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Abstract 

In this study, a cationic water-soluble ceramide analogue L-threo-C6-Pyridinium-Ceramide-

bromide (L-t-C6-Pyr-Cer), which exhibits high solubility and bio-availability, inhibited the 

growth of various human head and neck squamous cell carcinoma (HNSCC) cell lines at 

low IC50 concentrations, independent of their p53 status. Consistent with its design to target 

negatively charged intracellular compartments, L-t-C6-Pyr-Cer accumulated mainly in 

mitochondria-, and nuclei-enriched fractions upon treatment of UM-SCC-22A cells (human 

SCC of the hypopharynx) at 1-6 hr. In addition to its growth inhibitory function as a single 

agent, the supra-additive interaction of L-t-C6-Pyr-Cer with gemcitabine (GMZ), a 

chemotherapeutic agent used in HNSCC, was determined using isobologram studies. Then, 

the effects of this ceramide, alone or in combination with GMZ, on the growth of UM-SCC-

22A xenografts in SCID mice was assessed following the determination of pre-clinical 

parameters, such as maximum tolerated dose (MTD), clearance from the blood, and bio-

accumulation. Results demonstrated that treatment with L-t-C6-Pyr-Cer in combination with 

GMZ significantly prevented the growth of HNSCC tumors in vivo. The therapeutic efficacy 

of L-t-C6-Pyr-Cer/GMZ combination against HNSCC tumors was about 2.5-fold better than 

that of the combination of 5-fluorouracil (5-FU)/cisplatin (CP). In addition, LC/MS analysis 

showed that the levels of L-t-C6-Pyr-Cer in HNSCC tumors were significantly higher than 

its levels in the liver and intestines, and interestingly, the combination with GMZ increased 

the sustained accumulation of this ceramide by about 40%. Moreover, treatment with L-t-

C6-Pyr-Cer/GMZ combination resulted in a significant inhibition of telomerase activity, and 

decrease in telomere length in vivo, which are among down-stream targets of ceramide.  
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Introduction 

Human head and neck squamous cell carcinomas (HNSCC) are among five most common 

cancers in the world. Global occurrence of HNSCC is high, and it is estimated that about 

780,000 new patients are diagnosed with HNSCC each year in the adult population. There 

are about 41,000 new HNSCC cases diagnosed annually in the United States in 2004, and 

the overall 5-year survival of patients with stage III and IV disease remains less than 50% 

(Her, 2001; Jemal et al. 2004). 

 

Historically, chemotherapy did not play a curative role in the treatment of HNSCC, but was 

reserved for palliative therapy.  Surgery and radiation therapy remained the primary curative 

options, however, complications of these therapies resulted in significant morbidity, 

cosmetic deformity, along with inability to speak, swallow, or chew. There is now 

increasing evidence that treatment combinations including chemotherapy offer improved 

cure rates when compared to standard therapies. Conventional chemotherapy of HNSCC in 

the clinic involves mainly the combination of cisplatinum (CP) with 5-fluorouracil (5-FU) 

or taxol (Cohen et al. 2004; Argiris et al. 2004). Recent studies have evaluated the 

combination of gemcitabine with a variety of anti-cancer agents such as vinorelbine, 

imatinib or cisplatinum with limited pharmacokinetic or synergistic interaction (Airoldi et 

al. 2003; Bruce et al. 2005; Jiang et al. 2005). Radiosensitization property of GMZ was also 

examined in patients with advanced HNSCC, and the data showed that the concurrent use of 

radiotherapy and gemcitabine was effective, but caused severe mucositis in the majority of 

patients (Aguilar-Ponce et al. 2004). Combination therapy involving anthracyclines against 
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these cancers has also been analyzed previously, with strict adherence to the dose limitations 

of these cardiotoxic compounds (Harrington et al. 2002). Despite these new treatment 

options, however, survival statistics for HNSCC have not improved significantly in decades 

(Her, 2001; Jemal et al. 2004). Therefore, the development of novel strategies is needed for 

the treatment of HNSCC. 

 

The bioactive sphingolipid ceramide, an emerging tumor suppressor lipid, is known to 

regulate anti-proliferative responses, such as apoptosis, growth arrest, differentiation, and 

senescence in various human cancer cells (Ogretmen and Hannun, 2004).  Many important 

biological targets and signaling events regulated by ceramide have been identified 

(Ogretmen and Hannun, 2004). Among these, telomerase activity has been detected in the 

majority of HNSCC tumors, and not in normal adjacent tissues (Fabricius et al. 2002; 

Koscielny et al. 2004). Moreover, increased telomerase activity in the tumors of HNSCC 

patients has been associated with high cell proliferation rates, and advanced pathologic stage 

(Patel et al. 2002), demonstrating that telomerase activity is one of the most important 

prognostic factors in HNSCC patients, and that telomerase can be an important target to 

develop novel therapeutic strategies for the treatment of these cancers (Tao et al. 2005).  

 

Because of its anti-proliferative roles, exogenous ceramide has been used for the treatment 

of various human cancer cells both in vitro and in vivo. However, this approach presents 

some major challenges due to its: (i) very low water solubility and moderate/low cellular 

uptake, (ii) intracellular metabolism to complex sphingolipids, and (iii) uncontrolled 
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delivery, release and intracellular targeting. In order to overcome these problems, many 

biophysical and chemical approaches have been developed with improved delivery and bio-

availability (Stover and Kester, 2003; Shabbits and Mayer, 2003). Another alternative 

approach has been the development of novel pyridinium ceramide analogs with increased 

water solubility, cell-membrane permeability, and cellular uptake as compared to their 

uncharged conventional ceramides (Rossi et al. 2005; Novgorodov et al. 2005). Pyridinium 

ceramides are designed to preferentially localize into negatively charged intracellular 

compartments, specifically mitochondria and nucleus, due to the presence of a positive 

charge delocalized over the π-electron system. The accumulation of D-erythro-C6-Pyr-Cer 

specifically in mitochondria has been confirmed recently, and the data showed that 

mitochondrial localization of Pyr-Cer caused a decrease in its membrane potential, leading 

to cytochrome C release, and apoptosis (Novgorodov et al. 2005). In another independent 

study, anti-proliferative responses of L-t-C6-Pyr-Cer, such as inhibition of cell cycle and 

telomerase activity, in HNSCC cell lines, but not in non-cancerous human adult 

keratinocytes and Wi-38 lung fibroblasts, were demonstrated (Rossi et al. 2005). The 

improved effects of L-t-C6-Pyr-Cer in combination with gemcitabine (GMZ) in the 

inhibition of cell growth were also shown in HNSCC cells in vitro (Rossi et al. 2005). 

