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Ceramide induces cell death in response to many stimuli. Its mecha-
nism of action, however, is not completely understood. Ceramide
induces autophagy in mammalian cells maintained in rich media and
nutrient permease downregulation in yeast. These observations sug-
gested to us that ceramide might kill mammalian cells by limiting
cellular access to extracellular nutrients. Consistent with this pro-
posal, physiologically relevant concentrations of ceramide produced
a profound and specific downregulation of nutrient transporter
proteins in mammalian cells. Blocking ceramide-induced nutrient
transporter loss or supplementation with the cell-permeable nutrient,
methyl pyruvate, reversed ceramide-dependent toxicity. Conversely,
cells became more sensitive to ceramide when nutrient stress was
increased by acutely limiting extracellular nutrients, inhibiting auto-
phagy, or deleting AMP-activated protein kinase (AMPK). Observa-
tions that ceramide can trigger either apoptosis or caspase-indepen-
dent cell death may be explained by this model. We found that methyl
pyruvate (MP) also protected cells from ceramide-induced, nonapo-
ptotic death consistent with the idea that severe bioenergetic stress
was responsible. Taken together, these studies suggest that the
cellular metabolic state is an important arbiter of the cellular response
to ceramide. In fact, increasing nutrient demand by incubating cells in
high levels of growth factor sensitized cells to ceramide. On the other
hand, gradually adapting cells to tolerate low levels of extracellular
nutrients completely blocked ceramide-induced death. In sum, these
results support a model where ceramide kills cells by inducing intra-
cellular nutrient limitation subsequent to nutrient transporter
downregulation.

autophagy � caspase-independent cell death � daunorubicin �
bioenergetics � sphingolipid

Ceramide and related sphingolipids play an evolutionarily con-
served role in the cellular response to stress by regulating cell

growth, differentiation, senescence, and survival (1). Uncovering
the mechanisms by which ceramide regulates these processes is of
paramount importance given the wide range of human diseases that
result from altered ceramide metabolism including cancer, type II
diabetes, and neurodegenerative disease (2–4). Ceramide plays a
particularly well-established role in cancer. Decreasing cellular
ceramide levels increases tumor growth and metastasis and can lead
to multidrug resistance, a major cause of cancer treatment failure
(2, 5, 6). The ability of ceramide to trigger programmed cell death
in response to growth factor withdrawal, death receptor ligation,
hypoxia, and chemotherapeutic drugs is likely integral to its role in
suppressing cancer initiation and progression. Although many of
the downstream, executioner pathways that are activated by cer-
amide are known, how ceramide triggers these pathways is not
completely understood.

Autophagy, a process by which cells catabolize their own
components, is induced in ceramide-treated cells (7–9). Au-
tophagy has been conserved throughout evolution as a cyto-
protective mechanism that sustains cells during periods of
nutrient limitation. Conversely, autophagy has been shown to
facilitate mammalian cell death under some conditions (10,
11). Increases or decreases in autophagy have been associated

with many of the same pathological conditions that are char-
acterized by altered ceramide metabolism suggesting a mech-
anistic link between ceramide, autophagy, and disease (3, 12).
We report here that ceramide induces homeostatic autophagy
in response to a bioenergetic crisis resulting from the rapid and
profound downregulation of nutrient transporter proteins.

