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Abstract

Ceramides are potent bioactive molecules in cells. However, they are very hydrophobic molecules, and difficult to deliver
efficiently to cells. We have made fluid bilayers from a short-chain D-erythro-ceramide (C6-Cer) and cholesteryl
phosphocholine (CholPC), and have used this as a formulation to deliver ceramide to cells. C6-Cer complexed with CholPC
led to much larger biological effects in cultured cells (rat thyroid FRTL-5 and human HeLa cells in culture) compared to C6-
Cer dissolved in dimethyl sulfoxide (DMSO). Inhibition of cell proliferation and induction of apoptosis was significantly more
efficient by C6-Cer/CholPC compared to C6-Cer dissolved in DMSO. C6-Cer/CholPC also permeated cell membranes and
caused mitochondrial Ca2+ influx more efficiently than C6-Cer in DMSO. Even though CholPC was taken up by cells to some
extent (from C6-Cer/CholPC bilayers), and was partially hydrolyzed to free cholesterol (about 9%), none of the
antiproliferative effects were due to CholPC or excess cholesterol. The ceramide effect was not limited to D-erythro-C6-Cer,
since L-erythro-C6-Cer and D-erythro-C6-dihydroCer also inhibited cell priolifereation and affected Ca2+ homeostasis. We
conclude that C6-Cer complexed to CholPC increased the bioavailability of the short-chain ceramide for cells, and
potentiated its effects in comparison to solvent-dissolved C6-Cer. This new ceramide formulation appears to be superior to
previous solvent delivery approaches, and may even be useful with longer-chain ceramides.
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Introduction

Sphingolipids constitute an important group of lipids with

specific structural and functional properties [1–3]. Contrary to

glycerolipids, in which glycerol is used to link up to three

functional groups to create more complex lipids, sphingolipid

structure is based on a long chain base, to which additional

functional groups can be attached [4]. During long chain base

synthesis, sphinganine is formed [5]. After acylation of its NH2

group, the resulting dihydroceramide can be used for synthesis

of more complex sphingolipids. However, very often a desaturase

will introduce a trans double bond between carbons 4 and 5 in

the long chain base, thus forming ceramide [6]. Further

modifications of ceramide may yield ceramide-1-phosphate,

sphingomyelin, cerebrosides, and gangliosides [7]. Degradation

of ceramide with ceramidases gives rise to sphingosine and free

fatty acid [8], of which the sphingosine may be phosphorylated

[9]. While the sphingomyelins and glycosphingolipids have

important structural function in cell membranes [10–12],

ceramide and the phosphorylated forms of both ceramide and

sphingosine are potent signaling lipids in cells [7,9,13–15].

However, the more complex sphingolipids serve as precursors in

the intricately regulated generation of bioactive sphingolipid

intermediates. Because functional modifications of ceramides

generate structural as well as bioactive molecules, ceramide

metabolism is considered to be the hub in sphingolipid turnover

[5].

The bioactivity of ceramide has been showed to be important

for the regulation of cell growth, proliferation and differentiation

[16–18], and for cell senescence, necrosis and apoptosis [19–

21]. Some of ceramide’s effects have been shown to involve

activation of different protein phosphatases [22]. However,

many other action mechanisms are likely. For instance,

ceramide down-regulates the HERG potassium channel [23],

and affect the resting membrane potential of thyroid FRTL-cells

by processes involving protein kinase C zeta [24]. Ceramides

have also been suggested to form pores in bilayer membranes,

and more recently also in mitochondrial outer membranes, thus

possibly facilitating apoptosis [25–27]. Since so many different

ceramide species exists in cells, and because ceramide genera-

tion can be highly compartmentalized, it is likely that different

signaling pathways are influenced differently, increasing the
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challenge of understanding the various roles ceramide can have

in cell signaling events.

Ceramide is a very hydrophobic molecule, and has extremely

poor aqueous solubility. This property has greatly hampered

studies on the biological activity of ceramides. While ceramides

can be generated in cells by activation of endogenous sphingo-

myelinases [28,29], or by using bacterial sphingomyelinases, direct

addition of natural ceramides to cells has been difficult. This is

apparently the main reason why many scientist have used short-

chain ceramide analogs (dissolved in organic solvent) to study

ceramide effects in cells, since their efficient delivery to cells has

been possible. Ceramides do not appear to form similar types of

water-soluble complexes with cyclodextrins, as cholesterol does,

although in one early study the use of alpha-cyclodextrin

facilitated ceramide synthesis, and may have formed some

complexes with ceramide [30]. However, liposomal complexes of

ceramides and phospholipids can be used instead of solvent to

deliver ceramides to cells. As expected, shorter-chain analogs were

more potent in affecting cell viability when compared to more

physiological ceramides [31,32].

