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Abstract Acid sphingomyelinase (ASMase) is a key initiator of sphingomyelin/

ceramide signal transduction activated by many stress stimuli. Over the past two

decades, much progress has been made in defining the clinical relevance of

sphingomyelin/ceramide signaling in numerous diseases using ASMase knockout

mice. Organs that operate this pathway are numerous and the disease states

regulated are diverse, with ceramide generation governing injury in tumor, gut,

ovary, brain, lung, heart, liver, and during infection. This chapter emphasizes

evolutionary conservation of sphingolipid stress signaling and mammalian

adaptations that permit transduction of organotypic responses. Recognition that
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the sphingomyelin/ceramide transducer calibrates extent of tissue injury, ultimately

acting as a molecular switch that determines organ fate, is driving development of

new pharmacologic concepts and tools to intervene therapeutically.

Keywords ASMase • Ceramide-rich platforms (CRPs) • ASMase Knockout •

Single-dose radiotherapy (SDRT) • Cancer • Niemann-Pick Disease (NPD) •

Stroke • Blood-brain barrier (BBB) • Acute respiratory distress syndrome

(ARDS) • Cystic Fibrosis (CF) • Diabetes • Infections

1 Introduction

1.1 ASMase

The sphingomyelin pathway is a ubiquitous, evolutionarily conserved signaling

system initiated by hydrolysis of sphingomyelin to generate the second messenger

ceramide. Sphingomyelinase (SMase) is a specialized form of phospholipase C,

which cleaves the phosphodiester bond of sphingomyelin, generating ceramide.

Several SMase isoforms can be distinguished by their pH optima, cofactor depen-

dence, and subcellular location. SMases are classified into three groups—acid

SMase (ASMase), neutral SMase (NSMase), and alkaline SMase (Alk-SMase)

(Kolesnick 2002). While ASMase was originally considered a strictly lysosomal

enzyme because of its pH optimum at 4.5–5.0, an ASMase isoform was found

within secretory vesicles at the plasma membrane (Liu and Anderson 1995;

Schissel et al. 1998a). Subsequent studies showed that ASMase exists in two

forms, termed lysosomal ASMase (L-ASMase) and secretory ASMase

(S-ASMase), differing in glycosylation pattern and NH2-terminal processing, and

consequently in subcellular targeting. ASMase is present in all types of cells,

preferentially endowed in endothelium of blood vessels, and cells of the reticulo-

endothelial system (RES) of liver (Kupffer cells), spleen, bone marrow, lung, as

well as macrophages (Otterbach and Stoffel 1995). Activation of ASMase has been

demonstrated in response to various unrelated stress stimuli. ASMase is also a key

enzyme responsible for ceramide homeostasis.

1.2 Ceramide

Ceramide is a sphingosine-based lipid capable of initiating signaling for numerous

stress stimuli, including, but not limited to TNF-α, Fas ligand, ionizing radiation

(IR), heat shock, ultraviolet light, and oxidative stress (Fuks et al. 1995; Grassme

et al. 2003a; Gulbins 2003; Gulbins et al. 1995; Haimovitz-Friedman et al. 1994;

Jarvis et al. 1994; Obeid et al. 1993; Verheij et al. 1996). Structurally, ceramide

contains a long-chain sphingoid base backbone, an amide-linked long-chain fatty

acid, and a hydroxyl head group. Monounsaturated or saturated fatty acids of
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various lengths from 2 to 28 carbon atoms are usually found in natural ceramides

(Kolesnick et al. 2000). Physical properties of ceramide are determined by length of

the fatty acyl chain. Ceramides with long fatty acyl chain (12 carbons or longer)

belong to the category of “non-swelling amphiphiles,” as they cannot give rise to

micelles or other aggregates in aqueous suspension and hence cannot serve as

detergents (Small 1970). In contrast, short-chain ceramides swell in water, a

property that limits their utility in research (Stancevic and Kolesnick 2010). In

mammalian cells, ceramides usually contain fatty acyl chains of 16–24 carbon

atoms. Depending on stimulus and cell type, ceramide can be generated either

through SMase-dependent hydrolysis of sphingomyelin or a de novo synthetic

pathway. SMase-mediated ceramide generation is usually a rapid event localized

in most cells at the plasma membrane, while de novo synthesis of ceramide occurs

in a more prolonged fashion, exclusively intracellularly within endoplasmic reticu-

lum or mitochondrial-associated membrane (MAM) (Shimeno et al. 1995; Bionda

et al. 2004; Kirschnek et al. 2000; Schissel et al. 1998b). As a second messenger,

ceramide plays a ubiquitous role in diverse biologic processes (Kolesnick and

Hannun 1999). Accumulating evidence suggests that changes in local membrane

structure induced by ceramide elevation are essential for its biological function.

Once generated, ceramide may amass or be converted into a variety of metabolites

that serve as bioeffector molecules, often inducing proliferation, and except for

sphingosine and GD3 usually do not signal cell death. Further, some cells manifest

enhanced conversion of ceramide to S1P. Balance between pro-apoptotic properties

of ceramide and anti-apoptotic properties of S1P has been referred to as the “S1P

Rheostat” (Cuvillier et al. 1996) and may under some circumstances play a crucial

role in determining outcome of stress damage in tissues.

1.3 Mechanism of Sphingomyelin/Ceramide Signaling

In 1987, Paley et al. reported that 1,2-diacylglycerols induce SMase activation in

GH3 pituitary cells and suggested for the first time that a sphingomyelin-based

signaling pathway may be active in this response (Kolesnick and Paley 1987).

Subsequently, Okazaki et al. (1989, 1990) confirmed this notion, demonstrating that

receptor binding of vitamin D3 can activate a sphingomyelin/ceramide signaling

pathway in HL-60 cells. Over the past two decades, extensive literature supports the

sphingomyelin/ceramide signaling pathway as an evolutionarily conserved

response system for stress (UV, heat, mechanical stress, etc.) (Grassme et al.

