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Abstract

Biophysical properties of membranes are
dependent on their glycerophospholipid com-
positions. Lysophospholipid acyltransferases
(LPLATS) selectively incorporate fatty chains
into lysophospholipids to affect the fatty acid
composition of membrane glycerophospho-
lipids. Lysophosphatidic acid acyltransferases
(LPAATS) of the 1-acylglycerol-3-phosphate
O-acyltransferase (AGPAT) family incorpo-
rate fatty chains into phosphatidic acid during
the de novo glycerophospholipid synthesis in
the Kennedy pathway. Other LPLATS of both
the AGPAT and the membrane bound
O-acyltransferase (MBOAT) families further
modify the fatty chain compositions of mem-
brane glycerophospholipids in the remodeling
pathway known as the Lands’ cycle. The
LPLATS functioning in these pathways pos-
sess unique characteristics in terms of their
biochemical activities, regulation of expres-

sions, and functions in various biological
contexts. Essential physiological functions
for LPLATs have been revealed in studies
using gene-deficient mice, and important
roles for several enzymes are also indicated
in human diseases where their mutation or
dysregulation causes or contributes to the
pathological condition. Now  several
LPLATs are emerging as attractive thera-
peutic targets, and further understanding of
the mechanisms underlying their physiolog-
ical and pathological roles will aid in the
development of novel therapies to treat sev-
eral diseases that involve altered glycero-
phospholipid metabolism.
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2.1 Function and Diversity

of Cellular Membranes

Cellular membranes are comprised mainly of pro-
tein and lipids; and glycerophospholipids, along
with sphingolipids and cholesterol, are the major
lipid components. The glycerophospholipids share
a common glycerol-based structure with a phos-
phate-containing headgroup at the sn-3 position of
the glycerol backbone, and two hydrophobic fatty
chains attached to the sn-1 and sn-2 positions
(Fig. 2.1). This basic structural unit supports for-
mation of lipid bilayers, which serve various cel-
lular functions: to separate the interior of cells
from their physical environments; to form com-
partments within cells that define organelles and
structures; to form domains of molecular interac-
tions; and as storage of lipid mediator precursors.
Some glycerophospholipids also form monolayers
such as outer monolayers of HDL (high-density
lipoprotein) particles, LDL (low-density lipopro-
tein) particles, and lipid droplets; as well as spe-
cialized surfactant monolayers such as pulmonary
surfactant. A great diversity of glycerophospho-
lipid species exists due to the many possible com-
binations of headgroups, fatty chains, and linkages
of the fatty chains to the glycerol backbone. This
diversity varies among cell types and tissues and
imparts membranes with unique biophysical and
biological properties.
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2.1.1 Glycerophospholipid Classes
Glycerophospholipids possess a phosphate-
containing headgroup esterified to sn-3 of their
glycerol backbones. In the simplest glycerophos-
pholipid, phosphatidic acid (PA), the phosphate
is the headgroup and no further addition is made.
PA is not very abundant in membranes but is a
key intermediate in biosynthesis of all other
classes of glycerophospholipids. The other
classes are formed by esterification of the phos-
phate group to any of several alcohols (choline,
ethanolamine, serine, inositol, or glycerol) form-
ing the glycerophospholipid classes phosphati-
dylcholine (PC), phosphatidylethanolamine
(PE), phosphatidylserine (PS), phosphatidylino-
sitol (PI), and phosphatidylglycerol (PG).
Cardiolipin (CL) is structurally unique in having
a modified dimeric PG structure, with a glycerol
backbone esterified to two PA moieties.

The relative amounts of the different glycero-
phospholipid classes in cellular membranes var-
ies. PC followed by PE are the most abundant
glycerophospholipids in  membranes, and
together typically account for over half of the
glycerophospholipids. Other classes of glycero-
phospholipids are typically less abundant, PI and
PS classes each typically account for ~5-10% of
all glycerophospholipids, and lesser amounts of
CL, PG, and PA (<5% each) are generally present
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Fig. 2.1 Glycerophospholipid structure

Basic structures of diacyl-, alkyl-acyl-, and alkenyl-acyl
(plasmalogen) -glycerophospholipids are shown. X repre-
sents -OH, choline, ethanolamine, serine, inositol, or
glycerol for PA, PC, PE, PS, PI, and PG, respectively.

Stereospecific numbering (sn) positions of the glycerol
backbone are indicated by red arrows. R1 and R2 repre-
sent the fatty chains at sn-1 and sn-2, respectively. Acyl,
alkyl, and alkenyl linkages at sn-1 are highlighted in blue.
GPL, glycerophospholipid
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[1]. However, the less abundant classes of glyc-
erophospholipids may have specialized functions
and important roles in various biological con-
texts, such as roles for PS in cell fusion, phagocy-
tosis, and apoptosis [2] and roles for PI in vesicle
trafficking [3]. These less abundant classes may
also be concentrated within cells in certain struc-
tures, domains, or organelles; for example, CL is
a major component of the inner mitochondrial
membrane, where it has important roles in mito-
chondrial structure and function [4].

2.1.2 Fatty Chain Diversity

Fatty chains found in glycerophospholipids vary
in terms of carbon chain length and double-bond
number. The fatty chain compositions of mem-
brane glycerophospholipids varies among organ-
elles, cell types, tissues, and physiological states;
and these compositions can strongly affect bio-
physical properties of the membranes in terms of
fluidity, flexibility, fusion, fission, and curvature
[5, 6]. Carbon chain lengths affect membrane
thickness and microdomain formation, which can
strongly affect functions of transmembrane pro-
teins and membrane-associated proteins. Double-
bond number affects membrane thickness,
viscosity, flexibility, and strength. Compared to
unsaturated and monounsaturated fatty chains,
polyunsaturated fatty chains in membrane phos-
pholipids impart flexibility and curvature to the
membranes. Polyunsaturated fatty acids in mem-
brane glycerophospholipids also represent
important sources of precursor molecules that
can be de-esterified by phospholipase A (PLA)
1/2 s and converted to lipid mediators [7, 8].

2.1.3 Glycerophospholipid
Linkages

In addition to chain length and saturation, the
linkages of the fatty chains to the glycerol back-
bone further increase the diversity of glycero-
phospholipid species. Acyl linkages are the most

common at both sn-1 and sn-2. Alkyl and alkenyl
linkages may also occur at sn-1, forming what
are known as plasmanyl- or plasmenyl-
phospholipids, respectively (Fig. 2.1). Plasmanyl-
and plasmenyl-phospholipids have a different
biosynthetic route than diacyl glycerophospho-
lipids. Rather than being synthesized from a PA
precursor, as are diacyl species, their synthesis
begins in peroxisomes with acylation of dihy-
droxyacetone phosphate (DHAP) by the enzyme
DHAP-acyltransferase (DHAPAT). This reaction
produces 1-acyl-DHAP, which is enzymatically
converted to  l-alkyl-DHAP and then
1-alkylglycerol-3-phosphate. 1-alkylglycerol-3-
phosphate is acylated at sn-2 and further metabo-
lized in the endoplasmic reticulum to form the
plasmanyl- and plasmenyl-phospholipids [9].