We have recently shown that ceramides can form fluid bilayers

with cholesteryl phosphorylcholine (CholPC – see Figure 1 for

structure) [33]. The fluid nature of the bilayers was evident even

when palmitoyl ceramide was used with CholPC. Apparently the

CholPC/ceramide formulation is stable, since the phosphocholine

head group attached to cholesterol can protect both molecules

from unfavorable interactions with water. Similar bilayers were

previously shown to be formed by CholPC and dimyristoyl

glycerol [34]. We have in this study compared the bioactivity of N-

hexanoyl ceramide (C6-Cer) in two cell types (HeLa and rat

thyroid FRTL cells) when presented to cells either as a complex

with CholPC or dissolved in DMSO. Our results show that

CholPC-complexed C6-Cer was much more potent in causing

inhibition of proliferation, apoptosis, and disturbed Ca2+ homeo-

stasis, as compared to solvent-delivered C6-Cer. We suggest that

C6-Cer in a bilayer with CholPC provides a much better

bioavailability, and can be successfully used to deliver ceramides

to cells in culture.

Results

Cellular Uptake of [3H]C6-Cer from Different
Formulations
To measure the uptake and cellular association of [3H]C6-Cer,

FRTL-5 cells were exposed to 0.05 mM of [3H]C6-Cer

(,0.011 mCi/mmol) complexed with CholPC or dissolved in

DMSO. Alternatively, [3H]CholPC was used (0.05 mM,

,0.057 mCi/mmol), complexed with C6-Cer, and its cellular

uptake was followed. As shown in Figure 2, cell-associated label

(both [3H]CholPC and [3H]C6-Cer) increased curvi-linearly with

time (0.4 h). Comparing the cellular uptake of [3H]C6-Cer from

either [3H]C6-Cer/CholPC or [3H]C6-Cer/DMSO, it was

observed that cell association of [3H]C6-Cer appeared to be more

efficient from DMSO solvent compared to CholPC bilayers.

Exposure of cells to C6-Cer/[3H]CholPC vesicles led to a time-

dependent incorporation of [3H]CholPC into the cells, the extent

of which was larger than seen with C6-[3H]Cer uptake.

Cancerous cells in culture have been shown to convert C6-Cer

rapidly to C6-SM or C6-glycosylceramide, the actual conversion

route being subject to the initial C5-Cer concentration cells were

exposed to [42]. We have not further examined the possible

conversion of C6-Cer into other sphingolipid classes in the FRTL-

5 cells. However, since CholPC metabolism in cells has not been

previously addressed, we deemed it important to examine the

cellular fate of internalized [3H]CholPC. We examined the extent

of hydrolysis (to [3H]cholesterol) and the distribution of label into

[3H]cholesteryl esters, the latter being indicative of cholesterol

mass influx into the cells. After a 4 h exposure of cells to C6-cer/

[3H]CholPC (0.05 mM of each component), lipid analysis

revealed than 8.961.9% of [3H]CholPC had been hydrolyzed to

[3H]cholesterol. Only a small fraction of the label was found as

[3H]cholesteryl esters (0.560.1). The low labeling of cholesteryl

esters indicate that the increase in cellular free cholesterol mass

was not significant, since excess of free cholesterol is known to

rapidly stimulate cholesteryl ester synthesis [43].

Ceramide Inhibits the Proliferation of FRTL-5 and HeLa
Cells
The proliferation of FRTL-5 cells has been shown to be

inhibited by ceramide [44,45]. We therefore compared the effects

Figure 1. Chemical structure of CholPC.
doi:10.1371/journal.pone.0061290.g001

CholPC/Ceramide Bilayer
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of the different C6-Cer formulations on the rate of [3H]thymidine

incorporation into cellular DNA (Fig. 3A). FRTL-5 cells exposed

to 0.05 mM of C6-Cer/CholPC or C6-Cer dissolved in DMSO

for 48 h had lower [3H]thymidine incorporation compared to

control cells (DMSO exposure only), and the effect was much

larger in cells exposed to C6-Cer/CholPC. The results were

confirmed by counting the number of cells after 48 hrs of

treatment (Fig. 3B). Similar data were obtained when HeLa cells

were exposed for 12 h to 0.05 mM C6-Cer, either in complex with

CholPC, or dissolved in DMSO (Fig. 3C). The antiproliferative

effects of C6-Cer was also seen when FRTL-5 cells were exposed

to 0.05 mM C6-ceramide made from L-erythro-sphingosine, or

from D-erythro-sphinganine (Fig. 3D).

To exclude the possibility that CholPC was the cause of

inhibiting cell growth, we measured the effect of Chol/CholPC,

Chol/m-b-cyclodextrin, or Chol/DMSO formulations on FRTL-

5 proliferation (0.05 mM CholPC or Chol). As seen in Figure 3E,

exposure of FRTL-5 cells to any of the C6-Cer-free Chol or

CholPC formulations showed no significant effects on [3H]thymi-

dine incorporation, indicating no effect (inhibitory or stimulatory)

on FRTL-5 proliferation.