2007; Hannun and Obeid 2008). This system is usually in the “off” state under

baseline conditions, activated upon contacting stress, and calibrates extent of

cellular stress, evoking an adaptive or apoptotic cellular response depending on

strength of signal. The most widely studied ceramide-generating mechanism

involves translocation of ASMase to the outer plasma membrane, where it

hydrolyses its substrate sphingomyelin, generating ceramide therein (Grassme

et al. 2001a). This event usually occurs within seconds to minutes of encountering
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stress, generating ceramide rapidly at the plasma membrane (Rotolo et al. 2012)

(Fig. 1). While the mechanism by which diverse stresses are registered at the

plasma membrane is uncertain, stress-induced translocation of ASMase to the

exoplasmic leaflet of the plasma membrane to initiate stress signaling appears to

involve fusion of a subset of S-ASMase-containing acidic vesicles (Kolesnick,

Paris, and Rao, unpublished) that abut the inner plasma membrane and upon

contacting stress fuse with the bilayer to expose ASMase on the surface (Grassme

et al. 2001a). Ceramide, once generated, has a unique biophysical property, that of

self-association, forming ceramide-rich platforms (CRPs) on the cell surface,

1–5 μm in diameter, which serve as sites for protein oligomerization and trans-

membrane signal transduction (Grassme et al. 2001a, 2003a; Rotolo et al. 2005).

These CRPs are sites of protein–protein interactions that lead to downstream

signaling, and perturbation of CRP formation has been implicated in pathogenesis

of a variety of human diseases (Smith and Schuchman 2008).

Evidence indicates that ceramide also acts as a classic second messenger in

proliferative and stress responses, stoichiometrically activating protein targets

(Kolesnick 2002; Hannun and Obeid 2002). Direct targets for ceramide include

protein kinase C (PKC) δ, ε and ζ (Kashiwagi et al. 2002; Bourbon et al. 2000)

kinase suppressor of Ras (KSR1) (Grassme et al. 2001b), c-Raf-1 (Yu et al. 2000),

protein phosphatase 1 and 2a (Chalfant et al. 1999), phospholipase A2 (Huwiler

et al. 2001), and cathepsin D (Heinrich et al. 1999). Ceramide binds the C1B lipid-

binding domain of KSR1 and c-Raf-1 and via a C1B domain induces PKCε
translocation to an intracellular site distinct from the site phorbol esters regulate.

Fig. 1 Ionizing radiation triggers ceramide-rich platform (CRP) formation in BAEC. Clustering

of ceramide and ASMase into macrodomains on the outer leaflet of the plasma membrane of

BAEC at 1 min post 15 Gy. Cells were fixed 1 min post-irradiation and platforms identified by

standard fluorescent microscopy after staining with anti-ceramide IgM MID 15B4 (1:50 dilution,

Alexis Biochemicals) or rabbit anti-ASMase Ab 1598 (1:100 dilution), followed by Cy3-

conjugated anti-mouse or anti-rabbit IgM (1:500 dilution, Roche Molecular Biochemicals),

respectively [Adapted from Rotolo et al. (2012)]
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A KSR1 C1B-domain polypeptide has been used as a tool to detect surface

ceramide on JY B lymphocytes (Grassme et al. 2001b) or as a pharmacologic

reagent to inhibit CD95 clustering, hepatocyte apoptosis, and death of mice after

intravenous anti-CD95 antibody. This diversity of targets for ceramide interaction

is consistent with its pleiotropic involvement in cellular and tissue responses.

1.4 Generation of ASMase Knockout Mice

An inherited deficiency of ASMase activity had been identified as the cause of the

lysosomal storage disorder Niemann–Pick disease (NPD) in 1966 by the pioneering

work of Brady and colleagues (Brady et al. 1966). To better understand the

importance of ASMase in pathogenesis of this disease, two ASMase knockout

mouse models were independently developed by Ed Schuchman and Wilhelm

Stoffel in 1995 (Otterbach and Stoffel 1995; Horinouchi et al. 1995). These

ASMase knockout mice display a phenotype essentially identical to type A NPD

(type A NPD is a severe neurodegenerative disease of infancy usually fatal by ages

2–3; see below), including failure to thrive, neurodegeneration, and a shortened life

span (Horinouchi et al. 1995). ASMase knockout mice exhibit progressive lipid

storage in the RES of liver, lung, and bone marrow and in macrophages of lung, as

well as in brain (Otterbach and Stoffel 1995; Horinouchi et al. 1995). The

Schuchman ASMase knockout mice are normal at birth and develop routinely

until about 12 weeks of age when ataxia and mild tremors became noticeable. At

time of death, usually between 6 and 8 months of age, ASMase knockout mice are

less than half the weight of wild-type littermates and display an obvious hunched

appearance (Fig. 2) (Horinouchi et al. 1995). While the principal lipid accumulating

is sphingomyelin, cholesterol and ganglioside storage have also been found. Total

blood cholesterol levels are elevated nearly 80 % in ASMase knockout mice

compared with wild-type mice. Furthermore, remarkable loss of Purkinje cells in

the cerebellum leads to severe impairment of neuromotor coordination. Pulmonary

inflammatory disease has also been reported in ASMase knockout mice (Dhami

et al. 2001). It should, however, be pointed out that the phenotype of Schuchman’s

ASMase knockout mouse line is different from that of Stoffel’s, despite the fact that

the technology used to generate these mice was similar. The life expectancy of the

Stoffel ASMase-deficient mice was around 4 months, with mice succumbing to

advanced NPD (Otterbach and Stoffel 1995). In contrast, mice from the Schuchman

group survive to 8 months of age and display a delay in accumulation of

sphingomyelin until 12 weeks or so and delay in significant NPD symptomatology

until 16 weeks (Horinouchi et al. 1995). The reason for the differences is not clear.

It should be emphasized that all studies demonstrating abnormalities in the apopto-

tic response to various stress should be carried out in ASMase knockout mice before

biochemical, histologic, or clinical manifestations of NPD are apparent.

Availability of ASMase knockout mice and development of pharmacologic

modulators of SMase function have provided new insight into involvement of the

sphingomyelin/ceramide transducer in animal models of human disease. Tissues
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possess specific cells that represent primary sensors of environmental stress. These

sensor cells operate distinct intracellular pathways that detect and calibrate magni-

tude of stress by converting stress into biochemical signals (Ch’ang et al. 2005).

The sphingomyelin/ceramide pathway represents a sensor cell-transduction system

operative in select tissues. For instance, IR induces apoptosis of thymocytes via p53

leading to thymus involution, whereas endothelium in the irradiated GI tract uses

ASMase, not p53, to initiate apoptosis, conferring GI damage (Paris et al. 2001).

