCB-CB1 pathway in atten-
uating stress-related behaviors. Stress exposure increases 2-AG synthesis in multiple brain areas, 
such as the prefrontal cortex, hypothalamus, and hippocampus. Stress-evoked corticosterone 
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[ 27 ]. These results suggested that EP1 suppresses dopaminergic activity in multiple 
brain structures, and that disinhibited dopaminergic activity caused by EP1 defi -
ciency causes aggressive behavior. 

 EP1 is also critical for dopaminergic changes induced by repeated social defeat 
stress [ 45 ]. Immunostaining for c-Fos, a marker for neuronal activity, showed that 
single exposure to social defeat stress activates dopamine neurons, and that this 
stress response of VTA dopamine neurons is attenuated with repetition of social 
defeat. A similar change was observed in dopamine turnover in the medial prefron-
tal cortex: Single exposure to social defeat increased dopamine turnover, and this 
response was attenuated with stress repetition. In EP1-defi cient mice, whereas a 
single exposure to defeat normally increased c-Fos expression in VTA dopamine 
neurons and dopamine turnover in the medial prefrontal cortex, repeated stress- 
induced attenuation of both these two indices was abolished. This fi nding showed 
that the PGE 2 -EP1 pathway mediates suppression, but not facilitation, of dopami-
nergic pathway under stress condition. 

 In repeated social defeat stress, dopaminergic activity in the medial prefrontal 
cortex suppresses induction of social avoidance, thereby leading to stress resilience 
[ 5 ,  45 ]. This idea is supported by several fi ndings. Thus, dopamine turnover in the 
medial prefrontal cortex was negatively correlated to the level of social avoidance 
induced by repeated social defeat, and pharmacological damage or optogenetic 
inhibition of dopaminergic projection to the medial prefrontal cortex facilitated 
induction of social avoidance by social defeat stress. Notably, pharmacological 
blockade of dopamine D1-like receptors by their antagonist, SCH23390, restored 
induction of social avoidance in EP1-defi cient mice, suggesting that disinhibited 
dopaminergic activity in these mice causes the lack of social avoidance. 

 Collectively, EP1-mediated suppression of dopaminergic projection to the 
medial prefrontal cortex appears to underlie at least some of behavioral changes 
induced by repeated stress (Fig.  22.2a ).  

22.5     The Mechanism of Action of PGE 2 -EP1 Pathway 
in the Dopaminergic System 

 Previous studies showed that PGE 2 -EP1 can regulate the dopaminergic pathway at 
least through two mechanisms. 

 First, EP1 stimulation can inhibit dopamine neurons through augmenting 
GABAergic inhibitory synaptic inputs [ 46 ]. EP1 immunostaining showed EP1 
localization at GABAergic synaptic terminals formed on SNpc dopamine neurons. 
In midbrain slices, pharmacological stimulation of EP1 by ONO-DI-004, an EP1 
agonist, increased evoked inhibitory postsynaptic currents in SNpc dopamine neu-
rons, and this EP1 action was abolished by pharmacological blockade or genetic 
deletion of EP1. This EP1 action, if extrapolated to VTA dopamine neurons, can 
explain the EP1-mediated suppression of dopaminergic activity under stress condi-
tions as described, although this possibility remains to be proven using conditional 
EP1-knockout mice. 
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 Second, EP1 stimulation can alter the intracellular signaling of dopamine recep-
tors. This mechanism was suggested on the basis of the fi nding that EP1 defi ciency 
attenuates Thr34 phosphorylation of DARPP-32 induced by dopamine D1 receptor 
stimulation [ 24 ]. Consistent with this fi nding, in HEK293T cells overexpressing 
both EP1 and D1 receptors, these receptors form a biochemical complex, and phar-
macological stimulation of EP1 by its agonist ONO-DI-004 facilitates cAMP pro-
duction induced by D1 receptor agonists [ 10 ]. Originally, this EP1 action appeared 
to be opposite to the EP1 action implicated in behavioral regulation under stress. 
However, further analysis revealed that dopamine D1 receptor signaling with or 
without EP1 stimulation utilizes a distinct molecular pathway [ 10 ]. Thus, EP1- 
mediated facilitation of D1-induced cAMP production is mediated by G βγ  subunits 
and adenylyl cyclase 7, a G βγ -sensitive adenylyl cyclase isoform, whereas, without 
EP1 stimulation, D1-induced cAMP production was mediated through adenylyl 
cyclase 5, a G βγ -insensitive and Ca 2+ -suppressed adenylyl cyclase isoform. Whether 
and how this EP1 action on dopamine receptor signaling could be involved in stress- 
induced behavioral changes warrants future investigation.  

22.6     Synthesis and Metabolism of Endocannabinoids 
and Their Receptors 

 eCBs are endogenous ligands for receptors that mediate the psychotic and addictive 
actions of Δ 9 -tetrahydrocannabinol (THC) in cannabis, and include 2-AG and anan-
damide (arachidonoylethanolamide; AEA) [ 8 ,  39 ]. Recent studies have revealed a 
critical role for eCBs and their receptors in emotional regulation without or with 
stress. Before describing these studies in detail, we briefl y introduce the synthesis 
and metabolism of eCBs and their receptors. The reader can refer to comprehensive 
reviews elsewhere [ 8 ,  21 ,  39 ]. 

 For the synthesis of 2-AG, phospholipase C (PLC) catalyzes the conversion from 
 sn-2 -arachidonate-containing phospholipids to  sn-2 -arachidonate-containing diac-
ylglycerol (DAG), which is then metabolized to 2-AG by  sn-1 -diacylglycerol lipase 
(DGL). For the synthesis of AEA, multiple enzymatic cascades via phospholipases 
of different classes, namely, PLA 2 , PLC, and PLD, have been proposed, although 
the contribution of respective cascades in physiological and pathophysiological 
contexts remains to be established (Fig.  22.1b ). For inactivation of 2-AG, monoac-
ylglycerol lipase (MGL) metabolizes 2-AG to AA and glycerol. AEA is  metabolized 
to AA and ethanolamine by fatty acid amide hydrolase (FAAH) for its 
inactivation. 

 2-AG and AEA act as agonists for the G protein-coupled receptors CB1 and 
CB2, both of which are primarily coupled to G i -mediated inhibition of cAMP pro-
duction. CB1 is mainly, but not exclusively, localized at presynaptic terminals of 
neurons in the brain. CB1 expression was expressed in multiple brain areas, such as 
the striatum, thalamus, hypothalamus, and cerebellar cortex [ 21 ]. In addition, CB1 
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is strongly expressed in CCK-positive inhibitory neurons in the cerebral cortex and 
the hippocampus, whereas it is also weakly expressed in excitatory neurons in these 
brain structures. CB2 expression is well known in immune cells in peripheral tissues 
and in microglial cells in the brain, although its expression in neurons was also 
reported. In addition to CB1 and CB2, AEA is known to act as an agonist for a cap-
saicin receptor cation channel called TRPV1. 

 For neural functions, the 2-AG-CB1 pathway mediates synaptic retrograde sig-
naling for synaptic plasticity in both excitatory and inhibitory synapses in many 
brain areas [ 21 ]. Depolarization-induced increase in intracellular Ca 2+  at the post-
synaptic site is thought to facilitate synthesis of 2-AG, which diffuses through the 
synaptic cleft and suppresses release of synaptic vesicles through presynaptic CB1. 
On the other hand, the role and action of AEA in synaptic plasticity remain 
elusive.  

22.7     Roles of eCBs in Emotional Regulation 

 Rodent studies showed roles of CB1 in emotional regulation, although results are 
not entirely consistent across studies. For example, systemic injection with the CB1 
agonists CP55940 and WIN55212-2 at relatively low doses suppresses anxiety-like 
behavior in the elevated plus maze test, whereas systemic injection with the CB1 
antagonists AM251 and rimonabant (SR141716) enhances such anxiety-like behav-
ior [ 38 ]. Consistently, CB1-defi cient mice showed elevated anxiety-like behaviors 
in elevated or lighted compartments [ 16 ,  26 ]. Because serotonergic neuron-selective 
knockout of CB1 also augments the level of anxiety-like behaviors [ 9 ], it is plausi-
ble that CB1 reduces the level of anxiety through inhibiting synaptic transmission 
from serotonergic neurons. In contrast to these fi ndings, it was also reported that 
systemic treatment with rimonabant rather suppressed anxiety-like behaviors in the 
elevated plus maze test [ 15 ]. 

 Roles of CB1 in depression-like behaviors are also reported, although results are 
again not entirely consistent across studies. CB1-defi cient mice showed typical 
depression-like behaviors, such as increased immobility time in the forced swim 
test and reduced motivation for sucrose reward [ 1 ,  42 ]. Consistent with this fi nding, 
Δ 9 -THC reduced immobility time in the forced swim test, and this effect was 
blocked by rimonabant treatment, and thus is likely to be CB1 dependent [ 17 ]. 
However, it was also reported that systemic treatment with rimonabant alone 
reduced immobility time in the forced swim test [ 17 ], implying the presence of 
multiple CB1 actions in depression-like behaviors. Because conditional deletion of 
CB1 in GABAergic neurons abolishes rimonabant-induced suppression of 
depression- like behaviors [ 17 ], this antidepressant-like effect of remonabant 
involves disinhibition of GABAergic synaptic transmission, at least in part. 

 In contrast to CB1, roles of CB2 in emotional regulation have been much less 
well characterized, except in a couple of cases. Thus, CB2-defi cient mice showed 
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increased anxiety-like behaviors in elevated and lighted compartments as well as 
increased immobility time in the forced swim test [ 37 ]. In contrast, transgenic mice 
overexpressing CB2 in the brain showed a reduced level of anxiety [ 13 ]. 

 Because pharmacological inhibition for eCB metabolism augments eCB func-
tions at the site of endogenous eCB synthesis, several behavioral studies using 
inhibitors for eCB-metabolizing enzymes were also performed. For example, phar-
macological inhibition of FAAH, an AEA-metabolizing enzyme, by URB597 
reduces the level of anxiety measured by the elevated plus maze and depression-like 
behaviors in the tail suspension test and the forced swim test [ 14 ,  22 ,  38 ]. Similarly, 
systemic treatment with JZL184, an inhibitor for the 2-AG-metabolizing enzyme 
MGL, also suppresses anxiety-like behavior in the elevated plus maze test [ 43 ]. 
Although the anxiolytic effects of URB597 and JZL194 are apparently similar, the 
mechanisms of actions of these drugs may be mediated through CB1 and CB2, 
respectively. This notion is supported by the fi nding that the anxiolytic effect of 
URB597 is blocked by rimonabant, a CB1 antagonist, whereas CB2 antagonists, 
such as SR144528 and AM630, suppress the anxiolytic effect of JZL194 [ 4 ]. The 
anxiolytic effect of URB597 may be mediated through CB1 in the medial prefrontal 
cortex, as local injection of URB597 and AEA to the medial prefrontal cortex at low 
doses also suppresses anxiety-like behaviors [ 41 ]. In contrast, it was reported that 
local injection of the same drugs to the same brain area, but at high doses, increases 
anxiety-like behaviors [ 41 ]. This anxiogenic effect was blocked by capsazepine, a 
TRPV1 antagonist, and thus is likely to be mediated by TRPV1. Therefore, the level 
of AEA in the medial prefrontal cortex needs to be tightly regulated to achieve the 
optimal level of anxiety.  

22.8     Roles of eCBs in Stress Responses 

 Most, if not all, studies in rodents showed that stress exposure of various conditions, 
such as single and repeated restraint stress and repeated social defeat stress, aug-
ments 2-AG synthesis in the medial prefrontal cortex [ 9 ,  18 ,  40 ]. This 2-AG synthe-
sis is blocked by RU486, a GR antagonist, suggesting a role for glucocorticoid 
release in this process [ 18 ]. On the other hand, 2-AG synthesis in the medial pre-
frontal cortex appears to suppress stress-induced glucocorticoid release, as local 
injection of AM251, a CB1 antagonist, to the medial prefrontal cortex augments 
corticosterone release upon acute restraint stress [ 18 ]. Therefore, the 2-AG-CB1 
pathway in the medial prefrontal cortex may provide a negative feedback loop for 
stress-induced glucocorticoid release. The eCB-CB1 pathway is also involved in 
stress-induced behavioral changes. Thus, local injection of AM251 to the medial 
prefrontal cortex facilitates the effect of chronic mild stress on the time of immobil-
ity in the forced swim test [ 29 ]. Similarly, systemic injection with URB597, a FAAH 
inhibitor, for several consecutive weeks ameliorates chronic mild stress-induced 
anhedonia as measured by decreased sucrose preference [ 3 ]. Local injection of 
URB597 to the medial prefrontal cortex also reduces immobility in the forced swim 
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test [ 28 ]. These behavioral fi ndings suggest that stress exposure activates the eCB-
 CB1 pathway in the medial prefrontal cortex, thereby counteracting neuroendocrine 
and behavioral responses to stress. 

 Besides 2-AG synthesis in the medial prefrontal cortex, repeated social defeat 
stress facilitates 2-AG synthesis in other structures, such as the hippocampus and 
the hypothalamus [ 9 ]. CB1 stimulation in the hypothalamus suppresses excitatory 
synaptic inputs to CRH-secreting neurons, thereby inhibiting glucocorticoid release 
[ 7 ]. CB1 in the hippocampus appears to regulate neurogenesis in the subgranular 
zone of the dentate gyrus of the hippocampus, which is critical for the behavioral 
effect of antidepressants at least in rodents. Thus, in CB1-defi cient mice, hippocam-
pal neurogenesis was reduced by half [ 20 ], and HU210, a synthetic cannabis, causes 
anxiolytic and antidepressant-like actions in a manner dependent on hippocampal 
neurogenesis [ 19 ]. 

 Collectively, stress activates the eCB-CB1 pathway in multiple brain structures, 
including the prefrontal cortex, hippocampus, and hypothalamus, which counteracts 
stress responses, perhaps through distinct mechanisms (Fig.  22.2b ).  

22.9     Stress-Induced Synthesis of PGE 2  and eCBs 
in the Brain 

 As already described, stress augments synthesis of PGE 2  and eCBs in the brain. 
COX-1-dependent PGE 2  synthesis appears to be critical for stress-induced behav-
ioral changes. Systemic injection with sc-560, a COX-1-selective inhibitor, or 
genetic deletion of COX-1 abolishes social avoidance induced by repeated social 
defeat, whereas neither pharmacological blockade nor genetic deletion of COX-2 
affects the social avoidance [ 45 ]. Our preliminary results as well as those of others 
[ 36 ] showed that COX-1 is critical for PGE 2  synthesis in the brain without or with 
stress exposure. Combined with the fi nding that COX-1 is selectively expressed in 
microglia in the brain [ 45 ], these fi ndings lead to the hypothesis that COX-1- 
expressing microglia may be the source of PGE 2  in the brain, especially under stress 
conditions. Consistent with this hypothesis, repeated social defeat stress induces 
histological changes of microglia, such as enlargement of the cell body and hyper-
trophy of microglial processes, which is reminiscent of microglial activation [ 45 ]. 

 Because repeated social defeat stress did not change the expression level of 
COX-1 [ 45 ], repeated stress may increase the supply of AA for COX-1-mediated 
PG production. It has been established that cytosolic PLA 2α  is critical for the release 
of AA from phospholipids of the cell membrane for various physiological and 
pathophysiological functions [ 44 ]. However, studies using an MGL inhibitor and 
MGL-knockout mice recently showed that PGE 2  synthesis in brain highly depends 
on a pool of AA supplied from MGL-mediated 2-AG metabolism [ 36 ]. Therefore, 
one can hypothesize that stress-induced increase in PGE 2  synthesis in the brain 
results from stress-induced 2-AG synthesis, although this hypothesis remains to be 
experimentally tested (Fig.  22.3 ).

T. Furuyashiki and S. Kitaoka



325

   The mechanism for stress-induced increase in 2-AG production remains poorly 
understood. It is well known that stimulation of multiple GPCR-type neurotransmit-
ter receptors can evoke 2-AG synthesis through the PLC-DGL pathway at the post-
synaptic site of neurons [ 21 ]. It was also reported that stimulation of P2X7 purinergic 
receptor stimulates 2-AG production from cultured microglia [ 48 ]. Given a link 
between 2-AG metabolism and PGE 2  production in the brain, identifi cation of the 
cellular source for stress-induced 2-AG synthesis will also help our understanding 
of the mechanism for stress-induced PGE 2  synthesis.  

22.10     Concluding Remarks 

 This review summarizes recent studies in rodents about the roles and actions of the 
AA-derived bioactive lipids, PGE 2  and eCBs, in regulating emotional behaviors, 
especially under stressful conditions. Given historical backgrounds, functions of 

  Fig. 22.3    Crosstalk between eCBs and PGE 2 . Anandamide (AEA) is metabolized by fatty acid 
amide hydrolase (FAAH) into arachidonic acid (AA) and ethanolamine. 2-Arachidonoylglycerol 
(2-AG) is metabolized by monoacylglycerol lipase (MGL) into AA and glycerol. It is known that 
2-AG is much more abundant than AEA in the brain. It is established that cPLA 2α -mediated AA 
release from the cell membrane is coupled to PGE 2  synthesis for various physiological and patho-
physiological functions. However, it was recently shown that PGE 2  synthesis in the brain primarily 
utilizes a pool of AA derived from 2-AG metabolism. Therefore, it can be hypothesized that stress- 
induced 2-AG synthesis leads to concomitant PGE 2  synthesis       

 

22 Roles and Actions of Arachidonic Acid-Derived Bioactive Lipids…



326

PGE 2  and eCBs in the brain have originally been studied in different contexts, in 
sickness behaviors and addictive behaviors, respectively, and therefore studied by 
different groups of researchers. As has been described, most studies so far suggest 
distinct, and mostly opposing, actions of PGE 2  and eCBs in stress-induced behav-
ioral changes. Based on this idea, the balance between PGE 2  and eCBs pathways 
appears to be a critical determinant for stress susceptibility as well as the level of 
each pathway. An emerging coupling between eCB metabolism and PGE 2  synthesis 
in the brain all the more highlights the need to integrate research on both of these 
bioactive lipids in the same behavioral context. Understanding the roles of PGE 2  
and eCBs as well as their crosstalk at the level of synthesis, metabolism, and recep-
tor signaling will allow identifying novel targets for pharmaceutical intervention for 
stress-related pathophysiology in psychiatric disorders.     
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    Chapter 23   
 Basic Techniques for Lipid Extraction 
from Tissues and Cells       

       Toshiaki     Okuno       and     Takehiko     Yokomizo   

    Abstract     Lipids as well as proteins, nucleic acids, and carbohydrates are essential 
components of animals and plants, and their chemical structures and biological 
functions are highly variable. However, most lipids are insoluble in aqueous solu-
tions, and careful manipulation using organic solvents is required for the extraction 
and purifi cation of lipids. In this chapter, we describe basic techniques for the 
extraction and purifi cation of lipids from animal tissues and cells using the Bligh 
and Dyer method, solvent fractionation, and column chromatography. General 
methods for the extraction and purifi cation of lipids are mentioned here; refer to 
other chapters for detailed information on individual lipids.  

  Keywords     Lipid extraction   •   Bligh and Dyer   •   Solvent fractionation   •   Ion-exchange 
chromatography   •   DEAE cellulose column   •   Reversed-phase column  

23.1         Handling of Lipids 

 Lipids are usually defi ned as molecules that are soluble in organic solvents such as 
chloroform, methanol, hexane, and ether. However, some lipids [e.g., lysophospho-
lipids, glycolipids, and phosphoinositides (PIPs)] are readily soluble in aqueous 
solutions but are only slightly soluble in organic solvents. Lipid compounds should 
be stored in appropriate organic solvents according to their polarity. For example, 
polar lipids should be stored in a chloroform:methanol solution with a ratio of 2:1, 
whereas nonpolar lipids should be stored in pure chloroform. Organic solvents con-
taining lipids should be stored in glass vials, and plastic lids that have Tefl on welded 
into their top are recommended. When it is important to completely avoid contami-
nation, such as in mass spectrometric analyses, lipid solutions should be transferred 
using glass pipettes, glass syringes, or autopipettors that contain Tefl on and have 
glass surfaces. Organic solvents should always be prepared in high-quality, fresh 
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solvents that have a low water content [high performance liquid chromatography 
(HPLC) or liquid chromatography–mass spectrometry (LC-MS) grade]. In general, 
lipids are stored in a deep freezer (below −20 ° C) and in glass containers at rela-
tively high concentrations. Lipid samples should be stored in containers that have a 
blanket of inert gas such as nitrogen or argon in their headspace. In optimal storage 
conditions, light and oxygen are absent to avoid isomerization and oxidation of the 
double bonds of lipids. When removed from the freezer, lipid samples should be 
allowed to reach room temperature before the cap is opened because moisture in the 
atmosphere may hydrolyze the ester or amide bonds of lipids.  

23.2     Extraction of Lipids 

 Animal tissues should be prepared immediately before lipid extraction to prevent 
hydrolysis and oxidation during the extraction procedures. Some lipids are rapidly 
produced or degraded after the animal is killed. When animal tissues cannot be 
processed immediately, they should be frozen in liquid N 2  as rapidly as possible and 
stored at −80 ° C. Generally, many lipids are tightly bound with proteins in vivo via 
hydrogen bonds, ionic bonds, and hydrophobic forces. Polar solvents such as meth-
anol are used to separate lipids from proteins, whereas nonpolar solvents such as 
chloroform are used to dissolve lipids. Lipids are usually extracted at low tempera-
tures (4 ° C) as soon as possible after animal tissues are removed. Two structural 
features of phospholipids include the nonpolar hydrocarbon chains of the fatty acids 
and the polar phosphate-containing headgroups. The combination of polar and non-
polar groups within the molecule affects its solubility and extraction effi ciency in 
organic solvents. Hence, the use of a single organic solvent is not suitable for the 
extraction of all lipid species. The mixture of chloroform and methanol in appropri-
ate ratios is used for the effi cient extraction of phospholipids. This method was 
developed by Folch et al .  [ 1 ] and uses chloroform:methanol in a ratio of 2:1 and 
large volumes of water to wash out the nonlipid components [ 1 ]. Although this 
extraction procedure is extremely effi cient, rapid, and conducted at room tempera-
ture (or below), the formation of emulsions is a major drawback. Despite a modifi -
cation (including salt in the media) made by Folch et al. [ 2 ], this procedure has been 
replaced by the most widely adapted method for lipid extraction in use today. The 
method of Bligh and Dyer [ 3 ] was originally designed to extract lipids from fi sh 
muscle [ 3 ]. This method is advantageous for tissues containing a high percentage of 
water. The method is a variation of Folch’s extraction and calculates the amount of 
water present in the sample so that the fi nal composition of chloroform:methanol:water 
is 1:2:0.8, creating a single extraction phase. The entire procedure is extremely 
rapid and is the most effi cient means to extract lipids. After the addition of equal 
volumes of water and chloroform, total lipids can be recovered in the chloroform- 
rich lower phase (Fig.  23.1 ). We describe an example of lipid extraction using the 
Bligh and Dyer method. Please also refer to the useful and detailed websites of 
‘Avanti Polar Lipids’ and ‘LIPID MAPS,’ etc. [ 4 – 6 ].
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23.2.1       Bligh and Dyer Extraction of Total Lipids from Cells 

     1.    Collect and suspend cells (~10 8  cells) in 0.8 ml phosphate-buffered saline (PBS) 
and transfer to a glass centrifuge tube with a Tefl on cap.   

   2.    Add 3 ml ice-cold chloroform/methanol solution (1:2) and mix to generate a 
single-phase Bligh and Dyer mixture (fi nal ratio of chloroform:methanol:PBS = 
1:2:0.8). Vortex vigorously and incubate for 5 min.   

   3.    Add 1 ml chloroform and 1 ml PBS and mix to generate a two-phase solution 
(fi nal ratio of chloroform:methanol:PBS = 1:1:0.9).   

   4.    Centrifuge at 1000  g  for 2 min. The lower phase is composed of 
chloroform:methanol:water in a ratio of 86:14:1 (by volume) and contains lipids; 
the upper phase consists of the same solvents in the ratio of 3:48:47 (by volume) 
and contains the majority of nonlipid contaminants.   

   5.    Recover the lower phase carefully with a Pasteur pipette. Do not remove the 
white material at the interface, which contains denatured proteins.   

   6.    (Optional) Add 1 ml chloroform, centrifuge, and recover the lower solution.   
   7.    Concentrate the lower solution under a N 2  stream, resuspend the resulting pellets 

in chloroform:methanol solution (2:1), and store at −30 ° C. Generally, about 
10 mg dried lipid is recovered from 0.1 g cells or tissues.      

23.2.2     Bligh and Dyer Extraction of Total Lipids from Tissues 

 The Bligh and Dyer method is also suitable for lipid extraction from animal tissues 
(brain, liver, intestine, etc.). The volumes of extraction solvents should be adjusted 
to maintain the chloroform:methanol:water ratio at 1:2:0.8 for a single-phase Bligh 
and Dyer mixture and at 1:1:0.9 for the formation of a two-phase solution ( 3 , 
Fig.  23.1 ). The exact volumes must be determined empirically for each sample type 
when extracting lipids from tissues. The water volume should be considered the 
aqueous component of the tissue. Different tissues have different water contents, 
and the endogenous water content contributes to the aqueous component in the 

Cells in PBS Single-phase Bligh and Dyer

(C:M:PBS=1:2:0.8)

Two-phase Bligh and Dyer

(C:M:PBS=1:1:0.9)

fluff

organic solvent

  Fig. 23.1    Lipid extraction by the Bligh and Dyer method.  C  chloroform,  M  methanol,  PBS  
phosphate- buffered saline       
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single- phase mixture. Animal tissues often require homogenization in water or PBS 
using a Potter-Elvehjem device or a Polytron homogenizer before and after the 
addition of chloroform and methanol. An example protocol to extract lipids from rat 
liver using the Bligh and Dyer method is provided next.