The plasmanyl-phospholipids, with alkyl link-
ages at sn-1, usually are of the PC class of glycero-
phospholipids. =~ A notable  example is
platelet-activating factor (PAF; 1-O-alkyl-2-acetyl-
sn-glycero-3-phosphocholine). PAF is a potent
inflammatory phospholipid mediator, and produced
by lyso-PAF acetyltransferase activities of lyso-
phosphatidylcholine acyltransferase (LPCAT)1 or
LPCAT?2 from lyso-PAF and acetyl-CoA [10, 11].

The plasmenyl glycerophospholipids, com-
monly known as plasmalogens, have alkenyl link-
ages at sn-1 and are enriched with polyunsaturated
fatty acids at sn-2. This unique structure may
impart them with special properties, however
determining the biological functions of plasmalo-
gens has often been challenging. Overall, plas-
malogens account for 15-20% of all phospholipids
in cell membranes and are highly enriched in cer-
tain tissues. Plasmalogens of the PE class are gen-
erally the most abundant, as well as PC
plasmalogens in certain tissues. For instance, in
adult humans over half of the PE glycerophospho-
lipids in heart and brain may be plasmalogen; and,
while PC in brain is low in plasmalogen, ~25% of
PC in heart may be plasmalogen. Other tissues
rich in plasmalogens include kidney, lung, skele-
tal muscle, and ocular lens; and plasmalogens
may also have unique roles during development
and in immune cells [9].
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2.1.4 De novo Glycerophospholipid
Biosynthesis (Kennedy
Pathway)

De novo glycerophospholipid production pro-
ceeds through pathways that involve production
of PA as a precursor in production of all mam-
malian diacyl glycerophospholipids. These
enzymatic reactions were first described by
Kennedy and Weiss in 1956 and are now termed
the Kennedy pathway [12]. First, glycerol-3-
phosphate acyltransferases (GPATSs) esterify an
acyl chain to glycerol-3-phosphate (G3P) at the
sn-1 position to produce lyso-PA (LPA;
l-acylglycerol-3-phosphate).  Next,  LPA-
acyltransferases (LPAATSs) esterify a second
acyl chain to the sn-2 position to produce
PA. Newly synthesized PA may be further con-
verted by either of two metabolic routes active
in glycerophospholipid biosynthesis. The PA
may be dephosphorylated by PA phosphatases
(PAPs; also known as lipins) to produce diacyl-
glycerol (DAG), which may be further metabo-
lized to produce PC, PE, PS, and triglyceride
(TG). Alternatively, PA may be acted upon by

aap SPANEES

l LPAAT </

cytidine diphosphate (CDP) -DAG synthase to
produce CDP-DAG, which may be further
metabolized to produce CL, PI and PG [13]
(Fig. 2.2).

2.1.5 PCand PE Are Produced
from Diacylglycerol

PC and PE are the most abundant glycerophos-
pholipids, and in the Kennedy pathway two par-
allel pathways convert DAG to either PC or
PE. The Kennedy pathway to produce PC pro-
ceeds in three sequential reactions: (a) choline
kinase (CK) phosphorylates choline to form
phosphocholine; (b) CTP:phosphocholine cyti-
dyltransferase (PCYT1) forms CDP-choline
from phosphocholine and cytidine triphosphate
(CTP); and (c) CDP choline:1,2-DAG choline-
phosphotransferase (CPT) utilizes CDP-choline
and DAG as substrates to produce PC. In the
analogous Kennedy pathway to produce PE, (a)
ethanolamine kinase (EK) phosphorylates etha-
nolamine to form phosphoethanolamine; (b)
CTP:phosphoethanolamine cytidylyltransfer-
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Fig. 2.2 Glycerophospholipid de novo synthesis and glycerol synthase, DAG  diacylglycerol, DGAT
remodeling pathways diacylglycerol  acyltransferase, G3P  glycerol-3-

Basic mammalian pathways to produce diacyl-glycero-
phospholipids is shown (see text for details). Acyl chains at
sn-2 are specified during production of PA from LPA in
Kennedy pathway (green circle), and may be extensively
remodeled during Lands’ cycle reactions (orange circles).
Abbreviations: CDP-DAG cytidine diphosphate-
diacylglycerol, CDP-D G § cytidine diphosphate-diacyl-

phosphate, G PAT glycerol-3-phosphate acyltransferase,
LP C lyso-PC, LPE lyso-PE, LP G lyso-PG,LP1I lyso-
PI, LPS lyso-PS, MAG monoacylglycerol, PA P phos-
phatidic acid phosphatase, P EM T PE methyltransferase,
P SD PS decarboxylase, PSS I PS synthase 1, PSS2 PS
synthase 2, TG triglyceride
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ase (PCYT2) forms CDP-ethanolamine from
CTP and phosphoethanolamine; and (c) CDP-
ethanolamine:1,2-diacylglycerol ethanolamine-
phosphotransferase (EPT) utilizes
CDP-ethanolamine and DAG to produce PE
[1].

2.1.6 Additional Reactions
to Generate
Glycerophospholipid Classes

Other enzymatic reactions occur that mediate
conversion of glycerophospholipids between
classes. An alternative pathway to produce PC
from PE exists that is called the PE methyltrans-
ferase (PEMT) pathway. In this pathway, PC pro-
duction occurs via three sequential methylations
of PE, all catalyzed by the enzyme PEMT. This
pathway to PC production is only active in liver,
where it accounts for ~30% of PC production
[14].

PS is produced from PC and PE via base
exchange reactions catalyzed by either of two
enzymes, PS synthase (PSS) 1 or PSS2. Both
enzymes produce PS in regions of the endoplas-
mic reticulum; PSS1 converts PC to PS, and
PSS2 converts PE to PS. PS that has been trans-
ported to the mitochondria may be converted
back to PE by the actions of another enzyme, PS
decarboxylase (PSD) [1].

These pathways for production of PC, PE,
and PS all proceed from DAG as a common
intermediary. The pathways to produce the other
classes of glycerophospholipids PI, CL, and PG
all involve a series of enzymatic reactions that
utilize CDP-DAG, produced from PA, as a pre-
cursor. Thus, PA is a common precursor mole-
cule in de mnovo synthesis of all diacyl
glycerophospholipids. PA is usually maintained
at relatively low levels in cells, and newly syn-
thesized PA may be rapidly converted to other
glycerophospholipid classes. Therefore, the
enzymes that regulate fatty chain compositions
of PA also regulate the fatty chain compositions
of all glycerophospholipids produced in Kennedy
pathway [12].

2.2  Regulation of Acyl Chain

Compositions

During Kennedy pathway of glycerophospho-
lipid synthesis, acyl chains are determined first
when GPAT incorporates an acyl chains into sn-1
position of G3P to produce LPA, and again when
LPAAT incorporates an acyl chain into sn-2 to
produce PA. GPAT enzymes preferentially utilize
saturated or mono-unsaturated acyl-CoA sub-
strates for incorporation into sn-1, and different
LPAAT enzymes vary in their acyl-CoA selec-
tivities to utilize saturated, mono-unsaturated, or
poly-unsaturated acyl-CoA substrates for incor-
poration into sn-2. Thus, GPAT and LPAAT
enzyme selectivities are major determinants of
fatty chain compositions at sn-1 and -2 of glyc-
erophospholipids formed during the de novo syn-
thesis. However, these selectivities do not fully
account for the fatty chain diversity found in cel-
lular membranes. The fatty chain compositions at
sn-2 are further modified as part of a glycero-
phospholipid acyl chain remodeling pathway
known as the Lands’ cycle.