Further, while the sensor cell type that utilizes the sphingomyelin/ceramide trans-

ducer varies between organs, for instance, germ cells in ovaries and hepatocytes

in liver, microvascular endothelium appears as the most common primary sensor in

the ASMase knockout mouse model. Endothelial cells are 20-fold enriched in

S-ASMase relative to other mammalian cells (Marathe et al. 1998) and are particu-

larly sensitive to stress-induced apoptosis in vitro and in vivo (Kolesnick and Fuks

2003). Endothelium in lung and throughout the central nervous system (CNS) of

ASMase knockout mice is almost completely resistant to apoptosis induced by

irradiation (Santana et al. 1996; Pena et al. 2000). Furthermore, ASMase knockout

mice display defects in hepatocyte apoptosis, liver failure, and animal lethality

upon intravenous injection of anti-CD95 antibodies (Lin et al. 2000). ASMase

knockout mice manifest a marked defect in the ovarian developmental program

(Perez et al. 1997). A failure to normally delete oocytes in ASMase knockout

females during embryogenesis leads to ovarian hyperplasia at birth (Morita et al.

2000). Furthermore, the primary cellular sensor may vary between stresses even

within the same organ (Ch’ang et al. 2005). ASMase knockout mice provide an

invaluable tool to evaluate defective apoptotic signaling and explore the role of

the sphingomyelin/ceramide signaling pathway in pathophysiology of various

human diseases. The following section defines how this pathway is being actively

explored in a number of experimental models of human disease using ASMase

knockout mice.

Fig. 2 Phenotype of the

ASMase knockout mouse.

The dramatic size difference

and “hunched” appearance of

ASMase-deficient mice (top)
compared to a control

littermate (bottom) at 4
months of age [Adapted from

Horinouchi et al. (1995)]
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2 ASMase Knockout Mice and Human Disease

2.1 ASMase Knockout Mice for Cancer Radiation Therapy

As stress is known to increase ceramide levels in select mammalian cells, it is not

surprising that increased ceramide content has been observed in response to a

number of cancer treatments. Interestingly, many tumors seem to have developed

strategies to reduce baseline ceramide levels, associated with resistance to chemo-

therapy or radiotherapy. Several studies showed that ceramide levels were dramati-

cally decreased in some types of human cancer, including colon cancers (Selzner

et al. 2001), gliomas (Riboni et al. 2002), and ovarian cancers (Rylova et al. 1998).

There is growing evidence that sphingomyelin/ceramide signaling pathway is

activated during various cancer treatments, especially during high single-dose

radiotherapy (SDRT).

While the classical theory on the cellular effect of IR identifies DNA as the

major target for initiating death pathways, a growing body of data now

demonstrates that ASMase-mediated ceramide generation regulates apoptosis in

response to IR. In 1994, Haimovitz-Friedman et al. reported that irradiation of

bovine aortic endothelial cells (BAEC) induced sphingomyelin conversion to

ceramide and apoptosis, suggesting that radiation damage to plasma membrane

might initiate apoptotic signaling through ceramide. Activation of ASMase was

also observed in Rat-1 Myc-ER cells and primary skin fibroblasts (Zundel and

Giaccia 1998; Bohler et al. 1997). Definitive evidence for a role of ASMase in

radiation-induced apoptosis was derived from studies with ASMase-deficient

models. B lymphoblastoid cells immortalized from an NPD type A patient fail to

hydrolyze sphingomyelin in response to radiation, generate ceramide, or undergo

apoptosis (Santana et al. 1996). Retroviral transfer of normal ASMase cDNA into

these cells restored ceramide generation, leading to restoration of apoptotic cell

death upon radiation treatment. Mouse embryonic fibroblasts (MEFs) from

ASMase knockout mice also failed to generate ceramide and were completely

resistant to radiation-induced apoptosis, yet remained sensitive to staurosporine-

induced apoptosis, which is not mediated via ceramide signaling (Lozano et al.

2001). Additional studies showed that sensitivity to radiation-induced apoptosis

could be restored in MEFs by exogenous addition of nanomolar concentrations of

natural ceramide. Rescue of the radiation apoptotic phenotype by adding ceramide

provides strong evidence that ceramide is obligate for this form of apoptosis

induced by radiation.

IR, delivered as a small daily fraction of 1.8–3.0 Gy, cures approximately 60 %

of localized, nonmetastatic cancer. Fractioned radiotherapy has been favored

because normal tissue stem cell clonogens repair DNA double-strand breaks

(DSBs) more proficiently than their tumor counterparts during interfraction

intervals, enabling dose escalation to tumor cure levels with acceptable normal

tissue damage. However, in many instances, curative tumor doses cannot be

reached due to high radiosensitivity of adjacent normal organs. The recent
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emergence of image-guided, high-precision targeting of human tumors that effec-

tively excludes normal tissues from the treatment field may obviate this issue,

allowing for high SDRT (20–24 Gy), a modality whose success has exceeded all

expectations (Song et al. 2004).

The mechanism of tumor response after SDRT may differ from that of conven-

tional fractioned radiotherapy (Moeller et al. 2005; Fuks and Kolesnick 2005).

The central role of ASMase-mediated apoptosis in endothelial cells for optimal

SDRT response was detailed in two tumor models (melanoma and fibrosarcoma).

Studies by Garcia-Barros et al. (2003) indicated that exposure to single radiation

doses >8 Gy engages an apoptotic response in tumor microvessels by activating

the sphingomyelin/ceramide transducer in endothelium (Fig. 3). MCA129

fibrosarcomas and B16 melanomas transplanted into ASMase or BAX knockout

mice, which provide tumors with host-derived apoptosis-resistant microvascular

networks, were completely resistant to potentially curative doses of 15–20 Gy

SDRT. Hence, high-dose radiation exposure appears to induce primarily sublethal

lesions in tumor stem cell clonogens that at these doses are converted into lethal

damage upon induction of apoptotic microvascular dysfunction. Discovery of the

critical role of the sphingomyelin/ceramide transducer in curative SDRT defines

endothelium as a valid pharmacologic target, consistent with early data suggesting

that antagonism of VEGF or the VEGFR2 receptor radiosensitizes tumors by

derepressing endothelial ASMase (Truman et al. 2010).

