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Abstract
Understanding the etiopathological processes of Alzheimer’s disease (AD) in the preclinical and
early clinical stages will be important in developing new therapeutic targets and biomarkers. There
is growing consensus that nonamyloid targets will be necessary to reverse or slow AD
progression. Lipidomic, metabolomic and targeted approaches have identified pathways and
products of sphingolipid metabolism that are altered early in the course of AD and contribute to
the neuropathological alterations associated with AD, including amyloid-β production, tau
formation and neurodegeneration. In this article, we briefly review the current literature on the
role of sphingolipids in the underlying pathophysiology of AD, and then discuss the current state
of translating these findings to clinical populations and the potential utility of plasma
sphingolipids as diagnostic and/or prognostic indicators of AD.
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An estimated 35.6 million people worldwide are currently living with dementia, of which
60–70% are diagnosed with Alzheimer’s disease (AD) [1]. As the number of AD cases is
expected to double every 20 years, the public health burden threatens to explode in the
middle of this century unless disease-modifying therapies are found to treat, or slow, the
progression of the disease. Much of the escalation of the prevalence of dementia will be due
to increases in low and middle income countries. In 2010, approximately 57.7% of people
with dementia lived in low and middle income countries; this will increase to 70.5% by
2050 [1]. There are currently no disease-modifying therapies for AD. As evidenced by the
many failed treatment trials for AD to date, there appears to be no treatment benefit in the
fully symptomatic stage of the disease. One explanation for this lack of efficacy is that
treatments may be administered too late in the disease process. In addition, virtually all AD
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treatment trials to date have focused on antiamyloid therapies. An alternative hypothesis is
that AD can be caused or induced by nonamyloid factors including calcium dysregulation,
altered cell signaling, oxidative stress, inflammation and lipid perturbations, so other
therapeutic approaches may be necessary [2].

Lipids play an important role in the structure of neuronal cell membranes, directly affecting
the solubility and fluidity of the membrane. The homeostasis of membrane lipids in neurons
and myelin is a key component in preventing loss of synaptic plasticity, cell death and,
ultimately, substantial neurodegeneration [3,4]. Sphingolipids are a class of lipids derived
from the aliphatic amino alcohol sphingosine (Figure 1). This class of lipids makes up
approximately one third of the content of eukaryotic cell membranes and is highly enriched
in the CNS, especially in myelin where the proportion of sphingolipids is more than half the
total lipid content. In addition to important structural roles, sphingolipid metabolites
function as second messengers that modulate critical signaling functions for inter- and
intracellular events. In the brain, the proper balance of sphingolipids is essential for normal
neuronal function [5], as evidenced by a number of severe brain disorders that are the result
of deficiencies in enzymes that control sphingolipid metabolism. For example, Niemann–
Pick disease (type I) involves a deficiency in sphingomyelinase (an enzyme that catalyzes
the hydrolysis of sphingomyelin) and mutations in the gene coding for glucocerebrosidase,
the enzyme that breaks down glucosylceramide into glucose and ceramide, is a common
genetic factor identified in Parkinson’s disease. While these neurological disorders are the
result of gross disruptions in sphingolipid metabolism, recent discoveries from a number of
laboratories suggest that more subtle changes in sphingolipid balance may be intimately
involved in a number of neurodegenerative diseases [6–11].

Lipidomics, metabolomics and targeted approaches have identified pathways and products
of sphingolipid metabolism that are altered early in the course of AD and contribute to the
neuropathological alterations associated with AD, including amyloid-β production, tau
formation and neurodegeneration [5]. While most studies to date have demonstrated a
relationship between sphingolipids and AD pathology in preclinical models, recent studies
have begun to translate these findings to humans. The present review will first provide a
brief summary of sphingolipid metabolism and the evidence linking sphingolipids to
Alzheimer pathology at the basic scientific level in animals. Next, the current state of the
translation of these findings to clinical and epidemiological populations will be reviewed.
Lastly, the potential clinical utility and limitations of blood-based sphingolipids as
biomarkers of AD progression will be discussed.

Sphingolipid metabolism
Sphingolipid metabolism is a dynamic process that modulates the formation of a number of
bioactive metabolites including multiple ceramides, ceramide-1-phosphate, sphingosine-1-
phosphate (S1P) and glycosphingolipids. Sphingomyelins are largely found in the outer leaf
of the cell membrane or lipoprotein complexes [12] and contribute to the asymmetric shape
and marked curvature of membranes. An early event in apoptosis is the loss of this
membrane symmetry [8]. There is strong evidence that cholesterol and sphingomyelin
preferentially interact with each other in neuronal membranes [13]. This interaction has a
direct effect on the structure and permeability of the cell membrane and has been implicated
in ‘raft’ domains, which are important in cellular processes and second messenger systems
[14]. The processing of APP by β- and γ-secretases occurs in these rafts. Thus, the lipid
membrane content can exacerbate AD pathology.

