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Introduction

Pancreatic cancer is the fourth leading cause of cancer-related 
deaths in the United States.1 The high mortality of the disease 
is largely attributed to multidrug resistance and metastases. 
New therapeutic modalities delivering potent anti-neoplastic 
agents that target pro-survival signaling cascades may become 
an important therapeutic modality. The use of pro-apoptotic 
agents, such as ceramide which preferentially induces apopto-
sis in transformed cells, may offer the ability to enhance the 
efficacy of existing treatments without further exacerbating 
toxicities.2,3 Moreover, delivering these agents within nanoscale 
packages has the potential to overcome mechanisms of multi-
drug resistance.4

Sphingolipids have been recognized as important lipid-
based mediators of cell growth, death and differentiation. The 

Poor prognosis cancers, such as pancreatic cancer, represent inherent challenges for ceramide-based nanotherapeutics 
due to metabolic pathways which neutralize ceramide to less toxic or pro-oncogenic metabolites. We have recently 
developed a novel 80 nanometer diameter liposomal formulation that incorporates 30 molar percent C6-ceramide, a 
bioactive lipid that is pro-apoptotic to many cancer cells, but not to normal cells. In this manuscript, we evaluated the 
efficacy of combining nanoliposomal C6-ceramide (Lip-C6) with either gemcitabine or an inhibitor of glucosylceramide 
synthase. We first assessed the biological effect of Lip-C6 in PANC-1 cells, a gemcitabine-resistant human pancreatic cancer 
cell line, and found that low doses alone did not induce cell toxicity. However, cytotoxicity was achieved by combining 
Lip-C6 with either non-toxic sub-therapeutic concentrations of gemcitabine or with the glucosylceramide synthase 
inhibitor D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP). Furthermore, these combinations 
with Lip-C6 cooperatively inhibited PANC-1 tumor growth in vivo. Mechanistically, Lip-C6 inhibited pro-survival Akt 
and Erk signaling, whereas the nucleoside analog gemcitabine did not. Furthermore, by including PDMP within the 
nanoliposomes, which halted ceramide neutralization as evidenced by LC-MS/MS/MS, the cytotoxic effects of Lip-C6 were 
enhanced. Collectively, we have demonstrated that nanoliposomal ceramide can be an effective anti-pancreatic cancer 
therapeutic in combination with gemcitabine or an inhibitor of ceramide neutralization.
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pro-apoptotic sphingolipid metabolite, ceramide, is endoge-
nously generated by chemo- or radio-therapies,5-7 and exogenous 
short-chain ceramide has been shown to augment chemother-
apy-induced cytotoxicity.7-9 One of the exciting aspects of using 
ceramide as a chemotherapeutic is the preferential selectivity for 
inducing apoptosis in cancer cells. For example, we previously 
demonstrated that nanoliposomal C

6
-ceramide induces cell 

growth arrest and apoptosis in breast cancer cells and melano-
mas, but not non-transformed mammary gland epithelial cells 
or melanocytes.2,10,11 Mechanisms underlying these observa-
tions are not completely understood, but may reflect decreased 
metabolism of the nanoscale formulations in cancer cells and/
or enhanced promitogenic signaling in transformed cells. 
Specific promitogenic signaling cascades such as protein kinase 
C (PKC), Erk and Akt, are activated or overexpressed in mul-
tiple cancers.12-14 Mechanistically, ceramide forms structured 
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Gemcitabine is a FDA-approved chemotherapeutic that is rou-
tinely used in the treatment of pancreatic cancer. We formulated 
Lip-PDMP as a nanoliposomal formulation designed to prevent 
the neutralization of ceramide to glucosylceramide. In this study, 
we hypothesized that gemcitabine or Lip-PDMP could improve 
the efficacy of Lip-C

6
. In dose and time evaluations of cellular 

viability, the IC
50

 in PANC-1 cells for Lip-C
6
 and Lip-PDMP at 

48 h was determined to be approximately 26 and 48 μM, respec-
tively (Fig. 1). In contrast, the IC

50
 for gemcitabine in PANC-1 

cells was extrapolated to be substantially greater than 1,000 μM. 
This observation was consistent with previously published obser-
vations that indicated PANC-1 cells were highly resistant to gem-
citabine.30 Lip-C

6
, gemcitabine and Lip-PDMP were evaluated in 

combination using the Chou-Talalay method to quantify poten-
tial synergistic cell killing (Table 2). The combination index (CI) 
for different concentrations of Lip-C

6
 and gemcitabine revealed 

that these anticancer agents acted in synergy with each other. 
However, the CI for different concentrations of Lip-C

6
 and Lip-

PDMP, or Lip-PDMP and gemcitabine, revealed that these agents 
could synergize with or antagonize each other. The common 
agent to these contradictory findings was Lip-PDMP, a regula-
tor of sphingolipid metabolism that potentially could influence 
many different pro-survival or pro-apoptotic sphingolipids.

