
Summary. Lysophosphatidic acid (LPA), lyso-
phosphatidylcholine (LPC), and sphingosine -1-
phosphate (S1P) are major biologically active
lysophospholipids (LPLs) that are produced by activated
platelets, monocyte/macrophages, and many types of
mammalian cells. LPLs have been shown to induce a
wide array of physiological and pathophysiological
properties including cellular differentiation,
proliferation, migration, extracellular matrix deposition,
change in morphology, and chemotactic responses. The
recent cloning and identification of G protein-coupled
receptors as specific receptors for LPLs created a great
deal of interest in LPLs signaling and diverse biological
responses. The pathobiological role of LPLs has been
implicated in a number of pathological states and human
diseases including atherosclerosis, glomerulosclerosis,
post-ischemic renal failure, polycystic kidney disease,
and ovarian cancer. Although the research in this area is
growing at an enormous rate, this review is specifically
focused on the recent understanding of the
pathophysiological properties of LPA and LPC with
special reference to kidney diseases, and their specific
G-protein-coupled receptors and intracellular signaling
pathways.

Key words: Lysophosphatidic acid, Lyso-
phosphatidylcholine, Sphingolipids, EDG receptors, G-
protein-coupled receptors, MAP kinase, EGF receptor,
G2A, GPR4, Signal transduction, Renal disease

Background

Biologically active lysophospholipids (LPLs) are
generated by activated platelets, monocyte/macrophages
and many types of mammalian cells, and exhibit diverse

effects on growth and functions of most cells in multiple
organ systems (Reviewed in Spiegel and Milstien, 1995;
Moolenaar et al., 1997; Huang et al., 2002). LPLs are
derived from glycerol-based or sphingosine-based
phospholipids of the plasma membrane.
Lysophosphatidic acid (LPA) is the major lysoglycerol-
containing phospholipid and predominates quantitatively
among bioactive LPLs. Cyclic- and alkenyl-forms of
LPA, lysophosphatidylcholine (LPC) and sphingosyl-
phosphorylcholine are other important naturally
occurring biologically active LPLs. Sphingosine-1-
phosphate (S1P) is the major sphingosine-based LPLs of
the cell membrane, and elicits a wide range of biological
effects similar to those of lysoglycerophospholipids.
These LPL molecules were originally known to function
as second messengers for the actions of hormones,
growth factors, and cytokines. Recently, however, a
number of these molecules have been identified to act as
ligands to specific G-protein coupled receptors (GPCR)
to stimulate signaling pathways associated with the
transcription of specific genes and changes in cellular
functions (reviewed in Anilker and Chun, 2004;
Moolenaar et al., 2004). In the circulation all the three
major LPLs, namely, LPA, LPC, and S1P are present
bound to serum albumin and/or low-density lipoproteins
(LDLs). The functional changes induced by LPLs in
various tissues are diverse, cell type specific, and are
qualitatively similar to those induced by hormones,
growth factors, and cytokines. Similar to the growth
factors and cytokines, LPLs play important role in the
growth and development of the higher organisms . They
are required for the normal functioning of the cells
involved in immune defense (reviewed in Lee et al.,
2002). However, increased concentrations of some of the
LPLs are associated with certain pathological conditions.
Experimental evidence implicated LPLs in the
development of carcinogenesis, atherosclerosis, and
kidney diseases (Sasagawa et al., 1998; Fang et al.,
2002; Xu et al., 2003). In the following sections, we will
discuss specifically the physiological/pathophysiological
properties of LPA and LPC, specific G-protein coupled

Review

Bioactive lysophospholipids and 
mesangial cell intracellular signaling pathways: 
role in the pathobiology of kidney disease 
V.S. Kamanna1, B.V. Bassa1, S.H. Ganji1 and D.D. Roh2

1Department of Veterans Affairs Healthcare System, Long Beach, California and the University of California, Irvine, and 
2Nephrology Associates Medical Group, Riverside, California

Histol Histopathol (2005) 20: 603-613

Offprint requests to: Vaijinath S. Kamanna, Ph.D., Medical Research
Service (151), Department of Veterans Affairs Healthcare System, 5901
East Seventh Street, Long Beach, California 90822. e-mail:
vaijinath.kamanna@med.va.gov

http://www.hh.um.es

Histology and
Histopathology

Cellular and Molecular Biology



receptors and intracellular signaling pathways, and the
experimental evidence for the possible involvement of
LPLs-mediated events in the development of glomerular
diseases in general. 