Results
Ceramide Triggers Homeostatic Autophagy. Ceramide triggers the
starvation response of autophagy in rich media (7, 9). To
determine whether ceramide-treated cells were dying because of
or despite the induction of autophagy, we compared the kinetics
of ceramide-induced cell death and autophagy. GFP-LC3 pos-
itive structures (autophagosomes) began to accumulate by 2 h
and nearly half of the cells induced autophagy after 8 h of
ceramide exposure (Fig. 1A). In contrast, ceramide-dependent
cell death was not observed until �6 h after ceramide addition
(Fig. 1B). Moreover, when apoptosis was blocked by Bcl-XL
expression, ceramide-treated cells progressed to a severely au-
tophagic phenotype (Fig. 1C). These studies demonstrate that
ceramide-induced autophagy precedes and is not a consequence
of cell death. Blocking autophagosome maturation with the
lysosomal acidification inhibitor chloroquine (CQ) sensitized
cells to ceramide exposure (Fig. 1D). Consistent with this,
deletion of calpain, a protein required for autophagy, increases
cellular sensitivity to ceramide (8). Similarly, fibroblasts lacking
Atg5, a protein required for the induction of autophagy (13),
were hypersensitive to ceramide (Fig. 1E). These results estab-
lish that autophagy is a homeostatic, protective response to
increasing ceramide levels.

Ceramide produces cellular starvation in rich media by downregulat-
ing nutrient transporter proteins. Heat-stressed yeast generate
sphingoid bases related to ceramide that adaptively slow cell
growth by downregulating nutrient permeases (14). We hypoth-
esized that ceramide stimulates autophagy in mammalian cells by
inducing nutrient transporter downregulation. As amino acid
restriction is a well-established trigger for autophagy, we first
examined amino acid transporter expression in ceramide-treated
cells. Within minutes of its addition, ceramide decreased the
surface expression of 4F2 heavy chain (4F2hc) (Fig. 2A). By 3 h,
4F2hc surface expression dropped to one-third of control levels.
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Another ubiquitously expressed amino acid transporter,
mCAT-1, was also cleared from the cell surface by ceramide (Fig.
2B). These changes translated into a substantial decrease in
amino acid uptake in ceramide-treated cells (Fig. 2C). The
glucose transporter GLUT-1 was also downregulated by cer-
amide (Fig. 2B) demonstrating that this response was not limited
to amino acid transporters.

One explanation for the decreased nutrient transporter ex-
pression in cells exposed to ceramide is that dying cells have a
reduced need for nutrients and therefore downregulate their
transporter proteins. However, nutrient transporters were also
lost in cells protected from apoptosis by Bcl-XL expression (Fig.
2D). Moreover, ceramide addition did not cause the nonspecific
internalization of all plasma membrane proteins as surface levels
of the B cell marker, B220, were not affected by ceramide
treatment (Fig. 2D). Nutrient transporter proteins were also
downregulated in ceramide-treated HeLa and DU145 cells (Fig.
2E). Taken together, these results suggest that ceramide triggers
homeostatic autophagy by causing the downregulation of nutri-
ent transporter proteins.

Ceramide Starves Cells to Death. Consistent with this model, the
ability of ceramide to induce cell death closely paralleled its ability
to downregulate nutrient transporter proteins (supporting infor-
mation (SI) Fig. S1 a and b). These experiments also showed that
relatively low, sublethal concentrations of ceramide decreased
nutrient transporter expression. Additional experiments demon-
strated a nearly linear relationship between GLUT-1 expression
and proliferation rate (Fig. S1c); this confirms that the degree of
transporter loss in ceramide-treated cells is sufficient to cause

nutrient stress, particularly when it is taken into account that
ceramide decreases nutrient uptake much faster than RNAi would
and affects multiple transporters. The synergistic effect of lowering
extracellular nutrient levels and treating cells with ceramide (Fig.
3A) is also consistent with this hypothesis.

