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A world of sphingolipids and glycolipids in the brain
—Novel functions of simple lipids modified with glucose—

By Yoshio HIRABAYASHI*1,†

(Communicated by Kunihiko SUZUKI, M.J.A.)

Abstract: Glycosphingolipids (GSLs) are present on cell surface membranes and are
particularly abundant in the brain. Since over 300–400 GSLs are synthesized from glucosylceramide
(GlcCer), GlcCer is believed to only serve as the source of most GSLs, including sialic acid-
containing GSLs or gangliosides, in the brain. Recent studies, however, suggest that GlcCer itself
plays a role in the heat stress response, as it functions as a glucose donor for the synthesis of
cholesterylglucoside, a lipid mediator in heat stress responses in animals. GlcCer in adipose tissues is
also thought to be involved in mechanisms that regulate energy (sugar and lipid) metabolism. Our
extensive structural study revealed an additional novel glucosylated membrane lipid, called
phosphatidylglucoside, in developing rodent brains and human neutrophils. These lipids, all
modified with glucose, are enriched in lipid rafts and play important roles in basic cellular processes.
Here, I summarize the recent progress regarding these glucosylated lipids and their biosynthesis and
regulation in the central nervous system (CNS).
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1. Introduction: From complexity to simplicity

Sphingolipids have a common hydrophobic tail
called ceramide, which is composed of a long chain
base and a fatty acid.1) Ceramide is metabolically
converted to glycosphingolipids (GSLs) and sphingo-
myelin, both of which are abundant in neural
membranes. Over 300–400 GSL species exist, each
with different sugar chain structures, in the cell
membranes of organisms. Sphingolipids are critical
components for cell survival and homeostasis. Our
extensive structural analysis of brain complex GSLs
has identified a novel type of ganglioside with o- and

,-series core structure (cholinergic gangliosides) as
minor components2)–5) (Fig. 1).

Importantly, all complex gangliosides including
those that are in the minor components category are
synthesized from GlcCer through a ceramide gluco-
sylation reaction.6),7) Thus, the study of GlcCer and
its synthetic enzyme, ceramide glucosyltransferase
(GlcT-1/GCS), is essential for understanding the
basic roles of GSLs in the CNS. In 1994, we
established a mouse melanoma cell line, termed
GM-95, that has no endogenous GSLs due to a
deficiency in GlcT-1 activity.8) Surprisingly, GM-95
cells survive and proliferate without GSLs, even in
GSL-free culture medium. Soon thereafter, a human
cDNA encoding GlcT-1 was cloned by complementa-
tion cloning using GM-95.9) Genomic analysis re-
vealed that GlcT-1 is phylogenetically conserved,
underscoring its biological significance. Discovery of
the GlcCer-deficient cells and subsequent success in
the molecular cloning of the GlcCer synthase gene
triggered my research interest to re-focus metabolism
and functions of common, basic, and simple sphingo-
lipids instead of studying complex GSLs.

This review presents an overview of three critical
synthetic enzymes required for sphingolipid syn-
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thesis—phosphoglycerate dehydrogenase (Phgdh),
serine palmitoyltransferase (SPT), and glucosylcer-
amide synthase (GlcT-1/GCS)—and their cellular
functions. While re-examining simple glycosylated
lipids in the brain, we discovered in developing
rodent brains a novel glucose-modified lipid called
phosphatidylglucoside (PtdGlc). Although most
membrane lipids contain a variety of fatty acyl
chains, PtdGlc is composed exclusively of double
saturated fatty acids (C18:0/C20:0) (Fig. 2). Be-
cause of its unique fatty acid composition, PtdGlc
has physical properties similar to those of GlcCer,
which in turn can lead to the formation of lipid
microdomains or lipid rafts. The biological functions
of this new glycolipid are also discussed in this
review.

2. L-Serine synthesis and sphingolipids
in the brain

2.1. Brain Phgdh—a key enzyme for L-serine
synthesis. The water-soluble amino acid L-serine is
a critical precursor amino acid for the synthesis of a
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Fig. 1. Cholinergic gangliosides are one the most complex type of gangliosides in the CNS. Q1b,, which was first isolated from bovine
brain,5) is expressed in cholinergic neurons. Recent studies indicate that Q1b, may play a role in pathophysiological processes leading
to Alzheimer’s disease.92)

D-glucosyl-ββ1-1’C-16-ceramide (GlcCer)

Phosphatidyl-β-D-glucoside (PtdGlc)

Cholesteryl-β-D-glucoside (CG)

Fig. 2. Three lipids modified with glucose present in mammalian
membranes.

