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Abstract

Plasma sphingolipids have been shown to predict cognitive impairment and hippocampal volume
loss, but there is little research in patients with Alzheimer’s disease dementia (AD). In this study
we sought to determine whether plasma ceramides, dihydroceramides (DHCer), sphingomyelins
(SM), or dihydrosphingomyelin (DHSM) levels and ratios of SM/ceramide or DHSM/DHCer
were predictive of progression in AD. Probable AD patients (n=120) were enrolled in the
Alzheimer’s Disease and Memory Disorders Center at Baylor College of Medicine. Plasma
sphingolipids were assessed using ESI/MS/MS. Linear mixed effects models were used to
examine the relation between baseline plasma sphingolipid levels and cross-sectional and
longitudinal performance on the Mini-Mental State Exam (MMSE), Alzheimer’s Disease
Assessment Scale-Cognitive Subscale (ADAS-Cog), and Clinical Dementia Rating-Sum of Boxes
(CDR-Sum). Participants were followed a mean of 4.2 visits and 2.3 years. There were no cross-
sectional associations. In longitudinal analyses, high levels of DHCer and ceramide were
associated with greater progression, but findings did not reach significance (p>0.05). In contrast,
higher plasma levels of SM, DHSM, SM/ceramide and DHSM/DHCer ratios were associated with
less progression on the MMSE and ADAS-Cog; the ratios were the strongest predictors of clinical
progression. Compared to the lowest tertiles, the highest tertiles of DHSM/DHCer and SM/
ceramide ratios declined 1.35 points (p=0.001) and 1.19 (p=0.004) less per year on the MMSE and
increased 3.18 points (p=0.001) and 2.42 (p=0.016) less per year on the ADAS-Cog. These results
suggest that increased SM/ceramide and DHSM/DHCer ratios dose-dependently predict slower
progression among AD patients and may be sensitive blood-based biomarkers for clinical
progression.
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Introduction

Alzheimer’s disease dementia (AD) is a progressive neurodegenerative disorder. Current
available therapies, including cholinesterase inhibitors and memantine, have small
symptomatic benefits but are not regarded as disease modifying. While many studies have
examined factors associated with incident AD-dementia, fewer studies have focused on
factors associated with progression after a diagnosis. Several studies have noted both “fast”
and “slow” progressors, demonstrating that the rate of progression after a diagnosis of AD
can vary considerably [1-3]. Although much of the variance in progression rate can be
explained by cognitive reserve (as estimated by premorbid 1Q), intrinsic progression rate,
and the relative persistence of anti-dementia drug treatment [4,5], the biological basis for
varying rates of progression is not well understood. The identification of a biological marker
that could predict rate of progression would be of great benefit to families and caregivers of
patients and facilitate the development of more effective therapeutic approaches.

Sphingolipid metabolism is a dynamic process that modulates the formation of a number of
bioactive metabolites and second messengers that are critical in cellular signaling. In brain,
the proper balance of sphingolipids is essential for normal neuronal function, and subtle
changes in sphingolipid balance may be intimately involved in neurodegenerative diseases,
including AD ([6, 7] for recent reviews). Sphingomyelins (SM) are major components of
cell membranes and are especially enriched in the central nervous system. This class of lipid
is a critical component of membrane microdomains known as lipid rafts. These specialized
membrane regions are important sites that play roles in signal transduction by regulating
protein trafficking, sorting and scaffolding [8]. The processing of APP by beta- and gamma-
secretase has specifically been associated with these domains [9]. Ceramides are
biologically active sphingolipids that are both precursors to SM synthesis and can be formed
by the hydrolysis of SM. A number of ceramide species appear to function as second
messengers that regulate a large variety of cellular events including differentiation,
proliferation, and apoptosis through temporal and spatial coding that can differentially
activate signaling cascades [10]. Clinical, laboratory and animal studies thus far suggest that
perturbations in SM and ceramide balance may contribute to the pathophysiology of AD,
particularly the formation of amyloid-beta, associated amyloid-plaques, and subsequent
neurodegeneration [11-16] Sphingolipid levels in brain tissue of AD patients, compared to
cognitively normal controls, have also been found to be altered [12, 16-19].