Fig. 3 MCA/129 fibrosarcomas implanted into ASMase�/� mice display reduced radiation-

induced endothelial cell apoptosis. MCA/129 fibrosarcomas, grown to 150–200 mm3, were

irradiated with 15 Gy. Tumor specimens were obtained 4 h post-irradiation, fixed in 4 % fresh

formaldehyde, embedded in paraffin, and 5-μm sections were evaluated for apoptosis by terminal

deoxytransferase-mediated deoxyuridine triphosphate nick end labeling (TUNEL). Thereafter,

endothelial cells were identified using an antibody specific for the endothelial cell surface marker

CD-34. Apoptotic endothelial cells, identified as a red-brown TUNEL-positive nuclear signal

surrounded by dark-blue plasma membrane signal indicative of CD-34 staining, are lacking in

sections of tumor grown in ASMase�/� mice. Similar results were obtained using B16F1

melanomas [Adapted from Garcia-Barros et al. (2003)]
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2.2 ASMase Knockout Mice for Study of GI Damage

In addition to the potential importance of ASMase in cancer therapy, researchers

have been investigating impact of ASMase on normal tissue damage. The radiation

GI syndrome is a major toxicity that may occur in a Fukushima-like nuclear

accident or upon deliberate radiation exposure. The GI syndrome involves destruc-

tion of crypt/villus units, loss of mucosal integrity, and infection by resident

enterobacterial flora, characterized clinically as anorexia, vomiting, diarrhea, dehy-

dration, systemic infection, and in extreme cases, septic shock and death. Studies of

Paris et al. first reported that microvascular endothelium serves as a primary target

for radiation in induction of tissue damage (Paris et al. 2001). Vascular dysfunction

in the GI mucosa occurs following a rapid wave of radiation-induced endothelial

apoptosis (2–6 h post-IR) regulated by ASMase-mediated ceramide generation

within the villus/crypt microvascular network. Genetic inactivation of ASMase

inhibits this ceramide-driven mode of endothelial apoptosis, preventing IR-induced

animal lethality (Paris et al. 2001). Cho et al. (2004) supported this hypothesis,

reporting intravenous injection of the angiopoietin-1 variant COMP-Ang1, which

specifically targeted Tie-2 receptors of intestinal microvascular endothelial but not

epithelial cells, attenuated radiation-induced endothelial apoptosis, and protected

against GI syndrome lethality.

Graft-versus-host disease (GVHD) represents a different process in which

ASMase-mediated apoptosis plays a role in morbidity and mortality. GVHD is a

frequent complication in leukemia patients receiving allogeneic bone marrow

transplantation. In GVHD, donor cytotoxic T lymphocytes (CTLs) attack host

tissues leading to organ damage. Recently, Rotolo et al. (2009) showed that CTLs

generate CRPs on critical cells within GVHD-responsive target organs (small

intestines, skin, liver), signaling apoptosis to initiate GVHD. Evidence indicated

cytokines of the TNF superfamily as critical to CTL-induced pathophysiology.

Using clinically relevant mouse models of acute GVHD in which allogeneic bone

marrow and T cells were transplanted into ASMase+/+ and ASMase�/� mice, host

ASMase was identified as critical for full-blown GVHD. Lack of host ASMase

reduced apoptosis of relevant GVH target cells, including hepatocytes and intestinal

and skin cells, as target cells failed to form CRPs upon contacting activated CTLs

and consequently resisted CTL-mediated cell death. Hence, the sphingomyelinase/

ceramide signaling pathway may provide targets for pharmacologic modulation of

GI and perhaps other damage in GVHD, the major dose-limiting toxicity in leuke-

mia patients receiving allogeneic marrow transplantation (Waselenko et al. 2004).

2.3 ASMase Knockout Mice for Study of Ovarian Damage

The ovary represents another organ whose chemosensitivity/radiosensitivity is

regulated by ASMase. Almost 90 % of oocytes die by apoptosis prior to birth, a
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process that continues throughout adulthood resulting in menopause. Tilly and

coworkers showed that both fetal and postpartum oocyte deletion in mice require

sphingomyelin/ceramide signaling, with ASMase knockout mice displaying 1.6-fold

increased oocytes at birth, maintained throughout adulthood (Morita et al. 2000;

Casper and Jurisicova 2000). This group defined a mechanism for ceramide-mediated

deletion in aging oocytes (Perez et al. 2005). Young wild-type oocytes isolated with

their granulosa cell layer display elevated ceramide in both cell populations and were

resistant to spontaneous or ceramide-induced apoptosis. In contrast, aged oocytes

manifested high granulosa cell ceramide but low oocyte ceramide. Over 24 h in

culture, ceramide was transferred from granulosa cells to oocytes by a process

requiring gap junctions and intact rafts, and apoptosis, requiring Bax downstream,

ensued. S1P treatment did not prevent ceramide transfer but prevented apoptosis.

Similarly, genetic ASMase deletion or binding intracellular ceramide by injecting

anti-ceramide antibody lowered available ceramide in young oocytes rendering them

susceptible to exogenously added ceramide. These studies indicate that the

sphingomyelin/ceramide transducer regulates normal ovarian physiology.

The sphingomyelin/ceramide transducer also mediates lethal effects of drugs and

IR on oocytes. Morita et al. showed that apoptosis of isolated murine oocytes ex vivo

to 200 nM doxorubicin was prevented by S1P pretreatment. Ceramide generation in

response to doxorubicin appeared to occur through sphingomyelin hydrolysis rather

than de novo ceramide synthesis as there was a robust apoptotic response in ASMase

wild-type oocytes cultured with doxorubicin for 24 h, whereas ASMase knockout

oocytes were almost completely resistant to doxorubicin destruction. Further, S1P

injection into the bursa surrounding the mouse ovary dose-dependently prevented

IR-induced oocyte apoptosis and sterility, preserving oocyte function, enabling

successful in vitro and in vivo fertilization. In contrast to unprotected mice, irradiated

S1P-protected mice maintained normal fertility for over 1 year, and their F1 and F2

offspring did not display behavioral, hematologic, histologic, biochemical, or genetic

abnormalities (Paris et al. 2002). Moreover, Tilly and coworkers recently reported a

successful monkey trial to evaluate the effect of S1P and its long-acting mimetic

FTY720 on ovarian function and fertility after irradiation. In these studies, S1P and

FTY720 protected ovaries of adult female rhesus monkeys from damage caused by

15 Gy targeted radiotherapy, allowing for long-term fertility (Zelinski et al. 2011).

These studies indicate that chemotherapy-induced stress and IR-induced stress

engage the sphingomyelin/ceramide physiologic mechanism for oocyte deletion,

accelerating organ damage. Further, these studies suggest a small molecule approach

to this intractable side effect of cancer therapy.