Y. HIRABAYASHI [Vol. 88,130



variety of biomolecules, including membrane lipids.
Sphingolipid biosynthesis starts with a condensation
reaction between L-serine and hydrophobic C16:0-
CoA to form 3-ketosphinganine (Fig. 2).1) This
reaction is catalyzed by SPT in endoplasmic retic-
ulum (ER) membranes.

Since L-serine is a non-essential amino acid, the
importance of endogenous L-serine synthesis has
been largely ignored. In 1998, however, Mitoma et al.
reported that the survival and morphological devel-
opment of cultured hippocampal pyramidal neurons
depended on L-serine, which is actively synthesized
and released from astrocytes. Thus, this non-
essential, sweet amino acid is essential for neurons.10)

Cerebellar Purkinje neurons also require L-serine
supplied from Bergmann glia cells.11) Addition of
L-serine dramatically improves dendritic develop-
ment and synapse formation in mixed glia-neuron
(Granular and Purkinje) cultures.

L-Serine is biosynthesized from a glycolytic
intermediate, 3-phosphoglycerate, through three
sequential catalytic reactions (Fig. 3). First, 3-
phosphoglycerate is oxidized by a dehydrogenase
(PHGDH) using NADD to form 3-phosphohydroxy-
pyruvate, which in turn is converted to phosphoser-
ine by a transamination reaction catalyzed by 3-
phosphohydroxypyruvate aminotransferase (PSAT).
Finally, phosphoserine is dephosphorylated by 3-
phosphoserine phosphatase (PSP), yielding L-serine.
Importantly, the PSAT reaction requires the excita-
tory amino acid glutamate as a nitrogen donor to
produce 2-ketoglutarate. Thus, the nitrogen in the
sphingosine base originally derives from glutamate.
Phgdh mRNA is abundantly expressed in astrocytes,
and its expression is barely detectable in a certain
type of CNS neuron.11) The mRNA of two other
enzymes, PSAT and PSP, are expressed by both
astrocytes and neurons, although the level of PSP
mRNA in astrocytes is lower than that in mature
neurons.

2.2. Phgdh knockout mice as a model for
human neurological diseases and other diseases.
A reciprocal relationship between glia and neurons
is vital for overall brain development and for the
maintenance and proper functioning of neurons. Our
L-serine studies revealed that, in the developing and
mature brain, L-serine is a key mediator of neuro-
trophic/survival support provided by radial glia/
astrocytes.12) To test whether L-serine synthesis is
a fundamental system for normal brain development
and function in vivo, we generated mice with a tissue-
specific mutation of the Phgdh gene.13),14) The mice

with a global knockout (KO) die at embryonic day
13.5 (E13.5). Moreover, in these KO mice normal cell
cycle progression and subsequent neurogenesis in-
volving radial glia are severely impaired in the spinal
cord.15) As expected, all brain L-serine-derived lipids
such as phosphatidylserine, phosphatidylethanol-
amine, sphingomyelin, and GD3 ganglioside are
greatly reduced in Phgdh knockout mice. Of special
note was the appearance of phosphatidylthreonine,
which is barely detected with normal intracellular
L-serine levels. It is unclear whether this newly
synthesized lipid affects neuronal survival and
function (Fig. 4).10) This issue will be discussed in
the next section.

Brain-specific Phgdh knockout mice may serve as
a useful animal model for studying human genetic
diseases characterized by PHGDH deficiency.
PHGDH-deficient patients have lower levels of L-
serine in blood plasma and cerebrospinal fluid. These
patients exhibit severe neurological symptoms in-
cluding congenital microcephaly, epilepsy, psycho-
motor retardation, and dysmyelination.16) It would
be interesting to determine whether the serine
deficiency in the brain of adult knockout mice causes
similar morphological and/or functional alterations
as well as changes in membrane lipid composition.