Previously we reported that blood levels of ceramides and SM were cross-sectionally
associated with memory impairment in an epidemiological study [16, 20], and varied by AD
severity in a well-defined clinic population of normal controls, amnestic mild cognitive
impairment (aMCI) and early probable AD patients [21]. High blood ceramide levels in the
latter study were also predictive of one-year cognitive decline and hippocampal volume loss
among aMCI patients. However, plasma ceramides and SM have not been assessed as
predictors of progression among AD patients. Therefore, in the present study we examined
whether blood sphingolipid levels were cross-sectionally associated with, and longitudinally
predictive of, cognitive and functional progression in a large, well-characterized group of
AD patients. The majority of sphingolipid research conducted to date has focused on SM
and ceramides containing a sphingosine backbone. Little is known about the neurobiological
functions of dihydroceramides (DHCer) and dihydrosphingomyelins (DHSM), that contain a
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sphinganine backbone. In particular, the relative distribution of these products has not been
examined in autopsy or clinical studies of AD. In this study, we sought to examine plasma
ceramides, DHCer, SM, DHSM, and the ratios of SM to Ceramides and DHSM to DHCer as
predictors of clinical progression in patients with AD-dementia.

Materials and Methods

Patients

The participants in this study were patients followed in the Alzheimer’s Disease and
Memory Disorders Center (ADMDC) at Baylor College of Medicine (BCM) who had
agreed to participate in a research database approved by the Institutional Review Board at
BCM and met criteria for the diagnosis of probable Alzheimer’s disease (AD) as determined
by the NINCDS-ADRDA [22]. All patients underwent an evaluation by a neurologist and
completed a standardized dementia workup that has been in continuous use since 1989 [23].
A detailed medical history and interview with the patient and informant, neurological and
physical examinations, a neuroimaging scan, neuropsychological testing, and screening
laboratory studies were performed at the initial visit. The initial battery of
neuropsychological tests is repeated along with neurological and physical exams annually.
Patients are given an opportunity to provide blood specimens for storage in a blood bank for
future biomarker analyses after additional informed consent. Approximately 5 ml of non-
fasting blood is drawn into 3 tubes and frozen at —80 degrees in a freezer whose samples are
logged and managed by Freezerworks software. The present study included all AD patients
who had stored serum samples and had been seen for a comprehensive assessment in at least
two consecutive years.

Cognitive and Global Function Measures

Outcomes reflecting progression of AD-dementia included the Mini Mental Status Exam
(MMSE; [24]), Alzheimer’s Disease Assessment Scale-Cognitive Subscale (ADAS-Cog;
[25]) and the Clinical Dementia Rating (CDR) Scale [26]. The MMSE is a widely used test
of global cognition and ranges from 0-30 points. Higher scores reflect better performance.
The ADAS-Cog is a global cognitive measure and includes memory, language, and praxis.
The error score ranges from 0-70 and higher scores reflect more cognitive impairment. The
ADAS-Cog is thought to be more sensitive to smaller changes in cognitive function than the
MMSE and is a primary endpoint in AD treatment trials, but the test is less widely used in
clinical settings. The CDR examines functioning in six domains: memory, orientation,
judgment/problem solving, community affairs, home/hobbies, and personal care. The CDR
is assessed with a semi-structured interview and has excellent reliability and validity [27].
Scores include a composite score (CDR-composite) and Sum of Boxes (CDR-Sum), which
is the sum of ratings in each of six domains with a range of 0 (no impairment) to 18
(maximum impairment in all domains). The CDR-Sum was chosen as the principal outcome
here, instead of the composite, because of its greater range and demonstrated sensitivity to
change in MCI and AD (e.g. [28]).

Measurement of Plasma Lipids

Non-fasting blood was drawn at baseline and at annual follow-up exams; plasma was
isolated and frozen at —80°C until processing. A crude lipid extract was obtained from
plasma samples according to a modified Bligh and Dyer procedure [29]. Three volumes of
100% methanol containing 30 mM ammonium acetate were added to each plasma sample
and the mixture was vortexed. Four volumes of chloroform were then added, vortexed and
centrifuged at 1,000g for 10 minutes. The bottom (chloroform) layer was removed, dried
and re-suspended in 100% methanol for LC/MS/MS.
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Ceramides were detected and quantified by LC/MS/MS using multiple reaction monitoring
(MRM). This procedure was based on high performance liquid chromatography (HPLC) for
temporal resolution of compounds with subsequent introduction into the mass spectrometer
for detection and quantification by mass/charge. Samples were injected using a PAL
autosampler into a PerkEImer HPLC equipped with a phenomenex, luna 100x2 mm, 5 pum,
C18 column coupled with guard column containing identical packing material

(Phenomenex, Torrance, CA). For a typical run, the LC column was first pre-equilibrated for
0.5 min with the first mobile phase consisting of 85% methanol, 15% H,0, and 5 mM
ammonium formate. The column was then eluted with the second mobile phase consisting of
99% methanol, 1% formic acid, and 5 mM ammonium formate at the flow rate of 100.0 ul/
min. The eluted sample was then injected into the ion source. The detection, and quantitation
of each analyte was carried out by ESI/MS/MS in MRM mode monitoring the parent
compound, and products by ion scan.