However, quantitative supra-additive interaction of these two compounds in vitro, or their 

therapeutic efficacy in the inhibition of HNSCC tumor growth in vivo has not yet been 

described.  

 

In the present study, the data demonstrate that L-t-C6-Pyr-Cer accumulates in mitochondria- 

and nuclei-enriched fractions in UM-SCC22A cells, which is consistent with its design 
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to target negatively charged sub-cellular compartments. In addition, it is shown here that L-

t-C6-Pyr-Cer inhibits the growth of various HNSCC cell lines at low IC50 concentrations, 

independent of their p53 status. Since single agents historically have not been very 

successful in the management and/or control of head and neck cancers in clinic, synergistic 

interaction between L-t-C6-Pyr-Cer and GMZ in the inhibition of growth of HNSCC cells 

was shown by isobologram studies. More importantly, the in vivo therapeutic efficacy of L-

t-C6-Pyr-Cer in combination with GMZ, against HNSCC tumor growth was demonstrated 

using SCID mice harboring UM-SCC-22A xenografts. Moreover, it was shown here that the 

combination of L-t-C6-Pyr-Cer with GMZ results in a significant modulation of telomerase 

activity, which appears to be regulated at the post-transcriptional level, concomitant with the 

reduced length of telomeres, in vivo.  
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Methods 

Ceramides and chemotherapeutic agents. The novel water soluble cationic L-t-C6-Pyr-

Cer was synthesized by the Synthetic Lipidomics Core at the Department of Biochemistry 

and Molecular Biology, Medical University of South Carolina (MUSC) as described (Szulc 

Z. et al., unpublished data). Cetyl-pyridinium bromide (CPB) monohydrate was purchased 

from Aldrich. GMZ was obtained from Eli Lilly (Indianapolis, IN). 

 

Cell lines and culture conditions. Human head and neck cancer cell lines UM-SCC-1 

(retromolar trigone/floor of the mouth), UM-SCC-14A (SCC of anterior floor of the mouth), 

and UM-SCC-22A (SCC of hypopharynx) cells were obtained from Dr. Thomas Carey at 

the Department of Otolaryngology/Head and Neck Surgery, University of Michigan. Cells 

were grown in DMEM containing 10% FCS and 1% penicillin/streptomycin at 37oC in 5% 

CO2. Possible mycoplasma contaminations were monitored regularly by MycoAlert 

mycoplasma detection kit (Cambrex, ME), and treated with Plasmocin (InvivoGen; San 

Diego, CA), when/if necessary. 

 

 

Subcellular fractionation, and the analysis of ceramide subspecies by mass 

spectroscopy (MS). The sub-cellular accumulation of L-t-C6-Pyr-Cer was analyzed by 

utilizing normal phase high performance liquid chromatography and mass spectroscopy 

(LC/MS). The subcellular fractionations were done using differential centrifugation as 

described previously (Novgorodov et al. 2005). In short, cells were incubated in a buffer 

containing 300 mM sucrose, 10 mM Hepes (pH 7.4), 1 mM EDTA and 0.5 mM PMSF for 

30 minutes on ice. The cells were then passed through 25-gauge needle for 5 strokes, 
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and centrifuged at 1,000× g for 10 min, 10,000× g for 10 min, and 100,000× g for 60 min at 

4oC, for collection of the nuclei-, mitochondria-enriched fractions, and microsomes, 

respectively. Each fraction was subjected to Western blotting with cytochrome C and lamin 

B antibodies to confirm the purity of mitochondrial and nuclear fractions. 

 

MTT cell survival assay and isobologram studies. The concentrations of agents that 

inhibited cell growth by 50% (IC50) were determined from cell survival plots obtained by 

MTT assays as described (Rossi et al., 2005). To determine the supra-additive interaction 

between L-t-C6-Pyr-Cer and GMZ, isobologram plots (Steel and Peckham, 1979) were 

constructed using IC50 values of the two agents alone or in combination obtained from MTT 

assays. A straight line joining points on x- and y-axes represent the IC50 concentrations of 

GMZ and L-t-C6-Pyr-Cer alone, and the points representing the IC50 concentrations of the 

combination of the two agents are represented as scatter plots on the same graphs. The 

points that fall within the left of the straight line indicate synergism. The experiments were 

performed as triplicates in at least 3 independent experiments. Error bars represent standard 

deviations. 

 

Analysis of cell cycle profiles. The effects of L-t-C6-Pyr-Cer, alone or in combination with 

GMZ, on the cell cycle profiles of UM-SCC-22A cells at various time points were analyzed 

in the presence of DNase-free RNase and propidium iodine (PI) by flow cytometry as 

described previously (Rossi et al., 2005).  Untreated cells were used as controls. 
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Animal studies. The use of animals for determining the maximum tolerated dose (MTD), 

pharmacokinetics, and therapeutic efficacy of L-t-C6-Pyr-Cer, alone or in combination with 

GMZ, were performed according to protocols which were approved by the Institutional 

Animal Care and Use Committee at the Medical University of South Carolina. The 

maximum tolerated dose (MTD) of L-t-C6-Pyr-Cer was determined by dose escalation 

studies. In short, 7-week-old BALB/c mice (Taconic; Germantown, NY) were treated with 

increasing concentrations of the compound for various time intervals. Possible toxicity of 

the compound to the vital organs of the animals was analyzed by both gross examination, 

and histopathology. The accumulation of the compound in vital organs and in the serum was 

also determined by LC/MS as described previously (Koybasi et al., 2004). Blood counts, 

and enzyme assays were performed by Anilytics, Inc. (Gaithersburg, MD). 