2.3. Phgdh and cancer. PHGDH gene
expression is also upregulated in cancer cells and
tissues,17)–19) indicating that L-serine promotes can-
cer cell proliferation and survival. Very recently,
Possemato et al. reported that certain breast cancer
cells (estrogen receptor-negative cells) overexpress
the PHGDH gene.20) In these cells, L-serine synthesis
through the phosphorylated pathway produces ,-
ketoglutarate from glutamate (Fig. 2), which con-
tributes to 50% of the anaplerotic flux of glutamate
into the tricarboxylic acid (TCA) cycle. This is one of
the major reasons why L-serine synthesis is advanta-
geous for cancer cell survival in terms of energy
metabolism. As a result of these findings, PHGDH is
now expected to be a target gene not only for the
treatment of serine-deficient patients but also for
patients with cancer (breast cancer, melanoma). It
remains unknown whether high Phgdh expression
levels in neural stem cells and radial glia cells are also
related to energy metabolism.

3. Sphingolipid synthesis

3.1. SPT—the key enzyme for sphingolipid
synthesis. Mammalian SPT is composed of two
subunits, SPTLC1 and either SPTLC2 or
SPTLC3.21) Two additional factors, the small sub-
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units SSSPTA and SSSPTB, are also associated with
the complex.22) The composition of the complex
determines substrate preference: The SPTLC1-
SPTLC2 complex shows a strong preference for
C16-CoA substrate, while the SPTLC1-SPTLC3
isozyme uses both C14-CoA and C16-CoA as
substrates, with a slight preference for C14-CoA.
The SPTLC1-SPTLC2-SSSPTB complex shows a

strong preference for C18-CoA substrate, while the
SPTLC1-SPTLC3-SSSPTB isozyme displays an
ability to use a broader range of acyl-CoAs, without
apparent preference.

More recently, ER membrane proteins of the
orosomucoid (ORM) family have been shown to
bind to the SPT complex and to inhibit SPT
activities.23),24) ORM genes are a potential risk factor

L-Serine

Neuron (Purkinje cell)Glia (Bergmann glia)
gangliosides, sphingomyelin
PS, PE
D-serine
glycine
proteins

(+)

Phosphatidylthreonine
1-deoxy sphingolipids(–)

Fig. 4. Metabolic relationship between neurons and glia in cerebellum mediated through L-serine. Phgdh, a key enzyme for L-serine
synthesis, is upregulated in Bergmann glia cells but downregulated in Purkinje neurons. Thus, Purkinje neurons are dependent on
glial L-serine. L-serine stimulates the synthesis of membrane lipids such as sphingolipids. Importantly, L-serine inhibits the synthesis
of phosphatidylthreonine and toxic lipids such as 1-deoxsphinganine.
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Fig. 3. Sphingolipids and sphingoglycolipids are synthesized from glucose, amino acid, and fatty acid. The ceramide molecule contains a
nitrogen atom that is derived from the amino acid L-serine. To synthesize the precursor lipid for GSLs, glucosylceramide (GlcCer),
glucose (UDP-Glc), L-serine, and palmitoyl-CoA are required. Thus, it is understandable that GlcCer and its related compounds are
involved in the regulation of energy metabolism and in the pathophysiology of diabetes mellitus.
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for childhood asthma. Orm proteins are now regarded
to be key regulatory factors of sphingolipid biosyn-
thesis. It would be interesting to know how Orm
activities are regulated25) and how they are involved
in the development of childhood asthma.

3.2. SPT knockout mice. Gene-targeting
technology has allowed us to define the in vivo roles
of sphingolipid synthesis. Since both SPTLC1 and
SPTLC2 are essential for SPT catalytic activity, two
varieties of SPT knockout mice die during embryonic
development.26) Physiological role of SPTLC3 re-
mains to be elucidated. Since the Sptlc2 knockout
causes embryonic lethality, Sptlc3 is either not
functional or is absent at least during early devel-
opmental stages. Specifically when the embryos die
and why endogenous sphingolipid synthesis is essen-
tial for embryo survival have not been examined
carefully. Certain cell populations in a conditional
Sptlc2 KO (inducible cKO) mouse showed an
absolute requirement for sphingolipid synthesis. In
these mice, single cell necrosis in the epithelia of
crypts in the small and large intestines was observed
as early as 24 h after inducing the knockout.27)

Seventy-two hours after induction, body weight,
spleen and thymus weights, and numbers of retic-
ulocytes and lymphocytes decreased in the cKO mice.
Thus, SPT is of particular importance in the
proliferation and maintenance of mucosal epithelial
cells.

