MINIREVIEW

Dihydroceramides: From Bit
Players to Lead Actors™

Published, JBC Papers in Press, May 6, 2015, DOI 10.1074/jbc.R115.653204
Monowarul Mobin Siddique', Ying Li, Bhagirath Chaurasia,
Vincent A. Kaddai, and Scott A. Summers”

From the Baker IDI Heart and Diabetes Institute,

Melbourne, Victoria 3004, Australia

Sphingolipid synthesis involves a highly conserved biosyn-
thetic pathway that produces fundamental precursors of com-
plex sphingolipids. The final reaction involves the insertion of a
double bond into dihydroceramides to generate the more abun-
dant ceramides, which are converted to sphingomyelins and
glucosylceramides/gangliosides by the addition of polar head
groups. Although ceramides have long been known to medi-
ate cellular stress responses, the dihydroceramides that are
transiently produced during de novo sphingolipid synthesis
were deemed inert. Evidence published in the last few years
suggests that these dihydroceramides accumulate to a far
greater extent in tissues than previously thought. Moreover,
they have biological functions that are distinct and non-over-
lapping with those of the more prevalent ceramides. Roles are
being uncovered in autophagy, hypoxia, and cellular pro-
liferation, and the lipids are now implicated in the etiology,
treatment, and/or diagnosis of diabetes, cancer, ischemia/
reperfusion injury, and neurodegenerative diseases. This
minireview summarizes recent findings on this emerging
class of bioactive lipids.

“Remember: there are no small parts, only small actors.” Kon-
stantin Stanislavsky (Russian Actor, 1863—1938).

Sphingolipids are the second largest class of membrane lip-
ids, and thousands of distinct species have been identified (see
the LIPID MAPS Lipidomics Gateway). They have a diverse
array of functions related to cell survival, membrane integrity,
metabolic regulation, and general adaptations to cellular stres-
sors. Despite the incredible complexity of the sphingolipid
pool, their production relies on a simple and highly conserved
four-step de novo synthesis pathway (1). The final reaction
involves the insertion of a double bond into dihydroceramide
(Fig. 1) to convert it to ceramide, the precursor for the prepon-
derant complex sphingolipids.

Two distinct dihydroceramide desaturases (DES1 and
DES2)® catalyze the desaturation reaction, with DESI
accounting for ceramide synthesis in most tissues (2, 3). By
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contrast, DES2, which also contains c-4 hydroxylase activi-
ty and thus also generates phytoceramides, is prevalent in
skin, intestine, and kidney. Much of the work implicating
dihydroceramides or other complex dihydrosphingolipids
in biology involves pharmacological inhibition or ablation
of the genes/mRNAs encoding these endoplasmic reticu-
lum-resident proteins to elevate levels of the endogenous
lipids.

The double bond that distinguishes dihydroceramides from
ceramides markedly alters the biophysical properties of the
molecules, modifying their elastic properties and packing
behavior (4). Like ceramides, dihydroceramides are also pre-
cursors for complex sphingolipids (e.g. dihydrosphingomyelin
and dihydroglucosylceramides/dihydrogangliosides) (Fig. 1)
(5). Unlike ceramides, they are far less abundant, and were for
years deemed inert. In an early study demonstrating that cer-
amide was bioactive, Hannun and co-workers (6, 7) found that
the desaturation of sphingolipid metabolites through the intro-
duction of the double bond altered their function, as short-
chain analogs of ceramide were able to induce apoptosis and
block cell growth, whereas analogs of dihydroceramides were
ineffective. Multiple other groups, including our own, used
these water-soluble analogs to come to the conclusion that the
dihydro-forms of the lipids were ineffectual in a wide range of
biological responses such as platelet aggregation (8), cell
growth (9), DNA damage (10), regulation of ion channels (11,
12), and inhibition of insulin signaling and glucose uptake (13).
As a result, the mistaken dogma emerged that dihydrocer-
amides are biologically inactive.

