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Abstract
Diseases including cancer, type 2 diabetes, cardiovascular and immune dysfunction and
neurodegeneration become more prevalent as we age, and combined with the increase in average
human lifespan, place an ever increasing burden on the health care system. In this chapter we
focus on finding ways of modulating sphingolipids to prevent the development of age-associated
diseases or delay their onset, both of which could improve health in elderly, fragile people.
Reducing the incidence of or delaying the onset of diseases of aging has blossomed in the past
decade because of advances in understanding signal transduction pathways and cellular processes,
especially in model organisms, that are largely conserved in most eukaryotes and that can be
modulated to reduce signs of aging and increase health span. In model organisms such
interventions must also increase lifespan to be considered significant, but this is not a requirement
for use in humans. The most encouraging interventions in model organisms involve lowering the
concentration of one or more sphingolipid so as to reduce the activity of key signaling pathways,
one of the most promising being the Target of Rapamycin Complex 1 (TORC1) protein kinase
pathway. Other potential ways in which modulating sphingolipids may contribute to improving the
health profile of the elderly is by reducing oxidative stresses, inflammatory responses and growth
factor signaling. Lastly, perhaps the most interesting way to modulate sphingolipids and promote
longevity is by lowering the activity of serine palmitoyltransferase, the first enzyme in the de novo
sphingolipid biosynthesis pathway. Available data in yeasts and rodents are encouraging and as
we gain insights into molecular mechanisms the strategies for improving human health by
modulating sphingolipids will become more apparent.
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1. Introduction
A majority of people in developed countries will die from diseases whose prevalence
increases rapidly around the sixth decade of life. These age-related diseases include cancer,
cardiovascular or immune dysfunction, type 2 diabetes, obesity and various types of
neurodegeneration. Studies over the past twenty years have found many roles for
sphingolipids in these diseases and disease treatments based on modulating sphingolipids are
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being sought [1-7]. Similarly, studies on other factors besides sphingolipids that are
involved in age-related diseases also focus primarily on disease treatment. As an alternative
to treating an advanced disease state, it may be more advantageous for improving human
health to devise strategies to prevent or delay the incidence of these diseases or detect them
early before they progress to an advanced stage with a low cure rate [8-10]. Hence, this
review focuses on ways to modulate sphingolipids in ways that reduce the incidence of age-
related diseases or slows their progress and improves health span or the period of life spent
free of these diseases and the disability they incur. In addition, such strategies may increase
average or even maximal lifespan.

2. Sphingolipid synthesis
The overview of sphingolipid metabolism shown in Fig. 1 is a minimalistic representation of
what is an extremely complex body of intracellular metabolism. Several well known
sphingolipids with vital roles in humans are not shown because there is no specific link to
aging and longevity. Since knowledge is constantly accumulating, readers with specific
interests should examine the literature carefully for more details including other chapters in
this special volume.

In eukaryotes sphingolipid synthesis begins in the endoplasmic reticulum (ER) where serine
palmitoyltransferase (SPT) catalyses the condensation of serine with a fatty acyl-CoA to
yield 3-ketosphinganine (ketodihydrosphingosine) (Fig. 1). The basic core of SPT is a
heterodimer composed of the Lcb1 and Lcb2 subunits [11, 12]. Lcb1 and Lcb2 orthologs are
present in all organisms that make sphingolipids and they are often complexed with other
proteins in species-specific formats that control substrate selectivity and enzyme activity
[13, 14].

Ketosphinganine is reduced to sphinganine (dihydrosphingosine), one of several long-chain
bases, LCBs, or sphingoid bases that includes sphingosine in mammals and
phytosphingosine (PHS) in yeasts and plants. Next, a fatty acid is attached to the LCB via an
amide linkage in a reaction catalyzed by ceramide synthase (dihydroceramide synthase) to
give dihydroceramide (N-acylsphinganine). In yeast a C26 fatty acid is most commonly used
by ceramide synthases while mammals use a wide range of fatty acids containing 14-36
carbon atoms and sometimes having double bonds or a hydroxyl group [15, 16]. Other
variations in yeast include 4-hydroxylation of the sphinganine to produce PHS which can be
used also to make ceramides and hydroxylation of the fatty acids in ceramides [17]. Two
yeast ceramide synthases, Lag1 and Lac1 [18, 19] will be discussed below in conjunction
with lifespan. In mammals the sphinganine in dihydroceramide is desaturated to produce
sphingosine with a 4,5-trans-double bond [16].

