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ABSTRACT 

The sphingolipid (SL) signaling pathways are in- 
duced by reactive oxygen species and proin- 
flammatory molecules, which are shown to be 
up-regulated in the obese state. The present 
work was conducted to determine if an altered 
SL pathway exists, and contributes to the path- 
ogenesis of hepatic steatosis associated with 
obesity. Steatotic and non-steatotic livers were 
procured from Zucker Obese female rats and 
their lean counterparts in this pre-clinical study, 
and assessed for enzymes involved in degrada-
tion as well as in phosphorylation of pro-apop- 
totic SLs. The expression of enzymes [sphingo- 
myelinase (SMase), ceramidase, and sphingos- 
ine kinase-1 (SK1)] and apoptotic proteins (Bax 
and Bcl-2) was quantified by ELISA and by Wes- 
tern Blot. Sphingomyelin (SM), ceramide, cera- 
mide-1 phosphate (C1P), sphingosine (SPH), and 
sphingosine-1-phosphate (S1P) levels were quan- 
tified by high-performance liquid chroma-togra- 
phy (HPLC)-tandem mass spectroscopy (MS). 
Obese steatotic livers exhibited significantly up- 
regulated ceramidase and down-regulated SK1 
and C1P levels (P < 0.05), as well as significantly 
lower levels of SM and higher levels of ceramide 
species containing long chain fatty acids, com- 
pared to their lean counterparts. These findings 
demonstrate that obese liver harbours SLs that 
favour a proapoptotic environment. Moreover, 
accumulation of ceramides containing long chain 
fatty acids could be involved in the pathogene- 
sis of hepatic steatosis.  
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1. INTRODUCTION 

Sphingolipids (SLs) are important components of bio- 
logical membranes and play a prominent role in cell sig- 
naling. The up-regulation of SLs by various factors me- 
diates specific cell responses that range from prolifera- 
tion to growth arrest, apoptosis, differentiation or recog- 
nition [1]. Ceramide functions as a key player in cell sig- 
naling and as a precursor for other SLs [2]. Some SLs, 
such as ceramide and sphingosine-1-phosphate (S1P), 
exert opposing effects in the regulation of apoptosis and 
survival, and are key molecules for determining the fate 
of cells in response to specific stimuli [3].  

Sphingomyelin (SM) on the plasma membrane is the 
primary SL source for biologically active ceramide in the 
vast majority of cells [4]. Sphingomyelinase (SMase), 
with its phospholipase C activity, initiates ceramide-ac- 
tivated apoptogenic signaling by hydrolyzing the phos- 
phodiester bond of SMs [2,4]. Although three isoforms 
of SMase have been identified, two of these enzymes, the 
lysosomal phosphodiesterase acid SMase (A-SMase) and 
the membrane-bound neutral SMase (N-SMase), contri- 
bute substantially to apoptosis triggered by death recep- 
tors [5,6]. Ceramides are further hydrolyzed to generate 
sphingosine (SPH), which is phosphorylated by Sphin- 
gosine kinase (SK) to form S1P. Ceramide, SPH, and S1P 
are all active signaling molecules and mediate cell pro- 
liferation, differentiation, apoptosis, adhesion, and mi- 
gration [1,7].  

Obesity is a chronic disease characterized by an in- 
crease in body fat stores. Due to its prevalence, obesity is 
currently the most common metabolic disease in the 
world [8]. The impact of the SL pathway is an impor- 
tant area of study in obesity research as it may be altered 
in the obese state, thus affecting the cell proliferation/ 
death balance and contributing to the increased patho- 
genesis of various diseases, including cancer and cardio- 
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vascular disease. A previous study compared adipose 
tissue from lean and obese mice, and showed an overall 
decrease in SM and increased ceramide levels in obese 
mice compared to lean, with an associated increase in 
SPH, N-SMase, and A-SMase. In addition, the plasma of 
obese mice showed increased levels of SM, ceramide, 
SPH, and S1P that contributed to the pro-inflammatory 
phenotype of obese adipose tissue [9].  

