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Abstract: With the rapid development of the economy, the updating of different diseases, especially metabolic 
diseases and cancers, is increasingly rapid and the difficulty of curing diseases is becoming greater. Lysophospha-
tidylcholine acyltransferase (LPCAT) has been shown to be more likely to participate in the development of related 
diseases. In the present review, we mainly focused on progress of the role of LPCAT in metabolic diseases and 
cancers and wish to provide new points to prevent and treat metabolic diseases and cancers. Related research of 
LPCAT in metabolic diseases, inflammatory diseases, and cancers have been reviewed. LPCAT 1-4 have different 
roles in metabolic diseases, such as diabetes, hyperlipidemia, hyperglycemia, and nonalcoholic steatohepatitis. 
Furthermore, LPCAT1 has been an independent predictor of early tumor recurrence and represents a novel prognos-
tic biomarker for hepatocellular carcinoma, gastric cancer, breast cancer, oral squamous cell carcinoma, prostate 
cancer, colorectal cancer, and clear cell renal cell carcinoma. LPCAT2 is recognized as a novel aggressive prostate 
cancer susceptibility gene, and LPCAT4 participates in the elevated expression of PC (16:0/16:1) in colorectal can-
cer. LPCATs will provide a foundation for potential novel therapeutic approaches and highlight the important role of 
phospholipid metabolism in the prevention and treatment of metabolic diseases and cancers.
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Introduction

Lipids are a diverse family of biomolecules that 
are components of cell membranes and play 
important roles in signal transduction [1]. 
Phosphatidylcholine (PC) is synthesized through 
the Kennedy pathway, more than 50% of which 
is remodeled through the Lands cycle, i.e., the 
deacylation and reacylation of PC to attain final 
and proper fatty acids within PC, where the 
reacylation step is catalyzed by lysophosphati-
dylcholine (LPC) acyltransferase (LPCAT) [2]. 
LPC is generated through the hydrolysis of PC 
by phospholipase A2 (PLA2) and converts back 
to PC by LPCAT1. LPCAT and phosphatidic acid 
phosphatase (PAH) are two key enzymes of PC 
homeostasis, with PC being a key intermediate 
in the metabolic network of glycerolipid biosyn-
thesis [3].

LPCAT enzymes have a role influencing the 
complex cell signaling network involved in 

microbial responses, which contribute to their 
importance in the inflammatory response [4]. 
LPCAT enzymes are reported to be able to 
remodel membrane phospholipids (PLs) during 
inflammation [5]. LPCAT has 4 isoforms, includ-
ing LPCAT1, LPCAT2, LPCAT3, and LPCAT4, 
using one lysophospholipid and one acyl-Coen-
zyme A (acyl-CoA) ester as substrates [6]. 
Among the four LPCAT isoforms, LPCAT1 and 
LPCAT2 are well defined. A major liver LPCAT 
isoform, named LPCAT3, has recently been 
characterized as being structurally different 
from other members of the glycerolipid acyl-
transferase family [2, 7]. More studies recently 
focused on the roles of LPCATs in disease, 
especially in regulating the composition of LPC 
and PC.

In the present review, we summarize the char-
acteristics of LPCATs and mainly focus on the 
progress of the role of LPCAT in related diseas-
es, including mainly metabolic diseases and 
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cancers. We wish to provide new points to pre-
vent and treat these diseases clinically.

Structure and distribution of LPCAT

LPCAT1 is a protein-coding gene that displays a 
clear preference for saturated fatty acyl-Coen-
zyme A (acyl-CoA), and 1-myristoyl and 1-palmi-
toyl LPCs serve as acyl donors and acceptors, 
respectively [8]. They can synthesize PC in pul-
monary surfactant, play a pivotal role in respi-
ratory physiology [9], and are involved in the 
regulation of lipid droplet number and size [10]. 
LPCAT2, encoding a member of the LPCAT fam-
ily, localizes to the endoplasmic reticulum (ER) 
and the Golgi body, and the encoded protein 
functions in membrane biogenesis and the pro-
duction of platelet-activating factor (PAF) in 
inflammatory cells (http://www.genecards.org). 
LPCAT3, the major isoform in the liver and small 
intestine, belongs to the membrane-bound 
O-acyltransferase (MBOAT) family, encoding a 
protein of 487 amino acids with a molecular 
mass of 56 kDa [2]. LPCAT3 activity is involved 
in PC remodeling and has an impact on cell 
function [11, 12]. LPCAT3 is also a target of  
the liver X receptor (LXR), which regulates ER 
stress and inflammation [11]. LPCAT4 is  
a member of the 1-acylglycerol-3-phosphate 
O-acyltransferase family. It displays acyl-CoA-
dependent LPCAT activity with a subset of  
LPCs as substrates. It converts lysophosphati-
dylethanolamine to phosphatidylethanolamine, 
LPC to phosphatidylcholine, 1-alkenyl-lysopha-
tidylethanolamine to 1-alkenyl-phosphatidyle- 
thanolamine, and lysophosphatidylglycerol and 
alkyl-LPC to phosphatidylglycerol and alkyl-PC, 
respectively [13].