We next utilized the TUNEL method (terminal deoxynucle-
otidyl dUTP nick-end labeling) to determine if combinations of 
Lip-C

6
, gemcitabine or Lip-PDMP, at concentration that were 

not individually detrimental to cellular viability, could induce 
apoptosis of PANC-1 cells (Fig. 2). No apoptotic effect was 
observed with 5 μM Lip-C

6
 alone, 20 μM gemcitabine alone 

or Lip-PDMP 5 μM alone. However, significant apoptosis of 
PANC-1 cells was detected upon treatment with the combina-
tion of Lip-C

6
 and gemcitabine or a combinatorial nanolipo-

some encapsulating equal concentrations of both C
6
-ceramide 

and PDMP (Lip-C
6
/PDMP). We previously had showed that 

the Lip-C
6
/PDMP formulation elicited a more robust therapeu-

tic response in neuroblastoma cells.31 Of note, the combination 
of gemcitabine with Lip-C

6
/PDMP induced a dramatic increase 

in apoptosis of PANC-1 cells beyond that seen with Lip-C
6
/

PDMP alone or the combination of Lip-C
6
 and gemcitabine 

(Fig. 2).
The metabolic fate of Lip-C

6
 is substantially altered by Lip-

PDMP. Short-chain ceramide species are targets of the same 
metabolic pathways which act upon endogenous ceramides. 
Intriguingly, these metabolic pathways also convert a substantial 
amount of short-chain ceramide to natural ceramides through 
de-acylation to yield sphingosine followed by subsequent re-acyl-
ation with a diversity of fatty acids. The most notable metabolism 
of short-chain ceramides is to corresponding short-chain cere-
brosides and short-chain sphingomyelin. These particular path-
ways act to neutralize the pro-apoptotic lipid and play a primary 
role in the ability of a cancer cell to overcome the short-chain 
ceramide. In our study we evaluated the metabolism of nanolipo-
somal-delivered C

6
-ceramide (Lip-C

6
) by PANC-1 cells (Fig. 3). 

Indeed, Lip-C
6
 treatment was reflected by a substantial increase 

in C
6
-ceramide as well as C

6
-cerebroside and C

6
-sphingomyelin 

(Fig. 3A–C). Not surprisingly, Lip-C
6
 treatment also resulted in 

membrane microdomains, recruiting PKCζ to pre-formed Akt-
signalsomes.15 Ceramide-bound PKCζ inactivates pro-survival 
Akt via phosphorylation at serine 34.15,16 In a similar scenario, 
we have shown that ceramide inhibits PKCε/Erk interactions.17

Despite the increased solubility of short-chain ceramide, its 
therapeutic efficacy is limited due to its impermeability and to its 
tendency to precipitate in biological fluids. To improve solubility 
and to protect from metabolism, systemic delivery for ceramide 
has embraced nano “solutions.” Recent reports have established 
the utility of ceramide delivery in nanoliposomes for the systemic 
treatment of breast cancer, hepatocellular carcinoma, large granu-
lar lymphocytic leukemia and melanoma animal models.2,10,11,18,19 
The Nanotechnology Characterization Laboratory of the National 
Cancer Institute has recently reported the pharmacokinetic 
profile, and the lack of toxicology, of ceramide-enriched nano-
liposomes (http://ncl.cancer.gov/MK_022207_073007.pdf).  
Further limitations of ceramide as an anticancer therapeutic 
arises from metabolism into pro-mitogenic phosphorylated deriv-
atives (ceramide-1-phosphate and sphingosine-1-phosphate), 
which have been implicated in multidrug resistant cellular phe-
notypes.20-22 Recently, we have shown that the fate of exogenously 
delivered C

6
-ceramide is cell type dependent and concentration 

dependent.23 For example, in PANC-1 cells, higher concentra-
tions of C

6
-ceramide were preferentially metabolized to gluco-

sylceramide, a lipid linked to multidrug resistant phenotypes. 
Therefore, incorporation of glucosylceramide synthase inhibi-
tors could improve the therapeutic efficacy of nanoliposomal 
ceramide.

In the present study, we successfully deliver C
6
-ceramide 

within non-toxic nanoliposomal formulations (Lip-C
6
) to the 

drug-resistant PANC-1 human pancreatic cancer model. Multiple 
labs, including our own, have reported that the PANC-1 cell line 
is more chemoresistant than other cell lines, often exhibiting 
higher IC

50
 values.24-29 In this study, we also demonstrate that 

D-threo-1-phenyl-2-decanoylamino-3-morpholino-1-propanol 
(PDMP), a glucosylceramide synthase inhibitor and gemcitabine, 
a nucleoside analog, enhance the antitumor activity of Lip-C

6
. 