LPA

LPA (1-acyl-2-lyso-sn-glycero-3-phosphate), a
ubiquitous simple glycerophospholipid, has been shown
to exhibit a wide range of physiological and pathological
actions. In addition to serving as a natural precursor for
the formation of more complex membrane
phospholipids, LPA has recently emerged as one of the
important extracellular signaling phospholipid with a
variety of biological responses (Moolenaar et al., 1997).
A growing body of evidence indicate that LPA, through
autocrine and/or paracrine pathways, serves as a potent
signaling molecule involved in diverse physiological and
pathological processes, such as cell proliferation,
differentiation, cell-cell communication, cytoskeletal
rearrangement, wound healing, and tumor cell invasion
(Moolenaar et al., 1997; Balazs et al., 2001). Acting in
an autocrine fashion, LPA promotes growth and
migration of the immune cells and stimulates the
secretion of interleukins by these cells (Lee et al., 2002).
As separately discussed in the following section, LPA
has also been shown to play a role in the pathogenesis of
renal injury (Inoue et al., 1999). Siess et al. have
indicated that LPA mediates the rapid activation of
platelets and endothelial cells by mildly-oxidized low-
density lipoproteins and accumulates in human
atherosclerotic lesions (Siess et al., 1999). Recently, it
was shown that LPA molecules present in the core
region of atherosclerotic plaques trigger rapid platelet
activation through the stimulation of LPA1 and LPA3
receptors (Rother et al., 2003). These studies suggest
LPA as an atherothrombogenic molecule and provide a
possible strategy for the treatment of atherosclerotic
cardiovascular diseases. 

Circulating LPA has been shown to be mainly
generated by activated platelets, and the normal
concentration of LPA range between 2-20 µM (Eichholtz
et al., 1993). Additionally, LPA has also been shown to
be produced by activated noncirculating cell types,
including glomerular mesangial cells, through the
actions of group II phospholipase A2 (Wada et al.,
1995). The circulating LPA binds with high affinity to
serum albumin while retaining its biological activity
(Tigyi and Miledi, 1992; Thumser et al., 1994). In the
following sections, we will discuss the recent
advancement in LPA receptors and intracellular
signaling, and emphasize the role of LPA-mediated
pathobiological processes involved in renal disease. 

LPA receptors and intracellular signaling pathways

The seminal studies reported by Moolenaar group
demonstrated that LPA-induced fibroblast cell
proliferation is mediated through G protein-coupled

receptors (GPCR), and suggested that this signaling
pathway may participate in various other LPA responses
(van Corven et al., 1989; Moolenaar et al., 1997). In
their studies Moolenar et al found that LPA induces
calcium signals in intact cells, and LPA stimulation of
the cellular functions is kinetically similar to that of
growth factors. The recent cloning and identification of
endothelial differentiation gene (EDG) family proteins
as receptors for bioactive phospholipids further extended
a great deal of interest in LPA signaling and diverse
biological responses (reviewed in Fukushima et al.,
2001). EDG family receptor was originally described as
an orphan GPCR encoded by an immediate early
response gene product cloned from human umbilical
vein endothelial cells (Hla and Maciag, 1990). Currently,
eight related receptors within the EDG family cluster
have been cloned and identified to serve as mammalian
cell receptors for bioactive lipids LPA and S1P
(Fukushima et al., 2001). EDG-2 (also referred in
current nomenclature as LPA1, Lynch, 2002), EDG-4
(LPA2), and EDG-7 (LPA3) have been shown to be
receptors for LPA (An et al., 1998; Bandoh et al., 1999;
Fukushima et al., 2001). Other five members of EDG
family genes, EDG-1, EDG-3, EDG-5, EDG-6, and
EDG-8 are identified as receptors for the structurally
related phospholipid S1P (Fukushima et al., 2001). The
LPA receptors (EDG-2, -4, -7) share approximately 55%
identical amino acid sequence, and the two sub-clusters
of EDG family LPA and S1P receptors share about 35%
homology. 

The LPA receptors are shown to differ considerably
with respect to tissue distribution and G-protein coupling
responses. EDG-2 receptor has been shown to be widely
expressed with highest mRNA levels in brain (An et al.,
1998), whereas EDG-4 was shown to be highly
expressed in testis and leukocytes (An et al., 1998). The
expression of EDG-7 is maximal in kidney and prostate
(Bandoh et al., 1999). Using overexpression and/or
heterologous expression of LPA receptors in mammalian
cells, it was shown that all three LPA receptors (EDG-2,
-4, -7) can mediate the inhibition of adenylyl cyclase and
reduction in cAMP concentrations, and increase levels of
intracellular calcium and inositol phosphate and activate
MAP kinase (reviewed in Ishi et al., 2000; Fukushima et
al., 2001). EDG-2 and EDG-4 are also shown to induce
cell rounding via activation of the small GTPase, Rho.
Furthermore, pharmacological studies suggested that
both EDG-2 and EDG-4 couple to at least three types of
G proteins, Gi/o, G12/13, and GQ, whereas EDG-7 couples
with Gi/o and Gq (reviewed in Ishi et al., 2000).
However, there are some studies showing differential
response with respect to specific G-protein coupling in
different cell types, suggesting that the LPA receptor
coupling may be dependent on the system of expression
(Im et al., 2000; Fukushima et al., 2001).