A critical breakthrough revealing that dihydroceramides
might have regulatory roles in biology came from an unlikely
discovery from the Merrill group (14). They profiled the sphin-
golipidome of cells treated with fenretinide (N-(4-hydroxyphe-
nyl)retinamide), a vitamin A analog with chemotherapeutic
properties. The compound has been widely studied and is in
clinical trials for treatment of various cancer pathologies and
glucose intolerance. The drug had been thought to induce cer-
amide, a presumed mechanism by which it might induce apo-
ptosis, slow proliferation, and therefore halt tumor growth.
However, the application of refined mass spectroscopic tech-
niques revealed that it was in fact the precursor dihydrocer-
amides and other dihydroceramide-containing sphingolipids
that accrued. By contrast, ceramide-derived sphingolipids con-
taining the double bond in the sphingoid moiety were
unchanged or reduced. Subsequent studies revealed that fen-
retinide, which bears a structural resemblance to dihydrocer-
amides, irreversibly inhibits DES by disrupting the electron
transport necessary for the desaturation event (15). Using both
fenretinide and dihydroceramide analogs, the Merrill labora-
tory (14) identified a likely role in the induction of autophagy
(see below). This study inspired a number of groups to evaluate
the role of dihydroceramides in cellular responses, and these
sphingolipids are now implicated in a broad cadre of biological
processes.
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FIGURE 1. Schematic depicting the importance of the DES1 reaction in de novo ceramide biosynthesis.

Autophagy

Autophagy is a catabolic mechanism through which cells
degrade organelles and recycle them into macromolecules that
serve as cellular constituents or metabolic fuels. The process
involves the isolation of organelles from the rest of the cell
within a double-membrane vesicle that subsequently fuses with
lysosomes. The process is important for surviving harsh condi-
tions (e.g. starvation) as well as in normal biology (e.g. develop-
ment). Numerous groups have implicated autophagy in cell
death (16, 17), although this remains controversial (18).

Autophagy was one of the first biological responses assigned
to dihydroceramides, as both fenretinide and exogenous,
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short-chain (C2) dihydroceramides induced formation of
autophagosomes (14). Subsequent studies involving other
pharmacological inhibitors to reduce DES1 activity (19, 20) or
using fibroblasts from knock-out mice lacking the first exon of
the DesI gene (21) further support a role for these unique
sphingolipids in autophagy induction. In all of these studies, inhi-
bition of DES1 increased sensitivity to autophagic stimuli. By con-
trast, inhibition of enzymes upstream of Des1 (i.e. in macrophages
treated with TLR4 agonists) blocks autophagy induction (22). Inall
of these studies, neither dihydroceramide accumulation nor the
persistent autophagy contributed to cell death, as desaturase inhi-
bition instead conferred resistance to apoptosis (see below).
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The precise mechanisms linking dihydroceramides to
autophagy are unresolved, but clues emerged from a study
showing reduced rates of ATP synthesis in embryonic fibro-
blasts from DesI knock-out mice (21). Mechanistically, this
results from impaired electron transport chain activity attrib-
utable to the ability of one or more dihydrosphingolipids to
disrupt activity of components of the electron transport chain.
Treatment with myriocin, an inhibitor of the first enzyme
in the dihydroceramide/ceramide biosynthetic cascade, re-
stored rates of ATP synthesis in these cells, confirming that the
accumulation of the dihydrosphingolipids likely drove the
response, rather than the absence of ceramides. The compro-
mised ability of the cell to generate energy in nutrient-replete
conditions leads to activation of AMP-activated protein kinase,
and the addition of ATP or knockdown of AMP-activated pro-
tein kinase reversed the autophagic phenotype. Amazingly, the
rampant autophagy in these knock-out cells occurred despite a
marked up-regulation of the Akt/mTOR (mammalian target of
rapamycin) pathway, which is potently anti-autophagic. This
latter effect of DESI likely resulted from the depletion of cer-
amides, which are known to block activation of Akt. Indeed,
myriocin failed to affect the Akt/mTOR pathway.