Effect of C6-Cer on Cytosolic Ca2+ Homeostasis in HeLa
Cells
Ceramide has been shown to greatly affect intracellular Ca2+

homeostasis in FRTL-5 cells [46]. To investigate the effect of C6-

Cer on cytosolic free Ca2+ concentrations ([Ca2+]cyt), the Ca2+

indicator Fura 2-AM was employed. As the HeLa cells appeared

to be much more sensitive to the different ceramid formulations,

we used HeLa cells in these assays. Prior to Ca2+ measurements,

the cells were preincubated with C6-Cer/CholPC or C6-Cer/

DMSO (0.05 mM) for 90 min, respectively. Then cells were

treated as indicated in Figure 4A. After a 90-min preincubation of

HeLa cells with C6-Cer/CholPC, the cells showed markedly

increased basal [Ca2+]cyt, whereas preincubation of cells with C6-

Cer/DMSO did not significantly increase basal [Ca2+]cyt. The

initial basal Fura 2-AM fluorescence ratios (F340/F380) were

1,88160,098 for C6-Cer/CholPC treated cells, 0,513760,048 for

C6-Cer/DMSO and 0,331560,008 for DMSO, respectively.

Also, C6-Cer/CholPC treated cells showed a clear and acute

reduction of [Ca2+]cyt in response to addition of EGTA (final

concentration 150 mM), indicating high Ca2+ permeability of the

plasma membrane (Fig. 4A). This was not seen with C6-Cer/

DMSO or DMSO alone. Furthermore, C6-Cer/CholPC treat-

ment inhibited the cytosolic Ca2+ response upon stimulation of the

IP3 sensitive Ca2+ stores with histamine (final concentration

10 mM; Fig. 4A and Fig. 4C). Exposure of cells to the Chol/

CholPC formulation gave no effect on cytosolic Ca2+ levels

(Fig. 4B). These results show that C6-Cer/CholPC potently

disrupts the handling of [Ca2+]cyt in response to changes in

extracellular [Ca2+], as well as when the cells are challenged with

the IP3 generating agonist histamine.

Mitochondrial Ca2+ Uptake is Reduced after C6-Cer/
CholPC, C6-Cer/DMSO, and Dihydro-C6-Cer/CholPC
Treatment
Ceramides have been shown to induce channel formation in

both bilayer membranes and in mitochondrial outer membranes,

possibly explaining the ceramide-induced increase in the perme-

ability of mitochondrial outer membranes [26,27]. Furthermore,

as the histamine-evoked release of ER calcium was severely

hampered, and as the ER and mitochondria are in close contact

with each other [47], we therefore wanted to investigate the effects

of the ceramide formulations on mitochondrial Ca2+ handling. For

the measurements of mitochondrial Ca2+ concentrations ([Ca2+]-

mito), we used mitochondrially targeted recombinant aequorin.

The cells were preincubated for 180 min with C6-Cer/CholPC,

C6-Cer/DMSO or dihydro-C6-Cer/CholPC (0.05 mM), and

stimulated with 100 mM histamine. Mitochondrial Ca2+ uptake

was nearly abolished in C6-Cer/CholPC treated cells and reduced

in C6-Cer/DMSO treated cells (Fig. 5A&B). Also, the cells treated

with dihydro-C6-Cer/CholPC showed an almost complete in-

hibition of mitochondrial calcium uptake (Fig. 5C).

Ceramide Induces Apoptosis in the FRTL-5 Cells
Previous studies have shown that ceramide induces apoptosis in

FRTL-5 cells [45]. To test the effects on apoptosis of the different

C6-Cer formulations, FRTL-5 cells were exposed to C6-Cer/

CholpC or C6-Cer/DMSO (0.05 mM) for 48 h. The proportion

of apoptotic cells in controls and C6-Cer exposed cells was

measured with FACS, and results calculated using Flowing

Software v 2.5 (Fig. 6). Less than 5% of the cells were apoptotic

when not exposed to C6-Cer, whereas the fraction of apoptotic

cells increased markedly in C6-Cer treated cells (Fig. 6A). C6-Cer/

CholPC was significantly more effective in inducing apoptosis in

the FRTL-5 cells compared to the C6-Cer/DMSO formulation.

As a control experiment the apoptotic cell percentage was also

calculated for the cells treated with Chol/Chol-PC for 48 h

(Fig. 6B).