Although the cellular overexpression studies are
helpful in understanding generalized LPA receptor
signaling, the relative contribution of specific
endogenous LPA receptors in the multiple biological
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activities of LPA remains poorly defined. Using stable
transfection of antisense oligonucleotides, recently it
was shown that EDG-2 regulates LPA-induced
preadipocyte proliferation and spreading (Pages et al.,
2001). These studies also indicated that the
differentiation of growing preadipocytes into quiescent
adipocytes led to a strong reduction in the level of EDG-
2 transcripts, suggesting the differential association of
EDG-2 in growing versus quiescent adipocytes. Using
stereoselective agonists of the EDG receptors, Hooks et
al. showed that the mitogenic activity in rat hepatoma
cell line RH7777 and HEK 293 cells and platelet
aggregation responses to LPA are independent of EDG-
2, -4, and -7 (Hooks et al., 2001). In this study, the
ectophosphatase lipid phosphate phosphatase 1 (LPP1)
has been shown to down-regulate LPA-mediated
mitogenesis. Additional work in this area showed that
LPP1 can regulate LPA association with cells without
significantly depleting bulk of LPA concentration in the
extracellular medium, suggesting a novel mechanism of
LPP1 for controlling EDG-2 receptor activation (Xu et
al., 2000). These limited numbers of available studies
suggest variable role of EDG receptors in different cell
types. It is not clearly understood whether such
variabilities in the involvement of specific EDG
receptors for certain LPA responses are due to cell type
specific or the abundance of specific EDG receptors for
LPA responses in various cell types. Particularly, with
reference to cell growth, the abundance of specific EDG
receptors in growing and quiescent state may differ
considerably for LPA-mediated cell growth responses.
Addressing the above issues related to EDG receptor(s)
specificity for diverse LPA responses in various cell
types would be of considerable importance in
understanding the role of these EDG receptors in the
physiologic and pathophysiologic responses elicited by
LPA. 

In view of the important emerging role of EGF
receptor transactivation as a mitogenic signaling
mediator for various mitogenic agents (Daub et al.,
1996; Hackel et al., 1999), several studies investigated
the participation of EGF receptor activation in LPA
signaling. A growing body of evidence indicated that
LPA stimulated the transactivation of EGF receptor in
various cell types including mesangial cells (Daub et al.,
1996; Luttrell et al., 1997; Grewal et al., 2001; Wu et al.,
2002). Using HeLa cells, NIH 3T3 cells, and B82L cells,
Cunnick et al suggested that the EGF receptor tyrosine
kinase contributes to the LPA-stimulated MAP kinase
activation, c-fos transcription, and mitogenesis (Cunnick
et al., 1998). Additionally, it was shown that LPA not
only induces ligand-independent tyrosine
autophosphorylation of EGF receptor but also of
platelet-derived growth factor beta receptor (PDGFR,
Herrlich et al., 1998). These studies also suggested that
the cross-talk appears to be cell-type specific: in L cells
that lack EGF receptor, LPA-induced MAP kinase
activation is prevented completely by specific inhibition
of PDGFR, whereas in COS-7 cells expressing only

EGF receptor, the pathway via EGF receptor is chosen.
In Rat-1 cells, however, that express both EGF receptor
and PDGFR, the EGF receptor pathway dominates
(Herrlich et al., 1998). Recently, it was shown that LPA-
induced squamous cell carcinoma cell proliferation and
motility involves EGF receptor transactivation,
suggesting that LPA may function as tumor promoter
(Gschwind et al., 2002). Phosphoinositide 3-kinase
activation by LPA was also dependent on EGF receptor
signaling pathway (Laffargue et al., 1999). Rho, and Rac
are small GTPases that are particularly implicated in the
agonist-induced changes in cellular morphology and
motility. Rho GTPases are involved in the LPA
stimulated invasive behavior of the cancer cells
(Moolenaar et al., 2004). LPA is also a well-recognized
stimulant of cellular contractions in various types of
cells. The involvement of Rho activation, increased
cellular calcium flux, and activation of the myosin light
chain kinase are clearly established in the LPA mediated
cytoskeletal changes, and cellular motility (Moolenaar et
al., 2004; Yokomori et al., 2004).

Role of LPA in mesangial cell proliferation and
glomerular disease

Plasma concentrations of LPA are shown to be
approximately 3-fold higher in patients with renal failure
on hemodialysis as compared to healthy control subjects
(Sasagawa et al., 1998). Platelet aggregation has been
commonly observed in the glomerular capillaries in
many renal diseases (Ono et al., 1991), and the LPA
released by activated platelets can enter the glomerulus
to impact various responses. Extracellular LPA can also
be generated through secretory phospholipase A2
through microvesicular shedding from blood cells
challenged with inflammatory stimuli (Fourcade et al.,
1995), suggesting the generation of LPA at the site of
injury and inflammation. Indeed, such extracellular
generation of LPA was observed in mesangial cells
through group II PLA2 under inflammatory conditions
(Pfeilschifter et al., 1993; Wada et al., 1997). These
observations suggest that the local concentrations of
LPA within the mesangial area may be even higher in
pathological conditions associated with increased
glomerular phospholipase activity. 