Biological characteristics and functions of 
LPCATs

Catalytic activity

LPCAT is involved in the conversion of “Acyl-
CoA+1-acyl-sn-glycero-3-phosphocholine = CoA 
+1,2-diacyl-sn-glycero-3-phosphocholine” (ht- 
tps://www.ncbi.nlm.nih.gov/gene/). Acyl-CoA-
dependent lysophosphatidylcholine (lysoPC) 
acyltransferase (LPCAT) catalyzes the reacyla-
tion of lysoPC in the remodeling pathway for  
the synthesis of phosphatidylcholine (PC) [14]. 
LPCAT catalyzes acylation of lysophosphatidyl-
choline to produce phosphatidylcholine, the 
main phospholipid in cellular membranes. This 

reaction is a key component of the acyl-editing 
process, involving recycling of the fatty acids. 
Growing evidences indicate that the LPCAT 
reaction has an important impact on the syn-
thesis and composition of triacylglycerols [15].

LPCAT1 is a calcium-independent PL metabolic 
enzyme with both acyltransferase and acetyl-
transferase activities, which could promote PL 
synthesis and remodeling and mediate conver-
sion of 1-acyl-sn-glycero-3-phosphocholine into 
PC. LPCAT2 functions in two ways: to catalyze 
the biosynthesis of PAF (O-alkyl-2-acetyl-sn-
glycero-3-phosphocholine) from 1-O-alkyl-sn-
glycero-3-phosphocholine and to catalyze syn-
thesis of glycerophospholipid precursors from 
arachidonyl-CoA and LPC. In recent years, 
results have suggested that plant LPCATs can 
operate reversely in vivo and thereby catalyze 
an acyl exchange between the acyl-coenzyme  
A (CoA) pool and the phosphatidylcholine. 
Jasieniecka-Gazarkiewicz K. et al. [16] investi-
gated the abilities of Arabidopsis AtLPCAT2, 
and it showed good reversible activity. The 
results also showed that the capacity of revers-
ibility that could be specific for a particular 
phospholipid, although the lysophospholipid 
derivatives of other phospholipids serve as 
good acyl acceptors for the forward reaction of 
the enzyme.

LPCAT3 has distinct substrate preferences, 
which are strikingly consistent with a role in the 
Lands cycle. It prefers lysoPC with a saturated 
fatty acid at the sn-1 position and exhibits an 
acyl donor preference toward PUFA-CoA at the 
sn-2 position, such as linoleoyl-CoA and arachi-
donoyl-CoA [2, 12]. LPCAT4 catalyzes the con-
version of lysophosphatidic acid (LPA) to phos-
phatidic acid (PA), a precursor in the biosyn- 
thesis of all glycerolipids. Both LPA and PA are 
two PLs that are involved in signal transduction 
and in lipid biosynthesis. It has no lysophos-
phatidylinositol, glycerol-3-phosphate, diacylg-
lycerol, or lysophosphatidic acid acyltransfer-
ase activity. LPCAT4 prefers long chain acyl 
-CoAs (C16, C18) as acyl donors (https://www.
ncbi.nlm.nih.gov/gene/).

Pathways

LPCAT activity is a critical component of the 
phospholipid remodeling pathway in the func-
tion of the phospholipase A2 (PLA2) activity  
of peroxiredoxin (Prdx)6, which has important 
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physiological roles in the synthesis of lung sur-
factant and in repair of peroxidized cell mem-
branes [17]. LPCAT1 mainly involves the path-
ways fatty Acyl-CoA biosynthesis and Acyl chain 
remodeling of PC, which are part of lipid metab-
olism [8]. Soupene E. et al. [18] concluded that 
PC formation by LPCAT1 was regulated by Ca2+ 
and the redox status of the cell. Mutant forms 
of LPCAT1 are not inhibited by Ca2+, and sulfhy-
dryl-alkylating and sulfhydryl-oxidizing agents 
provide a better understanding of the physio-
logical function of the mechanism that dictates 
the formation of PC and the disposal of the bio-
active species, LPC, under the control of the 
redox status and the Ca2+ concentration of the 
cell.

Pathways related to LPCAT2 are glycerophos-
pholipid biosynthesis and acyl chain remodel-
ing of PC. Gene Ontology annotations related  
to this gene include calcium ion binding and 
1-acylglycerol-3-phosphate O-acyltransferase 
activity (http://www.genecards.org). Morimoto 
R. et al. [19] found that phosphorylation of 
LPCAT2 at Ser34 enhanced PAF production in 
endotoxin-stimulated macrophages. Further 
studies showed a new signaling pathway for  
the rapid biosynthesis of PAF, which is mediat-
ed by phosphorylation of LPCAT2 at Ser-34 
[20]. Xu J. et al. [21] found that triglyceride (TG) 
synthesis by PL: diacylglycerol acyltransferase 
1 (PDAT1) in the absence of diacylglycerol acyl-
transferase 1 (DGAT1) activity was dependent 
on the re-acylation of LPC by LPCAT2. It was 
also found that LPCAT2 activated and upregu-
lated to produce PAF, which is a potent pro-
inflammatory phospholipid mediator [22].