If nutrient transporter downregulation kills ceramide-treated
cells, then stabilizing these proteins at the cell surface should
protect cells from ceramide. The molecules responsible for the
specific internalization and degradation of nutrient transporter
proteins have yet to be identified. However, several nutrient
transporter proteins are internalized through raft-dependent
processes (15, 16) and lipid raft organization is affected by
ceramide (17). We found that the raft disrupting agent nystatin
preserved both nutrient transporter surface expression (Fig. 3B)
and viability (Fig. 3C) following ceramide treatment. As would
be predicted by our model, nystatin failed to protect cells from
ceramide in the absence of extracellular nutrients (data not
shown). Ceramide is a direct activator of PP2A (2), a negative
regulator of several signaling pathways that promote nutrient
transporter expression (18). Okadaic acid, a PP2A inhibitor, also
blocked nutrient transporter loss in the presence of ceramide
(Fig. S1d). Because okadaic acid itself was toxic, we could not
evaluate whether this increased nutrient transporter expression
translated into increased cell survival.
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Fig. 1. Ceramide triggers homeostatic autophagy. (A) Cells expressing GFP-
LC3 were treated with DMSO or 50 �M C2-cer for the indicated intervals.
Representative cells at 4 h are shown. Scale bar, 10 �m. (B) Viability of cells
treated with DMSO or with 50 �M C2-cer. (C) Cells expressing Bcl-XL treated
with DMSO or 50 �M C2-cer for 24 h were examined by electron microscopy.
Scale bars, 2 �m or 1 �m. (D) Viability of cells treated for 24 h with C2-cer with
or without 10 �M CQ. 3-MA was toxic even in the absence of ceramide (data
not shown). (E) Viability of wild-type and Atg5�/� MEFs treated with 20 �M
C2-cer in 1% FCS. Error bars, SD.
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Fig. 2. Ceramide decreases nutrient transporter expression. (A) Surface
4F2hc was measured by flow cytometry in cells treated with DMSO or 25 �M
C2-cer. Similar results were obtained with 50 �M C2-cer. (B) mCAT-1 and
GLUT-1 expression in cells treated with DMSO or 50 �M C2-cer for 7 h (mCAT-1)
or 18 h (GLUT-1, cells expressed Bcl-XL to maintain viability). Scale bar, 10 �m.
(C) Amino acid uptake in cells treated with 25 �M C2-cer for 4 h. (D) Surface
levels of 4F2hc and B220 were measured in cells expressing Bcl-XL 6 h after
treatment with DMSO or 50 �M C2-cer. (E) 4F2hc and GLUT-1 localization in
HeLa or DU145 cells treated with DMSO or 50 �M C2-cer for 9 h. Scale bar, 10
�m. Error bars: A, SEM; C and D, SD.
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If ceramide starves cells by downregulating nutrient transporters,
then providing a transporter-independent nutrient should protect
cells. Methyl pyruvate (MP) is a membrane-permeant form of
pyruvate that can be oxidized in the tricarboxylic acid (TCA) cycle
to produce ATP or used to generate amino acids, fatty acids, and
nucleotides either directly or by way of TCA cycle intermediates.
Supplementation with MP provided robust protection from cer-
amide-dependent cell death in multiple cell types (Fig. 3D, Fig. S2
a and b). Clonogenic survival assays confirmed that rescued cells
excluding vital dyes were viable (Fig. S2c). In contrast to our results
with MP, supplementation with membrane-impermeant sodium
pyruvate or with additional glucose did not block ceramide-
dependent cell death (Fig. S2d). Importantly, MP had no effect on
nutrient transporter downregulation (Fig. 3E).

Consistent with our proposal that MP blocks ceramide-
dependent death by serving as a membrane-permeable nutrient,
MP slowed the induction of autophagy by ceramide (Fig. S2e).
However, autophagy was required for the full protective effect
of MP (Fig. 3F and Fig. S2f). This is likely because MP cannot
substitute for all nutrients. For example, the essential amino acid
leucine activates the nutrient-sensitive kinase mTOR (19). The
decrease in mTOR activity in ceramide-treated cells was not
corrected by MP (Fig. 3G). Interestingly, MP could not protect
AMPK�/� MEFs (Fig. 3H). AMP-activated protein kinase
(AMPK) is activated by bioenergetic stress and coordinates a
homeostatic response (20). The lack of protection in AMPK�/�
cells suggests that AMPK-dependent reprogramming of cellular
bioenergetics was essential for MP-mediated rescue. Consistent
with the idea that ceramide produces bioenergetic stress,
AMPK�/� MEFs were more sensitive to ceramide than wild-
type cells (Fig. 3H).