LPA has shown to stimulate mesangial cell
proliferation and contraction (Inoue et al., 1995, 1997),
and implicated to play a role in the pathogenesis of renal
injury (Inoue et al., 1999). Additionally, it was shown
that LPA synergistically increased PDGF-mediated
mesangial cell proliferation (Inoue et al., 1997). In this
study, LPA (10-30 mM) alone exhibited weaker
proliferative activity (about 1.4-fold) in rat mesangial
cells. These studies also demonstrated that LPA
activated MAP kinase, and preincubation with pertussis
toxin inhibited both cell proliferation and MAP kinase
activation by LPA in mesangial cells, suggesting the
participation of G-protein mediated events in mesangial
cell LPA signaling. Further studies indicated that LPA
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serves as a survival factor for mesangial cells
suppressing PDGF-induced mesangial cell death
(reviewed in Inoue, 2002). Thus according to the
prevailing model, LPA acts as co-mitogen with PDGF in
promoting mesangial cell proliferation and progression
of glomerular diseases. Interestingly by the same token
of co-mitogenesis, LPA is protective against renal
ischemic reperfusion injury (I/R) (de Vries et al., 2003).
In our recent studies with human primary mesangial
cells, we have shown that LPA increased mesangial cell
proliferation by 3-3.5-fold in dense cell population (50-
75% confluency) and about 1.5-fold in sparse cell
density (25% confluency) as compared to the respective
cell density controls (Xing et al., 2004). As noted in our
study, the differences in the degree of mesangial cell
proliferation by LPA between our studies in human
mesangial cells and other studies in rat mesangial cells
may be due to variations in cell density related processes
and/or cellular species origin. 

Since EDG family receptors mediate LPA signaling,
we examined the expression profile of EDG family LPA
receptors and the contribution of EDG receptors in LPA-
mediated human mesangial cell proliferation. We have
shown that human glomerular mesangial cells express all
three EDG family LPA receptors in a cell-density-
dependent manner. Based on semi-quantitative RT-PCR,
we noted that EDG-7 was the most abundantly expressed
LPA receptor, and EDG-2 was moderately abundant in
mesangial cells. EDG-4 was weakly expressed in
mesangial cells (Xing et al., 2004). Interestingly,
expression of EDG family LPA receptors followed cell
density-dependent pattern. EDG-7 maximally expressed
at sparse cell density and minimally expressed in dense
cell population. The EDG-2 expression pattern was
opposite to the EDG-7, and no changes in EDG-4
expression as a function of cell density were noted.
Additionally, we have shown that cell proliferative rate
(DNA synthesis) in mesangial cell was greater in sparse
cell density as compared to dense cell population, and
followed a similar pattern with EDG-7 expression (Xing
et al., 2004). Comparative studies in sparse and dense
cell density indicated that EDG-7 was positively
associated, while EDG-2 was negatively associated with
mesangial cell proliferation rate (Xing et al., 2004).
Furthermore, we have shown that dioctanoylglycerol
pyrophosphate, an antagonist for EDG-7, almost
completely inhibited mesangial cell proliferation
induced by LPA. We suggest that EDG-7 regulates LPA-
mediated mesangial cell proliferation. Additionally,
these data suggest that EDG-7 and EDG-2 LPA
receptors play diverse role as proliferative and anti-
proliferative respectively in mesangial cells (Xing et al.,
2004). Thus, regulation of EDG family receptors may be
importantly linked to mesangial cell proliferative
processes and associated glomerular proliferative
diseases.

LPC

LPC is an another major biologically active LPL

involved in diverse biological functions, including
recruitment of monocytes, induction of adhesion
molecules in endothelial cells, stimulation of smooth
muscle cell proliferation, induction of growth factors,
induction of smooth muscle cell migration, and
inhibition of endothelium-dependent relaxation that are
key pathobiological processes associated with vascular
diseases (Quinn et al., 1988; Kugiyama et al., 1990;
Kume et al., 1992; Kume and Gimbrone, 1994; Nakano
et al., 1994; Chai et al., 1996; Kohno et al., 1998;
Watanabe et al., 2001). The in-vivo generation of LPC
involved in pathobiological cellular events is not
completely understood; however, the hydrolysis of sn-2
fatty acid of phosphatidylcholine (PC) by plasma
lecithin-cholesterol acyltransferase can produce LPC.
Furthermore, LPC can also be formed during oxidative
modification of low-density lipoproteins (LDL) by a
LDL-associated phospholipase A2 activity
(Parthasarathy and Barnett, 1990). After its formation,
LPC, a relatively polar molecule, gets associated with
serum albumin or LDL and is carried to various cellular
sites to participate in cellular, metabolic, and
pathophysiological pathways. In view of the
accumulated data suggesting the pathobiologic role of
oxidized LDL (ox-LDL) in atherogenesis, LPC has been
considered as one of the major bioactive molecules
implicated in ox-LDL-mediated cellular processes
involved in the development of vascular diseases (Quinn
et al., 1988; Chai et al., 1996; Watanabe et al., 2001).
Impairment of endothelium-dependent relaxation in
response to ox-LDL is directly attributable to the
presence of LPC in these fractions (Leung et al., 1999).
Increased concentrations of LPC both in serum and LDL
fractions have been found in atherosclerosis and
nephrosis (reviewed in Tselepis and Chapman 2002).
Higher circulatory concentrations of LPC have also been
found in ischemia both in animals and humans
(Watanabe and Okada, 2003).

