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Sphingolipids as Targets for Microbial Infections
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Abstract: Sphingolipids had long been regarded as merely structural components of eukaryotic cellular
membranes. Research has discovered sphingolipids to have crucial roles in cellular processes as bioactive
molecules. Lately, there has also been an increased interest in sphingolipids and sphingolipid-metabolizing
enzymes as mediators of microbial pathogenicity and as potential targets for the development of new
therapeutics. This minireview will provide a comprehensive analysis of sphingolipid pathways in mammalian
and microbial cells, highlighting their uniqueness and discussing their potential as therapeutic targets for

microbial infections.

INTRODUCTION

The basic structural component of sphingolipids is a
long chain sphingoid base backbone. The linkage of a fatty
acid to the 2- amino group of this backbone through an
amide bond yields ceramide. Complex sphingolipids are
formed with the addition of a polar head group to ceramide
via an ester bond at the C-1 position. Due to their chemical
structures, sphingolipids are amphipathic molecules with
varying degrees of both hydrophobic and hydrophilic
characteristics.

Sphingolipid synthesis occurs in all eukaryotic cells and
is usually divided into mammalian- and fungal/plant-
specific branches. The biosynthetic pathway of protozoa is
not conserved, as some protozoa have the biosynthetic
pathway similar to mammals while others produce
sphingolipids typically observed in fungi/plants. Most
bacteria and all viruses are unable to synthesize
sphingolipids. However, several pathogenic bacteria that do
not synthesize sphingolipids have developed mechanisms to
metabolize host sphingolipid. Viruses lack sphingolipid
biosynthesis, but host sphingolipids are intricately involved
in viral entry, assembly, and budding.

Sphingolipids are common components of membranes
and have recently been recognized to function as signaling
molecules in a wide variety of signaling pathways (reviewed
in [1]. In mammalian cells, bioactive lipids such as
ceramide, ceramide-1-phosphate, and sphingosine-1-
phosphate exert key roles in the regulation of cell proli-
feration, stress responses, cell cycle arrest, differentiation,
apoptosis, inflammation, and immune responses [2-9]. In
microbial cells, sphingolipids have been implicated in the
regulation of apoptosis, signal transduction, and
pathogenesis [4,7,10]. The role of sphingolipids in
membranes has been redefined with the discovery of
organized membrane domains called lipid rafts comprised of
sphingolipids and cholesterol [11]. These domains are
implicated in the initiation of signal transduction,
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functioning as membrane platforms that aggregate and
organize specific populations of receptor molecules into
signaling complexes [12-14]. In addition, lipid rafts act as
the site of entry for many pathogenic organisms [15-22].

With sphingolipids serving essential roles in cell
membrane structure and in cellular processes involving lipid
raft organization and function, it should be no surprise that
many intracellular microorganisms utilize sphingolipids
during infection. The role of sphingolipids during the host-
pathogen interaction is now being examined in microbial
pathogenesis and is thoroughly discussed in the reviews by
Heung et al. [23] and Hanada [24]. Serving as essential
molecules in the viability and pathogenesis, sphingolipids
may be ideal molecular targets for drug development against
microorganisms. This mini-review will provide a
comprehensive analysis of sphingolipid pathways in
mammalian and microbial cells, highlighting their
uniqueness and discussing their potential as therapeutic
targets for microbial infections.