Discussion

Ceramides are potent bioactive molecules, known to affect

many cellular processes, by directly modifying enzyme activities

[22,48–50], or possibly by creating ceramide-enriched ordered

domains [51,52], and even membrane pores allowing for

membrane permeabilization [25,53]. The latter mechanism may

be relevant for ceramide-induced cytochrome leakage from

mitochondria, an early event in the apoptotic pathway [54]. For

studies of the effects of ceramides on cellular processes, ceramides

must either be generated (e.g., sphingomyelinase activation), or

transferred from extracellular vehicles to cells. The latter approach

Figure 2. Cellular incorporation of [3H]C6-Cer or [3H]CholPC.
FRTL-5 cells were exposed for the indicated time to 0.05 mM of either
[3H]C6-Cer/CholPC, [3H]C6-Cer/DMSO, or C6-Cer/[3H]CholPC. The uptake
of lipids was normalized to cell protein, and each value is an average
from 6 dishes6SEM. The zero time labeling was about 1300 cpm/dish
(with each label), and was substracted from later time point values.
doi:10.1371/journal.pone.0061290.g002

CholPC/Ceramide Bilayer
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Figure 3. Effect of C6-Cer on cell proliferation. A. FRTL-5 cells were preincubated for 48 h with 0.05 mM C6-Cer/CholPC or C6-Cer/DMSO.
[3H]Thymidine incorporation into cellular DNA during the last 4 h was determined. B. Cell proliferation measurement using cell count. Effect of C6-Cer
on cell proliferation on FRTL-5 was measured by counting the cells after preincubation for 48 h with 0.05 mM C6-Cer/CholPC or C6-Cer/DMSO. DMSO
alone was used as control. Each value gives the amount of cells per plate. C. HeLa cells were incubated with 0.05 mM C6-Cer/CholPC or C6-Cer/DMSO
for 12 h. [3H]Thymidine incorporation into cellular DNA during the last 4 h was determined. D. FRTL-5 cells were exposed to 0.05 mM L-erythro-C6-
Cer/CholPC or C6-dihydroCer/CholPC for 24 h after which [3H]thymidine incorporation into cellular DNA during the last 4 h was determined. E. FRTL-
5 cells were exposed for 48 h to 0.05 mM Chol/CholPC, Chol/DMSO, or Chol/m-b-cyclodextrin after which [3H]thymidine incorporation into cellular
DNA during the last 4 h was determined. Each value is the mean 6 SEM of at least 3 independent experiments. *P,0.05; **P,0.01; ***P,0.001.
doi:10.1371/journal.pone.0061290.g003

CholPC/Ceramide Bilayer
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is hampered by the hydrophobicity of ceramides, which prevent

efficient and spontaneous transfer through the aqueous phase.

In a previous study, we showed that ceramides (e.g., 16:0-Cer)

can form fluid bilayers with CholPC [33]. In the present study, we

have shown that C6-Cer complexed with CholPC into bilayers

have a much higher potency to inhibit cell growth and induce

apoptosis, when compared to C6-Cer dissolved in DMSO. Using

[3H]sphingosine-labeled C6-Cer, we observed that short-term (up

to 4 h, Fig. 2) cellular association of C6-Cer was higher from

DMSO than from CholPC bilayers. However, since the C6-Cer/

CholPC formulation was superior to the DMSO formulation in all

cellular responses to C6-Cer, we believe that C6-Cer addition to

cells from DMSO led to crystallization of the C6-Cer when diluted

to the cell growth medium. Such crystals may stick to cells more

than C6-Cer/CholPC vesicles, and hence give rise to higher

association of the [3H]label with cells.

The anti-proliferative effect of short-chain ceramides is well

documented [16,18]. We observed that C6-Cer was very efficient

in reducing cell proliferation, both in FRTL-5 and HeLa cells. The

effect was significantly larger with C6-Cer/CholPC at 48 h

compared to DSMO delivered C6-Cer (FRTL-5 cells, Fig. 2A).

HeLa cells appeared to be even more sensitive to the anti-

proliferative effects of C6-Cer, irrespective of the delivery form

(Fig. 3B). The antiproliferative effect of C6-Cer was also seen when

the long-chain base had the unnatural L-erythro configuration

[55], or when sphinganine (yielding dihydroceramide) was the

long-chain base (Fig. 3C). Many ceramide effects are considered to

be specific for the natural D-erythro N-acyl sphingosine species, and

dihydroceramide has been shown to be inactive for many

processes that ceramides influence [56–58]. Clearly, for cell

growth inhibition, the D-erythro-sphingosine requirement was not

absolute. However, our present data cannot distinguish between

direct and indirect effects of ceramide causing the anti-proliferative

effects. We also cannot exlude the possibility that some of the

observed effects may arise from effects of C6-Cer on membrane

protein and lipid redistribution.