Obesity induces a chronic state of inflammation and is 
associated with metabolic syndrome-X, hyperlipidemia, 
diabetes, and hepatic steatosis [10-12]. The livers of obese 
rats exhibit increased levels of pro-inflammatory cyto- 
kines, so one could speculate that SL signaling will be 
altered in the steatotic liver. In the present study, we exa- 
mined pro-apoptotic SL levels in Zucker obese and lean 
rats. Zucker obese rats exhibit many of the symptoms 
normally associated with the obese state in humans, in- 
cluding (but not limited to) hyperlipidemia, hyperinsu- 
linemia, and liver steatosis [13-19]. We hypothesized 
that obese liver tissue will contain higher levels of pro- 
apoptotic SLs than lean liver. The most important finding 
of the present study is significantly higher levels of ce- 
ramides containing long chain fatty acids, and lower lev- 
els of anti-apoptotic proteins in steatotic liver from obese 
animals than in lean liver tissue.  

2. MATERIALS AND METHODS 

2.1. Animals  

Five-week-old female obese (fa/fa) rats (n = 14) and 
their lean (Fa/Fa) counterparts (n = 12) were obtained 
from Charles River Laboratories (Wilmington, MA, USA). 
They were housed in the animal housing facility in wire 
cages suspended approximately 10 cm above sawdust 
bedding trays with a 12-h light/12-h dark cycle. Tempe- 
rature and relative humidity were controlled at 22˚C and 
55%, respectively. All animals were acclimatized to these 
conditions for one week with free access to standard la- 
boratory rodent chow and drinking water until initiation 
of the experiment. All animals were cared for according 
to the guidelines of the Canadian Council on Animal 
Care, and the protocol was approved by the University of 
Waterloo Animal Care Committee.  

2.2. Diet, Body Weights, Termination 

After acclimatization, the rats were fed synthetic diet 
AIN93 ad libitum for nine weeks, and were then weighed 
and terminated by CO2 asphyxiation. Following termina- 
tion, gross anatomy was observed and any pathological 
abnormalities were recorded. Weights of liver, kidney, 
spleen, and heart tissues were recorded, and the samples 
were frozen at −80˚C for biochemical analyses.  

2.3. Sphingomyelinase Assay  

The activity of N-SMases and A-SMases in liver was 
measured using the Amplex Red Sphingomyelinase As- 
say Kit (Molecular Probes, Eugene, OR) as per the ma- 
nufacturer’s protocol. The activity of N-SMase was ana- 
lyzed using 250 μg of protein from liver tissue. The en- 
zymatic activity was measured as fluorescence using ex- 
citation of 545 ± 10 nm and emission detection of 590 ± 
10 nm. 

2.4. Protein Homogenate Preparation and 
Western Blotting  

Tissues were mixed with 2 mL of ice-cold RIPA buf- 
fer (50 mM Tris-HCl, 1% NP-40, 0.25% Sodium deoxy- 
cholate, 150 mM NaCl, 1 mM EDTA, 1 mM NaF) with 
freshly added protease inhibitors (1 μg/mL of Aprotinin, 
Leupeptin, Trypsin Inhibitor, Sodium Orthovandate) and 
then homogenized on ice using a PT2100 Polytron ho- 
mogenizer.  

The following antibodies were acquired commercially 
to quantify expression of SK1, ceramidase, Bax and 
Bcl-2: 1) Rabbit polyclonal to SK1 in rat, human and 
mouse (Abgent Inc., San Diego, CA, USA; catalogue # 
AP7237c); 2) Goat polyclonal to ceramidase in rat, hu- 
man and mouse (Santa Cruz Biotechnologies, Santa Cruz, 
CA, USA; catalogue # sc-28486); 3) Rabbit polyclonal to 
Bax and Bcl-2 in rat, human and mouse (Abcam Inc., 
Cambridge, MA, USA; catalogue #s ab7977 and ab7973, 
respectively); 4) Bovine Anti-goat IgG-HRP (Santa Cruz 
Biotechnologies, Santa Cruz, CA, USA; catalogue # 
sc-23500); 5) Goat Anti-rabbit IgG-HRP (Cell Signaling 
Technology Inc., Boston, MA, USA; catalogue # 7074).  

The protein samples (50 μg) were subjected to 10% 
sodium dodecyl sulphate-polyacrylamide gel electropho- 
resis (SDS-PAGE) using the Mini-Protean-BioRad II ap- 
paratus (Bio-Rad Laboratories Ltd, Carlsbad, CA, USA) 
to quantify the proteins of interest [18,19], with the ex- 
ception of SK, which required 100 μg of protein from 
liver samples. The protein samples were loaded into the 
wells with Laemmli buffer (Sigma Chemical) and sepa- 
rated by SDS-PAGE at 120 V for 90 min. Proteins were 
transferred from gels onto methanol soaked 0.45 μm 
PVDF membranes (Pall Corp. FL, USA.) The Trans-Blot 
Semi-Dry transfer cell system (Bio-Rad Laboratories Ltd, 
Carlsbad, CA, USA) at 20 V for 30 min was used for 
SK1 immunoblots. For all other blots, transfer was com- 
pleted using the Mini-Trans-Blot Electrophoretic Trans- 
fer Cell (Bio-Rad Laboratories Ltd, Canada) at 100 V for 
60 min. The gels were stained with Coomassie Brilliant 
Blue to confirm proper transfer.  