THE SPHINGOLIPID PATHWAY IN MAMMALS

The synthesis of sphingolipids is well conserved among
eukaryotic cells for the first several steps of the pathway. In
mammalian cells (see Fig. 1), the sphingolipid biosynthetic
pathway begins with the condensation of serine and
palmitoyl Co-A to form ketodihydrosphingosine
(KetohydroSPH) by the activity of serine palmitoyltrans-
ferase (SPT). SPT has at least two non-identical protein
subunits in mammals coded by the genes serine
palmitoyltransferase long chain base subunit 1 (SPTLCI)
and serine palmitoyltransferase long chain base subunit 2
(SPTLC?2) [25]. These genes are homologous to long chain
base 1 (LCBI) and long chain base (LCB2) that were
originally cloned from the yeast Saccharomyces cerevisiae
[26]. KetodihydroSPH is reduced to dihydrosphingosine
(DihydroSPH) by 3- keto-dihydrosphingosine reductase
(3KSR). 3KSR is the gene product of the follicular
lymphoma variant translocation (F'VT) gene, which has been
isolated in both human and mice [27]. Dihydroceramide
synthase (DH-Cer synthase) can acylate DihydroSPH to
produce dihydroceramide (DihydroCer). Six mammalian
DihydroCerS enzymes are now recognized to convert
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Fig. (1). The sphingolipid pathway of mammals. A scheme for the biosynthetic pathway as observed in mammalian cells. The gene(s)
for each of the enzymes is parentheses. Question marks indicate genes and enzymes that have not been isolated, identified or
characterized. SPT, Serine palmitoyltransferase; SPTLCI-2, serine palmitoyltransferase, long chain base subunit 1 and 2 genes;
KetodihydroSPH, ketodihydrosphingosine; 3KSR, 3- keto-dihydrosphingosine reductase; FVT, follicular lymphoma variant
translocation gene; DihydroSPH, dihydrosphingosine; DH-Cer synthase, dihydroceramide synthase; LASS1-5, longevity assurance
gene homologs; DH-CDase, dihydroceramidase; DihydroCer, dihydroceramide; DH-Cer desaturase, dihydroceramide desaturase;
CDase, ceramidase; ASAH1-3, N-acylsphingosine amidohydrolase 1- 3 genes; Cer synthase, Ceramide synthase; SPH, sphingosine;
SPH kinase, sphingosine kinase; SPHKI-2, sphingosine kinase 1 and 2 genes; SPH-P phosphatase, sphingosine-1-phosphate
phosphatase 1; SPP1, sphingosine-1-phosphate phosphatase 1 gene; SPH-P, sphingosine-1-phosphate; SPH-P lyase, sphingosine
phosphate lyase; SGPLI, sphingosine phosphate lyase 1 gene; Gesl, glucosylceramide synthase 1; GCS, glucosylceramide synthase
1 gene; GSC, glucosylceramide; PC, phosphatidylcholine; SMS, sphingomyelin synthase; SMS1-2, sphingomyelin synthase 1-2
genes; DAG, diacylglycerol; SMase, sphingomyelinase. SMPDI, 3, sphingomyelin phosphodiesterase 1, 3 genes; ASM, acid
sphingomyelinase gene; ENPP?7, ectonucleotide pyrophosphatase/phosphodiesterase 7 gene; CP, choline phosphate; CERK, ceramide
kinase; CERK, ceramide kinase gene. Adapted from references [3,23].

DihydroSPH to DihydroCer (reviewed in [28]. As homologs
of the S. cerevisiae longevity-assurance gene 1 (LAG/) and
longevity-assurance gene cognate 1 (LACI), which are
necessary long-chain ceramides formation [29,30],
mammalian genes coding for DH-Cer synthase are classified
as longevity-assurance gene homologs (LASS). Four of the
six DH-Cer synthase genes, LASSI [31], LASS4 [32],
LASSS [32-34] and LASS6 [35] have been characterized.

The production of ceramide has governed a lot of
attention since it was shown to induce apoptosis [6]. In
addition to this important function, ceramide serves as the
building block for the biosynthesis of additional
sphingolipids and, therefore, its production is vital to
sphingolipid biosynthesis. First, ceramidase can remove the
fatty acid from ceramide to produce sphingosine (SPH),
which, in turn, can serve as the substrate for sphingosine

kinase (SPH kinase) to make sphingosine-1-phosphate
(SPH-P) (Fig. 1). Two mammalian isoforms of SPH kinase,
encoded by SPHKIand SPHK2, have been identified
[36,37]. SPH-P is dephosphorylated by sphingosine-1-
phosphate phosphatase 1 (SPP-P phosphatase 1) that is
encoded by SPPI [38,39] to yield SPH. Alternatively, SPH-
P can be degraded by the action of sphingosine-1-phosphate
lyase 1 (SPH-P lyase 1), which is encoded by SGPLI, to
form hexadecanal and ethanolamine phosphate [40,41].