Rapid turnover of acyl chains in glycerophos-
pholipids was originally described by William
Lands in 1958 [15]. In radioactive tracer experi-
ments of PC synthesis in lung tissue, Lands
noticed the ratio of fatty acid incorporation to
glycerol was several-fold higher in phospholipids
compared to TGs. This suggested that in addition
to the biosynthetic route leading to production of
both TG and PC from a common DAG precursor,
another mechanism to allow exchange of fatty
acids on PC in absence of de novo synthesis may
exist. Lands postulated existence of an enzyme
system which catalyzes exchange of fatty acids
via formation of a lysophospholipid intermediate
followed by reacylation. This enzyme system is
now known to catalyze the rapid turnover at sn-2
via cycles of PLA2-mediated deacylations and
lysophospholipid  acyltransferase =~ (LPLAT)
-mediated reacylations in a pathway distinct from
de novo synthesis. PA production as part of the
Kennedy pathway and glycerophospholipid
remodeling during Lands’ cycle are two distinct
mechanisms by which acyl chains of glycero-
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phospholipids are specified. Different sets of
LPLATs function in these two pathways, and
together these pathways account for the acyl
chain diversity that exists in membrane
glycerophospholipids.

2.2.1 Distinct Sets of LPLATs
Function During de novo
and Remodeling Pathways
The first identified mammalian LPAATS,

LPAAT1 and LPAAT2, were cloned by several
independent groups in 1997 based on motifs
conserved in homologous sequences from
plants, bacteria, yeast, nematodes and viruses
[16-20]. These motifs included regions of high
homology, now known as 1-acylglycerol-
3-phosphate O-acyltransferase (AGPAT) motifs
I-IV, that are important for substrate binding and
enzymatic activity [19, 21, 22]. Originally,
eleven mammalian AGPAT family members

characterization of the recombinant enzymes
indicated many of these AGPAT family mem-
bers primarily produce glycerolipids other than
PA. Now five AGPAT family members are
thought to function primarily as LPAATs by
acylating LPA at sn-2 to produce PA [18, 24—
27]. The other AGPAT family members have
been reclassified according to their biochemical
activities as GPATs, DHAPAT, or Lands’ cycle
LPLATSs (such as LPCATs, LPEATs, LPIATS,
LCLATs, and LPGATS) [21, 28]. Subsequently,
non-AGPAT family LPLATs were also identi-
fied that are membrane bound O-acyltransferase
(MBOAT) family members [29]. MBOAT fam-
ily enzymes have activation motifs that are dif-
ferent from AGPAT motifs [30]. Currently four
MBOAT family members are known to function
as LPLATs in the Lands’ cycle. The LPLATSs of
AGPAT and MBOAT families which function in
the Kennedy pathway and Lands’ cycle are
summarized in Fig. 2.3.

were identified [23]; however, biochemical
LPLAT HUGO
Family name Product  symbol Other Symbols
AGPAT LPAAT1 PA AGPAT1 LPAATa
LPAAT2 PA AGPAT2 LPAATR
Ke nn edy LPAAT3 PA, PI AGPAT3 LPAATY
pathway LPAAT4  PA AGPAT4  LPAATS
AGPAT5 AGPAT5 LPAATe
AGPAT LPEAT2 PE LPCAT4 AYTL3, AGPAT7
LCLAT1 CL, PG, PI LCLAT1 ALCAT1, AGPAT8
i an d S ! LPCAT1 PC, PE, PAF LPCAT1 AYTL2, AGPAT9/10
LPCAT2 PC, PE, PAF LPCAT2 AYTL1, lysoPAFAT
cycle LPGAT1 LPG LPGAT1 NET8, KIAA0205
MBOAT LPCAT3 PC,PE,PS LPCAT3 OACT5, MBOATS
LPCAT4 PC, PE, PA MBOAT2 OACT2
LPEAT1 PE, PS MBOAT1 OACTH
LPIAT1 Pl MBOAT7 LENG4, MBOA7

Fig. 2.3 LPLATs of the AGPAT and MBOAT families

LPLATs of the AGPAT family function in the Kennedy
pathway (green box), and LPLATs of the AGPAT and
MBOAT families function during Lands’ cycle remod-

eling (orange box). Both LPCAT4/MBOAT2 and
LPEAT2/LPCAT4 (in red letters) are referred to as
“LPCAT4” and sometimes induce confusion in the
literature
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2.3  LPAAT Enzymes Determine
Acyl Chains During de novo

Synthesis

In de novo synthesis of PA, following esterifica-
tion of a fatty chain to G3P by GPATsS, the next
step involving esterification of a second fatty
chain, to the sn-2 position, is catalyzed by LPAAT
enzymes of the AGPAT family (Fig. 2.2). The
first identified mammalian isoforms, LPAAT1
and LPAAT?2, were cloned nearly simultaneously
by several groups [16—19]. Eberhardt et al. iden-
tified motifs in human LPAAT2 that were con-
served in homologous sequences from plants,
bacteria, yeast, nematodes and viruses [19], and
Aguado et al. reported similarly conserved
sequences in human LPAAT1 the following year
[20]. These regions included the regions now
referred to as AGPAT motifs that are conserved in
all AGPAT family members and important in sub-
strate binding and enzymatic activity [21].
Mammalian LPAAT1 and LPAAT?2 are the most
evolutionarily conserved isoforms and suggested
to have evolutionarily arisen as part of the earliest
TG synthesis pathway, indicating the importance
of these isoforms in TG as well as glycerophos-
pholipid production [31].

2.3.1 LPAAT1 Has Essential

Functions in Multiple Tissues

LPAAT1 and LPAAT?2 share high homology and
have similar but not identical biochemical activi-
ties to utilize a variety of fatty chain-CoAs in pro-
ducing PA [32]. LPAAT1 is broadly expressed,
while LPAAT?2 shows more restricted expression.
Both LPAAT1 and LPAAT?2 are expressed in
adipocytes [32], however genetic loss of LPAAT?2
activity causes congenital generalized lipodystro-
phy (CGL) [33], indicating that LPAAT2 has
essential functions in adipocytes that are not
compensated for by LPAAT1 [34].

To understand the biological functions of
LPAAT1, LPAAT1 knockout (KO) mice were gen-
erated and phenotypically analyzed [35]. LPAAT1
KO mice had widespread disturbances in metabo-
lism and glycerophospholipid homeostasis, caus-

ing pathological effects in multiple organ system.
The LPAAT1 KO pups were born at less than
Mendelian frequency, and those born had reduced
body weights that almost did not increase after day
12. The LPAAT1 KO pups had decreased leptin
and decreased plasma glucose, and about half died
by 4 weeks of age. KO mice had markedly reduced
epididymal fat pads, and cervical brown adipose
tissue was also reduced but maintained in propor-
tion to the reduced body weights. The LPAAT1
KO mice that survived to adult had reproductive
abnormalities including impaired sperm develop-
ment in males, and ovulation defects in females
especially in late follicular maturation. LPAAT1
KO mice had features of seizures/epilepsy, and in
hippocampus, where LPAATI is normally
expressed, LPAAT] KO mice tended to have
reduced CA-region thickness, reduced neuron
number, and impaired neurological function.
Overall these results indicate LPAAT1 has essen-
tial functions in brain and testes, and is required
for normal lipid homeostasis [35].