2.4 ASMase Knockout Mice for Study of Brain Diseases

2.4.1 Niemann–Pick Disease

Types A and B NPD result from inherited ASMase deficiency. The first type A NPD

patient was described by Albert Niemann in 1914. Type A NPD is a severe
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neurodegenerative disease of infancy usually fatal by ages 2–3. In contrast, type B

NPD patients have minimal or no neurologic involvement and often survive into

adulthood but may have severe and progressive visceral organ abnormalities, includ-

ing hepatosplenomegaly, and pulmonary and cardiovascular disease (Schuchman

2010). Differences between types appear due to the level of residual ASMase activity.

ASMase knockout mice show a similar phenotype to type A NPD patients, owing to

complete absence ofASMase activity. It has been reported that calciumhomeostasis is

altered in the cerebellum of ASMase knockout mice, suggesting that calcium dys-

function may cause Purkinje cell degeneration (Ginzburg and Futerman 2005).

Several groups have used these mice for testing of novel therapeutics for NPD,

including recombinant enzyme replacement therapy (ERT), gene therapy, and stem

cell transplantation. In 1999, large-scale purification of recombinant human

ASMase was achieved in Chinese hamster ovary cells (He et al. 1999), allowing

for human ERT. Initial studies that evaluated the effect of ERT in ASMase

knockout mice were performed by Miranda and coworkers, who demonstrated

that the sphingomyelin levels were significantly reduced in RES organs when

recombinant ASMase (rASMase) was administered intravenously into young

mice (Miranda et al. 2000). However, there was no impact on progression of

neurologic disease, and mouse life span was not extended due to failure of rASMase

to pass the blood–brain barrier into the CNS (Sly and Vogler 2002). Recent studies

showed that intraparenchymal injection of rASMase results in regional reduction in

sphingomyelin and cholesterol levels, but re-accumulation is observed at 2 weeks

post-injection (Yang et al. 2007). Follow-up studies from the same lab

demonstrated that intracerebroventricular infusion of rASMase led to widespread

ASMase distribution and significant reduction in lysosomal sphingomyelin accu-

mulation (Dodge et al. 2009).

The effect of stem cell transplantation on progression of neurologic disease also

has been extensively evaluated in ASMase knockout mice. Intravenous transplanta-

tion of ASMase-expressing bone marrow cells into ASMase knockout mice showed

positive effects on RES organs, but effects on neurologic disease were modest

(Miranda et al. 1998). Further studies showed that intracerebral transplantation of

ASMase-expressing mesenchymal stem cells into ASMase knockout mice delayed

onset of neurologic abnormalities and extended life span, but progressive neurologic

disease was not prevented (Jin et al. 2002; Jin and Schuchman 2003). Overall, these

findings suggest stem cell transplantation as therapeutically promising.

In addition to the therapeutic approaches mentioned above, gene therapy has

been intensively investigated during the last decade. Adeno-associated viral (AAV)

vectors have been widely used. Several studies demonstrated that intracranial

injections of AAV encoding human ASMase are effective in decreasing the burden

of sphingolipid storage in the brains of ASMase knockout mice. ASMase activity

was found not only within deep cerebellar nuclei but also throughout the CNS.

Moreover, progressive ataxia was prevented and life span normalized (Dodge et al.

2005; Passini et al. 2005, 2007). These data suggest AAV-based therapy as a

promising therapeutic modality for treating NPD.
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2.4.2 Stroke

Stroke, the third leading cause of death in the industrialized world, in the large

majority of cases results from occlusion of arterial blood flow into the brain. While

pathogenesis of the ischemic lesion is complex, excess excitotoxicity, peri-infarct

depolarization, inflammation, and apoptosis are factors contributing to evolution of

tissue damage. These events do not impact the ischemic region homogenously.

Rather, a perfusion-occluded anoxic core, manifesting necrosis, is surrounded by a

rim of restricted blood flow, termed the penumbra. Although penumbra ischemic

cells, and especially neurons, are at high risk for apoptotic death, this region is

potentially salvageable. Hence, a recent emphasis of pharmacologic intervention in

stroke is in apoptosis.

Nakane and coworkers reported in gerbils (Nakane et al. 2000) and rats (Kubota

et al. 2000) that lethal forebrain ischemia (5 min) induced by bilateral carotid

occlusion induced rapid sphingomyelin hydrolysis to ceramide (30 min), preceding

neuronal apoptotic death. Debatin and colleagues (Herr et al. 1999) subsequently

showed that rat middle cerebral artery (MCA) occlusion leads to twofold increased

ceramide levels compared to the ipsilateral non-occluded brain hemisphere at 6 h

after reperfusion. ASMase-generated ceramide purportedly initiated neuronal apo-

ptosis in this model by upregulating death-inducing ligands (Fas ligand, TRAIL,

and TNF-α), an effect prevented by the neuroprotector FK506 (Herr et al. 1999).

Genetic evidence supporting this notion was provided by Mattson and coworkers

(Yu et al. 2000) reporting that ASMase knockout mice neither generated ceramide

nor upregulated inflammatory cytokines upon MCA occlusion and displayed mark-

edly reduced neuronal apoptosis in the penumbra. Infarct size was reduced 30 %,

and neurologic (primarily motor) deficiencies improved dramatically. Primary

cultures of ASMase�/� cortical neurons displayed markedly reduced excitotoxicity

upon glutamate treatment and chemical hypoxia induced by cyanide, accompanied

by protection from intracellular Ca2+ elevation, and generation of reactive oxygen

species (note: ischemic and excitotoxic neuronal death is considered mediated by

calcium overload and oxyradical production). These studies indicate cell autono-

mous utilization of the sphingomyelin/ceramide transducer by cortical neurons to

discriminate death signals.

2.4.3 Blood–Brain Barrier Dysfunction

The blood–brain barrier (BBB) is a highly specialized microvascular network

characterized by tight cell–cell junctions lacking fenestrations, which restricts

transcapillary flux of water-soluble compounds into the CNS (Neuwelt 2004).

The dysfunctions of BBB is observed during CNS bacterial and viral infections,

inflammatory and degenerative CNS disorders, cerebrovascular disease, trauma,

primary and metastatic brain tumors, and after IR. BBB disruption often

results in vasogenic edema that contributes significantly to disease-associated
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symptoms. Concomitantly, however, it facilitates transport of cytokines,

antibodies, inflammatory and immune cells, as well as drugs, to disease-stricken

areas.