After incubation in respective primary antibodies, all 
immunoblots were washed three times with Tris-Buff- 
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ered Saline with Tween 20 (TBS-T) solution and then in- 
cubated with peroxidase conjugated secondary antibodies 
in a 1% blocking solution for 1.5 h. After washing three 
times in TBS-T, the blots were incubated for five min- 
utes with ECL plus (Amersham Biosciences Canada, GE 
Healthcare Bio-Sciences Inc., Quebec, Canada) and de- 
veloped using X-ray film (Fisher Scientific Company, 
Ottawa, ON, Canada). Finally, densitometric analysis 
was conducted using AlphaEaseFC software. The mem- 
branes were stained with Ponceau-S to confirm equal 
loading and were used to normalize the integrated den- 
sity values for quantification. Densitometry analysis was 
performed using a Visible Imaging System equipped with 
AlphaEaseFC software (Alpha Innotech, San Leandro, 
CA). The blots for liver samples were washed in TBS-T 
and re-probed with beta-actin as a secondary control for 
equal loading. 

2.5. Sphingolipid Quantitative Analysis by 
HPLC and MS  

SM, ceramide, ceramide-1 phosphate, SPH and S1P 
were analyzed by high-performance liquid chromatog- 
raphy (HPLC)-tandem mass spectroscopy (MS) in the 
lab of Dr. J Beilawski (Lipidomic Core, Medical Univer- 
sity of South Carolina, Charleston, SC) as described pre- 
viously [20]. Briefly, 0.5 grams of each liver sample was 
homogenized in tissue buffer and fortified with internal 
standards, 17-sphingosine, 17-S1P, 18C17-SM and 17C 
16-ceramide. Protein concentration was determined in 
each sample (Bio-Rad Protein Assay) and then SLs were 
extracted using a solution of iso-propanol: water: ethyl 
acetate (30:10:60). Samples were centrifuged for 10 min 
at 4000 rpm and supernatants collected. Organic extracts 
were evaporated under N2 gas and were reconstituted in 
methanol containing 0.2% formic acid. Samples were 
then analyzed using TSQ 7000 LC/MS system. Quantita- 
tive analysis is based on calibration curves generated by 
spiking bovine serum albumin with known amounts of 
target synthetic standards and an equal amount of inter- 
nal standard. The calibration curves are generated by plot- 
ting the peak area ratios of SL to the respective internal 
standards against concentration using a linear regression 
model.  

2.6. Statistical Analysis  

Statistical analysis of the data was performed using 
SPSS statistical software (SPSS Inc., Chicago, IL, USA). 
A comparison between lean and obese groups was per- 
formed and differences were determined using the inde- 
pendent samples t-test, at a significance level of P < 0.05. 
Statistical analysis between tissue types was determined 
using the paired samples t-test at a significance level of P 
< 0.05.  

3. RESULTS 

3.1. Body Weight and Total Liver Lipid Were 
Higher in the Obese State 

Body mass of obese rats (552.83 ± 15.43 g) was sig- 
nificantly higher (P < 0.05) than the body mass of their 
lean counterparts (269.75 ± 6.27 g) after termination at 9 
weeks of age. Livers from obese rats were significantly 
larger than the lean livers. Furthermore, obese liver tis- 
sue appeared pale and creamy colored in comparison to 
the darker red of the lean livers. The morphology of the 
obese liver showed more lipid accumulation than the 
lean rats’ liver tissue. 

3.2. Ceramidase and Bax Levels Were 
Higher and Bcl2 Levels Were Lower in 
Obese Liver 

SMase, ceramidase, and Bcl2 and Bax proteins were 
quantified. There were no significant differences in the 
A- and N-SMase levels in lean and obese liver tissue 
(Figures 1(a) and (b)). However, ceramidase protein ex- 
pression was significantly higher in obese liver tissue 
compared to the liver tissue of lean animals (Figure 
2(a)). Ceramidase bands were observed at a band size of 
55 kDa for both lean and obese liver tissue, which is con- 
sistent with the ceramidase 55 kDa precursor protein 
(Figure 2(c)). SK bands were observed at the predicted 
 

 
(a) 

 
(b) 

Figure 1. (a) Acidic sphingomyelinase (A-SMase) and (b) 
Neutral sphingomyelinase (N-SMase) activity in lean and obese 
liver tissue. 
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band size of 43 kDa for both lean and obese liver tissue. 
A second band appeared just below the 43 kDa mark in 
obese liver tissue that was not observed in lean tissue 
(Figure 2(c)). SK1 protein expression was significantly 
higher in lean liver tissue compared to obese tissue (Fi- 
gure 2(b)). 