CholPC by itself, although transferrable between C6-cer/

CholPC vesicles and cell membranes (Fig. 2), and being partially

hydrolyzed to free cholesterol, did not affect cell proliferation

(FRTL-5 cells; Fig. 3B). Exposing cells to cholesterol dissolved

either in DMSO or methyl-b-cyclodextrin also did not affect cell

proliferation. Although cholesterol synthesis is important for

normal progression of cell division and proliferation [59], excess

cholesterol is considered toxic to cells. Enrichment of cholesterol in

cells lead to increased phospholipid synthesis [38] and cholesteryl

ester formation [60]. Since cellular cholesteryl ester formation was

not markedly increased after exposure of FRTL-5 cells to CholPC-

containing vesicles for 4 h, we conclude that cholesterol mass

increase in the cells was not substantial after the treatment.

HeLa cells exposed to C6-Cer/CholPC did manifest an

increased basal intracellular Ca2+ level, suggesting that the

integrity of their plasma membranes may have been compromised

by either C6-Cer or by CholPC. C6-Cer is the more likely the

molecule causing the effect, since ceramides are known to affect

Ca2+ levels in cells by several different mechanisms. In addition to

making channels in the plasma membrane [53,61], ceramides may

deplete ER Ca2+ stores and evoke store-operated Ca2+ entry [62],

Figure 4. C6-Cer/CholPC disrupts cytosolic calcium homeosta-
sis in HeLa cells. The cells (panel A) were preincubated for 90 min
with 0.05 mM C6-Cer/CholPC or C6-Cer/DMSO, and changes in
intracellular Ca2+ levels were measured using Fura 2-AM. DMSO alone
was used as control. The cells were stimulated as indicated by the
arrows (150 mM EGTA, 1 mM Ca2+, and 10 mM histamine). The Ca2+

traces are averages from 33 individually measured cells that were
randomly selected. In panel B, cells were instead treated with Chol/
CholPC or DMSO (control) and stimulated with 10 mM histamine in
calcium containing HBSS buffer. The Ca2+ traces are averages from 34

individually measured cells that were randomly selected. Panel C shows
the quantification of the change in F340/F380 from basal to maximal
values upon 10 mM histamine stimulation in panel A. The data were
analyzed using one-way Anova and Bonferroni’s multiple comparison
test (***p,0.001 compared with DMSO; ¤¤¤p,0.001 compared with
C6-Cer).
doi:10.1371/journal.pone.0061290.g004

CholPC/Ceramide Bilayer
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or block store-operated Ca2+ entry [46]. Furthermore, by

depolarizing the plasma membrane potential by blocking potas-

sium channels [44,61], and by collapsing the mitochondrial

membrane potential [63], ceramides may also modulate cellular

Ca2+ homeostasis. The dramatic increase in basal Ca2+ levels we

observed in cells after incubation with C6-Cer/CholPC suggests

that the ER was depleted. This depletion resulted in a substantial

increase in basal cytosolic Ca2+ levels due to store-operated Ca2+

entry. The magnitude of the increase also suggests that C6-Cer/

CholPC probably produced channels in the plasma membrane as

well. The lack of Ca2+ uptake in the mitochondria after C6-Cer/

CholPC probably was the result of the depleted ER Ca2+ store, as

Figure 5. C6-Cer/CholPC and C6-dihydroCer reduce mitochon-
drial calcium uptake. HeLa cells were preincubated for 180 min with
0.05 mM C6-Cer/CholPC or C6-Cer/DMSO (panels A and B), and changes
in intracellular Ca2+ levels were measured using mtAEQ. DMSO was
added to control cells. Panel A shows kinetics of changes in
mitochondrial Ca2+ after challenge with histamine. In panel B, the
change in Ca2+ response was quantitated. The cells were challenged
with 100 mM histamine as indicated by the arrow. Panel C shows
kinetics of the Ca2+ response after180 min exposure of cells to C6-

dihydroCer. Traces (panel A and C) are averages of 3 measurements,
each representing the average luminescence from a cell population of
150 000–200 000 cells. In panel B, the bar shows the average change in
[Ca2+]mito during histamine-induced Ca2+ release (6 SEM, n = 3). The
data were analyzed using one-way Anova and Bonferroni’s multiple
comparison test (***p,0.001 compared with DMSO; ¤¤¤p,0.001
compared with C6-Cer).
doi:10.1371/journal.pone.0061290.g005

Figure 6. Induction of apoptosis in FRTL-5 cells by C6-Cer. A.
The cells were exposed for 48 hrs to C6-Cer/CholPC or C6-Cer/DMSO
(0.05 mM), and the fraction of apoptotic cells was measured. Each bar
value is the mean6SEM of 3 different experiments. *p,0.05,
***p,0.001. B. Induction of apoptosis in FRTL-5 cells by Chol/Chol-PC.
The cells were exposed for 48 hrs to Chol/Chol-PC (0.05 mM), and the
fraction of apoptotic cells was measured. Each bar value is the
mean6SEM of 3 different experiments (NS =no significance).
doi:10.1371/journal.pone.0061290.g006

CholPC/Ceramide Bilayer
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well as production of pores in the mitochondrial membranes [25–

27]. Similar effects on cellular Ca2+ handling were also observed

by C6-DMSO, although the magnitude was modest compared

with that of C6-Cer/CholPC. Interestingly, C6-dihydroCer had

the same effects on mitochondrial Ca2+ as C6-Cer, despite claims

in the literature that C6-dihydroCer is unable to form ceramide

pores in mitochondrial membranes [58].