Mammals have six ceramide synthases (CerS1-CerS6), each using specific substrates and
producing dihydroceramides with different fatty acid moieties to generate a large array of
‘ceramides’ [12, 16]. The ‘many ceramides’ concept [5, 20] neatly summarizes the reality
that ceramides are made in many cellular compartment, not just the ER, and they perform a
wide range of functions including growth arrest, senescence, apoptosis and, as discussed in
more detail below in Section 4, autophagy.

Ceramides are transported from the ER to the Golgi apparatus where the polar head groups
are added (Fig. 1). In yeast the first complex sphingolipid to be synthesized is inositol
phosphoceramide (IPC), which converted to mannose-inositol-phosphoceramide (MIPC) by
transfer of mannose from GDP-mannose onto the inositol 2-OH moiety of IPC. The third
and most complex sphingolipid in yeast, mannose-(inositol-P)2-ceramide (M(IP)2C), is
made by attachment of a second inositol phosphate to MIPC, a reaction that requires the
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IPT1 gene [21]. Another gene, SKN1, has been shown to be required for M(IP)2C synthesis,
but its physiological roles need further characterization [22].

Ceramides in mammals are transported to the Golgi by the ceramide transfer protein (CERT)
and used for sphingomyelin synthesis or they are transported by a separate, vesicle-mediated
route and used to make the very large and heterogeneous group of complex sphingolipids
called glycosphingolipids [12, 16, 23].

3. Roles for sphingolipids in modulating lifespan in model non-mammalian
eukaryotes

We want to begin with a word of caution about lifespan studies. If the level of a protein (or
whatever is being manipulated) is increased or decreased and there is no effect on lifespan,
then it is NOT appropriate to claim that the protein has no role in lifespan. All that can be
claimed is that under the exact conditions of the experiment including strain background,
nutrients and environmental conditions, there is no effect on lifespan. A claim limit is
essential because under another set of conditions the protein may, in fact, have a very
significant impact on lifespan. This is a very real problem because attempts to modulate
human aging and lifespan are likely to only be effective in people with specific phenotypes
caused by individual genetic and epigenetic variations and who live a particular lifestyle.

The first gene shown to regulate replicative lifespan (RLS) in Saccharomyces cerevisiae was
termed LAG1 (Longevity-Assurance Gene 1) [24]. RLS is a measure of how many times a
cell can bud to give rise to a new cell, while the other measure of yeast lifespan,
chronological lifespan (CLS), is a measure of how long cells survive after they have stopped
dividing and entered a quiescent or Go state [25] that yeast researchers term stationary phase
[26]. Stationary phase populations contain long-lived quiescent cells that can enter the cell
division cycle, and non-quiescent cells that are short-lived and cannot enter the cell division
cycle, similar to the phenotype of senescent mammalian cells. Over a decade passed before
LAG1 was found to encode a subunit of ceramide synthase (Fig. 1) [18, 19]. While deleting
LAG1 increases RLS by about fifty percent, it has no effect on CLS [27] for reasons that are
unknown. Deleting LAG1 in another strain background or growing cells in other culture
conditions may reveal roles for Lag1 in CLS, since strain background and culture conditions
can greatly influence yeast lifespan [25]. Deletion of the related LAC1 gene, also encoding a
component of ceramide synthase, has no influence on lifespan [28]. This suggests either that
the role of Lag1 in RLS involves metabolism of specific ceramides or that it has another role
not specifically related to sphingolipids, a distinct possibility since it interacts physically/
genetically with dozens of yeast proteins/genes [summarized at http://
www.yeastgenome.org/].