3.3. Human disease, HSAN1, and novel
sphingolipid metabolites. Defects in SPTLC1
cause hereditary sensory and autonomic neuropathy
type 1A (HSAN1A). HSAN1A is an autosomal
dominant axonal neuropathy. Initial symptoms are
loss of pain, touch, heat, and cold sensation over the
feet, followed by distal muscle wasting and weakness.
It is largely unknown why this mutation causes
defects in peripheral neurons not in central neurons.
Interestingly, in HSAN1A the mutated SPT pro-
duces two novel sphingolipids, 1-deoxysphinganine
and 1-desoxymethylsphinganine (Fig. 5).

HSAN1-associated mutant SPT has a reduced
preference for L-serine and an increased activity
toward amino acid substrates (specifically, alanine
and glycine), which ultimately lead to the production
of deoxy-type sphingosine bases. Unexpectedly, very
recent studies demonstrated that oral administration
of L-serine reduces the formation of 1-deoxy sphin-
golipids in mice and humans with HSAN1.28) L-
Serine is abundantly synthesized in the CNS as noted
above. Peripheral neurons may be particularly
sensitive to the HSAN1 mutation possibly because

peripheral neurons have low levels of serine synthase
activities, resulting in a high alanine-to-serine ratio.
Unusual sphingolipid metabolites have also been
detected in the blood plasma of diabetic patients.29)

Thus, oral L-serine treatment is expected not only
to help patients with HSAN1 but also those with
diabetic neuropathy.

4. Glucosylceramide

4.1. Glucosylceramide synthase (GlcT-1/
GCS/UGCG). GlcCer is a key component for the
synthesis of almost all GSLs in the brain (Fig. 4).
In 1979, the complete structural determination of
Gaucher GlcCer was achieved through 13C-nuclear
magnetic resonance (13C-NMR) analysis.30) GlcCer
formation is catalyzed by the enzyme ceramide
glucosyltransferase (GlcT-1/GCS/UGCG). Since
catalytic activity is detectable when human GlcT-1
protein is expressed in E. coli, no proteinaceous
factor is thought to be required for the expression
of its activity. However, little is known about how
GlcT-1 activity is regulated and how its protein
synthesis and degradation are controlled.31) C-fos
specifically activates GlcCer synthesis in PC-12
cells.32) However, the precise mechanisms underlying
this activation remain unclear.

Ceramide glucosylation occurs in the cytosolic
side of the cis-Golgi membranes of mammals. In
Drosophila, GlcT-1 protein is also present in the ER
membranes of the eyes33) and fat body.34) Based
on its primary sequence, GlcT-1 is a type Ib (III)

Palmitoyl-CoA   +   Alanine

1-deoxysphinganine

Palmitoyl-CoA + glycine

1-desoxymethylsphinganine

Fig. 5. Occurrence of unusual sphingolipids: 1-deoxysphinganine
and 1-desoxymethylsphinganine
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membrane protein. GlcT-1 protein has never been
isolated in pure form, since it is a hydrophobic
protein and is a very minor component. Since GlcT-1
is now expected to be a drug target for diabetes35),36)

and sphingolipidoses,37),38) it is important to resolve
its three-dimensional structure in order to develop
new types of GlcT-1 inhibitors.

4.2. Glucosylceramide synthase knockout
animals. We have previously cloned cDNAs for
human GlcT-1 (hGlcT-1, UGCG);9) mouse GlcT-1
(mGlcT-1);39) Drosophila GlcT-1 (dGlcT-1); and
C. elegans GlcT-1 (CGT).40),41) The fact that
GlcT-1 is evolutionarily conserved and that GlcCer
is distributed widely in eukaryotes suggests that
GlcCer synthesis plays some fundamental role in
the cellular machinery (Table 1). Next, I discuss
examples demonstrating the importance of GlcCer
synthesis in vivo.

4.3. Knockout mice. Embryonic lethality of
Ugcg knockout mice demonstrates that GlcCer syn-
thesis is essential for development.42) In Ugcg knock-
out mice, enhanced apoptotic cell death is observed
in ectodermal cells at the gastrulation stage (E7.5). It

remains unclear, however, why eliminating the Ugcg
gene enhances cell death selectively in ectoderm. Two
research groups working independently disrupted
Ugcg specifically in neural cells using the nestin-
Cre/LoxP system (Table 1).43),44) Here, Cre recom-
binase protein driven by a nestin promoter was
specifically expressed in neuronal and glial cell
precursors during embryonic development. In Proia
and associates’ knockout, the mice exhibited abnor-
mal behaviors and a significant loss of Purkinje
neurons. On the other hand, the knockout mice
produced by Gröne and co-workers exhibited much
more severe phenotypes, dying shortly after birth.
The use of different nestin-Cre transgene mouse lines
could explain these disparate findings.