Molecular species of ceramides, DHCer, SM and DHSM were identified and quantified
separately by backbone structure (sphinganine or sphingosine), acyl chain length and
saturation (ranging from 16:0 to 26:1 carbons). The levels of all carbon chain lengths within
each molecular species (ceramide, DHCer, SM, and DHSM) were highly correlated after
adjusting for Bonferroni correction (p<0.0001). We therefore summed the levels of all
carbon-chain lengths within each species. There were six main predictive variables of
interest: 1) total ceramides; 2) total DHCer; 3) total SM; 4) total DHSM; 5) SM/Ceramide
ratio; and 6) DHSM/DHCer ratio.

Ratios were examined for those compounds with identical acyl chain lengths and saturation
(for example, SM/ceramide 16:0 was the ratio of SM 16:0 to ceramide 16:0) in addition to
total, which was calculated by the summation of all detectable species within each class of
sphingolipid (ceramide, SM, DHCer, and DHSM).

Statistical Analysis

The plasma total ceramides, DHCer, SM and DHSM were not normally distributed and,
therefore, were log-transformed. Data were also analyzed in tertiles to determine whether
there was a dose-response or threshold effect of sphingolipid content on cognition, as has
been previously described [21]. To examine the effects of the baseline plasma sphingolipids
on dementia progression, we examined the average change in MMSE, ADAS-Cog, and
CDR-sum from the visit at which the plasma sphingolipids were assayed, using linear mixed
effects models and treating subject-specific intercepts and time as random effects. This
approach allowed us to assess the effects of key fixed factors, such as baseline plasma lipid
levels, on average rate of change for the MMSE, ADAS-Cog, and CDR-Sum, while
accounting for the dependence between within-subject repeated measures.

The following variables were examined as potentially confounding factors: age at the initial
visit, sex, race/ethnicity, years of education, presence of cardiovascular disease, diabetes,
hypercholesterolemia, and hypertriglyceridemia, BMI, the presence of one or more APOE
¢4 alleles, duration of dementia, and the pre-progression rate (previously found to be an
important predictor in this sample and calculated as the MMSE score [expected 30] —
MMSE score [initial])/physician’s estimate of symptom duration [in years]; [1]. Covariates
were retained in the models if the comparison between likelihood ratio (LR) test statistics
between models with and without the covariates were significant (p<0.05). Thus, final
models included sex, race, duration of dementia, and pre-progression rate. Because higher
scores on the MMSE reflect better performance, while higher scores on the ADAS-Cog and
CDR-Sum reflect worse performance, a positive sign on the MMSE reflects better
performance, but a negative sign on the other outcomes reflects better performance. The a
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priori p-value was set at p<0.05. All analyses were conducted using STATA Version 11.1
(StataCorp, College Station, TX).

Description of Participant Characteristics

The present study included 120 AD participants with available baseline plasma
sphingolipids. The baseline population characteristics are described in Table 1. The
participants’ mean age was 71.8 (SD=8.8) years and 60.8% were female. On average,
patients were mildly-moderately demented, but there was a range of severities. The baseline
sample mean MMSE was 19.9 (SD = 6.7; range 2-29), mean ADAS-Cog was 23.9
(SD=15.0; range 4-68), and mean CDR-Sum was 6.8 (SD=4.0; range 0.5-18). All
participants had at least one follow-up visit (mean (SD) = 4.2 (3.2), range 2-16) equating to
a mean of 2.3 years (SD = 2.1), range 0.8-12.5) of follow-up after the examination with
assays of the plasma sphingolipids. Mean total ceramide, DHCer, SM and DHSM (or
specific chain lengths of each lipid class) did not significantly (p>0.1) vary by dementia
severity at baseline, as defined by the global CDR scale where 0.5 = very mild dementia; 1 =
mild dementia, 2 = moderate dementia, and 3 = severe dementia.