2.3.2 LPAAT2 and Lipodystrophy

LPAAT? is expressed in several tissues, showing
highest expression in adipose tissue, pancreas
and liver, and has broad specificity to utilize a
variety of fatty acid-CoAs as substrates; includ-
ing C14:0, C16:0, C18:1, and C18:2 -CoAs to
produce PA [32]. LPAAT?2 mutations are associ-
ated with congenital generalized lipodystrophy
(CGL), also known as Berardinelli-Seip lipodys-
trophy [33]. Four subtypes of the disease are rec-
ognized based upon the causative gene mutation
(LPAAT2, BSCL2, CAV1, or CAVINI/PTRF),
and LPAAT?2 was identified as the causative gene
of type 1 CGL through positional cloning [33,
36]. Disease-causing homozygous or compound
heterozygous LPAAT2 mutations have been
identified that include deletions, nonsense, mis-
sense, splice-site and those in the 3’-UTR muta-
tions [34, 37].

CGL is a rare autosomal recessive disorder and
the most striking feature is a total lack of subcuta-
neous body fat from birth. Children with this dis-
order have increased appetites, undergo
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accelerated growth, and develop metabolic com-
plications including severe insulin resistance,
hypertriglyceridemia, hepatic steatosis and early
onset of diabetes. LPAAT2 KO mice have been
used to elucidate the pathological mechanisms
involved [38]. LPAAT2 KO mice had almost a
complete lack of both white and brown adipose
tissue, and just 2% body fat compared to 24-29%
in wild-type mice. The LPAAT2 KO mice devel-
oped extreme insulin resistance, diabetes, and
hepatic steatosis. Lipogenic gene expression was
increased and fatty acid biosynthesis was acceler-
ated in LPAAT2 KO mouse livers, accompanied
by increased monoacylglycerol (MAG) acyltrans-
ferase isoform 1, suggesting the MAG pathway
for TG production may be hyper-activated under
conditions of LPAAT?2 deficiency, possibly caus-
ing or contributing to the hepatic steatosis. Both
LPAAT1 and LPAAT?2 are normally expressed in
adipose tissue, however LPAAT1 cannot compen-
sate for the observed phenotypic abnormalities in
LPAAT2 KO mice, underscoring the essential
function of LPAAT?2 in this tissue [38].

LPAAT?2 functions in TG as well as glycero-
phospholipid synthesis, and it is possible that
LPAAT2 mutations cause CGL primarily by
inhibiting TG biosynthesis and storage in adipo-
cytes. The lack of functional adipose tissue in
CGL results in TG accumulations in other tissues
like skeletal muscle and liver and contributes to
the disrupted metabolic homeostasis [39]. It has
been suggested that the lipodystrophy due to
mutations in LPAAT2 and other CGL-causing
genes might be mechanistically caused by defec-
tive lipid droplet formation in adipocytes.
However, LPAAT2-generated phospholipids may
also impact adipocyte function and TG storage,
and further studies are required to understand the
relative contribution of the LPAAT2-generated
TGs and glycerophospholipids to metabolic
homeostasis that is disrupted in CGL [34].

2.3.3 LPAAT3 Incorporates DHA into
Membranes

Consumption of fish oil, which is rich in very
long-chain omega-3 fatty acids such as docosa-

hexaenoic acid (DHA) and eicosapentaenoic
acid (EPA), is well-known to promote cardio-
vascular health and have beneficial effects in
other tissues [40]. Incorporation of very long-
chain, highly unsaturated chains like DHA and
EPA into membrane glycerophospholipids may
impart fluidity and flexibility to the membranes,
as well as impact functions of membrane pro-
teins [41]. DHA and EPA also have other bio-
logical functions as ligands for lipid sensing
molecules such as PPARs [42] and as precursor
molecules for specialized pro-resolving media-
tors [43]. Thus, incorporation of DHA and EPA
into membrane glycerophospholipids may both
alter membrane properties as well regulate their
availability as ligands or precursors of bioactive
molecules. We have focused on the functions of
DHA in biological membranes, because DHA-
CoA is selectively utilized as a substrate by
LPAAT3 during glycerophospholipid synthesis
[44, 45].

LPAAT3 was originally identified as an
enzyme broadly expressed in tissues, regulated
by PPAR-alpha in mouse heart [24], and
involved in golgi dynamics [46]. Substrate
specificity of LPAAT3 was shown to incorpo-
rate very long-chain polyunsaturated fatty acids
into LPA [25, 44, 45] and to selectively incor-
porate DHA to increase production of DHA-
containing glycerophospholipids [45, 47-49].
LPAAT3 KO mice were generated, and they
show marked and specific reductions in DHA-
containing glycerophospholipids in several tis-
sues, demonstrating a central role for
LPAAT3 in generation of DHA-containing
glycerophospholipids [47, 48].

DHA-containing glycerophospholipids are
abundant in several tissues including retina, tes-
tes, brain, heart, and skeletal muscle where they
may have important physiological functions.
DHA deficiency is associated with several human
diseases including hyperlipidemia, cardiovascu-
lar disease, cognitive dysfunction, retinal degen-
eration, and male infertility [50]. We have
investigated regulation and biological functions
of LPAAT3-generated DHA-containing glycero-
phospholipids in sperm, retina, and skeletal mus-
cle cells [47-49].
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2.3.4 LPAAT3 Incorporates DHA into
Glycerophospholipids During
Sperm Cell Development

Male infertility frequently occurs due to declines
in sperm function. Mammalian sperm contains a
high amount of very long-chain polyunsaturated
fatty acids including DHA, and defective human
sperm populations show declines in DHA in both
esterified and unesterified fatty acid fractions
[51]. Thus, high DHA content in sperm may be
required to impart sperm cell plasma membranes
with necessary properties for specialized func-
tions involved in sperm cell maturation, morphol-
ogy, motility, or fusion with the egg [52].

LPAAT3 was investigated as a candidate
enzyme to incorporate DHA into sperm cell mem-
branes. LPAAT3 was highly expressed in mouse
testicles, and expression increased during develop-
ment, coinciding with increased enzymatic activi-
ties to incorporate DHA into PC and PE [25, 45].
Immunohistochemical analyses indicated LPAAT3
was expressed both in Leydig cells as well as in
spermatids, where LPAATS3 levels increased during
spermatogenesis. DHA levels and metabolism in
the testes were investigated in LPAAT3 KO mice.
Microsome fractions from testes of LPAAT3 KO
mice had moderately decreased LPAAT activities
to utilize arachidonic acid-CoA but greatly
decreased activities to utilize DHA-CoA. Moreover,
DHA-containing PC, PE, and PS were highly and
selectively decreased in testes, establishing the
physiological role of LPAAT?3 to incorporate DHA
into membrane glycerophospholipids [47].