Recent studies demonstrate a role for sphingomyelin/ceramide transduction in

IR-induced BBB dysfunction. Pena et al. (2000) showed that irradiated murine CNS

endothelium undergoes dose-dependent apoptosis at 5–100 Gy SDRT, peaking

after 12 h. After 50 Gy, which induces subacute and chronic damage, approxi-

mately 20 % of endothelium underwent apoptosis at 12 h, inhibitable by genetic

ASMase inactivation or pretreatment with the endothelial survival factor bFGF. Li

et al. (2003) showed that this level of endothelial apoptosis resulted in a 40–60 %

reduction in endothelial cell density 24 h after 50 Gy, an event abrogated in

ASMase knockout mice, but not in p53 knockout mice. Further, BBB dysfunction,

assessed by leakage of albumin or Evans blue dye into the CNS, was abrogated in

ASMase�/� mice. These observations suggest that pharmacologic activation of the

sphingomyelin/ceramide transducer might be used therapeutically to produce tran-

sient BBB disruption, designed to facilitate drug delivery to disease sanctuary

regions within the CNS (van Vulpen et al. 2002).

2.5 ASMase Knockout Mice for Study of Lung Diseases

ASMase deficiency in both type B NPD patients and in ASMase knockout mice

alters pulmonary cellular and organ structure secondary to accumulation of

sphingomyelin, leading to lung abnormalities and decreased pulmonary function.

Type B NPD is linked to progressive pulmonary function decline and frequent

respiratory infection. X-ray and CT examination in type B NPD patients revealed

that over 90 % displayed evidence of interstitial lung disease (Mendelson et al.

2006). ASMase knockout mice begin at 10 weeks of age to have a significantly

higher number of cells in their pulmonary airspaces than normal mice, consisting

primarily of enlarged and often multinucleated macrophages. In mice and humans,

the alveolar macrophage serves as the first line of host defense to clear extracellular

bacteria from the lung, implying an important role of ASMase in lung host defense

against pathogens. Further, mechanical research indicates that ASMase is required

for normal surfactant catabolism by alveolar macrophages. In this regard, ASMase

knockout mice exhibit elevated levels of total surfactant lipid and protein

(Buccoliero et al. 2004) and alterations in surfactant composition, including

increased sphingomyelin content, that appear to contribute to abnormal surfactant

function observed in ASMase knockout mice (Buccoliero et al. 2004; Tuder et al.

2003). In principle, these studies suggest that ASMase might regulate fundamental

aspects of lung disease pathologies.

Using ASMase Knockout Mice to Model Human Diseases 41



2.5.1 Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome (ARDS) is defined by severe noncardiac

respiratory distress, impaired arterial oxygenation (hypoxemia), and bilateral pul-

monary infiltrates. It has diverse origins, including sepsis, pneumonia, aspiration,

trauma, smoke or toxic gas inhalation, and some drugs (Piantadosi and Schwartz

2004). Pathogenesis involves primary endothelial dysfunction, leakage of fluid

across the alveolar-capillary barrier, and fluid accumulation in the alveolar space

(edema), causing refractory hypoxemia. Cytokines and chemokines may be crucial

in endothelial cell dysfunction. Recent attention has focused on platelet-activating

factor (PAF) that mediates acute lung injury (ALI) that progresses to ARDS in part

through prostaglandin E2 production.

Goggel et al. (2004) demonstrated a role for ceramide in PAF-induced pulmonary

edema in mouse and rat models (Barnes 2004). PAF injection into mice or perfusion

of isolated intact rat lungs with PAF resulted in rapid serumASMase and pulmonary

ceramide elevation. PAF-induced pulmonary edemawas reduced in ASMase knock-

out mice. Rat pulmonary edema was mimicked by perfusion of short-chain

C2-ceramide, but not C2-dihydroceramide, which differs only in the trans double

bond at position 4–5. Further, injection of anti-ceramide antibodies antagonized

mouse pulmonary edema by about 50 %. Other less specific ASMase inhibitors

(desipramine and D609) acted similarly and, when combined with a cyclooxygenase

inhibitor to prevent prostaglandin E2 production, abolished edema. These studies

suggest that concomitant inhibition of two intracellular lipid signaling pathways

might serve as a new approach to ARDS therapy (Barnes 2004).

2.5.2 Pulmonary Fibrosis

Pulmonary fibrosis is another common form of interstitial lung disease associated

with inflammation and apoptosis. Recently, the Schuchman group found that

intratracheal instillation of bleomycin which can cause pulmonary fibrosis in

normal mice leads to increase in lung ASMase activity, while bleomycin instillation

in ASMase knockout mice does not cause fibrosis. This suggests that inhibition of

ASMase transiently might be a useful way to prevent toxicity of some cancer drugs

(Dhami et al. 2010).

Since ASMase plays an important role in surfactant clearance in lung where

pathogens interact closely with target cell membranes, there has been an expanding

literature regarding ASMase regulation of pathogen infection using ASMase

knockout mice. Cystic fibrosis (CF) is a genetic disorder caused by the mutation

of cystic fibrosis transmembrane conductance regulator (cftr) gene. Growing evi-

dence shows that sphingolipids, in particular ceramide, play an important role in CF

and the bacterial infections associated with this disease (Teichgraber et al. 2008;

Becker et al. 2010).
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According to the CF registry, chronic lung infection with Pseudomonas
aeruginosa contributes to death in over three-quarter of patients (Pier 2002). Gulbins
and coworkers defined a pathophysiology for Pseudomonas pulmonary infection

involving ASMase/ceramide dysregulation in CF. This laboratory discovered an

age-dependent ceramide accumulation in the respiratory tracts of cftr-deficient mice

that might be caused by an imbalance between ASMase cleavage of sphingomyelin

to ceramide and acid ceramidase consumption of ceramide, resulting in higher

ceramide levels (Teichgraber et al. 2008). Ceramide accumulation found in the

lungs of CF mice enhanced age-dependent pulmonary inflammation, death of

respiratory epithelial cells, and resulted in high susceptibility to severe P. aeruginosa
infections, events corrected in ASMase+/� mice or by amitriptyline inactivation of

ASMase. Based on these results, a successful human clinical trial was initiated by

these investigators, the outcome of which suggests that amitriptyline treatment may

improve lung function in CF patients (Riethmuller et al. 2009).