Second, sphingomyelin synthase (SMS) transfers a
choline phosphate (CP) head group from phosphatidyl-
choline (PC) to ceramide, producing sphingomyelin and
diacylglycerol (DAG). Two SMS genes, SMS1 and SMS?2,
have been identified in mammalian cells, with SMS1
associating with the Golgi apparatus and SMS2 localized at
the cell membrane [42]. Since ceramide is a pro-apoptotic
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and DAG is an anti-apoptotic molecule, and their levels is
regulated by SMS [43,44], the modulation of SMS activity
may exert a synergistic affect on either cell death (SMS
down-regulation) or cell proliferation (SMS up-regulation),
with important implications for SMS in controlling tissue
regeneration [45] and cell transformation [46].

Sphingomyelin can be re-converted to ceramide by
sphingomyelinases (SMases) (Fig. 1). To date, there have
been four different SMases found in mammalian cells. The
sphingomyelin phosphodiesterase 1 (SMPDI)/ acid
sphingomyelinase (4SM) gene codes for an acid SMase, also
referred to as lysosomal SMase (L-SMase), and a zinc-
dependent acid SMase, often named secretory SMase (S-
SMase) [47-51]. Using the genomic sequence of bacterial
sphingomyelinase, two putative mammalian genes, SMPD?2

Palmitoyl-CoA + Serine
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and SMPD3, were identified and suggested to function as
neutral sphingomyelinases [52,53]. However, further
investigations into the properties of these prospective neutral
sphingomyelinases revealed that only SMPD3 encodes for a
true neutral sphingomyelinase, nSmase 2 [54,55]. An
alkaline SMase found predominately in the intestinal tract
has been found in several mammals and is encoded by
ENPP7 in humans [56-59].

In addition to serving as the substrate for SMS, ceramide
can be used by glucosylceramide synthase 1(Gscl) to form
glucosylceramide (GSC) [60,61], which, in turn, is used to
produce complex glycosphingolipids. Finally, in mamma-
lian cells, ceramide can also be phosphorylated by ceramide
kinase (CERK) to form ceramide-1-phosphate (Cer-P) [62].
Cer-P regulates inflammatory responses by directly
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Fig. (2). The sphingolipid pathway of fungi. A scheme for the biosynthetic pathway as observed in fungi/plant cells. The gene(s) for
each of the enzymes is parentheses. Question marks indicate genes and enzymes that have not been isolated, identified or
characterized. SPT, serine palmitoyltransferase; LCBI-5, long chain base 1- 5 genes; DH-CDase, dihydroceramidase; KetodihydroSPH,
ketodihydrosphingosine; 7TSCI0, temperature-sensitive ¢sg2 delta suppressor 10 gene; DihydroSPH, dihydrosphingosine;
DihydroSPH kinase, dihydrosphingosine kinase; DihydroSPH-P phosphatase, dihydrosphingosine phosphate phosphatase;
DihydroSPH-P, dihydrosphingosine phosphate; DihydroSPH-P lyase, dihydrosphingosine phosphate lyase; DPLI,
dihydrosphingosine phosphate lyase 1 gene; DihydroSPH hydroxylase, dihydrosphingosine hydroxylase; SUR2 (also called SYR2)
suppressor of rvs161 and rvs167 mutations; DH-Cer synthase, dihydroceramide synthase; DH-CDase, dihydroceramidase; YDC/,
yeast dihydroceramide synthase 1 gene; DihydroCer, Dihydroceramide; DihydroCer hydroxylase, dihydroceramide hydroxylase;
PhytoCer, phytoceramide; PhytoCDase, phytoceramidase; YPCI, yeast phytoceramidase; PhytoSPH-P, phytosphingosine phosphate;
PI, phosphatidylinositol; Ipcl, inositol phosphorylceramide synthase 1; /PCI (also called AURI), inositol phosphorylceramide
gene;; DAG, diacylglycerol; Iscl, inositol phosphosphingolipids-phospholipase C 1; IP, inositol-phosphate; IPC, inositol
phosphorylceramide; Man, mannose; SURI (also called CSG1), suppressor of rvs161 and rvs167 mutations 1 gene; CSG2, calcium
sensitive growth 2 gene; MIPC, mannose-inositol-P-ceramide; Iptl, inositolphosphotransferase 1; Adapted from reference [3,23].
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activating cytosolic phospholipase A2 (cPLA2) [8,63], the
major phospholipase responsible for producing arachidonic
acid utilized during eicosanoid biosythesis [64-67].