LPC receptors and intracellular signaling pathways

Platelet activating factor (PAF) receptor has been
suggested to mediate the pro-inflammatory actions of
LPC (Huang et al., 1999). Recent studies have described
two G-protein-coupled receptors G2A and GPR4 as
specific receptors for LPC (Kabarowski et al., 2001; Zhu
et al., 2001). G2A (named for cell cycle G2
accumulation) was originally discovered as a
transcriptionally regulated orphan GPCR in a search for
downstream targets of the BCR-ABL tyrosine kinase
oncogene (Weng et al., 1998). G2A-deficient mice
developed a late-onset (>1.5 year), slow-progressing
autoimmune syndrome characterized by abnormal
expansion of both T and B lymphocytes (Le et al.,
2001). Although transcriptional induction of G2A is
associated with proliferative responses, its ectopic
expression inhibits transformation of B cell precursors
by BCR-ABL (Weng et al., 1998). In fibroblasts, G2A
overexpression leads to accumulation of cells at G2 and
M phase of cell cycle and partial block in the
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progression of mitosis (Weng et al., 1998). Introduction
of G2A in fibroblasts by retroviral transduction or
microinjection induced significant morphological
alterations, including suppression of contact inhibition,
foci formation, and assembly of actin stress fibers
(Kabarowski et al., 2000). Intracellular signaling studies
indicated that G2A-induced cytoskeletal changes require
coupling to Gα13 and subsequent activation of RhoA
(Kabarowski et al., 2000). Additionally, this signaling
was also supported by the finding that coexpression of
LscRGS, a GTPase-activating protein that suppresses
signaling by Gα13, inhibited G2A-induced
morphological changes (Zohn et al., 2000). In addition
to Gα13, G2A has also been linked Gai (in MCF10A
and Chinese hamster ovary cells, (Kabarowski et al.,
2001), Gaq, and Gas (in HeLa cells, Lin P et al., 2003).
It appears that coupling to G2A might be cell context-
dependent.

Kabarowski et al. (2001) described G2A as a
receptor with high affinity for LPC, but low affinity for
sphingosylphosphorylcholine (SPC). In human breast
epithelial MCF10A cells expressing G2A, LPC (0.1 µM)
increased intracellular calcium concentration
(Kabarowski et al., 2001). Additionally, activation of
G2A by LPC induced receptor internalization, activated
MAP kinase, and stimulated migratory responses of
Jurkat T lymphocytes (Kabarowski et al., 2001).
Recently, Radu et al. have showed that the
overexpression of G2A in the T lymphoid cell line
significantly enhanced chemotaxis to LPC (Radu et al.,
2004). These authors have also indicated that the chronic
down-regulation of G2A resulted in impaired T
lymphoid cell chemotaxis by LPC. Recent studies
showed that G2A was expressed predominantly by
macrophages within atherosclerotic lesions at the aortic
root of apolipoprotein E-deficient mice and the thoracic
aortas of Watanabe heritable hyperlipidemic rabbits
(Rikitake et al., 2002). In atherosclerotic plaques of
human coronary arterial specimens, G2A was expressed
by macrophages within the lipid-rich plaques, whereas
no G2A was seen in fibrous plaques where macrophages
did not present (Rikitake et al., 2002). These findings
suggest that LPC-G2A interaction may be linked to
inflammatory immune diseases and vascular diseases,
such as atherosclerosis and potentially glomerular
diseases.