Sphingomyelin can be rapidly hydrolyzed to ceramide through the actions of a family of
sphingomyelinases. Ceramides are second messengers that regulate cell differentiation,
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proliferation and apoptosis by activating signaling cascades and promoting free radical
generation [15]. While ceramides are important for cell survival and are essential for injury-
induced cytokine production, at high levels ceramides inhibit cell division and induce
cellular dysfunction and apoptosis [16]. Ceramides also activate protein phosphatases and
kinases, enzymes involved in stress signaling cascades [17].

Ceramidase catalyzes the deacylation of ceramide to produce a free fatty acid and
sphingosine. Sphingosine has been shown to inhibit protein kinase C and can also affect the
activity of specific kinases [17]. A metabolite of sphingosine is S1P. Ceramides and
sphingosines are usually associated with negative effects on cell growth and survival, while
S1P has the opposite effect. Thus, the dynamic balance between the concentrations of these
bioactive metabolites helps determine cell function and fate.

Gangliosides, an abundant, heterogeneous family of glycosphingolipids in the brain, are
important components of cellular membranes and also affect neuronal plasticity and cell
survival. These lipids play key roles in signal transduction, synaptic function, neurite
outgrowth and neuronal regeneration, and are concentrated in lipid rafts (see [18] for
review). Abundant evidence suggests that the amount and composition of some gangliosides
change with age [19,20]. For instance, the incorporation rate of GM1 into myelin and
hippocampal GD1A levels clearly decrease with advancing age [20]. As increasing age is
the strongest risk factor for sporadic AD and the number of amyloid plaques also increases
with age, changes in ganglioside composition could be a key trigger in inducing or
increasing Alzheimer pathology.

Cell & animal studies suggest sphingolipids contribute to Alzheimer’s
pathology
Sphingolipids & amyloid-β

Several lines of evidence suggest both direct and indirect associations between ceramides
and amyloid-β levels [21], the hallmark of AD pathology. First, exposure of cultured
neurons to amyloid-β1– 42 directly increases ceramide levels and decreases sphingomyelin
levels by activating neutral sphingomyelinase [22–24]; inhibiting this increase protects
neurons from amyloid-β-induced cell death [8]. Second, amyloid-β1–42 indirectly increases
ceramides through an oxidative stress-mediated mechanism [8,21,25]; the increased
ceramides then increase inflammatory and reactive oxygen species, further enhancing the
pathology in a self-sustaining way. Last, ceramides may regulate amyloid-β1–42 production
by modulating β-, and potentially γ-secretase activity [26,27].

Gangliosides are thought to directly contribute to amyloid burden in AD (see [18,28] for
more in-depth reviews). Several studies have shown that amyloid-β adopts an altered
conformation by binding to GM1, one of the major brain gangliosides, to form GM1-bound
amyloid-β. GM1-bound amyloid-β has a strong tendency to form large amyloid-β
assemblies and has altered immunoreactivity, thus acting as a seed for the assembly of
soluble amyloid-β in the AD brain [29,30]. In addition to the direct contribution to amyloid
burden in AD, gangliosides may also help to explain why amyloid-β deposits in the brain in
an area-specific manner, leading to the formation of amyloid angiopathy and senile plaques.
GM3 and GM1 are selectively expressed on vascular smooth muscle cells and presynaptic
neuronal membranes [31,32]. Thus, area-specific amyloid deposition, such as amyloid
angiopathy and senile plaques, may be attributed to the regional expression of particular
ganglioside species [33]. These findings have yet to be translated to clinical studies.

In addition to ceramides and gangliosides, sphingomyelin and sphingosine-1-phosphate may
also contribute to amyloid-β levels. Sphingomyelin levels are significantly perturbed in the
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brains of mice with human PS1 mutations compared with controls [34]. In addition,
sphingosine-1-phosphate has been hypothesized to bind to β-secretase and to affect the
proteolytic processing of the enzyme and subsequent amyloid-β production [35].