LPAAT3 KO mice showed male infertility due
to defective spermiogenesis. LPAAT3 KO sperm
had morphological defects, including sperm
heads that bent backwards. Scanning electron
microscopy revealed abnormal membranous
structures wrapped around the sperm heads
which should have been removed when the sperm
were released into the seminiferous tubules. This
suggests DHA-containing glycerophospholipids
generated by LPAAT3 impart flexibility to sperm
membranes that allows rapid endocytosis
required for normal spermiation [47] and may
partly explain why omega-3 supplementation
promotes male fertility [53].

2.3.5 LPAAT3 and DHA in Visual
Function

Retinal tissue is abundant in DHA-containing
glycerophospholipids, and DHA may have pro-
tective roles to prevent or delay the progression
of several retinal disorders [54, 55]. The role of
LPAAT3 in visual function was examined in
wild-type and LPAAT3 KO mice [48]. In wild-
type mice, LPAAT3 was highly expressed in reti-
nas, and protein expression increased during
development from age 11 days through 8 weeks.
Compared to wild-type tissues, retinal tissues
from LPAAT3 KO mice had decreased levels of
DHA in several glycerophospholipids (PA, PC,
PE, and PS) accompanied by corresponding
increases in several arachidonic acid-containing
species. Imaging mass spectrometry showed
DHA-containing PC was present in outer seg-
ments of photoreceptors in wild-type mice but
nearly absent in KO mice. Histologically,
LPAAT3 KO retinas appeared normal until
2 weeks of age, but by 3-8 weeks of age they
showed abnormal retinal layer morphologies
including incomplete elongation of the outer seg-
ment, decreased thickness of the outer nuclear
layers, and disordered disc morphology in photo-
receptor cells. LPAAT3 KO mice showed attenu-
ation of visual function as assessed by
electroretinography, with 50-80% decreases in
a- and b-wave amplitudes at 8 weeks of age.
These results established that LPAAT3 has an
essential role in visual function by producing
DHA-containing glycerophospholipids, which
are required to form, organize, and maintain
proper disc shape in photoreceptor cells [48].

2.3.6 LPAAT3 and DHA in Skeletal
Muscle

Skeletal muscle is adaptive tissue, and adaptation
of skeletal muscle to endurance exercise training
is associated with metabolic benefits including
reduced obesity and improved glucose handling.
Although the biological function and mechanism
is unknown, several studies indicate that DHA-
containing  glycerophospholipids are also
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increased in endurance-trained muscle and cor-
relates with oxidative status of the muscles [56—
60]. In mice, exercise training increased
phospholipid-DHA in glycolytic extensor digito-
rum longus muscle, while phospholipid-DHA
was constitutively high in oxidative soleus mus-
cle even without training [56]. In rats, PE-DHA
content was enriched in the oxidative compared
to glycolytic vastus lateralis muscles [60]. In
human volunteers, a 4 weeks regime of one-leg
exercise training resulted in increased DHA-
containing GPLs that was accompanied by
increased citrate synthase activity compared to
the untrained leg [58].

Endurance training activates transcriptional
responses that mediate adaptive responses in
skeletal muscle. PPAR-delta and AMPK are acti-
vated by exercise and promote increased oxida-
tive metabolic capacity and transitioning of
glycolytic myofibers to more oxidative fiber
types [61, 62]. PGCl-alpha is activated down-
stream of AMPK and is a coactivator of PPAR-
delta. In one study, mice overexpressing
PGCl-alpha in skeletal muscle had enhanced lev-
els of several DHA-containing glycerophospho-
lipid species that were also increased by
endurance training, indicating exercise-induced
transcriptional responses may also enhance DHA
incorporation into glycerophospholipids of mus-
cle [56].

The role of LPAAT3 to produce DHA-
containing  glycerophospholipids in skeletal
muscle was investigated using primary skeletal
muscle myoblasts. LPAAT3 expression was tran-
siently upregulated during differentiation into
myotubes and functioned to increase DHA-
containing PC and PE [49]. Treatment of differen-
tiated myofibers with PPAR-delta and AMPK
agonists also enhanced LPAAT3 expression and
increased levels of DHA-containing PC and
PE. These results showed LPAAT3 expression is
regulated by two mechanisms in myoblasts, tran-
sient upregulation as part of the myogenic tran-
scriptional program during myogenesis, and in
differentiated myotubes in response to PPAR-delta
and AMPK agonists. The PPAR-delta agonist
GW1516 and AMPK agonist AICAR are exercise
mimicking drugs, and when administered to mice

promote endurance and transcriptionally upregu-
late genes that promote oxidative metabolism [63,
64]. LPAAT3 expression and DHA incorporation
was upregulated by these same compounds in cul-
tured myotubes, suggesting LPAAT3 may also be
upregulated by exercise-induced pathways to
increase DHA in endurance-trained muscle [49].

24  Acyl Chain Remodeling by

Lands’ Cycle Enzymes

In glycerolipids, an asymmetric distribution of
fatty acids at sn-1 and sn-2 positions imparts
diversity to cellular membranes that cannot be
fully explained enzymatic reactions of de novo
glycerophospholipid synthesis, and further diver-
sity at sn-2 especially is generated by cycles of
deacylation and reacylation reactions known as
Lands’ cycle (remodeling pathway). PC, the most
abundant glycerophospholipid in membranes,
may undergo extensive Lands’ cycle remodeling
mediated by the actions of PLA2s and LPCAT
enzymes. Several LPCAT enzymes of both the
AGPAT and MBOAT families have been identi-
fied, and a growing list of functional roles perti-
nent to physiological and/or pathological
conditions is being assigned to these enzymes,
garnering much interest in their biological activi-
ties and therapeutic potentials. Similar remodel-
ing of other classes of glycerophospholipids is
mediated by other LPLATS classified as LPEATS,
LCLATS, LPIATS, or LPGATS, and as their bio-
logical activities are being increasingly uncov-
ered, interest in their potential as therapeutic
targets is also emerging (Table 2.1).

2.4.1 LPCAT1 Produces Lung
Surfactant Essential

for Respiratory Function

Pulmonary is surfactant essential for breathing
and comprised mainly of lipids (~90%) and pro-
tein (~10%), and nearly half of the lipid is
PC(16:0/16:0), dipalmitoyl-PC (DPPC) [65].
DPPC along with surfactant proteins form a spe-
cialized monolayer in alveolar spaces which
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Table 2.1 LPLATS as possible therapeutic targets

Human
disease/in

Enzyme | Major biological functions vivo studies

LPAAT1 | Brain, testes, lipid [35]
homeostasis

LPAAT2 | Lipid homeostasis, [33, 38]
lipodystrophy

LPAAT3 | Sperm maturation, visual [47, 48]
function, muscle

LPCAT1 |Lung surfactant, visual [76-78, 81]
function, cancer, non-
inflammatory PAF
production

LPCAT2 | Inflammatory PAF [92]
production, neuropathic pain

LPCAT3 | TG transport, VLDL [115-119,
secretion and lipogenesis in | 126, 127]
liver, lipid absorption in
small intestine

LPIAT1 | Brain development, liver [134-136]
disease modifier

reduces surface tension, facilitates gas exchange,
and prevents alveolar collapse [66, 67]. Pulmonary
surfactant is produced by alveolar type II cells,
and deficiency of pulmonary surfactant is associ-
ated with several pulmonary diseases. Respiratory
distress syndrome, the leading cause of death in
pre-term infants, is caused by lack of surfactant in
premature lung structures [68, 69].