LPCAT3 involves the pathways glycerophospho-
lipid biosynthesis and triacylglycerol biosynthe-
sis. LPCAT3 is localized within the ER and is 
primarily expressed in metabolic tissues, 
including the liver, small intestine, and pancre-
as, as well as adipose tissue. Hepatic LPCAT3 
has critical functions in TG transport and ER 
stress response because it can catalyze the 
incorporation of polyunsaturated fatty acids 
(PUFAs) into PLs. Li Z. et al. [23] indicated that 
hepatic LPCAT3 modulates VLDL production  
by regulating lysoPC levels and microsomal tri-
glyceride transfer protein (MTP) expression. 
Demeur O. et al. [24] found, for the first time, 
that the chicken LPCAT3 gene was a direct tar-
get of LXR and therefore suggested a new role 

for LXR in PL homeostasis. Singh R. et al. [25] 
identified LPCAT3 as a direct PPARδ target gene 
and suggested a novel function of PPARδ, which 
regulated many genes involved in lipid metabo-
lism in the regulation of PL metabolism through 
LPCAT3. Singh AB and Liu J [26] also provided 
evidence in vivo that activation of PPARδ by 
agonist L165041 in mice may increase hepatic 
LPCAT3 mRNA abundance and LPCAT enzymat-
ic activity. It was closely associated with 
increased incorporation of arachidonate into 
liver phosphatidylcholine and phosphatidyleth-
anolamine. Kabir I. et al. [27] investigated lipid 
metabolism in inducible intestine-specific and 
liver-specific LPCAT3 gene knock-out mice. At 
day 9, after treatment with tamoxifen, they 
found that LPCAT3 deficiency in enterocytes 
significantly reduced polyunsaturated PCs in 
the enterocyte plasma membrane and reduced 
Niemann-Pick C1-like 1 (NPC1L1), CD36, ATP-
binding cassette transporter 1 (ABCA1), and 
ATP binding cassette subfamily G member 8 
(ABCG8) levels on the membrane, and thus sig-
nificantly reduced lipid absorption, cholesterol 
secretion through apoB-dependent and apoB-
independent pathways, plasma TG, cholesterol, 
and PL levels. Inhibition of the small intestine of 
LPCAT3 might constitute a novel approach for 
treating hyperlipidemia. PUFAs in PLs affect the 
physical properties of membranes, but it is 
unclear which biological processes are influ-
enced by their regulation. Hashidate-Yoshida T. 
et al. [28] showed that the lack of LPCAT3 lead 
to drastic reductions in membrane arachido-
nate levels and that LPCAT3-deficient mice 
were neonatally lethal due to extensive TG 
accumulation and dysfunction in enterocytes. It 
was found that high levels of PUFAs in the mem-
brane enabled TGs to locally cluster at high 
density so that this clustering promoted effi-
cient TG transfer. Rong X. et al. [29] discovered 
that LPCAT3 was a critical determinant of TG 
secretion due to its unique ability to catalyze 
the incorporation of arachidonate into mem- 
branes.

According to a series of experiments, it was 
found that mice lacking LPCAT3 in the intestine 
failed to thrive during weaning and exhibited 
enterocyte lipid accumulation and reduced 
plasma TGs. Mice lacking LPCAT3 in the liver 
showed reduced plasma TGs and hepatoste-
atosis, and secreted lipid-poor VLDL lacking 
arachidonoyl-PLs. Mechanistic studies indicat-
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ed that LPCAT3 activity impacted membrane 
lipid mobility in living cells, suggesting a bio-
physical basis for the requirement of arachi-
donoyl PLs in lipidating lipoprotein particles.

The fatty acyl composition of PLs determines 
the biophysical characteristics of the mem-
branes and impacts the function of membrane 
proteins. Rong X. et al. [30] defined a nuclear 
receptor pathway for the dynamic modulation 
of membrane composition in response to 
changes in cellular lipid metabolism. Ligand 
activation of LXRs preferentially drove the com-
bination of PUFAs in PLs through induction of 
the remodeling enzyme LPCAT3. Promotion of 
LPCAT3 activity ameliorated ER stress induced 
by saturated free fatty acids in vitro or by  
hepatic lipid accumulation in vivo. Conversely, 
LPCAT3 knockdown in the liver exacerbated  
ER stress and inflammation. Mechanistically, 
LPCAT3 modulated inflammation both by regu-
lating inflammatory kinase activation through 
changes in membrane composition and by 
affecting substrate availability for inflammatory 
mediator production.