    1.    Add 3 ml water, 20 ml methanol, and 10 ml chloroform (ice-cold) to rat liver 
(6–7 g) and homogenize on ice using a Polytron homogenizer to generate a 
single- phase Bligh and Dyer mixture (fi nal ratio of chloroform:methanol:water 
= 1:2:0.8). Homogenize the mixture thoroughly, vortex vigorously, and incubate 
for 10–15 min.   

   2.    Pour the solution into a 50-ml glass centrifuge tube with a Tefl on cap and centri-
fuge at 2000 rpm for 5 min. Collect the solution by decantation.   

   3.    Resuspend the resulting pellets in 10 ml chloroform, 20 ml methanol, and 8 ml 
water. Homogenize again on ice using a Polytron homogenizer.   

   4.    Pour the solution into a 50-ml glass centrifuge tube and centrifuge at 2000 rpm for 
5 min. Collect the solution by decantation and combine with the previous solution.   

   5.    Add 20 ml chloroform and 20 ml water to the solution and mix to generate a 
two-phase solution (fi nal ratio of chloroform:methanol:water = 1:1:0.9).   

   6.    Pour the solution into two 50-ml glass centrifuge tubes and centrifuge at 
2000 rpm for 5 min.   

   7.    Recover the lower phase carefully with a Pasteur pipette. Do not remove the 
white material at the interface, which contains denatured proteins.   

   8.    (Optional) Add 10 ml chloroform to two 50-ml glass centrifuge tubes, centri-
fuge, and recover the lower phase with a Pasteur pipette.   

   9.    Concentrate the solution with a rotary evaporator or under a N 2  stream, resus-
pend the resulting pellets in chloroform/methanol solution (2:1), and store at 
−30 ° C.    

23.3        Solvent Fractionation 

 Solvent fractionation is a simple method that is sometimes the most effi cient means 
to crudely separate lipids (Fig.  23.2 ). This approach depends on the differential 
solubility of lipids in various organic solvents.

23.3.1       Separation of Polar and Nonpolar Lipids 

 Acetone precipitation is currently used for one-step separation of polar lipids (e.g., 
phospholipids and glycolipids) from neutral and nonpolar lipids (e.g., triglycerides, 
cholesterol, and the majority of fatty acids).

    1.    Evaporate ~100 mg crude lipid extract in a glass centrifuge tube under a N 2  
stream and add 20–30 volumes (~5 ml) of acetone.   

   2.    Vortex the glass centrifuge tube for 1 min and leave on ice for 1 h.   
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   3.    Centrifuge the tube at 2000 rpm for 5 min and carefully collect the supernatant 
with a Pasteur pipette.   

   4.    Repeat the procedure (steps 1–3) and combine the acetone extracts.   
   5.    Dry the pellet, which is rich in phospholipids and glycolipids, under a N 2  stream, 

redissolve in chloroform/methanol mixture (2:1), and store at −30º C for further 
analysis.   

   6.    The acetone extract contains glycerides, sterols, sterol esters, carotenoids, lipid- 
soluble vitamins, and fatty acids. Dry the acetone extract under a N 2  stream, 
redissolve in chloroform:methanol mixture (2:1), and store at −30º C.       

23.4     Purifi cation of Lipids by Chromatography 

 The separation of lipids by ion-exchange chromatography is based on the different 
ionic groups present in the molecules. Nonionic, acidic, and zwitterionic lipids are 
separated on several ion-exchange materials: diethylaminoethyl (DEAE) cellulose, 
triethylaminoethyl cellulose, or ion-exchange resins. DEAE is most frequently used 
to separate lipids of different classes. Carboxymethyl cellulose is also used for pre-
parative separation of phospholipid classes. 

23.4.1     Purifi cation of Acidic Phospholipids by Butanol 
Extraction Using a DEAE Cellulose Column 

     1.    Equilibrate the DEAE cellulose column (Wako or Sigma) with 1 ml methanol, 
1 ml chloroform:methanol solution (1:1), and 1 ml chloroform three times each.   

   2.    Homogenize ~10 6  cells or ~100 mg tissue in 2 ml 1-butanol.   
   3.    Add 2 ml PBS to the homogenate and vortex for 3 min on ice.   
   4.    Centrifuge at 2000  g  for 5 min and recover the supernatant.   
   5.    Add 1 ml methanol and 1 ml chloroform to the extract solution and apply to a 

pre-equilibrated DEAE cellulose column.   

total lipids

         acetone

soluble fraction         insoluble fraction

(glycerides, sterols etc.)           ether

                  soluble fraction         insoluble fraction

           (glycerophospholipids)                    pyridine

                                   soluble fraction         insoluble fraction

                               (sphingoglycolipids) (sphingophospholipids

  Fig. 23.2    Solvent 
fractionation of total lipids       
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   6.    Wash the column with 1 ml chloroform:methanol solution (1:1) three times. 
Neutral lipids, phosphatidylcholine, and phosphatidylethanolamine are eluted.   

   7.    Elute the column with 1 ml chloroform:methanol:28 % ammonia solution:glacial 
acetic acid solution (200:100:3:0.9) three times. Phosphatidylserine, phosphati-
dylglycerol, phosphatidylinositol, phosphatidic acid, and cardiolipin are eluted.   

   8.    Elute the column with 1 ml chloroform:methanol:28 % ammonia solution:glacial 
acetic acid solution (200:100:10:6.7) three times. Lysophosphatidic acid and 
lysophosphatidylserine are eluted.   

   9.    Elute the column with 1 ml chloroform:methanol/12N HCl:water solution 
(60:60:5:5) three times. Phosphoinositide (PIP) is eluted.      

23.4.2     Purifi cation of Acidic Phospholipids by Methanol 
Extraction Using a Reversed-Phase Column 

     1.    Equilibrate the column (Oasis HLB, 3 ml/60 mg; Waters) with 3 ml methanol 
and 3 ml water containing formic acid (pH 2.0–3.0).   

   2.    Homogenize ~10 6  cells or ~100 mg tissue in 1 ml methanol and incubate on ice 
for 1 h.   

   3.    Centrifuge at 2000  g  for 5 min and recover the supernatant (extract solution).   
   4.    Add 9 ml water containing formic acid (pH 2.0–3.0) to the extract solution (fi nal 

concentration of methanol is 10 %) and apply to a pre-equilibrated reversed- 
phase column.   

   5.    Wash the column with 3 ml water.   
   6.    Elute the column with 3 ml hexane. Neutral lipids are eluted.   
   7.    Elute the column with 3 ml methylformate. Fatty acids and oxidized fatty acids 

are eluted.   
   8.    Elute the column with 3 ml methanol. Phospholipids and oxidized phospholipids 

are eluted.          
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    Chapter 24   
 Comprehensive Analysis of Eicosanoids       

       Yoshihiro     Kita      and     Takao     Shimizu   

    Abstract     Arachidonic acid released from phospholipids is converted to a series of 
metabolites referred to as eicosanoids in vivo, many of which have indispensable 
roles in normo- and pathophysiology. As their contents in tissues and biological 
fl uids are low in general, a sensitive and specifi c quantifi cation method is necessary 
for basic as well as clinical studies. This chapter describes methods to quantify vari-
ous eicosanoids at one time with high sensitivity using a liquid chromatography- 
tandem mass spectrometry. The principle of reversed-phase chromatography of 
eicosanoids and quantifi cation using selected reaction monitoring mode of triple 
quadrupole mass spectrometers, as well as sample collection and pretreatment 
methods including extraction from tissues or biological fl uids, are described.  

  Keywords     Eicosanoid   •   Prostaglandin   •   Leukotriene   •   Arachidonic acid   •   Lipid 
mediator   •   Mass spectrometry   •   Quantifi cation  

24.1         Introduction 

 Eicosanoids are metabolites of 20-carbon polyunsaturated fatty acids (PUFAs), 
such as arachidonic acid (AA), eicosapentaenoic acid (EPA), or dihomo-γ-linolenic 
acid (DGLA) [ 1 ,  2 ]. Prostaglandins (PGs), thromboxane (TX), and leukotrienes 
(LTs) are major eicosanoid lipid mediators produced in vivo and function through 
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binding to cognate G protein-coupled receptors (GPCR) that mediate various 
normo- and pathophysiological functions [ 2 ]. In addition to studying lipid-ligand 
GPCRs and lipid mediator-producing enzymes, quantitative analysis of eicosanoids 
is of great importance to understand their functions [ 3 ]. Although enzyme-linked 
immunosorbent assay (ELISA) kits are available for major eicosanoids, liquid chro-
matography–mass spectrometry (LC-MS)-based quantifi cation is more suited for 
comprehensive analysis. In this chapter, we describe a methodology of eicosanoid 
quantifi cation from biological samples.  

24.2     Sample Collection and Storage 

 Biological samples should be immediately frozen to avoid potential changes after 
collection. Typically, samples are snap frozen with liquid nitrogen or dry ice and 
then stored at −80 °C until use. For aqueous samples such as plasma, urine, or cul-
ture media, approximately 10 μM indomethacin can be added immediately after 
collection to avoid ex vivo formation of prostanoids. Long-term storage is often 
inevitable, especially for samples of human origin; the preservability of eicosanoids 
has not been reported in a comprehensive manner, but there is a report describing 
possible degradation of eicosanoids by freeze–thaw cycles with ordinary laboratory 
freezers [ 4 ]. Sample amount depends on expected eicosanoid content in the sample 
versus sensitivity of the mass spectrometer, but it is typically less than 1 g or 1 ml, 
which fi ts subsequent extraction procedures.  

24.3     Eicosanoid Extraction and Pretreatment 

 Eicosanoids in tissues and biological fl uids are extracted and cleaned up before 
analysis. Tissue homogenization in aqueous buffer (e.g., saline or phosphate- 
buffered saline) can be performed in most biochemical or bioanalytical laboratories 
using ordinary homogenizers. Indomethacin (~10 μM) and/or butylated hydroxy-
toluene [BHT; 0.1 % (w/v)] can be included in the homogenization buffer to avoid 
any ex vivo eicosanoid formation or oxidation. The homogenates are mixed with 
approximately 10 volumes of methanol for 1 h at 4 °C for extraction and then cen-
trifuged to remove debris and protein precipitates. A more preferable alternative is 
to use a cryomill. An SK-mill (Tokken, Chiba, Japan) or similar can be used to 
powder frozen tissues in a polypropylene tube without thawing. For example, up to 
100 mg frozen tissue can be crushed by a SK-100 mill in a 2-ml Eppendorf Safe- 
Lock tube with a stainless steel crusher, to which 1 ml methanol is added directly 
for extraction. After extraction, debris and protein precipitates are removed using a 
high-speed centrifuge (10,000  g , 10 min, 4 °C). The use of a cryomill minimizes the 
risk of sample deterioration while providing better throughput. For both methods, 
deuterated internal standards for LC-MS quantifi cation are included at this step. For 
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biological fl uids, samples are mixed with ten (or more) volumes of methanol and 
internal standards, and then centrifuged to obtain extracts. In most cases, methanol 
extraction is recommended as the initial extraction procedure. The Bligh–Dyer 
method for total lipid extraction [ 5 ] is not recommended because of poor recovery 
of polar eicosanoids. 

 The methanol extracts are subjected to solid-phase extraction (SPE). Sep-Pak 
C18 (Waters, Milford, MA, USA) or similar reversed-phase SPE cartridges have 
been widely used for this purpose, but recent products such as Oasis HLB (Waters) 
or similar polymer-based reversed-phase sorbents with polar functional groups pro-
vide better recovery and reproducibility. An Oasis HLB cartridge 1 ml/10 mg 
(or 1 ml/30 mg) can be used for 1 ml crude methanol extract (Fig.  24.1 ). Methanol 
extracts are diluted four- or fi vefold with 0.03 % formic acid:water and loaded onto 
preconditioned cartridges with vacuum. Once diluted, samples are immediately 
loaded to avoid losing hydrophobic eicosanoids by adsorption to any contacting 
surfaces. The cartridges are then washed serially with 0.1 % formic acid:water, 
15 % ethanol:0.03 % formic acid:water, and petroleum ether. Washing with aqueous 
solutions removes polar components such as salts, sugars, and polar peptides. 
Petroleum ether removes neutral lipids (i.e., triglycerides). After briefl y drying the 
cartridges by passing air, eicosanoids are eluted with 200 μl 0.2 % formic 
acid:methanol either by low-speed centrifugation (800  g , 2 min) or by vacuum to 
collection vials. If needed, samples can be evaporated and reconstituted to smaller 
volumes for analysis.

24.4        Reversed-Phase Liquid Chromatography 
of Eicosanoids 

 Reversed-phase liquid chromatography (RPLC) with a C8 or C18 column is widely 
used for separation of eicosanoids. Columns from many manufacturers, including 
XBridge C8/C18 (Waters), Acquity BEH C8/C18 (Waters), Capcell Pak C18 MG 

Oasis HLB cartridge (1cc/10 mg, Waters)
Conditioning

Methanol
0.03% formic acid-water

Sample Loading
Dilute 1 mL methanol solution with 3-4 mL of 0.03%
formic acid-water and immidiately load onto the cartridge

Wash
0.03% formicacid-water
15% ethanol-0.03% formic acid-water
petroleum ether

Elution
0.2% formic acid-methanol, 0.2 mL

to LC-MS analysis

  Fig. 24.1    Solid-phase 
extraction of eicosanoids       
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(Shiseido, Tokyo, Japan), Kinetex C8 (Phenomenex, Torrance, CA, USA), or simi-
lar, with 1.0–3.0 mm inner diameter and 50–100 mm length can be used. An 
acetonitrile:water solvent system with formic acid (~0.03–0.1 %) is recommended 
for its chromatographic performance. 

 The diverse hydrophobicity of eicosanoids requires gradient elution for a com-
prehensive analysis. Two gradient types, a continuous gradient or step gradient can 
be used, depending on the target panel of eicosanoids. A continuous gradient is used 
for a comprehensive analysis of large number of eicosanoid species, whereas a step 
gradient is preferred to measure a limited number of eicosanoids in a short time. 
Because eicosanoids are small molecules, isocratic or optimized gradient elution is 
needed for isomer separations. For example, separation of PGE 2  and PGD 2  is best 
resolved by isocratic condition, typically with 35–37 % acetonitrile, but inappropri-
ate gradient conditions (too shallow or too steep gradients) do not provide accept-
able resolutions of these eicosanoids. Depending on the column parameters (inner 
diameter, length, and particle type), fl ow rate and gradient program should be 
optimized. 

 There are several tips for major eicosanoid separation. TXB 2  does not give a 
single peak, resulting in a broad, odd-shaped peak (Fig.  24.2a ), because of intercon-
version between two hemiacetal isomers. The peak shape is affected by gradient 
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  Fig. 24.2    Chromatography of TXB 2  and LTC 4 . ( a ) Resolution of TXB 2  by reversed-phase LC 
(Capcell Pak MGS3, 1 × 100 mm, 0.1 % formic acid:37 % acetonitrile/water, isocratic). 
Characteristic peak shape is observed. ( b ) Resolution of LTC 4  and LTD 4  (Capcell Pak MGS3, 
1 × 100 mm, 0.1 % formic acid:45 % acetonitrile:water, isocratic). Peak tailing of LTC 4  is obvious 
even under optimized condition (Modifi ed from Kita et al. [ 6 ])       
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condition and should be optimized carefully when monitoring TXB 2 . Analysis of 
LTC 4  needs special attention (Fig.  24.2b ). The metal-interacting property of LTC 4  
causes a severe peak tailing or even a peak disappearance for metal-contaminated 
LC columns. Any possible metal ion contamination should be eliminated from LC 
systems, including rust from stainless steel. Carryover is relatively high for LTC 4  
quantifi cation, requiring careful data reviewing and validation [ 6 ].

   Sample solvent is an important factor. An initial mobile phase is recommended 
as sample solvents for gradient analysis in the textbooks, but this does not apply to 
the eicosanoid mixtures. Use of 35 % acetonitrile in water, for example, results in 
adsorption of hydrophobic eicosanoids such as HETEs to any contacting surfaces, 
including vial walls. Instead, methanol is recommended as a sample solvent for 
general purposes. However, upon analysis, injection of methanol solution results in 
peak deterioration (broadening, fronting, or splitting) because methanol is a stron-
ger eluent than the initial mobile-phase composition. Minimizing injection volume 
improves peak deterioration to a certain extent, but the sample should be highly 
concentrated during preparation. The initial mobile phase can be changed to more 
aqueous composition (i.e., 5 % acetonitrile), in which injected samples are rapidly 
diluted by the mobile phase. Alternatively, coinjection of sample with water also 
improves peak shape by dilution effects.  

24.5     Detection of Eicosanoids 

 Output from LC is connected to the electrospray interface of MS for detection. 
Eicosanoids have one or more carboxy group(s) in common, and can be ionized as 
a deprotonated species in the negative-ion mode electrospray ionization [ 6 ]. Some 
eicosanoids including cysteinyl LTs can be also ionized in the positive ion mode. 
Ionization effi ciencies, an important factor for detection sensitivity, are affected by 
pH of the solvent. Higher pH facilitates deprotonation and results in better ioniza-
tion in the negative ESI mode. However, a basic LC mobile phase is not suitable for 
practical use; deprotonation makes eicosanoids more hydrophilic, causing poor 
chromatographic retention. An acidic mobile phase provides better chromato-
graphic resolution and acceptable (moderate) ionization for most of the fatty acid 
metabolites, excepting precursor fatty acids whose ionizations are severely compro-
mised under acidic condition. 

 The MS/MS fragmentation pattern of eicosanoids can be used for their selective 
detection. Figure  24.3  shows collision-induced dissociation (CID) spectra for HETE 
structural isomers. Their deprotonated ions share the same  m/z  of 319, but give dif-
ferent MS/MS fragments that can be used for isomer differentiation. However, 
 isomers are sometimes not well distinguished by MS/MS. For example, PGD 2  and 
PGE 2  ( m/z  351 in the negative ESI) do not give specifi c MS/MS peak(s), requiring 
chromatographic separation for differentiation (Fig.  24.4 ).
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  Fig. 24.3    Fragmentation and chromatography of HETE isomers. ( a ,  b ) MS/MS spectra for 
8-HETE and 12-HETE. ( c ) Resolution of HETE isomers (Capcell Pak MGS3, 1 × 100 mm, 0.1 % 
formic acid:65 % acetonitrile:water, isocratic). 8-HETE and 12-HETE are not chromatographi-
cally resolved, but all HETE isomers are differentiated by isomer-specifi c selected reaction moni-
toring (SRM) transitions (Modifi ed from Kita et al. [ 6 ])       
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    The selected reaction monitoring (SRM; also referred to as multiple reaction 
monitoring, MRM) mode is used for sensitive detection and quantifi cation by a tri-
ple quadrupole MS. In SRM mode, the fi rst (Q1) and the third (Q3) quadrupoles do 
not scan, and are fi xed to pass user-specifi ed precursor and product ions, respec-
tively. The precursor–product ion pair is referred to as transition, and MS instru-
ments can be programmed to simultaneously monitor multiple SRM transitions. 
Table  24.1  lists SRM transitions for major eicosanoids and internal standards. 
Typical collision energies (CE) used in the TSQ 7000 (Thermo Fischer Scientifi c, 
Waltham, MA, USA) are also shown. Parameters for ion source including electro-
spray probe, heaters, gas fl ows, and ion guides, as well as collision cell gas density 
and CE, are major factors that affect sensitivity of SRM detection; on-site optimiza-
tion using authentic compounds is recommended for best results.
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  Fig. 24.4    Fragmentation and chromatography of PGE 2  and PGD 2 . ( a ,  b ) MS/MS spectra for PGE 2  
( a ) and PGD 2  ( b ). Common fragment peak ( m/z  271) is used for SRM. ( c ) Resolution of PGE 2  and 
PGD 2  (Capcell Pak MGS3, 1 × 100 mm, 0.1 % formic acid:37 % acetonitrile:water, isocratic) 
(Modifi ed from Kita et al. [ 6 ])       
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   Deuterated eicosanoids are commercially available and can be used for quantifi -
cation by internal standard method. For comprehensive analysis, a mixture of inter-
nal standards is added to the samples before eicosanoid extraction to correct 
recoveries throughout the sample preparation and LC-MS procedures. The amount 
of internal standards is determined depending on the system sensitivity and calibra-
tion range; generally, the signal of internal standards should be high enough to 
achieve good reproducibility in repeated measurements (%CV less than 5 % is rec-
ommended). For example, deuterated PGs can be spiked to the samples at amounts 
that give signals corresponding to approximately 100 pg on ordinary triple quadru-
pole MS instruments. Injection of an excess amount of deuterated compound that 
contains a small number of deuterium often disturbs the detection of target signals. 
For example, injection of PGE 2 -d4 ( m/z  355 > 275) can cause a small, but signifi -
cant, PGE 2  signal ( m/z  351 > 271), caused by the existence of PGE 2  as an impurity 
for PGE 2 -d4 preparation, which becomes more signifi cant when quadrupoles are 
operated at low-resolution settings where less deuterated compounds such as 
PGE 2 -d1 or PGE 2 -d2 also cause PGE 2  signals. Thus, the use of excess internal stan-
dards that mask the true signals in the samples should be avoided, although mathe-
matical correction can be performed either manually or by software. For deuterated 
compounds containing more numbers of deuterium, such as HETE-d8, such inter-
fering signals are rarely observed.  

Compounds
Q1

(m/z)
Q3

(m/z)
Collision

energy (eV)

6-Keto-PGF1α 369 245 32
TXB2 369 195 18
PGF2α 353 193 25
PGE2 351 271 18
PGD2 351 271 18
LTB4 335 195 20
LTC4 624 272 26
LTD4 495 177 20

5-HETE 319 115 20
8-HETE 319 155 18
11-HETE 319 167 20
12-HETE 319 179 16
15-HETE 319 219 16

6-Keto-PGF1α−d4 373 249 32
TxB2-d4 373 199 18

PGF2α-d4 357 197 25
PGE2-d4 355 275 18
PGD2-d4 355 275 18
PGB2-d4 337 239 22
LTB4-d4 339 197 20

5-HETE-d8 327 116 20
12-HETE-d8 327 184 16
15-HETE-d8 327 226 16

Source: Modified from Kita et al. [6]

   Table 24.1    Selected 
reaction monitoring (SRM) 
transitions for major 
eicosanoids and internal 
standards       
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24.6     Column-Switching LC-MS Method for Eicosanoid 
Quantifi cation 

 We have developed a column-switching LC-MS method that monitors major eico-
sanoids including PGs, LTs, HETEs, and platelet-activating factor (PAF) in a short 
analytical cycle time of less than 15 min [ 6 ]. The system has two sets of binary 
gradient pump systems (Fig.  24.5 , pumps A–D) and two columns (trap column and 
separating column) connected to a six-port switching valve. Samples injected at the 
downstream of pump D are diluted on-line with water:0.1 % formic acid and then 
concentrated at the top of a short trap column. After 3 min of trapping period, the 
valve switches to introduce the concentrated sample to the separating column. 
Eicosanoids are separated in 10 min by a three-step gradient (37 %–45 %–65 % of 
mobile phase B) elution and detected by SRM (Fig.  24.6 ). The LC time program is 
shown in Table  24.2 .

     The benefi t in adopting an online-dilution column-switching confi guration is 
that SPE eluent can be effi ciently introduced to the LC-MS system. The method 
allows an injection volume larger than 50 μl, which corresponds to more than 
25 % of 200 μl SPE eluent. To perform similarly in ordinary LC-MS systems, SPE 
eluent should be off-line concentrated before analysis. Also, the column-switch-
ing method eliminates a peak deterioration problem for polar eicosanoids as 
already described because the sample solvent is replaced by an aqueous solution 
on the trap column.  

Trapping phase (0 - 3.0 min)
Separation phase (3.0 - 13.0 min)

Pump A
Water

Pump B
MeCN:Formic acid

ESI-MS/MS

Pump C
Water:Formic acid

Autosampler
Pump D

MeOH:Formic acid

Trap Column
6-port
Valve

Separating Column

Tee-connector for online-dilution

  Fig. 24.5    Online-dilution column-switching LC-MS system. Sample introduced from autosam-
pler is fi vefold diluted and concentrated on a trapping column (Opti-guard mini, 1 × 10 mm; 
Optimize Technologies, Oregon City, OR, USA). After valve switches, sample is introduced to 
separating column (Capcell Pak MGS3, 1 × 100 mm) (Modifi ed from Kita et al. [ 6 ])       

 

24 Comprehensive Analysis of Eicosanoids



346

0 1 2 3 4 5 6 7 8 9 10
Time (min)

R
el

at
iv

e 
A

bu
nd

an
ce

6-keto-PGF1

TXB2

PGF2

PGE2 PGD2

LTD4

LTC4

LTB4

5-HETE

8-HETE

11-HETE

12-HETE

15-HETE

PAF

α

α

  Fig. 24.6    Separation of eicosanoids in online-dilution column-switching method (Adopted from 
Kita et al. [ 6 ])       

   Table 24.2    Liquid chromatography (LC) time program   

 LC time (min) a   B % (A–B)  D % (C–D)  Valve position 

 0.00  65  20  Trap 
 0.01  37  |  | 
 3.00  |  |  Separation 
 3.10  |  90  | 
 6.00  37  |  | 
 6.01  45  |  | 
 7.00  45  |  | 
 7.01  65  |  | 

 12.00  |  |  Trap 
 12.50  |  90  | 
 12.51  |  20  | 
 13.00  END  END 

   a Flow rate: pumps A–B, 120 μl/min; pumps C–D, 500 μl/min  
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24.7     Concluding Remarks 

 We described LC-MS-based quantitative methodologies for eicosanoids. In the 
future, as instruments improve, a more sensitive analysis using very small amounts 
of biological samples will be realized. In such cases, human skills for handling a 
trace amount of lipid samples become more critical, because optimal sampling and 
pretreatment procedures vary depending on the nature of samples. Also, assays will 
be more comprehensive, as ultrahigh performance LC (UHPLC) system and MS 
instruments capable of performing very fast SRM (>500 transitions/s) enable quan-
tifi cation of hundreds of targets in a short LC-MS run. An important concern here is 
the quality control of datasets. Although peak processing and quantitative calcula-
tion can be automatically done by software, researchers should review all the raw 
data. To minimize human errors in the data reviewing process, we strongly recom-
mend using the software quality control functions when available. Currently avail-
able LC-MS systems have easy-to-use interfaces so that anyone can operate them, 
but the quality of data still depends on individual researchers. Improvement of soft-
ware is desired for quality control of large-scale assays.     
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    Chapter 25   
 Mass Spectrometric Analysis of Phospholipids 
by Target Discovery Approach       

       Kazutaka     Ikeda    

    Abstract     Phospholipids (PLs), the most abundant lipids in the cell membrane, are 
composed of various types of polar head and fatty acid. Their abundance and distri-
bution vary among organs, and some are oxidized by oxidant stress or infl ammation. 
For this structural diversity, the optimal analytical method for profi ling is needed. 