Identification of the biosynthetic routes of
DPPC production in lung had been long sought,
and both the Kennedy pathway and Lands’ cycle
were thought to have significant roles.
Involvement of Lands’ cycle enzymes was indi-
cated by biochemical activities present in alveo-
lar type II cells and rat lung tissue to incorporate
labelled palmitate (C16:0) preferentially into the
sn-2 position of DPPC rather than TGs, presum-
ably through acylation of LPC [70, 71]. LPCAT
activities had been known to exist in several tis-
sues, and in 2006 the first mammalian LPCAT
enzyme was independently identified by two
groups [72, 73]. Both studies identified LPCAT1
as the candidate enzyme present in alveolar type
II cells that produces DPPC.

LPCAT1 has AGPAT motifs, and Nakanishi
et al. cloned mouse LPCAT1 based on homology
to other AGPAT family members [72]. Mouse

LPCAT1 was highly expressed in lung and had
activity to produce PC using saturated acyl-CoA
as donors. Rat LPCAT1 was also highly expressed
in lung and enriched in alveolar type II cells
rather than macrophages. Later, they also charac-
terized the human LPCAT1 homolog, which was
suggested to also produce DPPC in lung [74].
Chen et al. also identified LPCAT1 as an enzyme
that was upregulated in mouse and rat lungs
shortly before birth. They cloned both the mouse
and rat enzymes, which were 99% identical at
amino acid level. The enzymes both possessed a
H(X),D activation domain sequence that was
known to be present in other AGPAT family
members [75]. Rat LPCAT1 was overexpressed
in mammalian cells and produced DPPC [73].

These studies indicated that LPCAT1 may be
responsible for production of DPPC in pulmo-
nary surfactant [72—74]. Additional studies utiliz-
ing LPCAT-deficient mice generated by two
different groups have confirmed that LPCAT1 is
a major producer of DPPC in pulmonary surfac-
tant [76, 77]. The two LPCAT1-deficient mouse
strains showed varying degrees of respiratory
dysfunction; this variation may be due to the
genetic backgrounds or different gene deletion
strategies. Bridges et al. generated mice bearing a
hypomorphic allele of LPCAT1. These mice had
difficulty to transition to air breathing and showed
varying degrees of perinatal lethality due to
respiratory distress. Perinatal lethality correlated
with decreased LPCAT1 mRNA, decreased disat-
urated PC in lungs, and functionally poor surfac-
tant [76]. Harayama et al. generated LPCAT1 KO
mice lacking exon 3 which contains the H(X),D
AGPAT activation domain. These mice had dra-
matically reduced LPCAT activity to utilize
C16:0-CoA. The KO mice had ~40% reduced
DPPC in lung but did not show major signs of
neonatal lung distress. However, the mice had
enhanced susceptibility to a ventilator-induced
lung injury model, which was partially rescued
by intratracheal administration of DPPC [77].
These studies establish a critical function for
LPCAT1 in producing sufficient levels of DPPC
in pulmonary surfactant to prevent respiratory
distress or failure under different physiological
challenges.
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2.4.2 LPCAT1 and Cancer

Besides producing DPPC in pulmonary surfactant,
LPCAT1 has additional important roles in physio-
logical and disease states. LPCAT is important for
visual function, and a natural mutation in
LPCATI in rd11 mice causes rod and cone cell
loss, followed by retinal degeneration [78].
LPCAT1 also has a role to produce PAF under non-
inflammatory conditions [22]. Another reported
function of LPCAT1 is to protect against polyun-
saturated fatty acid-mediated cytotoxicity [79].

In addition, LPCAT1 has a role in cancer.
LPCAT1 expression was reported to be high or
involved in progression of a variety of cancers
including colorectal adenocarcinomas, prostate
cancer, lung adenocarcinoma, hepatocellular car-
cinoma, oral squamous cell carcinoma, breast
cancer, esophageal cancer, gastric cancer, clear
cell renal cell carcinoma, and glioblastoma [80—
82]. Recently Bi et al. reported LPCAT 1 is highly
upregulated in a wide array of cancers, and
LPCAT1-produced disaturated PCs may be
required for proliferative signaling via oncogenic
growth factor signaling [81]. Initially they exam-
ined the impact of EGFRVIII, an activating
mutation of EGFR and common driver in glio-
blastoma, on membrane compositions in glio-
blastoma cells. In EGFRvIII-transduced
glioblastoma cells, disaturated PC species and
LPCAT1 mRNA were increased, and shRNA-
knockdown of LPCAT1 reduced disaturated PC
species, particularly PC(28:0), PC(30:0), and
PC(32:0). Knockdown of LPCATI in glioblas-
toma cancer cells harboring EGFRVIII mutations
inhibited EGFR phosphorylation and signaling,
and this could be reversed by addition of either
DPPC liposomes or saturated C14:0/C16:0 fatty
acids. Knockdown of LPCATI also inhibited
glioblastoma cell viability and colony-forming
ability, and this was reversed by supplementation
of DPPC or a constitutively-active AKT allele.
Their results suggest LPCAT1 may promote glio-
blastoma growth by maintaining high saturated
PC levels that support EGFR oncogenic
signaling.

The authors went on to show that LPCAT1
amplification is a widespread occurrence across

all human cancers. They examined LPCAT1
expression in publicly available databases, and
LPCAT1 was found to have increased copy num-
ber in 30% of all cancer patients, and inverse cor-
relations between LPCAT1 expression and
overall survival was detected in multiple cancer
types. LPCAT1 knockdown reduced cancer cell
viability in vitro, and inducible genetic depletion
of LPCAT1 inhibited tumor growth in mouse
xenograft models. Their study suggests LPCAT1
inhibition may be a promising therapeutic strat-
egy for a variety of oncogenic growth factor
driven cancers [81].

2.4.3 LPCAT2Produces PAF

LPCAT2 was identified in 2007 as a PAF-
producing enzyme in the AGPAT family [83]. In
the following year, LPCAT1, which had already
been identified as the first LPCAT enzyme [72],
was also reported to also have PAF-producing
activity [22, 77]. The enzymes having lyso-PAF
acetyltransferase activity had been long-sought
following the first identification of PAF in 1972
as the substance responsible for platelet aggrega-
tion [84]. LPCAT?2 can synthesize not only PAF
but also polyunsaturated fatty acid-containing PC
[77, 83]. Unlike most other LPLATS, the activity
of LPCAT?2 is calcium ion-dependent. LPCAT2
is expressed in inflammatory cells, such as mac-
rophages and neutrophils, and the enhancement
of its PAF biosynthesis activity by lipopolysac-
charide (LPS) stimulation is another characteris-
tic of LPCAT?2 [83].