Hypoxia

Hypoxia refers to a state where the body or tissues receive
inadequate supplies of oxygen, such as during high altitude
climbing or reduced blood delivery during ischemia. Most
organisms show an immediate response to a hypoxic environ-
ment and quickly die in an anoxic one.

Devlin et al. (23) profiled sphingolipids in the lungs of rats
subjected to hypoxia, noting a rapid, time-dependent up-regu-
lation of dihydroceramides. The increase was proportional to
the depth and duration of the hypoxic insult. By contrast, oxy-
gen levels did not impact levels of ceramides, and the change
was restricted to sphingolipids lacking the double bond intro-
duced by DESI. The inhibition of cell proliferation seen in
hypoxia was reproduced by knockdown of either DES isoform
in cultured cells, even when cells were maintained in oxygen-
replete conditions. Conversely, overexpression of either de-
saturase prevented the hypoxic effects, and the group impli-
cated DES1 and DES2 as oxygen sensors. Similar findings are
reported in the mouse heart and cultured cells, which show
reduced levels of ceramides and accumulation of dihydrocer-
amides as they adapt to a hypoxic environment (24).

The mechanisms through which dihydroceramides me-
diate biological responses to hypoxia are unclear, although
the effect appears to be independent of the hypoxia-induci-
ble transcription factors. Nonetheless, numerous other studies
reveal that dihydroceramides slow cell proliferation (see
below), which is a common cellular response to oxygen
depletion.

Several mechanisms have been proposed to explain how cel-
lular oxygen levels inhibit dihydroceramide desaturase activity
to induce dihydroceramides. The response is rapid, and DES
enzymes are directly activated by oxygen (23, 25). Oxygen is
present at the core of the Desl enzyme and is requisite for
formation of an “oxo bridge” with iron, which is needed because
Des1 utilizes oxygen in the desaturase reaction (25). Based on
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analogy with oxygen-dependent prolyl-hydroxylases, Devlin et
al. (23) advanced a proposal that Des1 fits the criteria as a direct
oxygen sensor.

Levels of transcripts encoding DES1 also decrease in hypoxia,
suggesting a potential transcriptional mechanism. The effect
on mRNA levels is independent of hypoxia-inducing factor-1a
1 (23), but might be explained through HAND2 and nuclear
factor of activated T-cells (NFATC) transcription factors (24),
for which the DESI promoter harbors binding sites (24).

Of note, Menuz et al. (26) used Caenorhabditis elegans to
screen for novel effectors of the hypoxic response. Unlike
most organisms, C. elegans can survive a completely anoxic
environment for at least 48 h. Loss of the (dihydro)ceramide
synthase gene Hyl-2 actually opposed their sensitivity to oxy-
gen deprivation.

Considerable work remains on this interesting topic, but
roles for dihydroceramides in this response could identify the
desaturase as a therapeutic target for mitigating tissue
responses to hypoxia, such as in ischemic injury during stroke
and acute myocardial infarction. Rodrigues-Cuenca et al. (27)
additionally suggested that the subsequent activation of DES1
during cardiac reperfusion could contribute to the damage
seen, resulting from sudden increases in de novo ceramide
production.

Cell Proliferation

Experimental interventions in cultured cells that inhibit
DES]1 activity generally inhibit cell proliferation. For example,
the inhibitory effects of hypoxia on BrdU accumulation in DNA
can be recapitulated by DES1 knockdown and reversed by DES1
overexpression (23). Moreover, transfection of SMS-human
neuroblastoma cells (SMS-KCNR) cells with small interfering
RNA to the transcript encoding DES1 promoted accumulation
of endogenous dihydroceramides, inhibited cell growth, and
induced cell cycle arrest at G,/G;. This was accompanied by a
significant decrease in the amount of phosphorylated retino-
blastoma protein (28). Embryonic fibroblasts isolated from
DES ]I knock-out mice also proliferate slowly (21). Nonetheless,
the mechanisms through which dihydroceramides control
rates of cell division remain ambiguous.