We show that the biological effect of Lip-C
6
 is achieved through 

inhibition of Akt phosphorylation, and suggest that the distinc-
tive action of the anti-metabolite gemcitabine can be used to 
prime the PANC-1 cells to the action of Lip-C

6
. Additionally, by 

using a nanoliposomal combination of PDMP and C
6
-ceramide 

(Lip-C
6
/PDMP), we show that the inhibition of glucosylce-

ramide synthase improves the anti-pancreatic cancer action of 
C

6
-ceramide. Altogether this study demonstrates the utility of 

combinatorial C
6
-ceramide-containing nanotherapeutics as a 

potential new strategy in treating drug-resistant human pancre-
atic cancer.

Results

Lip-C
6
 cytotoxicity is synergistically enhanced by gemcitabine 

or Lip-PDMP. We have previously reported that Lip-C
6
 induces 

cytotoxicity in a variety of cancer cell lines.2,10,11,18,19 In this 
study, we evaluated the ability of Lip-C

6
, gemcitabine and Lip-

PDMP, to trigger cell death of PANC-1 pancreatic cancer cells. 
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(Table 2). Ultimately, the combination of Lip-PDMP with Lip-
C

6
 also significantly increased the accumulation of natural C

14:0
 

ceramide species beyond Lip-C
6
 alone (Table 3). While Lip-

PDMP was specifically designed to influence ceramide metabo-
lism to glucosylceramide, reports have recently emerged showing 
that gemcitabine can also elicit ceramide accumulation.33-37 In 
our study, we did not observe any alteration in C

6
-ceramide, its 

short-chain derivatives, sphingosine or sphingosine-1-phosphate, 
in response to treatment with gemcitabine alone or in separate 
combination with either Lip-C

6
 or Lip-PDMP (Fig. 3). However, 

combination of gemcitabine with Lip-C
6
 did result in an increase 

in natural ceramide species (Fig. 3D and Table 3). Additionally, 
when combining gemcitabine with both Lip-C

6
 and Lip-PDMP, 

there was a further increase in several lipids beyond that observed 
with the combination treatment of Lip-PDMP and Lip-C

6
. This 

included increases in: C
6
-ceramide (Fig. 3A), sphingosine (Fig. 

3E), sphingosine-1-phosphate (Fig. 3F), and several natural 
ceramide species (Fig. 3D and Table 3). Treatments with Lip-
PDMP alone or gemcitabine alone revealed no notable changes in 
sphingosine, sphingosine-1-phosphate or natural ceramides (Fig. 
3D–F). Treatments with Lip-PDMP in combination with gem-
citabine revealed a significant, near 4-fold (compared with Lip-
Ghost), increase in sphingosine-1-phosphate (Fig. 3F). Taken 

a significant increase in sphingosine, via de-acylation, as well as 
subsequent increases in both sphingosine-1-phosphate and natural 
chain length ceramides (Fig. 3D–F). The increase in sphingosine-
1-phosphate is not without precedent as this has been observed in 
other cellular systems with short-chain ceramide analogs where 
it has explained seemingly similar observations with the use of 
short-chain ceramide analogs or sphingosine-1-phosphate.32

In our study, we employed either gemcitabine or Lip-PDMP as 
means to improve the therapeutic efficacy of Lip-C

6
. As expected 

with an inhibitor of glucosylceramide synthase, the use of  
Lip-PDMP in combination with Lip-C

6
 yielded a near-complete 

loss in the conversion of C
6
-ceramide to C

6
-cerebroside with a 

concomitant increase in the amount of C
6
-ceramide in PANC-1 

cells (Fig. 3A and B). In contrast, Lip-PDMP in combination 
with Lip-C

6
 treatment did not result in any increase in the con-

version of C
6
-ceramide to C

6
-sphingomyelin (Fig. 3C). However, 

the combinatorial use of Lip-PDMP and Lip-C
6
 resulted in 

a substantial, 5-fold (compared with Lip-Ghost), increase in 
sphingosine and an even more dramatic, 28-fold (compared with 
Lip-Ghost), increase in sphingosine-1-phosphate (Fig. 3E and F). 
The robust increase in the pro-survival sphingolipid sphingosine-
1-phosphate can explain the antagonistic effect noted in cellular 
viability studies of the combinatorial treatment at higher dosage 

Figure 1. Cytotoxicity was induced by Lip-C6, Lip-PDMP and gemcitabine in highly drug-resistant PANC-1 pancreatic cancer cells. Cellular viability 
of PANC-1 cells was determined at 24, 48 and 72 h in a dose response utilizing: (A) Lip-C6, (B) Lip-PDMP and (C) gemcitabine (Gem). (D) IC50 values for 
individual treatments at 48 h were calculated. All data points are representative of n = 8 experimental conditions.
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together, our data reveals that: (1) blocking glucosylceramide 
synthase can increase sphingosine-1-phosphate production in 
response to Lip-C

6
 treatment and (2) combining Lip-C

6
 with 

gemcitabine and/or glucosylceramide synthase blockade leads to 
an increase in C

6
-ceramide as well as natural ceramides.

