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Abstract 

Ceramide, an endogenous sphingolipid, has demonstrated antineoplastic activity 

in vitro and in vivo. However, the chemotherapeutic utility of ceramide is limited, due to 

its insolubility. To increase the solubility of ceramide, liposomal delivery systems have 

been utilized. The objective of the present study was to characterize the 

pharmacokinetics and tissue distribution of C6-ceramide and control (non-C6-ceramide) 

nanoliposomes in rats, using [14C]-C6-ceramide and [3H]-DSPC 

(distearylphosphatidylcholine) as tracers of the ceramide and liposome components, 

respectively. Ceramide liposomes were administered at 50 mg liposome/kg by jugular 

vein to female S.D. rats. The apparent volume of distribution (Vd) of [3H]-DSPC was 50 

mL/kg, suggesting that liposome was confined to the systemic circulation. By contrast, 

the Vd of [14C]-C6-ceramide was 20-fold greater than that of liposome, indicating 

extensive tissue distribution. This high Vd of [14C]-C6-ceramide in relation to [3H]-DSPC 

suggests that ceramide and liposome distribute independently of each other. This 

disparate disposition was confirmed by tissue distribution studies, in which [14C]-C6-

ceramide exhibited rapid tissue accumulation in comparison to [3H]-DSPC. Examination 

of ceramide liposome blood compartmentalization in vitro also demonstrated divergent 

partitioning, with liposome confined to the plasma fraction, and ceramide rapidly 

equilibrating between red blood cell and plasma fractions. A bilayer exchange 

mechanism for ceramide transfer is proposed to explain the results of the present study, 

as well as give insight into the documented anti-neoplastic efficacy of short-chain 

ceramide liposomes. Our studies suggest that this nanoscale PEG’ylated drug delivery 
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system for short-chain ceramide offers rapid tissue distribution without adverse effects 

for a neoplastic-selective, insoluble agent.  

 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on May 19, 2008 as DOI: 10.1124/dmd.107.019679

 at A
SPE

T
 Journals on M

ay 17, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


  MS#19679 

 5

Introduction 

Ceramide is an endogenous sphingolipid purportedly involved in cell signaling 

processes such as apoptosis, growth inhibition, and senescence. Ceramide is 

generated either by sphingomyelinase-catalyzed hydrolysis of sphingomyelin, or by de 

novo synthesis from serine and palmitoyl-CoA (Ogretmen, 2006). Endogenous long-

chain ceramide levels have been shown to undergo sphingomyelinase-mediated 

regulation in response to external stimuli such as cytokines, hypoxia, heat, ionizing 

radiation, or antitumor drugs (Ogretmen and Hannun, 2004; Ogretmen, 2006). Together 

with ceramide’s cell signaling function, these data support a therapeutic role for 

ceramide.  

Exogenous ceramide is cytotoxic to various tumor cell lines (Shabbits and Mayer, 

2003b; Stover and Kester, 2003). Long-chain (C16) ceramide has been shown to 

increase the life span of murine tumor models by 20% (Shabbits and Mayer, 2003a). 

Short-chain (C6) ceramide has also been shown effective in vivo, reducing murine 

tumor size by 6-fold (Stover et al., 2005). The therapeutic mechanism by which short-

chain C6-ceramide induces tumor regression is thought to involve caspase 3/7 

activation and inhibition of the Akt prosurvival pathway, resulting in DNA fragmentation 

and apoptosis (Stover and Kester, 2003).  

Researchers have shown that ceramide, in addition to its chemotherapeutic 

activity, can act synergistically with existing antineoplastic agents such as paclitaxel and 

tamoxifen (Lucci et al., 1999; Mehta et al., 2000). This synergy may result from 

reversion of multi-drug resistance associated with altered ceramide metabolism. In 

addition to cancer therapy, ceramide may have the potential to treat a variety of other 
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conditions, such as HIV infection (Finnegan et al., 2004) and brain ischemia (Furuya et 

al., 2001; Zimmermann et al., 2001).  

For therapeutic purposes, endogenous ceramide levels can be enhanced by 

increasing ceramide synthesis via induction of sphingomyelinase activity; inhibiting 

ceramide catabolism by blocking ceramidase activity; or by administering exogenous 

ceramide. The latter course is challenging, due to the inherent insolubility of ceramide, 

thus requiring drug delivery systems, such as liposomal formulations (Shabbits and 

Mayer, 2003b; Stover and Kester, 2003; Stover et al., 2005) and emulsions (Desai et 

al., 2007). Short-chain C6-ceramide (Figure 1), delivered as a polyethylene glycol 

(PEG) coated liposomal formulation, has been shown efficacious in a mouse xenograft 

model of human breast adenocarcinoma (Stover et al., 2005). This liposomal 

formulation may be expected to take advantage of passive targeting properties related 

to its nanoscale size and reticulo-endothelial system (RES) evading PEG coating, as 

has been shown for other similar liposomal formulations (Gabizon and Martin, 1997). 