To understand how GlcCer synthesis in the CNS
contributes to post-mitotic neuronal survival and
functional maintenance at the molecular level, we
generated Purkinje neuron-specific knockout mice
(L7-GlcT-1KO mice) using L7Cre transgenic mice.45)

Although we intended to target only Purkinje
neurons, we noticed that myelin had significant
structural abnormalities. Their doubly myelinated

Table 1. Organisms with genetically modified glucosylceramide synthase

Organism
Targeted tissues

and constructs
Phenotype Biochemistry References

Mouse whole embryonic death (E7.5) loss of GSLs Yamashita et al., 199942)

neural cells (Nestin-Cre) case 1: dysfunction

of cerebellum

reduction of gangliosides

in brain

Yamashita et al., 200543)

case 2: die after birth Reduction of GSLs Jennemann et al., 200544)

Purkinje neurons (L7-Cre) axonal degeneration loss of GSLs in Purkinje

neurons

Watanabe et al., 201045)

oligodendrocytes (Cnp-Cre) normal myelin normal GSL content Saadat et al., 200946)

epidermis (K14-Cre) die after birth (loss of

water-barrier function)

accumulation of B-hydroxy

ceramide

Jennemann et al., 200793)

liver (Alb-Cre) no abnormality deletion of GlcCer in liver,

no biochemical abnormality

in plasma

Jennemann et al., 201094)

C. elegans RNAi (cgt-1 and-3) death at L1 larval stage reduction of GlcCer/GlcT-1

activity

Nomura et al., 201141)

RNAi (cgt-3) with rrf-1 strain abnormal oocytes and early

embryonic cell division
Nomura et al., 201141)

RNAi (cgt-1 and -3) defects in digestive tract Marza et al., 200950)

RNAi (cgt-1 and -3) polarity abnormalities Zhang, et al., 201152)

cgt-3 deletion allele tm504 abnormal oocytes and early

embryonic cell divison

reduction of GlcCer/GlcT-1

activity

Nomura et al., 201141)

Drosophila whole lethality reduction of GlcCer Kohyama et al., 200433)

Fat body lipid accumulation changes in triacylglycerol

content

Kohyama et al., 201134)

GSL, glycosphingolipids; GlcCer, glucosylceramide.
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axons were enveloped by an additional concentric
myelin sheath around the original sheath. Our
data showed that axonal GlcCer-derived GSLs are
essential for correct myelin sheath formation and
maintenance.

Unlike the Purkinje neuron-specific knockout
mice, oligodendrocyte-specific knockout mice, which
were generated by using Cnp-Cre transgenic mice,
do not show any abnormal myelin structures or
functions.46) GSLs and GalCer synthesis in myelin
are not essential for myelin structure. In oligoden-
drocytes, myelin-associated glycoprotein (MAG) is
known to be the binding partner of axonal GSLs.47)

MAG is a type 1 transmembrane glycoprotein found
in periaxonal oligodendrocyte membranes. MAG-null
mice also make multiple myelin sheaths48) similar to
those observed in L7-GlcT-1KO mice, suggesting
that GSLs binding to MAG regulate the myelin
configuration and maintenance of axo-glial interac-
tions. Schnaar and his associates reported that the
,-series gangliosides GQ1b , and GD1 , are the
most potent gangliosides that support MAG-
mediated cell adhesion.49) Since GD1 , is enriched
in Purkinje neurons,3) the loss of adhesion mediated
by interactions between MAG and GD1 , may
underlie the abnormal myelin morphology seen in
GlcT-1 KO mice.

4.4. Drosophila and C. elegans. In Droso-
phila, GlcCer synthesis is essential for embryo
survival: Loss of GlcT-1 function causes excessive
cell death in part due to caspase-dependent apopto-
sis.33) Functions of GlcCer synthesis are tissue
specific, since down-regulation of GlcT-1 in the fat
body, the fly equivalent of mammalian adipose tissue,
does not cause any cell death.34) Interestingly, GlcCer
is the sole GSL of the fat body, and GlcCer itself may
play a regulatory role in energy (lipid and glucose)
homeostasis.