Sphingolipids & tau
While most studies to date have focused on the associations between sphingolipids and
amyloid-β, recent studies have also linked sphingolipids to tau phosphorylation. PP2A is the
major brain enzyme that regulates tau phosphorylation [36,37]. While the exact mechanism
is unknown, several studies have established that ceramides modulate PP2A activity [38–40]
and this association may be specific for the ceramide with the 18-carbon acyl chain length
(C18) [40]. Given the association between ceramide and tau, it is interesting to speculate
that the positive feedback loop between ceramides and amyloid-β further increases ceramide
levels and thereafter leads to tau hyperphosphorylation [41], supporting the current
hypothesis that amyloid-β pathology is deposited prior to neurofibrillary tangles. However,
many individuals have tau phosphorylation and neurodegeneration without concomitant
amyloid deposition. Further research is needed to understand how additional pathological
factors, such as α-synuclein, can also induce ceramide production and lead to tau
phosphorylation.

Sphingolipids & neurodegeneration
Previous reviews have highlighted the role of ceramides in apoptosis [42]. Briefly, stress
signals including cytokines (e.g., TNF-α, IL-1 and fas ligand), nerve growth factor, nitric
oxide, reactive oxygen species, cytotoxic agents (e.g., chemotherapeutic agents),
environmental stress, injury and infections can lead to increased levels of ceramide through
the activation of sphingomyelinases, or through the de novo synthesis of ceramide [43].
Inflammation and insulin resistance are specifically known to increase ceramide production,
which then further increase ceramides in a positive feedback loop [44]. While the exact
mechanisms by which these increased ceramides then induce apoptosis are unclear,
modification of the PI3K–Akt pathway has been repeatedly observed. The PI3K–Akt
pathway is associated with survival responses in that it inhibits the expression of
proapoptotic factors (i.e., Bad, Bax, GSK-3 and P53) and activates antiapoptotic proteins
(i.e., Bcl-2, Bcl-XL) [42]. PTEN is a critical inhibitor of the PI3K–Akt pathway.
Importantly, ceramide-induced translocation of PTEN to the cell membrane inhibits the
PI3K–Akt pathway, resulting in increased BAD mobilization to the mitochondria and
subsequent release of additional pro-apoptotic mediators [42,44]. Ceramide-induced
deactivation of the PI3K/Akt pathway also increases GSK-3B and tau phosphorylation [45].

Ceramides mediate the relationship between amyloid-β & neurodegeneration
While the exact mechanisms are unknown, studies have suggested ceramides mediate the
relationship between amyloid-β and neurodegeneration. Amyloid-β increased ceramide
levels in cultured neurons and induced death approximately 12–24 h later [8]. However,
reducing this ceramide increase by savaging free radicals or by inhibiting the synthesis of
ceramide, greatly reduced neuronal death [8,46]. These observations have recently been
confirmed in mouse models of AD. Significant increases in long-chain ceramides occur very
early in the cortex of the APPSL–PS1Ki mouse model, prior to neuronal loss [47]. The
APPSL–PS1Ki mouse model is differentiated from other AD mouse models in its drastic
neuronal loss, in part due to N-terminal truncated amyloid-β variants. Notably, in other
mouse models, including APPSL, APPSL–PS1M146L and APPsw, in which there is not
extensive early neuronal loss, ceramides were not found to be increased in the cortex or
hippocampus [48,49]. Thus, similar to the discussion with tau above, amyloid-β-induced
ceramide increases can lead to subsequent neurodegeneration. The development of
therapeutic means of reducing the ceramide accumulation could delay or prevent the
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subsequent neurodegeneration and tau accumulation that correlate with the clinical
symptoms of AD.

Notably, as mentioned above, some sphingo-lipids exert opposing effects on cell death and
survival. While both ceramide and sphingosine are proapoptotic, sphingosine-1-phosphate is
primarily antiapoptotic. Thus, the dynamic balance between these lipids can determine a
cell’s fate [50]. While this balance has been examined in cardiovascular diseases and cancer,
little research has been conducted in AD and other neurodegenerative diseases at the basic
scientific level, in animals or in the clinic.

Postmortem & cerebrospinal fluid sphingolipids in AD
The vast majority of research to date examining the role of sphingolipids in the
pathophysiology of AD has been at the basic scientific level and has only been applied to
animals. More recently, studies are attempting to translate these findings to humans by
examining postmortem tissue, cerebrospinal fluid (CSF) and peripheral sphingolipid levels.
Studies examining brain sphingolipids in AD patients, other neurological diseases and
controls were previously reviewed [51] and are updated and briefly discussed here (see
Table 1 for the updated summary of findings from published studies) [8,46,52–57]. While
multiple postmortem studies have examined sphingolipid levels and gene expression
patterns of enzymes in the sphingolipid metabolism pathway, the results are difficult to
compare given the study-specific differences in sphingolipids and brain regions examined,
use of gray or white matter (or both), and the clinical and pathological severity of the AD
brains (i.e., mild, moderate or severe AD).