Indeed, the pharmacokinetics of the radiolabeled [3H]-C6-ceramide liposome were also 

investigated, and shown to follow two-compartmental first-order kinetics with sustained 

drug levels in the tumor tissue (Stover et al., 2005). This previous study, however, did 

not address the loss of liposomal drug loading in vivo, since the analytical methods did 

not differentiate between incorporated and free ceramide. From a drug delivery 

perspective, it is more informative to monitor both drug as well as liposomes, to gain 

information on the formulation’s integrity/stability, since this may affect the potential 

therapeutic efficacy and toxicity of the drug. To better characterize the pharmacokinetics 

and tissue distribution of liposomal C6-ceramide, the present study examined the 
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plasma and tissue profiles of a [14C]-C6 ceramide and [3H]-DSPC labeled C6-ceramide 

nano-liposome system. The rapid, liposome independent tissue distribution of the C6-

ceramide observed in these studies may have many advantages over longer-chain 

liposomal ceramide formulations of greater stability, but less efficient delivery. 

I 
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Materials and Methods 

Materials 

The lipids 1,2-distearyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dioleoyl-sn -

glycero-3-phosphoethanolamine (DOPE), 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[methoxy PEG(2000)] (DSPE-PEG(2000), N-Octanoyl-

Sphingosine-1-[Succinyl(Methoxy(PEG (750))] (PEG(750)-C8), N-hexanoyl-D-erythro-

sphingosine (C6-ceramide) were purchased from Avanti Polar Lipids (Alabaster, AL). 

Radioactive [14C]-C6-ceramide and [3H]-DSPC were purchased from American 

Radiolabeled Chemicals (St. Louis, MO). Beckman Tissue Solubilizer 450 (BTS 450) 

(0.5 N quaternary ammonium hydroxide in toluene) and Ready Organic Liquid 

Scintillation Cocktail were purchased from Beckman Coulter (Fullerton, CA). Hydrogen 

peroxide and heparin sodium salt (Grade 1A: from porcine intestinal mucosa) were 

purchased from Sigma (St. Louis, MO). BD vacutainer, PTS gel lithium heparin plus 

blood collection tubes were purchased from Moore Medical (New Britain, CT). Cell Titer 

96 Aqueous Non-Reactive Cell Proliferation Assay (MTS) and Apo-One Homogeneous 

Caspase-3/7 Assay were purchased from Promega (Madison, WI). 

 

Liposome Formulation 

 PEG’ylated ceramide liposomes and control liposomes (non-C6-ceramide) were 

prepared as described previously, with a minor modification being the addition of 

radiolabeled [14C]-ceramide and [3H]-DSPC. (Stover et al., 2005). Briefly, lipids were 

solubilized in chloroform, combined in a specific molar ratio DSPC/DOPE/DSPE-

PEG(2000)/PEG(750)-C8/C6-ceramide (5/2.3/1/1/4 molar ratio), dried under nitrogen, 
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and hydrated with sterile isotonic 0.9% NaCl solution. Control liposomes (non-C6-

ceramide) contained an equivalent molar ratio of lipids as the ceramide liposome 

formulation. Liposomes were prepared by sonication and extrusion of the solution 

through 100-nm polycarbonate membranes (Stover et al., 2005). Ceramide loading in 

liposomes was 14 % (w/w). The specific activities of [14C]-C6-ceramide and [3H]-DSPC 

were 97.4 µCi/gram liposome and 194.8 µCi/gram liposome, respectively. The specific 

activity of [3H]-DSPC in the control liposome was 343 µCi/gram. The liposomes were 

kept at 4°C in saline at a concentration of 25 mg/mL prior to use. 

 
Particle Size Measurements 
 

A Malvern Zetasizer Nano ZS instrument (Southborough, MA) with a 

backscattering detector was used for measuring the hydrodynamic size (diameter) in 

batch mode at 25°C in a low-volume quartz cuvette. Hydrodynamic size is reported as 

the volume-weighted average diameter and its percentage of the size populations 

present. Stock solutions of control and ceramide liposomes were diluted in PBS to give 

a final concentration of 1 mg/mL. A minimum of seven measurements were taken for 

each sample. 

 

Zeta Potential Measurements 

A Malvern Zetasizer Nano ZS instrument (Southborough, MA) was used to 

measure the zeta potential of control and ceramide liposomes. Samples of liposomes 

were diluted in 10 mM NaCl to give a 1 mg/mL final concentration. Samples were 

loaded into a folded capillary flow cell and a voltage of 100 V was applied. A minimum 

of three measurements were taken for each sample. 
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Pharmacokinetic and Tissue Distribution Studies 

Ten-week-old double jugular catheterized female Sprague Dawley (S.D.) rats 

(approximate weight of 200 grams) were purchased from Charles River Laboratories 

(Raleigh, North Carolina). The animals were fed standard rat food (Purina) and 

chlorinated tap water ad libitum. The animal rooms were maintained on a 12-h light/dark 

cycle, with a temperature range between 20 and 22°C, and 50% relative humidity.  