Although most organisms contain only one
GlcCer synthase gene, C. elegans exceptionally pos-
sesses three distinct human Ugcg orthologs, cgt-1,
cgt-2, and cgt-3 (cgt is not ceramide galactosyltrans-
ferase gene in mammals).40),41) Moreover, all three
have GlcT-1 activities and cgt-3 shows the highest
activities among the three.40),41) RNAi of cgt causes
defects in a subset of cells in the digestive tract; these
defects impair larval feeding, resulting in starvation-
induced growth arrest.50) However, GSLs are dispen-
sable in most cells in C. elegans, including those
of the nervous system.50) More recently, Nomura
et al.41) demonstrated, however, that the Ugcg gene
is indispensable in oocyte formation and early

embryonic cell division. This corroborates the initial
proposal of De Smedt et al.,51) who used Xenopus
oocytes. Further studies are necessary to fully
understand regulatory mechanisms mediated by
GlcCer synthesis in oocyte meiosis.

Zhang et al. have demonstrated that CGT
product—GlcCer with a C17 branched-chain
sphingosine and a saturated fatty acyl chain
C22:0—is a critical determinant of in vivo cell
polarity and morphogenesis of the intestines.52)

These recent studies examining the in vivo
functions of GSLs suggest that GlcCer is not merely
a precursor lipid needed for the synthesis of complex
GSLs; rather, GlcCer itself exerts biological activities
through unrecognized mechanisms. It is also ex-
tremely important to address the key questions:
Why is GlcCer formed in the cytosolic face of Golgi
membranes and translocated into the luminal part of
the membranes, and how does this occur?53) Please
see the review of Graham et al.53) for an additional
discussion of these issues.

4.5. Glucosylceramide and human diseases.
Recent pharmaceutical studies demonstrated that
GlcCer synthesis is possibly involved in the patho-
genesis of diabetes mellitus and atherosclero-
sis.35),36),54),55) As discussed by Summers and others,
“ceramide” is a key player in energy metabolism
regulation and in metabolic syndrome and diabetes
pathogenesis.56)–58) The regulation of energy metab-
olism developed during evolution. Moreover, its
mechanisms are extremely complicated, since energy
homeostasis is maintained by highly integrated
systems existing across cell types and various tissues,
including pancreatic O–cells, brain, liver, muscle,
macrophages, and adipocytes.

As we discussed above, small animal models
such as C. elegans and Drosophila can provide new
clues to better understand the fundamental roles of
GlcCer and sphingolipids in the regulation of metab-
olism and in related diseases. GlcCer is also reported
to play an important role in polycystic kidney
disease,59) Parkinson’s disease,60) and Alzheimer’s
disease.61),62)

5. From simplicity to diversity: the diversity
of lipids modified with glucose

The lipid raft hypothesis has had a wide impact
not only on the field of membrane lipid biology but
also more generally on the field of cell biology. This
concept has lead to profound insight into membrane
dynamics, especially lipid dynamics in living cells.
Membrane lipid rafts are thought to serve as
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molecular assembly and sorting platforms for cell-cell
interactions or signal transduction and to modulate
multiple cellular processes, such as axonal growth
and guidance of neuronal growth cones, cytokine/
growth factor receptor signaling, neuron-glia inter-
actions, neuronal survival, and death. Since there
is enormous molecular diversity among membrane
lipids, the existence of membrane lipid microdomains
other than sphingolipid-rich domains is quite possi-
ble.63) In fact, recent studies have revealed two
additional lipids modified with glucose, cholesteryl-
glucoside and phosphatidylglucoside. Both of these
lipids are possibly enriched in lipid rafts or mem-
brane microdomains distinct from sphingolipid-rich
domains.

5.1. Cholesterylglucoside. Murofushi and co-
workers first isolated mammalian glucosylated cho-
lesterol (1-O-cholesteryl-O–D-glucopyranoside, CG)
in cultured human cells, TIG-3 fibroblasts,64) and
gastric mucosa65) (Fig. 4). Interestingly, heat shock
rapidly induces CG synthesis followed by HSF1
activation and HSP70 induction in human fibro-
blasts.66) To decipher the molecular mechanisms of
HSP70-induction by CG, it is essential to identify the
enzyme involved in CG synthesis that is sensitive to
heat stress. Akiyama et al.67) proposed that sterol
glucosyltransferase transfers glucose from GlcCer to
cholesterol. Supporting this notion is the finding that
GM-95 cells deficient in GlcCer synthase, GlcT-1, are
unable to synthesize CG without the addition of
exogenous GlcCer. It is interesting to note that
ceramide generated from sphingomyelin is also a
molecule important in stress responses.68),69) How-
ever, the relationship between heat shock responses
and the ceramide signaling cascade is unclear.70)