These results outlined an endogenous mecha-
nism for the preservation of membrane homeo-
stasis during lipid stress and identified LPCAT3 
as an important mediator of LXR effects on 
metabolism. Ishibashi M. et al. [31] demon-
strated that the LXR-mediated induction of 
LPCAT3 primed human macrophages for sub-
sequent eicosanoid secretion by increasing the 

reported LPCAT3 had distinct substrate prefer-
ences that were strikingly consistent with a role 
in PC remodeling and modulating the fatty acid 
composition of PC. LPCAT3 preferred lysoPCs 
with saturated fatty acid at sn-1 position and 
exhibited acyl donor preference towards lino-
leoyl-CoA and arachidonoyl-CoA. Furthermore, 
LPCAT3 was active in mediating 1-O-alkyl-sn-
glycero-3-phosphocholine acylation with long-
chain fatty acyl-CoAs to generate 1-O-alkyl-PC, 
another very important constituent of mamma-
lian membrane systems. These properties were 
the precisely known attributes of LPCAT that 
were previously ascribed to the isoform involved 
in Lands’ cycle and thus strongly suggested 
that LPCAT3 was involved in PL remodeling to 
achieve appropriate membrane lipid fatty acid 
composition. Zhao Y. et al. [2] reported that 
membranes from HEK293 cells overexpressing 
LPCAT3 showed significantly increased LPCAT 
activity with a substrate preference toward 
unsaturated fatty acids. RNA interference-
mediated knockdown of LPCAT3 in human hep-
atoma Huh7 cells resulted in the virtually com-
plete loss of membrane LPCAT activity, 
suggesting that LPCAT3 was primarily respon-
sible for hepatic LPCAT activity. Furthermore, 
PPARα agonists dose-dependently regulated 
LPCAT3 in the liver in a PPAR alpha-dependent 
fashion, implicating the role of LPCAT3 in lipid 
homeostasis. The studies identified LPCAT3 as 
a key factor in lipoprotein production and pro-
vided an invaluable tool for future investiga-

Figure 1. Schematic diagram of the association between LPCATs and meta-
bolic diseases and cancers. LPCs, lysophosphatidylcholine; PC, phosphati-
dylcholine; LPCAT, lysophosphatidylcholine acyltransferase; NASH, nonalco-
holic steatohepatitis; HCC, hepatocellular carcinoma; OSCC, squamous cell 
carcinoma; CRC, colorectal cancer; CRPC, castration resistant prostate can-
cer; ccRCC, clear cell renal cell carcinoma.

pool of AA that can be mobi-
lized from PLs. Eto M. et al. 
[32] found LPCAT3 was the 
key enzyme for incorporating 
arachidonic acid into glycero-
phospholipids during adipo-
cyte differentiation. Pérez-
Chacón G. et al. [33] defined 
LPCAT3 as a novel-signal-reg-
ulated enzyme that was cen-
trally implicated in limiting 
free AA levels in activated 
cells. Jain S. et al. [11] con-
cluded that reduced LPCAT3 
expression resulted in more 
apoptosis and distinctly fewer 
lamellipodia, suggesting a nec- 
essary role for lysophospho-
lipid esterification in maintain-
ing cellular function and struc-
ture. Kazachkov M. et al. [34] 



Recent progress of LPCATs in metabolic disease and cancer

8945 Int J Clin Exp Med 2018;11(9):8941-8953

tions on how PC remodeling may potentially 
impact glucose and lipid homeostasis. How- 
ever, the pathways mediated by LPCAT4 have 
remained unclear.

LPCAT and metabolic diseases

LPCAT 1-4 have mainly been explored as hav-
ing roles in metabolic diseases and different 
cancers. There are a few related studies that 
have shown the mechanism or pathway of 
LPCAT in diseases, as shown in Figure 1.

LPCAT1 and diabetes

LPC and PAF are potent inflammatory PLs impli-
cated in diabetic complications [35]. Plasma 
LPC levels were significantly elevated in insulin-
dependent and non-insulin-dependent diabe-
tes mellitus patients, diabetic retinopathy 
patients, and experimental obesity models 
[36-38]. LPC has been proven to activate sev-
eral signal transduction pathways implicated in 
insulin resistance, such as JNK and protein 
kinase Cα [39, 40]. Among the four isoforms of 
LPCAT, LPCAT1, and LPCAT2 have also been 
shown to catalyze the synthesis of PAF from 
lyso-PAF, in addition to possessing acyltrans-
ferase activity toward LPC. Intriguingly, LPCAT2, 
but not LPCAT1, have been shown to play a role 
in the inflammatory response by catalyzing the 
synthesis of PAF from lyso-PAF [41]. LPCAT1, 
which can catalyze the synthesis of LPCs, could 
be regarded as a biomarker in the diagnosis of 
diabetes.

LPCAT3 and hyperlipidemia

In hyperlipidemia, LPCAT3 can offer the orien-
tation of searching for biomarkers. It has played 
a novel and essential role in modulating PC 
composition in enterocyte plasma membranes, 
thereby influencing lipid uptake and plasma 
lipoprotein metabolism. LPCAT3 deficiency 
diminished the protein levels in enterocytes of 
NPC1L1, cluster of differentiation 36 (CD36), 
and fatty acid transport protein 4 (FATP4) and 
reduced lipid uptake in the small intestine. 
Further, LPCAT3 deficiency also decreased 
both very low-density lipoprotein (VLDL) and 
high-density lipoprotein (HDL) production from 
the liver. Additionally, all the plasma lipids (cho-
lesterol, PLs, and TGs), as well as all the plas-
ma lipoproteins (HDL and non-HDL), were sig-
nificantly decreased. LPCAT3-mediated PC 

remodeling was controlled by LXR in the liver 
and small intestine and PPARs in the liver but 
not in the small intestine. This showed that 
whole-body LPCAT3 deficiency resulted mainly 
in reduced polyunsaturated PCs in enterocyte 
membranes, which in turn increased mem-
brane rigidity, causing reduced levels of lipid 
absorption-related proteins on the membrane 
and less circulating lipid. The activity of LPCAT 
is required for the addition of PUFAs to the sn-2 
position of PCs and for maintaining cell mem-
brane structure and function, inhibition of 
LPCAT3 in the small intestine, which could be 
developed as an approach to treat hyperlipid-
emia [42].