Overall, ceramide levels were typically found to be elevated in most brain regions of AD
patients compared with nonpathological age-matched controls [8,46,53,56,57]. Similarly,
gene expression of enzymes contributing to elevated ceramide levels are upregulated in AD
patients relative to controls [55,57,58]. Levels appear to vary by disease severity, with
ceramide levels or gene expression patterns increasing at the earliest stages of the disease
and decreasing at moderate-to-severe stages [53,55]. The specificity of elevated brain
ceramides to AD pathology is uncertain. One study reported that high acid
sphingomyelinase activity, leading to high ceramides, positively correlated with levels of
both amyloid-β and phosphorylated tau [46]. However, another study did not find
differences in sphingolipid levels when comparing the brains of AD patients to other
neuropathologies (i.e., Lewy bodies and tauopathy, fronto-temporal lobar degeneration)
[57]. Thus, it is unlikely elevated brain ceramides will be specific to AD pathology,
especially given the strong role of ceramides in global neurodegenerative processes.

In contrast to the relative consistency among studies examining postmortem ceramides,
findings from studies of sphingomyelins vary. Sphingomyelin levels have been reported to
be increased [52,56] or decreased [8,46] in AD versus control brains. A reason for these
discrepancies could be the study variations in disease severity. The sphingolipid pathway is
quite dynamic and it is possible that there are shifts in the pathway with elevations of
specific lipids depending on the pathology present and degree of neurodegeneration.

The use of postmortem tissue samples is important when identifying a biomarker for AD
because a definite diagnosis of AD requires autopsy documentation of pathology. However,
in vivo studies, such as those using CSF or peripheral measures, are necessary to determine
whether biomarkers can be used as indicators or predictors of disease progression. While
several postmortem studies have examined sphingolipids levels in AD patients, few studies
have examined CSF sphingolipid levels. One study reported that CSF sulfatides were
decreased in cognitively normal individuals compared with those with “incipient dementia
of the Alzheimer type” [59]. Another study found that CSF ceramide levels were higher in
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AD patients compared with those with other neurological diseases (cervical spondylosis,
tension-type headache, metabolic encephalopathy or infarct) [60]. However, there was not a
significant difference in levels between AD and amyotrophic lateral sclerosis patients,
suggesting this may be a general response to neurodegeneration. More recently, two studies
examined CSF levels of sphingomyelin [61,62]. The first reported higher sphingomyelin
levels in probable AD cases relative to cognitively normal controls [61]. The second study
extended these findings to examine whether CSF sphingomyelins varied by disease severity
[62]. In this study, sphingomyelin levels were elevated in prodromal AD patients, but not
mild or moderate AD. Notably, no study to date has examined the correlation between CSF
sphingolipids and CSF amyloid-β or tau levels.

Peripheral sphingolipids: risk & progression of AD
A blood-based biomarker would be superior to more costly and invasive CSF and
neuroimaging measures, and a blood draw would be more feasible and acceptable if
repeated measures are needed for tracking disease progression or therapeutic response.
Blood-based biomarkers would also be more readily accessible in developing countries,
which is critical since it has been estimated that 70% of AD cases will be in low- to middle-
income countries by 2050 [1]. However, the development of a blood-based biomarkers for
neurodegenerative diseases is difficult due to the limited passage of many molecules through
the blood–brain barrier, and the difficulty in directly linking peripheral markers and brain
processes. An ongoing hypothesis is that peripheral changes over the course of AD may
reflect a systemic metabolic signature of the disease [63]. While results examining several
plasma or serum markers for AD have been published, few have shown consistent results
across studies. For example, as illustrated in a recent systematic review and meta-analysis,
both high and low plasma amyloid-β1–42 levels have been found to increase the risk of AD,
or there is no association [64]. There is also a high degree of variation in plasma amyloid-β
levels within and across studies. More recently, studies have begun to examine peripheral
sphingolipid levels and clinical outcomes across a range of AD severities, with promising
results for ceramides.

The initial peripheral sphingolipid studies examined levels of gangliosides and the activity
of corresponding lysosomal enzymes (e.g., β-galactosidase). Both ganglioside levels and
enzyme activity were elevated in the leukocytes [65] and fibroblasts [66,67] of AD patients
relative to age-matched cognitively normal controls. However, while mean levels differed,
there was significant overlap between groups, suggesting these lipids may not have the
sensitivity and specificity to be acceptable diagnostic biomarkers for AD. Longitudinal
studies have also not been conducted to determine whether gangliosides could be useful as
predictive biomarkers of cognitive decline or progression.