Recently it was observed that dynamic changes
in the cholesterol-rich domain structure induced by
heat stress or benzyl alcohol (membrane fluidizer)
treatment is responsible for the activation of HSF1
and HSP70.71) Lipidomic approaches demonstrate
that heat shock causes metabolic changes in mem-
brane lipid-raft-related molecules (ceramide, choles-
terol, and saturated-fatty acid chain species of
glycerol lipids).72) Thus, it is an intriguing idea that
the production of CG may serve as a heat-associated
signaling platform or a heat-signal molecule for HSP
gene activation.

6. Phosphatidylglucoside (PtdGlc)

6.1. Chemical structure of PtdGlc. In 2001,
Nagatsuka et al.73) isolated an unusual glucose-
containing lipid in human umbilical cord erythro-

cytes as a differentiation-associated antigen and
proposed the tentative structure as phosphatidylglu-
cose. Although the biological significance of this
glycolipid puzzled us at that time, we decided to
continue with the structural and functional analyses
of the lipid. Because this lipid contained “glucose,” we
expected it to be biologically very important. Four
years later, a similar lipid was isolated in detergent-
insoluble membrane (DIM) fractions from human
promyelocytic leukemia cells (HL-60). The structure
of this lipid was “phosphatidylglucoside (PtdGlc).”
During the biochemical work on this novel type of
lipid, we learned that it was a minor component and
that it was labile under alkaline conditions. Thus,
it was extremely difficult to purify and to obtain in a
pure form.

To detect PtdGlc with high sensitivity and
specificity, we tried to produce a PtdGlc-specific
monoclonal antibody by immunizing mice with DIM
isolated from HL60 cells.74) This work was motivated
by the report that DIM fractions act as an effective
immunogen.75),76) We successfully isolated about 100
clones that react with lipids and proteins present
in the DIM. One of the clones, termed DIM21,
specifically recognized PtdGlc.77),78) By using DIM21,
we were able to successfully isolate pure PtdGlc from
fetal rodent brains. Nuclear magnetic resonance
(NMR) analyses together with the results of mass
spectroscopy and gas chromatography analyses
allowed us to determine the chemical structure of
PtdGlc in fetal rat brain: It was 1-stearyl-2-arachi-
doyl-sn-glycerol-3-phosphoryl-O-D-glucopyranoside
(Fig. 2).79) In addition, acetylated PtdGlc, 1-stearyl-
2-arachidoyl-sn-glycerol-3-phosphoryl-O-D-(6-O-ace-
tyl)glucopyranoside, exists as an isolated DIM21
antigen from fetal rat brain.

By comparing NMR data on acetylated PtdGlc
from a natural source to that of chemically synthe-
sized 6-O-acetyl PtdGlc, Greimel et al.78) confirmed
that acetylation occurs at position 6 of the hexose
ring of PtdGlc.

Most unexpected was the finding that PtdGlc
isolated from fetal rat brain has only one fatty acid
combination: That is, the sn-1 and sn-2 chains are
exclusively stearic acid (C18:0) and arachidic acid
(C20:0), respectively. A single molecular species
rarely occurs in natural phospholipids. Also, very
few natural lipids have the C20:0 acyl chain as
a major component. In addition, PtdGlc from rat
brain contained a stereoisomer, 1-sn-phosphatidyl-
glucoside. How this isomer is biosynthesized is
unknown.
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PtdGlc is also present in human neutrophils,
where it has a mixed fatty acid composition
comprising C18:0/C18:0 and C18:0/C20:0.80)

Similar to GlcCer, PtdGlc exhibits a high main
phase transition temperature in differential scanning
calorimetry (DSC).81) However, DSC analysis showed
that PtdGlc is not miscible with sphingomyelin even
though GlcCer is. In addition, DSC and small-angle
X-ray scattering (SAXS) experiments revealed that
PtdGlc is poorly miscible with phosphatidylcholine.
These results suggest that the lack of tight inter-
molecular interactions exclude PtdGlc from other
lipid domains on the plasma membrane. Immuno-
electron microscopy with DIM21 using the SDS-
digested freeze fracture replica labeling method
demonstrated that PtdGlc forms distinct lipid
domains exclusively on the outer, not inner, leaflet
of the plasma membrane of HL60 cells and A549
cells, a human alveolar epithelial cell line.81)