Ceramide induces caspase-independent cell death by decreasing nu-
trient transporter expression. If ceramide starves cells, inhibiting
apoptosis should not prevent cell death. In keeping with this
model, Bcl-XL expression blocked growth factor withdrawal-

induced apoptosis (Fig. 4A) but only delayed ceramide-
dependent cell death (Fig. 4B). Bcl-XL-expressing cells under-
went caspase-independent cell death (CICD) in response to
ceramide. zVAD inhibited growth factor withdrawal-induced
apoptosis (Fig. 4C) and protected cells from ceramide to a
similar degree as Bcl-XL expression, but did not provide an
additional survival advantage to Bcl-XL cells treated with cer-
amide (Fig. 4D). In addition, apoptotic morphology was not
observed and no annexin V positive/DAPI negative cells were
detected in ceramide-treated Bcl-XL-expressing cultures (Fig. 4
E and F). Because autophagy was protective (Fig. 1 D and E),
these cells likely died necrotically. Ceramide-induced necrosis
was also inhibited by MP supplementation consistent with the
proposal that nutrient transporter loss was responsible (Fig. 4B).

Endogenous ceramide production downregulates nutrient transporter
proteins. Because of their relatively high solubility in aqueous
media, short-chain ceramides have been used extensively to study
the effects of ceramide on cells. Exogenous, short-chain ceramides
are converted into long-chain ceramides within the cell (21, 22). We
performed HPLC ESI-MS/MS to evaluate whether the levels and
types of long-chain ceramide produced in C2-ceramide-treated cells
were similar to those produced when ceramide was generated
endogenously (Fig. 5A). The increase in long-chain ceramides in
cells treated with C2-ceramide was of similar magnitude to that
observed in cells treated with the chemotherapeutic daunorubicin
(DNR), a drug known to increase ceramide levels (5, 23, 24), and
in response to growth factor withdrawal, also previously shown to
increase ceramide levels (2). With all stimuli, the largest increase
was in C16:0 ceramide. These results confirm that C2-ceramide
treatment can be used to study the effects of ceramide generation
in isolation from the other effects of chemotherapeutic agents or
growth factor deprivation.

We next tested whether endogenously generated ceramide
also decreased nutrient transporter expression. Treatment with
bacterial sphingomyelinase (SMase) reduced 4F2hc surface ex-
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Fig. 3. Ceramide induces a bioenergetic crisis subsequent to nutrient transporter downregulation. (A) Viability 7 h after C2-cer treatment in full nutrients (control)
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pression by �50% and this effect was enhanced by the cerami-
dase inhibitor, D-MAPP (Fig. S3). Similarly, ceramide gener-
ated in response to DNR caused a dramatic relocalization of

4F2hc from the cell surface to the cytoplasm (Fig. 5 B and C).
Both DNR-induced nutrient transporter loss (Fig. 5 B and C)
and cell death (Fig. 5D) were inhibited by fumonisin B1 (FB1),
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a ceramide synthase inhibitor, demonstrating that ceramide
generation was responsible for these effects. As with exogenous
ceramide (Fig. 3 B and C), nystatin treatment prevented DNR-
induced nutrient transporter loss (Fig. 5 B and C) and protected
cells from DNR-dependent death to a similar degree as MP
supplementation (Fig. 5D). Thus, nutrient transporter down-
regulation may make a previously unappreciated contribution to
DNR-mediated toxicity.