Another suggestion that sphingolipids regulate lifespan in S. cerevisiae comes from studies
of the IPT1 gene, encoding the enzyme that adds a mannosyl residue to MIPC to yield the
terminal sphingolipid M(IP)2C (Fig. 1). Deletion of IPT1 increased CLS, but only at very
late times and only during severe calorie restriction (CR) in which cells were switched to
water after reaching stationary phase [29]. In addition, cells were grown on a non-
fermentable carbon source, unlike the conditions of a standard CLS assay where the
fermentable carbon source glucose is used [25]. Growth on a non-fermentable carbon source
precludes comparison to most published CLS data. Analysis of the yeast diploid single gene
deletion strain set did not identify the ipt1 mutant as having a long CLS [27]. At this time it
seems prudent to suggest that the role of complex sphingolipids in regulating yeast CLS
needs to be examined in more detail.
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The yeast ISC1 gene encodes an inositol phosphosphingolipid phospholipase C, an ortholog
of mammalian neutral sphingomyelinase-2, that hydrolyzes complex sphingolipids to yield
ceramides and a polar head group [30]. Deletion of ISC1 shortens CLS because Isc1 has
essential roles in mitochondria that are vital for longevity (e.g., oxidative phosphorylation
and iron-sulphur cluster synthesis) [31]. The CLS of isd1 Δ cells can, however, be greatly
increased by deleting the SIT4 gene [32]. Sit4 is the catalytic subunit of a PP2A-type protein
phosphatase whose activity is thought to be stimulated by ceramides [33], akin to ceramide-
activated protein phosphatases in mammals [34]. These data support a model whereby
ceramides produced by Isc1-mediated hydrolysis of complex sphingolipids, probably in
mitochondria [35], activate Sit4. The Sit4 substrates that modulate aging remain to be
identified, but some of these must be involved in mitochondrial functions including
production of reactive oxygen species (ROS), since deleting SIT4 lowers ROS and improves
mitochondrial energy production as part of the mechanism for enhancing CLS [31, 32].

Other analyses of isc1 mutant cells found an elevation in activity of the Hog1 protein kinase,
a type of mitogen-activated protein kinase (MAPK) that protects cells against stresses
including high osmolarity and oxidative insults [36]. Activation of Hog1 in isc1 cells,
however, did not afford stress protection, rather constitutive Hog1 activity exacerbated
mitochondrial dysfunction and oxidative stress phenotypes. Hog1 is a functional homolog of
the mammalian protein kinases p38 and JNK that respond to stresses, increase ceramide
levels and activate ceramide-dependent signaling pathways (reviewed in [37]). Thus, it is
possible that Hog1 is also activated by a ceramide-dependent signaling pathway, but further
data will be required to demonstrate this mechanism.

Overexpression of the yeast YDC1 gene, encoding a ceramidase, causes fragmentation of
mitochondria and vacuoles (yeast lysosomes) and results in apoptosis and a decrease in CLS
[38]. It is not known if these phenotypes are due to a reduction in ceramides or an increase
in one of more of the products of ceramide hydrolysis or a combination of these two
possibilities.

Ceramides have also been shown to regulate lifespan in the fruit fly Drosophila
melanogaster and the roundworm Caenorhabditis elegans. Deletion of the Drosophila
CERT protein (Dcert), which transfers ceramides from the ER to the Golgi, causes an
increase in ROS and oxidative stress and a reduction in lifespan [39]. In contrast to these
results, deletion of the alkaline ceramidase gene (Dacer), whose protein product degrades
ceramides and which is orthologous to mammalian alkaline ceramidase, improves oxidative
stress resistance and increases lifespan. These data imply that ceramide metabolism has a
role in setting the length of a normal lifespan, but the length can be increased by lowering
the concentration of ceramides [40].