The exploitation of mammalian sphingolipids and the
associated metabolizing enzymes by microorganisms,
especially those lacking the ability to synthesize
sphingolipids, requires researchers to examine the host
sphingolipid pathway for possible therapeutic targets to
prevent successful infection. For instance, several pathogens
including Sindbis virus [68] and HIV-1 [69-71] enter host
cells via lipid rafts that are comprised of SM and induce
host SMase activity. This activation of SMase elevates host
ceramide levels and initiates a pro- apoptotic signaling
cascade. Thus, an understanding of the metabolic changes in
the host sphingolipid pathway occurring during infection
could lead to the development of new therapeutic strategies
against such viruses and perhaps also against other microbes
sharing similar mechanisms of interaction.

THE SPHINGOLIPID PATHWAY IN FUNGI

The first steps of fungal sphingolipid synthesis are
identical to the mammalian sphingolipid previously
discussed (compare Fig. 1 with Fig. 2). Divergence between
mammalian and fungal sphingolipid pathways occurs
following the synthesis of DihydroSPH. At this junction in
fungal cells, DihydroSPH is either hydroxylated by
dihydrosphingosine hydroxylase (DihydroSPH hydroxylase)
to form phytosphingosine (PhytoSPH) [72] or used by
dihydroceramide synthase (DihydroCer synthase) to produce
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dihydroceramide (DihydroCer). Currently, the utilization of
PhytoSPH or DihydroCer by fungi to create phytoceramide
(PhytoCer) is undetermined, although an alkaline ceramidase
encoded by the YPCI gene has been discovered to catalyze
both the breakdown and synthesis of PhytoCer [73-75].

The key difference between the fungal and mammalian
sphingolipid pathway is the transfer of inositol phosphate
(IP) from phosphotidylinositol (PI) to PhytoCer to produce
inositol- phosphorylceramide (IPC) [76-79]. IPC synthase,
commonly referred to as Ipcl, is encoded by /PCI, also
called aureobasidin resistance gene 1 (AURI), was first
isolated in S. cerevisae [80]. Concomitantly to the formation
of IPC, Ipcl also produces a molecule of DAG. Thus, the
Ipcl reaction represents the fungal counterpart of mammalian
sphingomyelin synthase. Similar to its mammalian
counterpart, Ipcl modulates the level of DAG in fungal
organisms, such as S. cerevisiae [81] and in C. neoformans
[82]. Phytoceramide can be transformed into glucosylcera-
mide by glucosylceramide synthase encoded by GCS! gene.
Recently it has been proposed a key role for GCS/ in the
regulation of pathogenicity of Cryptococcus neoformans
[83].

IPC can undergo mannosylation to form MIPC. It is
likely that two non-essential genes, suppressor of rvs161 and
rvs167 mutations (SUR/)/calcium-sensitive gene 1 (CSG/1)
[84,85] and calcium-sensitive gene 2 (CSG2) [86,87], encode
for the enzyme responsible for the mannosylation of IPC.
Deletion of either of these genes prevents MIPC synthesis
and leads to accumulation of IPC [88,89]. In the final step
of the fungal sphingolipid biosynthesis, the addition of
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Fig. (3). Antifungal compounds targeting the sphingolipid pathway. Shown are the chemical structures of a few compounds

inhibiting specific enzymes of the sphingolipid biosynthesis.
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inositol phosphate to MIPC yields M(IP)2C. The
production of M(IP)2C is catalyzed by inositol
phosphotransferase 1 (Iptl) [90]. Although M(IP)2C
comprises 75% of the sphingolipids in S. cerevisae, IPT1 is
not required for viability, perhaps because the deletion of
IPT1 leads to an increase in MIPC, which may compensate
for the loss of M(IP)2C [90,91]. Complex sphingolipids,
such as IPC, MIPC and M(IP)2C can be converted to
phytoceramide by inositol phosphosphingolipid phospho-
lipase C (Iscl) [92], an enzyme which is not essential for
viability but it may be important for the yeast cell responses
under stress conditions [93,94].