Cellular bioenergetic state modulates sensitivity to ceramide. Growth
factors not only block apoptosis, but also drive cellular bioenerget-
ics. To evaluate whether altering the metabolic demand for nutri-
ents affects ceramide sensitivity, we adapted FL5.12 cells to grow
in high levels (500 pg/ml) or low levels (25 pg/ml) of IL-3, conditions
that produce highly glycolytic or less nutrient-dependent cells,
respectively (25, 26). In keeping with a bioenergetic mechanism for
ceramide-induced death, cells grown in low levels of IL-3 were
much more resistant to ceramide than cells maintained in high
levels of growth factors (Fig. 5E). We also shifted cellular bioen-
ergetics by gradually adapting cells to tolerate low levels of extra-
cellular nutrients. In contrast to the enhanced ceramide sensitivity
seen in cells subjected to acute nutrient limitation (Fig. 3A), cells
adapted to low nutrient levels exhibited a hormetic response and
were completely insensitive to a lethal dose of ceramide (Fig. 5F).
The finding that the metabolic state of the cell determines ceramide
sensitivity supports our model that ceramide kills cells by inducing
a bioenergetic catastrophe subsequent to nutrient transporter
downregulation (Fig. 5G).

Discussion
We identify a novel mechanism for ceramide-induced death:
starvation subsequent to nutrient transporter loss. This model
provides a metabolic explanation for the increased sensitivity of
cancer cells to ceramide (2). Cancer cells express constitutively
active oncogenes that drive cellular bioenergetics and suppress
autophagy (27). Moreover, tumor cells have deleted tumor
suppressor proteins that facilitate metabolic quiescence. Thus,
similar to what we observed in cells maintained in high levels of
growth factors (Fig. 5E), transformed cells would be less able
than normal cells to adapt to ceramide-induced nutrient trans-
porter downregulation. The importance of basal metabolic state
in determining ceramide sensitivity is further emphasized by the
opposite consequences of acute (Fig. 3A) and gradual (Fig. 5F)
extracellular nutrient restriction.

Blocking apoptosis in growth factor-deprived cells is sufficient to
prevent cell death despite the fact that nutrient transporter proteins
are also downregulated by growth factor withdrawal (Fig. 4A) (18).
Why then is autophagy insufficient to meet the needs of ceramide-
treated cells? One important difference is that, in growth factor
withdrawn cells, nutrient transporter expression levels decrease
relatively slowly. For example, 4F2hc levels decrease by �20% after
12 h of growth factor withdrawal (data not shown). By contrast, cells
exposed to a dose of ceramide that causes cell death with similar
kinetics lose 70% of their nutrient transporter proteins in 3 h (Fig.
2A). In addition, transcription and translation decline in growth
factor withdrawn cells, decreasing metabolic demand. In ceramide-
exposed cells, energy-consuming processes would only slow sec-
ondarily as a part of the response to starvation. In combination,
these factors would make the bioenergetic insult associated with
ceramide treatment more severe than that associated with growth
factor deprivation.

These studies identify the molecules that specifically control
nutrient transporter trafficking as key mediators of ceramide-
dependent cell death. At present, the molecules that coordinate
the turnover of most nutrient transporter proteins remain un-
defined, although our results suggest that lipid rafts (Fig. 3B) and
PP2A (Fig. S1d) may be involved. Our work also highlights the
fact that nutrient transporter expression should be evaluated in

other cases where cells become autophagic despite an abundance
of extracellular nutrients, particularly when the stimulus is
known to generate ceramide. Additional studies will be required
to determine whether nutrient transporter loss contributes to
other ceramide-dependent phenotypes such as proliferative ar-
rest, differentiation, and senescence. Given the central role of
ceramide in type II diabetes and cancer (2, 4, 28), future studies
may identify a role for ceramide-induced nutrient transporter
downregulation in the pathogenesis of these diseases.