6.2. Expression of PtdGlc. Expression of
PtdGlc is developmentally regulated in the rodent
brain (Fig. 6). A high level of PtdGlc expression is
observed in radial glia and astrocytes in early
developing rat brains (E12.5–14.5). At E18.5, PtdGlc
expression is rapidly downregulated, and GFAP-

positive astrocytes become DIM-21 positive. In
adults, neural stem cells (Type B) in the subven-
tricular zone continuously express PtdGlc.82) Thus,
PtdGlc may serve also as a novel cell surface marker
for stem cells.

6.3. Possible roles of PtdGlc. The biological
roles of PtdGlc are poorly understood. Since PtdGlc
is enriched in astrocyte lineage cells in the developing
mouse CNS, they may be potentially involved in
astrogliogenesis in mouse cerebral cortex. This notion
is supported by the finding that addition of DIM21 to
neural progenitor cells prepared from fetal mouse
telencephalon causes the recruitment of EGF recep-
tors into lipid rafts, leading to the activation of EGF
receptors.83)

PtdGlc has been found also in epithelial cells
from various human organs.84) Oka et al.85) and Kina
et al.80) demonstrated that PtdGlc is highly and
specifically expressed on human neutrophils. In
neutrophils, DIM21 treatment induces Fas cluster-
ing, leading to Fas-dependent apoptotic cell death,80)

Moreover, these Fas clusters colocalize with PtdGlc
to form large rafts.80) These findings underscore the
importance of identifying natural PtdGlc ligands
that mirror the effects of the artificial ligand DIM21.

Fig. 6. Developmental changes in PtdGlc expression in mouse cerebral cortex. In all images, cells labeled with DIM21 are green. Brain
lipid-binding protein (BLBP) is a radial glia marker. DIM21-positive cells express the astrocyte marker GFAP (arrowheads) at
E18.5.83)
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7. Perspectives

It is surprising to have identified a novel
glycolipid molecule, PtdGlc, in mammalian tissues,
even in this century. All glucose-modified lipids
should have very important biological functions,
since evolutionarily glucose is a very old sugar and
most organisms use it for their survival. Synthesis of
GlcCer requires glucose, palmitoyl CoA, and L-serine
from glucose. Thus, it is quite understandable that
GlcCer, sphingolipids, and sphingoglycolipids are
heavily involved in energy metabolism for our whole
body. Further studies are necessary to understand
the molecular mechanisms by which energy homeo-
stasis is tightly regulated. Model animals such as
Drosophila and C. elegans provide valuable tools to
solve these issues.34),86)–88)

In contrast to GlcCer, the hydrophobic acyl-
chains of PtdGlc are easily hydrolyzed by phospho-
lipases.89) Indeed, the addition of a tiny amount of
lyso-PtdGlc causes growth cones to collapse in
developing rat DRG neurons in vitro (Fig. 7),90)

suggesting that this lyso-glycolipid is a novel
bioactive lipid mediating axonal guidance. Rapid
progress of technologies in mass spectrometry enables
us to discover the unique lipid molecule in the
developing CNS.91) Little is known how PtdGlc is
biosynthesized and what the molecular mechanism is
for the collapse activities of lyso-PtdGlc. We believe
that this lyso-lipid plays important roles in a variety

of biological processes in both nervous systems and
non-nervous systems. To understand the precise roles
of PtdGlc and its metabolites, it is crucial to identify
the enzyme involved in the glucosylation of PtdGlc
and the gene that encodes it.

Although monoglucosylated lipids are structur-
ally very simple—just one sugar attached to each
lipid—they have diverse biological functions. The
glycolipids identified thus far are commonly enriched
within lipid microdomains or lipid rafts. A variety of
molecules, especially glycosylated and acylated mem-
brane proteins, are partitioned into these lipid rafts,
where they perform diverse biological functions in a
cooperative manner with glycolipids.

Further investigations are still need to determine
how lipids interact with functional proteins and how
they contribute to membrane structure-function
relationships. Additional research is also needed in
order to fully understand how lipids mediate dynamic
interactions between organelles and between cells,
and how lipids organize intracellular multiple signal-
ing networks.
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