The hyl-1 gene of C. elegans, highly related to the yeast LAG1 gene, encodes one of three
related worm ceramide synthases which each have fattyacyl chain specificity. Down-
regulation or inactivation of hyl-1 produces a small, but statistically significant increase in
lifespan [41, 42]. These stimulating studies suggest roles for ceramides in lifespan, but it is
also possible that an increase in ceramide precursors (Fig. 1) or decreases in other
sphingolipids may mediate the lifespan increase. Further insight into how sphingolipids and
ceramides might regulate lifespan has come from studies of worm homologs of mammalian
acid sphingomyelinases (CeASM). Down-regulating the C. elegans ASM3 gene gave the
largest increase in lifespan, but down-regulation of one of the other two CeASM genes in
combination with the ASM3 increased lifespan even further [43]. The lifespan increase was
shown to occur, at least in part, by decreased signaling through the insulin/growth factor-like
signaling pathway (DAF-2/IIS), a major regulator of worm lifespan [44]. A model to explain
these results posits that the DAF-2 receptor in the plasma membrane requires lipid rafts for
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pathway activation and down-regulating activity of one or more of the worm Asm enzymes
reduces raft formation and DAF-2 signal output [43]. Ligand-dependent signaling though
mammalian CD95 receptors is well known to depend on acid sphingomyelinase activity to
generate a high concentration of ceramide in the outer leaflet of the plasma membrane and
promote formation of lipid rafts [45]. While CD95 receptors are usually associated with
apoptosis and cell death, roles in promoting growth and survival in mice are known [46].
Thus, the ASM studies in worms suggest that sphingomyelinases and ceramide-dependent
lipid rafts may play more widespread roles in receptor-mediated lifespan regulation than is
currently recognized [43].

We recently showed that reducing the rate of sphingolipid synthesis in S. cerevisiae
increases CLS. This strategy works in several commonly used strains and under different
culture conditions, indicating that it is a robust method for increasing yeast lifespan and is
not dependent on a specific strain or culture conditions [47, 48]. The rate of sphingolipid
synthesis was regulated by using myriocin (ISP-1) to lower SPT activity and also by using a
tetracycline-repressible promoter to reduce transcription of either the LCB1 or LCB2 gene
that encode essential subunits of SPT.

We envisioned that a reduction in the rate of sphingolipid synthesis could increase CLS by
lowering the concentration of one or more sphingolipids and that this would reduce activity
of the redundant Pkh1/2 protein kinases (Fig. 2A). Pkh1 and Pkh2 are orthologs of
mammalian phosphoinositide-dependent protein kinase 1 (PDK1), but they are activated by
sphingolipids rather than by phosphoinositides [49-51]. Pkh1/2 phosphorylate residue T570
of the Sch9 protein kinase, but this does not activate Sch9. Additional phosphorylation of C-
terminal Sch9 residues by TORC1 is required for kinase activity [51]. Sch9 is the ortholog
of mammalian S6 kinase (S6K) and both have roles in longevity since deletion of SCH9 in
yeast or the S6K gene in mice increases lifespan [52, 53].

In these experiments a chronic, medium dose of myriocin, not an acute high dose, was used
to lower but not completely inhibit SPT activity. This strategy did lower the concentration of
several sphingolipids including sphinganine, phytosphingosine and IPC, but not M(IP)2C
(Fig. 1). Lowering SPT activity in this manner produced a significant increase in CLS (Fig.
2B). Alternatively, reducing the rate of sphingolipid synthesis by using the tetracycline-
repressible LCB1 gene also increased CLS (Fig. 2C), showing that the CLS increase was not
due to off-target effects of myriocin. Deleting PKH2 also reduced phosphorylation of Sch9
T570, as predicted, and increased CLS [47], similar to what deletion of SCH9 does in yeasts
[52].

However, further studies revealed that this model was too simple and that myriocin
treatment influenced signaling pathways in addition to Pkh1/2-Sch9 that had not previously
been known to respond to this drug. For example, the long CLS of sch9Δ cells could be
enhanced further by myriocin treatment (Fig. 3A), indicating that myriocin controls Sch9-
independent processes that promote CLS extension [47].

Analysis of mRNAs in myriocin-treated and untreated cells by using microarrays revealed
global transcriptional changes affecting forty percent of the yeast genome with 1252 genes
up-regulated and 1497 down-regulated (p < 0.05) [48]. Changes included activation of the
Snf1 protein kinase, the homolog of the mammalian AMP kinase (Snf1/AMPK, Fig. 2A),
which controls energy homeostasis [54], along with down-regulation of the Protein Kinase
A (PKA) and the TORC1 pathways (Fig. 2A). These pathways control cellular process that
promote longevity including alterations in carbon metabolism and energy generation,
increased respiration (oxidative phosphorylation), stress protection, autophagy and genomic
stability, along with reduced ribosome assembly and translation (Fig. 2A). Perhaps the most
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notable feature of these data is that the global metabolic remodeling stimulated by myriocin
treatment rivals the remodeling caused by rapamycin treatment and calorie restriction, the
two most established strategies for promoting longevity [8, 55-59]. Cellular processes
represented by the gene ontology (GO) terms enriched in the myriocin microarray dataset
and which have known roles in CLS (Fig. 2A, brown rectangles) were verified by using
targeted assays [48].