Ceramides are widely known to cause apoptosis in cells. The

mechanism(s) of action possibly include inhibition of survival

pathways (pAkt inhibition [64,65]), permeabilization of mitochon-

drial outer membranes [26,27,66], and caspase activation [67].

We observed dramatic increase in apoptosis in FRTL-5 cells

exposed to C6-Cer (Fig. 6). Again the effect was significantly

higher when C6-Cer was presented to cells in the form of CholPC-

bilayers (compared to DMSO). Neither cholesterol nor Chol/

CholPC formulations did affect the number of apoptotic cells. It is

very likely that C6-Cer affects cells in different ways (possibly

indirectly), leading to inhibition of cell proliferation, disturbed

Ca2+ homeostasis, and apoptosis. What is clear from this study is

that the means of ceramide delivery to cells dramatically affect the

potency of the ceramide. Short-chain ceramides dissolved in

DMSO are likely to precipitate when added to cell culture

medium, and the bioavailability of ‘‘crystalline’’ ceramide is low.

Formation of fluid bilayers which are enriched in C6-Cer (about

50 mol%) prevent crystallization of ceramide, and instead

apparently allows for transfer of monomeric ceramide from the

C6-cer/CholPC bilayers to cell membranes. However, we cannot

rule out the possibility of limited fusion of C6-Cer/CholPC

vesicles with cell membranes.

Long-chain ceramides also form fluid bilayers with CholPC,

and these could possibly be used to deliver biologically relevant

ceramide species to cells. However, the hydrophobicity (or acyl

chain length) of complex lipids correlate well with their transfer

efficiency between membrane structures [68,69], and hence long-

chain ceramides would be predicted to transfer more slowly than

short-chain ceramides, even in formulations with CholPC.

However, as shown in this study, the bioavailability of a short-

chain ceramide complexed with CholPC was superior to DMSO-

dissolved ceramide. It is difficult to directly compare the efficacy of

short-chain ceramides complexed with CholPC to other formula-

tions based on liposomal complexes [31,32]. However, it is likely

that ceramides would interact more preferably with phospholipids

in liposomal compexes than with CholPC in our type of

formulation. Such differences in co-lipid interactions could lead

to significant differences in the bioavailablity of complexed

ceramides. Clearly more studies are warranted to elucidate the

benefits and disadvantages of ceramide/CholPC formulations as

compared to ceramide/liposome formulations.

Experimental

Materials
Cholesterol, methyl-b-cyclodextrin, and dimethyl sulfoxide

(DMSO) were obtained from Sigma/Aldrich (St. Louis, MO).

D-erythro-sphingosine and hexanoic acid were purchased from

Larodan (Malmö, Sweden). [1,2-3H(N)]Cholesterol (40–60 Ci/

mmol) and [3-3H]D-erythro-sphingosine (15–30 Ci/mmol) were

obtained from PerkinElmer (Waltham, MA, USA). Organic

solvents were from Rathburn Chemicals Ltd (Walkerburn Scot-

land). Culture medium, serum, and hormones, except bovine

TSH, were purchased from Invitrogen (Carlsbad, CA) and Sigma/

Aldrich. Bovine TSH was obtained from Dr. A. F. Parlow and the

National Hormone and Pituitary Program (National Institutes of

Health, Bethesda, MD). Culture dishes were obtained from Falcon

Plastics (Oxnard, CA). Fura 2-AM, penicillin/streptomycin,

coelenterazine, and trypsin were from Invitrogen (Carlsbad,

CA). Coon’s modified Ham F-12 and Dulbecco’s Modified Eagles

Medium, poly-L-lysine, histamine and digitonin were from

Sigma/Aldrich. Fetal bovine serum, and L-glutamine were from

Life Technologies Corporation (Carlsbad, CA). TurboFect trans-

fection reagent was from Fermentas (Thermo Fisher Scientific).

Synthesis of CholPC and C6-Cer
CholPC and [3H]CholPC were prepared according to pre-

viously published methods [33–36]. The structure of CholPC was

verified by 1H-NMR, and by by ESI-MS (MeOH): 574.45

[M+Na]+ [33]. C6-Cer or C6-[3H]Cer were prepared from

hexanoic acid and sphingosine or [3H]sphingosine using N,N’-

dicyclohexylcarbodiimide and triethylamine as catalysts [37].