Additionally, G protein-coupled receptor GPR4 has
also been shown to act as low affinity receptor for LPC,
and high affinity receptor for SPC (Zhu et al., 2001). In
GPR4-transfected MCF10A cells, both SPC and LPC
increased intracellular calcium concentration. Both SPC
and LPC activate GPR4-dependent activation of serum
response element reporter and receptor internalization.
Swiss 3T3 cells expressing GPR4 respond to both SPC
and LPC, but not sphingsine 1-phosphate (S1P) or PAF
to activate MAP kinase. In GPR4 expressing Swiss 3T3
cells, both SPC and LPC induce DNA synthesis, and the
MAP kinase and DNA synthesis induced by LPC and
SPC are inhibited by pertussis toxin, suggesting the

involvement of a Gi-heterotrimeric G-protein. 
Additionally, this study indicated that the

participation of GPR4 in Swiss 3T3 cell migration by
SPC and LPC (Zhu et al., 2001). Unlike G2A which is
predominantly expressed in hematopoietic tissues rich in
lymphocytes and weaker expression in heart and lung
(Weng et al., 1998), GPR4 has been shown to be highly
expressed in many human tissues, including ovary, liver,
lung, kidney, lymph node, and subthalamic nucleus; and
the tissues with lower GPR4 expression include, aorta,
placenta, bone marrow, skeletal muscle, small intestine,
prostate, and skeletal muscle (Zhu et al., 2001). Since
LPC is involved in diverse pathobiological processes
associated with atherosclerosis and glomerular diseases,
further studies on the involvement of these two LPC
receptors would be important in understanding their role
in vascular diseases. 

The activation of protein kinase C (PKC) has been
the primary mechanism implicated in several actions of
LPC (Kugiyama et al., 1992; Ohgushi et al., 1993;
Sugiyama et al., 1994). However, the molecular basis for
the activation of PKC by LPC is elusive. In glomerular
mesangial cells, we have investigated the upstream
signaling mechanisms of LPC-mediated PKC activation,
and the involvement of PKC and/or protein tyrosine
kinase (PTK) and Ras-mediated pathways in
downstream MAP kinase activation by LPC (Bassa et
al., 1999). In our studies with murine glomerular
mesangial cells, we found that LPC and oxidized LDL
transiently activated MAP kinase by three fold (Bassa et
al., 1998, 1999). This activation was partially dependent
on PKC, and both PKC depletion with phorbol esters
and PKC inhibition by pharmacological inhibitors
suppressed the activation of MAP kinase. In addition
PTK inhibitors also strongly inhibited the activation of
MAP kinase by LPC. In further exploring the pathway
upstream of PKC, we were able to implicate
phospholipase Cγ-1 (PLCγ-1) as a modulator of PKC
activity. Our studies indicate that LPC-mediated PKC
activation may be regulated by PTK-dependent
activation of PLCγ-1, and both PKC and PTK-Ras
pathways are involved in LPC-mediated downstream
MAP kinase activation (Bassa et al., 1999).

LPC has later been shown to activate MAP kinase in
various cell types, including endothelial cells, smooth
muscle cells, and monocyte/macrophage cell line (Ozaki
et al., 1999; Jing et al., 2000; Yamakawa et al., 2002).
LPC-induced activation of MAP kinase was shown to be
mediated by reactive oxygen species in smooth muscle
cells, and the MAP kinase activation appears to involve
PKC- and Ras-dependent raf-1 activation (Yamakawa et
al., 2002). In monocytic THP-1 cells, LPC activated
efficiently both p38- and p42/44-MAP kinase, but only
the activation of p38-MAP kinase was functionally
associated with LPC-induced chemotaxis (Jing et al.,
2000). The LPC-induced activation of MAP kinase and
c-Jun N-terminal kinase in endothelial cells was
mediated by tyrosine kinase- but not PKC-dependent
mechanisms (Ozaki et al., 1999). These observations in
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endothelial cells differ with our studies in mesangial
cells in that the MAP kinase activation by LPC was
dependent on both protein tyrosine kinase and PKC-
dependent pathways, suggesting cell type differences
with respect to LPC signaling (Bassa et al., 1999).
Additionally, it was shown that LPC-mediated activation
of p38-MAP kinase was required for LPC-induced
apoptosis in endothelial cells (Takahashi et al., 2002). 

Role of LPC in pathobiological processes associated
with kidney disease

Although LPC has been implicated in multiple
pathobiological processes, the circulating and/or tissue
concentrations of LPC in patients with renal disease is
not clearly established. Renal patients on hemodialysis
had significantly higher molar ratio of the plasma LPC -
LPC/phosphatidylcholine (Sasagawa et al., 1998). The
concentration of LPC in LDL was significantly greater
in hypoalbuminemic nephritic patients than control
subjects, suggesting that the hypoalbuminemia in
combination with proteinuria causes a shift of LPC from
albumin to LDL particles with greater pathobiologic
properties (Vuong et al., 1999). In addition to
atherosclerosis, others and we have proposed that
increased levels oxidized-LDL (ox-LDL) and its
components (e.g., mainly LPC) play a critical role in
glomerular injury and kidney disease (Diamond et al.,
1991; Kamanna et al., 1997). Since LPC has been
suggested to contribute significantly ox-LDL-mediated
pathophysiological processes, the increased
concentrations of ox-LDL may directly implicate the
pathobiological relevance of LPC in vascular
pathological conditions. Several clinical studies have
shown significantly increased plasma concentrations of
ox-LDL in patients with renal disease (Maggi et al.,
1994; Holvoet et al., 1996; van Tits et al., 2003).
Multiple regression analysis of data revealed that the
extent of renal disease is associated with changes in ox-
LDL levels (Holvoet et al., 1996). In addition to
increased circulating ox-LDL levels, increased
glomerular deposition of ox-LDL (mainly in the lesions
of glomerulosclerosis and mesangial areas) in diverse
human renal diseases was shown to be associated with
higher frequency of renal insufficiency and a greater
degree of glomerulosclerosis (Lee and Kim, 1998). 