The data summarized in Fig. 2A are just a starting point for understanding all of the effects
of myriocin on yeast cells that promote longevity. For example, cross-talk between signaling
pathways is only understood at a rudimentary level and the degree to which each pathway
and cellular process contributes to longevity is unclear. The task of assembling all of the
current microarray and other published data into a network that explains how myriocin
enhances lifespan will require systems biology techniques because it is impossible to
manually assemble such a complex network, even one that does not attempt to decipher
mechanisms at the molecular level.

So what yeast sphingolipids lowered by myriocin treatment produce the changes we observe
and how do they do so? The changes in sphingolipids caused by myriocin treatment have not
been analyzed extensively and the missing information including quantification of the
individual species of complex sphingolipids and ceramides needs to be acquired. There are,
however, several reasons why even a complete dataset of myriocin-induced changes in
sphingolipids would not explain how myriocin produces global effects. First, there is very
limited information about which yeast proteins interact with specific sphingolipids [60].
Second, some of the effects of the low dose, chronic myriocin treatment on CLS likely result
from changes in general properties such as membrane fluidity or stress and membrane
domains or compartments that may or may not produce effects on signaling pathways
through specific sphingolipid-protein interactions [61-66]. A pertinent example of how such
membrane properties can influence signaling is the demonstration that stress in the yeast cell
wall or plasma membrane activates the Rho1 GTPase, causing it to bind TORC1 and reduce
pathway activity [67]. Third, because of the interconnectedness of sphingolipid metabolism
it has been very difficult to assign functions to specific yeast sphingolipids [68]. Finally, it is
highly likely that changes in multiple sphingolipids are necessary to enhance yeast lifespan
and identifying which sphingolipids and what they do will require new techniques and
modeling strategies.

Using drug combinations to produce a synergistic improvement is common strategy in
antimicrobial and cancer therapy, but this strategy has not been shown to be effective in
reducing signs of aging and increasing lifespan in any organism. However, this situation
seems ripe for change as we recently showed that the combination of myriocin and
rapamycin can be used to produce a synergistic increase in yeast lifespan. Rapamycin is a
natural product that inhibits TORC1 and is currently in hundreds of clinical trials to treat
cancers and other diseases [8, 57]. High dose rapamycin treatment or genetic impairment of
TORC1 slows aging and increases lifespan in yeasts, worms, flies and mice [27, 69-73],
indicating that it is likely to influence evolutionarily conserved features of aging and
longevity.

To determine if a combination of myriocin and rapamycin could produce a synergistic
increase in yeast CLS, we identified low concentrations of each drug that produced little or
no increase in CLS and then tested various combinations. We found a wide range of
concentrations that could produce a synergistic increase in CLS and data for one
combination are shown in Fig. 3B[74]. Drug synergy was accessed by using three
commonly used mathematical models and all verified that synergy was achieved. Targeted
assays showed that the drug combination enhanced autophagy, genomic stability,
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mitochondrial functions and heat and oxidative stress resistance, emblematic features of
long-lived organisms. Unexpectedly, the drug combination reduces TORC1 activity more
than either individual drug, suggesting that a greater than additive, perhaps synergistic,
effect is forming upstream of TORC1 to lower pathway activity. Additional data show that
the drug combination induces Snf1/AMPK pathway activity and lowers PKA pathway
activity, similar to what high dose myriocin treatment does (Fig. 2A). These metabolic
remodeling effects of the drug combination are strikingly similar to those produced by high
dose rapamycin and CR treatment strategies that enhance lifespan [8, 25, 58, 75, 76].
Besides the potential to modulate a wider array of cellular processes than any single drug
and thus achieve effects that no single drug can produce, dual drug treatment also has the
potential to avoid unwanted side effects that commonly occur with high doses of a single
drug.