Subsequent peripheral sphingolipid studies have primarily focused on ceramides and
sphingomyelins in the blood. The relationship between peripheral ceramides,
sphingomyelins and cognitive impairment was first examined in a pilot study of 100 women,
aged 70–79 years at baseline, enrolled in WHAS II [10]. The women, all cognitively normal
at baseline, were followed up to six times over 9 years. Cross-sectionally, lower levels of
serum ceramides and sphingomyelin were associated with memory impairment, but
longitudinally high ceramide levels predicted memory impairment. In fact, none of the
women with blood levels of ceramide d18:1–C22:0 in the lowest tertile, and only one
woman with blood levels of ceramides d18:1–C16:0 and d18:1–C24:0 in the lowest tertile
developed memory impairment over 9 years of follow-up. All WHAS II participants were
subsequently adjudicated for dementia and dementia type, and the relationship between
serum sphingolipids and incident dementia (all-cause and AD) has now been examined.
Higher baseline serum ceramides were associated with an increased risk of all-cause
dementia and AD [68]. Notably, these relationships were stronger with AD than with all-
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cause dementia. Compared with the lowest tertile, the middle and highest tertiles of
ceramide d18:1–C16:0 were associated with a tenfold (95% CI: 1.2–85.1) and 7.6-fold
increased risk of AD (95% CI: 0.9–62.1), respectively. The highest tertiles of ceramide
d18:1–C24:0 (hazard ratio: 5.1, 95% CI: 1.1–23.6) and lactosylceramide (hazard ratio: 9.8,
95% CI: 1.2–80.1) were also associated with risk of AD. Total and HDL cholesterol and
triglycerides were not associated with risk of developing dementia or AD. These results
suggest that the association between peripheral ceramides and incident AD is not due to a
general lipid effect, but is specific to sphingolipids.

While the above studies suggested that high peripheral ceramides were associated with an
increased risk of memory impairment and AD, it was not clear if peripheral sphingolipids
could be utilized as diagnostic markers for AD or if they were associated with brain
pathology. A study using clinically well-characterized (including neuroimaging) cognitively
normal individuals and persons with amnestic mild cognitive impairment (MCI) and AD
attempted to address these questions [69]. Cross-sectionally, plasma ceramide d18:1–C22:0
and d18:1–C24:0 levels were significantly perturbed in patients with amnestic MCI
compared with both normal control and AD, replicating the previous study’s cross-sectional
results. However, as with gangliosides, there was much overlap between groups, indicating
blood ceramides will not be useful diagnostic markers for AD. Longitudinally, over 1 year
of follow-up, high plasma ceramide levels, particularly d18:1–C22:0 and d18:1–C24:0,
predicted cognitive decline and hippocampal volume loss among amnestic MCI patients,
again suggesting the predictive value of peripheral ceramides. Furthermore, the results also
suggest a relationship with hippocampal atrophy, a cardinal feature of AD, thereby
somewhat validating the use of peripheral sphingolipid measures. In line with the hypothesis
that peripheral sphingolipids could be predictors of cognitive decline, a study of AD
patients, with a follow-up of 2.4 years on average, also reported that high plasma ceramide
and low sphingomyelin levels were associated with a faster rate of cognitive decline [70].

The above studies all used targeted mass spectrometry techniques to quantitatively measure
individual sphingolipid species in the blood. Using a multidimensional mass spectrometry-
based shotgun lipidomics approach, Han et al. measured over 800 lipid species in the plasma
of AD cases and cognitively normal controls [71]. Of the lipids examined, specific species
of sphingomyelins and ceramides, and the sphingomyelin–ceramide ratio, differed between
AD cases and cognitively normal controls. Thus, these results suggest that the peripheral
sphingolipid findings are robust across different populations and methods.