Cross-sectional and Longitudinal Relationships Between Plasma Sphingolipids and AD

Progression

Linear mixed effects models were used to examine the relationship between plasma
ceramide, DHCer, SM, DHSM, SM/ceramide ratio and DHSM/DHCer ratio and cognitive
tests, controlling for sex, race, duration of dementia, and pre-progression rate (Table 2).
There were no cross-sectional associations between any plasma sphingolipid or ratio and
cognitive or functional performance at baseline, but baseline sphingolipids did predict rate
of decline. Higher baseline levels of DHCer, as a continuous variable, were predictive of
greater decline on the MMSE (b = —0.67, 95% CI: —1.34, 0.00), but not other tests. While
there was a similar trend for plasma ceramide levels, this association was not significant at
p<0.05. In contrast to the ceramide results, higher levels of plasma DHSM and SM, as both
a continuous variable and in tertiles, were associated with less progression, indicated by a
positive score on the MMSE and a negative score on the ADAS-Cog (Table 2). For
example, compared to the lowest tertile, the highest tertile of DHSM and SM declined 0.84
points (95% CI: 0.01, 1.67) and 1.15 points (95% CI: 0.34, 1.97) less points per year on the
MMSE. While higher levels of DHSM and SM were also associated with faster progression
on the ADAS-Cog and CDR-Sum, these findings were not as strong.

Ceramides are both a precursor to SM (and DHCer to DHSM), and can be formed through
the catabolism of SM. We therefore, examined the ratios of these compounds. These ratios
were more predictive of progression than any individual lipid species (Table 2 and Figure 1).
For example, compared to the lowest tertile, the highest tertile of DHSM/DHCer ratio was
associated with 1.35 points more decline per year on the MMSE (95% ClI: 0.56, 2.13) and
with 3.18 points greater increase per year on the ADAS-Cog (95% CI: 1.30, 5.06).

Sensitivity Analysis

In order to determine whether the above-described results were due to a global lipid change,
we further assessed the specificity of these lipids by also examining total cholesterol and
triglyceride levels. Among the 120 AD patients with assayed sphingolipids, there were 74
individuals (62%) with clinical information on cholesterol and triglyceride levels, recorded
according to whether the blood levels were abnormal (defined as >200 mg/dl for cholesterol
and >150 mg/dl for triglycerides) or normal. There was no relationship between baseline
total cholesterol or triglyceride levels and progression (Table 3). Despite the lower sample
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size and power in this subset of samples, baseline plasma sphingolipids still significantly
and strongly predicted progression on the MMSE, ADAS-Cog and CDR-Sum.

Discussion

In the present study, we sought to determine if plasma ceramides, SM, DHCer, DHSM, and
the ratios of SM to ceramides and DHSM to DHCer were associated with cognitive and
functional performance of AD subjects in cross-sectional and longitudinal analyses. Our
four primary findings are: 1) there were no cross-sectional relationships between any of the
plasma lipids or ratios and performance on the MMSE, ADAS-Cog or CDR-Sum, 2) in
longitudinal analyses, low levels of DHCer, and high levels of SM and DHSM predict
slower decline on cognitive measures including the MMSE and ADAS-Cog, but not on the
CDR-Sum, 3) the ratios of DHSM/DHCer and SM/ceramide were strongly related to
cognitive decline and were the most sensitive predictors of progression compared with any
individual molecular species of SM or ceramide, and the specific backbone (sphingosine vs.
sphingonine) did not appear to overtly affect decline, and 4) plasma cholesterol and
triglycerides were not associated with progression on any outcome, suggesting that
sphingolipid levels are specific to clinical progression in persons with AD-dementia.

The formation of AB-containing plaques, a hallmark of AD pathology, is thought to initiate
or contribute to subsequent neuropathology that leads to the symptoms of Alzheimer’s
dementia. Pathological modifications in the composition and metabolism of brain lipids is
thought to contribute to neuropathological processes in AD by disrupting signaling events
and enhancing the formation of AP (see [6] for a recent review). A number of sphingolipids,
including many ceramides and SMs, are particularly enriched in the central nervous system
where in addition to important structural roles, sphingolipid metabolites function as second
messengers to modulate a wide variety of signaling events. Both laboratory and animal
studies suggest that perturbations in SM and ceramides contribute to the pathophysiology of
AD through both direct and indirect connections with Af formation, trafficking and
clearance [11-15, 30-32]. SM and ceramide are major components of neuronal membranes
that strongly influence membrane dynamics, including the structure and function of
membrane microdomains. The processing of APP by both - and y-secretase enzymes that
mediate the formation of pathogenic forms of AB, have specifically been associated with
sphingolipid levels [9].