Products were purified by preparative HPLC on a C18 phase,

using methanol as solvent. Purity was assessed by analytical

HPLC, and molecular identity by ESI-MS.

Preparation of C6-Cer/CholPC or Chol/CholPC Bilayers
The synthesized CholPC and C6-Cer were kept as stock

solutions in hexane-isopropanol (3:2 by vol) and methanol,

respectively, and stored at 220uC until used. Cholesterol was

dissolved in hexane/isopropanol, and used without further

purification. The mass of each compound was determined by

weight prior to dilution in solvent. Bilayers of desired concentra-

tion were prepared from the stock solutions as follows: the

appropriate amount of each lipid was put into a glass tube, dried

under a flow of nitrogen at 40uC, redissolved in chloroform to

ensure proper mixing and dried again. The dried lipid film was

then hydrated in HBSS buffer (20 mM Hepes, 118 mM NaCl,

4.6 mM KCL, 1 mM CaCl2, 10 mM D-glucose, pH 7.4) at 55uC
for 20 minutes and then sonicated for 10 minutes in a Branson

2510 bath sonicator (Branson Ultrasonics, Danbury, CT, USA) at

the same temperature. The resulting dispersions of either C6-Cer/

CholPC or Chol/CholPC (each prepared to a 1:1 molar ratio)

were kept at RT and used within 24 hours. For experiments with

C6-Cer dissolved in DMSO, the dried lipid film was prepared as

previously described, and dissolved in DMSO to give a 10 mM

solution. As controls, cholesterol was also dissolved in DMSO and

presented to cells, or was complexed with methyl-b-cyclodextrin
(1:8 molar ratio) as described previously [38].

Cell Culture
Rat thyroid FRTL-5 cells, originally from the Interthyr

Foundation (Bethesda, MD), were grown in Coon’s modified

Ham’s F12 medium supplemented with 5% calf serum and six

hormones (insulin, 10 mg/ml; transferrin, 5 mg/ml; hydrocorti-

sone, 10 nM; tripeptide gly-L-his-L-lys, 10 ng/ml; TSH, 0.3 mU/

ml; somatostatin, 10ng/ml) in a water-saturated atmosphere of 5%

CO2 and 95% air at 37oC [39]. HeLa cells were grown in

Dulbecco’s Modified Eagle Medium supplemented with fetal

bovine serum (10%), L-glutamine (1%) and penicillin-streptomycin

(1%) at 37uC and 5% CO2.

Incorporation of Labeled [3H]CholPC and [3H]C6-Cer into
FRTL-5 Cells
Near-confluent FRTL-5 cells were exposed for the indicated

times to C6-Cer/CholPC bilayers in which either C6-Cer or

CholPC was [3H]-labeled for indicated times. Alternatively,

[3H]C6-Cer was presented to cells dissolved in DMSO. The final

C6-Cer concentration was 0.05 mM. Zero time labeling was

determined from cells exposed to labeled lipid for about 60 sec
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before rinsing and washing, and was subtracted from the 4 h

labeling values for each lipid class. Dishes were rinsed with buffer 3

6 1 ml before freezing. Lipids from the cells were extracted with

1 ml hexane/isopropanol (3:2 by vol) per dish for 20 min on

a plate rocker. The lipid extract was transferred to a tube and

dried under a flow of nitrogen at 40uC. The procedure was

repeated one time to ensure efficient extraction of the lipids –

extracts from each dish were pooled.

For analysis, the dried lipids were dissolved in 100 ml of hexane/
isopropanol and 30 ml was applied onto a tlc plate (TLC PE SIL G

Flexiplate; Whatman Ltd, Maidstone, Kent, England) using

a Camag Automatic TLC Sampler III (Camag, Muttenz, Switzer-

land). Standard lipids (cholesterol, CholPC and cholesteryl oleate)

were coeluted on the plates together with the samples. For

CholPC, cholesterol and cholesterol oleate analysis, tlc plates were

first eluted halfway with chloroform:methanol:acetic acid:water

(5:3:0.3:0.3 by vol). The plates were dried, and eluted full length

a second time with hexane, diethyl ether and acetic acid (13:3:0.2

by vol). The plates were dried and the spots visualized using iodine

vapor. The spots corresponding to CholPC, cholesterol, and

cholesteryl oleate were cut and placed in scintillation tubes

together with 3 ml of scintillation fluid (Optiphase 3, PerkinEl-

mer/Wallac Turku, Finland) and left over night. The next day the

radioactivity was counted using a LKB Wallac 1216 Rackbeta

liquid scintillation counter (Wallac Oy, Turku, Finland).