Lip-C
6
, but not gemcitabine, inhibits Akt and Erk signal-

ing pathways. Activation of Erk and Akt pathways are consid-
ered two major mitogenic pathways important to the regulation 
of cell growth and survival. We have previously shown that 

Figure 2. Lip-C6, Lip-PDMP and gemcitabine cooperatively induce apoptosis of PANC-1 cells. Apoptosis of PANC-1 cells was detected by TUNEL assay 
following 24 h treatments with: (A) saline control, (B) Lip-C6 (5 μM C6-ceramide), (C) 20 μM gemcitabine (Gem), (D) Lip-C6 (5 μM C6-ceramide) + 20 μM 
Gem, (E) Lip-Ghost (empty nanoliposome), (F) Lip-PDMP (5 μM PDMP), (G) Lip-C6/PDMP (5 μM C6-ceramide and 5 μM PDMP), and (H) Lip-C6/PDMP  
(5 μM C6-ceramide and 5 μM PDMP) + 20 μM Gem. (I) Apoptotic cells were quantified as a percent of the total cell number. One-way ANOVA: *p < 0.001 
compared with control, Lip-Ghost, Lip-C6, Gem and Lip-PDMP, #p < 0.05 compared with Lip-C6 + Gem and Lip-C6/Lip-PDMP, n = 5.

Lip-C
6
 inhibits Akt phosphorylation in breast and melanoma 

cells.10 In addition, ceramide has also been shown to inhibit the 
phosphorylation and activation of Erk in HEK293 cells.17 We 
employed pharmacological inhibitors to further confirm the 
utility of interfering with Akt or Erk as a mechanism to elicit 
cytotoxicity toward PANC-1 cells. SH-6 effectively blocked the 
phosphorylation of Akt (Fig. 4A) and reduced the viability of 
PANC-1 cells (Fig. 4B). Likewise, by using U0126 to inhibit 
MEK, a kinase upstream of Erk, the phosphorylation and 
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viability of PANC-1 cells was reduced (Fig. 4A and B). The 
deleterious effect of SH-6 on PANC-1 viability mirrored that 
of Lip-C

6
 yet provided no additional benefit in combination  

(Fig. 4C). However, the combination of U0126 and Lip-C
6
 led 

to a significantly further reduction in PANC-1 viability com-
pared with Lip-C

6
 alone (Fig. 4D). These findings confirm the 

utility of interfering with Akt and Erk as effective therapeutic 
strategies to treat PANC-1 pancreatic cancer cells. Furthermore, 
while the potent Akt antagonist Lip-C

6
 can interfere with Erk, 

greater therapeutic efficacy in PANC-1 cells can be achieved by 
combining Lip-C

6
 with more specific pharmacological inhibi-

tors of the Erk signaling cascade.
To explore the molecular mechanisms underlying the syner-

gistic cytotoxicity observed with treatment of PANC-1 cells with 
Lip-C

6
 and gemcitabine, we examined Akt and Erk phosphoryla-

tion. We chose to evaluate concentrations of Lip-C
6
 at which an 

effective inhibition of Akt or Erk was detected in our previous 
studies in reference 10. Phosphorylation (activation) of Akt was 
significantly decreased in the presence of Lip-C

6
 (35 μM) but 

not gemcitibine (20 μM) (Fig. 5A). Likewise, phosphorylation 
(activation) of Erk was decreased by Lip-C

6
 (35 μM) but not 

gemcitibine (20 μM) (Fig. 5B). In both cases of Akt activation 
and Erk activation, a combination of Lip-C

6
 and gemcitabine 

failed to elicit any additional inhibitory effect. More so, the 
combination of gemcitabine even interfered with the inhibitory 
effect of Lip-C

6
 toward Erk phosphorylation. These results sug-

gested that Akt plays a more dominant role in Lip-C
6
-mediated 

effects in PANC-1 cells. These data also suggested that Lip-C
6
 

and gemcitabine achieve a synergistic tumor suppression effect 
via distinct but complementary mechanisms. Taken together, the 
anti-metabolite gemcitabine enhances the efficacy of Lip-C

6
 but 

this enhancing effect is independent of the Lip-C
6
-inhibited Akt 

pathway.
The in vivo antitumor efficacy of Lip-C

6
 is enhanced by 

gemcitabine or Lip-PDMP. To evaluate the in vivo antitumor 
activity of Lip-C

6
, and its combination with either gemcitabine or 

PDMP, subcutaneous PANC-1 tumors were established in athy-
mic nude mice. A control nanoliposomal formulation with no 
C

6
-ceramide (Lip-Ghost), Lip-C

6
, gemcitabine, or a combination 

of Lip-C
6
 and gemcitabine, were routinely administered via tail-

vein injection and tumor size was measured to evaluate improve-
ment of the therapeutic efficacy of Lip-C