Several compounds have been found to inhibit the first
steps of the sphingolipid biosynthetic pathway shared by
both mammals and fungi. Due to the commonality of the
first steps, targeting these steps is not ideal as the host
sphingolipid pathway could also be blocked. These
compounds include sphingofungins [95-97], lipoxamycin
[98-100], myriocin [101-103] and viriofungins [104] that
target the rate- determining activity of SPT as therapeutic
drugs (Fig. 2 and 3). Pseudomonas syringae produces two
groups of cyclic lipodepsipeptides (LDPs), which include
syringomycins, that inhibit the production of phytos-
phingosine. However, these peptides also target host cell
membranes and have been found to lyse red blood cells
[105]. Obviously, this drawback makes it impossible to use
LDPs clinically. Fumonisin Bl is a mycotoxins produced
by the corn pathogen Fusarium verticillioides (formerly
Fusarium moniliforme). Fumonisin B1 inhibits ceramide
synthase and is toxic and carcinogenic to rodents and farm
animals [106-108]. Fumonisin B1 has also been suggested
to cause human esophageal cancer in southern Africa, Brazil
and China [109-111]. The lack of selectivity of fumonisin
B1 against microbial cells and the magnitude of the side
effects prevents its usage as a therapeutic compound.

As the product of the first fungal-specific step of the
sphingolipid biosynthesis, regulation of IPC has recently
governed a lot of scientific attention. Several compounds,
such as aureobasidin, khafrefungin and rustmicin, have been
discovered to inhibit Ipcl activity [80,112-115] with no
affect on mammalian SMS activity in vitro (Del Poeta,
unpublished results). Aureobasidin and rustmicin (Fig. 3)
show potential as therapeutic compounds in animal models
[114,116-118]. In addition, combining the administration of
Ipcl inhibitors with compounds targeting other fungal
pathways may increase the antifungal activity of these
inhibitors in the treatment of fungal infections, hence
reducing their collateral effects. For example, the efficacy of
rustmicin in S. cerevisiae increases with disruption of pleio-
tropic drug resistance gene (PDRS5) [114]. Also, aureobasidin
with the mammalian multidrug resistance modulator
verapamil decreased the MIC by approximately 15-fold in A4.
fumigatus [119]. The synergistic combination of aureo-
basidin with verapamil is intriguing because Aspergillus
species are intrinsically resistant to Ipcl inhibitors due to
increased efflux [120] and offers hope to treating Aspergillus
infections with Ipcl inhibitors in combination with existing
drugs.

IPC1 has a significant role in the pathogenesis of C.
neoformans. Ipcl activity has been demonstrated to regulate
the ability of the fungus to grow in acidic pH conditions [4],
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melanin formation [82,121] and production of
antiphagocytic protein 1 (Appl) [122]. C. neoformans
replicates at a higher frequency in host macrophages when
contained in larger, more spacious phagolysosome in
comparison to smaller, less spacious phagolysosomes
[4,123]. Interestingly, the increase in phagolysosome size
was associated with upregulation of Ipcl activity and
increased intracellular growth [4]. Thus, Ipcl activity may
contribute to the survival and proliferation of C. neoformans
within macrophages. This hypothesis is supported by recent
microarray studies showing that the level of /PC/ mRNA is
increased 4.1-fold in intracellular compared to extracellular
C. neoformans [124]. Since the discovery of Ipcl inhibitors,
pharmaceutical companies have yet to develop new and less
toxic compounds targeting Ipcl and other fungal-specific
sphingolipids-metabolizing enzymes essential for fungal
virulence and viability.
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Fig. (4). The sphingolipid pathway of Leishmania species. A
scheme for the biosynthetic pathway as observed in Leishmania
species. The gene(s) for each of the enzymes is parentheses.
Question marks indicate genes and enzymes that have not been
isolated and identified. See Fig. 2 for abbreviations.

THE SPHINGOLIPID PATHWAYS OF PROTOZOA

A vast number and highly diverse group of unicellular
organisms are classified as protozoa. Related only by
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taxonomy, the sphingolipid pathway of a protozoan is
dependant on the organism and is not conserved among all
members of the subkingdom. For example, Plasmodium
species, the etiologic agents of malaria, produce mammalian-
like sphingolipids while kinetoplastid protozoa, most
notably Leishmania and Trypanosoma species, have fungal-
like sphingolipids. With the sequencing of the Plasmodium
falciparum clone 3D7 genome [125] and the Leishmania
major (Friedlin strain) genome [126] completed, the fields
of genomics and proteomics can be used to help elucidate
the sphingolipid-metabolizing enzymes of these protozoa.