Studies with various anti-tumor compounds or pharmaco-
logical reagents also suggest roles for dihydroceramides in the
regulation of cell proliferation (29). (¢) Curcumin, isolated from
the dietary spice turmeric, induces G,/M cell cycle arrest and
autophagy, but not apoptosis, in malignant glioma cells. It also
blocks tumor growth in vivo. Curcumin inhibits DES1 activity
atan IC,, below 25 um (reviewed in Ref. 29). (b) The cyclooxy-
genase-2 inhibitor celecoxib promotes dihydroceramide accu-
mulation while depleting cells of ceramide. Celecoxib inhibits
DES] activity in intact cells at an IC,, of about 80 uMm. Blocking
dihydroceramide production with an inhibitor of the first
enzyme in the synthesis pathway (i.e. myriocin, which inhibits
serine palmitoyltransferase) reversed the anti-proliferative
potency of celecoxib (reviewed in Ref. 29), suggesting that
sphingolipids were obligate intermediates in the drug response.
(c) Brodesser and Kolter (81) also conducted studies using a
dihydroceramide desaturase inhibitor, XM462, which induces
a transient early increase in dihydroceramides and other sph-
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ingolipids composed of a dihydroceramide backbone. This di-
hydroceramide accumulation was also associated with
decreased proliferation rates and a delayed G, /S transition (19).

Pathogen-derived Phospho-dihydroceramides in Innate
Immunity

The innate immune system defends plants and animals from
infection against multiple invading pathogens. The process
involves eosinophils, monocytes, macrophages, and natural
killer cells and utilizes Toll-like receptors (TLRs) that recognize
endotoxins such as lipopolysaccharide or lipid A. The response
differs from adaptive immunity present in higher eukaryotes,
which is slower but more specific for the particular biological
insult. Recent studies have implicated dihydroceramide deriv-
atives in the innate immune response underlying periodontal
disease.

Nichols et al. (30-32) quantified sphingolipids in the peri-
odontal pathogen Porphyromonas gingivalis and found that
phosphorylated dihydroceramides activated antigen-produc-
ing cells to secrete cytokines. The proposed mechanism is that
these unique bacterial lipids serve as direct ligands for TLR2,
and the group took care to demonstrate that this effect was
independent of contaminating LPS (30-32). These bacterial
lipids could be recovered from diseased human tissue samples
and blood, implicating phosphorylated dihydroceramides in
the peripheral immune response associated with this condition
(33).

HIV Infection

HIV infection requires the fusion of the viral and host mem-
branes, driven by a peptide domain of the HIV gp41 protein.
The insertion depth of this moiety is an important determinant
of fusogenic capabilities (34). Vieira et al. (35) discovered that
knockdown or pharmacological inhibition of DES1, which
replaced sphingomyelins with dihydrosphingomyelins, inhib-
ited infection by replication-competent and -deficient HIV-1in
cultured cells. The increased dihydrosphingolipid levels gave
rise to more rigid membranes that were resistant to the inser-
tion of the gp41 fusion peptide, thus inhibiting fusion of the
viral and cellular membranes. These results clarified the effect
of the double bond in membrane fluidity and identified DES1 as
a potential therapeutic target for combating HIV-1 infection.

Attenuation of Ceramide-induced Apoptosis

Apoptosis is a process of programmed cell death character-
ized by membrane blebbing, cell shrinkage, nuclear fragmenta-
tion, chromatin condensation, and chromosomal DNA frag-
mentation. Ultimately, the events result in production of cell
fragments that are engulfed by phagocytosis. This form of
cell death differs from necrosis, which is a traumatic form of cell
death that results from acute cellular injury, resulting in the
release of harmful metabolites into the circulation. Apoptosis is
implicated in normal physiology as well as various disease
processes.