6
 by gemcitabine. We 

observed a modest antitumor effect from gemcitabine-treatment 
alone or Lip-C

6
-treatment alone. However, consistent with our 

in vitro findings, the combination treatment of Lip-C
6
 and gem-

citabine further augmented the inhibition of PANC-1 tumor 
growth (Fig. 6A). We next evaluated improvements to Lip-C

6
 

by inclusion of PDMP within the same nanoliposome. A con-
trol nanoliposomal formulation Lip-Ghost, Lip-C

6
 or Lip-C

6
/

PDMP, were routinely administered via tail-vein injection and 
tumor size was measured. We observed a modest antitumor effect 
from Lip-C

6
-treatment alone and a robust effect with Lip-C

6
/

PDMP (Fig. 6B). These results indicated that by increasing the 
intracellular concentration of endogenous ceramide, and by pre-
venting the neutralization of exogenously delivered short-chain 
ceramide to glucosylceramide, an effective in vivo anti-pancreatic 
cancer effect could be achieved.

Discussion

Although gemcitabine is considered to be the most effective drug 
in treating pancreatic cancer, resistance is often observed due to 
mechanisms including activation of NFκB, increased PI3 kinase 
activity, and a high basal level of Akt phosphorylation.38-40 We 
have previously shown that Lip-C

6
 can synergize and augment 

the cytotoxic actions of the Raf/Mek/Erk inhibitor sorafanib 
in melanoma models.10 Likewise, it has been demonstrated that 
inhibition of the Akt/PI3 kinase pathway by small molecules can 
synergize with gemcitabine to induce apoptosis in various human 
pancreatic cancer cell lines.41-43 Consistent with published litera-
ture, our present data demonstrate that the phosphorylation of 
Akt at serine 473 is not affected by gemcitabine in pancreatic can-
cer cells. This is not surprising considering that, as a nucleoside 
analog, gemcitabine’s primary mechanism of action is to interfere 
with DNA synthesis. However, inhibition of Akt phosphoryla-
tion at serine 473 by Lip-C

6
 resulted in a significantly increased 

sensitivity to gemcitabine-induced cytotoxicity in drug-resis-
tant PANC-1 pancreatic cancer cells. Lip-C

6
-mediated reduc-

tion of Akt phosphorylation alone was not sufficient to induce 
cytotoxicity.

From another perspective, it is important to consider that 
the PANC-1 cell line, like many advanced cancer cell lines, can 
convert C

6
-ceramide to less toxic and pro-survival metabolites. 

Studies have further suggested that gemcitabine itself can pro-
mote ceramide accumulation. In our study, treatment of PANC-1 
cells with the triple combination of Lip-C

6
, Lip-PDMP, to block 

glucosylceramide synthase and gemcitabine substantially aug-
mented the accumulation of C

6
-ceramide and natural ceramide 

species. These observations confirmed that the pro-apoptotic 
and anti-pancreatic cancer effect of Lip-C

6
 is enhanced by the 

anti-metabolic action of gemcitibine or by preventing ceramide 
metabolism with gemcitabine and/or Lip-PDMP. More so, the 
efficacy of Lip-C

6
 in vivo in a xenograft model of pancreatic can-

cer was improved with gemcitabine. We successfully employed 
an in vivo dose of gemcitabine in mice via tail vein injec-
tion that is similar to the maximum tolerated dose in humans  
(50 mg/kg in mice compared with approximately 56 mg/kg in 
humans). However, we used a dose frequency of three times per 

Figure 3 (See opposite page). The metabolic fate of Lip-C6 is altered by Lip-PDMP alone or in combination with gemcitabine. PANC-1 cells were  
treated for 24 h with 12.5 μM Lip-C6, 24 μM Lip-PDMP, 40 μM gemcitabine (Gem) or various combinations. Cells were harvested and lipids were  
extracted and analyzed using LC-MS/MS/MS. Abundance relative to total cellular protein was determined for: (A) C6-ceramide, (B) C6-cerebroside,  
(C) C6-sphingosmyelin, (D) total natural (endogenous) ceramide, (E) sphingosine and (F) sphingosine-1-phosphate. One-way ANOVA: *p < 0.05  
compared with control and Lip-Ghost, #p < 0.05 compared with Lip-Ghost only, $p < 0.05 compared with Lip-C6 (Lip-C6-containing combinations only),  
%p < 0.05 comparing triple combination with Lip-C6 + Gem only, &p < 0.05 comparing triple combination with Lip-C6 + Lip-PDMP only, @p <0.05  
comparing triple combination with Lip-C6 + Gem and Lip-C6 + Lip-PDMP, n = 4.
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apoptosis, cell migration and angiogenesis. Clinically, the 
concentration of the pro-apoptotic sphingolipid metabolite 
ceramide is significantly reduced in multiple cancers includ-
ing pancreatic and colon cancer.45-47 Multiple laboratories, 
including our own, have shown that increasing endogenous 
ceramide levels via pharmacological or molecular strategies lead 
to cancer cell cytotoxicity.2,10,11,45-48 However, these strategies 
are often limited by drug efflux mechanisms and/or ceramide 
metabolism.21,22 Recently we have shown that the metabolism of 

week in contrast to the single weekly dose used in humans. While 
this is a potential downfall, it is important to note that the rate of 
metabolism of gemcitabine in mice is considerably faster (serum 
half-life around 0.15 h).44 Furthermore, our in vitro studies also 
indicated that a gemcitabine dose in combination with Lip-C