 Lipidomics is an approach well suited to obtain structural information about PL 
molecular species and to acquire quantitative profi les with a combination of liquid 
chromatography (LC) and mass spectrometry (MS). As for the conventional analy-
sis method, a non-target, focusing, or target approach is usually selected, but these 
approaches have a disadvantage in sensitivity or completeness. To solve these con-
ventional problems, this chapter introduce the target discovery approach, with 
which it is possible to obtain MS/MS data sensitively at high speeds and to combine 
a non-target or target approach. This approach has a strong potential as an improved 
lipidomics strategy to search new lipids of interest or to identify unknown lipid spe-
cies in a nonbiased manner.  

  Keywords     Phospholipid   •   Lipidomics   •   LC-MS   •   TOF-MS   •   Target discovery 
approach   •   Non-biased  

25.1         Introduction 

 Phospholipids (PLs), the most abundant lipids in the cell membrane, are composed 
of a polar head and a nonpolar tail region. The nonpolar tail has two fatty acids of 
various lengths and saturation. The polar head region has a phosphate group such as 
choline (PC), ethanolamine (PE), inositol (PI), serine (PS), glycerol (PG), or phos-
phatidate (PA). The abundance and distribution of PLs vary among organs, and 
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some are oxidized by oxidant stress or infl ammation. For this structural diversity, 
the optimal analytical method for profi ling is needed. 

 Lipidomics is an approach well suited to obtain structural information about PL 
molecular species and to acquire quantitative profi les with a combination of liquid 
chromatography (LC) and mass spectrometry (MS). Electrospray ionization (ESI) 
MS is considered to be a soft ionization method and is used widely in lipidomics. 
As for the conventional analysis method, a non-target, focusing, or target approach 
is usually selected [ 1 ]. High-resolution MS such as the time-of-fl ight (TOF) or fou-
rier transform (FT) type is applied for the non-target approach in many cases, and 
PL molecular species are globally detected by MS scanning. Precursor ion scanning 
or neutral loss scanning of the polar head group or the fatty acid is performed in the 
focusing approach, with which it is possible to detect the same class of PL molecu-
lar species widely and sensitively [ 2 ,  3 ]. However, the non-target approach and 
focusing approach have a disadvantage in the detection of minor PLs. Multiple reac-
tion monitoring (MRM) (also known as selected reaction monitoring, SRM) is 
applied for the target approach, and individual molecular species are detectable 
selectively with high sensitively [ 1 ,  4 ], whereas the target approach has a disadvan-
tage in completeness of search range. 

 To solve these conventional problems, the target discovery approach, with which 
it is possible to obtain MS/MS data sensitively at high speeds and to combine with 
the non-target or target approach, is effective. The following protocols demonstrate 
two types of PL screening methods using the target discovery approach.  

25.2     Analytical Conditions for Target Discovery Analysis 

25.2.1     Materials 

    Acetonitrile (LC-MS grade/Sigma)  
  Methanol (LC-MS grade/Sigma)  
  Chloroform (HPLC grade/Sigma)  
  Ammonium formate (LC-MS grade/Sigma)  
  Milli-Q water (Millipore)  
  Internal standard (I.S.) mixture (Avanti Polar Lipids)  
   14:0/14:0 PC, 14:0/14:0 PE, 14:0/14:0 PS, 16:0/16:0 PI, 14:0/14:0 PG, 14:0/14:0 

PA  
  Bead pulverizing machine (Bms)  
  Glass tube (2 ml/FCR & Bio)  
  LC System: 1290 Infi nity (Agilent)  
  LC column: ACQUITY UPLC HSS T3 (2.1 × 50 mm, 1.8 μm/Waters)  
  MS: Triple TOF 5600+ System (AB SCIEX)     
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25.2.2     Single-Phase Extraction of Muscle PL by the Modifi ed 
Folch Method 

     1.    Pulverize and homogenize mouse skeletal muscle (10 mg) in cold methanol by a 
bead pulverizing machine (1500 rpm for 5 min) (Fig.  25.1 )   

   2.    Put the homogenized solvent in a 2-ml glass tube [ 5 ]   
   3.    Add 250 μl chloroform containing internal standard (I.S.) mixture* and remain-

ing methanol (reaching total methanol volume, 500 μl)   
   4.    Vortex for 10 s and incubate for 15 min at room temperature   
   5.    Add 50 μl Milli-Q water, vortex for 10 s, and incubate for 15 min at room 

temperature   
   6.    Centrifuge at 1000  g  for 10 min at room temperature   
   7.    Collect the supernatant in an LC-MS vial   
   8.    Analyze the supernatant by LC-MS using the target discovery approach as 

follows    

25.2.3        Reversed-Phase LC Separation 

 Refer to column conditions in Table  25.1 

Add 250 L of CHCl3 containing I.S. 
mixture* and each remaining MeOH
(=500 A L)

Add suitable amount
of homogenize solvent (A L) 

Incubate

for 15 min at R.T.

Incubate

for 15 min at R.T.

Total 800 L
CHCl3: MeOH:Water
(1:2:0.2)

Add 50 L of Water

Collect

supernatant (400 L)

LC vial

Glass tube

Vortex

for 10 sec

Vortex

for 10 sec

Centrifuge

at 1000 g for 10 min at R.T.

Tissue 10~50 mg
Zr beads (3 mm 5)

Add 1 mL of MeOH

Homogenize tissue
by Shake Master NEO

at 1500 rpm for 5min ( 1 5)
by liquid-nitrogen cooling

Check each amount of loading
homogenize solvent (A L) 

on prepared Excel data sheet

LC/Triple TOF-MS analysis

m

m
m m

m

m

m

  Fig. 25.1    Lipid extraction procedure       
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25.3         Procedure for PLs Analysis by Target Discovery 
Approach 

25.3.1     Scanning Modes of Target Discovery Approach 

     1.    Analyze PLs by data-dependent MS/MS scanning (Fig.  25.2 ; Table  25.2 ) and 
identify these molecular species by “in-house” lipid search

        2.    Analyze PLs by data “in-dependent” scanning (Fig.  25.3 ; Table  25.3 )

   Table 25.1    Column conditions for reversed-phase liquid chromatography (LC) separation   

 LC condition  Flow rate  0.3 ml/min 
 Temp  45 °C 
 Solvent  A → ACN:MeOH:water (=2:2:6) + 5 mM ammonium 

formate 
 B → IPA + 5 mM ammonium formate 

 Gradient (B %)  0 min → 0 % 
 5 min → 40 % 
 7.5 min → 64 % 
 12 min → 64 % 
 12.5 min → 82.5 % 
 19 min → 85 % 
 20 min → 95 % 
 ※Equilibration time: 5 min 

  Fig. 25.2    Target discovery approach by data-dependent MS/MS scanning in combination with 
“in-house” lipid search       
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   Table 25.2    Mass spectroscopy (MS) conditions for data-dependent scanning   

 MS condition  Duration  20 min 
 Cycle  1.151 s 
 Source/gas  Curtain gas  30 V 

 Ion spray voltage  −4500 V 
 Temperature  500 °C 
 Ion source gas-1  50 V 
 Ion source gas-2  50 V 

 MS scan  Declustering potential (DP)  −80 V 
 Collision energy (CE)  −10 V 

 Data-dependent scan  Declustering potential (DP)  −80 V 
 Collision energy (CE)  −45 V 
 Collision energy spread (CES)  15 V 
 Exclude former target ions  For  10 s 

 After  2 occurrences 

m/z  Q1 isola�on
(No MS/MS threshold) 

m/z  

Q1 Q2 TOF 
Data “in”dependent scan  

MS/MS All data  

Global peak detec�on  Retro MRM transi�on  
database 

Retro MRM

m/z (200–1250) 
Each 25 Da 

Structural 
analysis 

  Fig. 25.3    Target discovery approach by data-“independent” scanning for MS/MS: all analysis       

25.3.2             Screening of PL Molecular Species by Retrospective 
MRM (Retro-MRM) 

 Retro-MRM transitions to identify individual molecular species of PLs and lyso-
phospholipids (lyso-PLs) were mainly composed of theoretical  m/z  data sets of pre-
dictive fragment ions that were derived from the polar head groups and fatty acids 
(Fig.  25.4 ). The MRM transition database was applied to the data from “in- 
dependent” scan of the lipid extraction of mouse muscle. As a result, a total of 134 
molecular species, which consisted of various types of the class and fatty acids, 
were correctly identifi ed even in just 0.02 mg mouse muscle (Table  25.4 ).
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   Table 25.3    MS conditions for data-“in”dependent scanning   

 MS condition  Duration  20 min 
 Cycle  2.506 s 
 Source/gas  Curtain gas  30 V 

 Collision gas  −10 V 
 Ion spray voltage  −4500 V 
 Temperature  500 °C 
 Ion source gas-1  50 V 
 Ion source gas-2  50 V 

 MS scan  Declustering potential (DP)  −80 V 
 Collision energy (CE)  −10 V 

 Data “in”dependent scan  Declustering potential (DP)  −80 V 
 Collision energy (CE)  −14.4 to −80.4 V 
 Collision energy spread 
(CES) 

 15 V 

 Q1 step  25 amu 

Q1 Q3 RT

Automa�c extrac�ng of the transi�on lists (2,000)

Selec�on of suitable fragment ions for Retro MRM analysis

Reten�on �me informa�on

FA(18:1)

FA(16:0)

lysoPC(16:0)

Choline
deriva�on

lysoPC(18:0)

MS/MS spectrum search

Retro MRM

Database

  Fig. 25.4    Retrospective MRM analysis of PL molecular species from MS/MS: all data       
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25.4          Commentary 

25.4.1     MS/MS Analysis by Data-Dependent Scan 

 In the data-dependent scan, precursor ions of PL and lyso-PL molecular species are 
globally scanned by high-resolution TOF MS mode, and if some of them are over 
the setup threshold, they are secondarily scanned by the sensitive TOF MS/MS 
mode, and it is possible then to acquire the structural information (Fig.  25.2 ). These 
MS/MS datasets are applicable to “in-house” lipid search, and these molecular spe-
cies are identifi ed globally and accurately (manuscript in preparation). The lipid 
search is a search engine for the identifi cation of lipid molecular species from MS 
raw data that was originally developed by Dr. Taguchi [ 6 ] collaborating with Mitsui 
Knowledge Industry (MKI). 

 Our “in-house” lipid search made some improvements in the accuracy of identi-
fi cation by new algorithms as compared with conventional searching techniques. 
For instance, “knockout selection,” which sets the order of priority of MS/MS peaks 
for high-precision identifi cation of the individual molecular species by reference to 
many raw MS/MS data patterns, was adopted in our group and with MKI.  

25.4.2     MS/MS Analysis by “In”-Dependent Scan 

 For data “in-dependent” scan, all precursor ions of PL and lyso-PL molecular spe-
cies are scanned without threshold by sequential window acquisition of all theoreti-
cal fragment ion spectra (SWATH) mode [ 7 ]. With this method, it is possible to 
obtain all the MS/MS data with high sensitively. In the SWATH mode, the Q1 quad-
rupole is typically stepped at 12.5–25 amu increments across the 200–1250  m/z  pre-
cursor range (Fig.  25.3 ). For data mining, multiple reaction monitoring (MRM)-like 
analysis, our termed retro-MRM, is used to accurately identify the molecular spe-
cies. Suitable candidates for fragment ions to identify individual molecular species 
of PLs and lyso-PLs are automatically selected from our MS/MS database, and the 

Class Identified molecular species
PC Acyl/acyl 44
lysoPC Acyl 7
PE Acyl/acyl 19

Alkyl/acyl 21
lysoPE Acyl 6

Alkyl 3
PI Acyl/acyl 12
lysoPI Acyl 2
PS Acyl/acyl 12
PG Acyl/acyl 8

   Table 25.4    Result of 
identifi ed phospholipids 
(PLs) and lyso-PLs by 
retro MRM analysis       
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combinations of retro-MRM transitions were assembled from theoretical  m/z  data 
sets of the precursor ion and predictive fragment ions. Individual molecular species 
were automatically recognized by the references to the number of MRM overlap-
ping chromatograms, retention time accuracy, and the intensity order of each MRM 
chromatogram. Structural isomers or isotopes, which frequently cause annotation 
errors in the conventional data processing tools because of chromatogram complex-
ity, are distinguishable by these chromatogram references. This approach has strong 
potential as an improved lipidomics strategy to search new lipids of interest or to 
identify unknown lipid species retroactively in a non-biased manner.      
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    Chapter 26   
 Determination of Sphingolipids by LC-MS/MS       

       Tomohiro     Takahashi    ,     Daisuke     Saigusa    ,     Chihiro     Takeda    ,     Kohei     Saito    , 
    Naoto     Suzuki    ,     Hiroki     Tsukamoto    , and     Yoshihisa     Tomioka    

    Abstract     To investigate the biological functions and roles of sphingolipids, sensi-
tive and compound-specifi c methods are required to measure their levels in biologi-
cal samples. Liquid chromatography–mass spectrometry (LC-MS) using 
electrospray ionization (ESI) is suitable for the reliable simultaneous analysis of 
multiple compounds. In addition, the selected reaction monitoring (SRM) mode of 
tandem mass spectrometry (MS/MS) is effective to quantify with high sensitivity 
and selectivity. Therefore, LC-MS/MS came to be utilized for simultaneous analy-
sis of the sphingolipids in vivo. Useful methods for the sphingolipids and related 
features are also summarized. The following protocol demonstrates information on 
determination of sphingolipids, especially sphingosine and sphingosine-1- 
phosphate, by LC-ESI-MS/MS in biological samples such as cell lysates, plasma, 
serum, or urine.  

  Keywords     Sphingolipids   •   Sphingosine   •   Sphingosine-1-phosphate   • 
  Dihydrosphingosine   •   Phytosphingosine   •   Dihydrosphingosine-1-phosphate   • 
  Phytosphingosine-1-phosphate   •   LC-MS/MS  
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26.1         Reagents 

    Sphingolipids (Avanti Polar Lipids)  
  C18 sphingosine (Sph)  
  C18 dihydrosphingosine (dhSph)  
  C18 phytosphingosine (pSph)  
  C18 sphingosine-1-phosphate (S1P)  
  C18 dihydrosphingosine-1-phosphate (dhS1P)  
  C18 phytosphingosine-1-phosphate (pS1P)  
  C17 sphingosine (C17-Sph)  
  C17 sphingosine-1-phosphate (C17-S1P)  
  Methanol for LC/MS  
  Chloroform for HPLC  
  Acetonitrile for LC/MS  
  Formic acid for LC/MS  
  Ammonium formate 1 mol/l solution for HPLC  
  Polytyrosine-1,3,6 calibration solution (Thermo Fisher Scientifi c)  
  Water (ultrapure grade)     

26.2     Equipments 

    High performance liquid chromatography system  
  ESI-triple quadrupole mass spectrometer with analytical software  
  Polyether ether ketone (PEEK) tubing  
  HPLC column (ODS):  
  Example: CAPCELL PAK C18 ACR (3 μm, 1.0 mm i.d. × 150 mm, Shiseido) for 

analytical column and CAPCELL PAK ACR (3 μm, 1.0 mm i.d. × 35 mm, 
Shiseido) for trap column  

  Syringe (500 μl, Hamilton Company)  
  Centrifuge  
  Siliconized sample tube (2.0 ml, WATOSON)  
  YMC Duo Filter (0.2 μm, pore size, 4 mm inner diameter, YMC)  
  Micro tube mixer  
  Ultrasonic bath  
  Ultrasonic homogenizer     

26.3     Prepare Stock Solutions and Working Solutions 
of Sphingolipids 

 Siliconized sample tubes and pipette tips are used. For quantitative analysis, stable 
isotope analogue internal standards are added to biological samples. The ratio between 
the internal standard and the compound of interest can be measured by LC/MS. 
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However, many compounds in which acyl groups differ exist in sphingolipids. 
The separation and selective detection by MS will be diffi cult if the stable isotope- 
labeled compound overlaps the same  m/z  as the target compounds. Therefore, C17 
(C17-Sph and C17-S1P) are used for sphingolipid analysis as the internal standard.

    1.    Dissolve each powder of S1P, pS1P, C17-S1P, Sph, dhSph, and pSph in an appro-
priate volume of solution to prepare a stock solution; that is, Sph, C17-Sph, 
dhSph, and pSph are dissolved in methanol (1 mg/ml); S1P, C17-S1P, and pS1P 
are dissolved in methanol (0.04 mg/ml); dhS1P is dissolved in chloroform:meth
anol:H 2 O = 1.5:1.4:0.2 (0.04 mg/ml). Store the solutions at −80°C.   

   2.    Dilute the stock solutions with methanol to a fi nal concentration of 10.0 μmol/l 
(solution AS1P, pS1P, dhS1P, Sph, dhSph, pSph), and then use it (them) for the 
optimization of a mass spectrometer.   

   3.    Prepare seven working solutions (1000, 200, 20.0, 10.0, 2.0, 1.0, and 0.2 nmol/l) 
using each stock solution (A S1P , pS1P, dhS1P, Sph, dhSph, pSph) as described in 
Table  26.1 . Store at −80 °C.

       4.    Prepare IS mixture 1 (each 1.0 μmol/l) and IS mixture 2 (each 200 nmol/l) of the 
internal standard containing C17-S1P and C17-Sph. Store at −80 °C.   

   5.    For each calibration curve, mix equal amounts of working solutions and IS mix-
ture 2 (fi nal concentration of sphingolipids are 500, 100, 10, 5.0, 1.0, 0.5, 0.1 
nmol/l, and C17-S1P and C17-Sph are 100 nmol/l) to determine the concentra-
tion–response relationship.   

   6.    Prepare quality control (QC) samples by spiking blank plasma or biological 
samples with stock solution. QC samples should be prepared at four levels: high- 
level QC (HQC), middle-level QC (MQC), low-level QC (LQC), and lower low- 
level QC (LLQC).   

   7.    Prepare a deproteinization solution, 0.1 % formic acid in methanol.    

26.4       Protocol for Sample Preparation from Plasma 

 Before analysis, all frozen samples (−80 °C) should be thawed and allow to equili-
brate at 4 °C (or on ice). Do not leave the blood samples on ice before preparing 
plasma because red blood cells are a source of the plasma S1P. Thus, it is necessary 

  Table 26.1    Preparation of 
seven working solutions   Solution 

 Concentration/
nmol l −1   Dilution of solutions 

 1  1000  100 μl of solution as diluted to 1 ml 
 2  200  200 μl of 1 diluted to 1 ml 
 3  20.0  100 μl of 2 diluted to 1 ml 
 4  10.0  500 μl of 3 diluted to 1 ml 
 5  2.0  200 μl of 4 diluted to 1 ml 
 6  1.0  500 μl of 5 diluted to 1 ml 
 7  0.2  200 μl of 6 diluted to 1 ml 
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to be prepared for plasma fraction from whole blood as soon as possible. Sample 
preparation for MS is recommended to utilize deproteinization of an organic solvent 
such as methanol (Fig.  26.1 ) as follows:

     1.    Transfer 10 μl plasma into a siliconized sample tube.   
   2.    Add 80 μl deproteinization solution (0.1 % formic acid in methanol).   
   3.    Add 10 μl IS mixture 1 (fi nal concentration of IS is 100 nmol/l). 

 Tthe additional volume of IS mixture should be changed to match the stan-
dard calibration curve if you need concentration steps for sample preparation.   

   4.    Close the tube and vortex for 30 s.   
   5.    Then, homogenize for 5 min in an ultrasonic bath on a tube fl oater.   
   6.    Centrifuge at 16,400  g  for 10 min at 4 °C and separate supernatant.   
   7.    The supernatant (approximately 100 μl) should be passed through a fi lter (0.2 

μm pore size, 4 mm inner diameter).   
   8.    Inject 10 μl fi ltered solution into the chromatographic system using an automatic 

injector. That is, each internal standard is 1 pmol/on column.    

26.5       Protocol for Sample Preparation from Tissue 

 The sample preparation for tissue is also shown in Fig.  26.1  as follows:

    1.    Tissue (approximately 50 mg) is placed into a siliconized sample tube (2.0 ml).   
   2.    Add 400 μl deproteinization solution.   
   3.    Add 50 μl IS mixture 1 (fi nal concentration of IS is 100 nmol/l). 

 The additional volume of IS mixture should be changed to match the standard 
calibration curve if you need concentration steps for sample preparation.   

Supernatant (100 µL)

Pass the supernatant through a filter
Centrifuge at 5,100 × g

Plasma (10 µL)

Add 80 µµL of 0.1% formate in methanol
Add 10 µL of IS mixture 1*
Homogenize in ultrasonic bath
Centrifuge at 16,400 × g

LC/MS/MS (10 µL/injection)

Supernatant (100 µL/450 µL)

Tissue (approximately 50 mg)

Add 400 µL of 0.1% formate in methanol
Add 50 µL of IS mixture 2*
Homogenize by an ultrasonic disruptor
Centrifuge at 16,400 × g

Pass the supernatant through a filter
Centrifuge at 5,100 × g

LC/MS/MS (10 µL/injection)

A simple deproteinization method using methanol

*If you need concentration steps, you should change 
the additional volume of IS mixture to match the 
standard calibration curve.

  Fig. 26.1    Deproteinization method for sample preparation       
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   4.    Close the tube and vortex for 30 s.   
   5.    Then, homogenize for 30 s by an ultrasonic cell disruptor.   
   6.    Centrifuge at 16,400  g  for 10 min at 4 °C.   
   7.    Transfer 100 μl supernatant to another siliconized tube (2.0 ml).   
   8.    Pass the supernatant through a fi lter (0.2 μm pore size, 4 mm inner diameter, 

YMC).   
   9.    Inject 10 μl fi ltered solution into the chromatographic system using an automatic 

injector.    

26.6       Optimization of H-ESI-MS/MS by Infusion 
of Sphingolipids 

 A triple quadrupole mass spectrometer equipped with an ESI source is used for 
sphingolipids analysis such as TSQ Quantum Ultra with heated electrospray ioniza-
tion (H-ESI) probe (Thermo Fisher Scientifi c). Because carryover of samples based 
on interactions with metal components and the phosphate group of lipids is a con-
cern, PEEK tubing and connector are useful and are recommended. To optimize the 
sensitivity of sphingolipids, several parameters such as spray voltage, sheath gas 
pressure, auxiliary gas fl ow rate, capillary temperature, tube lens offset voltage, and 
vaporizer temperature need to be optimized.

    1.    Infuse a polytyrosine-1,3,6 calibration solution directly into the ESI source with 
a syringe pump to tune and calibrate.   

   2.    Save the tune method and calibration fi les.   
   3.    Fill a clean syringe with 10 μg/ml sphingolipid solution and place in the syringe 

holder of the syringe pump of MS.   
   4.    Set up the MS detector to tune in H-ESI/MS mode and start infusion. The MS/

MS transitions will be detected in the full scan mode ( m/z  50–500). Optimal 
conditions of tube lens offset and collision energy for SRM analysis employ the 
transition of the [M + H]+ precursor ions to their product ions of S1P, dhS1P, 
pS1P, Sph, dhSph, and pSph. The parameters of ionization, especially vaporizer 
temperature, sheath gas pressure, and auxiliary gas pressure, should be retuned 
after LC condition is fi xed because they depend on the fl ow rate of LC. Example 
of defi ned parameters of ionization and MS/MS transitions are described in 
Table  26.2 .

26.7            Separation Condition of Liquid Chromatography 
(LC)-MS/MS 

 The basic LC instrumentation for MS consists of degassing equipment, pumps, an 
automatic injector, columns, and a column oven with PEEK tubing and connector. 
To check carryover, make a blank injection during the course of multiple runs as 
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needed. For low carryover, washing and cleaning of the needle attached to an auto-
matic injector may be effective with more than one washing/cleaning solvent. An 
online solid-phase extraction may be valid for ultramicroanalysis. Our LC system 
for sphingolipids analysis is described in Fig.  26.2 . The sample is injected by an 
autosampler and located to a trap column by eluent C for 7 min at position A (1–6). 
After changing from position A to B of a six-port valve, trapped compounds are 
eluted from the trap column and loaded to the analytical column by eluent A and B 
for 10 min at position B (1–2).