Steps for further research & validation
The above-described results are consistent and promising, and suggest the potential utility of
peripheral sphingolipids as biomarkers of cognitive progression at all stages of AD (i.e.,
cognitively normal individuals, amnestic MCI and AD). However, while the longitudinal
nature of the peripheral ceramide studies suggests that changes in blood ceramide levels
precedes cognitive changes, clinical trials and direct experimental evidence in humans
identifying a causal association have not yet been published. Furthermore, with the
exception of the one study examining peripheral ceramides and hippocampal volume loss
[69], no studies have examined peripheral measures of sphingolipids in relation to CSF
amyloid-β or tau levels, or other neuroimaging modalities. Additional research is necessary
to determine whether sphingolipid metabolites could be therapeutic targets for the
prevention or treatment of AD. It is possible that plasma ceramides could be useful as
predictors of cognitive progression for the purposes of clinical trial enrichment. If AD drugs
that target the sphingolipid pathway are developed, peripheral sphingolipids could also be
utilized as biomarkers of therapeutic response. However, in addition to further clarifying the
pathological associations between peripheral sphingolipids and AD pathology, additional
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research and validation is needed to develop plasma sphingolipids into clinically useful
biomarkers that can be used at the population level. First, normal ranges of plasma
sphingolipid levels and factors that cause normal variation in these levels (e.g., age, sex and
ethnicity) need to be determined and validated using high-throughput methodologies. While
an important study examining the genetic determinants of circulating sphingolipid
concentrations was conducted in European populations, standards were not run for each
individual lipid species to obtain specific plasma concentrations [72]. Identifying normal
ranges and within-individual variability will not only be important for examining peripheral
sphingolipids in AD and other neurodegenerative diseases, but will also help further
sphingolipid research and its clinical application in other diseases such as cancer, diabetes,
atherosclerosis and hypertension. Second, in vivo relationships between plasma
sphingolipids and Alzheimer pathology need to be assessed using CSF and/or neuroimaging
markers of amyloid-β and tau. This will be important to establish whether perturbations in
these lipids are specific to AD pathophysiology (or tauopathies if the only relationship is
with tau). While it is attractive to identify an AD-specific marker that leads to new disease-
specific therapeutic opportunities, the identification of a peripheral neurodegenerative
biomarker that can predict rate of progression would also be extremely valuable.

Finally, it is important to understand the mechanisms by which peripheral sphingolipids are
associated with brain processes. It has been elegantly shown that toxic ceramides generated
in one tissue can exert negative effects on other tissues, including the brain [44]. However,
no published study to date has directly assessed the correlation between plasma and CSF
sphingolipids in cognitively normal individuals or persons with amnestic MCI or AD. While
CSF may not be directly indicative of neuronal processes, it is often used as an indirect
measure of brain metabolism. A complexity of examining correlations in sphingolipid levels
between the brain and periphery is that some enzymes in the sphingolipid pathway have
tissue-specific expression levels, resulting in the differential distribution of specific carbon
chain lengths. For example, ceramides with 18 carbons are the most abundant in the brain,
whereas ceramides with 22 and 24 carbons are most abundant in the blood. Thus, it may be
beneficial to examine the correlations between total ceramide levels and specific chain
lengths.

Recent studies with synthetic ceramides of short chain lengths (C2, C5 or C6) suggest that
these lipids can cross the blood–brain barrier [73,74]. However, it remains uncertain as to
the penetrability of long chain ceramides and other sphingolipids. If there is a strong
correlation between peripheral and CSF ceramide levels, peripheral ceramides can be
utilized as a direct measure of brain ceramides. However, if a direct correlation is not found,
this does not mean that blood ceramides will not be helpful in the prognosis of AD. As
ceramides and other sphingolipids can act as second messengers, it is likely these lipids will
affect other toxic compounds that cross the blood–brain barrier [44]. Thus, peripheral
sphingolipids indirectly affect brain processes. Moreover, several studies have suggested
that sphingolipids are critical factors in the development of cardiovascular diseases and
insulin resistance [75–79]. All of these vascular outcomes are known to increase the risk of
AD and also affect the rate of disease progression after an AD diagnosis [80]. Thus, there
are several mechanisms by which peripheral sphingolipids can directly or indirectly increase
the risk of AD and affect the rate of disease progression [51].

Conclusion
In the brain, the proper balance of sphingolipids is essential to sustain neuronal function.
Lipidomics, metabolomics and targeted approaches suggest products of sphingolipid
metabolism, especially ceramides, are altered early in the course of AD and contribute to the
neuropathological alterations associated with AD, including amyloid-β production, tau
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formation and neurodegeneration. While most research to date has been at the basic
scientific level in animals, recent studies are translating these findings to clinical populations
to determine whether sphingolipid metabolites can be useful treatment targets and
biomarkers for AD. Notably, multiple studies of different populations and methodologies
suggest that elevated blood ceramides are associated with an increased risk of AD and
progression of cognitive decline. These results suggest that plasma ceramides could be used
as biomarkers of AD progression and for the purposes of trial enrichment, but not as a
diagnostic biomarker. With the ongoing development of drugs targeting the sphingolipid
pathway, plasma sphingolipids could also be utilized as indicators of therapeutic response.
While basic scientific studies have linked sphingolipids to AD pathology, clinical studies
have not examined the associations between CSF or plasma sphingolipids, and CSF or
neuroimaging biomarkers of AD. Studies which do this are needed to determine whether
sphingolipids will be specific to AD or are more general markers of neurodegenerative
processes. Additional research is also needed to determine the direct and indirect effects of
peripheral sphingolipids on brain processes.