 

The role of L-t-C6-Pyr-Cer, alone or in combination, in the inhibition of tumor growth in 

vivo was examined as follows: UM-SCC-22A cell xenografts were obtained by 

subcutaneous injection of 4 x 106 cells in the posterior flank of the female SCID mice 

(Taconic). After tumors were grown to at least 100 mm3 (about two weeks after 

implantation), the mice were treated with various chemotherapeutic agents by 

intraperitoneal (IP) injection (alone or in combination) every 4 days for 24 days. Tumor 

volumes were calculated using the formula: length x width2 x 0.52. Each experiment 

included 3 mice (which harbored two SCC tumors in their flanks) per each treatment, and 

experiments were done at least in two independent trials. The concentrations of the drugs 

used in this study were: L-t-C6-Pyr-Cer (40 mg/kg), GMZ (40 mg/kg), DOX (1 mg/kg), 5-

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 1, 2006 as DOI: 10.1124/jpet.106.101949

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #101949 

11 

 

FU (25 mg/kg), and CP (9 mg/kg). The known MTDs of these compounds are: 80, 120, 2, 

25, and 9 mg/kg for L-t-C6-Pyr-Cer (this study), GMZ, DOX, 5-FU and CP, respectively 

(Veerman et al., 1996; Inaba et al., 1989; Makino et al., 2001; van Moorsel et al., 1999).  

 

Determination of telomerase activity, hTERT mRNA and protein levels in tumor 

tissues. Telomerase activity in tissues was measured by the PCR-based telomere repeat 

amplification protocol (TRAP) using TRAPeze kit (Invitrogen) which includes a 36-bp 

internal control to allow quantification of activity as described (Koybasi et al., 2004). The 

intensity of telomere-specific DNA bands, measured using Quantity One (BioRad) software, 

were normalized to the intensity of internal control bands for each sample on 

polyacrylamide gels for quantification. The mRNA levels of the catalytic subunit of 

telomerase, hTERT (human telomerase reverse transcriptase) was measured after extraction 

of total RNA from tumor tissues extracted from the control or treated animals, and 

normalized to mRNA levels of beta-actin by Applied Biosystems 7300 real-time 

quantitative PCR (Q-PCR) system using TaqMan primer and probe sets for hTERT and 

beta-actin (Applied Biosystems). The protein levels of hTERT in HNSCC tumors were 

determined by Western blot analysis using anti-hTERT rabbit polyclonal antibody 

(CalBiochem) at 1:1000 dilution. The specificity of the antibody was confirmed using 

extracts obtained from telomerase positive and negative cells by Western blotting.  

 

Analysis of telomere length in tumor tissues. The measurement of telomere length was 

performed using total genomic DNA samples isolated from tumor tissues of the SCID mice 

using Telomere Restriction Fragment (TRF) Length measurement kit (Roche) by Southern 
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blotting as described previously (Sundararaj et al., 2004). 

Statistical analysis. The statistical analysis of the animal studies to determine the 

therapeutic efficacy of the compounds in the inhibition of the growth of HNSCC tumors in 

vivo was performed using Tukey’s Student Range Test and SAS-MIXED procedures.  
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Results 
 
The sub-cellular localization of L-t-C6-Pyr-Cer in UM-SCC-22A cells. Exogenous short 

chain ceramides are known to mediate cell cycle arrest, apoptosis or senescence in various 

cancer cells. However, because of their limited solubility and bio-availability, the water 

soluble pyridinium-conjugated analogues of ceramides were developed (Rossi et al., 2005; 

Novgorodov et al. 2005). Since previous data showed that D-e- and L-t-C6-Pyr-Cer 

effectively inhibited the growth of UM-SCC-22A cells with a similar IC50 concentrations 

(Rossi et al., 2005), L-t-C6-Pyr-Cer is used throughout this study because of its high 

solubility (Szulc, Z. M. et al. unpublished data). The chemical structure of L-t-C6-Pyr-Cer is 

shown in Fig. 1A.  Pyridinium ceramide (Pyr-Cer) analogues were designed to preferentially 

localize into negatively charged intracellular compartments, especially mitochondria and 

nucleus. Therefore, the sub-cellular accumulation of L-t-C6-Pyr-Cer in UM-SCC-22A cells 

was examined using LC/MS after treatment with 1 µM L-t-C6-Pyr-Cer for various time 

points (1, 3, 6, 12, 24 and 48 hr). The results showed that the compound mainly 

accumulated in the 10,000 x g fraction, which is enriched mainly in mitochondria, as early 

as 1 hr after treatment, and then it continued to increase to higher levels (1,000-3,000 

pmol/0.1 mg protein) in this fraction between 3-48 hr treatment (Fig. 1B). Similarly, L-t-C6-

Pyr-Cer was detectable in the 1,000 x g fraction, which is enriched in nuclei, within 3 hr, 

and reached to 250-2,500 pmol/0.1 mg protein levels in this fraction between 6-48 hr (Fig. 

1B). The amounts of the compound in the supernatant or the pellet of 100,000 x g fractions 

were either not detectable (at 1-6 hr), or minimal (at 12-48 hr) in these cells (Fig. 1B). The 

enrichment of mitochondria and nucleus in 10,000 x g and 1,000 x g fractions, respectively, 
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were confirmed by Western blotting with antibodies that detect the mitochondrial 

cytochrome C, and nuclear lamin B (Fig. 1C). Taken together, these data demonstrate that 

L-t-C6-Pyr-Cer mainly accumulates in the mitochondria and, to a lesser extent, in the 

nucleus, within a short-time after exposure, as expected by its chemical composition and 

design.  

 

The effects of L-t-C6-Pyr-Cer, alone or in combination with GMZ, on the growth of 

HNSCC cells in vitro. To determine the effects of L-t-C6-Pyr-Cer on growth, various 

HNSCC cell lines, which represent various forms of HNSCC were treated with increasing 

concentrations of L-t-C6-Pyr-Cer for 48 hr, and its inhibitory concentration 50 (IC50), a 

concentration that inhibits the growth by 50%, was determined by MTT assays as described 

in Materials and Methods. Consistent with our previous data (Rossi et al., 2005), L-t-C6-

Pyr-Cer inhibited the growth of human HNSCC cell lines UM-SCC-22A, UM-SCC-1, and 

UM-SCC14A cells with similar IC50 concentrations of about 1-2 µM at 48 hr (Fig. 1D). 