   Isocratic elution or gradient elution may be chosen. The column selection (phase 
material, inner diameter, length, etc.) and optimization of the mobile phase are very 
important for stable analysis. On sphingolipid analysis using reverse-phase chroma-
tography, pH 4.0 of the mobile phase is especially important (Table  26.3 ).

   Generally, an ODS column is selected for sphingolipids analysis. However, a 
peak-tailing problem may be detected because of an interaction between a phos-
phate group of sphingolipids and the residual silanol group (imperfect hydration 
state) or a metal ion inside a ODS column. Therefore, column that has as reduced a 
residual silanol group as possible to improve the peak-tailing problem should be 
selected for sphingolipids analysis. To conduct good analysis, the improvement of 
peak shape should be aimed at evaluating a number of theoretical stages and a sym-
metry factor carefully, and this leads to the rise of sensitivity.  
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  Fig. 26.2     (a)  The sample is injected by autosampler and located to atrap column by eluent C at 
position A.  (b)  The traped compounds to a trap column are eluted and loaded to the analytical 
column at position B       
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26.8     Preparation of the Mobile Phase 

     1.    Mobile phase A [5 mM HCOONH 4  in H 2 O, pH 4.0 (HCOOH)] is prepared by 
mixing 99.5 ml water and 0.5 ml 1 mol/l ammonium formate solution, and then 
adjusting to pH 4.0 with formic acid (~9.6 μl).   

   2.    Mobile phase B [5 mM HCOONH 4  in H 2 O/CH 3 CN = 5/95, pH 4.0 (HCOOH)] is 
prepared by mixing 95 ml acetonitrile, 4.5 ml water, and 0.5 ml 1 mol/l ammo-
nium formate solution, and then adjusting to apparent pH 4.0 with formic acid 
(~1160 μl).      

26.9     Condition of Ionization by LC-MS/MS 

 The parameters of ionization using LC change depending on the fl ow rate, espe-
cially vaporizer temperature, sheath gas pressure, and auxiliary gas pressure. Our 
optimal parameters for Nanospace SI 2-Quantum Ultra system are described in 
Table  26.4 . SRM chromatograms are shown in Fig.  26.3 .

26.10         Preparation of Calibration Curve and Determination 
of Sphingolipids by LC-MS/MS 

     1.    All peaks were integrated automatically by Xcalibur software (Thermo Fisher 
Scientifi c).   

   Table 26.3    HPLC system and run condition   

 HPLC system  Nanospace SI-2 system (Shiseido) 

 Analytical column  Capcell Pak C18 ACR (3 μm, 1.0 mm i.d. × 150 mm, Shiseido) 
 Trap column  Capcell Pak C18 ACR (3 μm, 1.0 mm i.d. × 35 mm, Shiseido) 
 Oven temperature  40 °C 
 Mobile phase  A: 5 mM HCOONH 4  in H 2 O, pH 4.0 (HCOOH) 

 B: 5 mM HCOONH 4  in H 2 O/CH 3 CN = 5/95, pH 4.0 (HCOOH) 
 C: A/B = 70/30 
 Gradient: A/B = 70/30, 0 min; A/B = 70/30, 9 min; A/B = 0/100, 14 min; 
A/B = 0/100, 17 min; A/B = 70/30, 17 min; A/B = 70/30, 22 min 

 Divert valve  Waste. 0–13.5 min; load, 13.5–15.7 min; waste, 15.7–22 min 
 Flow rate  A/B, 60 μl/min; C, 60 μl/min 
 Run time  22 min 
 Switching valve  Position A (1–6), 0–7 min; position B (1–2), 7–17 min; position A (1–6), 

17–22 min 
 Injection volume  10 μl 
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   2.    The unknown sphingolipid amount is estimated from the calibration curves by 
the ratios of their peak areas to that of IS, which regression coeffi cients are given 
with appropriate software. For example, a calibration curve fi tting a straight line 
with nonlinear regression for S1P and Sph is shown in Fig.  26.4a, b , which was 
drawn using GraphPad Prism (GraphPad Software, Inc.) from the experimental 
data with 1/x weighting method, i.e.,  y  = mx + c, where  y  is area ratio, x is analyte 
level, m is the gradient of the line, and c is its intercept with the  y -axis.

       3.    Estimate the concentration of unknown sample using the line equation.     

  Table 26.4    Parameters of 
ionization   MS/MS system 

 TSQ quantum ultra (Thermo Fisher 
Scientifi c) 

 Ionization  ESI (+) 
 Spray voltage  3.5 kV 
 Vaporizer temperature  50 °C 
 Sheath gas pressure  10 psi 
 Ion sweep gas 
pressure 

 0 psi 

 Auxiliary gas pressure  0 psi 
 Capillary temperature  300 °C 
 Collision gas pressure  1.5 mTorr 
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  Fig. 26.3    Selected reaction monitoring (SRM) chromatograms of sphingolipids by LC-MS/MS       
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 For the analysis of sphingolipids by MS in various biological samples, ionization 
of matrix effects are taken into account. A matrix effect is the phenomenon that 
increases or decreases in the sensitivity of the target compound in a tested sample. 
To perform an exact determination quantity, a matrix effect has to be reduced as 
much as possible. Therefore, the validation test needs to be carried out using a prac-
tical biological sample, that is, plasma, liver, or brain, for developing the determina-
tion method, and evaluated accuracy and precision of reproducibility from intraday 
and interday assay. The analytical method validation is referenced from generally 
published guidance, i.e., Bioanalytical Method Validation; Food and Drug 
Administration. 

 This section describes a protocol for analysis of sphingolipids by LC-MS/MS in 
a biological sample. However, the present method was specifi c for 1-acyl 
 sphingolipids, and there are other sphingo base compounds and many species of 
diacyl sphingolipids of glycosphingolipids, sphingomyerine, ceramide, and their 
phosphates. We recommend replacing the analytical column with a C8-based 
 column, or using ultrahigh performance liquid chromatography, because the simul-
taneous analysis for these compounds takes 1–2 h using an ODS (C18-based) col-
umn [ 1 ]. The useful methods for sphingolipids and related features are summarized 
in Table  26.5 . Although the performance of sphingolipids profi ling depends on the 
improvement of equipment, this basic protocol is utilized for analysis in future 
studies.
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  Fig. 26.4     (a)  Caliburation curve for S1P.  (b)  Caliburation curve for Sph       
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   Table 26.5    Methods of sphingolipids and related features   

 Sphingolipids  Method (column)  Sample preparation a   References 

 Cer  Q-TOF MS/MS  LLE  [ 2 ] 
 Cer  ESI-MS/MS 

(direct-injection) 
 LLE  [ 3 ,  4 ] 

 Cer  GC/EI-MS (OV-1)  LLE, derivatization, 
TLC 

 [ 5 ] 

 Cer  LC/ESI-MS/MS (XPER- 
CHROM 100 C 8 ) 

 LLE, SPE (silica gel)  [ 1 ] 

 Cer  LC/ESI-MS/MS (RP 8 )  LLE  [ 6 ] 
 Cer  LC/APCI-MS (ultrasphere 

C 18 ) 
 LLE, derivatization  [ 7 ] 

 Cer, S1P, dhS1P, Sph, 
dhSph 

 LC/ESI-MS/MS (Spectra 
C8SR) 

 LLE  [ 8 ,  9 ] 

 Cer, S1P, Sph  LC/ESI-MS/MS (LC-NH 2  or 
Discovery C18) 

 Hydrolysis, LLE  [ 10 ] 

 Cer, Sph, S1P. pSph  LC/ESI-MS/MS (HILIC 
silica) 

 LLE  [ 11 ,  12 ] 

 GSL  SFC/CI-MS 
(SB-cyanopropyl-50 and 
SB-phenyl-5) 

 Derivatization  [ 13 ] 

 GSL  FAB-MS  LLE  [ 14 ] 
 Sph  ESI-MS/MS  LLE (dried blood spots)  [ 15 ] 
 Sph, pSph  LC/ESI-MS/MS (Symmetry 

C 18 ) 
 Deproteinization  [ 16 ] 

 Sph, dhSph  LC/ESI-MS/MS 
(LiChrospher Si60) 

 LLE  [ 17 ] 

 Sph, dhSph  LC/ESI-MS/MS 
(LiChrospher Si60) 

 LLE  [ 18 ] 

 Sph, S1P  FAB-MS  LLE, SPE (C18), 
derivatization 

 [ 19 ] 

 Sph, S1P  LC/ESI-MS/MS (Develosil 
ODS HG-5) 

 LLE  [ 20 ] 

 Sph, S1P  LC/ESI-MS/MS (Hypersil- 
Keystone Beta Basic 
CYANO) 

 LLE  [ 21 ] 

 Sph, S1P  LC/ESI-MS/MS (Luna-RP)  Deproteinization  [ 22 ] 
 S1P  LC/ESI-MS/MS 

(Phenomenex Luna C5 or 
Phenomenex Luna C18-HC) 

 LLE  [ 23 ] 

 Sph, S1P, dhS1P  LC/ESI-MS/MS (Luna-RP)  Deproteinization  [ 24 ] 
 S1P, dhS1P  LC/ESI-MS/MS (Zorbax 

Eclipse XDB-C8) 
 LLE, acetylation  [ 25 ] 

 S1P, dhS1P  LC/ESI-MS/MS (Discovery 
C18) 

 LLE  [ 26 ] 

 S1P, dhS1P  ESI-MS/MS (direct 
infusion) 

 LLE  [ 27 ] 

(continued)
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    Chapter 27   
 Lipid Machinery Investigation Using MALDI 
Imaging Mass Spectrometry       

       Ikuko     Yao     ,     Gustavo     A.     Romero-Pérez     ,     Dan     Nicolaescu     , and     Mitsutoshi     Setou    

    Abstract     Lipids have essential roles in several biological processes, including nor-
mal cell functioning as well as in the onset of diseases. Renewed interest in lipid 
research has been largely fueled by emerging evidence linking the augmenting of 
corporal adipose tissue in humans with metabolic diseases and cancer. Imaging 
mass spectrometry techniques including matrix-assisted laser desorption/ionization 
time-of-fl ight mass spectrometry (MALDI-TOF MS) are analytical methods quite 
suitable for the investigation of compounds in biological samples, providing an 
enormous amount of information regarding their chemical composition and spatial 
distribution with no need for prior labeling. Particularly, MALDI-TOF imaging 
mass spectrometry (IMS) has evolved into a very versatile technique capable of 
analyzing, at molecular level, a wide range of compounds, including lipids. This 
review presents a survey of recent work conducted mainly in our laboratory on full 
protocol development for lipid analysis by MALDI-TOF IMS of biological sam-
ples, with emphasis on sample collection and preparation, matrix selection and 
deposition, and typical analysis condition settings.  
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27.1         Introduction 

 The functions of lipids in energy storage in the body have been well studied and 
documented [ 1 ]. Nevertheless, although there have been speculations and some evi-
dence about other functions that lipids may have in homeostatic processes and the 
onset of disease, until now it has been a greatly neglected area of research. Recently, 
scientists have shown renewed interest in lipid research largely fueled by mounting 
evidence linking an increase of corporal adipose tissue in humans with metabolic 
diseases [ 2 ] and cancer [ 3 ]. Indeed, new studies are evidencing that a wide range of 
lipids, including fatty acids, glycerophospholipids, and sphingolipids, are critical in 
a vast number of biological processes [ 4 ]. Several mass spectrometry (MS) tech-
niques have been developed for the characterization of biological samples, includ-
ing electrospray ionization (ESI) [ 5 ], secondary ion mass spectrometry (SIMS) [ 6 ], 
and matrix-assisted laser desorption/ionization time-of-fl ight mass spectrometry 
(MALDI-TOF MS) [ 7 ,  8 ]. Initially, MALDI-TOF MS was limited to the analysis of 
proteins, but since then it has steadily evolved into a very versatile technique capa-
ble of analyzing a wider range of compounds, including lipids. 

 Lipid analysis by MALDI-TOF MS is potentially a better alternative to more 
traditional techniques such as gas chromatography and high performance liquid 
chromatography. For example, it requires minimum sample preparation and has 
high tolerance to impurities, no cumbersome extractions are needed, and measure-
ments can be completed in a relatively short time. Several factors concur for this 
outcome, such as the high abundance of lipids in tissue, inherent ionization of many 
lipids forming the bilayer cell membrane, which allows positive or negative ions to 
be generated in great number upon laser pulse impact, and effi cient ion collection 
by modern mass spectrometers for ions having a molecular mass less than 1000 Da 
[ 9 ]. Nevertheless, as peak intensities of lipids can widely vary during MALDI-TOF 
MS analysis, certain identifi ed species may be overestimated, such as in the case of 
lipids with ammonia groups, while others are underestimated. Moreover, in the case 
of free fatty acids, signals of standard matrices often interfere with those of targeted 
fatty acids as they both occupy the same low mass range [ 10 ]. 

 To overcome the aforementioned diffi culties and to enhance the identifi cation 
and characterization of lipids, a number of protocols, including sample collection 
and preparation techniques as well as MALDI-TOF MS analysis methods, have 
been developed and used worldwide in the past few years to study a wide number of 
lipid species at molecular level. Specifi cally, our laboratory has made a great effort 
to develop new methods and modify existing techniques for the study of lipid spe-
cies in tissues showing indication of diseases, including cancer. In the following 
sections, we describe some of these achievements in the form of protocols that we 
have used for the investigation of the lipid machinery.  
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27.2     Tissue Collection 

 Biological material, especially tissues rich in lipids, is very susceptible to composi-
tional changes caused by rapid degradation of its constituents. Nonetheless, it has 
been found that very low temperature conditions during sample preparation and 
subsequent storage dramatically inhibit degradation [ 11 ]. In our premises, we have 
developed a number of cryopreservation methods to safely remove and sample tis-
sues while minimizing autolytic damage. In addition, focused microwave irradia-
tion has been hailed in recent years as a promising method for the stabilization of 
tissues for MALDI-TOF MS analysis [ 12 ]. Focused microwave irradiation inacti-
vates enzymes within 0.5–2.5 s [ 13 – 15 ], effectively stopping metabolism and fur-
ther tissue degradation. We have used focused microwave irradiation for the 
stabilization of brain tissues preceding analysis of glucose-derived metabolites by 
imaging MS [ 12 ], although our group has yet to use this irradiation technique to 
treat tissues before lipid analysis by MALDI-TOF MS. Nonetheless, Bazan and col-
leagues conducted a series of elegant experiments using focused microwave irradia-
tion to rapidly kill rats, which also inhibited postmortem compositional changes in 
the brain [ 15 – 19 ]. These workers successfully analyzed the content of fatty acids, 
phospholipids, and diacylglycerols in rat brain tissues, with no reported tissue or 
metabolite damage. 

 In the following section, we list the required materials and describe protocols 
developed by our group [ 20 – 22 ] that are recommended for sampling and handling 
brain tissues of experimental rodent models. 

27.2.1     Tissue Collection Protocols 

   Materials 

•   Anesthetic agents (pentobarbital, ketamine, etc.)  
•   Diethyl ether  
•   Surgical blades and scalpel  
•   Scissors  
•   Dry ice  
•   Liquid nitrogen  
•   Cryogenic protective gloves  
•   Wooden mallet  
•   Sturdy poly-mesh bags  
•   Sieves  
•   Polystyrene foam boxes   

27 Lipid Machinery Investigation Using MALDI Imaging Mass Spectrometry



374

  Postmortem Freezing 

   1.    Pulverize the dry ice with the mallet to produce a very fi ne powder. If large 
chunks still remain, use the sieve to retrieve them. Transfer the powdered dry ice 
to a polystyrene foam box. Keep the lid on until further use.   

   2.    To euthanize, deeply anesthesize the animal as required, and cut the head off. 
With the scissors, cut open the skin across the top of the head and toward the 
nasal region.   

   3.    Insert the tip of a small scissor blade straight into the foramen magnum, lift and 
cut the interparietal bone, and push the parietal bones to the sides, like a swing 
door.   

   4.    Without damaging the surface of the brain, insert the tip of the scissor blade 
underneath the frontal bones and force open the fi ssure in between them. Do the 
same with the nasal bones. Push all bones to the sides as it was done with the 
parietal bones.   

   5.    Scoop out the brain with a spatula. It should be removed from the base of the 
skull, either from the olfactory nerve side or the cerebellum side.   

   6.    With a gentle but quick motion, place the brain onto the powdered dry ice and 
cover completely with it. Let it fl ash-freeze for approximately 1 min. Remove 
the frozen brain and place it inside a precooled Ziploc plastic bag or 50-ml coni-
cal tube. Store the brain at −80 °C until further use.    

  In Situ Freezing 

   1.    In a well-ventilated room, fi ll a Dewar fl ask to the brim with liquid nitrogen.   
   2.    Deeply anesthetize the animal with diethyl ether and skin the head.   
   3.    To euthanize the animal and inhibit tissue degradation, dip the top of the head 

with care so that the nose is not immersed.   
   4.    Remove the brain and store it as described in Protocol 1.    

27.3        Tissue Sectioning 

 MALDI-TOF MS analysis can be carried out on a wide array of clinical samples, 
from heart, brain, and liver to skin, hair, and bone. During tissue sectioning it must 
be ensured that the original morphology of the tissue is retained while maintaining 
its chemical composition unchanged. For example, although embedding in Optimal 
Cutting Temperature (OCT) compound enables tissues to retain their morphology, 
this product shows a high ionization effi ciency that reduces the detection sensitivity 
of other molecules in biological samples, especially in the  m/z  range of 1000–2000 
[ 23 ]. Thus, OCT compound should only be used for anchoring the tissues to the 
object holder. A precooled semiliquid gel prepared with 2 % sodium carboxymeth-
ylcellulose [C 6 H 7 O 2 (OH) 2 OCH 2 COONa] is a good alternative embedding 
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compound that does not interfere with MS analysis [ 23 ]. Other embedding media 
may be used for embedding, including gelatine [ 24 ] and agarose [ 25 ]. 

 With regard to the thickness of sections, thin slices are very frail and diffi cult to 
handle [ 26 ]. Conversely, thick slices are not recommended because they take a 
 longer time to dry and behave as insulating material, which may adversely affect 
MS analysis. Thus, slices of 10–20 μm have been found to be optimal for handling 
and analyzing by MS [ 26 ]. Once tissues are sectioned, they should be mounted onto 
a surface with good electric conductivity. Metal plates are the best conductive mate-
rial for MALDI-TOF MS analysis, but the need to thoroughly clean these plates 
after analysis makes their use impractical for multiple measurements. Alternatively, 
there are commercially available plastic sheets and glass slides coated with an 
excellent conductive layer such as indium tin oxide (ITO) [ 23 ], which are also 
disposable.  

27.4     Selection of Compounds as Matrices for Lipid Analysis 

 Because lipids are relatively small molecular weight compounds, signals from the 
matrix should be suffi ciently small to avoid overlap with the target lipids [ 27 ]. The 
matrix 2,5-dihydroxybenzoic acid (DHB) has been widely used for the analysis of 
lipids, as it generally produces few matrix-related ions [ 28 ]. Goto-Inoue et al. suc-
cessfully employed DHB to visualize, by MALDI-TOF IMS, the distribution of 
ceramides in skin tissue samples from patients suffering from Dorfman–Chanarin 
syndrome [ 29 ]. Similarly, He et al. studied the distribution of phophatidylcholines 
in Warthin tumor tissues using DHB as matrix [ 30 ]. However, the use of traditional 
matrices such as DHB and α-cyano-4-hydroxycinnamic acid (CHCA) for the 
MALDI-TOF MS analysis of lipids such as cholesterol and fatty acids sometimes 
results in poor-quality data because an important overlapping occurs between lipid 
and matrix ion signals [ 31 ], especially in negative-ion mode [ 28 ]. The matrix 
9- aminoacridine (9AA) is a moderately strong basic compound that has been found 
to be a better alternative for the analysis of free fatty acids in negative-ion mode 
[ 32 ]. Matrix 9AA has also been found to produce better results than newer com-
pounds such as 2,4,6-trihydroxyacetophenone (THAP) [ 33 ]. In addition, although 
DHB has been used as matrix to detect lipid oxidation products such as peroxides 
and reactive oxygen species (occurring in tissues from patients with infl ammatory 
diseases), chlorinated phosphatidyl ethanolamine species are not easily detected if 
analyses are conducted by MALDI-TOF MS with DHB as matrix [ 31 ]. Nonetheless, 
if 4-chloro-α-cyanocinnamic acid (Cl-CCA), a chlorinated analogue of cinnamic 
acid, is used as matrix, these chloraminic species can be easily detected by MALDI- 
TOF MS [ 34 ]. 
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27.4.1     Alternative Compounds Used as Matrix 

 As imaging MS of lipids is rapidly gaining popularity among lipid scientists, the 
number of compounds of interest is also increasing. Thus, in addition to the afore-
mentioned matrices, research is actively being conducted to fi nd new matrices or to 
produce combinations of existing MALDI matrices that would improve perfor-
mance. For example, to enhance imaging, lithium salts can be added to the matrix 
solution [ 33 ], and fi xation of tissues before sectioning can be performed using for-
mal lithium [ 35 ]. If formal lithium solutions (0.154 M LiCl or LiNO 3  salt in forma-
lin) are sprayed on tissue sections, lipid detection is improved in terms of image 
contrast because simplifi ed mass spectra contained only peaks related to lithium- 
cationized molecules instead of a mixture of sodium- and potassium-cationized spe-
cies. In addition, an optimized protocol for rat brain MS imaging has been proposed 
using lithium trifl uoroacetate salt, which slightly increases desorption of phosphati-
dylcholines [ 33 ]. Furthermore, compatibility between formal lithium fi xation and 
histological staining proved to be useful for human liver tissue analysis [ 35 ]. In a 
comprehensive evaluation, Thomas et al. [ 36 ] tested 12 different matrices including 
DHB, CHCA, and 9AA as well as other new ones such as THAP and 
1,5- diaminonaphtalene (DAN). These workers concluded that DAN had a high vac-
uum stability and was particularly effi cient in both positive- and negative-ion modes, 
offering rich lipid signatures. 

27.4.1.1     Flavonoids 

 A new family of matrices for MALDI tissue imaging, represented by fl avonoid 
compounds, was recently developed [ 37 ]. The comparative study included fl avone 
and nine of its other mono- or polyhydroxyl-substituted analogues. The fl avonoids 
compounds were sprayed on tissue using a high pH (0.1–0.5 % ammonia hydrox-
ide) matrix solvent. The best results were obtained with quercetin and morin, which 
are penta-OH fl avones. Quercetin showed characteristics superior to DHB, CHCA, 
and 2-mercaptobenzothiazole (2-MBT), allowing simultaneous visualization of 
more than 200 lipid species in rat brain experiments.  

27.4.1.2     Ionic Matrices 

 Two common problems when using DHB as the sole compound in a matrix solution 
for MS imaging are (1) the production of nonhomogeneous, needle-shaped crystal-
lization, which appears on the outer rim of the deposited solution, and (2) delocal-
ization of tissue lipids by the solvent used to dissolve this matrix. Ionic matrices are 
organic salts used as matrices that are formed by an acid–base reaction, usually 
combining a conventional MALDI matrix with an organic base. Ionic matrices may 
be either liquid or solid, depending on the molar ratio of components and other 
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factors. Liquid ionic matrices based on 2,5-DHB in combination with aniline (ANI), 
pyridine (Pyr), and 3-acetylpyridine (3-AP) were investigated to overcome the 
drawbacks of crystalline 2,5-DHB [ 38 ]. An automatic micro-spotter (Chemical Ink- 
Jet Printer CHIP-1000; Shimadzu Biotech, Kyoto, Japan) was used for precise spot-
ting of freshly prepared matrices. Improved imaging of lipids was validated on 
human ovarian cancer biopsies. Liquid ionic matrices for  r -cyano-4-hydroxycin-
namic acid butylamine (CHCAB) and 2,5-dihydroxybenzoic acid butylamine 
(DHBB) were also validated against DHB for enhanced visualization of phospho-
lipids in mouse liver and brain tissue sections [ 39 ].  

27.4.1.3     Nanomaterials 

 MALDI matrix layers allow laser energy absorption and energy transfer to analyte 
molecules with minimal fragmentation, achieving otherwise unlikely MS measure-
ments. Nonetheless, matrix materials usually have small molecular weights, which 
hampers the detection of weak signals of chemical compounds in the small mass 
range. Protocols for MS analysis using compounds other than traditional matrices 
for enhanced sensitivity in the small mass range rely on nanostructured surfaces, the 
techniques being generally called surface-assisted laser desorption/ionization 
(SALDI) [ 40 ]. Different nanomaterials have been used as substrate for SALDI IMS 
lipid measurements, including porous silicon [ 41 ], graphene layers [ 42 – 45 ], 
nanodots [ 46 ], and nanometals [ 47 ]. 

 Recently, we developed a technique we termed nanoparticle (nano-P)ALDI-IMS 
using extremely small ( d  = 3.7 nm) nanoparticles for the analysis of lipids. Indeed, 
this technique employs ferrous nanoparticles as matrix to detect the lipid distribu-
tion in rat brain tissues [ 48 ]. In addition, we used alkylcarboxylate- and alkylamine- 
modifi ed silver nanoparticles for the lipid analysis of mouse retinal and liver sections 
to identify fatty acids such as palmitic, stearic, oleic, linoleic, arachidonic, and 
eicosapentaenoic acids, which were not detected with matrix DHB [ 49 ]. Similarly, 
mapping of the distribution and localization of glycosphingolipids in brain sections 
was possible using alkylamine-modifi ed gold nanoparticles as matrix [ 50 ]. In this 
analysis, detection of glycosphingolipids was 20 fold higher than by DHB.    