6
 

may be synergistically effective even if reduced by 50-fold from 
the dose we used in vivo.

Over the past several years, sphingolipid metabolites have 
been recognized for roles in modulating cell proliferation, 

Figure 4. Pharmacological inhibition of Akt or Erk in PANC-1 cells replicated the effect of Lip-C6 on these signaling pathways. PANC-1 cells were ex-
posed to the Akt inhibitor SH-6 or the MEK inhibitor U0126 (a kinase upstream of Erk). (A) Phosphorylation of Akt was blocked by 48 h treatment with 
SH-6 (9.5 μM), and phosphorylation of Erk was blocked by 48 h treatment with U0126 (17.5 μM). (B) Cellular viability was determined at 48 h in a dose 
response utilizing SH-6. (C) Cellular viability was determined at 48 h in a dose response utilizing U0126. (D) The effects of SH-6 (4.25 μM) on cellular 
viability were compared with Lip-C6 (25 μM) treatment or were evaluated in combination. (E) The effects of U0126 (17.5 μM) on cellular viability were 
compared with Lip-C6 (25 μM) treatment or were evaluated in combination. One-way ANOVA: *p < 0.001 compared with Lip-Ghost + DMSO or  
Lip-Ghost + SH-6, **p < 0.001 compared with Lip-C6 + DMSO, n = 8.
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Figure 5. Lip-C6, but not gemcitibine, inhibits Akt and Erk sig-
naling pathways in PANC-1 cells. PANC-1 cells were maintained 
in media containing 2.5% FBS to reduce the background level 
of phosphorylation. Cells were treated with control (media 
only), Lip-Ghost (total lipid weight-matched), Lip-C6 (35 μM 
C6-ceramide), 20 μM gemcitabine (Gem), or a combination 
of Lip-C6 and Gem, for 24 h. Cells were harvested, lysed and 
total proteins were subjected to protein gel blotting. (A) 
Phosphorylated-Erk (pErk) and (B) phosphorylated-Akt (pAkt), 
were detected using monoclonal antibodies against pErk and 
pAkt, respectively. Total Erk and total Akt, protein levels were 
quantified using anti-Erk and anti-Akt, antibodies, respectively 
one-way ANOVA: #p < 0.01 compared with control or Gem,  
*p < 0.05 compared with control, Lip-Ghost or Gem, n = 3).

that may be overcome by inhibitors of glucosylceramide 
biosynthesis. We also recently reported the in vitro effi-
cacy of a nanoliposome incorporating both C

6
-ceramide 

and the glucosylceramide synthase inhibitor PDMP in 
the treatment of neuroblastoma.31 In our current study, 
we employed this same combination-nanoliposome, 
Lip-C

6
/PDMP, in the treatment of drug-resistant pan-

creatic cancer. With PDMP preventing the neutraliza-
tion of ceramide to glucosylceramide (cerebroside), 
Lip-C

6
 was able to exert a robust toxicity in vitro toward 

PANC-1 cells. Not surprisingly, treatment in vitro with 
both Lip-C

6
/PDMP and gemcitabine, which augmented 

C
6
-ceramide and natural ceramide even more so, elic-

ited an even greater induction of PANC-1 cell apopto-
sis. The development of Lip-C

6
/PDMP was not limited 

solely to improvement of Lip-C
6
 therapy, but also to the 

ability to simultaneously deliver therapeutics in vivo in 
a non-toxic nanoscale formulation.2,10,11 In vivo, Lip-C

6
 

alone was somewhat effective while the combination-
nanoliposome Lip-C

6
/PDMP near completely blocked 

PANC-1 tumor growth.
Overall, rationally designed combinatorial therapies 

have the potential to achieve synergistic treatment of 
cancer. Our second generation Lip-C

6
/PDMP formula-

tion offers vast therapeutic improvement with essentially 
no change to the size, charge and stability of the origi-
nal Lip-C