Since UM-SCC-1 cells express wild type p53, whereas UM-SCC-14A cells express mutated 

p53 (Bradford et al. 2003), their similar IC50 values for L-t-C6-Pyr-Cer suggest that it may 

regulate cell growth independent of p53 status. 

 

In the clinic, treatment of human HNSCC tumors with a single chemotherapeutic agent has 

not yielded much success, and therapies, which include the combination of two or more 

chemotherapeutic agents, such as 5-FU/CP or taxol/CP, appear to have more promising 

results (Argiris et al., 2004; Prevost et al. 2005). Therefore, we performed studies to test the 

growth inhibitory effects of L-t-C6-Pyr-Cer in combination with various conventional 
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chemotherapeutic agents. Previous data (Rossi et al., 2005) showed that the combination of 

L-t-C6-Pyr-Cer with gemcitabine (GMZ) improved its growth inhibitory effects against UM-

SCC-22A cells, without any quantitative determination of supra-additivity (synergism). In 

this study, the supra-additive interaction between L-t-C6-Pyr-Cer and GMZ in the inhibition 

of growth of UM-SCC-22A cells was evaluated using quantitative isobologram studies, as 

described in Materials and Methods. The data showed that the combination of L-t-C6-Pyr-

Cer at its sub-IC50 values (100, 250 and 500 nM) with increasing concentrations of GMZ for 

48 hr decreased growth synergistically, as detected by the shift of the IC50 values of GMZ in 

the isobologram to the left of the line plot joining the x and y-axes that represent the IC50 of 

L-t-C6-Pyr-Cer and GMZ, respectively (Fig. 2A). In addition, analysis of cell cycle profiles 

showed that treatment with L-t-C6-Pyr-Cer in combination with GMZ (at 500 and 50 nM, 

respectively, for 48 hr) resulted in a cell cycle arrest at G0/G1, and decreased S-phase and 

G2/M cell population as compared to controls (Fig. 2B). Interestingly, there was no apparent 

apoptosis in response to this combination treatment in these cells (Fig. 2B).  

 

Determination of MTD, pharmacokinetics and bioaccumulation of L-t-C6-Pyr-Cer in 

vivo. In order to evaluate the effects of L-t-C6-Pyr-Cer in the inhibition of growth in vivo, its 

maximum tolerated dose (MTD) was determined by treatment of BALB/c mice with 

increasing concentrations of L-t-C6-Pyr-Cer at 10-150 mg/kg for various time points. The 

data demonstrated that treatment of mice with a single dose of L-t-C6-Pyr-Cer at 120-150 

mg/ml resulted in toxicity resulting in extreme abdominal bloating and intestinal 

malfunction in some animals after about 6 hr of treatment (Table 1), whereas treatment with 

10-80 mg/kg of the compound for 1-4 days did not have any detectable toxicity (Table 1). 
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Overall toxicity was determined by gross examination of the animals, and histo-pathological 

examination of the tissue sections obtained from brain, heart, lungs, liver, kidney, intestines, 

and bone marrow (data not shown). Thus, the MTD of L-t-C6-Pyr-Cer was determined as 80 

mg/kg in mice, which did not cause any detectable toxicity in these animals after either 

single (Table 1), or multiple cycles (every 4 days for 20 days) of treatment (data not shown). 

 

Next, the pharmacokinetic parameters of L-t-C6-Pyr-Cer, such as clearance from the blood, 

and bioaccumulation in various organs, were examined by LC/MS after treatment with the 

compound at 40 mg/ml (half of the MTD that would be used for the in vivo therapeutic 

studies) for various time points. As shown in Fig. 3A, the serum levels of the compound 

reached 4,500 to 6,500 pmol/0.1 ml serum at 0.5-2 hr, respectively, and cleared from the 

serum within 4 hr. The levels of the compound increased slightly first in the intestines after 

5 min, and in the liver after 2 hr, which were about 600 and 500 pmol/mg protein, 

respectively (Fig. 3B). The compound started to accumulate mainly in the kidney between 

4-8hr (Fig. 3B). There was some accumulation in the lungs after 24 hr, and no significant 

accumulation in the brain or heart (Fig. 3B). These data suggest that L-t-C6-Pyr-Cer 

circulates through systemic delivery within 2-4 hr, and accumulates in the intestines, liver 

and lungs at moderate levels, and at high levels in the kidneys within 8-24 hr, possibly for 

excretion. These data are consistent with previous studies, which showed the main 

accumulation of other lipophilic pyridinium cations in the kidneys, and excretion in the 

urine (Pietruck et al. 1995).   
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The inhibition of HNSCC tumor growth by L-t-C6-Pyr-Cer as compared to its 

conventional analogue L-t-C6-Cer in vivo. After determining the MTD, pharmacokinetic 

and bioaccumulation parameters, the therapeutic efficacy of L-t-C6-Pyr-Cer against HNSCC 

xenografts, which were developed by subcutaneous injection of UM-SCC-22A cells to both 

sides of the flank of the SCID mice, was assessed, and compared to the effects of L-t-C6-Cer 

(without the pyridinium moiety) as described in Experimental Procedures. After the tumors 

were established   (at least 100 mm3 in volume), mice were treated with 40 mg/kg ceramides 

every 4 days for 6 cycles (total of 24 days). The histo-pathological analysis of the tumors 

confirmed that they were SCC (Fig. 4A). More importantly, as shown in Fig. 4B, the growth 

of HNSCC tumors was significantly inhibited by L-t-C6-Pyr-Cer when compared to 

untreated controls (p<0.001). In addition, these data also showed that the tumor inhibitory 

effects of L-t-C6-Pyr-Cer were about 2.5-fold greater than conventional L-t-C6-Cer (Fig. 

4B). 