Relatively few studies have examined SM and ceramide composition in AD brain tissues
and CSF. The studies reported thus far suggest that molecular species of ceramides are
elevated and SM are decreased in AD [12, 16, 29, 33, 34]. Ceramides have been found to be
increased at the earliest clinically recognizable stage of AD (CDR of 0.5 at the time of
death) relative to normal controls [12, 33]. The identification of a blood-based biomarker for
clinical progression in this population is especially important as patients with AD-dementia
are less likely to be compliant with neuroimaging measures or lumbar puncture for the
collection of CSF to measure amyloid-beta and tau. Moreover, information on the trajectory
of AD progression would be useful for both caregivers and patients. We previously
examined blood sphingolipids and reported that high ceramide levels were associated with
an increased risk of memory impairment among cognitively normal controls [20], and were
predictive of cognitive decline and hippocampal volume loss in patients with amnestic MCI
[21]. In the present study, we examined whether plasma ceramides, DHCer, SM, DHSM,
and the ratios of SM to ceramides and DHSM to DHCer were associated with disease
severity or could predict cognitive and functional declines among AD-dementia patients.
Similar to our previous findings [21], we did not identify a cross-sectional association
between individual sphingolipids or ratios of SM to ceramide and outcome measures in this
study. However, we did find that sphingolipid levels, especially the ratios of SM/ceramides
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and DHSM/DHCer, were predictive of clinical progression. These findings, that high levels
of SM, DHSM or the ratios of SM/ceramide and DHSM/DHCer are protective, are
consistent with findings of lower brain SM in patients with AD-dementia. While higher
levels of SM and DHSM, and higher ratios of SM/ceramides and DHSM/DHCer were
predictive of slower cognitive decline on the MMSE and ADAS-Cog, there was not an
association between these lipids and functional decline on the CDR-Sum. The reason for this
discrepancy is not readily apparent, but may relate to the fact that the CDR includes
investigation of several domains in addition to cognition, and progression on this measure
may be influenced by factors other than, or in addition to, AD-related pathology.

It is interesting to note that our previous studies of cognitively normal controls and amnestic
MCI cases found that high ceramide levels were predictive of cognitive progression. In this
cohort of AD-dementia patients SM, DHSM, and the SM/ceramide and DHSM/DHCer
ratios were most predictive. Together, these results suggest a shift in the metabolic pathways
from ceramide to SM over the course of AD and that SM, DHSM, and the SM/ceramide and
DHSM/DHCer ratios may be useful predictors of clinical progression in later stages of AD.
Although the mechanisms for this shift in sphingolipid metabolism are not currently clear, it
is a matter of investigation in our laboratories and by other groups.

Very few studies in the CNS or of CNS-related disorders have measured DHSM or DHCer,
despite the abundance of these sphingolipids in brain [35]. DHSM influences lipid-lipid
hydrogen bonding and increases the order in lipid bilayers by increasing the lateral packing
density and stability of membrane microdomains [36]. These biophysical effects can modify
the location and function of membrane located receptors and signaling proteins with
implications for subsequent signaling events (see [6] for a further discussion of
sphingolipids and cellular signaling). DHSM is created through dihydroceramide (DHCer),
an intermediate in de novo sphingolipid biosynthesis that appears to be efficiently converted
to DHSM, dihydroglucosylceramide, and a number of other sphingolipids. However, DHCer
is also converted to other complex sphingolipids that contain a desaturated (sphingosine)
backbone through desaturase(s) that introduce the 4,5-trans double bond (Figure 2). While
the present results suggest that DHCer may be slightly more predictive of progression on the
MMSE and ADAS-Cog than ceramides, there was very little difference between these two
forms in terms of predictive value. Similarly, while DHSM/DHCer may be a slighter greater
predictor of progression, there was little difference when compared to SM/ceramide. Thus,
our data would suggest that a particular sphingolipid backbone is not associated with clinical
progression, but further research is needed to confirm these conlusions, especially at earlier
stages of disease.