Recent studies demonstrated three distinct
mechanisms that regulate LPCAT?2 activity and
expression level in macrophages (Fig. 2.4). First,
LPCAT?2 is rapidly activated (within 30 s) after
either PAF or adenosine triphosphate (ATP) stim-
ulation via intracellular calcium-stimulated acti-
vation of PLCB-PKCa signaling. These pathways
induce phosphorylation of LPCAT2 at Ser-34,
which enhances LPCAT2’s PAF biosynthesis
activity [85]. Another mechanism of phosphory-
lation is via toll-like receptor 4 (TLR4) activa-
tion. Thirty minutes of stimulation by the TLR4
ligand LPS activates the downstream pathway,
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MyD88-p38 MAPK-MK?2, leading to phosphor-
ylation of LPCAT2 at the same site Ser-34 as
Ca*-PLCB-PKCa signaling [86]. Finally, LPS
stimulation for 16 h increases mRNA expression
of LPCAT2, which is attenuated by co-treatment
with the steroidal anti-inflammatory drug dexa-
methasone [83]. These studies indicate LPCAT2
is upregulated and shows enhanced PAF-
producing activity as part of inflammatory
responses, but this is not the case for LPCAT1.

Although it has been clearly demonstrated
that LPCAT1 produces PAF in in vitro assays,
LPCAT1’s activity was not enhanced by inflam-
matory stimuli [85, 86]. It has been suggested
that LPCAT1 may have a role to limit PAF pro-
duction during the onset of diabetic retinopathy
by catalyzing synthesis of alkyl-PC from lyso-
PAF and acyl-CoA, thereby limiting lyso-PAF
availability for LPCAT2-mediated PAF produc-
tion [87]. However, further investigations are
needed to clarify the roles of LPCAT1 to produce
or regulate production of PAF in vivo.

2.4.4 LPCAT2 and PAF Production
in Neuropathic Pain

Several reports have demonstrated LPCAT2 is
involved in various pathological conditions such
as allergic asthma [88], colorectal cancer resis-
tance [89], nonalcoholic fatty liver disease [90],
and multiple sclerosis [91]. It was recently
reported that LPCAT? is involved in neuropathic
pain, a highly debilitating chronic pain syndrome
[92]. Neuropathic pain occurs from damage to
the nervous system; such as by trauma, cancer,
diabetes, infection or chemotherapy; which does
not resolve even after normal tissue healing.
Unfortunately, although clinical neuropathic pain
affects 7-10% of the human population [93], the
cardinal symptom allodynia, pain caused by
innocuous stimuli, is refractory to currently avail-
able treatments [94, 95].

In the 1980s, the involvement of PAF in pain
processes was indicated by studies that observed
enhancement of pain sensitivity following local
injection of PAF into skin of animals [96, 97]
and humans [98]. In addition, intrathecal PAF

injection into the spinal cord also produced allo-
dynia, but injection of its precursor lyso-PAF did
not [99, 100]. The biological activities of PAF
are elicited via its cognate G protein-coupled
receptor, PAF receptor (PAFR) [101]. In rodent
models of nerve injury-induced neuropathic
pain, it has been reported that treatment with
PAFR antagonists, such as WEB2086 or
CV-3988, alleviate allodynia symptoms [100,
102]. In accord with this, neuropathic allodynia
was attenuated in PAFR KO mice [100]. Both
PAFR and LPCAT?2 are highly expressed in mac-
rophages (in the periphery) and microglia (in the
spinal cord). Peripheral nerve injury increases
the number of macrophages in the dorsal root
ganglia, where cell bodies of primary sensory
neurons are present, and also increases microglia
in the spinal dorsal horn. Along with these
increases, the protein expressions of PAFR and
LPCAT?2 also rise [92, 100]. Recently, LPCAT2
KO mice were established, and while the abun-
dance of other PCs were similar to wild-type
mice, PAF levels in the spinal cord of this mouse
were decreased to below detectable levels under
normal physiological conditions. Moreover,
nerve injury-induced neuropathic allodynia was
attenuated in LPCAT2 KO mice, similar to the
PAFR KO mice [92]. These results indicate the
importance of LPCAT2-PAFR axis in the pathol-
ogy of neuropathic pain.

Several studies on the pathogenesis of neuro-
pathic pain have reported that peripheral nerve
injury significantly increases the expression lev-
els of several ATP receptors (i.e. P2X4R, P2X7R,
P2Y12R) and induces ATP release, via vesicular
nucleotide transporter, in the spinal dorsal horn
[103-106]. Furthermore, increased TLR4 expres-
sion and phosphorylation of p38 MAPK in
microglia were also observed in response to
nerve injury [107, 108]. Nerve injury also induces
LPCAT2 PAF-producing activity by activating
ATP receptors and TLR4 signaling, and PAF
stimulation induces activation of LPCAT2 via
PAFR to further enhance PAF production.
Therefore, a positive feedback “PAF-pain loop”
is suggested, as PAF-induced increases in PAF
production resulted in exacerbation and chronic-
ity of neuropathic pain [92] (Fig. 2.4).
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Fig. 2.4 Regulatory mechanisms of LPCAT2-produced
PAF levels and the PAF-Pain Loop hypothesis

(i) PAFR- and/or ATP receptors-mediated second-scale
phosphorylation of LPCAT?2, (ii) TLR4 and its down-
stream pathways-mediated minute-scale phosphorylation,

Many pharmaceutical companies have already
developed PAFR antagonists as possible drug can-
didates to treat inflammatory conditions such as
asthma, but in most cases these drugs have so far
shown limited efficacy [10, 109]. However, in light
of LPCAT?2’s role in the “PAF-pain loop”, it may be
warranted to re-evaluate the possible clinical utility
of these PAFR antagonists as analgesics. Moreover,
LPCAT?2 may also be a novel therapeutic target for
analgesic drugs, suggesting that PAF loop blockers
such as PAFR antagonists or LPCAT?2 inhibitors
might represent a new class of analgesic drugs dif-
ferent from the current classes of nonsteroidal anti-
inflammatory drugs (NSAIDs) and opioids. Also,
because PAF feedback loop may operate not only in
neuropathic pain but also in various other pathologi-
cal conditions with PAF involvement, a recently
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and (iii) hour-scale LPCAT2 mRNA upregulation via
TLR4. Nerve injury may activate these regulatory systems
and increase PAF levels. The increased PAF further
enhances PAFR-mediated PAF production, and may result
in exacerbation of neuropathic pain (PAF-Pain Loop)

identified selective LPCAT?2 inhibitor, TSI-O1
[110], and its derivatives also have potential to con-
tribute to the development of novel drugs for PAF-
related diseases. Importantly, the biological
significance of the activities of LPCAT?2 to produce
PCs other than PAF requires further investigation,
which may expand our understanding of LPCAT?2
as a therapeutic target [92].

2.4.5 LPCAT3 Functions in Small
Intestine, Liver and Several
Cells

LPCAT3 is a member of the MBOAT family that
catalyzes the transfer reaction of acyl group to
proteins and lipids [30]. LPCAT3 synthesizes lin-
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oleic acid (C18:2) and arachidonic acid (C20:4)
containing PC, PE and PS from LPC, LPE and
LPS [29, 111-113]. Recently, several reports
suggested that LPCAT3 has several important
roles in lipid homeostasis [82, 114]. LPCAT3
global KO mice showed neonatal lethality and
died between postnatal day 2 and 3 weeks [115—
117]. It was found to be caused by nutritional
failure in small intestine because the pups were
partially rescued by injections of 10% glucose
solution or oral gavage with PCs/olive oil [115,
117]. However, the different studies reported dif-
ferent effects of LPCAT?3 deficiency on TG accu-
mulation in small intestine. We reported LPCAT?3
deletion caused dramatic accumulation of lipid
droplets in enterocytes of global LPCAT3 KO
pups [116], and Rong et al. observed a similar
accumulation in intestine-specific KO pups
[115]. In contrast, Li et al. reported no TG accu-
mulation in intestines of LPCAT3 global KO
pups [117], nor following intestine-specific
LPCAT3 depletion in adult mice [118]. It is
unclear why intestinal lipid accumulation was
observed in some studies but not others; the
differences might reflect the different gene dele-
tion strategies, gene-targeted-regions, or other
factors.