2.6 ASMase Knockout Mice for Study of Heart Disease and
Diabetes

Several reports suggest that lipid abnormalities are part of the phenotype of

patients with type A and B NPD, associated with early atherosclerotic heart

disease. Moreover, reduced high-density lipoprotein (HDL) cholesterol, hypertri-

glyceridemia, and elevated low-density lipoprotein (LDL) cholesterol were found

in type A and B patients, coinciding with presence of early atherosclerotic

plaques (McGovern et al. 2004). Subendothelial retention of atherogenic lipopro-

tein, especially LDL, is a critical early event in atherogenesis. Tabas and

coworkers demonstrated that S-ASMase hydrolyzes sphingomyelin present in

LDL at physiologic pH, leading to formation of aggregated LDL in the

subendothelial space, stimulating macrophage foam cell formation (Schissel

et al. 1998b) and accelerating plaque formation. Recently, studies from the

same group showed 50 % decrease in early foam cell aortic root lesional area

and 87 % reduction in lipoprotein trapping in ASMase-deficient Apoe�/� mice

compared with ASMase wild-type Apoe�/� mice (Devlin et al. 2008). Elevated

S-ASMase activity was also observed in chronic heart failure (Doehner et al.

2007). Moreover, macrophages from ASMase knockout mice have defective

cholesterol trafficking and efflux (Leventhal et al. 2001). All these data suggest

that ASMase might play an important role in atherosclerosis development and

serve as target for therapeutics.

In addition to its role in heart disease, ASMase has been proposed as linked with

diabetes. ASMase knockout mice on a hypercholesterolemic genetic background

show resistance to diet-induced hepatic triacylglycerol accumulation and hypergly-

cemia (Deevska et al. 2009). Interestingly, deletion of ASMase resolved diet-

induced hepatic steatosis and improved insulin sensitivity. The improvement in
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steatosis and insulin sensitivity was associated with elevation in sphingolipids

(including dihydroceramides, ceramides, sphingomyelin, and sphingosine) and

marked decrease in triacylglycerol accumulation (Deevska et al. 2009). These

data imply that ASMase might play a significant role in progression of diabetes.

2.7 ASMase Knockout Mice for Study of Liver Diseases

A number of distinct disease models provide strong evidence for a potential role of

ASMase-mediated apoptosis in progression of liver disorders. The first model is

that of T cell-mediated auto-aggressive liver disease. In 2000, Kirschnek et al.

reported that intracenous injections of phytohemagglutinin (PHA) results in a Fas-

dependent autoimmune hepatitis (Kirschnek et al. 2000). Further studies revealed

that this syndrome is caused by induction of Fas ligand on lymphocytes upon PHA

stimulation and migration of these lymphocytes to liver. Hepatocytes are killed by

apoptosis upon contact with the Fas ligand-positive T cells, leading to autoimmune

hepatitis. Deletion of ASMase in mice protected hepatocytes from T cell-induced

apoptosis (Kirschnek et al. 2000) and protected mice against autoimmune-like

hepatitis. These results provide in vivo evidence for an important physiologic

function of ASMase in PHA-induced hepatitis.

A second hepatic disease model is that of Wilson’s disease. Inactivating

mutations of ATP7B, a key enzyme of liver copper secretion, causes inappropriate

accumulation of Cu2+ in liver parenchyma, resulting in cirrhosis and hemolytic

anemia. In this disease model, Cu2+-triggered hepatocyte apoptosis is mediated by

ASMase activation and ceramide release. Moreover, elevated ASMase plasma

activity was observed in Wilson’s disease patients. Genetic deficiency or pharma-

cologic inhibition of ASMase by amitriptyline prevented Cu2+-induced hepatocyte

apoptosis and protected rats from acute hepatocyte death, liver failure, and early

death (Lang et al. 2007). Cu2+-induced ASMase secretion from leukocytes leads to

ceramide generation in erythrocytes and subsequent phosphatidylserine exposure at

the cell surface. The functional consequence of this series of events is that affected

erythrocytes are deleted immediately from blood by macrophages in mice resulting

in anemia, whereas ASMase-deficient erythrocytes were resistant to Cu2+ treat-

ment. These data indicate the significance of ASMase and ceramide for pathogene-

sis of Wilson’s disease and provide a basis for treatment by pharmacologic

inhibition of ASMase.

In addition to these two disease models, studies showed that hepatocytes from

ASMase knockout mice are resistant to apoptosis mediated by TNF-α (Garcia-Ruiz

et al. 2003). A consensus has developed that acute and chronic liver injury are

largely mediated by hepatocyte apoptosis, with TNF-superfamily members, partic-

ularly Fas/CD95, TNFR, and DR5 playing critical roles (Guicciardi and Gores

2005). Biochemical and histochemical elevation of cognate cytokine ligands

(Fas ligand, TNF-α, and TRAIL) correlates with extent of disease and outcome,

and their pharmacologic and genetic inhibition attenuate liver damage.
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Furthermore, TNF-α administration to mice recapitulates acute hepatic injury

syndromes (Ding and Yin 2004). Fernandez-Checa and colleagues showed that

wild-type hepatocytes respond to TNF-α with rapid ASMase activation, ceramide

generation, and massive apoptosis (Garcia-Ruiz et al. 2003), while ASMase-

deficient hepatocytes were TNF-resistant. Consistent with these observations,

ASMase knockout mice were resistant to TNF-α-induced hepatitis and death

from liver failure. Similarly, ASMase knockout mice were resistant to anti-Fas-

induced ceramide elevation and hepatic injury (Lin et al. 2000), and attenuation of

ceramide elevation via adenoviral overexpression of neutral ceramidase prevented

TNF-induced hepatitis (Osawa et al. 2005). Furthermore, knockout of the mouse

adaptor protein FAN (Malagarie-Cazenave et al. 2004), which binds TNFR1 to

transduce NSMase activation, displayed reduced IL-6 production and TNF-induced

hepatic injury and improved survival. Evidence suggests that ASMase-generated

ceramide may act by inducing downregulation of methionine adenosyltransferase

1A (MAT1A) (Mari et al. 2004), an enzyme required for maintaining levels of the

one-carbon donor S-adenosyl-methionine (SAM). MAT1A impairment lowers

SAM, contributing to injury in experimental models of liver damage and in patients

with alcohol- and viral-mediated cirrhosis. Intraperitoneal SAM injection into wild-

type mice mimicked the ASMase�/� phenotype, preventing TNF- and

lipopolysaccharide-induced hepatitis, improving survival. Altogether, these studies

indicate that elevating ceramide enhances liver damage, while preventing elevation

delivers protection, legitimizing this target for pharmacologic intervention in

hepatic injury.

2.8 ASMase Knockout Mice for Study of Infection

Several studies support ASMase as having a central role in infection of mammalian

cells with diverse microbial pathogens. CRPs are co-opted by a wide range of

pathogens including bacteria, viruses, and parasites to infect mammalian cells.