The Bcl-2 band was observed at the predicted band 
size of 30 kDa for both lean and obese liver tissue (Fig- 
ure 2(c)). Lean liver tissue had higher Bcl-2 levels than 
obese liver tissue (Figure 2(d)). Bax bands were obser- 
ved at the predicted band size of 21 kDa for both lean 
and obese liver tissue. A faint band also appeared at the 
42 kDa mark; according to antibody specifications, this 
band represented Bax homodimers (Figure 2(c)). Bax 
protein expression was significantly higher in obese liver 
tissue compared to lean (Figure 2(e)).  

Openly accessible at  

3.3. Lower Levels of SMs Containing Long 
Chain Fatty Acids Are Present in Obese 
than in Lean Liver Tissue 

LC-MS (liquid chromatography-mass spectroscopy) 
analysis revealed that levels of various species of SMs 
were altered in obese liver tissue compared to lean. SM 

species differ in the number of carbons and number of 
double bonds in their fatty acid chain. C16-SM was sig- 
nificantly higher in obese liver while SM species con- 
taining chain lengths of C22-C26 were lower in obese 
liver (Figure 3(a)) compared to lean tissue. Other SM 
species (i.e., C14-, C18-, C18:1-, C20-, C20:1- and C24: 
1-SM) did not differ significantly for the obese and lean 
groups (Supplementary Table 1). Calculation of total 
SM showed lower SM content in obese than in lean liver 
tissue (Figure 3(b)). 

3.4. Levels of Total Ceramide and Selected 
Long Chain Fatty Acid Ceramide  
Species Are Higher in Obese Liver  
Tissue 

LC-MS analysis shows that various ceramide species 
were significantly altered in obese liver tissue compared 
to lean. Similarly to SM, ceramide species differ in the 
number of carbons and number of double bonds in their 
fatty acid chain. C16-ceramide was significantly lower in 
obese tissue, while C22-, C24:1-, C18-, C20- and C24: 0- 
ceramide levels were significantly higher in obese than 
in lean liver (Figure 4(a)). Total ceramide content was  

 

 

Figure 2. Bar graphs represent mean levels of: (a) ceramidase; (b) Sphingosine kinase (SK); 
(d) Bcl-2; and (e) Bax in lean and obese liver. Panel C: Western Blot for SK, ceramidase, 
Bcl-2, and Bax in lean and obese liver with 3 representative bands from each group shown 
with β-actin control bands. All bands were normalized to their respective ponceau stained 
bands; *Significantly different from lean group (P < 0.05; N = 6). 
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Figure 3. (a) C16, C22, C22:1, C24, C26 and C26:1 sphingomyelin (SM) levels in lean and 
obese liver tissue; (b) Total SM content in lean and obese liver tissue. SM levels are shown in 
pmole/mg protein ± SEM. N = 5 per group *Significantly different from lean group (P < 0.05). 

 
higher in obese liver compared to lean liver, but differ- 
ences were not statistically significant (Figure 4(b)). 

3.5. Total Ceramide 1-Phosphate (C1P) Is 
Lower in Obese than in Lean Liver 

LC-MS analysis of C1P containing different lengths of 
fatty acid chains showed that C18- and C18:1-C1P levels 
were significantly lower in obese liver (Figures 5(a) and 
(b)). C16-C1P was also lower in obese tissue, although 
not significantly. Levels of other C1P species were below 
the detection limit. Total C1P was significantly lower in 
obese than in lean liver tissue (Figure 5(c)). 

3.6. SPH Level Is Higher in Obese than in 
Lean Liver Tissue 

LC-MS analysis shows that SPH is higher in obese 
liver compared to lean, although the two groups do not 
differ significantly for this sample size (n = 5 per group) 
(Figure 5(d)). S1P levels were below the detection level 
of LC-MS analysis in liver (Table 1). Protein samples (1 
mg) were analyzed using the TSQ 7000 LC/MS system. 
S1P was undetectable in all samples suggesting that S1P 
must exist at very low levels in the tissue compared to 
other SLs, which were detectable in samples containing 1 
mg of protein. The collective findings for SM and cera- 
mide species are summarized in Figure 6.  