Using in-vitro studies, others and we have provided
direct evidence for the role of ox-LDL and LPC in
pathobiological processes of glomerulosclerosis. We
have shown that ox-LDL activated glomerular
endothelial and mesangial cells to produce monocyte
adhesion molecules and chemoattractant peptides
associated with monocyte infiltration and proliferation
within the mesangium (Kamanna et al., 1996, 1999a).
LDL and ox-LDL with higher potency were also shown
to induce the expression of extracellular matrix proteins
in mesangial cells and tubular epithelial cells (Roh et al.,
1998,b). Thus, LPC and its increased generation and
association with ox-LDL particles may be considered as

risk factors associated with the pathobiological processes
of glomerular injury and subsequent glomerulosclerosis.
Several other experiments with in vitro cultures of
glomerular mesangial cells indirectly implicate LPC in
the pathobiology of the glomeruli. For example LPC was
shown to induce monocyte chemoattractant protein-1
(MCP-1) in glomerular endothelial cells (Mizobata,
2003). Mesangial cell migration is known to be a
contributory factor to the pathology of glomerular
diseases. It is hypothesized that activation of the
mesangial cells by circulatory and glomerular ox-LDL
and its major component LPC in turn would stimulate
the mesangial cells to secrete growth factors and
cytokines involved in monocyte infiltration and
mesangial cell hypercellularity (Kamanna et al., 1997,
1998).

LPC also induces the expression of PDGF B chain in
human mesangial cells and the mitogenic effects of LPC
on mesangial cells may be in part attributed to the
induction of PDGF BB (Tone et al., 1999). Using
specific pharmacological inhibitors, our recent studies
addressed the participation of epidermal growth factor
receptor (EGF receptor), Src, PKC, and MAP kinase in
human mesangial cell proliferation by LPC. The findings
from these studies indicate that the incubation of human
mesangial cells with LPC (5-25 mM) for 24-48 hours
stimulated mesangial cell proliferation by 4-5 fold
(Kamanna et al., unpublished data). Preincubation of
mesangial cells with PKC inhibitor (bisindolylmaleimide
GF109203-X) or Src inhibitor (PP-2) or EGF receptor
kinase inhibitor (AG1478) significantly inhibited LPC-
mediated mesangial cell proliferation. Blockage of total
tyrosine kinase by genistein or blockage of MAP kinase
by MEK inhibitor (PD98059) completely inhibited
mesangial cell proliferation by LPC (Kamanna et al.,
unpublished data). These studies suggest that LPC, by
activating EGF receptor, Src, and/or PKC signaling
pathways, stimulates down-stream MAP kinase
signaling resulting in mesangial cell proliferation.

Sphingomyelin based LPLs 

Although our review focused on LPA and LPC,
sphingomyelin based LPLs including sphingosine-1-
phosphate (S1P), sphingosine, and ceramide also serve
as biologically active phospholipids in many cell types.
The biological effects of sphingomyelin products are as
varied as those of growth factors, LPA, and LPC
described earlier. The diverse biological properties of
sphingomyelin based LPLs, identification of EDG-
family proteins as specific receptors for S1P and
intracellular signaling pathways have been extensively
reviewed (Fukushima et al., 2001; Kluk and Hla, 2002;
Spiegel and Milstein 2003).