Early in apoptosis, the mitochondrial outer membrane
becomes permeable to small proteins. The release of cyto-
chrome ¢ from the organelle activates a cysteine-dependent,
aspartate-directed protease (caspase 9), which triggers cleavage

15374 JOURNAL OF BIOLOGICAL CHEMISTRY

and activation of other caspases, which regulate and degrade
several additional proteins.

The role of dihydroceramides in apoptosis is controversial.
Some groups have implicated dihydroceramides in the induc-
tion of apoptosis, and both fenretinide and resveratrol induce
apoptosis in transformed cell lines (20, 36 -38). Moreover,
inhibitors of enzymes upstream of DES1 in the de novo synthe-
sis pathway have been shown to reverse the apoptotic effects of
fenretinide in endothelial cells (36, 39). Nonetheless, studies in
other cell types fail to reveal a critical role for sphingolipids in
fenretinide-induced apoptosis (40), and the preponderance of
data suggests that the sphingolipid is insufficient to induce apo-
ptosis or cell death. Inhibiting cellular DES1 activity with other
pharmacological reagents, siRNA, or gene depletion renders
cells strongly resistant to apoptosis caused by diverse stimuli
(19, 21, 41, 42).

In contrast to dihydroceramides, roles for ceramides gener-
ated from either de novo synthesis and/or sphingomyelinase
activation in cytochrome c release or apoptosis induction are
firmly established. Mechanisms include the regulation of Bc/2
family members (43, 44), the formation of ceramide channels in
mitochondrial membranes (45—47), inhibition of the pro-sur-
vival AKT/PKB kinase (48), the clustering of death receptors in
the plasma membrane (49 —52), and others (53, 54). Many of the
signaling effects of ceramide were initially attributed to activa-
tion of a protein phosphatase or protein kinase C¢ (55),
although signaling roles for the sphingolipid have long been
challenged (56). Regardless, other mechanisms almost certainly
contribute to a ceramide-induced cell death.

Evidence does suggest that dihydroceramides may counter
ceramide-induced cell death. For example, knockdown of DES1
in human head and neck squamous carcinoma cells attenuated
apoptosis induced by photodynamic therapy (42). Mitochon-
drial depolarization, late apoptosis, and cell death were all
attenuated by DESI knockdown. The treatment increased lev-
els of dihydroceramides without affecting cellular ceramide lev-
els. One mechanism may be through the regulation of the
aforementioned ceramide channels. Dihydroceramides disrupt
formation of ceramide pores in mitochondria (57). This inhibi-
tion occurs with very small concentrations of dihydrocer-
amides, suggesting that ratios of the two lipids may be an
important determinant in apoptosis induction.

Oxidative Stress

Reactive oxygen species (ROS) including oxygen ions and
peroxides are chemically reactive intermediates produced by
the normal aerobic metabolism of oxygen. Although implicated
in signal transduction, they are most noted for their contribu-
tion to eukaryotic stress responses. For example, ROS damage
DNA and oxidize polyunsaturated fatty acids (i.e. lipid peroxi-
dation) and amino acids, leading to marked alterations in cel-
lular function and organismal health.

Fenretinide has long been known to induce ROS (58 —60).
Moreover, inhibition of DES1 by either gene ablation or knock-
down increases ROS severalfold.* Nonetheless, Apraiz et al.

4Y.Liand S. A. Summers, unpublished observation.
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(61) found that dihydroceramide was not essential for fen-
retinide-induced ROS production or cell death.

Dihydroceramide production is also a consequence of ROS
generation, as the oxidative stressors hydrogen peroxide, men-
adione, or tert-butyl-hydroperoxide increase dihydroceramide
levels in various immortalized cell lines (19). By contrast, cer-
amide levels were unaffected by these compounds. Mechanistic
studies revealed that this was a result of changes in DES1 activ-
ity rather than changes in protein expression (62), perhaps
resulting from depletion of thiol or changes in NADPH, a nec-
essary cofactor for DESI (62, 63).