Ceramide liposomes (50 mg liposome/2 mL saline/kg) or control liposome were 

administered via the left jugular vein catheter (4–5 rats per treatment group). A non-

liposomal C6-ceramide control group was not included, due to the insolubility of 

ceramide. Blood samples (200 µl) were collected via the right jugular catheters at each 

time point (15, 30 min, 1, 2, 4, 8, 24 and 48 h post-dose) and placed in lithium 

heparinized tubes. The blood was centrifuged immediately after collection, and the 

resulting plasma was used for pharmacokinetic (PK) analysis. For tissue distribution 

studies, rats were euthanized by CO2 asphyxiation at 2 min, 1, 2 and 48 h post-dose, 

and the following tissues were recovered: brain, liver, lungs, kidneys, heart, and spleen.  

NCI-Frederick is accredited by AAALAC International and follows the Public 

Health Service Policy for the Care and Use of Laboratory Animals. Animal care was 

provided in accordance with the procedures outlined in the Guide for Care and Use of 

Laboratory Animals (National Research Council, 1996; National Academy Press, 

Washington, D.C.). 
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Plasma and Tissue Analysis 

Plasma samples: 80 µL plasma samples were mixed with one mL of BTS-450, 

followed by addition of 15 mL of Ready Organic Liquid Scintillation Cocktail. Tissue 

samples: 70–100 mg of tissue were mixed with one mL BTS-450 and incubated at 50°C 

for 12 h to solubilize the tissue completely. Subsequently, the samples were cooled to 

room temperature, treated with 200 µL of a 30% (w/w) H2O2 solution, and allowed to set 

for one h. Samples were then diluted with 15 mL of Ready Organic Liquid Scintillation 

Cocktail. 

[14C]-C6 ceramide and [3H]-DSPC radioactivities were determined by scintillation 

counting using dual label mode (Beckman Coulter LS6500). The counting efficiencies 

were 50% and 80% for 3H and 14C, respectively. It should be noted that radioactivity 

measurements in tissues, blood, and plasma did not differentiate between intact tracer 

and metabolites derived therefrom. 

 

Analysis of Pharmacokinetic Parameters 

 WinNonlin software (Pharsight Corporation) was used for non-compartmental 

analysis of pharmacokinetic data. Pharmacokinetic parameters were determined as 

follows: the area under the time concentration curve (AUC) was calculated using the 

linear trapezoidal rule with extrapolation to time infinity; clearance (CL) was calculated 

from dose/AUC; apparent volume of distribution (Vd) was calculated from dose/Co 

(concentration at time zero calculated from extrapolation of the plasma time curve); 

plasma half-life (t1/2) was calculated from 0.693/slope of the terminal elimination phase. 
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In Vitro Blood Interaction Studies  

In vitro blood interaction studies were conducted using the blood from untreated 

female S.D. rats. All Eppendorf collection tubes were washed with heparin solution (70 

units/mL) before adding blood. Blood samples were incubated at 37°C for 5 min before 

mixing with ceramide liposomes to mimic in vivo temperature conditions. Eppendorf 

tubes containing the ceramide liposome–blood mixture (liposome concentrations of 

34.7, 85.4, 112.9, and 166.7 µg/mL) were incubated at 37°C for 10 min in a rotary 

shaker (Barnstead Thermolyte Labquake Shaker, rotation at 8 rpm) to ensure complete 

mixing. Following incubation, a 10-µL sample of the ceramide liposome–blood mixture 

was removed for radioactivity measurement. Plasma was separated from the remaining 

ceramide liposome–blood mixture by centrifugation (VWR Galaxy mini, 2000 g, 5 min), 

and 10 µL of the resulting plasma was used for radioactivity measurement. Plasma and 

blood samples were prepared by adding one mL of BTS-450 to 10 µL sample, followed 

by addition of 200 µL of a 30% (w/w) H2O2 solution and 15 mL of Ready Organic 

Scintillation Cocktail. Radioactivity was measured by scintillation counting using dual 

label mode (Beckman Coulter LS6500). The fraction of ceramide and liposome in 

plasma (Fp) was calculated according to Equation 1 (Weiss et al., 2006). The estimated 

hematocrit value (Hc) was 0.46, according to the literature (Sharp and LaRegina, 1998; 

Webb et al., 1998). Cp and Cb refer to concentration in plasma and in blood, 

respectively. All measurements were conducted in triplicate, and the mean values and 

standard deviations are reported.  