27.5     Matrix Deposition 

 As it is the step whereby cocrystallization of matrices with sample analytes takes 
place on the tissue surface, matrix application is generally considered the most criti-
cal procedure for MALDI-TOF MS analyses [ 51 ]. There are three major procedures 
to apply matrices onto samples, namely, manual spraying with an artist’s airbrush, 
(manual and automated) droplet deposition, and sublimation under reduced pres-
sure and elevated temperature [ 51 ]. The spraying method has been largely the pre-
ferred procedure for lipid analyses by MALDI-TOF MS in our laboratories [ 2 ,  29 , 
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 30 ,  50 ,  52 – 60 ]. Nonetheless, more recently sublimation methods for matrix deposi-
tion have also been applied by our group using an automated deposition device [ 61 ]. 
In the following sections, protocols for both methods are described, but readers are 
encouraged to search for information on alternative methods. 

27.5.1     Airbrush Spraying 

 An artist’s airbrush is generally used for matrix spraying. Two minimum features 
are required for the airbrush: (1) the operator should be able to adjust the droplet 
size and control the mist volume, and (2) the device should be resistant to organic 
solvents to avoid contamination of samples with residues derived from parts of the 
instrument [ 51 ]. In addition, the airbrush should be equipped with a 0.2-mm nozzle. 
In our laboratory, the preferred device is Proton Boy FWA Platinum (Mr. Hobby, 
Tokyo, Japan) for its simplicity and the ease of handling of its design. Representative 
parameters of spraying operation with an airbrush are shown in Fig.  27.1 . Important 
points to keep in mind to master the airbrush’s hand operation follow.

     1.    Minimize droplet size during spraying.   
   2.    Maintain invariable the distance and angle between the nozzle and the sample 

surface.   
   3.    Move the airbrush horizontally in a gradual and smooth manner.   

  Fig. 27.1    Representative parameters of the spraying operation with an air-brush that must be 
maintained between trials for reproducible imaging mass spectrometry (IMS) experiment results 
(Reproduced from Sugiura et al. [ 51 ])       
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   4.    Maintain equilibrium between tissue moistening and solvent evaporation rates.   
   5.    Minimize fl uctuation of droplet size, amount of mist, and surrounding tempera-

ture and humidity.    

  Protocol 

   1.    Pour 1 ml matrix-free solvent into the paint cup. Test and optimize droplet size, 
amount of mist, angle, and distance. When done, eject all solvent residues.   

   2.    Cover the ITO glass slide surface with moisture-resistant material (e.g., tape, 
aluminium foil), except the area where tissues are mounted.   

   3.    Firmly place the ITO glass slide onto a perpendicular board.   
   4.    Pour the desired volume of matrix solution into the paint cup and start spraying 

on the tissue.   
   5.    Remove the cover from the ITO glass slide and dry at room temperature (RT), or 

place it in an airtight container with silica beads. Soon afterward, analyze by 
IMS.    

27.5.1.1      Preparation and Spray Deposition of 2,5-Dihydroxybenzoic Acid 
as Matrix 

 A typical protocol of matrix DHB preparation and deposition by spraying [ 62 ] is 
found next.

  Materials 

•   2,5-Dihydroxybenzoic acid (DHB)  
•   MeOH   

  Protocol 

   1.    Dissolve 50 mg DHB in 1 ml 70 % MeOH   
   2.    Pour 0.5–1.0 ml of DHB matrix solution into the paint cup of an artist’s airbrush 

and spray onto the sample.   
   3.    Place the sample in a cooling dryer.    

27.5.1.2       Preparation and Spray Deposition of Ferrous Nanoparticles 
as Matrix 

 The material and protocol for the production and spraying deposition of ferrous 
nanoparticle matrix on samples [ 48 ] is described next.

  General Materials 

•   Alkylcarboxylic acids  
•   Alkylamines  
•   γ-Aminopropyltriethoxysilane  
•   NaOH  
•   MeOH  
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•   Sodium acetate (CH 3 COONa)  
•   Acetone  
•   Tetrahydrate iron chloride (FeCl 2 4H 2 O)  
•   Silver nitrate (AgNO 3 )  
•   Chloro (dimethyl sulfi de) gold [AuCl(SMe 2 )]   

  Protocol 

   1.    Mix an aqueous solution of 100 mM FeCl 2 •4H 2 O with 20 ml 
γ-aminopropyltriethoxysilane and stir for 1 h.   

   2.    Wash the precipitates several times with distilled water, dry at 80 °C, and pulver-
ize in a mortar.   

   3.    Disperse and centrifuge 10 mg ferrous nanoparticles in 1 ml 10 mM methanolic 
solution of sodium. Retrieve the supernatant fl uid.   

   4.    Thaw-mount the tissue section onto an ITO-coated glass slide. Spray the super-
natant fl uid. If spraying is carried out with an artist’s airbrush, ensure mainte-
nance of a 15-cm distance between the nozzle and the tissue surface. Let dry at 
RT.    

27.5.1.3       Preparation and Spray Deposition of Silver Nanoparticles 
as Matrix 

 The protocol for the production and spraying deposition of silver nanoparticle as 
matrix onto samples [ 49 ,  63 ] is described next. Please note that some materials are 
the same as in the previous section.

  Protocol 

   1.    Add an aqueous solution of NaOH (0.150 M) to a 0.150 M suspension of the 
required alkylcarboxylic acid in 1.0 l hot water.   

   2.    To the resulting solution, add an aqueous solution of AgNO 3  (0.165 M) to obtain 
a white precipitate (silver alkylcarboxylate).   

   3.    Collect and dry under reduced pressure at 60 °C to produce alkylcarboxylates.   
   4.    Place the silver alkylcarboxylate (1.0 mM) and an equal amount of alkylamines 

(1.0 mM) into a three-necked fl ask. Heat the compounds for 5 h to 120 or 180 °C 
to cause the reaction mixture to pass from liquid to a brown dispersion with a 
metallic luster.   

   5.    Cool the mixture to 80 °C and add MeOH. Collect the precipates (silver nanopar-
ticles) by fi ltration, wash with MeOH, and dry under vacuum.   

   6.    Thaw-mount the tissue section onto an ITO-coated glass slide. Spray 500 μl sil-
ver nanoparticle solution (50 mg/ml in 100 % hexane). If spraying with an art-
ist’s airbrush, ensure 15-cm distance between nozzle and tissue surface. Let dry 
at RT.    
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27.5.1.4       Preparation and Spray Deposition of Gold Nanoparticles 
as Matrix 

 The protocol for the production and spraying deposition of gold nanoparticles as 
matrix onto samples [ 50 ,  64 ] is described next. Please note that some materials are 
the same as in the previous section.

  Protocol 

   1.    Place AuCl(SMe 2 ) (295 mg, 1.0 mM) and the alkylamine (10.0 mM) in a 10-ml 
fl ask accessorized with a magnetic stirrer. Depending on the alkylamine, gradu-
ally heat the mixture to 100 or 120 °C. Maintain required temperature for 1 h. 
Afterward, let solution cool to RT.   

   2.    Add acetone (5 ml) and MeOH (1 ml).   
   3.    Centrifuge at 2000 rpm for 5 min. Decant the solvents; collect and dry the gold 

nanoparticles under vacuum.   
   4.    Thaw-mount the tissue section onto an ITO-coated glass slide. Spray 1000 μl of 

gold nanoparticle solution (50 mg/ml in 100 % hexane). If spraying with artist’s 
airbrush, ensure 15-cm distance between nozzle and tissue surface. Let dry at 
RT.    

27.5.2        Sublimation 

 Matrix deposition through sublimation was fi rst proposed by Hankin et al. and 
subseuqently has been extensively used [ 65 ]. The sublimation process, that is, the 
transfer of matrix molecules from solid to gas phase, is a process that depends on 
temperature and vacuum conditions. High purity of the matrix material is desirable 
for avoiding unknown and unreproducible interactions and ion suppression effects 
(described later) with the analytes of the biological sample. The layer quality, that 
is, the size of the crystals and thickness uniformity that is suitable for MALDI 
measurements, depends on several factors. For example, a deposition time that is 
too short may produce unwanted sputtering of matrix grains. In contrast, deposi-
tions at slower speed produce a sublimated layer with small-sized crystals that are 
uniformly distributed. Nonetheless, uniformity of the layer thickness across the 
sample is also affected by geometric factors such as the distance between the cru-
cible and the substrate and the crucible lid aperture (i.e., its shape and size). 
Therefore, ideally the larger the distance between the source and the substrate, and 
the aperture size of the crucible lid, the better the uniformity of the deposited layer. 
In reality, however, these settings also cause the sublimated matrix to spread more 
in space, and thus an optimal layer thickness for a given matrix quantity in the cru-
cible may be diffi cult to achieve. 
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27.5.2.1     Intelligent Matrix Layer 

 A prototype vacuum vapor deposition device (RK27-4069) was fi rst developed by 
Shimadzu (Kyoto, Japan) and used in our laboratory for analysis of lipid distribu-
tion in breast cancer tissues [ 3 ]. This equipment was further improved, and a com-
mercial automatic device named intelligent Matrix Layer (iMLayer) was produced 
[ 61 ] (Fig.  27.2 ). A brief description of iMLayer operation is as follows. iMLayer 
works by passing a high electric current through a crucible or “boat” that is made 
from a refractory metal sheet, such as tungsten or molybdenum. As a result, the 
crucible temperature increases by the Joule effect. The temperature is read by a 
thermocouple attached to the bottom of the crucible. Information about the vacuum 
conditions (pressure) is also available to the automatic control system. The deposi-
tion system contains a laser light source and a detector that can measure the thick-
ness of the deposited layer using changes in light transmission intensity. The 
temperature and the type of material are system settings that are required for mea-
suring the layer thickness using built-in calibration curves. The maximal deposition 
time is also selectable.

   The following protocol applies to iMLayer, although the steps may also have 
relevance for other situations.

  Materials 

•   iMLayer  
•   Precision weighing scale  
•   High-purity matrix material for deposition using sublimation  
•   Mortar and pestle  

  Fig. 27.2    Picture of iMLayer (Shimadzu, Kyoto, Japan), which is a desktop-size device used for 
automatic matrix deposition using sublimation. The vacuum chamber includes the crucible and the 
substrate with holders, as well as a laser light source and a detector for measuring the matrix layer 
thickness using transmission light signal change and an internal calibration curve. The vacuum 
pump and the controlling unit are separate devices and thus not shown in the picture (Photograph 
courtesy of Keigo Sano)       
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•   Microspatula  
•   Laboratory sieves for sorting the matrix material by grain size (optional)   

  Protocol 

   1.    Prepare the matrix material by grinding it manually using a mortar and a 
pestle.   

   2.    Select the matrix grain size using a sieve with a predetermined hole size 
(optional). Only grains smaller than the hole size shall be used for sublimation 
(i.e., the distribution in grain size has an upper limit).   

   3.    Weigh the amount of matrix powder for deposition.   
   4.    Place the matrix powder in the crucible.   
   5.    Gently hit the crucible several times with a microspatula to let the powder rear-

range itself at the surface and in volume.   
   6.    Select the lid (cover) for the crucible. The lid may have a round hole or a slit 

aperture.   
   7.    Place the lid over the crucible, or alternatively, maintain the crucible 

uncovered.   
   8.    Set the desired distance between crucible and substrate.   
   9.    Place the crucible in the special holder electrode.   
   10.    Place the slide with the biological samples in the special slide holder of 

iMLayer.   
   11.    Close the device door and set the conditions for temperature and maximal 

deposition time, depending on the matrix material used.   
   12.    Start the sublimation.   
   13.    After the matrix sublimation is completed, immediately analyze by MALDI- 

TOF IMS.    

  Typical iMLayer conditions for the sublimation of 9-AA matrix

•    Matrix grinding time: approximately 5 min  
•   Matrix weight for one sublimation: 500 mg  
•   Temperature: 230 °C  
•   Distance from crucible to substrate: 5–10 cm (better layer uniformity is achieved 

when the distance between the crucible and the slide is larger)  
•   Maximum deposition time: 90 min  
•   Expected results: 1-μm matrix layer thickness (for MALDI IMS analysis of bio-

logical tissue)       

27.6     Matrix-Assisted Laser Desorption/Ionization Time-of- 
Flight Imaging Mass Spectrometry 

 Technologically, lipid analysis by MALDI-TOF MS offers several advantages when 
compared with other analytical approaches. Perhaps the most critical advantage is 
that both matrices and lipid are readily soluble in organic solvents, eliminating the 
need for water addition [ 66 ]. This dual solubility increases the homogeneous 
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crystallization of the matrix–sample complex, and thus measurements are enhanced 
and good-quality spectra obtained [ 66 ]. Summarized sets of MALDI-TOF MS 
operating conditions as published by our laboratory for the analysis and identifi ca-
tion of phospholipids ([ 55 ], Sect.  27.6.1 ), fatty acids ([ 49 ], Sect.  27.6.2 ), ceramides 
([ 29 ], Sect.  27.6.3 ), triacylglycerides ([ 67 ], Sect.  27.6.4 ), and sulfatides ([ 60 ], Sect. 
 27.6.5 ) are shown next. 

27.6.1      Phospholipids in Rat Brain Tissues 

•     Device: MALDI-TOF/TOF-type MS (Mass Microscope; Shimadzu)  
•   Ion mode: positive or negative  
•   Laser frequency: 1000-Hz repetition rate  
•   Laser shots: 200 at each spot  
•   Data point interval: 10 μm     

27.6.2      Fatty Acids in Mouse Hepatic and Retinal Tissues 

•     Device: MALDI-TOF/TOF-type MS (ultrafl ex II; Bruker Daltonics)  
•   Ion mode: negative  
•   Laser frequency: 200-Hz repetition rate  
•   Laser shots: 200 at each spot  
•   Scan pitch: 100 μm (liver) and 10 μm (retina)     

27.6.3      Ceramides in Dorfman–Chanarin Syndrome Patient 
Skin Tissues 

•     Device: MALDI-hybrid quadrupole TOF-type MS (QSTAR Elite; Applied 
Biosystems)  

•   Ion mode: positive  
•   Laser frequency: 200-Hz repetition rate     

27.6.4      Triacylglycerides in Banana Shrimp ( Penaeus 
merguiensis ) Ovary Tissues 

•     Device: MALDI-TOF/TOF-type MS (ultrafl ex II; Bruker Daltonics)  
•   Ion mode: positive  
•   Laser frequency: 200-Hz repetition rate  
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•   Laser shots: 200 at each spot  
•   Raster width: 35 μm per laser spot     

27.6.5      Sulfatides in Human Brain Tissues 

•     Device: MALDI-TOF/TOF-type MS (ultrafl ex II, Bruker Daltonics)  
•   Ion mode: negative  
•   Raster scan: automatic  
•   Laser shots: 100 at each spot      

27.7     Thin-Layer Chromatography-Blot-Matrix-Assisted 
Laser Desorption/Ionization Imaging Mass 
Spectrometry 

 Thin-layer chromatography-blot-matrix-assisted laser desorption/ionization imag-
ing mass spectrometry (TLC-blot-MALDI-TOF MS) is a promising technique 
developed by our research group that combines existing lipid analytical methods, 
namely, thin layer and IMS. This method achieves precise separation of complex 
lipids into individual constituents that largely avoids preferential detection of cer-
tain lipid classes over others, a phenomenon known as ion suppression effect [ 68 , 
 69 ]. TLC-blot-MALDI-TOF IMS has been successfully used in our laboratory to 
visualize and identify lipid classes such as glycosphingolipids and phospholipids 
from various types of tissue including mouse epididymis, human brain, and bluefi n 
tuna fl esh [ 68 ,  70 – 73 ]. A fl owchart of the TLC-blot-MALDI-TOF IMS (Fig.  27.3 ) 
shows a schematic of the typical procedure for analysis of human brain tissues, as 
described next.

   TLC Analyses 

   1.    Homogenize the tissue sample (~0.1 g) with a 20-fold volume of chloroform: 
methanol (2:1, v/v). Sonicate for 5 min.   

   2.    Extract the lipids and store at 4 °C.   
   3.    Apply the samples and the corresponding lipid standards onto a silica gel 60 

HPTLC plate.   
   4.    Develop the plate to 6 cm with a solvent mixture of chloroform:methanol:0.2 % 

CaCl 2  (60:40: 9, v/v).   
   5.    After air-drying, further develop the plate to 8 cm with a solvent mixture of 

methyl acetate:propanol:chloroform:methanol:0.25 % KCl (25:25:25:10:9, v/v).   
   6.    To visualize the lipids, spray the plates with primuline reagent (1 ml 0.1 % 

primuline aqueous solution in 100 ml in acetone:water; 80:20, v/v). Air dry thor-
oughly. Place the HPTLC plate under UV light at 315 nm.    
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  TLC-Blot 

   1.    Dip the HPTLC plate into a blotting solvent (isopropanol:0.2 % CaCl 2 :methanol; 
40:20:7, v/v). Remove immediately.   

   2.    Mount the plate with the PVDF membrane, the Tefl on membrane, and glass fi ber 
fi lter paper.   

   3.    Press this assembly for 30 s at 180 °C by a thermal blotter. Remove the PVDF 
membrane and air dry.   

   4.    Analyze the PVDF membrane with the lipids attached on the reverse side by 
MALDI-QIT-TOF MS.    

  MALDI-QIT-TOF MS 

•   Device: MALDI-QIT-TOF MS (AXIMA-QIT MS; Shimadzu)  
•   Ion mode: positive  
•   Raster scan: automatic  
•   Laser shots: 5 at each spot  
•   Data point interval: 100 μm     

  Fig. 27.3    Scheme of our approach for glyco- and lipidomics analyses by TLC-Blot-MALDI-QIT-
TOF MS (Reproduced from © 2011 Valdes-Gonzalez T, Goto-Inoue N, Hirano W, Ishiyama H, 
Hayasaka T, Setou M, Taki T.  Journal of Neurochemistry  © 2011 International Society for 
Neurochemistry)       
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27.8     Conclusion 

 Recent research has been increasingly unveiling the importance of lipids in various 
biological processes and the onset of metabolic and degenerative diseases. Upon its 
introduction in the late 1980s as a relatively limited tool for the analysis of proteins, 
MALDI-TOF MS has become a very versatile technique capable of analyzing a 
much wider range of compounds including lipids. Several characteristics including 
a low mass range similar to those of matrices commonly used for coating samples, 
as well as a preferential identifi cation of certain lipid classes over others, make lipid 
analysis by MALDI-TOF MS still a diffi cult analytical technique to master. 
Nonetheless, rapid, breathtaking developments in imaging MS technology are sig-
naling that a breakthrough in subcellular research of the lipid machinery is about to 
occur. Thus, we foresee that future work using MALDI-TOF MS as the preferred 
tool will be able to further elucidate the importance of individual lipid species and 
precisely connect their functions with biological events taking place in tissues, as 
well to provide information on new markers for more accurate clinical diagnosis.     

   References 

    1.   Rosen ED, Spiegelman BM (2006) Adipocytes as regulators of energy balance and glucose 
homeostasis. Nature 444(7121):847–853. doi:  10.1038/nature05483      

     2.    Goto-Inoue N, Manabe Y, Miyatake S, Ogino S, Morishita A, Hayasaka T, Masaki N, Setou M, 
Fujii N (2012) Visualization of dynamic change in contraction-induced lipid composition in 
mouse skeletal muscle by matrix-assisted laser desorption/ionization imaging mass spectrom-
etry. Anal Bioanal Chem 403(7):1863–1871. doi:  10.1007/s00216-012-5809-x      

     3.    Ide Y, Waki M, Hayasaka T, Nishio T, Morita Y, Tanaka H, Sasaki T, Koizumi K, Matsunuma 
R, Hosokawa Y, Ogura H, Shiiya N, Setou M (2013) Human breast cancer tissues contain 
abundant phosphatidylcholine (36:1) with high stearoyl-CoA desaturase-1 expression. PLoS 
One 8(4):e61204. doi:  10.1371/journal.pone.0061204      

    4.   Goto-Inoue N, Hayasaka T, Zaima N, Setou M (2011) Imaging mass spectrometry for lipido-
mics. Biochim Biophys Acta 1811(11):961–969. doi:  10.1016/j.bbalip.2011.03.004      

    5.    Fenn J, Mann M, Meng C, Wong S, Whitehouse C (1989) Electrospray ionization for mass 
spectrometry of large biomolecules. Science 246(4926):64–71. doi:  10.1126/science.2675315      

    6.   Heeren RMA, McDonnell LA, Amstalden E, Luxembourg SL, Altelaar AFM, Piersma SR 
(2006) Why don’t biologists use SIMS? A critical evaluation of imaging MS. Appl Surf Sci 
252(19):6827–6835. doi:  10.1016/j.apsusc.2006.02.134      

    7.    Karas M, Hillenkamp F (1988) Laser desorption ionization of proteins with molecular masses 
exceeding 10,000 daltons. Anal Chem 60(20):2299–2301. doi:  10.1021/ac00171a028      

    8.    Tanaka K, Waki H, Ido Y, Akita S, Yoshida Y, Yoshida T, Matsuo T (1988) Protein and polymer 
analyses up to  m/z  100 000 by laser ionization time-of-fl ight mass spectrometry. Rapid 
Commun Mass Spectrom 2(8):151–153. doi:  10.1002/rcm.1290020802      

    9.    Berry KAZ, Hankin JA, Barkley RM, Spraggins JM, Caprioli RM, Murphy RC (2011) MALDI 
imaging of lipid biochemistry in tissues by mass spectrometry. Chem Rev 111(10):6491–6512. 
doi:  10.1021/cr200280p      

    10.   Fuchs B, Süß R, Schiller J (2010) An update of MALDI-TOF mass spectrometry in lipid 
research. Prog Lipid Res 49(4):450–475. doi:  10.1016/j.plipres.2010.07.001      

27 Lipid Machinery Investigation Using MALDI Imaging Mass Spectrometry

http://dx.doi.org/10.1038/nature05483
http://dx.doi.org/10.1007/s00216-012-5809-x
http://dx.doi.org/10.1371/journal.pone.0061204
http://dx.doi.org/10.1016/j.bbalip.2011.03.004
http://dx.doi.org/10.1126/science.2675315
http://dx.doi.org/10.1016/j.apsusc.2006.02.134
http://dx.doi.org/10.1021/ac00171a028
http://dx.doi.org/10.1002/rcm.1290020802
http://dx.doi.org/10.1021/cr200280p
http://dx.doi.org/10.1016/j.plipres.2010.07.001


388

    11.    Patterson NH, Thomas A, Chaurand P (2014) Monitoring time-dependent degradation of phos-
pholipids in sectioned tissues by MALDI imaging mass spectrometry. J Mass Spectrom 
49(7):622–627. doi:  10.1002/jms.3382      

     12.    Sugiura Y, Honda K, Kajimura M, Suematsu M (2014) Visualization and quantifi cation of 
cerebral metabolic fl uxes of glucose in awake mice. Proteomics 14(7-8):829–838. doi:  10.1002/
pmic.201300047      

    13.    Galli C, Spagnuolo C (1976) The release of brain free fatty acids during ischaemia in essential 
fatty acid-defi cient rats. J Neurochem 26(2):401–404. doi:  10.1111/j.1471-4159.1976.
tb04493.x      

   14.   Guidotti A, Cheney DL, Trabucchi M, Doteuchi M, Wang C, Hawkins RA (1974) Focussed 
microwave radiation: a technique to minimize post mortem changes of cyclic nucleotides, 
dopa and choline and to preserve brain morphology. Neuropharmacology 13(12):1115–1122. 
doi:  10.1016/0028-3908(74)90061-6      

     15.    Visioli F, Rodriguez de Turco EB, Kreisman NR, Bazan NG (1994) Membrane lipid degrada-
tion is related to interictal cortical activity in a series of seizures. Metab Brain Dis 9(2):161–
170. doi:  10.1007/BF01999769      

   16.    Birkle DL, Bazan NG (1988) Cerebral perfusion of metabolic inactivators: a new method for 
rapid fi xation of labile lipid pools in brain. Neurochem Res 13(9):849–852. doi:  10.1007/
BF00970752      

   17.    Birkle DL, Kurian P, Braquet P, Bazan NG (1988) Platelet-activating factor antagonist 
BN52021 decreases accumulation of free polyunsaturated fatty acid in mouse brain during 
ischemia and electroconvulsive shock. J Neurochem 51(6):1900–1905. 
doi:  10.1111/j.1471-4159.1988.tb01175.x      

   18.    Reddy TS, Bazan NG (1987) Arachidonic acid, stearic acid, and diacylglycerol accumulation 
correlates with the loss of phosphatidylinositol 4,5-bisphosphate in cerebrum 2 seconds after 
electroconvulsive shock: complete reversion of changes 5 minutes after stimulation. J Neurosci 
Res 18(3):449–455. doi:  10.1002/jnr.490180311      

    19.   Van Rooijen LAA, Vadnal R, Dobard P, Bazan NG (1986) Enhanced inositide turnover in brain 
during bicuculline-induced status epilepticus. Biochem Biophys Res Commun 136(2):827–
834. doi:  10.1016/0006-291X(86)90515-2      

    20.   Hattori K, Kajimura M, Hishiki T, Nakanishi T, Kubo A, Nagahata Y, Ohmura M, Yachie- 
Kinoshita A, Matsuura T, Morikawa T, Nakamura T, Setou M, Suematsu M (2010) Paradoxical 
ATP elevation in ischemic penumbra revealed by quantitative imaging mass spectrometry. 
Antioxid Redox Signal 13(8):1157–1167. doi:  10.1089/ars.2010.3290      

   21.    Sugiura Y, Zaima N, Setou M, Ito S, Yao I (2012) Visualization of acetylcholine distribution 
in central nervous system tissue sections by tandem imaging mass spectrometry. Anal Bioanal 
Chem 403(7):1851–1861. doi:  10.1007/s00216-012-5988-5      