Biomarkers of Metabolic Disorders

Obesity is a major risk factor for the development of type 2
diabetes and cardiovascular diseases, and much attention has
been given to mechanisms linking increased adiposity to the
development of these metabolic pathologies. The lipotoxicity
hypothesis posits that the accumulation of fat-derived mole-
cules contributes to tissue dysfunction such as the impairment
of insulin action, induction of metabolic dysfunction, or death/
apoptosis of cells that are essential for tissue function. Sphin-
golipids such as ceramide are likely contributors to lipotoxicity.
The oversupply of saturated fatty acids to peripheral tissues
provides palmitate, which is utilized by the sphingolipid syn-
thesis pathway. Moreover, low level inflammation found in
obesity selectively up-regulates sphingolipid biosynthesis, am-
plifying the effect of lipid oversupply.

The most compelling studies implicating sphingolipids in
insulin resistance and other complications of obesity (e.g. car-
diovascular disease) are interventional ones evaluating the con-
sequences of inhibiting enzymes required for de novo sphingo-
lipid synthesis on various metabolic disease endpoints. Most
notably, inhibition of the first enzyme in the pathway (i.e. serine
palmitoyl-transferase) in mice by administering a pharmaco-
logical inhibitor or deleting a gene allele renders mice resistant
to insulin resistance, diabetes, and/or other cardiovascular
complications of obesity (64— 67).

Dihydroceramides have received recent attention as bio-
markers of metabolic dysfunction. Lopez et al. (68) found ele-
vated levels of circulating ceramides and one dihydroceramide
in female children and adolescents with type 2 diabetes. More
recently, Mamtani et al. (69) found a specific association
between serum dihydroceramides and waist circumference in
Mexican Americans. Brozinick et al. (70) found associations
between circulating levels of dihydroceramides, as well as de-
oxyceramides and ceramides, with the severity of insulin resis-
tance in non-human primates. Dihydroceramide levels often
correlate more tightly than ceramide levels with various meta-
bolic disease endpoints. Although this could suggest a causative
role for the sphingolipid, the preponderance of evidence sug-
gests otherwise (see below). An alternative explanation is that
less abundant sphingolipids such as dihydroceramides may be
predictive of metabolic disease, and we hypothesize that they
may serve as a readout of rates of sphingolipid synthesis or flux.

Despite the correlative evidence revealing that dihydrocer-
amides may indeed be markers of metabolic disease endpoints,
interventional studies in mice or cultured cells have thus far
failed to reveal a causative role for dihydroceramides in the
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induction of insulin resistance or hypertension. Indeed, inhib-
iting DES1 is generally protective. First, fenretinide improves
insulin sensitivity and is in clinical trials assessing the potential
of this compound in glucose-intolerant patients. Although the
drug’s efficacy was initially attributed to its ability to displace
retinol from retinal-binding protein-4 (71), the compound can
clearly increase insulin sensitivity and ameliorate the patho-
genic consequences of obesity through alternative, RBP4-inde-
pendent pathways (72, 73). Moreover, mice that are haploinsuf-
ficient for DESI are protected from glucocorticoid-induced
insulin resistance (67) and diet-induced hypertension (74).
These studies identify ceramide-derived sphingolipids as those
involved in lipotoxic events.

Studies in cultured cells further support the supposition
that ceramides, but not dihydroceramides, antagonize insu-
lin action. Analogs of ceramides, but not dihydroceramides, in-
hibit insulin signaling to AKT/PKB and its stimulation of glu-
cose uptake (13). Using cultured myotubes, researchers found
evidence that inhibition of DESI prevented lipid-induced inhi-
bition of insulin signaling to AKT/PKB. The addition of exog-
enous palmitate, which induces synthesis of both dihydrocer-
amides and ceramides, antagonizes insulin activation of AKT/
PKB. The lipid increases expression of transcripts encoding
DES1, whereas knockdown of DESI protects from palmitate
inhibition of insulin signaling (75, 76). Interestingly, the mono-
unsaturated fatty acid oleate decreases the activity of DES1 and
prevents lipid-induced insulin resistance (73, 75).