The sphingolipid metabolism of Plasmodium is poorly
understood and research has only begun to define the
pathway. Biosynthetic activities associated with the
mammalian sphingolipid pathway are present during the
intraerythrocytic stage of Plasmodium falciparum. In this
stage, the activities of sphingomyelin synthase (SMS)
[127,128], the neutral sphingomyelinase (nSMase) encoded
by PNSM [129,130] and glucosylceramide synthase (GCS)
[131] have been detected. The stage-specific export of SMS
has been linked to the proper development of the tubulo-
vesicular membrane (TVM) and host protein and nutrient
uptake. [127,132-134]. In connection to these SMS
findings, it has been proposed that Plasmodium nSMase
degrades host SM into ceramide, which would then serve as
substrate for Plasmodium SMS and GCS in the TVM [129].
Since mature erythrocytes do not have nor require
sphingolipid synthesis [135], the inhibition of enzymes
essential to the intraerythrocytic stage of Plasmodium
species could specifically kill the protozoan without
affecting the host cell.

Kinetoplastid protozoa, such as Leishmania and
Trypanosoma species, have been found to possess sphingo-
lipids similar to those in fungi. The SPT2 gene was
identified through homology analysis with fungal and
mammalian cells [136]. The construction of an SPT2-
deficient mutant revealed that sphingolipids were not
required for procyclic promastigote viability or growth
[136]. However, the loss of de novo sphingolipid synthesis
prevented the proper differentiation into the infectious
metacylic form and resulted in the death of the protozoa
[136]. The failure to differentiate corresponded to disruption
of the membrane trafficking of glycoprotein metalloprotease
gp63 and irregular relocalization of lipophosphglycan (LPG)
into lipid rafts [137], both of which sustains parasite
survival and alteration of the host immune response
[138,139]. With intracellular amastigote lacking any SPT
activity, it can be concluded that the requirement of de novo
sphingolipid synthesis is stage-dependent and is essential to
the transition from the promastigote to the infectious
amastigote.

L. donovani promastigotes have been found to synthesize
the fungal sphingolipid IPC, comprising approximately 5-
10% of the total cell lipids [140]. In addition, lipid rafts of
Leishmania are enriched with IPC [141,142]. However, an
IPC1 gene has yet to be identified in Leishmania species.
Zhang et al. discovered that both wild- type amastigotes and
SPT2-null mutant amastigotes, which are deficient in de
novo sphingolipid synthesis, to possess IPC molecules that
were created from host sphingolipids [143]. This group has
hypothesized that the ability of Leishmania to utilize host
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sphingolipids to produce IPC might be important for the
viability of the intracellular parasite. The existence of a host
sphingolipid salvage- and- remodeling mechanism is an
intriguing discovery that can be exploited to combat
Leishmania infection. Similar to the fundamental theory
behind targeting fungal-specific sphingolipid pathway in
antifungal therapies, therapeutic methods can target the
enzyme responsible for the observed IPC synthesis in
Leishmania without detrimental effects to the host cell.

THE SPHINGOLIPID PATHWAY IN BACTERIA
AND VIRUSES

Most bacteria and viruses are unable to synthesize
sphingolipids. However, some pathogenic bacteria have
developed mechanisms to scavenge host sphingolipids
during infection. One of these pathogens is Chlamydia
trachomatis. Despite lacking the necessary sphingolipid-
metabolizing enzymes [144], the cell wall of C. trachomatis
contains host sphingomyelin that it obtains by intercepting
exocytic vescicles en route from the frans-Golgi complex to
the plasma membrane [145,146]. Using a Chinese hamster
ovary (CHO) cells incapable of synthesizing sphingolipids
due to a temperature-sensitive mutation in the SPT gene, it
was demonstrated that host sphingolipids are required for the
intracellular growth of C. trachomatis [147]. Thus,
inhibiting the incorporation of host sphingolipids into
chlamydial inclusions and the subsequent utilization of these
molecules by the bacterium may prevent bacterial
colonization and/or intracellular proliferation. Further
research is required to determine the bacterial mechanism(s)
responsible for the interruption of the exocytic pathway and
how this incorporation exerts a protective mechanism.