Initial studies with N. gonorrhoeae showed ASMase activation and release of

ceramide upon infection of human epithelial cells and macrophages. Moreover,

pharmacologic inhibition or genetic knockout of ASMase prevented infection of

human epithelial cells withN. gonorrhoeae (Grassme et al. 1997; Hauck et al. 2000).

These data suggested that ASMase is required for internalization ofN. gonorrhoeae,
confirmed in subsequent studies (Grassme et al. 2003b). P. aeruginosa also activates
ASMase and triggers ceramide release within minutes of contacting target cells.

Pseudomonas-induced CRP formation on the surface of the target cell appears

required for acute infection (Fig. 4), as ASMase knockout prevented CRP formation,

internalization of P. aeruginosa by lung epithelial cells, and subsequent epithelial

cell apoptosis (Grassme et al. 2003b). Evidence also indicates ASMase involvement

in infection by Staphylococcus aureus, Salmonella typhimurium, Escherichia coli,
and Mycobacterium (for further details please see Grassmé and Becker 2013).
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In addition to bacteria, virus–host cell interaction may require ASMase activity.

Griffin and coworkers reported ASMase knockout mice more susceptible to sindbis

virus (SV) infection than wild-type or heterozygous (Het) littermates (Ng and

Griffin 2006). In SV infection, sphingomyelin is required for virus entry, an event

impacted by altered sphingomyelin storage in ASMase-deficient mice. Accumula-

tion of sphingomyelin in brains of ASMase knockout mice allows more rapid entry

and spread of SV, leading to higher viral titers in the nervous system, and

subsequent increased neuronal death compared with wild-type mice. Several cell-

based studies also confirm a fundamental role of ASMase in virus infection. For

instance, infection of human epithelial cells with rhinovirus induces ASMase

activation, release of ceramide, and CRP formation, events blocked in human

fibroblasts genetically deficient for ASMase or by pharmacologic inhibitors of

ASMase (Grassme et al. 2005). Inhibition of SMase by N-palmitoyl-DL-

dihydrosphingosine similarly decreased yield of infectious herpes virus, suggesting

ASMase involvement in herpes infection or replication (Steinhart et al. 1984).

Moreover, several studies suggest that the sphingomyelin/ceramide signaling path-

way may influence the course of HIV-1 infection. HIV-cell infection involves

interaction of HIV receptor molecule gp120 with CD4 on the T cell surface. CD4

ligation initiates T cell depletion by clustering of endogenous Fas/Fas ligand (Wang

et al. 1994), an event requiring CRPs. Altogether, these data suggest that manipu-

lation of sphingolipids might be strategic for treatment of virus infection.

In addition to a role of ASMase in virus uptake, a recent study showed that

ASMase activity might be required by host immune system to eliminate virus-

infected cells. CD8+ CTLs and natural killer cells lyse virus-infected target cells

through exocytosis of cytotoxic granules. CTLs from ASMase knockout mice are

defective in exocytosis of cytolytic effector molecules, leading to attenuated cyto-

toxic activity of CTLs and delayed elimination of lymphocytic choriomeningitis

virus (Herz et al. 2009). Moreover, macrophages from ASMase knockout mice are

defective in killing of the bacterium L. monocytogenes, resulting in unrestricted

spread of infection (Utermohlen et al. 2003). Given the complexity of the impact of

Fig. 4 P. aeruginosa triggers platform formation by ASMase-mediated release of ceramide.

Infection (20 min) of murine tracheal epithelial cells with P. aeruginosa strain ATCC 27853

induced formation of CRPs that contain ASMase. Cells were infected for 20 min with

P. aeruginosa, fixed in PFA, and isolated and stained with FITC-labeled anti-ASMase and

Cy3-coupled anti-ceramide antibodies. The cells were analyzed by fluorescence microscopy

[Adapted from Grassme et al. (2003b)]
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ASMase deficiency on the course of infection, full molecular characterization of

sphingolipid involvement in specific infectious states would appear warranted

before clinical pharmacologic manipulation is attempted.

Finally, at least one parasitic infection is influenced by SMase-induced ceramide

generation in a unique way. Plasmodium seems to have developed a strategy to

circumvent a requirement for mammalian target cell ASMase. In fact, Plasmodium
expresses its own SMase for generation of ceramide in trans in target cells, an effect
required for erythrocyte infection with P. falciparum or P. berghei. Therefore, only
a slightly different course of malarial infection was observed between ASMase

wild-type and knockout mice (Brand et al. 2008). Thus, in addition to host ASMase,

pathogen SMase might represent a novel target for malaria, defined using the

ASMase mouse knockout.

2.9 Perspective

ASMase knockout mice provide an invaluable tool to explore the role of the

sphingomyelin/ceramide signaling pathway in pathophysiology of various human

diseases (Table 1). Accumulating evidence indicates a crucial involvement of

sphingomyelin/ceramide in a number of disease initiation states, as well as disease

treatments, making the pathway an attractive target for therapy. In particular,

manipulation of CRPs might be strategic for treatment of various human diseases.

Table 1 Human diseases/therapies modeled via ASMase knockout

Organs Human diseases

Small intestines GI syndrome and GVHD

Ovary Normal ovarian physiology

Cancer therapy-induced infertility

Brain Niemann–Pick disease

Stroke

Blood–brain barrier dysfunction (BBB)

Lung Acute respiratory distress syndrome (ARDS)

Pulmonary fibrosis

Cystic fibrosis

Heart Atherosclerosis

Chronic heart failure

Diabetes

Liver T cell-mediated auto-aggressive liver disease

Wilson’s disease

Chronic liver disease

Infections Pseudomonas aeruginosa
N. gonorrhoeae
L. monocytogenes
Sindbis virus
P. falciparum

Cancer Single-dose radiotherapy (SDRT)
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Further studies, however, are needed to more fully molecularly characterize the

enzymes involved in generation and metabolism of ceramide in these disease states

to develop a more comprehensive understanding of the signaling network that

regulates their individual sphingomyelin/ceramide transduction. Nonetheless,

human diseases regulated through sphingomyelin/ceramide signal transduction

represent a newly defined class of clinical entities that provides unique targets of

opportunity for pharmacologic intervention. This developmental process undoubt-

edly will continue to rely on use of the original ASMase knockout mice strain, and

on newer versions currently in development, in the process of disease discovery and

therapeutics.
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