6
 formulation. “Designer” nanoscale ceramide-

containing liposomes can be engineered to co-deliver 
the nucleoside analog gemcitibine, as well as antagonists 
of ceramide metabolism such as PDMP. Nanomaterials 
functionalized with polyethylene glycol (PEG), such as 
our ceramide-containing nanoliposome formulations, 
have the ability to passively accumulate within the leaky 
vasculature of tumors through enhanced permeation 
and retention.49 Further improvements can possibly be 
achieved by selective tumor targeting by coupling anti-
bodies, antibody fragments, peptides, peptide fragments 

or small ligands, to the PEGylations on the nanoparticles.50 
Altogether, second-generation nanoliposomes containing combi-
nations of short-chain ceramide analogs, and other therapeutics 
designed to augment or complement the effects of ceramide, offer 
a promising solution for the treatment of highly resistant cancers 
such as pancreatic cancer.

exogenously delivered short-chain ceramide is cell type depen-
dent and concentration dependent.23 In PANC-1 cells high 
concentrations of C

6
-ceramide were metabolized to glucosylce-

ramide, a related sphingolipid that is closely tied to multidrug 
resistance.23 This creates a particular problem for the use of 
C

6
-ceramide as a therapeutic for pancreatic cancer, however, one 
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ten times through 100 nm polycarbonate filters in an 
Avanti Mini-Extruder (Avanti Polar Lipids, Alabaster, 
AL). Nanoliposomal size (Table 1), and a neutral charge 
were validated using a Malvern Zetasizer Nano ZS at 
25°C. Nanoliposome solutions were stored at room tem-
perature until use.

Cellular viability assay. PANC-1 cells were plated 
at 4 x 103 cells per well in 96-well tissue culture plates 
and grown in 10% serum fortified media for 24 h prior 
to treatment. Cells were then treated for 24 h in media 
containing 2.5% FBS. Following treatment, cellular 
viability was assessed using a Cell Titer 96 AQ

ueous
 Non-

Radioactive Cell Proliferation Assay according to the 
manufacturer’s instructions (Promega, Madison, WI). 
Viability was determined by measuring absorbance at 
490 nm using a microplate reader and normalizing to the 
viability observed under control conditions.

TUNEL (terminal deoxynucleotide transferase 
dUTP nick-end labeling) assay. PANC-1 cells were 
plated at 2.5 x 104 cells per well in 8-well chamber slides, 
and grown in 10% serum fortified media for 24 h prior 
to treatment. Cells were treated for 24 h in media con-
taining 2.5% FBS. Fragmented DNA of apoptotic cells 
was stained using an ApopTag Red In Situ Apoptosis 
Detection Kit according to the manufacturer’s instruc-
tions (Chemicon, Temecula, CA), and visualized by 
fluorescence microscopy using appropriate filters. The 
percent of apoptotic cells was quantified by counting 
TUNEL-positive cells and by dividing by the total num-
ber of cells in five high power fields.

Protein gel blotting. PANC-1 cells were seeded in 
6-well tissue culture plates and grown for 24 h. The 
cells were treated for 24 h in the DMEM media con-
taining 2.5% FBS. Cells were harvested and lysates were 
prepared in lysis buffer (0.1% NP40, 50 mM HEPES, 
137 mM NaCl, 10 mM Na

4
P

2
O

7
, 50 mM NaF, 5 mM 

β-glycerolphosphate, 1 mM EGTA, 2 mM EDTA, 1% 
glycerol, 2 mM) containing protease inhibitor (EMD 
Biosciences, San Diego, CA) for 20 min on ice followed 
by centrifugation at 4°C for 15 min to sediment par-

ticulate materials. Protein concentrations were measured using 
Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, 
CA). Proteins (30 μg) from whole cell extracts were separated 
by electrophoresis on SDS-polyacrylamide gels and transferred 
onto nitrocellulose membranes. Membranes were blocked with 
1% BSA in TBS containing 0.05% Tween and incubated with 
primary antibodies targeting phospho-Akt (Ser473) and phos-
pho-Erk1/2 (Thr202/Tyr204), as well as total Akt and total Erk 
(Cell Signaling, Beverly, MA), followed by washing and incu-
bation with horseradish peroxidase-conjugated secondary anti-
bodies (Santa Cruz Biotechnology, Santa Cruz, CA). Protein 
gel blots were visualized with enhanced chemiluminescence 
detection (Thermo Scientific, Rockport, IL).

In vivo tumor model. Bilateral human pancreatic tumor xeno-
grafts were established in 6-wk-old female athymic nude mice 
(Harlan Sprague Dawley, Indianapolis, IN) by subcutaneous 

Materials and Methods

Cell culture. PANC-1 human pancreatic cancer cells were main-
tained at 37°C and 5% CO

2
, in Dulbecco’s Modified Eagle 

Medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS) and 1% penicillin/streptomycin. For subculture, cells were 
subject to trypsin/EDTA detachment, centrifuged, resuspended 
in growth media and replated at appropriate cell density.