4. Roles for sphingolipids in modulating lifespan in mammals
Because there are no published data showing that lifespan can be increased by modulating
mammalian sphingolipids, we can only speculate on whether this is possible and how it
might be achieved. While the complexity of sphingolipid metabolism and number of
sphingolipids in mammals is far greater than in yeasts, worms and flies, it seems likely,
based on current knowledge of mammalian sphingolipid functions [2, 5, 16, 34, 77] and
lifespan studies in model organisms, that modulating the concentration of ceramides or
sphingosine-1-phosphate or both can be used to slow the rate of aging and enhance
mammalian lifespan.

Ceramides are notable candidates for modulating aging because their concentration
increases as mammals age and they are thought to play roles in age-related diseases
including type 2 diabetes, cardiovascular and immune dysfunction, cancer and
neurodegeneration [78- 84]. The strong correlation between ceramide accumulation and
increased oxidative stress and insulin resistance are intriguing as these changes are thought
to promote aging and age-associated diseases [7, 85-90]. Mitochondrial decline with age is
well established [see references in [91]] and links to ceramide accumulation are being
established. One study found accumulation of specific ceramide species in mitochondria as
rats age and linked accumulation to a decline in function of complex IV of the electron
transport chain [91], consistent with increased ROS during aging. A unique feature of these
studies was the finding that ceramide accumulation and impaired electron transport could be
prevented by lipoic acid treatment, which prevented the age-dependent drop in
mitochondrial glutathione. Maintenance of glutathione levels correlated inversely with
mitochondrial neutral sphingomyelinase activity, suggesting that lipoic acid works by
preventing activation of neutral sphingomyelinase and ceramide accumulation by
maintaining glutathione levels. These data nicely fit with data from other model organisms,
further reinforcing the idea that ceramide accumulation promotes age-associated diseases
and that strategies to prevent such accumulation can potentially lower the incidence and
severity of such diseases.

Recent studies in humans add to the growing literature linking ceramides to
neurodegeneration [92]. In this regard, a pilot study of elderly women is revealing because it
noted that low serum ceramide levels correlate with reduced risk of dementia/Alzheimer
Disease [93]. This correlation is consistent with the studies mentioned above in model
organisms where reducing ceramide and sphingolipid levels lowers signs of aging (e.g.,
stress resistance, genomic stability and autophagy increased, ROS lowered, carbon and
energy metabolism remodeled) and enhances lifespan.
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Ceramides also mediate senescence of human fibroblasts and endothelial cells by
mechanisms that involve impaired mitotic signaling [94, 95]. Cellular senescence can be
induced also in response to telomere shortening and ceramide signaling has been found
affect telomere length in several ways (reviewed in [96]).

Roles for ceramides in longevity have been uncovered by genetic analyses. Mutations in the
gene encoding ceramide synthase I (CerS1/Lass1) have been identified in flincher (fln) and
toppler (to) mutant mice. These mice are characterized by neurodegenerative traits including
cerebellar ataxia and Purkinje cell dysfunction and by lipofuscin accumulation, a common
feature of cellular aging [97]. What appears to be a hyperactive LASS1 allele in humans has
been associated with variants in the human Ras1 gene (HRAS1) and the apolipoprotein E
gene (APOE) and this three allele combination is associated with exceptional longevity [98].
Finally, there are indications that calorie or dietary restriction decreases ceramides and other
sphingolipids [99, 100], consistent with the idea that it ought to be possible to increase
human health span and lifespan by using interventions that lower the level of pro-aging
sphingolipids including ceramides. Overall, the data for ceramides are intriguing, yet they
raise many questions and point to the unforeseen and multiples roles that ceramides are
likely to have in lifespan.