In reference to renal pathophysiology, sphingolipids
have been shown to participate in mesangial cell growth,
ischemic acute renal injury, and renal tubular injury.
Recently, it was shown that S1P stimulated mesangial
cell proliferation (Hanafusa et al., 2002). Further studies
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on transcriptional profiling of genes in mesangial cells
indicated that S1P induced gene expression patterns
similar to those induced by platelet-derived growth
factor (Katsuma et al., 2003). Gennero et al. have shown
that S1P stimulated proliferation of mesangial cells and
activation of MAP kinase at subconfluent cell density
(Gennero et al., 2002). These studies also indicated that
S1P induced mesangial cell apoptosis at low cell density,
and this apoptotic effect was attributed to increased S1P
hydrolysis. Iwata and colleagues have investigated
whether sphingosine and ceramide, second messengers
derived from sphingolipid breakdown, modulate kidney
proximal tubular cell viability and their adaptive
responses to further injury (Iwata et al., 1995). This
study indicated that sphingosine (>10 mM), S1P, and
ceramide induced rapid cytotoxicity in proximal tubular
cells. This effect occurred in the absence of DNA
laddering and apoptosis, suggesting a necrosis form of
cell death by these sphingolipids. However, prolonged
exposure (20 hr) to subtoxic sphingosine doses (<7.5
mM) induced substantial cytoresistance to superimposed
ATP depletion/Ca2+ ionophore-mediated tubular cell
damage (Iwata et al., 1995). In further studies Zager and
associates have showed altered ceramide and
sphingosine expression in the setting of ischemic and
nephrotoxic acute renal failure (Zager et al., 1997,
1998). It was also shown increased concentrations of
glucosylceramide and lactosylceramide in polycystic
(cpk/cpk) mouse, suggesting that sphingolipids may play
a potential role in the proliferative and transport
abnormalities associated with cystic renal disease
(Deshmukh et al., 1994).

Conclusions and the proposed model for the
involvement of LPA- and LPC-mediated signaling
pathways in mesangial cell proliferation and
glomerular disease

Based on the in-vitro and in-vivo data discussed
above, we have designed a model to understand the
participation of LPA and LPC in intracellular signaling
pathways associated with mesangial cell proliferation
and glomerular disease (Fig. 1). As shown in Figure 1,
increased plasma concentrations of LPA and LPC
generated either by activated platelets and macrophages
or by oxidative modification of LDL may interact with
respective receptors on the mesangial cell membrane.
We have recently described that mesangial cells express
all three LPA receptors (EGD-2, EDG-4, and EDG-7),
and blockage of EDG-7 inhibited LPA-induced
mesangial cell proliferation (Xing et al., 2004). We
propose that LPA through interacting with EDG
receptors (specifically EDG-7) may induce the observed
transactivation of tyrosine kinase growth factor
receptors, including EGF receptor and PDGF receptors
(Fig. 1). This would trigger the activation of various
cytoplasmic signaling molecules leading to the
activation of Ras-MAP kinase pathway. Activated
cytoplasmic MAP kinase translocates into the nucleus
and activate various transcription factors and
protooncogenes associated with cell growth and
proliferation. 

Increased concentrations of LPC associated with
oxidized LDL within the glomerulus may interact with
specific G2A or GPR4 LPC receptors on the mesangial
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Fig. 1. Proposed model for the involvement of
LPA- and LPC-mediated signaling pathways in
mesangial cell proliferation and kidney
disease. LPA and LPC interact with specific
GPCR receptors on the mesangial cell
membrane leading to the activation of
membrane/cytosolic tyrosine kinases and/or
PKC. These signaling events lead to the
activation of down-stream MAP kinase
involved in mesangial cell proliferation.
Increased mesangial cell proliferation by LPA
and LPC subsequently stimulate extracellular
matrix deposition leading to glomerular injury
and kidney disease. 



cell membrane. Since G2A is mainly expressed in
hematopoietic tissues rich in lymphocytes and its
overexpression is associated with blockage of mitosis, it
is unlikely that G2A mediates LPA-induced mesangial
cell proliferation. Alternatively, highly expressed GPR4
in kidney may be involved in mesangial cell
proliferation by LPC. The interaction of LPC with
receptors (such as GPR4) on the mesangial cell
membrane, through yet unidentified tyrosine kinase-
mediated events, may activate PLCγ-1 and in turn PKC
(Fig. 1). Alternatively, LPC by PKC-dependent and/or
PKC-independent pathways may stimulate the
transactivation of EGF receptor (Kamanna et al., 1999b).
In concert, these signaling by PKC and/or PKC-EGF
receptor-mediated events would activate MAP kinase
and mesangial cell proliferation. In addition to LPA and
LPC, sphingolipid-based LPLs may also influence and
cross-talk with the above signaling processes involved in
mesangial cell proliferation. Mesangial cell proliferation
induced by LPLs may in turn influence mesangial cell
extracellular matrix production and deposition leading to
glomerular injury and renal disease. As discussed in our
previous review in this Journal (Kamanna et al., 1998),
LPLs-mediated activation of glomerular cells and the
generation of adhesion molecules and chemokines will
be involved in monocyte infiltration into the mesangium
and transformation into lipid-rich macrophages,
characteristic features involved in the development of
diverse forms of renal diseases.

Thus, understanding the pathophysiological
properties of LPLs in glomerular cells, the expression
patterns of LPL receptors and signaling pathways, and
the involvement of specific LPL receptors in biological
responses in glomerular cells would be important in
discerning their role in the pathogenesis of renal disease.
In view of the increased relevance of lipids,
inflammation, and oxidative modification of LDL in
renal disease, future research on LPLs and their
receptors in glomerular cells and in in-vivo renal disease
experimental models may play important role in defining
certain pathobiological mechanisms associated with
renal disease.
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