 

100)1()(% ×−×= cHbCpCpF   Equation 1 
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Results 
 

Particle Size Measurements 

The ceramide liposomes’ particle size was 123 ± 3 nm (peak corresponding to 

100% based on volume-weighted average diameter). The control liposomes’ particle 

size was 110 ± 1 nm (peak corresponding to 100% based on volume-weighted average 

diameter) (Supplemental Figures 1 a-b). The zeta potentials for the control and 

ceramide liposomes were -10.7 mV and -13.9 mV, respectively. These negative zeta 

potential values indicated a slight net negative surface charge for the liposomes. 

Extensive thermal (20-600C), long-term storage (up to 70 days at 40C) and pH (4-9) 

stability testing noted no significant changes in particle size (Supplemental Figures 2-4) 

and allude to the commercial utility (shelf-life) of this nanoscale, PEG’ylated, drug 

delivery system for insoluble ceramide.  

 

Pharmacokinetic and Tissue Distribution Studies 

Radiolabeled, ceramide-loaded liposomes and control liposomes were 

administered to S.D. rats via jugular vein catheters. The resulting plasma concentration 

profiles are reported as the percent injected dose per milliliter plasma for each treatment 

group, calculated from the amount of radioactive [14C]-C6-ceramide and [3H]-DSPC 

administered. Figure 2 shows the percent injected dose of [3H]-DSPC (ceramide 

liposome and control liposome), and [14C]-C6-ceramide per milliliter plasma vs. time 

profile, on the y1- and y2- axis, respectively. Pharmacokinetic parameters (Co, AUC, CL, 

t1/2 and Vd) for the ceramide, ceramide liposomes, and control liposomes are 

summarized in Table 1.  
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Plasma profiles (Figure 2, y-1 axis) and calculated PK parameters (Table 1) for 

the lipid component of the ceramide liposome and control liposome formulations were 

similar, indicating that ceramide incorporation did not alter liposome pharmacokinetics. 

By contrast, the PK parameters and plasma profile for ceramide and liposome were 

quite divergent. The calculated Vd for ceramide and liposomes was 1020 and 63 mL/kg, 

respectively. This low Vd for liposome is consistent with the systemic volume reported 

for rats (57.5–69.9 mL/kg) (Sharp and LaRegina, 1998), suggesting that liposomes were 

confined to the vasculature. The Vd of ceramide, however, was approximately 20-fold 

greater than the systemic volume and 2-fold greater than the total body water, implying 

that ceramide undergoes high tissue distribution. 

Tissue distribution of [14C]-C6-ceramide and [3H]-DSPC were evaluated in the 

following organs: brain, heart, kidney, liver, lung, and spleen. The percent injected 

radioactive dose (% ID) per organ for [3H]-DSPC ceramide liposomes, [3H]-DSPC 

control liposomes, and [14C]-C6-ceramide is shown in Tables 2a, 2b, and 2c, 

respectively. As with their plasma concentration profiles, tissue distribution of lipid tracer 

in the ceramide liposome and the control liposome groups was also comparable, 

demonstrating again that ceramide incorporation did not alter liposome 

pharmacokinetics. The [14C]-C6 ceramide tissue profile mimicked the plasma profile. 

Approximately 23% of the injected [14C]-C6 ceramide dose was accounted for in the 

liver at two min. In comparison to [14C]-C6 ceramide, tissue accumulation of [3H]-DSPC 

was delayed, with peak levels in liver at one h corresponding to 20% of the injected 

dose in both the ceramide liposome and control liposome groups.  
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Tissue distribution data was also analyzed on a per gram tissue basis in order to 

determine uptake selectivity relative to plasma. Tissue [14C]-C6-ceramide 

concentrations indicated greater preferential distribution towards lung and liver, followed 

by heart and spleen (Table 3b). By contrast, [3H]-DSPC (Table 3a) accumulated in liver 

and spleen only, and displayed slower tissue distribution kinetics than that of ceramide. 

 

In Vitro Red Blood Cell Interaction Studies 

In vitro studies were conducted to measure the extent of red blood cell (RBC) 

partitioning of the ceramide and liposome components of the ceramide liposome. 

Following equilibration of ceramide liposome-spiked whole blood samples at 37°C, 

[14C]-C6 ceramide and [3H]-DSPC concentrations in blood and plasma were measured. 

Control experiments without plasma were conducted to ensure that ceramide did not 

absorb to plastic, and confound results. Table 4 displays the percent of [14C]-C6 

ceramide and [3H]-DSPC in the plasma fraction at various ceramide concentrations. 