    22.    Yao I, Setou M (2010) Animal care and tissue sample extraction for IMS. In: Setou M (ed) 
Imaging mass spectrometry. Protocols for mass microscopy. Springer, Tokyo, pp 33–39  

      23.    Sugiura Y, Setou M (2010) Preparing biological tissue sections for imaging mass spectrometry. 
In: Setou M (ed) Imaging mass spectrometry. Protocol for mass microscopy. Springer, Tokyo, 
pp 41–54  

    24.    Altelaar AFM, van Minnen J, Jiménez CR, Heeren RMA, Piersma SR (2004) Direct molecular 
imaging of  Lymnaea stagnalis  nervous tissue at subcellular spatial resolution by mass spec-
trometry. Anal Chem 77(3):735–741. doi:  10.1021/ac048329g      

    25.   Kruse R, Sweedler JV (2003) Spatial profi ling invertebrate ganglia using MALDI MS. J Am 
Soc Mass Spectrom 14(7):752–759. doi:  10.1016/S1044-0305(03)00288-5      

     26.    Walch A, Rauser S, Deininger S-O, Höfl er H (2008) MALDI imaging mass spectrometry for 
direct tissue analysis: a new frontier for molecular histology. Histochem Cell Biol 130(3):421–
434. doi:  10.1007/s00418-008-0469-9      

    27.    Schiller J, Süß R, Fuchs B, Müller M, Petković M, Zschörnig O, Waschipky H (2007) The 
suitability of different DHB isomers as matrices for the MALDI-TOF MS analysis of 
 phospholipids: which isomer for what purpose? Eur Biophys J 36(4-5):517–527. doi:  10.1007/
s00249-006-0090-6      

I. Yao et al.

http://dx.doi.org/10.1002/jms.3382
http://dx.doi.org/10.1002/pmic.201300047
http://dx.doi.org/10.1002/pmic.201300047
http://dx.doi.org/10.1111/j.1471-4159.1976.tb04493.x
http://dx.doi.org/10.1111/j.1471-4159.1976.tb04493.x
http://dx.doi.org/10.1016/0028-3908(74)90061-6
http://dx.doi.org/10.1007/BF01999769
http://dx.doi.org/10.1007/BF00970752
http://dx.doi.org/10.1007/BF00970752
http://dx.doi.org/10.1111/j.1471-4159.1988.tb01175.x
http://dx.doi.org/10.1002/jnr.490180311
http://dx.doi.org/10.1016/0006-291X(86)90515-2
http://dx.doi.org/10.1089/ars.2010.3290
http://dx.doi.org/10.1007/s00216-012-5988-5
http://dx.doi.org/10.1021/ac048329g
http://dx.doi.org/10.1016/S1044-0305(03)00288-5
http://dx.doi.org/10.1007/s00418-008-0469-9
http://dx.doi.org/10.1007/s00249-006-0090-6
http://dx.doi.org/10.1007/s00249-006-0090-6


389

     28.   Calvano CD, Monopoli A, Ditaranto N, Palmisano F (2013) 1,8-Bis(dimethylamino)
naphthalene/9-aminoacridine: a new binary matrix for lipid fi ngerprinting of intact bacteria by 
matrix assisted laser desorption ionization mass spectrometry. Anal Chim Acta 798(0):56–63. 
doi:  10.1016/j.aca.2013.08.050      

      29.    Goto-Inoue N, Hayasaka T, Zaima N, Nakajima K, Holleran WM, Sano S, Uchida Y, Setou M 
(2012) Imaging mass spectrometry visualizes ceramides and the pathogenesis of Dorfman- 
Chanarin Syndrome due to ceramide metabolic abnormality in the skin. PLoS One 
7(11):e49519. doi:  10.1371/journal.pone.0049519      

     30.   He Q, Takizawa Y, Hayasaka T, Masaki N, Kusama Y, Su J, Mineta H, Setou M (2014) 
Increased phosphatidylcholine (16:0/16:0) in the folliculus lymphaticus of Warthin tumor. 
Anal Bioanal Chem 406(24): 5815–5825 doi:  10.1007/s00216-014-7890-9    . Erratum in Anal 
Bioanal Chem 406(28):7409-7410. doi:  10.1007/s00216-014-8113-0      

     31.    Fuchs B, Schiller J (2009) Recent developments of useful MALDI matrices for the mass spec-
trometric characterization of apolar compounds. Curr Org Chem 13(16):1664–1681. 
doi:  10.2174/138527209789578108      

    32.    Vermillion-Salsbury RL, Hercules DM (2002) 9-Aminoacridine as a matrix for negative mode 
matrix-assisted laser desorption/ionization. Rapid Commun Mass Spectrom 16(16):1575–
1581. doi:  10.1002/rcm.750      

      33.    Cerruti CD, Touboul D, Guérineau V, Petit VW, Laprévote O, Brunelle A (2011) MALDI 
imaging mass spectrometry of lipids by adding lithium salts to the matrix solution. Anal 
Bioanal Chem 401(1):75–87. doi:  10.1007/s00216-011-4814-9      

    34.    Jaskolla T, Karas M, Roth U, Steinert K, Menzel C, Reihs K (2009) Comparison between 
vacuum sublimed matrices and conventional dried droplet preparation in MALDI-TOF mass 
spectrometry. J Am Soc Mass Spectrom 20(6):1104–1114. doi:  10.1016/j.jasms.2009.02.010      

     35.    Griffi ths RL, Sarsby J, Guggenheim EJ, Race AM, Steven RT, Fear J, Lalor PF, Bunch J (2013) 
Formal lithium fi xation improves direct analysis of lipids in tissue by mass spectrometry. Anal 
Chem 85(15):7146–7153. doi:  10.1021/ac400737z      

    36.    Thomas A, Charbonneau JL, Fournaise E, Chaurand P (2012) Sublimation of new matrix can-
didates for high spatial resolution imaging mass spectrometry of lipids: enhanced information 
in both positive and negative polarities after 1,5-diaminonapthalene deposition. Anal Chem 
84(4):2048–2054. doi:  10.1021/ac2033547      

    37.    Wang X, Han J, Chou A, Yang J, Pan J, Borchers CH (2013) Hydroxyfl avones as a new family 
of matrices for MALDI tissue imaging. Anal Chem 85(15):7566–7573. doi:  10.1021/ac401595a      

    38.   Meriaux C, Franck J, Wisztorski M, Salzet M, Fournier I (2010) Liquid ionic matrixes for 
MALDI mass spectrometry imaging of lipids. J Proteomics 73(6):1204–1218. doi:  10.1016/j.
jprot.2010.02.010      

    39.   Shrivas K, Hayasaka T, Goto-Inoue N, Sugiura Y, Zaima N, Setou M (2010) Ionic matrix for 
enhanced MALDI imaging mass spectrometry for identifi cation of phospholipids in mouse 
liver and cerebellum tissue sections. Anal Chem 82(21):8800–8806. doi:  10.1021/ac102422b      

    40.    Silina YE, Volmer DA (2013) Nanostructured solid substrates for effi cient laser desorption/
ionization mass spectrometry (LDI-MS) of low molecular weight compounds. Analyst 
138(23):7053–7065. doi:  10.1039/C3AN01120H      

    41.    Ronci M, Rudd D, Guinan T, Benkendorff K, Voelcker NH (2012) Mass spectrometry imaging 
on porous silicon: investigating the distribution of bioactives in marine mollusc tissues. Anal 
Chem 84(21):8996–9001. doi:  10.1021/ac3027433      

    42.    Kim Y-K, Na H-K, Kwack S-J, Ryoo S-R, Lee Y, Hong S, Hong S, Jeong Y, Min D-H (2011) 
Synergistic effect of graphene oxide/MWCNT fi lms in laser desorption/ionization mass spec-
trometry of small molecules and tissue imaging. ACS Nano 5(6):4550–4561. doi:  10.1021/
nn200245v      

   43.    Kong X, Huang Y (2014) Applications of graphene in mass spectrometry. J Nanosci 
Nanotechnol 14(7):4719–4732. doi:  10.1166/jnn.2014.9503      

   44.    Lu M, Lai Y, Chen G, Cai Z (2011) Matrix interference-free method for the analysis of small 
molecules by using negative ion laser desorption/ionization on graphene fl akes. Anal Chem 
83(8):3161–3169. doi:  10.1021/ac2002559      

27 Lipid Machinery Investigation Using MALDI Imaging Mass Spectrometry

http://dx.doi.org/10.1016/j.aca.2013.08.050
http://dx.doi.org/10.1371/journal.pone.0049519
http://dx.doi.org/10.1007/s00216-014-7890-9
http://dx.doi.org/10.1007/s00216-014-8113-0
http://dx.doi.org/10.2174/138527209789578108
http://dx.doi.org/10.1002/rcm.750
http://dx.doi.org/10.1007/s00216-011-4814-9
http://dx.doi.org/10.1016/j.jasms.2009.02.010
http://dx.doi.org/10.1021/ac400737z
http://dx.doi.org/10.1021/ac2033547
http://dx.doi.org/10.1021/ac401595a
http://dx.doi.org/10.1016/j.jprot.2010.02.010
http://dx.doi.org/10.1016/j.jprot.2010.02.010
http://dx.doi.org/10.1021/ac102422b
http://dx.doi.org/10.1039/C3AN01120H
http://dx.doi.org/10.1021/ac3027433
http://dx.doi.org/10.1021/nn200245v
http://dx.doi.org/10.1021/nn200245v
http://dx.doi.org/10.1166/jnn.2014.9503
http://dx.doi.org/10.1021/ac2002559


390

    45.   Qian K, Zhou L, Liu J, Yang J, Xu H, Yu M, Nouwens A, Zou J, Monteiro MJ, Yu C (2013) 
Laser engineered graphene paper for mass spectrometry imaging. Sci Rep 3:1415. doi:  10.1038/
srep01415      

    46.    Chen W-Y, Chen L-Y, Ou C-M, Huang C-C, Wei S-C, Chang H-T (2013) Synthesis of fl uores-
cent gold nanodot–liposome hybrids for detection of phospholipase C and its inhibitor. Anal 
Chem 85(18):8834–8840. doi:  10.1021/ac402043t      

    47.    Arakawa R, Kawasaki H (2010) Functionalized nanoparticles and nanostructured surfaces for 
surface-assisted laser desorption/ionization mass spectrometry. Anal Sci 26(12):1229–1240. 
doi:  10.2116/analsci.26.1229      

     48.    Taira S, Sugiura Y, Moritake S, Shimma S, Ichiyanagi Y, Setou M (2008) Nanoparticle-assisted 
laser desorption/ionization based mass imaging with cellular resolution. Anal Chem 
80(12):4761–4766. doi:  10.1021/ac800081z      

      49.    Hayasaka T, Goto-Inoue N, Zaima N, Shrivas K, Kashiwagi Y, Yamamoto M, Nakamoto M, 
Setou M (2010) Imaging mass spectrometry with silver nanoparticles reveals the distribution 
of fatty acids in mouse retinal sections. J Am Soc Mass Spectrom 21(8):1446–1454. 
doi:  10.1016/j.jasms.2010.04.005      

      50.    Goto-Inoue N, Hayasaka T, Zaima N, Kashiwagi Y, Yamamoto M, Nakamoto M, Setou M 
(2010) The detection of glycosphingolipids in brain tissue sections by imaging mass spectrom-
etry using gold nanoparticles. J Am Soc Mass Spectrom 21(11):1940–1943. doi:  10.1016/j.
jasms.2010.08.002      

       51.    Sugiura Y, Setou M, Horigome D (2010) Methods of matrix application. In: Setou M (ed) 
Imaging mass spectrometry. Protocols for mass microscopy. Springer, Tokyo, pp 71–85  

    52.    Ishikawa S, Tateya I, Hayasaka T, Masaki N, Takizawa Y, Ohno S, Kojima T, Kitani Y, Kitamura 
M, Hirano S, Setou M, Ito J (2012) Increased expression of phosphatidylcholine (16:0/18:1) 
and (16:0/18:2) in thyroid papillary cancer. PLoS One 7(11):e48873. doi:  10.1371/journal.
pone.0048873      

   53.   Kaneko Y, Obata Y, Nishino T, Kakeya H, Miyazaki Y, Hayasaka T, Setou M, Furusu A, 
Kohno S (2011) Imaging mass spectrometry analysis reveals an altered lipid distribution pat-
tern in the tubular areas of hyper-IgA murine kidneys. Exp Mol Pathol 91(2):614–621. 
doi:  10.1016/j.yexmp.2011.07.002      

   54.   Kobayashi Y, Hayasaka T, Setou M, Itoh H, Kanayama N (2010) Comparison of phospholipid 
molecular species between terminal and stem villi of human term placenta by imaging mass 
spectrometry. Placenta 31(3):245–248. doi:  10.1016/j.placenta.2009.12.026      

    55.   Hayasaka T, Goto-Inoue N, Masaki N, Ikegami K, Setou M (2014) Application of 
2,5- dihydroxyacetophenone with sublimation provides more effi cient ionization of lipid spe-
cies by atmospheric pressure matrix-assisted laser desorption/ionization imaging mass spec-
trometry. Surf Interface Anal 46(12–13):1219–1222. doi:  10.1002/sia.5592      

   56.   Miyamura N, Nakamura T, Goto-Inoue N, Zaima N, Hayasaka T, Yamasaki T, Terai S, Sakaida 
I, Setou M, Nishina H (2011) Imaging mass spectrometry reveals characteristic changes in 
triglyceride and phospholipid species in regenerating mouse liver. Biochem Biophys Res 
Commun 408(1):120–125. doi:  10.1016/j.bbrc.2011.03.133      

   57.    Nakajima K, Terao M, Takaishi M, Kataoka S, Goto-Inoue N, Setou M, Horie K, Sakamoto F, 
Ito M, Azukizawa H, Kitaba S, Murota H, Itami S, Katayama I, Takeda J, Sano S (2013) 
Barrier abnormality due to ceramide defi ciency leads to psoriasiform infl ammation in a mouse 
model. J Invest Dermatol 133(11):2555–2565. doi:  10.1038/jid.2013.199      

   58.    Onoue K, Zaima N, Sugiura Y, Isojima T, Okayama S, Horii M, Akai Y, Uemura S, Takemura 
G, Sakuraba H, Sakaguchi Y, Setou M, Saito Y (2011) Using imaging mass spectrometry to 
accurately diagnose Fabry’s disease. Circ J 75(1):221–223. doi:  10.1253/circj.CJ-10-0767      

   59.   Tanaka H, Zaima N, Yamamoto N, Sagara D, Suzuki M, Nishiyama M, Mano Y, Sano M, 
Hayasaka T, Goto-Inoue N, Sasaki T, Konno H, Unno N, Setou M (2010) Imaging mass 
 spectrometry reveals unique lipid distribution in primary varicose veins. Eur J Vasc Endovasc 
Surg 40(5):657–663. doi:  10.1016/j.ejvs.2010.08.001      

I. Yao et al.

http://dx.doi.org/10.1038/srep01415
http://dx.doi.org/10.1038/srep01415
http://dx.doi.org/10.1021/ac402043t
http://dx.doi.org/10.2116/analsci.26.1229
http://dx.doi.org/10.1021/ac800081z
http://dx.doi.org/10.1016/j.jasms.2010.04.005
http://dx.doi.org/10.1016/j.jasms.2010.08.002
http://dx.doi.org/10.1016/j.jasms.2010.08.002
http://dx.doi.org/10.1371/journal.pone.0048873
http://dx.doi.org/10.1371/journal.pone.0048873
http://dx.doi.org/10.1016/j.yexmp.2011.07.002
http://dx.doi.org/10.1016/j.placenta.2009.12.026
http://dx.doi.org/10.1002/sia.5592
http://dx.doi.org/10.1016/j.bbrc.2011.03.133
http://dx.doi.org/10.1038/jid.2013.199
http://dx.doi.org/10.1253/circj.CJ-10-0767
http://dx.doi.org/10.1016/j.ejvs.2010.08.001


391

     60.   Yuki D, Sugiura Y, Zaima N, Akatsu H, Hashizume Y, Yamamoto T, Fujiwara M, Sugiyama K, 
Setou M (2011) Hydroxylated and non-hydroxylated sulfatide are distinctly distributed in the 
human cerebral cortex. J Neurosci 193(0):44–53. doi:  10.1016/j.neuroscience.2011.07.045      

     61.   Takahashi K, Ogawa K (2013) Sample preparation device for MALDI and sample preparation 
method. United States Patent 20130171349, 7 Apr 2013  

    62.   Goto-Inoue N, Hayasaka T, Setou M (2010) Chapter fourteen – imaging mass spectrometry of 
glycolipids. In: Minoru F (ed) Methods in enzymology, vol 478. Academic Press, New York, 
pp 287–301. doi:  10.1016/S0076-6879(10)78014-9      

    63.   Kashiwagi Y, Yamamoto M, Nakamoto M (2006) Facile size-regulated synthesis of silver 
nanoparticles by controlled thermolysis of silver alkylcarboxylates in the presence of alkyl-
amines with different chain lengths. J Colloid Interface Sci 300(1):169–175. doi:  10.1016/j.
jcis.2006.03.041      

    64.   Yamamoto M, Kashiwagi Y, Nakamoto M (2009) Size-controlled synthesis of gold nanopar-
ticles by thermolysis of a gold(I)-sulfi de complex in the presence of alkylamines. Z Naturforsch 
B 64(11-12):1305–1311. doi:  10.1515/znb-2009-11-1208      

    65.    Hankin J, Barkley R, Murphy R (2007) Sublimation as a method of matrix application for 
mass spectrometric imaging. J Am Soc Mass Spectrom 18(9):1646–1652. doi:  10.1016/j.
jasms.2007.06.010      

     66.   Schiller J, Süß R, Arnhold J, Fuchs B, Leßig J, Müller M, Petković M, Spalteholz H, Zschörnig 
O, Arnold K (2004) Matrix-assisted laser desorption and ionization time-of-fl ight (MALDI- 
TOF) mass spectrometry in lipid and phospholipid research. Prog Lipid Res 43(5):449–488. 
doi:  10.1016/j.plipres.2004.08.001      

    67.    Chansela P, Goto-Inoue N, Zaima N, Hayasaka T, Sroyraya M, Kornthong N, Engsusophon A, 
Tamtin M, Chaisri C, Sobhon P, Setou M (2012) Composition and localization of lipids in 
 Penaeus merguiensis  ovaries during the ovarian maturation cycle as revealed by imaging mass 
spectrometry. PLoS One 7(3):e33154. doi:  10.1371/journal.pone.0033154      

     68.   Goto-Inoue N, Hayasaka T, Taki T, Gonzalez TV, Setou M (2009) A new lipidomics approach 
by thin-layer chromatography-blot-matrix-assisted laser desorption/ionization imaging mass 
spectrometry for analyzing detailed patterns of phospholipid molecular species. J Chromatogr 
A 1216(42):7096–7101. doi:  10.1016/j.chroma.2009.08.056      

    69.    Ellis S, Bruinen A, Heeren RA (2014) A critical evaluation of the current state-of-the-art in 
quantitative imaging mass spectrometry. Anal Bioanal Chem 406(5):1275–1289. doi:  10.1007/
s00216-013-7478-9      

    70.   Katagiri YU, Sato B, Yamatoya K, Taki T, Goto-Inoue N, Setou M, Okita H, Fujimoto J, Ito C, 
Toshimori K, Kiyokawa N (2011) GalNAcβ1,3-linked paragloboside carries the epitope of a 
sperm maturation-related glycoprotein that is recognized by the monoclonal antibody MC121. 
Biochem Biophys Res Commun 406(3):326–331. doi:  10.1016/j.bbrc.2011.02.019      

   71.    Valdes-Gonzalez T, Goto-Inoue N, Hirano W, Ishiyama H, Hayasaka T, Setou M, Taki T 
(2011) New approach for glyco- and lipidomics: molecular scanning of human brain ganglio-
sides by TLC-Blot and MALDI-QIT-TOF MS. J Neurochem 116(5):678–683. 
doi:  10.1111/j.1471-4159.2010.07152.x      

   72.    Zaima N, Goto-Inoue N, Adachi K, Setou M (2011) Selective analysis of lipids by thin-layer 
chromatography blot matrix-assisted laser desorption/ionization imaging mass spectrometry. J 
Oleo Sci 60(2):93–98. doi:  10.5650/jos.60.93      

    73.   Goto-Inoue N, Hayasaka T, Sugiura Y, Taki T, Li Y-T, Matsumoto M, Setou M (2008) High- 
sensitivity analysis of glycosphingolipids by matrix-assisted laser desorption/ionization quad-
rupole ion trap time-of-fl ight imaging mass spectrometry on transfer membranes. J Chromatogr 
B 870(1):74–83. doi:  10.1016/j.jchromb.2008.06.001        

27 Lipid Machinery Investigation Using MALDI Imaging Mass Spectrometry

http://dx.doi.org/10.1016/j.neuroscience.2011.07.045
http://dx.doi.org/10.1016/S0076-6879(10)78014-9
http://dx.doi.org/10.1016/j.jcis.2006.03.041
http://dx.doi.org/10.1016/j.jcis.2006.03.041
http://dx.doi.org/10.1515/znb-2009-11-1208
http://dx.doi.org/10.1016/j.jasms.2007.06.010
http://dx.doi.org/10.1016/j.jasms.2007.06.010
http://dx.doi.org/10.1016/j.plipres.2004.08.001
http://dx.doi.org/10.1371/journal.pone.0033154
http://dx.doi.org/10.1016/j.chroma.2009.08.056
http://dx.doi.org/10.1007/s00216-013-7478-9
http://dx.doi.org/10.1007/s00216-013-7478-9
http://dx.doi.org/10.1016/j.bbrc.2011.02.019
http://dx.doi.org/10.1111/j.1471-4159.2010.07152.x
http://dx.doi.org/10.5650/jos.60.93
http://dx.doi.org/10.1016/j.jchromb.2008.06.001


393© Springer Japan 2015 
T. Yokomizo, M. Murakami (eds.), Bioactive Lipid Mediators, 
DOI 10.1007/978-4-431-55669-5_28

    Chapter 28   
 Measuring Activation of Lipid 
G Protein- Coupled Receptors Using 
the TGF-α Shedding Assay       

       Asuka     Inoue      and     Junken     Aoki   

    Abstract     Lipid mediators are intercellular bioactive lipid molecules that induce 
various cellular responses mostly through G protein-coupled receptors (GPCRs). 
According to the IUPHAR database and recent publications, there are now approxi-
mately 50 lipid-recognizing GPCRs. Monitoring activation of GPCRs by lipid 
mediators or synthetic ligands is crucial for studying the actions of bioactive lipids 
as well as lipid GPCRs. Because each GPCR differentially couples with heterotri-
meric G proteins (G s , G i/o , G q/11 , G 12/13 ), in general it is necessary to prepare multiple 
GPCR assays to detect distinct G-protein signaling and individual optimization. In 
this protocol section, we describe a recently developed transforming growth factor-α 
(TGF-α) shedding assay, which is a simple and accurate method for measuring acti-
vation of lipid GPCRs. By utilizing coexpression of chimeric Gα subunits, the 
TGF-α shedding assay can detect activation of a wide range of GPCRs that are 
coupled with any of the four G proteins. Indeed, 39 of 45 (87 %) lipid GPCRs exam-
ined were detectable in the single format of the TGF-α shedding assay, demonstrat-
ing, to the best of our knowledge, the greatest coverage of a lipid GPCR assay. Thus, 
the TGF-α shedding assay provides a useful platform for analyzing lipid GPCRs.  

  Keywords     Alkaline phosphatase (AP)   •   Bioactive lipid   •   Chimeric Gα subunit   •   G 
protein-coupled receptor (GPCR)   •   HEK293 cells   •   Lipid mediator   • 
  p- Nitrophenylphosphate ( p -NPP)   •   TGF-α shedding assay   •   TNF-α-converting 
enzyme (TACE)  
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28.1         Background Information 

 G protein-coupled receptors (GPCRs), also known as seven-transmembrane recep-
tors (7TMs), represent the most divergent and important class of lipid receptors. 
According to the International Union of Basic and Clinical Pharmacology (IUPHAR) 
database, there are approximately 50 lipid-recognizing GPCRs such as platelet- 
activating factor (PAF) receptor, prostanoid receptors, leukotriene receptors, lyso-
phospholipid receptors, and free fatty acid receptors. Numerous studies including 
human and mouse genetics have established lipid GPCRs as important components 
for development, physiology, and pathophysiology. Importantly, some of them are 
validated as therapeutic drug targets. For example, cysteinyl leukotriene 1 receptor 
(CysLT1) antagonist is used for treating asthma, prostacyclin receptor (IP) agonist 
is used for treating pulmonary hypertension, and the functional antagonist sphingo-
sine 1-phosphate receptor 1 (S1P 1 ) is used for treating multiple sclerosis. In addi-
tion, several lipid GPCR-targeting drugs such as lysophosphatidic acid receptor 1 
(LPA 1 ) antagonist for treating pulmonary fi brosis are under clinical trials. Thus, 
lipid GPCRs attract interest from both biological and drug discovery aspects. 

 Conventionally, GPCR activity (or ligand-induced GPCR activation/inhibition) 
is measured by monitoring G protein-evoked downstream cellular events. For 
instances, accumulation or inhibition of cAMP, Ca 2+  mobilization, and transcrip-
tional activation of reporter genes are widely used events. However, because a given 
GPCR is coupled with one or a few G proteins among the four classes of heterotri-
meric G proteins (G s , G i/o , G q/11 , and G 12/13 ) and GPCR assays detect a limited 
G-protein pathway, it is necessary to prepare a series of GPCR assays to detect 
activation of many GPCRs without bias. GPCR assays often require costly reagents/
kits and expensive, specialized equipment. Furthermore, although many lipid 
GPCRs, especially lysophospholipid GPCRs, are coupled with G 12/13 , current meth-
ods are limited in effi cient detection of G 12/13  signaling. 