Autophagy is now recognized as playing vital roles in aging and longevity [101] and
ceramides are quickly emerging as regulators of mammalian autophagy. The Merrill
laboratory initially realized that the anti-cancer drug fenretinide targets the enzyme
dihydroceramide desaturase 1 that inserts the double bond into the sphinganine base of
dihydroceramides to form sphingosine-containing ceramides and complex sphingolipids
[77]. Thus, inhibiting this enzyme decreases normal ceramides and increases
dihydroceramides which promote autophagy. The potential of inducing autophagy by
lowering dihydroceramide desaturase 1 activity is being explored to treat obesity and type 2
diabetes and advances in understanding the mechanism indicate that it lowers ATP
production and induces AMPK activity along with inducing autophagy [102]. Thus,
modulating sphingolipids in this manner may be useful means to foster longevity.

Other studies implicate sphingolipids as mediators of autophagy, senescence and
progression towards type 2 diabetes. High blood glucose leads to non-enzymatic formation
of advanced glycation end products that are particularly prevalent in vascular endothelial
cells and are thought to promote cardiovascular disease. Treating human endothelial cells
with glycated collagen I has been shown to promote activation of sphingomyelinase activity,
ceramide accumulation and clustering in the plasma membrane followed by downstream
events leading to induction of autophagy. However, a pathologic response then occurs
because autophagosomes fail to fuse with lysosomes, thus reducing the rate of autophagic
flux and promoting entry into a senescent state [103]. These data suggest that lowering the
rate of sphingolipid synthesis by long-term myriocin treatment or reducing
sphingomyelinase activity or ceramide levels could lessen the damage done by type 2
diabetes and cardiovascular disease and improve human health. In fact, more recent data
indicate that autophagy can be induced by modulating sphingolipids in ways that may slow
age-related diseases [104-106]. Thus, these studies along with those in yeasts (Fig. 2A)
suggest that autophagy is likely to be a process that can be enhanced in humans by
manipulating sphingolipids in ways that slow aging and promote longevity.

Since sphingosine-1-phosphate is primarily involved in supporting growth and survival, it
might contribute to aging by antagonistic pleiotropy-like effects. For example,
sphingosine-1-phosphate would be essential for normal human development but in later life
it might promote aging and reduce lifespan by maintaining tissues and organs in an overly
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active state that distorts the balance between sphingosine-1-phosphate and ceramide as
envisioned by the ‘sphingolipid rheostat’ paradigm [2, 104, 107, 108].

Other sphingolipids including long-chain hexosylceramides and lactosylceramides have
been implicated in aging and lifespan in mice and cultured human cells, so modulation of
these could influence lifespan [100]. There also seems to be a switch in the LCBs in
neuronal gangliosides from predominantly C18 to C20 during mammalian aging [109], but
whether this change contributes to aging or is simply a result of aging is unknown. A recent
study used lipidomic approaches to examine lipid changes in the central nervous system in
methionine- restricted mice, a type of dietary restriction that increases lifespan in some
organisms [99]. Changes in twenty species of sphingolipids were identified and some of
these could be promoting longevity, but directed studies are needed to show such a cause
and affect relationship. Other studies using global lipid analysis techniques to characterize
changes in sphingolipids during aging have appeared in the recent literature and these types
of studies will provide a wealth of information on which to better understand the multitude
of roles that sphingolipids are sure to have in aging [e.g., [110, 111]].

Most intriguing are studies in mammals that have used myriocin or other drugs to decrease
SPT activity and treat diseases associated with aging. Studies done in different laboratories
have shown that myriocin treatment reduces risk factors for metabolic syndrome and
diabetes in rodent models (reviewed in [88, 112, 113]). Other studies using rodents have
found that myriocin treatment reduces signs of cardiovascular diseases (reviewed in [85,
114]). Thus, there are reasons to think that myriocin controls evolutionarily conserved
cellular functions and that these can be pharmacology modulated to reduce age-related
diseases in humans.