The dysregulation of the host sphingolipid enzymes has
been found to be involved in the pathogenesis of several
microbes. For example, Mycobacterium tuberculosis inhibits
the activity of sphingosine kinase, which produces SPH-P.
SPH-P levels regulate cytosolic calcium concentrations
[148], and an increase in cytosolic calcium is required to
trigger antimicrobial activity in human macrophages against
the bacterium [149-153]. Without the production of SIP,
cytosolic calcium levels do not increase during M.
tuberculosis infections and phagosome-lysosome fusion is
inhibited. By averting the phagolysosome, M. tuberculosis
is able to survive and proliferate within the macrophages.
Thus, the bacterial component or derivative responsible for
the inhibition of host SPH kinase would make an ideal
therapeutic target against M. tuberculosis. Another possi-
bility to combat M. tuberculosis would be to increase
activation of the second messenger kinase Erk1/2, which in
turn activates SPH kinase by phosphorylating Ser255 [154].
Therefore, this mechanism of activation could be used as a
therapeutic target to increase the production of SPH-P to
initiate the formation of the phagolysosome.

Some obligate intracellular bacteria and enveloped
viruses utilize host lipid rafts to gain entry into host cells
for replication. The infection of these pathogens that utilize
lipid rafts may be prevented through universal means by
altering the sphingolipid composition of host lipid rafts that
would prevent the entry of the pathogen into host cells. For
instance, the disruption of lipid rafts by cholesterol
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depletion using beta-cyclodextrins has been shown to inhibit
HIV-1 infection [19,21], which requires the binding of viral
glycoprotein gp120 of HIV-1 to the lipid raft-associated
CD4 to gain entry into T cells [73,155-157].

Along with cholesterol, sphingolipid are components of
lipid rafts and they could be targeted to prevent infections.
Increasing the ceramide content of lipid rafts indirectly by
upregulating de novo ceramide biosynthesis through
pharmacological manipulation and directly by the addition
of exogenous ceramide and purified sphingomyelinase has
been found to prevent HIV-1 infection [158]. This finding
suggests that altering the sphingolipid and cholesterol
concentration in lipid rafts of host cells may preclude entry
of obligate intracellular pathogens and, thus, these
compounds may hold great promise as new therapeutic
strategies.

CONCLUDING REMARKS

Our understanding of the significance of sphingolipids in
cell biology has vastly expanded over the past 20 years.
Sphingolipids are now acknowledged as vital structural and
signaling components of the cell membranes. As such, it is
not surprising that the disruption of sphingolipid
biosynthesis has been implicated in the human pathology of
cancer, diabetes, neurodegenerative disorders, inflammation
and infectious diseases. Many infectious microorganisms
utilize and manipulate sphingolipid pathways for invasion,
survival, and colonization/proliferation in a host cell. With
emergence of drug-resistant organisms to current drugs, the
efficacy of drug treatments will come to an abrupt halt. As
basic science continues to unveil the importance of
sphingolipids (especially as antifungal agents), the
pharmaceutical industry should utilize this knowledge to
produce new and more specific therapeutics.

Intriguingly, scientists have begun to convince the
agricultural industry of the importance of sphingolipids. The
recognition of microbial sphingolipids by plant surface
proteins has been found to elicit a defense response in the
plant and confer resistance to the pathogen [159-165]. In this
field, where genetic engineering is more developed, perhaps
it could be possible to create plants that are ‘super resistant’
to microbes by overexpressing genes coding for these
resistance proteins. Some plants produce defensins in
response to plant pathogens. Defensins exert antimicrobial
activities [166,167] by binding to complex sphingolipids
such as IPCs [168] and glucosylceramides [166] without
apparent toxic effects on mammalian cells. Thus, in addition
to the importance of plant defensins to the agricultural
industry, studies are warranted to explore the potential use of
plant defensins in human subjects against microbial
pathogens producing IPCs.

As our comprehension of the complexity of
sphingolipids increase, we need to broaden their potential
application in novel therapeutic strategies. Sphingolipids,
and sphingolipid-metabolizing enzymes, are very promising
molecular targets for drug development against infectious
microorganisms because they are actively involved in many
patho-biological processes of the microbial-host cross-talk.
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