 We have recently developed a novel GPCR assay [ 1 ], which is based on cleavage 
of a transmembrane reporter protein, alkaline phosphatase-fused transforming 
growth factor-α (AP-TGF-α), and its release into conditioned media (Fig.  28.1 ). 
AP-TGF-α is initially expressed as a membrane proform. When GPCRs are acti-
vated and induce G q/11  signaling or G 12/13  signaling, a membrane protease named 
TNF-α-converting enzyme (TACE, also known as ADAM17) is activated and 
cleaves an extracellular site near the transmembrane region of the AP-TGF-α. This 
process is called ectodomain shedding, from which we named the method “TGF-α 
shedding assay.” The amount of shedding of the AP-TGF-α can be determined by 
measuring AP activity in conditioned media using an inexpensive reagent 
(p- nitrophenylphosphate, a substrate for AP). Importantly, chimeric Gα subunits 
and a promiscuous Gα 16  subunit (Fig.  28.2 ) are applicable to the assay, and coex-
pression of these Gα subunits can induce AP-TGF-α shedding responses in G s - or 
G i/o -coupled receptors. Among 45 lipid GPCRs examined, 39 GPCRs induced 
AP-TGF-α shedding responses (Fig.  28.3 ). This percentage of coverage (87 % 
detection rate) in a single assay format is, to the best of our knowledge, the highest 
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  Fig. 28.1    Mechanism of the transforming growth factor (TGF)-α shedding assay. ( a ) Schematic 
structure of the AP-TGF-α construct. AP-TGF-α is a fusion protein consisting of N-terminal pla-
cental alkaline phosphatase (AP) and C-terminal TGF-α with a signal peptide. AP-TGF-α is ini-
tially expressed as membrane-bound proform and its juxtamembrane region is cleaved (ectodomain 
shedding). In HEK293 cells, TACE is responsible for the ectodomain shedding of AP-TGF-α. 
Amount of shedding of AP-TGF-α is determined by measuring AP activity in conditioned media 
(soluble AP-TGF-α). ( b ) G q/11 - and/or G 12/13 -coupled receptors induce TACE-dependent AP-TGF-α 
shedding responses upon agonist stimulation. G-protein effectors such as phospholipase C, protein 
kinase C, RhoA, and ROCK mediate the process (not shown). ( c ) In G s - or G i -coupled receptors, 
chimeric Gα q  subunits harboring C-terminal Gα s -derived sequences (Gα q/s ; also see Fig. 28.2) or 
Gα i -derived sequences (Gα q/i ) and/or promiscuous Gα 16  subunit are coexpressed. When agonist- 
bound GPCRs interact with and activate the introduced Gα subunit(s), TACE-dependent AP-TGF-α 
shedding responses are induced       
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among GPCR assays developed so far. In the following protocol, a standard TGF-α 
shedding assay (24-well format in a 96-well plate; transfection performed in a 
12-well plate) is described.

28.2          TGF-α Shedding Assay 

28.2.1     Materials 

    Expression plasmid vector encoding AP-TGF-α (alkaline phosphatase-fused trans-
forming growth factor-alpha).  

  Expression plasmid vectors encoding chimeric Gα subunits (Gα q/s , Gα q/i1 , Gα q/i3 , 
Gα q/o , Gα q/z ) and promiscuous Gα 16  subunit.  

  Expression plasmid vector encoding histamine H1 receptor (H1R) with N-terminal 
FLAG epitope tag (a positive control GPCR)  

  pCAGGS expression vector (an empty vector; a negative control)

   We use the pCAGGS expression vector and pcDNA3 vector (or its derivative 
pcDNA3.1 vector) because expression of these vectors is high in HEK293 
cells.     

-RQYELL

-KDCGLF

-KECGLY

-RGCGLY

-KYIGLC

Gαq/s

Gαq/i1

Gαq/i3

Gαq/o

Gαq/z

Gα16

Six C-terminial
amino acid residues

A

B

  Fig. 28.2    Schematic structures of the Gα subunits. ( a ) Chimeric Gα subunits used in the TGF-α 
shedding assay consist of the Gα q  backbone with substitutions of six C-terminal amino acids. 
Among the eight Gα i  members (Gα i1 , Gα i2 , Gα i3 , Gα o , Gα z , Gα t1 , Gα t2 , Gα t3 ), there are four unique 
C-terminal sequences because the six amino acid sequences of Gα i1,  Gα i2 , Gα t1 , Gα t2 , and Gα t3  are 
identical. ( b ) Gα 16  belongs to the Gα q  family, yet is capable of coupling with GPCRs in a relatively 
unspecifi c manner. (Note that C-terminal residues and the backbones of Gα subunits are critical for 
interaction with GPCRs and effectors such as phospholipase C, respectively, and that chimeric Gα 
subunits serve as a “converter” that switches G s - or G i/o -coupled receptor activation to G q  signal-
ing). aa, amino acids       
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  Plasmids are available upon request to the authors (  iaska@m.tohoku.ac.jp     to Asuka 
Inoue and   jaoki@m.tohoku.ac.jp     to Junken Aoki).  

  HEK293 cells

   293A (Life Technologies, cat. no. R705-07) is preferable.  
  293FT (Life Technologies, cat. no. R700-07) and 293T (ATCC, cat. no. CRL- 

3216) can be used.     

  12-well tissue culture plate

   CELLSTAR, 12W Multiwell Plate (Greiner Bio One, cat. no. 665165)     

  96-well tissue culture plate (fl at bottom, clear)

   CELLSTAR, 96W Microplate (Greiner Bio One, cat. no. 655180)     

  96-well assay plate (fl at bottom, clear)

   Assay plate 96 well (Iwaki, cat. no. 3881-096)     
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  Fig. 28.3    Detection of lipid GPCRs using the TGF-α shedding assay. Forty-fi ve lipid-recognizing 
GPCRs were subjected to the TGF-α shedding assay with or without coexpression of Gα subunits. 
In the absence of Gα coexpression, 31 GPCRs (69 %) were detectable (shown in  red ). In the pres-
ence of Gα coexpression, 8 GPCRs were additionally detectable ( yellow ). In total, 39 GPCRs 
(87 %) were detectable in the TGF-α shedding assay. We set 3 % AP-TGF-α release as a threshold 
to judge “detectable” or “not detectable.” A phylogenetic tree is obtained from the Clustal W algo-
rithm and visualized by the FigTree software       
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  96-well assay plate (round bottom or V bottom, nonbinding)

   96 well, PS, V bottom (Greiner Bio One, cat. no. 651901)     

  Absorbance microplate reader (for measurement of optical density at 405 nm)

   VersaMax ELISA Microplate Reader (Molecular Devices)     

  12-channel or 8-channel pipette (electric pipettes are preferred)

   Picus 12-channel electronic pipette, range 5–120 μl (Sartorius, cat. no. 735441)  
  Picus 12-channel electronic pipette, range 50–1200 μl (Sartorius, cat. no. 735491)     

  5-ml manual pipette (single channel)

   PIPETMAN P5000 (Gilson, cat. no. F123603)     

  Centrifuge tubes (15 ml, 50 ml)

   Corning 15-ml PP centrifuge tubes (Corning, cat. no. 430791)  
  Corning 50-ml PP centrifuge tubes (Corning, cat. no. 430829)     

  Tube centrifuge (Kubota, cat. no. 5910)  
  Microplate centrifuge (Kubota, cat. code Plate Spin II), optional  
  37 °C humidifi ed incubator with 5 % CO 2  gas (for cell culture)  
  37 °C incubator without CO 2  gas (for AP reaction), optional

   Incubator (AS-One, cat. no. IW-450)     

  37 °C hot plate, optional

   Hot plate (NISSIN, cat. no. NHP-45N)     

  Complete Dulbecco’s modifi ed Eagle medium (DMEM) (see recipe)  
  Dulbecco’s phosphate-buffered saline (PBS) (D-PBS)  
  HBSS (Hank’s balanced salt solution) (see recipe)  
  0.05 % Trypsin/0.53 mM EDTA (see recipe)  
  Lipofectamine 2000 (Life Technologies, cat. no. 11668-019)  
  Opti-MEM (Life Technologies, cat. no. 31985-070)  
  1 M  p -NPP (see recipe)  
  1 mM TPA (12- O -tetradecanoylphorbol 13-acetate, also known as PMA) (phorbol 

12-myristate 13-acetate) (see recipe)  
  AP solution (see recipe)     

28.2.2     Three-Day Protocol (Also See Fig.  28.4 ) 

28.2.2.1        Seed Seeding (Day 1) 

     1.    Prepare semi-confl uent HEK293 cells grown in a culture dish or fl ask.   
   2.    Rinse cells once with D-PBS.   
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   3.    Add 0.05 % trypsin/0.53 mM EDTA and incubate cells at room temperature 
until cells start to detach from bottom of a dish.   

   4.    Add complete DMEM to neutralize trypsin and quench EDTA.   
   5.    Suspend cells several times and transfer them into a 15-ml tube.   
   6.    Transfer small amount of cell suspension (~20 μl) and count cell numbers using 

a hematocytometer.   
   7.    While counting cells, centrifuge the cell-containing tube at 190  g  for 5 min.   

Detach and reseed cells in a 96-well plate

(90 µL/well)

    CM
plate

Transfect plasmids

(AP-TGFα, GPCR, Gα subunits)

Seed cells in a 12-well plate

24 h

30 min

60 min

60 min

Add compounds (10 µL/well)

Transfer conditioned media (80 µL/well)

Dispense p-NPP solution (80 µL/well)

Measure OD405 (1st)

Measure OD405 (2nd)

24 h

    Cell
plate

  Fig. 28.4    Procedure of the TGF-α shedding assay. HEK293 cells are seeded in a 12-well plate and 
cultured for 24 h. Cells are transfected with a mixture of plasmids containing the AP-TGF-α, 
GPCR, and/or Gα subunit(s) and cultured for 24 h. Transfected cells are detached, suspended in 
HBSS, and reseeded in a 96-well plate (cell plate). After 30-min incubation, cells are stimulated 
with compounds and incubated for 60 min. Conditioned media are transferred to a blank plate (CM 
plate), and  p -NPP solution is dispensed in both the cell plate and the CM plate. OD 405  is measured 
before (fi rst) and after (second) 60-min incubation with  p -NPP       
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   8.    Remove supernatant.   
   9.    Suspend cells in complete DMEM at a cell density of 2 × 10 5  cells/ml. 

 Option: cells can be seeded 2 days before transfection (1 × 10 5  cells/ml) or 
same day as transfection (4 × 10 5  cells/ml).   

   10.    Seed cell suspension in a 12-well plate (1 ml per well; hereafter, volumes refer 
to a single well of a 12-well plate, unless otherwise noted). 

 If larger amounts of transfected cells are desired, use larger plates, dishes, or 
fl asks (e.g., 6-well plate, 6-cm dish, 10-cm dish, T75).   

   11.    Place a plate in a CO 2  incubator and incubate 24 h until plasmid transfection      

28.2.2.2     Plasmid Transfection (Day 2) 

     12.    Prepare following plasmid mixture in 125 μl Opti-MEM:

   10a. G q/11 - and/or G 12/13 -coupled GPCRs

   250 ng AP-TGF-α  
  100 ng GPCR     

  10b. G s -coupled GPCRs

   250 ng AP-TGF-α  
  100 ng GPCR  
  50 ng Gα q/s      

  10c. G i/o -coupled GPCRs

   250 ng AP-TGF-α  
  100 ng GPCR  
  50 ng Gα q/i1   
  or  
  250 ng AP-TGF-α  
  100 ng GPCR  
  12.5 ng Gα q/i1   
  12.5 ng Gα q/i3   
  12.5 ng Gα q/o   
  12.5 ng Gα q/z      

  10d. G-protein coupling is unknown

   250 ng AP-TGF-α  
  100 ng GPCR  
  10 ng Gα q/s   
  10 ng Gα q/i1   
  10 ng Gα q/i3   
  10 ng Gα q/o   
  10 ng Gα q/z   
  10 ng Gα 16            
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 Always prepare a negative control for GPCR-encoding plasmid (i.e., an empty 
plasmid vector plus AP-TGF-α-encoding plasmid) to confi rm that compound- 
induced response is dependent on transfected GPCR. 

 As an initial experiment, we recommend the following setup (also see Fig.  28.5 ).

     (i)    350 ng pCAGGS   
   (ii)    250 ng pCAGGS 

 100 ng H1R   
   (iii)    250 ng AP-TGF-α 

 100 ng pCAGGS   
   (iv)    250 ng AP-TGF-α 

 100 ng H1R    
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B 0.110 0.108 0.107 0.109 0.107 0.108 0.121 0.114 0.116 0.119 0.117 0.118
C 0.106 0.108 0.107 0.110 0.107 0.106 0.116 0.115 0.117 0.118 0.118 0.119
D 0.107 0.133 0.107 0.108 0.105 0.108 0.115 0.114 0.117 0.133 0.132 0.130
E 0.118 0.106 0.105 0.108 0.103 0.120 0.137 0.114 0.115 0.144 0.143 0.144
F 0.107 0.111 0.112 0.107 0.114 0.111 0.116 0.115 0.116 0.149 0.150 0.149
G 0.107 0.111 0.107 0.106 0.114 0.109 0.116 0.127 0.119 0.154 0.150 0.155
H 0.116 0.105 0.107 0.119 0.107 0.113 0.154 0.162 0.155 0.146 0.148 0.148

OD405 1 2 3 4 5 6 7 8 9 10 11 12
0 h Cell A 0.105 0.105 0.106 0.107 0.105 0.106 0.236 0.276 0.243 0.248 0.256 0.252

B 0.106 0.106 0.105 0.105 0.103 0.107 0.233 0.240 0.242 0.213 0.235 0.229
C 0.108 0.106 0.106 0.108 0.105 0.105 0.207 0.267 0.264 0.223 0.271 0.266
D 0.104 0.105 0.105 0.104 0.108 0.109 0.216 0.238 0.247 0.194 0.220 0.248
E 0.102 0.101 0.102 0.105 0.103 0.102 0.190 0.199 0.273 0.173 0.196 0.191
F 0.105 0.106 0.103 0.105 0.105 0.105 0.199 0.247 0.237 0.179 0.191 0.182
G 0.105 0.103 0.104 0.104 0.105 0.103 0.202 0.223 0.247 0.184 0.188 0.175
H 0.103 0.100 0.102 0.101 0.099 0.102 0.160 0.170 0.170 0.167 0.177 0.168

OD405 1 2 3 4 5 6 7 8 9 10 11 12
1 h CM A 0.122 0.116 0.116 0.118 0.116 0.116 0.259 0.260 0.258 0.289 0.286 0.296

B 0.122 0.116 0.119 0.117 0.116 0.117 0.273 0.264 0.263 0.301 0.296 0.302
C 0.114 0.115 0.115 0.118 0.115 0.114 0.264 0.278 0.269 0.321 0.318 0.322
D 0.115 0.114 0.114 0.117 0.115 0.114 0.265 0.264 0.271 0.539 0.517 0.527
E 0.116 0.113 0.112 0.116 0.111 0.129 0.283 0.263 0.259 0.784 0.774 0.788
F 0.116 0.119 0.120 0.116 0.122 0.118 0.267 0.267 0.263 0.847 0.836 0.841
G 0.122 0.113 0.115 0.115 0.122 0.116 0.266 0.281 0.267 0.908 0.866 0.895
H 0.120 0.112 0.114 0.116 0.115 0.115 0.986 0.987 0.994 0.793 0.802 0.809

OD405 1 2 3 4 5 6 7 8 9 10 11 12
1 h Cell A 0.125 0.126 0.125 0.125 0.124 0.124 1.896 1.916 1.870 1.675 1.649 1.690

B 0.129 0.128 0.125 0.125 0.122 0.127 1.887 1.930 1.924 1.719 1.737 1.731
C 0.129 0.128 0.127 0.128 0.125 0.124 1.890 1.984 1.977 1.685 1.700 1.699
D 0.126 0.129 0.127 0.126 0.127 0.129 1.885 1.937 1.976 1.470 1.445 1.452
E 0.122 0.124 0.121 0.125 0.124 0.122 1.902 1.887 1.985 1.207 1.185 1.157
F 0.125 0.130 0.124 0.126 0.126 0.126 1.986 1.937 1.926 1.152 1.102 1.080
G 0.124 0.124 0.124 0.126 0.127 0.124 1.907 1.908 1.951 1.127 1.093 1.054
H 0.126 0.124 0.125 0.122 0.121 0.122 1.199 1.165 1.184 1.161 1.160 1.155

AP-TGFα in CM (%) 7 8 9 10 11 12
A 9.9 10.1 10.0 13.5 13.5 13.8
B 10.5 10.1 10.1 13.5 13.3 13.6
C 10.1 10.8 10.2 15.2 15.3 15.5
D 10.3 10.2 10.3 30.2 29.9 31.0
E 9.8 10.1 9.7 47.8 48.7 50.0
F 9.8 10.3 10.0 52.2 53.7 54.4
G 10.1 10.4 10.0 55.5 55.3 57.2
H 55.6 56.7 56.6 49.3 49.9 50.1

Control H1R
Mean SD Release Mean SD Release

Histamine 0 10.1 0.2 0.0 13.5 0.2 0.0
(nM) 1 10.4 0.4 0.3 15.4 0.1 1.8

10 10.2 0.1 0.1 30.3 0.6 16.8
100 9.9 0.2 -0.2 48.8 1.1 35.3
1000 10.0 0.3 -0.1 53.4 1.1 39.9
10000 10.2 0.2 0.1 56.0 1.0 42.5

TPA (nM) 1000 56.3 0.6 46.2 49.8 0.4 36.3

A

B

D

C
∆OD405 1 2 3 4 5 6 7 8 9 10 11 12

1 h - 0 h CM A 0.008 0.008 0.007 0.008 0.008 0.008 0.143 0.145 0.142 0.172 0.168 0.178
B 0.012 0.008 0.012 0.009 0.009 0.008 0.152 0.149 0.147 0.182 0.179 0.184
C 0.008 0.007 0.007 0.008 0.008 0.008 0.149 0.163 0.152 0.203 0.200 0.203
D 0.008 -0.019 0.008 0.009 0.009 0.006 0.150 0.150 0.155 0.406 0.385 0.397
E -0.003 0.008 0.007 0.009 0.008 0.009 0.146 0.149 0.144 0.640 0.631 0.644
F 0.009 0.008 0.008 0.009 0.008 0.007 0.152 0.152 0.147 0.698 0.686 0.692
G 0.015 0.002 0.008 0.009 0.008 0.008 0.150 0.154 0.149 0.754 0.717 0.741
H 0.005 0.007 0.007 -0.002 0.008 0.002 0.832 0.825 0.839 0.648 0.654 0.661

∆OD405 1 2 3 4 5 6 7 8 9 10 11 12
1 h - 0 h Cell A 0.020 0.020 0.019 0.018 0.019 0.018 1.660 1.639 1.627 1.428 1.393 1.438

B 0.023 0.022 0.020 0.020 0.019 0.021 1.654 1.691 1.682 1.507 1.503 1.502
C 0.021 0.022 0.021 0.020 0.020 0.019 1.683 1.717 1.713 1.463 1.429 1.433
D 0.022 0.024 0.022 0.022 0.019 0.020 1.670 1.699 1.730 1.276 1.226 1.204
E 0.021 0.023 0.019 0.021 0.020 0.020 1.713 1.688 1.713 1.035 0.988 0.966
F 0.020 0.024 0.021 0.021 0.021 0.022 1.787 1.690 1.690 0.973 0.911 0.898
G 0.019 0.021 0.020 0.022 0.022 0.020 1.706 1.684 1.704 0.943 0.905 0.879
H 0.023 0.024 0.022 0.021 0.022 0.020 1.039 0.995 1.014 0.994 0.983 0.987

  Fig. 28.5    Calculation processes. ( a ) A 96-well plate format showing reseeding of transfected cells 
and compound treatment. Cells were transfected with the AP-TGF-α-encoding plasmid (or an 
empty vector) and H1R-encoding plasmid (or an empty vector) and treated with vehicle (row  A  and 
 B ), histamine (row  C–G , 1 nM to 10 μM), or 1 μM TPA (row  H ). ( b ) Raw OD values. In total, four 
measurements for a single 96-well plate assay were performed. ( c ) Calculation of AP-TGF-α 
release. ( d ) Plotting of AP-TGF-α release and fi tting to four-sigmoidal curves, from which E max  
and EC 50  values were obtained       
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  Conditions (i) and (ii) are negative controls for AP-TGF-α expression and AP 
activity measurements. Expression of endogenous AP activity in HEK293 cells 
should be more than 20 fold as low as AP-TGF-α-transfected cells. Histamine H1 
receptor (H1R) serves as one of excellent positive controls for the following rea-
sons: H1R potently induces shedding response of AP-TGF-α; HEK293 do not 
endogenously express H1R; variety of H1R ligands including agonists, antagonist, 
and inverse agonists are available and testable in the TGF-α shedding assay.

    13.    Dilute 1.25 μl Lipofectamine 2000 with 125 μl Opti-MEM and incubate 30 min 
at room temperature.   

   14.    Add 125 μl Lipofectamine 2000-containing Opti-MEM to plasmid-containing 
Opti-MEM, mix well, and incubate 20 min at room temperature (transfection 
reagent).   

   15.    Gently add 250 μl transfection reagent into cell culture plate.   
   16.    Place a plate in a CO 2  incubator and incubate 24 h until shedding assay.      

28.2.2.3     Reseeding and Stimulation of Transfected Cells (Day 3) 

     17.    Remove conditioned media by aspiration.   
   18.    Gently add D-PBS (~1 ml).   
   19.    Remove D-PBS by aspiration.   
   20.    Add warm 0.05 % Trypsin/0.53 mM EDTA (~0.5 mL).   
   21.    Incubate briefl y (~30 s) at room temperature.   
   22.    Add complete DMEM (~1 ml) and suspend   
   23.    Add complete DMEM to neutralize trypsin and quench EDTA.   
   24.    Detach cells by pipetting up and down several times and transfer cells into a 

15-ml tube.   
   25.    Centrifuge tubes at 190  g  for 3–5 min.   
   26.    Remove supernatant by aspiration.   
   27.    Break cell pellets by tapping bottom of tube a few times, and add D-PBS (~3 ml). 

 If cell pellets appear in solutions, pipette cell suspension up and down sev-
eral times.   

   28.    Incubate 10 min. 
 This incubation step is important for reducing spontaneous release of 

AP-TGF-α. During this incubation, detachment-induced shedding of AP-TGF-α 
is accumulated in media. Following the next centrifugation and removal of 
media, the spontaneously released AP-TGF-α is removed. Incubation time can 
be extended up to 30 min.   

   29.    Centrifuge tubes at 190  g  for 3–5 min.   
   30.    Remove supernatant by aspiration.   
   31.    Break cell pellets by tapping bottom of a tube a few times, and add warm HBSS 

(~3.5 ml). 
 Volume of HBSS can be varied from 3 to 8 ml. Note that response in some 

GPCRs depends on cell density.   

A. Inoue and J. Aoki



403

   32.    Suspend cells by pipetting up and down several times. Use a 5-ml liquid pipette 
(P5000), if possible.   

   33.    Transfer cell suspension to a reservoir and dispense 90 μl cell suspension per 
well (hereafter, volume refers to a single well of a 96-well plate, unless other-
wise noted) in a 96-well plate (cell plate). Use 24 wells for each transfected 
condition (also see Fig.  28.5 ). 

 When using an electric multichannel pipette, select “slow” dispense speed.   
   34.    Place the cell plate in a CO 2  incubator.   
   35.    Incubate 30 min at 37 °C.   
   36.    Add 10 μl 10× test compounds diluted in HBSS. Use an electric multichannel 

pipette, if possible. 
 If test compounds are not readily soluble in water or have “sticky” proper-

ties, use bovine serum albumin (BSA) as a carrier. We recommend a concentra-
tion of 0.01 % (w/v) BSA in HBSS as solvent to dilute 10× compounds. In this 
condition, a fi nal BSA concentration is 0.001 % (w/v).   

   37.    Incubate 60 min at 37 °C in CO 2  incubator.      

28.2.2.4     Measuring AP Activity in Cells and Conditioned Media 
(Day 3, Continued) 

     38.    Centrifuge the cell plate at 190  g  for 2 min at room temperature (optional). 
 Set “slow” deceleration speed, if possible. We recommend including this 

step to prevent possible contamination of cells in transferred conditioned media 
in the following procedure. After centrifugation, quickly start to transfer condi-
tioned media. Do not warm the cell plate as this causes convection within wells 
and the cells might be stirred up.   

   39.    Transfer 80 μl conditioned media to a new 96-well plate (CM plate) using an 
electric multichannel pipette. 

 Set “slow” pipetting-up speed. When starting a transfer from row A to B, to 
C, using a 12-channel pipette, there is no need to change or wash tips. In 
between plates, wash tips once with water. If bubbles appear in the CM plate 
(likely to occur in high (≥0.01 %) concentration of BSA), briefl y centrifuge 
plates.   

   40.    Dispense 60 μl HBSS in cell plate to adjust liquid volumes of 80 μl in both cell 
plate and CM plate (optional).   

   41.    Leave the cell plate and the CM plate for 10 min at room temperature and cool 
them down.   

   42.    Dispense 80 μl  p -NPP solution to both the cell plate and the CM plate. 
 Prepare  p -NPP solution 1 h before the assay and leave it at room tempera-

ture. Be sure to use room-temperature  p -NPP solution as AP reaction depends 
on temperature.   