Liposome preparation. Nanoliposomes were prepared based 
upon earlier studies.2,11 Briefly, lipids dissolved in chloroform, 
were combined in specific molar ratios (Table 1), dried to a film 
under a stream of nitrogen, and then hydrated by addition of 
0.9% NaCl. Solutions were sealed, heated at 60°C (60 min), and 
subjected to vortex mixing and sonicated until light no longer 
diffracted through the suspension. The lipid vesicle-containing 
solution was quickly extruded at 60°C by passing the solution 

Figure 6. The in vivo antitumor efficacy of Lip-C6 is augmented by gemcitabine 
or Lip-PDMP. Bilateral subcutaneous PANC-1 tumors were established on the 
flanks of athymic nude mice. (A) Lip-Ghost (equivalent total lipid dosage), Lip-C6 
(9 mg/kg C6-ceramide), 50 mg/kg gemcitabine (Gem) or a combination of Lip-C6 
and Gem, were routinely administered via tail vein injection. Two-way ANOVA:  
*p < 0.05, Lip-Ghost compared with all other treatments (large box over days 
36 to 54), #p < 0.05, Lip-Ghost compared with Lip-C6 + Gem (small boxes over 
day 54), n ≥ 4. (B) Lip-Ghost (equivalent total lipid dosage), Lip-C6 (18 mg/kg 
C6-ceramide) or Lip-C6/PDMP (18 mg/kg C6-ceramide and 23 mg/kg PDMP), were 
routinely administered via tail vein injection. Two-way ANOVA: **p < 0.05,  
Lip-Ghost compared with Lip-C6/PDMP (small boxes over days 60–63), n ≥ 4.
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Table 1. Nanoliposome formulations

DSPC DOPE PEG(2000)-DSPE PEG(750)-C6-Ceramide C6-Ceramide PDMP Size (nm)

Lip-Ghost 5.66 2.87 1.47 - - - 80

Lip-C6 3.75 1.75 0.75 0.75 3.0 - 85

Lip-PDMP 4.66 2.37 1.47 - - 1.5 79

Lip-C6/PDMP 3.75 1.75 0.75 0.75 1.5 1.5 81

Liposome formulations were prepared from specific lipids, at particular molar ratios, prior to nano-sizing. 1,2-distearoyl-sn-glycero-3-phosphocholine 
(DSPC), 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 
glycol)-2000] [PEG(2000)-DSPE], C6-ceramide (C6), C8-ceramide-1-succinyl[methoxy(polyethylene glycol)-750] [PEG(750)-C8], and D-threo-1-phenyl-
2-decanoylamino-3-morpholino-1-propanol (PDMP).

Table 2. Synergy of combinatorial therapies

Agent
Combination 

Index
Synergy

Lip-C6 (μM) Gem (μM)

5 20 0.21 YES

10 40 0.743 YES

Lip-C6 (μM) Lip-PDMP (μM)

12.5 24 0.883 YES

25 48 1.426 ANTAGONISM

Cell viability of PANC-1 cells was measured following exposure to  
48 h treatments of different combinations of Lip-C6, Lip-PDMP, and 
gemcitabine (Gem). CalcuSyn software was used to determine the com-
bination index (CI) of treatments. CI values below 0.9 indicated syner-
gistic interaction. CI values over 1.1 indicated antagonistic interaction.
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injection of PANC-1 cells over the rib cage. For each tumor, 
1 x 107 cells were resuspended in 200 μl of cell culture media. 
Tumors were allowed to establish for one week prior to com-
mencement of treatment regimes. Treatments occurred three 
times per week via tail vein injection. Each treatment group 
consisted of at least four animals. Tumor volumes were quanti-
fied by measuring with calipers and multiplying tumor length, 
width and height. In the “gemcitabine” experiment the treat-
ment groups were: Lip-C

6
 (9 mg/kg C

6
-ceramide), gemcitabine 

(50 mg/kg), a combination of Lip-C
6
 and gemcitabine and Lip-

Ghost (equivalent total lipid mass). In the “PDMP” experiment 
the treatment groups were: Lip-C

6
 (18 mg/kg C

6
-ceramide), 

Lip-C
6
/PDMP liposome (18 mg/kg C

6
-ceramide and 23 mg/

kg PDMP) and Lip-Ghost (equivalent total lipid mass). All 
animal procedures were approved by, and performed accord-
ing to the standards and guidelines of the Pennsylvania State 
University College of Medicine Institutional Animal Care and 
Use Committee.

Statistical analysis. One-way, or two-way, analysis of vari-
ance (ANOVA), were used to determine statistically significant 
differences between treatments (p < 0.05). At least three inde-
pendent experiments were performed for each condition. Post 
hoc comparisons of specific treatments were performed using 
a Bonferroni test. All error bars represent standard error from 
the mean (SEM). All statistical analyses were performed using 
GraphPad Prism 4 software (La Jolla, CA).
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Ceramide 
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Lip-C6 + Lip-

PDMP
Lip-PDMP 

+ Gem
Lip-C6 + Lip-

PDMP + Gem
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0.92*,$,@
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