The expression of proteins related to lipid
absorption in enterocytes, such as NPCILI,
CD36 and FATP4, were decreased in LPCAT3
global KO mice [117] as well as following induc-
ible intestine-specific depletion [118]. Body
weight was decreased following intestine-specific
LPCATS3 depletion, and total TG and cholesterol
levels were also decreased in plasma and serum
[115, 119]. In addition, small intestines were lon-
ger and intestinal stem cells showed hyperprolif-
eration in the intestine-specific LPCAT3-KO
mice [117, 119]. These results suggest that ara-
chidonic acid rich cell membranes synthesized
by LPCAT3 have an essential role in intestinal
absorption of dietary lipid and may also have a
function to limit proliferation of intestinal stem
cells. The role in lipid absorption suggests that
intestine-specific inhibition of LPCAT3 might be
a useful therapeutic strategy to treat
hyperlipidemia.

LPCAT3 was also highly expressed in liver
[29, 111]. Its expression was regulated by LXR
and PPAR-delta in hepatocytes [120-123]. LXR
activates lipogenic genes such as SREBP-Ic,
SCD-1 and FAS [124, 125]; and plasma TG and
phospholipids were changed in LXR agonist-
treated mouse as well as LXR-alpha/beta double-
KO mice [125]. These results suggest that
LPCATS3 could contribute to fatty acid homeosta-
sis in liver. In fact, plasma VLDL secretion was
increased by hepatic LPCAT3 knockdown in
mice [126]; and glucose tolerance was improved
and plasma TG levels were decreased by tran-
sient overexpression of LPCAT?3 in liver [127].

Compared to the changes observed following
transient knockdown and overexpression, liver
TG was increased and plasma TG, VLDL secre-
tion levels, and VLDL particle size were
decreased in LPCAT3 KO mice [115, 116]. These
differences between transient LPCAT3 knock-
down and LPCAT3 KO mice may reflect residual
LPCAT3-generated arachidonic acid- and lin-
oleic acid-containing phospholipids and lyso-
phospholipids that are present under knockdown
conditions, due to limited duration or incomplete
efficiency of knockdown by the LPCAT3-
targeting ShRNAs. Both the effective transport of
TG by MTP (microsomal triglyceride transfer
protein) as well as SREBP-1c maturation in the
endoplasmic reticulum by protein cleavage can
be promoted by arachidonic acid-containing
phospholipids synthesized by LPCAT3 [116,
128], further supporting that LPCAT3 inhibition
might improve dyslipidemia.

LPCATS3 has also been shown to function or
have roles in other pathological conditions.
LPCAT3 expression levels inversely correlated
with the disease stage of atherosclerosis, and ath-
erosclerosis was facilitated by LPCAT3 deletion
in macrophages [123, 129, 130]. LPCAT3 may
also function in cancer because intestinal tumori-
genesis was promoted by LPCAT3 deletion
[119]. LPCATS3 also has important roles in adipo-
cyte differentiation and macrophage polarization
[131, 132], indicating LPCAT3 has diverse phys-
iological roles and may be a promising therapeu-
tic target in several diseases.
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2.4.6 LPIAT1 Functions in Brain
Development and Modifies
Liver Disease Risk

LPIAT1 is a MBOAT family member and incor-
porates arachidonic acid-CoA into LPI to pro-
duce arachidonic acid-containing PI [133]. Two
independent groups generated global LPIAT1
KO mice and reported the KO mice are small,
born at low frequency, and have poor survival.
Both groups also reported abnormal brain devel-
opment and decreased arachidonic acid-
containing PI and PI phosphates in brain [134,
135]. Lee et al. measured LPLAT activities in the
KO tissues, and activity to incorporate arachi-
donic acid-CoA into LPI was almost abolished in
several tissues including brain, whereas the activ-
ity to incorporate arachidonic acid-CoA into
other lysophospholipids in brain was almost
unchanged, establishing that LPIATI1 is a pre-
dominant LPIAT involved in production of ara-
chidonic acid-containing PI in mice [134]. Lee
et al. also performed detailed analyses of the
defective brain development and reported delayed
neuronal migration, decreased sizes of cerebral
cortex and hippocampus, and disordered cortical
lamination and neuronal processes [134].
Anderson et al. reported abnormal brain develop-
ment as well, and arachidonic acid-containing PI
and PI phosphates were decreased in both brain
and liver. They also reported that in brain, but not
in liver, arachidonic acid-containing PC(38:4)
and PE(38:4) were both decreased by about half,
which might also contribute to the defective brain
development [135]. In humans, homozygous
inactivating mutations of LPIAT1 are associated
with intellectual disability, autism-like symp-
toms, and epilepsy; indicating a critical role for
LPIAT1-generated arachidonic acid-containing
PI in brain development in humans as well as
mice [136].

LPIAT1 is also suggested to be a genetic mod-
ifier of liver disease risk. Liver cirrhosis is a
major disease burden worldwide in terms of dis-
ability and death and may develop due to a num-
ber of different factors that cause chronic liver
injury such as hepatitis C, hepatitis B, alcohol-
ism, non-alcoholic steatohepatitis, and autoim-

mune hepatitis. High variabilities in disease
progression exist due partly to genetic modifiers,
and a common genetic variant of LPIATI1
(rs641738) has been reported to be associated
with an array of alcohol and non-alcoholic fatty
liver diseases. The role of LPIAT1 rs641738 vari-
ant in modifying fatty liver disease is not well
understood but apparently involves altering
LPIAT1 expression and the acyl chain composi-
tions of membrane glycerophospholipids, which
is proposed to affect inflammation-driven hepatic
fibrosis and other symptoms in a variety of con-
texts including alcohol-related cirrhosis [137],
non-alcoholic fatty liver disease [138], and hepa-
titis C [139]. However, results among different
studies with different cohorts of patients have
been inconsistent with some studies not support-
ing LPIAT1 rs641738 as a disease-modifying
variant, suggesting that liver disease may have
different genetic factors in different populations
[140]. Additional mechanistic studies are
required to understand the roles of LPIAT1 in
liver disease and possible function as a genetic
modifier.

2.5 Summary and Future

Directions

It has become increasingly clear that the glycero-
phospholipid compositions of cell membranes,
including their fatty chain compositions, affects a
variety of physiological and disease states.
Identification and biochemical characterization
of the key enzymes involved, including LPLATSs
of the AGPAT and MBOAT families, has shed
light on how the membrane compositions may be
regulated in different biological contexts. Genetic
deletion of these enzymes in mice has revealed
unique physiological roles of many of these
enzymes, and is expected to translate into new
understanding of related human physiological
and pathological conditions. Development of
potent and selective inhibitors/activators of
LPLATs will allow further discovery and eluci-
dation of their biological functions, and pave the
way to realize their promise as therapeutic
targets.
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