These data suggest that [14C]-C6 ceramide equilibrates between the plasma and blood 

compartments (Fp = 53–46% at 35–177 µg ceramide/mL), while the majority of the [3H]-

DSPC ceramide liposome remains in the plasma fraction (Fp = 91–78%, at 35–177 µg 

ceramide/mL). 
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Discussion 

Ceramides, a class of sphingolipids, have been identified as potential secondary 

messengers in cell signaling processes. Ceramides can induce apoptosis in various 

tumor cell lines and have antineoplastic activity in tumor models (Stover and Kester, 

2003). The chemotherapeutic utility of ceramide, however, is limited by its extremely low 

solubility. To overcome this limitation, liposomes consisting of one (Stover and Kester, 

2003) or more (Shabbits and Mayer, 2003a) phospholipid bilayers with enclosed 

aqueous phases, have been used to deliver incorporated ceramide to tumors in vivo.  

Liposomal C6-ceramide has been shown to cause concentration-dependent cytotoxicity 

in mammary adenocarcinoma cells, with IC50 values of 5 µM (Stover et al., 2005). 

Efficacy of the liposomal C6-ceramide has also been demonstrated in a murine 

xenograft tumor model of human breast adenocarcinoma (Stover et al., 2005). Most 

intriguingly, cytotoxicity was not observed in normal epithelial cell lines at concentrations 

up to 50 µM (Stover et al., 2005), suggesting a neoplasm-selective mechanism. This 

neoplastic selective mechanism has also been observed in melanoma verses 

melanocytes (Tran et al., accepted) and is the basis for the untargeted, interbilayer-

dependent nanoliposomal ceramide exchange delivery system used in these studies. 

The present study sought to further characterize the pharmacokinetics and tissue 

distribution of liposomal C6-ceramide in rats. The in vivo integrity (stability) of liposomes 

is an important characteristic for liposomal formulations. The drug-to-lipid ratio in 

plasma, relative to initial loading, can be used to determine the integrity of liposome in 

vivo. The assessment of the integrity of liposomes is crucial, since this may affect the 

distribution, metabolism, and excretion profile, and in turn the therapeutic efficacy and 
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toxicity of the liposomal drug. For example, premature release of drug from the 

liposome may result in acute toxicity. To monitor the in vivo integrity of liposomes, dual 

radiolabeled ceramide liposomes with [14C]-C6-ceramide and [3H]-DSPC were used in 

this study. 

Nanotechnology drug delivery systems, such as nano-scale liposomes, have 

several advantages for cancer therapy (Gabizon and Martin, 1997). In particular, the 

prolonged circulation half-life and size-dependent distribution mechanisms of 

nanotechnology drug delivery systems allow for passive tumor accumulation, i.e., the 

enhanced permeation and retention (EPR) effect, whereby the tumor’s leaky 

vasculature and poor lymphatic drainage result in selective tumor uptake (Iyer et al., 

2006). Longer circulation time can be achieved by shielding liposomes with a PEG 

coating to create “stealth liposomes”, thus minimizing RES uptake and enabling passive 

tumor targeting. As expected, PEG’ylated C6-ceramide liposomes and control 

liposomes exhibited a long circulation t1/2 of 14 hours (Table 1). Also as expected, the 

Vd of the 3H-DSPC tracer (63 mL/kg) indicated that liposomes were confined to the 

vasculature and did not exhibit high tissue distribution. PK parameters (C0, AUC, CL, 

Vd) were similar for both ceramide liposome and control liposomal formulations, 

suggesting that ceramide intercalation did not alter liposome stability in vivo. In contrast 

to these results for liposomes, the Vd of ceramide was approximately 20-fold greater 

(1020 mL/kg), indicating a larger tissue distribution. This high tissue distribution of 

ceramide relative to liposome is significant and may indicate that the C6-ceramide 

liposomes are unstable, or more likely, that rapid release of C6-ceramide occurs and 
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may influence the tissue distribution, and ultimately, the therapeutic value of ceramide in 

vivo. 

The nature of the ceramide/bilayer interactions could explain liposomal ceramide 

distribution. During the formulation of the ceramide liposome, ceramide/phospholipid 

bilayer interactions are favored due to ceramide’s chemical structure, with small 

hydroxyl head group and saturated hydrophobic chains positioning themselves in the 

bilayer. This positioning can be envisioned as being similar to the way endogenous 

ceramide forms in the microdomain of the cellular bilayer membrane (Cremesti et al., 

2002; Finnegan et al., 2004). It has been shown that ceramide stabilizes membranes 

and co-associates, forming lipid rafts (Wang and Silvius, 2003; Megha and London, 

2004). Therefore, liposomal instability in the presence of ceramide is unlikely. 

Correspondingly, long-term storage stability studies (up to 70 days at 4°C) of ceramide 

liposome did not result in any particle size change, which is commonly used as an 

indication of instability (Supplemental Figure 3).  