It has been reported that LPCAT3 activity is 
involved in PC remodeling and in turn has an 
impact on cell function [11]. LPCAT3 is also a 
target of LXR, which regulates ER stress and 
inflammation through the regulation of LPCAT3 
[30]. Li Z. et al. [43] found that LPCAT3 KO mice 
had longer and larger small intestines than  
control mice, with shorter wide villi, reduced 
lipid absorption, and lower levels NPC1L1, 
CD36, and FATP4 proteins. Cash JG. et al. [43] 
found that liver-specific overexpression of 
LPCAT3 reduced postprandial hyperglycemia 
and improved the lipoprotein metabolic profile 
in mice. Wang B. et al. [44] demonstrated that 
the LXR-responsive PL-remodeling enzyme 
LPCAT3 modulated intestinal fatty acids and 
cholesterol absorption and was required for 
survival on a high-fat diet. Mice lacking LPCAT3 
in the intestine thrived on carbohydrate-based 
chow but rapidly lost body weight and became 
moribund on a TG-rich diet. LPCAT3-depen- 
dent incorporation of PUFAs into PLs was 
required for the efficient transport of dietary lip-
ids into enterocytes. Furthermore, loss of 
LPCAT3 amplified the production of gut hor-
mones, including GLP-1 and oleoylethanol-
amide in response to high-fat diet, contributing 
to the paradoxical cessation of food intake in 
starvation. These results revealed that mem-
brane PL composition was a gating factor in 
passive lipid absorption and implicated LXR-
LPCAT3 signaling in a gut-brain feedback loop 
that coupled absorption to food intake.

In summary, LPCAT3 deficiency significantly 
reduced polyunsaturated PC levels in the plas-
ma membrane of enterocytes, which in turn 
attenuated lipid absorption and decreased the 
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plasma lipid levels. Inhibition of LPCAT3 in the 
small intestine could be a novel approach for 
the treatment of hyperlipidemia.

LPCAT3 and hyperglycemia

Hyperglycemia is a term referring to high blood 
glucose levels, often leading to the diagnosis of 
diabetes. Hyperglycemia is defined by certain 
high levels of blood glucose: fasting levels 
greater than 7.0 mmol/L; 2-hour postprandial 
levels greater than 11.0 mmol/L. Chronic 
hyperglycemia usually leads to the develop-
ment of diabetic complications and other car-
diometabolic diseases.

Cash JG. et al. [43] found that liver-specific 
overexpression of LPCAT3 reduced postprandi-
al hyperglycemia and improved the lipoprotein 
metabolic profile in mice. Over-expression of 
LPCAT3 increased the utilization of lysophos-
pholipid for PL synthesis, thereby alleviating 
lysophospholipid inhibition of fatty acid oxida-
tion and improving glucose tolerance. Addi- 
tionally, hepatic LPCAT3 overexpression may 
alter lipoprotein metabolism and increase HDL 
secretion. Additionally, the HDL secreted by 
LPCAT3 overexpressing hepatocytes was also 
enriched in apoE, which was similar to those 
characteristics induced by LXR agonists, and it 
was likely synthesized through mechanisms 
distinct from the synthesis of normal apoA-I 
HDL. Taken together, this was consistent with 
the interpretation that increased expression of 
LPCAT3 reduced the postprandial LPC levels in 
the liver and consequently enhanced mitochon-
drial fatty acid oxidation, improved postprandi-
al glucose tolerance and promoted a favorable 
lipoprotein profile without adverse VLDL syn-
thesis-promoting effects of LXR agonists. 
Hence, LPCAT3 has liver-specific overexpres-
sion and can help reduce postprandial hyper-
glycemia and improve the lipoprotein metabolic 
profile [45]. Hence, the overexpression of 
LPCAT3 in the liver could be a novel approach 
for the treatment of hyperglycemia.

LPCAT 1-4 and non-alcohol steatohepatitis 
(NASH)

NAFLD comprises a spectrum of progressive 
liver diseases, including simple steatosis, 
NASH, fibrosis, ultimately cirrhosis and HCC 
[46]. Yamazaki T. et al. [47] investigated the 
effect of fibrates (clofibric acid, bezafibrate, and 

fenofibrate) on the gene expression and activity 
of LPCATs. Eventually, they suggested (i) that 
fibrates induced LPCAT activity in hepatic 
microsomes by elevating the expression of 
LPCAT3 and LPCAT4, (ii) that the changes in the 
fatty acid profile of hepatic PC were, in part, 
due to the elevated expression of two isoforms, 
LPCAT3 and LPCAT4, and (iii) that the ability of 
fibrates to induce these changes were on the 
order of fenofibrate > bezafibrate > clofibric 
acid.