Future perspective
While basic scientific research in animals has shown sphingolipids increase amyloid-β, tau
and neurodegeneration, these findings need to be extended to human samples using well-
conducted experimental study designs. In parallel, continued development of high-
throughput sphingolipid assays is necessary to develop plasma sphingolipids into clinically
useful biomarkers of AD progression. These assays will also be important to expand clinical
research in other areas including cardiovascular diseases, diabetes and cancer. The further
development of plasma sphingolipids into biomarkers for AD progression will have the
advantages of being superior to more costly and invasive CSF and neuroimaging measures,
more feasible and acceptable for repeated measures, and more readily accessible in
developing countries.
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Executive summary

Sphingolipid metabolism

• Sphingolipids make up approximately one third of the content of eukaryotic cell
membranes and are highly enriched in the CNS.

• In addition to important structural roles, sphingolipid metabolites function as
second messengers that modulate critical signaling functions for both inter- and
intra-cellular events.

• Sphingolipid metabolism is a dynamic process that modulates the formation of a
number of bioactive metabolites including ceramide, ceramide-1-phosphate,
sphingosine, S1P and glycosphingolipids.

Cell & animal studies suggest sphingolipids contribute to Alzheimer’s pathology

• Cellular and animal studies have found both direct and indirect links between
sphingolipids, mainly ceramides, amyloid-β, tau phosphorylation and
neurodegeneration.

Postmortem & cerebrospinal fluid sphingolipids in Alzheimer’s disease

• Ceramide levels are elevated, and gene expression of enzymes contributing to
ceramide levels are upregulated, in brain regions of Alzheimer’s disease (AD)
patients relative to nonpathological age-matched controls, and vary by disease
severity. Studies examining brain sphingomyelins in AD patients and controls
have been inconsistent.

• Cerebrospinal fluid sphingolipids including ceramides, sphingomyelins and
sulfatides are elevated in AD brains compared with nonpathological controls,
and vary by disease severity.

Peripheral sphingolipids: risk & progression of AD

• Elevated blood ceramide levels have been found to predict:

– Cognitive impairment and AD among cognitively normal individuals

– Memory decline and hippocampal volume loss among amnestic mild
cognitive impairment patients

– Faster rates of cognitive decline among AD patients

Steps for further research & validation

• Further development of high-throughput methods is needed to develop clinically
useful sphingolipid assays.

• Studies assessing the relationship between both cerebrospinal fluid and
peripheral sphingolipids, and cerebrospinal fluid amyloid-β and tau, and
neuroimaging measures are needed. The studies will help determine whether
sphingolipid perturbations and biomarkers will be specific to AD or more global
markers of neurodegeneration.

• Additional research is also needed to assess both the direct and indirect
mechanisms by which peripheral sphinoglipids can affect brain processes.

• Experimental designs in humans are needed to confirm mechanistic associations
between peripheral and brain sphingolipids, and Alzheimer’s pathology.
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Figure 1. Sphingolipid metabolism
Products are indicated in italics.
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Table 1

Postmortem human studies examining sphingolipid alterations in Alzheimer’s disease.

Author (year) Brain regions and sample size Findings Ref.

Pettegrew et al.
(2001)

Gray matter from MFG, MTG, inferior
parietal lobule, occipital cortex and
cerebellar cortex: 45 AD, 11 NC

↑SM in AD vs NC when all brain regions were combined or
individually in CRB and inferior parietal cortex, but not in occipital,
superior/middle frontal or superior temporal cortices. Levels of SM
positively correlated with the number of Aβ plaques, but not with
neurofibrillary tangles

[52]

Han et al. (2002) Gray and white matter from MFG,
MTG, inferior parietal lobe, CA1
portion of hippocampus and subiculum,
entorhinal cortex, CRB: 5; CDR = 0–3;
CDR = 0.5–4; CDR = 1–6; CDR = 2–4;
CDR = 3

↓Sulfatide in gray and white matter of frontal, temporal and parietal
lobes, and CRB, in CDR = 0.5–3 vs CDR = 0. Sulfatide mass did not
increase with increasing AD severity from CDR = 0.5 to CDR = 3.
↑Ceramide in both gray and white matter of all brain regions in CDR =
0.5–3 vs CDR = 0 brains. Ceramide mass of CDR = 2 or 3 ↓compared
with CDR = 0.5 or 1, but still higher than CDR = 0. No differences in
SM or GalC mass or GalC sulfotransferase activity by disease severity