5. Summary
Much of the early work on ceramides and continuing into contemporary studies revolves
around their roles in mammalian stress and cell death responses (reviewed in [5, 34, 115]).
Since a defining characteristic of organisms with long lifespans is enhanced stress resistance
(for example, [116-118]), it is likely that modulating ceramides in humans can be used to
slow aging, promote better health in the elderly, increase average lifespan and possibly
increase maximal lifespan. This suggestion is supported by most of the model organism
studies evaluated herein, even if this is not explicitly stated, and occurs because of the
interconnectedness or ripple effects that transpire in sphingolipid metabolism [20]. For
example, lowering SPT activity by myriocin treatment reduces the concentration of many
sphingolipids including ceramides. Modulating other sphingolipids either in conjunction
with or independently of ceramides will likely also provide a means to slow human aging
and extend lifespan and the studies described here give a glimpse into how this might be
accomplished.
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Abbreviations

CLS chronological lifespan

CR calorie restriction

CS ceramide synthase

DHS dihydrosphingosine

LCB long-chain base

LCBP long-chain base phosphate

PHS phytosphingosine

SPT serine palmitoyltransferase
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Highlights

• Modulation of Sphingolipids Extends Lifespan in Yeasts and Flies

• Ceramides and other Sphingolipids Regulate Autophagy

• Combination Treatments Produce a Synergistic Extension of Lifespan

• Modulating Sphingolipids to Reduce the Incidence and Onset of Age-associated
Diseases
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Fig. 1.
Outline of sphingolipid metabolism. This diagram presents a simplified view of sphingolipid
metabolism and more detailed information is available in the literature [12, 13, 16, 34, 119].
Initial steps in sphingolipid synthesis occur in the ER in all eukaryotes that make
sphingolipids. Later steps in the synthesis of complex sphingolipids in the Golgi apparatus
and that are specific to yeast (Saccharomyces cerevisiae) or mammals are indicated. Shown
at the bottom of the figure is one way to generate ceramides and then convert it to
sphingosine-1-PO4.

Huang et al. Page 18

Biochim Biophys Acta. Author manuscript; available in PMC 2015 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Decreasing the rate of yeast sphingolipid synthesis increases lifespan. A. This diagram
summarizes known links between inducers (nutrients and stresses), protein kinases and
signaling pathways, and cellular processes modulated by myriocin treatment that have
known roles in CLS. The cellular processes are based upon GO terms enriched in the
myriocin-responsive gene set and which were verified by targeted experiments [48].
Activation, inhibition and repression are not indicated in order to emphasize linkage
relationships. Details about signaling pathways can be found in a review [120]. The brown-
shaded rectangles indicate up- regulated processes and green-shaded boxes indicate down-
regulated processes (Figure adapted from) [48]. B. CLS of DBY746 cells treated myriocin
(400 ng/ml) to reduce the rate of sphingolipid synthesis. Data represent the mean ± SEM of
surviving cells (* p<0.05, ** p<0.01, No Myr vs 200 and 400 ng/ml Myr). To compensate
for the slow growth and extended growth phase of cells treated with 400 ng/ml of myriocin
(solid red line), the viability at the 120 hr time point, CLS day 3, was set as CLS day 1
(dashed red line). C. CLS of tetO7-LCB1 cells treated or not treated with doxycycline (100
ng/ml) to reduce gene expression and lower the rate of sphingolipid synthesis. Data show the
mean ± SEM of surviving cells (* p<0.05, ** p<0.01, No Dox vs doxycycline). Panels B
and C are reproduced with permission [47].
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Fig. 3.
Drug treatments increase yeast lifespan. A. The CLS of sch9Δ cells (PF102) is enhanced by
treating cells with myriocin (Myr). Data represent the mean ± SEM of survival (* p<0.05, **
p<0.01, No Myr vs 300 ng/ml Myr). Reproduced with permission [47]. B. Treatment of
wild-type (DBY746) yeast cells with a low dose of myriocin plus rapamycin produces a
synergistic enhancement in CLS. Cells were incubated with no drug, 45 ng/ml myriocin
(Myr, 112 nM), 450 pg/ml rapamycin (Rap. 0.49 nM), 45 ng/ml Myr plus 450 pg/ml Rap.
Data are for the mean ± SEM of viable cells in triplicate cultures. The dotted straight line
with an arrowhead indicates an increase in the CLS of cells treated with both drugs that is
greater than the additive effect on CLS of each drug treatment compared to untreated cells
(additive effect is indicated by a dashed survival curve). The p value for the lifespan
increase is computed using the area under the viability curves. Reproduced with permission
[74]
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