It was found that hepatic LPCAT1, LPCAT2,  
and LPCAT3 mRNAs were all upregulated with 
two- to four-fold elevations in the NASH model 
[48]. Han MS. et al. [49] studied hepatocyte 
apoptosis induced by palmitic acid (PA) and 
measured the content of LPCs in the hepato-
cytes of rats. The results showed that LPC was 
a death effector of liver cell apoptosis. Wu T. et 
al. [50] detected that progressively lower levels 
of long-chain LPC a C18:2, LPC a C20:3, and 
LPC a C20:4 were observed from chronic hepa-
titis B to cirrhosis to carcinoma. Tanaka N. et al. 
[48] found that the content of LPC 16:0, LPC 
18:0, and LPC 18:1 decreased significantly in 
the MCD diet-induced NASH rat model. Fur- 
thermore, they found that hepatic mRNAs 
encoding enzymes and proteins involved in LPC 
degradation (LPCAT 1-4), basolateral bile acid 
excretion (ATP-binding cassette subfamily C 
member [Abcc] 1/4/5 and organic solute trans-
porter β [OSTβ]), and 12-hydroxyeicosatetrae-
noic acid (12-HETE) synthesis (arachidonate 
12-lipoxygenase) were significantly up-regulat-
ed in accordance with these metabolite chang-
es, with significant decreases in serum palmi-
toyl-, stearoyl-, andoleoyl-LPC and marked 
increases in tauro-β-muricholate, taurocholate 
and 12-HETE detected in NASH mice. LPC 22: 
5, LPC16:0 and other components were com-
mon markers of hepatitis B and C virus. The 
results suggest that LPCAT metabolic homeo-
stasis was impaired in these common liver dis-
eases and chemical hepatotoxicity models 
[51]. Beilstein F. et al. [52] had identified 
LPCAT1 as a modulator of liver lipid metabolism 
that was down-regulated by HCV, which sug-
gested a viral strategy to increase the triacylg-
lycerol content and hence the infectivity of viral 
particles. Targeting this metabolic pathway may 
represent an attractive therapeutic approach 
to reduce both the viral titer and hepatic 
steatosis.
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Inflammation is a fundamental component of 
acute and chronic cholestatic liver injury. PAF is 
a pro-inflammatory lipid, which may generate 
two independent pathways called the de novo 
and remodeling pathway, which are responsible 
for the synthesis of PAF during inflammation. In 
recent years, LPCAT enzymes are known to play 
a key role in PAF remodeling. Stanca E. et al. 
[53] reported that the level of lyso-PAF and PAF 
significantly increased in the liver of cirrhotic 
vs. control rats together with a significant 
decrease in both the mRNA abundance and 
protein level of both LPCAT1 and LPCAT2. 
Acyltransferase activities of both LPCAT1 and 
LPCAT2 were decreased in parallel in the liver 
of cirrhotic animals.

LPCAT 1-4 and inflammatory disorders

LPCAT is critical in the regulation of pro-inflam-
matory cytokine responses to gram-positive 
cell bacterial components, such as peptidogly-
can, lipoteichoic acid, and the synthetic tri-pal-
mitoylated lipopeptide Pam3CSK4, in mono-
cytes and lung epithelial cells [42].

The degree of fatty acid unsaturation in mem-
brane PLs influences many membrane-associ-
ated functions and cells must adapt to changes 
in the composition of membrane fatty acids by 
regulating lipid-metabolizing enzymes. Akagi S. 
et al. [54] investigated how cells responded to 
loading with excess PUFAs, such as arachidonic 
acid, eicosapentaenoic acid, and docosahexae-
noic acid, and then they found that dipalmi-
toylphosphatidylcholine (DPPC) was increased 
after production of PUFA-containing PLs in cells 
loaded with PUFAs. LPCAT1 was involved in 
DPPC production. Moreover, LPCAT1 knock-
down markedly enhanced cytotoxicity induced 
by excess PUFAs. PUFA-induced cytotoxicity 
was dependent on the caspase, unfolded pro-
tein response (UPR) sensor proteins, inositol 
requiring 1α and protein kinase R-like ER 
kinase, suggesting that excess PUFAs triggered 
UPR-mediated apoptosis. DPPC was produced 
along with an increase in PUFA-containing PLs 
in the murine retina, in which PUFAs were highly 
enriched. In LPCAT1 knockout mice, the DPPC 
level was reduced and the UPR was activated in 
the retina. Cheng S. et al. [55] suggested that 
exogenous expression of LPCAT1 may attenu-
ate eosinophil inflammation in the airway by 
down-regulating the LPC 16:0 and LPC 18:0 

bronchoalveolar lavage fluid levels in asthmatic 
mice.