A likely explanation for the loss of ceramide loading in vivo, is that rapid ceramide 

transfer occurs when ceramide comes in contact with other phospholipid bilayer 

structures (such as red blood cells or other cell membranes) and with plasma proteins, 

resulting in high ceramide Vd (Figure 3). Endogenous ceramide bilayer diffusion has 

been studied extensively, due to its importance in cell signaling processes (Ogretmen 

and Hannun, 2004). In a study by Lopez-Montero et al., the half-life of ceramide bilayer 

diffusion in red blood cells (RBC) was reported to be rapid (within minutes). This 

diffusion of ceramide in RBC followed Arrhenius kinetics, where the rate of diffusion was 

temperature-dependent (Lopez-Montero et al., 2005). The observed preferential 
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distribution of ceramide to well-perfused organs, such as liver and lung (Table 3b), may 

be explained by this bilayer exchange mechanism. Liposome, alternatively, followed a 

classic RES organ uptake pattern (Table 3a). 

In order to study the rapid bilayer exchange of C6-ceramide observed in the 

pharmacokinetic studies further, the interaction between the ceramide liposome with 

RBC cell membranes was investigated in vitro, using pooled blood samples spiked with 

radiolabeled ceramide liposomes. It was shown (Table 4) that approximately 50% of 

ceramide mass partitions into the RBC compartment under equilibrium conditions 

(closed system). The equilibrium was confirmed by monitoring % ceramide mass in 

RBC compartment at different time points (data not shown). It was not feasible to relate 

these in vitro measures of RBC partitioning to in vivo data, due to the difficulty of 

separating RBC partitioning from other rapidly occurring events such as tissue 

distribution. Also, the body represents an open system, thus creating difficulties in 

reaching equilibrium.  

The literature supports the ability of lipophilic drugs to pass through the RBC 

membranes and equilibrate with plasma proteins (Hinderling, 1997). The role of soluble 

proteins, lipoproteins, and lipid exchange proteins in lipid transfer between cell 

membranes has been reported for cholesterol, phospholipids, sphingomyelin, alpha 

tocopherol, and triglycerides (Bell, 1978). For ceramide, a transbilayer diffusion in red 

blood cells, from the outer monolayer toward the inner monolayer, was reported to be 1 

min at 20°C. This rate was too fast to be measured at 37°C (Lopez-Montero et al., 

2005). Taken together, the rapid transbilayer diffusion of ceramide, and the presence of 

soluble lipid-associated proteins, may explain the observed equilibrium between plasma 
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and whole blood in vitro (Table 4). In vitro release assays that utilize multilamellar 

vesicles as a bilayer acceptor compartment have been used to better predict these 

interactions of liposomal drugs with red blood cells and other cell membranes in vivo 

(Shabbits et al., 2002). 

The rapid release of liposomal C6-ceramide has potential advantages and 

disadvantages.  One of the advantages of this formulation, is that rapid bilayer 

exchange allows for immediate distribution of ceramide to all well perfused tissues, 

which may not result in adverse affects as ceramide appears to exhibit a neoplasm 

selective mechanism. Indeed, extensive toxicology studies have shown no biologically 

significant changes in body weight, organ weight, clinical chemistries, hematology, 

gross pathology or histology at the 50 mg/kg dose level in the SD rat model, supporting 

a tumor selective mechanism (Detailed information of the toxicology studies of 

Ceramide Liposome Report can be found on the web: 

http://ncl.cancer.gov/working_technical_reports.asp. Last accessed January 2008). The 

liposomal ceramide bilayer exchange mechanism also circumvents the lysosomal 

degradation pathway that might be encountered following an endocytosis-mediated 

delivery route. On the other hand, it is desirable in cancer therapy to attain the highest 

concentration of the chemotherapeutic in the target tissue. Maintaining in vivo stability, 

while ensuring biologically efficacious release kinetics would further enhance selective, 

EPR-mediated tumor accumulation. Another potential issue is that rapid release of 

liposomal C6-ceramide could result in a potential disconnect between the perceived 

potency based on in vitro data, and actual in vivo efficacy. In vitro constitutes a closed 
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system where ceramide release directed exclusively to the target cell line, but in vivo, 

constitutes an open system with intended and unintended cellular targets. 