 

The therapeutic efficacy of L-t-C6-Pyr-Cer in combination with GMZ in the inhibition 

of HNSCC tumor growth in vivo. Next, the therapeutic efficacy of L-t-C6-Pyr-Cer in 

combination with GMZ against HNSCC tumors was examined in vivo. After the tumors 

were established (the average initial tumor volumes were 165, 286, 413, 120 and 268 mm3 

for control, GMZ, L-t-C6-Pyr-Cer, 5-FU/CP and L-t-C6-Pyr-Cer/GMZ, respectively), the 

animals were treated with L-t-C6-Pyr-Cer or GMZ, alone or in combination at 40 

mg/kg/each (at or below their half of MTDs), every 4 days for 24 days. As Fig. 5A shows, 

treatment with L-t-C6-Pyr-Cer or GMZ as single agents caused some inhibition of HNSCC 
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tumor growth in vivo as compared to untreated controls. However, the combination of L-t-

C6-Pyr-Cer with GMZ almost completely inhibited the tumor growth (p <0.01), and the 

efficacy of this combination was about 2.5-fold better than that of 5-FU/CP (p<0.05) (Fig. 

5A). Importantly, treatment of animals with L-t-C6-Pyr-Cer alone or in combination with 

GMZ did not cause any significant changes (not more than 5%) in the total body weight of 

the animals (data not shown). Treatment of SCID mice bearing UM-SCC-22A xenografts 

with 40 mg/kg cetylpyridinium bromide (without ceramide conjugate) for 4 days was lethal 

to all animals tested (n=6, data not shown). Also, combination of L-t-C6-Pyr-Cer (40 mg/kg) 

with doxorubicin (1 mg/kg) was toxic to the animals (n=6), killing all the animals at day 2-3 

of treatment (data not shown).  

 

To confirm the lack of toxicity in response to L-t-C6-Pyr-Cer/GMZ treatment, tumors and 

the vital organs were surgically removed after the completion of the study, and hematoxylin 

and eosin (H&E) staining of the tissue sections was performed as described.  Analysis of the 

vital organs of the animals treated with L-t-C6-Pyr-Cer alone or in combination with GMZ 

showed no detectable toxicity (data not shown). Blood counts, levels of enzyme activities, 

and electrolytes in the serum of animals (such as red blood cell and hemoglobin, blood urea 

nitrogen, creatinine, Na, Mg, alanine amino transferase and amylase) after these treatments 

were also analyzed (Table 2). There were no detectable abnormalities in these levels, 

confirming the lack of overall toxicity.  

 

Interestingly, analysis of the levels of L-t-C6-Pyr-Cer in HNSCC tumors removed after the 

completion of the study by LC/MS, showed that its accumulation in the tumor site was 
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about 2,200 pmol/mg when used as a single agent, whereas its levels in the tumors increased 

about 40% (up to 3,100 pmol/mg) when combined with GMZ (Fig. 5B). The levels of the 

compound in the intestines and the liver in the absence of GMZ were about 120 and 100 

pmol/mg protein, which increased to 1,000 and 300 pmol/mg protein in the presence of 

GMZ. Thus, these data demonstrate that the levels of the compound in tumors were about 3-

6-fold higher than its levels in intestines or liver of the animals, in the absence or presence 

of GMZ (Fig. 5B). Analysis of the effects of L-t-C6-Pyr-Cer, alone or in combination of 

GMZ, on the endogenous levels of ceramide in tumor site (Fig. 6A and B), or in the vital 

organs (data not shown) of the animals showed that treatments with L-t-C6-Pyr-Cer, alone or 

in combination with GMZ, did not cause any sustained elevation of endogenous ceramides 

when compared to untreated controls (Fig. 6A and B), suggesting that it does not affect the 

long-term metabolism of endogenous ceramide directly or indirectly. Similar data were also 

observed for the endogenous sphingomyelin (SM) levels, in which no significant changes 

were observed in response to these treatments when compared to untreated controls (data 

not shown).  

 

Role of L-t-C6-Pyr-Cer in combination with GMZ in the regulation of telomerase in 

vivo. To examine whether the inhibition of HNSCC tumor growth in response to L-t-C6-

Pyr-Cer, alone or in combination with GMZ, mechanistically involves the inhibition of 

telomerase in vivo, the levels of enzyme activity, hTERT mRNA and protein levels were 

measured in tumor extracts by TRAP, Q-PCR and Western blotting, respectively, as 

described in Materials and Methods. As shown in Fig. 7A, telomerase activity was inhibited 

significantly in HNSCC tumors of the animals treated with the combination of L-t-C6-Pyr-
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Cer and GMZ by about 60%, which was concomitant with a significant reduction of TRF 

length (about 700 bp) in these tumors as compared to untreated controls (Fig. 7B, lanes 5 

and 2, respectively). Treatment with L-t-C6-Pyr-Cer and GMZ as single agents also caused 

attrition in telomere length, about 500 and 200 bp, respectively, as compared to controls 

(Fig. 7B, lanes 4, 3 and 2, respectively). 

 

Consistent with the proposed mechanisms of action of ceramide in the regulation of 

telomerase activity at the mRNA levels of hTERT in various human cancer cell lines in 

vitro, the inhibition of telomerase by L-t-C6-Pyr-Cer (Fig. 7A) correlated with decreased 

levels of hTERT mRNA, and protein expression when compared to controls in vivo (Fig. 

7C, and 7D, lanes 3 and 1, respectively). However, although treatment with the combination 

of L-t-C6-Pyr-Cer and GMZ did not cause any detectable changes in the mRNA levels of 

hTERT (Fig. 7C), its protein levels were significantly inhibited (Fig. 7D, lane 4) in response 

to this combination, indicating a post-transcriptional regulation. The protein levels of beta-

actin in these samples were used as loading controls (Fig. 7D, lower panel).  