There are limitations of this study that do warrant consideration. First, participants were not
fasting at the time of the blood draw. A recent paper [37] of ten young, healthy adults has
shown that fasting status can affect levels of some blood sphingolipids. While blood glucose
levels were not available for all participants in the present study, we have adjusted for blood
glucose in previous studies to approximate the time and composition of their last meal and
found that this adjustment did not affect the relationship between blood sphingolipids and
cognitive progression [20, 21]. Second, information concerning factors that could be
associated with both sphingolipids and dementia, including BMI and diagnoses of diabetes
and cardiovascular conditions, were not available on all subjects. Nonetheless, controlling
for these variables among those for whom this data was available did not alter the
relationship between the plasma sphingolipids and AD progression. Lastly, patients with
AD-dementia commonly lose weight, which could affect blood lipid levels. As a result, we
determined if plasma total cholesterol and triglycerides were associated with AD
progression in a subset of subjects for whom these measures were available and we did not
find a relationship between total cholesterol and triglycerides and AD progression. We have

J Alzheimers Dis. Author manuscript; available in PMC 2011 November 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mielke et al.

Page 8

also shown the specificity of sphingolipids in predicting cognitive impairment and AD in a
previous study of cognitively normal controls [20]. However, additional research examining
other lipids including phospholipids, glycolipids and fatty acids is warranted.

While the development of a plasma biomarker that is predictive of AD progression would be
a significant step forward in the field, the identification of a blood-based marker is complex
because many molecules do not cross the blood-brain barrier and the relationship between
peripheral molecules and brain metabolism is difficult to establish. We have previously
hypothesized that the effects of plasma sphingolipids on cognitive progression among
normal controls, amnestic MCI and AD patients could be through direct and/or indirect
mechanisms [7]. Using matched CSF and serum samples from ongoing studies with HIV-
infected participants we have found a significant correlation between plasma and CSF
ceramides and SM [29], suggesting that there may be a direct relationship between blood
and brain sphingolipid levels. Additional research examining the blood-CSF relationship of
sphingolipids in AD is ongoing in our laboratory. Further, both ceramides and SM have
been associated with an increased risk of cardiovascular disease and insulin resistance [38-
41], both of which have been associated with an increased risk of AD. Thus, plasma
sphingolipids could increase risk of AD indirectly through their increased risk of vascular
diseases. Large, longitudinal studies of these lipids with adequate vascular measures are
needed to assess whether vascular factors mediate or moderate the effects of plasma
sphingolipids on AD development and progression. Nonetheless, while the exact mechanism
remains unknown, our present results provide additional evidence that sphingolipid levels in
blood may be a sensitive, and easily accessible, biomarker that could be useful in
determining and predicting the course and progression of AD.
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Figure 1. A higher ratio of DHSM to DHCer is predictive of slower decline on the MMSE and
ADAS-Cog in AD patients

DHSM = dihydrosphingomyelin; DHCer = dihydroceramide; MMSE = Mini-Mental State
Examination; ADAS-Cog = Alzheimer’s Disease Assessment Scale-Cognitive Subscale
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Palmitoyl CoA + Serine

SPT l

3-keto-dihydrosphingosine Sulfatide

3-keto-dhSr l ) T SulfoGalCer synthase
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Fatty acyl CoA + Dihydrosphingosine

C 1 S 7 [h, Qe
L————m————_l TCcramidase

Galactosylceramide
GalCeramidase
SMase

DihydrosphingomyelinsM' o Dihydroceramide
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GluCer synthase

Ceramidase l T Cer Synthase l LacCer synthase
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Ethanolamine -1-PO, +  Hexadecenal Gangliosides

Figure 2. Biochemical pathways of sphingolipid metabolism

Products are indicated in bold and italics. Abbreviations for enzymes are as follows: SPT =
Serine palmitoyl transferase, 3-keto-dhSr= 3-keto-dihydrosphingosine reductase, dhCer
desaturase = dihydroceramide desaturase, SP-Phosphatase = Sphingosine phosphate
phosphatase, SP kinase = Sphingosine kinase, Cer kinase = Ceramide kinase, Cer Synthase
= Ceramide synthase, Cer-1-P Phosphatase = Ceramide-1-phosphate phosphatase, SMase =
Sphingomyelin synthase, GluCer synthase = glucosylceramide synthase, GluCeramidase =
glucosyl ceramidase, GalCer synthase = galactosylceramide synthase, LacCer synthase =
Lactosylceramide synthase, GlyCer synthase = Glycosylceramide synthase, LacCer
sialytransferase = Lactosylceramide alpha-2,3-sialyltransferase.
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