[53]

Cutler et al.
(2004)

Whole tissue from MFG and CRB: 7
AD, 7 NC. Membrane raft preparations
of frontal cortex: 2 NC, 5 mild AD, 8
moderate AD, 12 severe AD

↑Ceramide C24:0 and galactoceramide C24:0 and ↓SM C24:0 in MFG
of AD vs NC. No differences in the CRB. ↑Ceramide C18:0 and C24:0
from AD vs NC. Both ceramides ↑ with disease severity. No
differences in GalC, sulfatide or SM

[8]

Huang et al.
(2004)

Gray matter from frontotemporal areas
of 10 AD and 10 NC

↑AC in AD vs NC. Acid ceramidase colocalized in cell bodies of
neurons with neurofibrillary tangles but not AB plaques

[54]

Katsel et al.
(2007)

Brain tissue from frontal, parietal,
temporal and occipital areas; cingulate,
caudate, hippocampus and putamen:
19; CDR = 0–16; CDR = 0.5–18; CDR
= 1–16; CDR = 2–20; CDR = 0–28;
CDR = 4–5

Temporal and frontal cortices had greatest number of transcripts with
altered expression. Several genes within sphingolipid pathway up- or
downregulated at specific disease stages vs CDR = 0. Enzymes
controlling longchain ceramide (C22:0 and C24:0) synthesis
upregulated early in disease process (CDR = 0.5) and glucosylceramide
downregulated. No alteration in gene expression for enzymes that
control SM and glycosphingolipid turnover into ceramides

[55]

He et al. (2010) Gray matter from frontotemporal area:
9 AD, 6 NC. Divided samples into
soluble (cytosolic) and membrane
fractions

↑Membrane, not cytosolic ASM and AC activity in AD vs NC. No
difference in NSM activity. ↑Ceramide and sphingosine and ↓SM and
S1P levels in soluble (cytosolic) fractions. Positive correlation between
ASM activity and AB and PHF-1. Negative correlation between S1P
levels and AB and PHF-1

[46]

Marks et al.
(2008)

Frontal cortex: 18 AD, 11 NC ↓GCS activity in AD vs NC. Reduction in GCS activity strongly
correlated with degrees of atrophy on the CERAD scale in AD

[58]

Bandaru et al.
(2009)

Gray and white matter from MFG,
MTG and CRB. 30 AD (15 APOE ε4
and 15 APOE ε3). 26 NC (6 APOE ε4
and 20 APOE ε3)

AD vs NC comparison: ↑ SM C16:0, C18:0, C22:0 and C24:0,
ceramide C18:0, C24:0 and steraoyl in gray matter; ↓ceramide C16:0,
C22:0, C24:1, steraoyl and sulfatide in white matter of MFG. No
differences in MTG. APOE ε4 vs ε3: among AD, ε4 carriers had ↓SM
C22:0 and C24:0 and ↑ceramide C18:0, C24:1 and sulfatide in gray
matter, and ↑ ceramide C22:0 in white matter of the MFG. No
differences in the MTG or CRB by ε4 status. Lipid levels in NC did not
vary by APOE ε4 allele status in any brain region

[56]

Filippov et al.
(2012)

Frontal cortex. Ceramide levels in 19
AD, 6 AD plus other neuropathology
(AD plus NP), 9 NP only, 6 NC. Gene
expression of ASM, NSM2, UGCG,
GalC in 8 AD, 4 NP and 3 NC

↑Total ceramide levels in all disease groups (AD, AD plus NP and NP)
vs NC. No differences in ceramides between AD, AD plus NP, and NP
groups. Gene expression was not perturbed similarly within each
group. However, in general, ASM and NSM2, and GalC were
upregulated in both AD and NP, compared with NC and UGCG, which
were downregulated

[57]

Chan et al.
(2012)

Gray matter from PFC, ERC, and CRB
in 10 AD and 10 NC

PFC: ↑Ceramides, glucosylceramide and GalC in AD vs NC.
↑Longchain SM (22:1 and 26:1) and ↓SMC20:0 in AD vs NC
ERC: ↑In all SM levels AD vs NC. No differences in ceramide levels.
No group differences in any lipid in the CRB

[81]

AB: Amyloid-β; AD: Alzheimer’s disease; CERAD: Consortium to Establish a Registry for Alzheimer’s Disease; CDR: Clinical Dementia Rating
Scale; CRB: Cerebellum; ERC: Entorhinal cortex; MFG: Middle frontal gyrus; MTG: Middle temporal gyrus; NC: Normal control; PFC:
Prefrontal cortex; SM: Sphingomyelin.
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