Materials and Methods
Reagents. Chemicals: C2-CER, FB1, and D-MAPP (Biomol International); MP,
CQ, and SMase (Sigma); PI and DAPI (Invitrogen); and DNR and nystatin
(Calbiochem). Cells were pretreated with nystatin and FB1 for 30 min to 1 h.
Antibodies: 4F2hc and B220 (BD Biosciences); HA (Roche Applied Science);
GLUT-1 (Research Diagnostics Inc., note that the new lot of antibody does not
recognize mouse GLUT-1); and S6 (Cell Signaling). Secondary antibodies:
Invitrogen, Jackson Immunoresearch, or LI-COR. MIGR1 GFP-LC3 was kindly
provided by Julian Lum. pcDNA3 HA-mCAT-1 was generously provided by Jim
Cunningham. Lentiviral RNAi vectors were obtained from Open Biosystems.

Cell Culture. FL5.12 cells were used in all experiments unless otherwise indi-
cated. FL5.12 cells were maintained at 200,000–400,000 cells/ml in RPMI
(Mediatech) supplemented with 10% FCS (HyClone), 350 pg/ml IL-3 (BD
PharMingen), 10 mM Hepes (Mediatech), 55 �M �-mercaptoethanol (Sigma),
antibiotics, and L-glutamine (Mediatech). Glucose and amino acid deficient
FL5.12 medium was prepared from chemical components. HeLa, DU145, and
MEFs were maintained in DMEM (Mediatech) supplemented with 10% FCS
and antibiotics. MP was used at 11 mM, the concentration at which glucose is
present in RPMI. Atg5-deficient MEFs were generously provided by Noboru
Mizushima while AMPK�/� and �/� cells were kindly sent by Rueben Shaw
with permission from Keith Laderoute.

Amino Acid Uptake. Cells were pretreated with DMSO or C2-CER for 2 h and
then labeled for 2 h in complete medium supplemented with 1 �Ci/ml tritiated
amino acid mixture (MP Biomedicals). Cells were washed with ice-cold RPMI,
lysed in RIPA, and tritium levels determined by scintillation counting. Tritium
uptake was linear under the experimental conditions (R2 � 0.99).

Flow Cytometry. 4F2hc or B220 surface expression: 200,000–400,000 cells were
washed (2% FCS and 0.05% NaN3 in PBS), incubated on ice for 10 min with 5 �g
of mouse Ig (Jackson Immunoresearch) in blocking buffer (PBS containing 10%
FCS and 0.05% NaN3) to block Fc receptors, and primary antibody was added.
Secondary antibodies coupled to R-PE or APC were used. Annexin V-APC (eBio-
science) was added to cells in HBSS with Ca2� and Mg2�. Viability was determined
by vital dye exclusion (PI or DAPI) or by the ability to form colonies after limiting
dilution. Cells were analyzed on a BD LSR II flow cytometer.

Electron Microscopy. FL5.12 cells were washed once with PBS then fixed in
2.5% glutaraldehyde/2.5% formaldehyde in 0.1 M sodium cacodylate buffer
(Electron Microscopy Systems) and stored at 4 °C until embedding. Cells were
postfixed with 1% osmium tetroxide, serially dehydrated, embedded in
eponat12 resin, ultra-thin sections cut, mounted on grids, and stained with
uranyl acetate and lead citrate. Samples were analyzed on a Philips CM10
transmission electron microscope.

Fluorescence Microscopy. FL5.12 cells were fixed in 1% paraformaldehyde in
PBS, washed in PBS containing 2% FCS and 0.03% saponin, and then incubated
sequentially with primary and secondary antibodies in blocking buffer (PBS
with 0.3% saponin and 10% FCS). HeLa and DU145 cells were grown on
polylysine-coated coverslips, fixed in 4% paraformaldehyde, permeablized
with 0.1% Triton X-100 or 0.3% saponin, blocked in 10% FCS, and stained.
Cells were examined using a Nikon Eclipse TE2000 fluorescence microscope.

Mass Spectrometry. Treated FL5.12 were washed three times with PBS and the
cell pellet snap frozen. Mass spectrometry was performed as previously de-
scribed (29). Ceramides were normalized to lipid phosphates.
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