 

Taken together, these data demonstrate, for the first time, that treatment with the 

combination of L-t-C6-Pyr-Cer with GMZ results in a significant inhibition of telomerase 

activity, and decreased telomere length in HNSCC tumors in vivo. Mechanistically, in vivo 

modulation of telomerase activity by this combination appears to be at the post-

transcriptional level, resulting in a significant decrease on the levels of hTERT protein. 
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Discussion 

In the present study, the growth inhibitory roles of L-t-C6-Pyr-Cer, alone or in combination 

with GMZ, against HNSCC cells both in vitro and in vivo were examined. It was 

demonstrated here that L-t-C6-Pyr-Cer accumulates mainly in the mitochondria- and nuclei-

enriched sub-cellular fractions, which is consistent with its design and targeting. The data 

also showed that L-t-C6-Pyr-Cer significantly inhibits the growth of various HNSCC cell 

lines at low IC50 concentrations, independent of their p53 status. This might be very 

important for its potential use against variety of cancers, since majority of cancer cells 

contain mutated p53 (Don and Hogg, 2004). The supra-additive effects of L-t-C6-Pyr-Cer in 

combination with GMZ on the inhibition of HNSCC cell growth were also determined by 

quantitative isobologram studies, in vitro. More importantly, after preclinical parameters 

were determined, the data revealed that treatment with L-t-C6-Pyr-Cer/GMZ in combination 

almost completely inhibited tumor growth in the xenograft models of HNSCC in SCID 

mice, which was much more effective than the effects of 5-FU/CP combination against 

these tumors. The LC/MS analysis showed that the levels of L-t-C6-Pyr-Cer in the tumor 

site are significantly higher than its levels in the liver and intestines, and interestingly, the 

combination with GMZ increased the sustained accumulation of this ceramide. Moreover, 

the inhibition of HNSCC tumor growth and/or progression by L-t-C6-Pyr-Cer/GMZ was 

concomitant with the inhibition of telomerase, and decrease in telomere length, which are 

among the cancer-specific nuclear down-stream targets of ceramide (Ogretmen and Hannun, 

2004). The modulation of telomerase in vivo was regulated at the post-transcriptional level 

of hTERT protein, leading to a significant decrease in the levels of hTERT in response to 
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this combination.  

Because of inherent limitations in the solubility and bioavailability of conventional 

exogenous ceramides, novel cationic ceramides with high water solubility, cell-membrane 

permeability and cellular uptake have been designed and synthesized (Rossi et al., 2005; 

Novgorodov et al., 2005). The presence of the positive charge in the pyridinium ring was 

designed to target and accumulate these ceramide analogues into negatively charged 

intracellular compartments, especially mitochondria and nucleus. Previous studies have also 

demonstrated that the majority of cancer cells acquire high levels of negative charge in their 

sub-cellular structures, such as in mitochondria and/or nuclei (Modica-Napolitano and 

Aprille, 2001), suggesting that pyridinium-ceramides may prefentially accumulate in cancer 

cells. Indeed, in this study, the accumulation of L-t-C6-Pyr-Cer preferentially in 

mitochondria-, and nuclei-enriched fractions was established in UM-SCC-22A cells in vitro, 

and this was also consistent with the higher accumulation of the compound in the tumor site 

than in the liver and intestines in vivo. The accumulation of Pyr-Cer in mitochondria has 

been shown in HepG2 and MCF-7 cells previously, and this caused dramatic alterations in 

the structures and functions of mitochondria, resulting in apoptotic cell death (Novgorodov 

et al., 2005).  However, effects of L-t-C6-Pyr-Cer on the modulation of telomerase, and 

decrease in telomere length in HNSCC in vivo also suggest an important role for its nuclear 

accumulation. It should be noted also that, in addition to pyridinium-conjugated compounds, 

there are other compounds, such as F16 and jasmonates, which were shown to accumulate in 

mitochondria (Fantin and Leder, 2004, Rotem et al., 2005). 

 

The role of exogenous ceramides in mediating anti-proliferative functions in various human 
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cancer cells has been demonstrated previously. For example, novel structural analogs of 

ceramide, such as C16-serinol and (2S,3R)-(4E,6E)-2-octanoylamidooctadecadiene-1,3-diol 

(4,6-diene-ceramide) mediated apoptosis in neuroblastoma and breast cancer cells, 

respectively (Bieberich et al., 2000; Struckhoff et al. 2004). Other ceramide analogs, 5R-

OH-3E-C8-ceramide, adamantyl-ceramide and benzene-C4-ceramide displayed selective 

growth inhibitory roles in drug resistant human breast cancer cell lines (SKBr3 and MCF-

7/Adr) (Crawford et al. 2003).   

 

In an alternative approach, delivery of exogenous ceramide in cationic pegylated liposomes 

increased accumulation of ceramide, and enhanced its ability to kill breast cancer cells 

(Stover and Kester, 2003). The liposomal delivery of exogenous natural ceramide also 

resulted in the inhibition of phosphorylated Akt, and stimulated the activity of caspase-3/7 

more effectively than non-liposomal ceramide (Stover and Kester, 2003). Recently, 

promising in vivo therapeutic efficacy of these pegylated liposomes used for the delivery of 

exogenous ceramide was shown in breast cancer models (Stover et al., 2005).  

 

Clinical data suggest that head and neck cancers respond better to chemotherapy regimens, 

which include combinations of two or more anti-cancer agents (Kroep et al. 1999). Indeed, 

the conventional chemotherapy for these cancers is the combination of CP with 5-FU or 

taxol (Kroep et al. 1999). Therefore, in this study, the effects of treatment with L-t-C6-Pyr-

Cer in combination with GMZ in the inhibition of HNSCC tumor growth and/or progression 

was examined in vivo, and the data revealed the superior therapeutic efficacy of this 

combination over the conventional CP/5-FU treatment. The use of GMZ for the treatment of 
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HNSCC in combination with CP, imatinib or vinca alkoloids has been reported previously 

(Airoldi et al., 2003; Bruce et al., 2005; Kroep et al., 1999; Jiang et al., 2005). Also, GMZ 

was known to sensitize HNSCC cells to radiation (Aguilar-Ponce et al., 2004). However, 

these studies  reported some toxicity, which limit their therapeutic significance. Since there 

was no detectable overall toxicity in animals treated with the combination of L-t-C6-Pyr-Cer 

and GMZ, it would be interesting to test the efficacy of combining L-t-C6-Pyr-Cer/GMZ 

with radiotherapy for the treatment of HNSCC in future studies. Interestingly, the data 

presented here showed that treatment with GMZ enhanced the accumulation of L-t-C6-Pyr-

Cer significantly in the HNSCC tumors in vivo, which might be very important for their 

improved efficacy against these tumors. The mechanisms by which GMZ increases in-tumor 

accumulation of this compound, however, are still unknown, and needs to be determined.  