   43.    Measure optical density of a wavelength at 405 nm (OD 405 ) for both the cell 
plate and the CM plate.   

   44.    Leave the cell plate and the CM plate in dark for 60 min at room temperature.   
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   45.    Measure OD 405  for both the cell plate and the CM plate. 
 If OD values are small [typically, total OD values (OD 405 cell  + OD 405 CM ) ≤ 0.5], 

additionally incubate the cell plate and the CM plate for 60 min and measure 
OD 405  thereafter.      

28.2.2.5     Alternate Method to Measure AP Activity Using a 37 °C 
Incubator (Day 3) 

 For steps 41–45, a temperature of 37 °C can be applied for measuring AP activity. 
AP reaction is faster at 37 °C than at room temperature (approximately 1.4-fold 
faster than at 25 °C), thus allowing assay time to be shortened.

   41b. Place the cell plate and the CM plate on a 37 °C hot plate.  
  42b. Dispense 80 μl  p -NPP solution to both the cell plate and the CM plate. Leave 

the cell plate and the CM plate on a 37 °C hot plate for 5 min. 
 Prepare  p -NPP solution 1 h before the assay and warm it to 37 °C. Because AP reac-

tion depends on temperature, it is strongly recommended to leave plates on a hot 
plate until the solution of the plates is entirely warmed.  

  43b. Measure OD 405  for both the cell plate and the CM plate.  
  44b. Immediately place the cell plate and the CM plate in a 37 °C incubator. 
 Use an incubator without CO 2  gas supplementation as CO 2  gas acidifi es solution 

and slows down AP reaction.  
  45b. Measure OD 405  for both the cell plate and the CM plate. 
 If OD values are small [typically, total OD values (OD 405 cell  + OD 405 CM ) ≤ 0.5], addi-

tionally incubate the cell plate and the CM plate for 60 min and measure OD 405  
thereafter.     

28.2.2.6    Calculation of AP-TGF-α Release (Also See Fig.  28.5 ) 

     46.    For each well, calculate AP activity in CM using the following formula.

   ∆OD 405 Cell  = OD 405 Cell  (at 1 h reaction) − OD 405 Cell  (at 0 h)  
  ∆OD 405 CM  = OD 405 CM  (at 1 h reaction) − OD 405 CM  (at 0 h)  
  AP-TGF-α in CM (% of total AP-TGF-α) = ∆OD 405 CM /(∆OD 405 Cell  

+ ∆OD 405 CM ) × 100 × 1.25  
  A factor of 1.25 (100/80) in the formula is used to normalize transferred (mea-

sured) CM volume to the total CM volume (80 μl of 100 μl in total).       

    47.    Calculate mean and standard deviation (SD) values from multiple 
measurements.   

   48.    Subtract mean values of vehicle-treated AP-TGF-α in CM from those of 
compound- treated ones. 
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 AP-TGF-α release (compound-treated group) (% of total 
AP-TGF-α) = AP-TGF-α in CM (compound-treated group) (%) − AP-TGF-α 
release (vehicle-treated group) (%)   

   49.    Plot mean values of AP-TGF-α release with corresponding SD values and fi t a 
four-sigmoidal dose–response curve using a graph-drawing software such as 
GraphPad Prism.    

28.2.3        Critical Parameters and Optimization 

 There are a few critical steps to obtain accurate results: (1) uniform resuspension of 
cell pellet in HBSS, (2) cautious transfer of CM, and (3) temperature control, espe-
cially during AP reaction. 

 Development of the TGF-α shedding assay for a specifi c GPCR requires optimi-
zation of the following parameters:

    1.    Gα subunit 
 A mixture of the six Gα subunits is recommended as a default condition. 
However, it is strongly advisable to examine coexpression of Gα subunits sepa-
rately (seven conditions: no Gα, Gα q/s , Gα q/i1 , Gα q/i3 , Gα q/o , Gα q/z , Gα 16 ) and to 
select one that induces the most potent shedding response.   

   2.    GPCR plasmid 
 In some GPCRs, GPCR transfection reduces AP-TGF-α expression levels 
(or total OD 405  value OD 405 cell  + OD 405 CM ) as compared with mock transfection. 
We speculate that the decreased AP-TGF-α results from constitutive activity of 
GPCRs and/or induction of ER stress by unstable, hydrophobic GPCRs. GPCRs 
that have high constitutive activity spontaneously cleave AP-TGF-α during 24-h 
incubation after transfection, resulting in a smaller amount of AP-TGF-α on the 
cell surface at the time of the assay.      

28.2.4     Reagents and Solutions 

 Use deionized, distilled water or equivalent ultrapure (e.g., Milli-Q from Merck 
Millipore) water in all recipes and protocol steps except for  p -NPP reagents (deion-
ized water). 

 Complete DMEM [DMEM supplemented with 10 % fetal calf serum (FCS), 100 
U/ml penicillin, 100 μg/ml streptomycin, 2 mM  L -glutamine].

   10 % (w/v) NaHCO 3 

   NaHCO 3 , 10 g  
  Water to 100 ml  
  Close cap tightly, autoclave at 121 °C for 15 min, and store at room 

temperature     
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  100× PSG

   Penicillin, 1,000,000 U  
  Streptomycin, 1 g  
   L -glutamine, 2.92 g  
  Water to 100 ml  
  Filtrate through a 0.45-μm-pore fi lter  
  Make aliquots (10 ml solution in 15-ml tubes) and store at −20 °C.     

  Complete DMEM

   DMEM (low glucose, Nissui Pharmaceuticals, cat. no. DMEM2) 4.75 g  
  Water to 500 ml  
  Autoclave at 121 °C for 15 min; store at 4 °C  
  10 % NaHCO 3 , 7.5 ml  
  Heat-inactivated FCS (Life Technologies, cat. no. 26140-079), 50 ml  
  100× PSG, 5 ml      

   1 M  p -NPP (10 ml)

   3.71 g  p -nitrophenylphosphate disodium salt hexahydrate (Wako Pure Chemical, 
cat. no. 145-02344)  

  Water to 10 ml (~7.8 ml)  
  Make aliquots (1 ml solution in 1.5-ml tubes) and store at −20 °C.     

  HBSS (Hank’s balanced salt solution) (with Ca 2+  and Mg 2+  and with 5 mM HEPES 
(pH 7.4), without phenol red) (*note 1)

   10× HBSS solution 1

   KCl, 4 g  
  KH 2 PO 4 , 0.6 g  
  NaCl, 80 g  
  Na 2 HPO 4 •12H 2 O, 1.2 g  
   D -Glucose, 10 g  
  Water to 1 l  
  Autoclave at 121 °C for 15 min and store at 4 °C     

  10× HBSS solution 2

   CaCl 2 •2H 2 O, 1.85 g  
  MgCl 2 •6H 2 O, 1 g  
  MgSO 4 •7H 2 O, 1 g  
  Water to 1 l  
  Autoclave at 121 °C for 15 min and store at 4 °C     

  1× HBSS

   Water, 790 ml  
  0.5 M HEPES (pH 7.4), 10 ml  
  1 M KOH (*note 2)  
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  Autoclave at 121 °C for 15 min  
  Add 100 ml 10× HBSS solution 1 and 100 ml 10× HBSS solution 2  
  Store at 4 °C   

   Note 1 

•  Ensure use of Ca 2+ - and Mg 2+ -containing solution. TGF-α shedding response is 
decreased in Ca 2+ - and Mg 2+ -free solution.  

  Note 2 

•  When preparing HBSS for the fi rst time, check pH after adding 10× HBSS solu-
tion 1 and 2 and warming them at 37 °C. Adjust pH to 7.4 using 1 M KOH and 
record volume of added KOH solution. For the next time, add recorded volume 
of 1 M KOH (typically 0.5–1 ml).         

   0.05 % Trypsin/0.53 mM EDTA

   100× Trypsin/EDTA

   Trypsin (Life Technologies, cat. no. 27250-018), 2 g  
  D-PBS, to 38 ml  
  500 mM EDTA (pH 8.0), 2.15 ml  
  Dissolve trypsin powder in a 50-ml tube and fi ltrate through a 0.45-μm-pore 

fi lter.  
  Make aliquots (~0.5 ml) and store at −20 °C.     

  1× Trypsin/EDTA

   100× Trypsin/EDTA, 0.5 ml  
  D-PBS, 49.5 ml  
  Store at 4 °C.         

   1 mM TPA

   TPA (12- O -tetradecanoylphorbol 13-acetate, also known as PMA, phorbol 
12-myristate 13-acetate); Wako Pure Chemical, cat. no. 162-23591) 1 mg  

  DMSO, 1.62 ml  
  Make aliquots (5 μl per tube) and store at −20 °C. Avoid freeze–thaw cycles.      

   AP reaction solution

   Water, 92 ml  
  2 M Tris–HCl (pH 9.5), 6 ml  
  4 M NaCl, 1 ml  
  1 M MgSO 4 , 1 ml  
  1 M  p -NPP, 1 ml  
  For one set of 96-well plate assay (CM plate and cell plate), prepare 16 ml AP 

reaction solution.            
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    Chapter 29   
 A Novel Anti-FLAG Monoclonal Antibody 
Is Useful to Study GPCRs       

       Fumiyuki     Sasaki     and     Takehiko     Yokomizo     

    Abstract     Epitope tagging is a technique widely used in molecular and cellular 
biology. FLAG (DYKDDDDK), infl uenza virus hemagglutinin (YPYDVPDYA), 
and c- myc  (EQKLISEEDL) tags are famous and are frequently used because high- 
affi nity antibodies against these tags are commercially available. This technique is 
extremely useful for G protein-coupled receptor (GPCR) research because it is gen-
erally diffi cult to establish specifi c monoclonal antibodies (mAb) against GPCRs. 
We unexpectedly established a novel anti-FLAG mAb (2H8) during an attempt to 
generate an anti-mouse leukotriene B 4  receptor 1 mAb. This mAb is a powerful tool 
to analyze various FLAG-fusion proteins, particularly GPCRs, both in vitro and 
in vivo. In this chapter, we describe experimental protocols to utilize the 2H8 mAb 
for fl ow cytometric, immunofl uorescence staining, and immunoprecipitation analy-
ses of various FLAG-tagged GPCRs.  

  Keywords     Epitope tag   •   G protein-coupled receptor   •   Flow cytometry   
•   Immunofl uorescence staining   •   Western blotting   •   Immuno3precipitation  

      Common Materials 
    2H8 monoclonal antibody (mAb) (TransGenic or Gentaur Molecular Products, 

available as “anti-DYKDDDDK antibody 2H8”)  
   Note:  The 2H8 mAb only recognizes an amino-terminal FLAG sequence and does 

not recognize carboxy-terminal FLAG or 3× FLAG sequences [ 8 ]  
  Cells or tissues expressing N-terminally FLAG-tagged G protein-coupled receptors 

(GPCRs)  
   Note:  We frequently use pcDNA3 or pCXN2 vectors for expression studies of 

GPCRs [ 5 ,  7 ]     
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29.1     Flow Cytometric Analysis of N-Terminally FLAG- 
Tagged GPCRs Using the 2H8 mAb 

   Materials 

  Phosphate-buffered saline (PBS) (ice-cold)  
  PBS/EDTA [PBS, pH 7.4, containing 2 mM ethylenediamine- N , N , N’ , N’ -tetraacetic 

acid, disodium salt (EDTA-2Na)] (ice-cold)  
  FACS buffer (PBS, pH 7.4, containing 2 % fetal calf serum and 2 mM EDTA-2Na) 

(ice-cold)  
  Fluorescent dye-labeled anti-mouse IgG antibody [e.g., goat anti-mouse IgG- 

phycoerythrin (PE), Becton Dickinson]  
  7-Amino-actinomycin D (7-AAD, Becton Dickinson)   

    1.    In the case of adherent cells, detach the cells transiently or stably expressing 
FLAG-GPCRs using PBS/EDTA after washing with PBS. ( Note : Avoid using 
trypsin because trypsinization often results in digestion of GPCRs and FLAG 
tags.)   

   2.    Transfer the cells to a 96-well V-bottom plate (Nunc) (e.g., 1–5 × 10 5  cells/well).   
   3.    Stain the cells with 1 μg/ml 2H8 mAb prepared in FACS buffer for 30 min at 

4 °C.   
   4.    Wash the cells three times with 150 μl PBS/EDTA.   
   5.    Stain the cells with 0.5 μg/ml anti-mouse IgG-PE prepared in FACS buffer for 

30 min at 4 °C.   
   6.    Wash the cells three times with 150 μl PBS/EDTA.   
   7.    Suspend the cells in 300 μl FACS buffer.   
   8.    To exclude dead cells, stain the cells with 5 μl 7-AAD per million cells and incu-

bate for 10 min in the dark.   
   9.    Analyze the cells using a fl ow cytometer (e.g., FACSCalibur, Becton Dickinson).    

29.2       Immunofl uorescence (IF) Staining of FLAG-GPCRs 
Expressed in Cells or Tissues Using the 2H8 mAb 

29.2.1     IF Staining of Cultured Cells 

   Materials 

  10 mM hydrogen chloride (HCl) (pH 3.0)  
  Collagen (Cellmatrix Type I-P, Nitta Gelatin)  
  Fix solution [4 % paraformaldehyde (PFA) prepared in PBS containing 10 mM 

glycine] (ice-cold)  
  PBS-G solution (PBS containing 10 mM glycine)  
  Blocking solution [PBS containing 3 % bovine serum albumin (BSA)]  
  Staining solution (PBS containing 1 % BSA)  
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  Washing solution (PBS containing 0.1 % BSA)  
  Fluorescent dye-labeled anti-mouse IgG antibody (e.g., goat anti-mouse IgG-Alexa 

Fluor 488; Life Technologies)  
  4′6-Diamidino-2-phenylindole (DAPI, Sigma)  
  Mounting medium [Mowiol containing 2.5 % 1,4-diazobicyclo-[2.2.2]-octane 

(DABCO)]   

    1.    Coat glass-bottomed dishes (Matsunami) with collagen diluted tenfold in 
10 mM HCl for 30 min at room temperature.   

   2.    Seed the cells onto collagen-coated glass-bottom dishes and culture overnight 
in a CO 2  incubator.   

   3.    Fix the cells with fi x solution for 5 min at room temperature.   
   4.    Wash the cells twice with PBS-G solution.   
   5.    Incubate the cells with blocking solution for 30 min at room temperature.   
   6.    Stain the cells with 1 μg/ml 2H8 mAb prepared in staining solution for 30 min 

at room temperature.   
   7.    Wash the cells fi ve times with wash solution.   
   8.    Stain the cells with 1 μg/ml anti-mouse IgG-Alexa Fluor 488 prepared in stain-

ing solution for 30 min at room temperature.   
   9.    Wash the cells fi ve times with wash solution.   
   10.    Incubate the cells with 1 μg/ml DAPI prepared in PBS for 30 min at room 

temperature.   
   11.    Wash the cells twice with PBS.   
   12.    Mount with mounting medium. ( Note : Avoid air bubbles.)   
   13.    Visualize using a confocal laser scanning microscope (e.g., A1Rsi, Nikon or 

LSM780, Carl Zeiss).    

29.2.2       IF Staining of Tissue Sections 

   Materials 

  Fix solution (PBS containing 4 % PFA) (ice-cold)  
  10 mM citrate buffer solution (pH 6.0)  
  Blocking solution (5 % BSA prepared in PBS containing 0.5 % Triton X-100) 

(ice-cold)  
  Wash solution (PBS containing 1 % BSA and 0.1 % Tween 20)  
  Horseradish peroxidase (HRP)-labeled anti-mouse IgG antibody (e.g., rat anti- 

mouse IgG-HRP (Trueblot), Rockland)  
  Fluorescent dye-labeled tyramide (Tyramide-Alexa Fluor 488, Life Technologies)  
  DAPI (Sigma)  
  Mounting medium (Permafl uor, Thermo)   

    1.    Prepare the frozen sections of tissues on Matsunami adhesive silane (MAS)-
coated slide glasses (Matsunami).   

   2.    Fix the sections with fi x solution for 30 min at room temperature.   
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   3.    Boil the sections in 10 mM citrate buffer solution for 30 min for antigen 
retrieval.   

   4.    Incubate the sections in blocking solution for 30 min at room temperature.   
   5.    Stain the sections with 5 μg/ml 2H8 mAb prepared in blocking solution over-

night at 4 °C.   
   6.    Wash the sections fi ve times with wash solution.   
   7.    Stain the sections with anti-mouse IgG-HRP diluted 100 fold in blocking solu-

tion for 60 min at 4 °C.   
   8.    Wash the sections fi ve times with wash solution.   
   9.    Incubate the sections with 1 μg/ml DAPI for 30 min at room temperature.   
   10.    Wash the sections twice with PBS.   
   11.    Mount with mounting medium. ( Note : Avoid air bubbles.)   
   12.    Visualize the samples using a confocal laser scanning microscope.    

29.3        Immunoprecipitation and Western Blotting 
of FLAG- GPCRs Using the 2H8 mAb 

29.3.1     Immunoprecipitation 

   Materials 

  Lysis buffer [20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 2 mM EDTA, 10 % glycerol, 
0.3 % sodium deoxycholate, 1 % NP-40, and a protease inhibitor cocktail 
(Nacalai)]  

  Wash buffer (lysis buffer lacking the protease inhibitor cocktail)  
  Protein A/G-agarose (Santa Cruz)  
  2× SDS sample buffer (25 mM Tris-HCl, pH 6.8, 0.8 % SDS, 10 % glycerol, 0.1 % 

bromophenol blue, 2 % 2-mercaptoethanol)   

    1.    Lyse the cells with 500 μl lysis buffer for 15 min at 4 °C.   
   2.    Centrifuge at 10,000  g  for 30 min at 4 °C.   
   3.    Transfer the supernatant to new tubes.   
   4.    Add 10 μl protein A/G-agarose and 10–100 ng 2H8 mAb.   
   5.    Rotate the tube overnight at 4 °C using a rotator.   
   6.    Centrifuge at 1,000  g  for 5 min at 4 °C.   
   7.    Discard the supernatant.   
   8.    Add 1 ml wash buffer to the pellets.   
   9.    Repeat the procedure (steps 6–8) four times.   
   10.    Dissolve the immunoprecipitates in 60 μl 2× SDS sample buffer.   
   11.    Denature the samples for 30 min at 60 °C. ( Note : Some GPCRs aggregate after 

heat denaturation at 100 °C.)    
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29.3.2       Western Blotting 

   Materials 

  30 % Acrylamide (AA)/Bis-acrylamide (Bis) solution (29:1)  
  1.5 M Tris-HCl, pH 8.8  
  0.5 M Tris-HCl, pH 6.8  
  10 % SDS  
  10 % Ammonium persulfate (AMPS)  
   N,N,N’,N’ -Tetramethylethylenediamine (TEMED)   

   12 % SDS-polyacrylamide gel (upper, 6 % stacking gel; lower, 12 % separating gel)  
  12 % separating gel (8 ml AA/Bis, 5 ml 1.5 M Tris-HCl, 0.2 ml 10 % SDS, 0.2 ml 

10 % AMPS, 0.02 ml TEMED, 6.58 ml H 2 O)  
  6 % stacking gel (2 ml AA/Bis, 2.5 ml 0.5 M Tris-HCl, 0.1 ml 10 % SDS, 0.1 ml 

10 % AMPS, 0.01 ml TEMED, 5.29 ml H 2 O)   

   1× running buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS, pH 8.3)  
  1× transfer buffer (25 mM Tris, 192 mM glycine)  
  TBS-T solution (20 mM Tris-HCl, pH 8.0, 150 mM NaCl, 0.1 % Tween 20)  
  Blocking solution (TBS-T containing 5 % skimmed milk)  
  HRP-labeled anti-mouse IgG polyclonal antibody (PoAb) (e.g., sheep anti-mouse 

IgG-HRP, GE Healthcare)  
  Immobilon Western chemiluminescence HRP substrate solution (Millipore)   

    1.    Separate the proteins (e.g., 10–20 µl immunoprecipitated samples) by SDS- 
PAGE (12 % separating gel).   

   2.    Transfer to a polyvinylidene fl uoride (Millipore) membrane in 1× transfer buffer 
using a wet transfer system (Bio Craft).   

   3.    Incubate the membrane with blocking solution overnight at 4 °C.   
   4.    Incubate the membrane with 0.1 μg/ml 2H8 mAb prepared in TBS-T containing 

0.5 % skimmed milk for 60 min at room temperature.   
   5.    Wash the membrane fi ve times with TBS-T solution.   
   6.    Incubate the membrane with anti-mouse IgG-HRP diluted 1000 fold in TBS-T 

containing 0.5 % skimmed milk for 60 min at room temperature.   
   7.    Wash the membrane fi ve times with TBS-T solution.   
   8.    Incubate the membrane with HRP substrate (e.g., ImmunoStar, Wako) and visu-

alize the signal using an image analyzer (e.g., LAS4000, Fujifi lm).    

29.4        Results 

 To evaluate the usefulness of the 2H8 mAb for fl ow cytometric analysis, we estab-
lished CHO cells expressing various GPCRs with an N-terminal FLAG tag, namely, 
mouse and human leukotriene B 4  receptor 1 (mBLT1 [ 3 ] and hBLT1 [ 10 ], 
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respectively), human sphingosine-1-phosphate receptor 1 (hS1P1, [ 4 ]), guinea pig 
platelet- activating factor receptor (gpPAFR, [ 2 ]), human cysteinyl leukotriene 
receptor 1 (hCysLT1, [ 6 ]), human CXC chemokine receptor 4 (hCXCR4, [ 1 ]), and 
mouse CC chemokine receptor 7 (mCCR7, [ 9 ]). These cells were stained with the 
2H8 mAb (1 μg/ml) followed by anti-mouse IgG-Alexa Fluor 488, and then ana-
lyzed by fl ow cytometry (Fig.  29.1a ). Two log shifts were observed when cells 
expressing FLAG- tagged mBLT1, hBLT1, hS1P1, or gpPAFR were stained with the 
2H8 mAb. Of note, the 2H8 mAb also detected GPCRs that were expressed at inter-
mediate or extremely low levels (hCysLT1, hCXCR4 or mCCR7), which were not 
detected by commercially available anti-FLAG mAbs (M2 and M5, Sigma) [ 8 ]. 

  Fig. 29.1    The 2H8 mAb is suffi ciently sensitive to detect N-terminally FLAG-tagged G protein- 
coupled receptors (GPCRs). ( a ) CHO cells stably expressing FLAG-GPCRs and mock cells were 
stained with 1 μg/ml 2H8 mAb ( black ) or isotype control (mouse IgG 1 ,  white ) and then with 1 μg/
ml anti-mouse IgG-Alexa Fluor 488 and analyzed with a fl ow cytometer. ( b ) CHO cells expressing 
FLAG-GPCRs and mock cells were similarly stained in a glass-bottomed dish and visualized by 
confocal microscopy. Bar = 50 μm       
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Some GPCRs are poorly expressed on the plasma membrane, possibly because of 
traffi cking problems, even when cells overexpress these proteins. Given that it is 
generally diffi cult to generate good mAbs against GPCRs, the 2H8 mAb will be a 
powerful tool to detect FLAG-tagged GPCRs with modest or low expression levels 
that are currently undetectable using the M2 and M5 mAbs. In addition, we stained 
CHO cells expressing FLAG-tagged GPCRs with the 2H8 mAb and detected a 
bright signal on the plasma membrane (Fig.  29.1b ).

   Because of high background staining, especially in the nucleus, conventional 
anti-FLAG mAbs (e.g., M2 and M5) are not amenable to immunohistochemical 
staining. Therefore, sections of small intestine from villin FLAG-mBLT2 transgenic 
mice were stained with the 2H8 mAb or an anti-mBLT2 polyclonal antibodies 
(PoAb) (unpublished). We generated villin promoter-driven FLAG-mBLT2 trans-
genic mice, which express FLAG-mBLT2 only in intestinal epithelial cells because 
of the specifi city of the villin promoter. Both the 2H8 mAb and the anti-mBLT2 
PoAb positively stained intestinal epithelial cells (Fig.  29.2 , left panels). The signal 
generated by the 2H8 mAb was specifi c because control antibodies did not produce 

  Fig. 29.2    Immunofl uorescence staining in the small intestine from villin FLAG-mBLT2-Tg mice. 
Frozen sections of the small intestine were stained with 5 μg/ml 2H8 mAb followed by anti-mouse 
IgG-HRP ( upper left panel ), or with 10 μg/ml rabbit anti-mouse BLT2 PoAb followed by anti- 
rabbit IgG-HRP ( lower left panel ), and then reacted with Alexa Fluor 488-conjugated tyramide. 
 Right panels  show staining using control primary antibodies (mouse IgG 1  and rabbit IgG). Nuclei 
were visualized by incubation with 1 μg/ml DAPI. Bar = 50 μm       
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any signals (Fig.  29.2 , right panels). These data clearly demonstrate that the 2H8 
mAb specifi cally recognizes FLAG sequences fused to GPCRs in vivo and that it is 
suitable for immunohistochemical analysis.

   Furthermore, we examined whether the 2H8 mAb could immunoprecipitate 
FLAG-tagged GPCRs. The 2H8 mAb effi ciently immunoprecipitated both FLAG- 
mBLT1 and FLAG-hS1P1 (Fig.  29.3 ). One hundred nanograms of 2H8 mAb was 
suffi cient for successful immunoprecipitation, and a substantial level of immuno-
precipitation was obtained using only 10 ng 2H8.

29.5        Conclusion 

 The 2H8 anti-FLAG mAb is a powerful tool to detect and immunoprecipitate 
GPCRs fused to FLAG at their amino termini.     
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