Although dihydroceramides do not impact insulin signaling
directly, more recent studies identified roles for dihydrocer-
amides in adipose biology. The Vidal-Puig group (77) found
reduced levels of DESI mRNA in obese humans and mice.
Moreover, they found that levels of the transcript increased
during differentiation of adipocytes in culture. A 3T3-L1 prea-
dipocyte cell line in which they stably knocked down DES1
displayed elevated oxidative stress, cell death, and apoptosis, as
well as decreased proliferation. Moreover, the cells displayed
markedly impaired adipogenesis. Pharmacological inhibition of
DESI recapitulated the anti-adipogenic effects in vitro and in
vivo. By contrast, the genetic ablation of the DesI homolog in
flies promoted fat storage concomitantly with increased level of
dihydroceramides (78).

Conclusion and Future Perspectives

A simple screen of the PubMed database with the search
word dihydroceramide currently unveils 528 studies. Many of
these publications dealt with the characterization and regula-
tion of the desaturase, particularly as it relates to production of
ceramides and induction of apoptosis. Indeed, throughout this
study, we have highlighted evidence revealing regulatory effects
of drugs (e.g. fenretinide, resveratrol, etc.) or biological stimuli
(oxidative stress, hypoxia, fatty acids, etc.) on DES1/DES2 activ-
ity or expression. A body of evidence also suggests a role for
DES1 myristoylation in the control of activity (44, 79, 80).

Although studies investigating the biological role are in their
infancy, emerging data using multiple approaches reveal roles
for dihydroceramides in autophagy and proliferation (Fig. 2).
Emerging studies suggest additional roles in innate immunity,
virus entry, and oxidative stress. In apoptosis and metabolic
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regulation, where causal roles for dihydrosphingolipids are less
clear, control of the rate of conversion of dihydroceramide into
ceramide is an important site of regulation.

The mechanisms allowing cells to respond differently to
sphingolipids containing the sphingosine versus sphinganine
moiety is somewhat surprising because of the relatively small
molecular change and the fact that this modification is imbed-
ded in the membrane bilayer. Nonetheless, studies in knock-
out mice clearly illustrate the importance of the desaturation
reaction. In DESI knock-out mice, the majority of sphingolip-
ids lack the double bond (67). Although on a 129 background
the animals were viable, they failed to thrive and had numerous
health abnormalities, dying within the first 8 weeks of age (67).
These data reveal that the removal of the single double bond on
the sphingosine backbone of the sphingolipids has enormous
consequences on cell function that are incompatible with
healthy life.

Studies involving DES1 knockdown or utilizing embryonic
fibroblasts from DESI knock-out mice reveal the importance of
this reaction in numerous cellular events, and the utilization of
inhibitors of upstream components in the de novo pathway
allows one to distinguish whether the remarkable phenotypic
changes brought about by these interventions are due to the
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presence of dihydrosphingolipids or the absence of sphingolip-
ids composed of ceramides. Nonetheless, mechanistic studies
have generally failed to identify the molecular basis that allows
the cell to sense the double bond or to dissect how change in
membrane fluidity or integrity might contribute to the biolog-
ical consequences of dihydroceramide accumulation. Filling in
this gap in knowledge is essential for understanding their role in
biology and represents a critical and difficult future challenge.
Collectively, the studies reviewed herein reveal an emerging
area of research on a fascinating but understudied class of
sphingolipids. Continued research on the biological function of
these molecules could uncover novel therapeutic opportunities
for targeting the DES1 enzyme. The authors of this study
encourage researchers to investigate the intriguing conse-
quences of inserting or deleting this essential double bond.
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