A possible approach to prevent this rapid bilayer exchange, and better utilize the 

distribution related advantages inherent in nanotechnology based delivery systems 

might be to extend the carbon chain length of the ceramide. It has been reported that 

extending the carbon chain to sixteen increased this long-chain ceramide’s association 

with liposomes (Shabbits and Mayer, 2003b). However, it should be noted that 

liposomal C16-ceramide cellular uptake is via an endocytosis-mediated mechanism, not 

bilayer exchange, which may not be as efficient and may result in lysosomal 

degradation. A major challenge in liposomal delivery to tumor tissue has been the lack 

of rapid cellular accumulation, allowing liposomes to “washout” of the interstitial space 

prior to incorporation of drug in the target cells, and requiring the development of 

targeted strategies (Hatakeyama et al., 2007). Additionally, variability in tumor 

vasculature “leakiness” and elevated interstitial pressure can represent a significant 

barrier to the initial liposome accumulation (McDonald and Baluk, 2002). In this regard, 

the rapid tissue distribution of the liposomal C6-ceramide may be highly advantageous 

in comparison to longer chain liposomal ceramide formulations of greater stability. An 

interesting aspect of the liposomal C6-ceramide is that even after this rapid release of 

ceramide from the drug delivery vehicle, the PEG’ylated nanoscale liposome (which still 

contains a fraction of loaded ceramide) is intact, displaying favorable kinetics and does 

not trigger an immunostimulatory response in animal models. Thus, the C6-ceramide 

liposome may also be used to deliver an encapsulated therapeutic agent that could 

work synergistically with ceramide. 
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This present study highlights the importance of monitoring the in vivo integrity of 

drug delivery platforms. Though in vitro testing under physiological conditions can give 

an initial estimate of formulation stability, realistically, it is difficult to simulate the 

complexity of the biological interplay found in vivo. This necessitates the use of 

analytical methodologies that can characterize the integrity of drug formulations in 

biological matrices, to insure that desired formulation attributes are maintained. The 

outcome of this approach has identified a unique drug delivery mechanism potentially 

responsible for the efficacy of short chain ceramide nanoliposomes despite apparent 

premature release of C6-ceramide from the drug delivery platform.  
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Legends for figures 
 
 
Figure 1: Chemical structure of short chain N-hexanoyl-D-erythrosphingosine (C6-

Ceramide). ∗ denotes the site of 14C-radiolabeled carbon  

 

Figure 2: 14C-C6 ceramide and 3H-DSPC plasma profiles. Plasma time profiles are 

expressed as the percent injected dose per mL, (♦) 3H-DSPC of ceramide 

liposome and (□) 3H-DSPC of control liposome on y-1 axis; (•) 14C-C6 ceramide 

on y-2 axis. Each point represents the mean ± std. dev. from n = 4-5 rats. 

 

Figure 3: Ceramide bilayer exchange mechanism. Schematic representation of 

ceramide liposome and cell membrane interaction, depicting ceramide bilayer 

and inter-bilayer transfer. 
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Table 1 

Pharmacokinetic parameters for ceramide, ceramide liposome and control 

liposomes. Pharmacokinetic parameters determined by noncompartmental analysis of 

plasma time profiles. Data are mean ± std. dev. from n = 4-5 rats.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1020 ± 478 17.19 ±1.09 165.19 ± 13.80 42.62 ± 3.60 7.96 ± 3.20 Ceramide 

66 ± 13 14.79 ±2.19 4.08 ± 0.95 12802 ± 2912 787.27 ± 170.29 Control Liposome 

63 ± 19 14.37 ±2.21 3.60 ± 0.39 14017 ± 1449 868.40 ± 325.62 Ceramide 
Liposome 

Vd  
(mL*kg-1) 

t1/2  
(hr) 

CL calculated 
(mL*hr-1*kg-1) 

AUC 

(µg*hr * mL-1) 

Co   
(µg*mL-1) 
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Table 2 

14C-C6 ceramide and 3H-DSPC tissue biodistribution. Tissue distribution data 

expressed as % injected dose per organ at different time points for (a) 3H-DSPC 

ceramide liposome, (b) 3H-DSPC control liposome, and (c) 14C-C6 ceramide. Data are 

mean ± std. dev. from n = 4-5 rats. 

 
(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3H-DSPC Ceramide Liposome (% ID per organ) 

0.32 ± 0.04 0.31 ± 0.11 0.28 ± 0.04 0.30 ± 0.04 Brain 

105.17 ± 3.67 

1.20 ± 0.20 

0.68 ± 0.18 

2.94 ± 1.31 

10.32 ± 0.85 

0.32 ± 0.13 

89.40 ± 5.07 

2 min 

5.97 ± 1.53 56.52 ± 3.00 68.24 ± 17.29 Plasma 

92.76 ± 16.55 

1.20 ± 0.11 

0.62 ± 0.10 

1.30 ± 0.15 

19.49 ± 8.79 

1.63 ± 0.31  

1h 

78.58 ± 3.38 

1.46 ± 0.22 

0.57 ± 0.03 

1.27 ± 0.34 

16.91 ± 1.17 

1.55 ± 0.44 

2 h 

0.66 ± 0.09 Lung 

20.30 ± 2.33 

0.80 ± 0.04 

0.32± 0.02 

10.71 ± 1.14 

1.53 ± 0.20 

48 h Tissue 

Total 

Kidney 

Heart 

Liver 

Spleen 

3H-DSPC Control liposome (% ID per organ) 