 

Moreover, the role of both endogenous and exogenous ceramides in the inhibition of 

telomerase function in various human cancer cells in vitro has been demonstrated previously 

(Ogretmen et al., 2001; Wooten and Ogretmen, 2005). Modulation of telomerase by 

ceramide has been mainly regulated at the transcriptional level of hTERT in human cancer 

cells in vitro (Wooten and Ogretmen, 2005). However, results presented here showed that 

treatment with the combination of L-t-C6-Pyr-Cer/GMZ inhibited telomerase at the pos-

transcriptional level in vivo. The mechanisms by which Pyr-Cer/GMZ combination 

treatment results in decreased levels of hTERT protein in vivo, however, are still unknown, 

and need to be determined. Interestingly, there are data, which implicate the involvement of 

ubiquitin/proteasome pathway for the regulation of hTERT in some cells (Kim et al., 2005). 

Also, role of ceramide in the regulation of c- Myc via increased ubiquitination, and 
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proteasome degradation has been shown previously in A549 human lung cancer cells 

(Ogretmen et al., 2001). Therefore, it would be important to examine whether decreased 

levels of hTERT protein in response to this combination is regulated by  

ubiquitin/proteasome pathway.  

 

In summary, the results presented here suggest that treatment with water soluble L-t-C6-Pyr-

Cer in combination with GMZ inhibits HNSCC tumor growth and/or progression with no 

detectable overall toxicity in vivo, suggesting that the combination of these two compounds 

might provide alternative strategies for the improved management/control of HNSCC.  
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Figure Legends 

Fig. 1. The sub-cellular accumulation, and growth inhibitory properties of L-t-C6-Pyr-Cer in 

HNSCC cells. A) Chemical structure of L-t-C6-Pyr-Cer is shown. B) The subcellular 

accumulation of L-t-C6-Pyr-Cer at 1-48 hr was detected by LC/MS in UM-SCC-22A cells 

after differential centrifugation, as described in Materials and Methods. C) The purity of 

mitochondria- and nuclei-enriched fractions (lanes 1 and 2, respectively) isolated from the 

UM-SCC-22A cells was analyzed by detecting the levels of cytochrome C (lower panel) and 

lamin B (upper panel) proteins using Western blotting as described in Materials and 

Methods. D) The growth inhibitory effects of L-t-C6-Pyr-Cer against UM-SCC-22A, UM-

SCC-14A and UM-SCC-1 cells were assessed by MTT assays after treatment of cells with 

increasing concentrations of the compound for 48 hr. Experiments were done in duplicates 

at least in three independent trials, and error bars represent standard deviations. When not 

seen, error bars are smaller than the diameter of the legends on the graphs. Statistical 

significance was determined using student’s t-test, and p<0.05 (*) was considered 

significant. 

 

Fig. 2. Synergistic effects of L-t-C6-Pyr-Cer, in combination with GMZ, on the growth and 

cell cycle profiles of UM-SCC-22A cells.  A) The synergistic interactions of L-t-C6-Pyr-Cer 

and GMZ in the inhibition of growth were examined by quantitative isobologram studies, as 

described in Materials and Methods. The IC50 concentrations of GMZ in the presence of 

increasing concentrations of L-t-C6-Pyr-Cer were determined by MTT assays, and the data 

were plotted in isobolograms. A straight line joining points on x- and y-axes represent the 
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IC50 concentrations of GMZ and L-t-C6-Pyr-Cer alone. The points on the isobologram 

representing the IC50 values of GMZ obtained in the presence of 100, 250 and 500 nM L-t-

C6-Pyr-Cer fell within the left of the straight line, which indicates synergism. The 

experiments were performed as triplicates in at least three independent experiments. Error 

bars represent standard deviations. B) The effects of L-t-C6-Pyr-Cer (500 nM) and GMZ (50 

nM), alone or in combination, on cell cycle profiles of UM-SCC-22A cells were determined 

by flow-cytometry, after 48 hr treatment, as described in Materials and Methods.  

 

Fig. 3. The determination of pharmacokinetic parameters such as clearance from the serum, 

and bioaccumulation in various organs of L-t-C6-Pyr-Cer in vivo.  A and B) The levels of L-

t-C6-Pyr-Cer in the serum (A) or in the vital organs (B) of the BALB/c mice were measured 

by LC/MS after IP injection of the compound for various time points. The experiments were 

performed in two independent trials as duplicates, and error bars represent standard 

deviations. Statistical significance was determined using student’s t-test, and p<0.05 (*) was 

considered significant. 

 

Fig. 4. The role of L-t-C6-Pyr-Cer as compared to its conventional analogue L-t-C6-Cer in 

the inhibition of HNSCC tumor growth in vivo. The effects of L-t-C6-Pyr-Cer and its 

conventional analogue L-t-C6-Cer as single agents were determined in SCID mice harboring 

the UM-SCC-22A xenografts implanted in both flanks, as described in Materials and 

Methods. (A) The tumors were confirmed to be squamous cell carcinomas by 

histopathologic analysis after H&E staining. (B) The animals were treated with ceramides at 

40 mg/kg/each every 4 days for 24 days (6 cycles), and untreated mice were used as 
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controls. In these experiments, each group contained 3 mice, harboring 6 tumors. Statistical 

analysis was performed as described in Materials and Methods, and p<0.05 (*) was 

considered significant.  