Ahn WG. et al. [56] found that levels of LPC and 
albumin and the enzyme activities of LPCAT, 
ATX, and PLA2 were decreased, whereas the 
levels of PC, LPA, and LPCAT1-3 were increased 
in the plasma of mice subjected to cecal liga-
tion and puncture, a model of polymicrobial 
peritoneal sepsis. Bacterial peritonitis led to 
alterations in all the analyzed LPC-related met-
abolic parameters in the plasma, which could 
potentially contribute to a sepsis-induced 
decrease in plasma LPC levels. Taniguchi K. et 
al. [57] found that LPCAT3 played an important 
role in M1/M2-macrophage polarization, pro-
viding novel potential therapeutic targets for 
the regulation of immune and inflammatory dis-
orders. Tanaka H. et al. [58] found that regula-
tion of LPCAT3 expression might be associated 
with atherosclerotic progression in humans. 
LPCAT3 converts LPC and free Amino Acids (AA) 
into PC-containing AA (arachidonyl-PC) and 
thereby can regulate intracellular free-AA lev-
els. A distribution of LPCAT3 expression and 
arachidonyl-PC was based on atherosclerotic 
progression. LPCAT3 was also found to be able 
to remodel phospholipid, which was shown to 
be pivotal for uptake of fatty acids by entero-
cytes, providing a mechanistic handle for thera-
peutic intervention in reducing atherosclerosis 
and risk of cardiovascular events [59].

LPCAT and cancers

Aberrant lipid metabolism is also an estab-
lished hallmark of cancer cells. The alteration 
of the choline metabolite profile is a well-estab-
lished characteristic of cancer cells.

LPCAT1 and cancers

LPCAT1 has been an independent predictor of 
early tumor recurrence and represents a novel 
prognostic biomarker for hepatocellular carci-
noma (HCC), gastric cancer, breast cancer, oral 
squamous cell carcinoma (OSCC), prostate can-
cer, colorectal cancer (CRC), castration resis-
tant prostate cancer (CRPC), and clear cell 
renal cell carcinoma (ccRCC) [60-62].

Because LPCAT is synthesized in the liver and 
mediates the conversion LPC into PC, LPCAT 
can also be a novel biomarker of liver cancer. It 
was visible that LysoPCs in the HCC model and 
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clinical patients were obviously changed [63]. 
Morita Y. et al. [64] performed a molecular lipi-
domic screening by imaging mass spectrome-
try in 37 resected HCC specimens, and the 
increase of PC species with palmitoleic acid or 
oleic acid at the sn-2-position and the reduc-
tion of LPC with palmitic acid at the sn-1-posi-
tion were found in HCC tissues. Expression of 
the mRNA and protein of LPCAT1 were more 
abundant in HCCs than in the surrounding 
parenchyma. In the cell line experiments, 
LPCAT1 overexpression enriched PCs and pro-
moted cell proliferation, migration, and inva-
sion, while LPCAT1 knockdown did the oppo-
site. Thus, LPCAT1 may be a potential target 
molecule to inhibit HCC progression because it 
modulates PL composition to create favorable 
conditions in HCC cells.

Uehara T. et al. [62] found that LPCAT1 was 
highly expressed in cancer lesions compared to 
the non-neoplastic mucosa, predominantly in 
differentiated adenocarcinoma, and overex-
pressed LPCAT1 protein in the gastric mucosa 
played important roles in the tumorigenic pro-
cess of gastric cancer by converting LPC to PC.

Abdelzaher E. et al. [60] evaluated immunohis-
tochemical expression of LPCAT1 in 80 prim- 
ary breast carcinomas, 24 metastatic lymph 
nodes, and 30 non-neoplastic breast tissue 
specimens. LPCAT1 protein was significantly 
upregulated in primary breast carcinoma and 
showed a significant ascending pattern being 
the lowest in normal breast tissues, relatively 
increased in fibrocystic disease, and the high-
est in primary carcinoma. LPCAT1 expression 
was significantly higher at the tumor’s advanc-
ing edge and correlated positively with tumor’s 
grade and TNM stage. LPCAT1 overexpression 
was significantly associated with increased pro-
liferative activity, negative estrogen receptor 
(ER) and progesterone receptor (PR) status, 
positive human epidermal growth factor recep-
tor 2 (HER2) status, and triple-negative and 
HER2 disease molecular subtypes. LPCAT1 was 
implicated in breast cancer pathogenesis, evo-
lution, and progression and played a crucial 
role as a determinant of local invasiveness and 
metastasis.

Shida-Sakazume T. et al. [65] explored whether 
down-regulation of LPCAT1 resulted in a 
decreased intercellular PAF concentration and 
PAF-receptor (PAFR) expression. Finally, they 
concluded that LPCAT1 was overexpressed in 

OSCC and correlated with cellular invasiveness 
and migration.