[3H]Thymidine Incorporation Assay
Cell proliferation was measured with [3H]-thymidine (Amer-

sham, Buckinhamshire, UK) incorporation. Cells were plated on

35-mm plates (100 000 cells/plate) and grown for the times

indicated together with 0.05 mM of C6-Cer (either as complex

with CholPC or dissolved in DMSO). For the last 4 h, 0.4 mCi/ml

[3H]-thymidine was added. The assay was stopped by washing the

cells three times with ice-cold PBS. DNA was precipitated with ice-

cold 5% trichloroacetic acid. The precipitate was dissolved in 0.1 M

NaOH, and mixed with Optiphase Hisafe 3 scintillation liquid

(PerkinElmer/Wallac Turku, Finland), and counted for activity.

Cell Counting Assay
Cell proliferation was also measured by cell counting. Cells were

plated on 35-mm plates (100 000 cells/plate) and grown for the

indicated times with 0.05 mM of C6-Cer (either as a complex with

CholPC or dissolved in DMSO). In control plates, only DMSO

was used. At the indicated time, the cells were harvested using PBS

containing 0.02% EDTA and 0.1% trypsin, and the cells were

counted using trypan blue and a haemocytometer chamber.

Cytosolic Calcium Measurements
HeLa cells were grown in 35-mm cell culture dishes containing

25-mm poly-L-lysine coated coverslips. At 50% confluence, the

cells were exposed for 0.05 mM C6-Cer (either as complex with

CholPC, or dissolved in DMSO) for 90 min. Then, the cells were

washed three times with HBSS and incubated in HBSS with 2 mM
Fura 2-AM for 30 min at room temperature. Extracellular Fura 2-

AM was then removed by two washes followed by a 15 min

incubation in HBSS. The coverslips were transferred to a heated

chamber (37uC) and placed under an inverted Zeiss Axiovert 35

microscope equipped with a 406Fluor objective and a SensiCam

12 bit CCD camera (PCO/CD Imaging, Kelheim, Germany).

The source for excitation light was a XBO 75W/2 xenon lamp.

Correct excitation wavelengths were produced using 340 and

380 nm filters which were controlled with a Lambda 10-2 device

(Sutter Instruments, Novato, CA). Data was recorded using Axon

Imaging Workbench 6.0 (Axon Instruments, Foster City, CA). For

the treatments in Ca2+ free HBBS, CaCl2 was replaced with

0.150 mM EGTA.

Mitochondrial Calcium Measurements
Recombinant aequorin targeted to the mitochondrial matrix

(mtAEQ) and a purpose-built luminometer system were used for

measurements of mitochondrial Ca2+ concentrations as described

previously [40,41]. The mtAEQ plasmid was a generous gift from

professor Urs Ruegg (Geneva-Lausanne School of Pharmaceutical

Sciences, University of Geneva, Switzerland). HeLa cells were

grown on 13-mm poly-L-lysine coated coverslips and transfected

with mtAEQ at 70% confluence using TurboFect transfection

reagent. 24 hours after transfection the cells were preincubated for

180 min with 0.05 mM C6-Cer (either as complex with CholPC,

or dissolved in DMSO). Cells were washed 3 times in HBSS and

incubated for 1 h with 5 mM native colenterazine at room

temperature. The coverslips were then placed into a heated

(37uC) perfusion chamber and luminescence was measured. Data

was recorded using EM6 Counter/Timer Software 2.5 (Electron

Tubes Limited). After each experiment the cells were treated with

100 mM digitonin in HBSS containing 10 mM CaCl2 to obtain

a maximal luminescence signal of the sample for calculating the

Ca2+ concentration at each time point of the experiment as

described in [40].

Fluorescence-activated Cell Sorting for Apoptosis
Detection
100,000 cells were grown on 35-mm plates and the media was

collected after 48 h of incubation with ceramides (0.05 mM) and

controls. FRTL-5 cells were detached with EDTA-trypsin solution

and centrifuged along with the collected media. The pellet was

incubated at room temperature for 15 min with 200 ml propidium
iodide solution, containing 0.05 mg/ml propidium iodide, 3.8 mM
sodium citrate, 0.1% Triton X-100 in PBS, at room temperature.

The samples were then analyzed by flow cytometry using

FACSCalibur and CellQuest Pro software (BD Biosciences, San

Jose, CA, USA). The percentage of apoptotic cells was calculated

using Flowing Software v 2.5 (www.flowingsoftware.com).

Statistics
Each experiment was repeated at least three times. The results

are expressed as the mean 6 SEM. Statistical analysis was made

using Student’s t test. When three or more means were tested, one-

way ANOVA and Bonferronis’ post hoc test was used. A P value

below 0.05 was considered as statistically significant.
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