0.35 ± 0.10 0.31 ± 0.03 Brain 

5.83 ± 2.10 52.48 ± 5.73 Plasma 

74.26 ± 5.52 

1.20 ± 0.21 

0.64 ± 0.08 

1.64 ± 0.25 

16.88 ± 1.88 

1.12 ± 0.18 

2 h 

0.68 ± 0.15 Lung 

19.00 ± 1.98 

0.87 ± 0.07 

0.33 ± 0.03 

10.03 ± 0.65 

0.91 ± 0.16 

48 h Tissue 

Total  

Kidney 

Heart 

Liver 

Spleen 
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(c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

14C-C6 Ceramide (% ID per organ) 

0.036 ± 0.003 0.11 ± 0.01 0.16 ± 0.02 0.34 ± 0.06 Brain 

50.75 ± 2.08 

1.64 ± 0.17 

1.47 ± 0.44 

8.48 ± 0.37 

22.80 ± 1.75 

0.89 ± 0.39 

15.14 ± 3.79 

2 min 

0.166 ± 0.019  1.70 ± 0.15 3.54 ± 0.47 Plasma 

11.76 ± 1.11 

1.22 ± 0.25 

0.35 ± 0.02 

0.65 ± 0.13 

5.68 ± 0.84 

0.16 ± 0.01 

1 h 

6.82 ± 0.49 

0.63 ± 0.07 

0.11 ± 0.01 

0.29 ± 0.03 

3.88 ± 0.56 

0.09 ± 0.03 

2 h 

0.035 ± 0.004 Lung 

0.715 ± 0.059 

0.048 ± 0.003 

0.013 ± 0.001 

0.390 ± 0.041 

0.027 ± 0.003  

48 h Tissue 

Total 

Kidney 

Heart 

Liver 

Spleen 
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Table 3 

14C-C6 ceramide and 3H-DSPC tissue biodistribution. Tissue distribution data as 

expressed in % injected dose per gram tissue at different time points for (a) 3H-DSPC 

ceramide liposome and (b) 14C-C6 ceramide. Data are mean ± std. dev. from n =4-5 

rats.  

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3H-DSPC Ceramide Liposome (% ID per gram) 

0.17 ± 0.02 0.17 ± 0.06 0.15 ± 0.02 0.17 ± 0.02  Brain 

0.73 ± 0.14  

0.86 ± 0.17  

1.89 ± 0.40 

1.16 ± 0.18 

0.61 ± 0.19 

8.94 ± 0.51 

2 min 

0.60 ± 0.15 5.65 ± 0.30 6.82 ± 1.73 Plasma 

0.61 ± 0.07 

0.79 ± 0.06 

1.33 ± 0.22 

2.21 ± 0.82 

3.67 ± 0.43  

1h 

0.74 ± 0.15 

0.72 ± 0.10 

1.26 ± 0.36 

1.82 ± 0.24 

4.23 ± 1.12 

2 h 

0.52 ± 0.05 Lung 

0.43 ± 0.02 

0.40 ± 0.01 

1.13 ± 0.10 

3.13 ± 0.44 

48 h Tissue 

Kidney 

Heart 

Liver 

Spleen 

14C-C6 Ceramide (% ID per gram) 

0.019 ± 0.001 0.06 ± 0.01 0.09 ± 0.01 0.19 ± 0.03  Brain 

0.99 ± 0.12  

1.85 ± 0.39 

5.74 ± 0.80 

2.56 ± 0.33 

1.66 ± 0.59 

1.51 ± 0.38 

2 min 

0.017 ± 0.002 0.17± 0.02 0.35 ± 0.05  Plasma 

0.62 ± 0.13 

0.44 ± 0.03 

0.66 ± 0.11 

0.66 ± 0.05 

0.37 ± 0.05 

1 h 

0.32 ± 0.04 

0.14 ± 0.02 

0.29 ± 0.04 

0.42 ± 0.05 

0.26 ± 0.06 

2 h 

0.028 ± 0.002 Lung 

0.026 ± 0.001 

0.017 ± 0.001 

0.041 ± 0.004 

0.055 ± 0.003 

48 h Tissue 

Kidney 

Heart 

Liver 

Spleen 
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Table 4 

Blood compartmentalization of 14C-C6 ceramide and 3H-DSPC. The percent 

of 14C- C6 ceramide and 3H-DSPC in the plasma fraction of whole blood spiked 

with ceramide liposome in vitro. Data are mean ± std. dev. from three individual 

determinations.  

  

 
 
 
 
 
 
 
 
 
 
 
  
 

% in plasma 
3H-DSPC 14C- C6 

Concentration 
µg/mL 

78 ± 4 

83 ± 3 

99 ± 8 

91 ± 10 

46 ± 2 166.7 

53 ± 9 112.9 

62 ± 13 85.4 

53 ± 4 34.7 
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