It was estimated that approximately 233,000 
new prostate cancer cases will be diagnosed in 
the United States alone in 2014 [25]. To assess 
its role in prostate cancer, Grupp K. et al. [61] 
analyzed LPCAT1 expression on a tissue micro-
array containing samples from 11,152 prostate 
cancer patients. In benign prostate glands, 
LPCAT1 immunostaining was absent or weak. 
In prostate cancer, LPCAT1 positivity was found 
in 73.8% of 8786 interpretable tumors, includ-
ing 29.2% with strong expression. Increased 
LPCAT1 expression was associated with 
advanced tumor stage (pT3b/T4), high Gleason 
score, positive nodal involvement, positive sur-
gical margin, and early PSA recurrence. High 
LPCAT1 expression was strongly linked to ERG-
fusion type prostate cancer. Strong LPCAT1 
staining was detected in 45.3% of ERG-positive 
cancers but in only 16.7% of ERG negative 
tumors. Within the ERG negative cancers, 
LPCAT1 staining was strongly increased within 
the subgroup of PTEN-deleted cancers. Further 
subgroup analyses revealed that associations 
of high LPCAT1 expression with PSA recurrence 
and unfavorable tumor phenotype were largely 
driven by ERG negative cancers, while these 
effects were substantially mitigated in ERG-
positive cancers. The prognostic impact of 
LPCAT1 expression was independent of the his-
tological and clinical parameters. It was con-
cluded that LPCAT1 measurement, either alone 
or in combination, may be utilized for better 
clinical decision-making.

PCs are the most prominent PLs in colorectal 
cancer (CRC). Mansilla F. et al. [66] reported 
that LPCAT1 was highly overexpressed in 
colorectal adenocarcinomas when compared 
to normal mucosa, and LPCAT1 may contribute 
to total choline metabolite accumulation via PC 
remodeling, thereby altering the CRC lipid pro-
file, which is characteristic of malignancy.

Bin X. et al. [67] have found that LPCAT1 was 
overexpressed in castration resistant prostate 
cancer (CRPC) and regulated by androgen 
through the Wnt-dependent signaling pathway. 
They also found that LPCAT1 promoted to the 
progression of CRPC in terms of proliferation, 
invasion and migration in vitro and in vivo. 
LPCAT is likely to be a significant therapeutic 
target for CRPC treatment.
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A recent study explored the role of phospholipid 
profile alterations in clear cell renal cell carci-
noma (ccRCC) [68]. Selective changes in PC 
and LPC composition were observed in ccRCC 
tissues. The mRNA and protein levels of LPCAT1 
were up-regulated in ccRCC tissues compared 
with normal renal tissues, and LPCAT1 expres-
sion was significantly correlated with unfavor-
able pathological features (higher tumor grade, 
higher TNM stage and larger tumor size) and 
overall survival. In cell line experiments, LPCAT1 
knockdown depleted PCs, inhibited cell prolif-
eration, migration and invasion and induced 
cell cycle arrest at the G0/G1 phase. They con-
cluded that the overexpression of LPCAT1 pro-
moted the development and progression of 
ccRCC through the conversion of LPC to PC.

Altogether, the above studies imply that the 
recently isolated LPCAT1 is labeled in cancer 
development and progression as the most 
important enzyme in membrane biogenesis.

LPCAT2 and prostate cancer

Williams KA. et al. [69] performed a systems 
genetic approach, which identified CXCL14, 
ITGAX, and LPCAT2 as novel aggressive pros-
tate cancer susceptibility genes. However, until 
now there are only a few studies about the rela-
tionship between LPCAT2 and cancers.

LPCAT3 and tumorigenesis

Wang B. et al. [70] revealed that disruption of 
LPCAT3-dependent phospholipid and choles-
terol homeostasis dramatically enhanced 
tumor formation in Apcmin mice, which identified 
a critical dietary-responsive phospholipid-cho-
lesterol axis regulating intestinal stem cell (ISC) 
proliferation and tumorigenesis.

LPCAT4 and CRC

It has been reported that the overall levels of 
PC are elevated in CRC. Kurabe N. et al. [71] 
identified a novel biomarker, PC (16:0/16:1), in 
CRC using imaging mass spectrometry, which 
was based on a panel of non-neoplastic muco-
sal and CRC tissues. Specifically, elevated lev-
els of PC (16:0/16:1) expression were observed 
in the more advanced stage of CRC and were 
specifically localized in the cancer region. This 
indicated the potential usefulness of PC 
(16:0/16:1) in the clinical diagnosis of CRC and 

implicated LPCAT4 in the elevated expression 
of PC (16:0/16:1) in CRC. In conclusion, LPCATs 
play important roles in different kinds of can-
cers and may become biomarkers or targets in 
the prevention and therapy of cancers.

Conclusions and prospective

Despite much interest in the above findings, 
the role of LPCATs in pathological conditions 
remains unknown. It is obvious that LPCAT has 
been presumed to be a possible biomarker of 
many metabolic diseases and cancers. 
Because of the differences between the detec-
tion methods and the experimental design, 
studies could not exclude whether the diseases 
have common markers, and the mechanism of 
these LPCATs has not been systematically stud-
ied. Adopting a uniform experimental design 
and platform, discovery and confirmation of the 
common biomarkers, and the illustration of the 
biochemical mechanism of LPCATs are all 
important issues that scientists need to face in 
the near future.
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