 

Fig. 5. The therapeutic efficacy of L-t-C6-Pyr-Cer and GMZ combination in the inhibition 

of HNSCC tumor growth and/or progression in vivo. A) In vivo therapeutic efficacy of L-t-

C6-Pyr-Cer in combination with GMZ was determined in SCID mice harboring the UM-

SCC-22A xenografts implanted in both flanks, as described in Materials and Methods. The 

animals were treated with L-t-C6-Pyr-Cer and GMZ at 40 mg/kg/each every 4 days for 20 

days. The therapeutic effects of the 5-FU/CP combination in this HNSCC model were also 

examined. In these experiments, each group contained 6 mice, harboring 12 tumors, in this 

study. Error bars represent standard deviations, and p values were calculated as described in 

Materials and Methods. B) The accumulation of L-t-C6-Pyr-Cer in tumor sites, or in the 

intestines and liver was measured by LC/MS after the completion of the study. The effects 

of GMZ on the levels of L-t-C6-Pyr-Cer in these tissues were also examined by LC/MS, as 

described. Lipid measurements were done in animals (6 animals with 12 tumors/group), and 

error bars represent standard deviations. Statistical significance was determined using 

student’s t-test, and p<0.05 (*) was considered significant. 

 

Fig. 6. The effects of L-t-C6-Pyr-Cer, alone or in combination with GMZ, on the levels of 

endogenous ceramides and SM in HNSCC tumors, in vivo.  The effects of L-t-C6-Pyr-Cer, 

alone or in combination with GMZ, on the levels of endogenous ceramides (A and B) in 

HNSCC tumors extracted from SCID mice (summarized in Fig. 5A and B) were examined 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on March 1, 2006 as DOI: 10.1124/jpet.106.101949

 at A
SPE

T
 Journals on A

pril 10, 2024
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #101949 

36 

 

by LC/MS. The levels of C14-, C16-, C18-, C24-, C24:1-, dihydro-C16-ceramides, and 

sphingosine are shown in (A), and C18:1-, C20-ceramides, and dihydro-sphingosine, and 

sphingosine-1-phosphate levels are shown in (B). Lipid measurements in HNSCC tumors 

were performed in these animals by LC/MS (n=12/group), and error bars represent standard 

deviations. There were no significant changes in these levels. 

 

Fig. 7. The role of L-t-C6-Pyr-Cer, alone or in combination with GMZ, in the inhibition of 

telomerase in HNSCC tumors in vivo. The role of L-t-C6-Pyr-Cer, alone or in combination 

with GMZ, in the regulation of telomerase activity (A), telomere length analysis (B), the 

levels of hTERT mRNA (C), and protein (D) in HNSCC tumors extracted from SCID mice 

after studies summarized in Fig. 5, were examined by TRAP, TRF, Q-PCR, and Western 

blotting, respectively, as described in Materials and Methods. In (B), DNA samples obtained 

from tumors treated with GMZ (G), L-t-C6-Pyr-Cer (Cer), and the combination of L-t-C6-

Pyr-Cer with GMZ (G/C, lanes 3-5, respectively) were compared to that of untreated (U) 

tumors (lane 2). Lanes 5 and 6 contain DNA samples with low (L) and high (H) molecular 

weight (3.9 and 10.2 kb, respectively) telomeres. In (D) The levels of hTERT protein in 

samples obtained from tumors treated with GMZ (G), L-t-C6-Pyr-Cer (Cer), and the 

combination of L-t-C6-Pyr-Cer with GMZ (G/Cer, lanes 2-4, respectively) were determined 

by Western blot analysis using rabbit polyclonal anti-hTERT antibody, and compared to that 

of untreated (U) tumors (lane 1). Lanes 5 and 6 contain samples from telomerase positive 

(+) and negative (-) extracts. Beta-actin levels of these samples were used as loading 

controls (lanes 1-6, lower panel). Statistical significance was determined using student’s t-

test, and p<0.05 (*) was considered significant. 
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Tables 

TABLE 1 

Determination of the MTD of L-t-C6-Pyr-Cer in vivo. 

MTD of L-t-C6-Pyr-Cer was determined in dose escalation studies, in which BALB/c mice 

were treated (by IP injections) with increasing concentrations of the compound (10-150 

mg/kg), dissolved in sterile saline solution, for 24 hr. The MTD of the compound was 

assessed as 80 mg/kg, which did not result any detectable toxicity in any of the animals. The 

toxic concentrations of the compound at or >100 mg/kg caused severe abdominal bloating, 

and intestinal malfunction. Possible toxicity of the compound to the vital organs of the 

animals was analyzed by both gross examination, and histopathology. 

_______________________________________________________________ 
Group              Dose (mg/kg) Total animals  Percent Mortality   Toxicity 
     1   10        4                  0            none 
     2   20        4                  0            none 
     3   40        4                  0            none 
     4   60        4           0            none 
     5   80       10                  0            none 
     6   100       10                 10            N.D. 
     7 120       10                 20            abdominal bloating 
     8   150        4                 50            abdominal bloating,  
                                                  intestinal malfunction 
_______________________________________________________________
N.D., not determined   
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TABLE 2 

Determination of the effects of L-t-C6-Pyr-Cer on the blood counts, the levels of enzymes 

and electrolytes in serum in vivo. 

The blood counts, the levels of serum enzymes, and electrolytes in response to L-t-C6-Pyr-

Cer (Pyr-Cer) alone or in combination with GMZ in SCID mice by Anilytics, Inc. 

(Gaithersburg, MD), as described in Materials and Methods. Pyridinium ceramide did not 

have any detectable effects on these parameters, which were within the normal levels 

(ranges) in these animals. The data shown here represent the blood work of one of the 

animals from each group. 

_____________________________________________________ 
Treatment RBC  Hemoglobin    BUN  Creatinine    Na     Mg     ALT   Amylase 
 
Control  8.0   13.9      19    0.4           145    3.1       24       763 
 
Pyr-Cer  8.4   14.1    23    0.6           142    2.7       52       1589 
 
GMZ/Cer  n.d.   n.d.     36    0.5           147    3.1       23       1526 
_______________________________________________________________ 
 
RBC, red blood cells; BUN, blood urea nitrogen; ALT, Alanine  
aminotransferase. 
 
The units: RBC (1 x 106 cells/µl), hemoglobin (gm/100 ml), BUN and creatinine (mg/100 
ml), GGTand amylase (unit/l), electrolytes (mmole/l).  
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