4. DISCUSSION 

This study was undertaken to determine if the SL path- 
way is altered in the obese state. We hypothesized that 
the pro-inflammatory environment of the steatotic liver 
would result in an up-regulation of the SL signaling path- 

Table 1. Raw data quantification values for sphingosine and 
S1P in lean and obese liver.  

Sample ID 
Sphingosine 

(pmole/mg pro) 
Sphingosine 1 Phosphate

(pmole/mg pro) 

LC1L 11.9 BDL 

LC2L 11.4 BDL 

LC3L 11.0 BDL 

LC4L 9.5 0.7 

LC5L 8.4 BDL 

OC1L 7.6 BDL 

OC2L 26.4 BDL 

OC3L 17.0 0.9 

OC4L 7.7 BDL 

OC5L 8.3 1.2 

BDL = below detection level; LC*L = lean control liver sample; OC*L = 
obese control liver sample 

 
way, thus favouring a pro-apoptotic environment. Quan- 
tifying SLs, as well as the key SL enzymes, did show 
notable differences in the SL pathway between obese and 
lean liver. Enzymes, such as SMases and ceramidase, 
which result in pro-apoptotic ceramides and SPHs, were 
elevated in obese liver tissue. Steatotic liver also exhib- 
ited the accumulation of ceramides containing long chain 
fatty acids.  

The liver is a complex and multi-functional organ, and 
liver disease is commonly linked to obesity. Zucker 
obese rats exhibit hepatic steatosis [21,17]; this may be 
attributed to insulin resistance and increased release of  
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Figure 4. (a) C16, C18, C20, C20:4, C22 and C24:1 ceramide levels in obese and lean liver 
tissue; (b) Total ceramide content in lean and obese liver tissue. Ceramide levels are shown in 
pmole/mg protein ± SEM. N = 5 per group *Significantly different from lean group (P < 0.05). 

 

 

Figure 5. Lean and obese liver tissue levels of: (a) C18-ceramide-1-phosphate; (b) C18:1- 
Ceramide-1-Phosphate; (c) Total Ceramide-1-Phosphate; and (d) Sphingosine (SPH). Levels 
are shown in pmole/mg protein ± SEM. N = 5 per group *Significantly different from lean 
group (P < 0.05). 

 
free fatty acids from adipose tissue [22]. In addition, he- 
patic steatosis is linked to oxidative stress and inflamma- 
tion; both reactive oxygen species and inflammatory 
molecules have been reported as being present in higher 
levels in the obese state [23,24]. Previously, it was re- 
ported that the SL signaling pathway is activated under 
conditions of cellular stress, including induction of 
SMase by TNF-α, IL-1β, free fatty acids, and ROS [1,25, 
26].  

When SMase activity in obese and lean liver tissue 
was compared, there was a trend toward a higher level of 

SMase in obese liver tissue. While both N- and A-SMase 
activity were consistently found to be slightly higher in 
obese tissue compared to lean, the differences were not 
significant in all repetitions of the assay. This could be 
due to the fact that the animals in this study were not 
exposed to an environment extreme enough to signifi- 
cantly activate SMase. It is possible that the level of in- 
flammation associated with obesity exerts a moderate, 
but consistent effect on SMases; if so, the variance asso- 
ciated with the small sample size in the current study 
might have masked the effec . LC-MS quantification of  t 
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(a)                                                          (b) 

Figure 6. Sphingomyelin (SM) and ceramide species composition in lean versus obese liver tissue: (a) SM species levels are shown 
as a percentage of total SM content in this stacked graph; (b) Ceramide species levels are shown as a percentage of total ceramide 
content in this stacked graph; *Significantly different from lean group (P < 0.05; N = 5). 
 
SM showed a trend towards lower SM levels in obese 
liver tissue compared to lean. When individual SM spe- 
cies varying in fatty acid composition were compared, 
the levels of SM species containing very long chain fatty 
acids were lower in obese liver than in lean liver, sug- 
gesting that the longer chain SMs are preferentially hy- 
drolyzed to ceramide by activated SMase in obese tissue. 
Only one SM species, C16-SM, was found to be higher 
in obese than in lean liver tissue. The possibility that 
long chain SMs are preferentially hydrolyzed into cera- 
mide was supported by the fact that total ceramides, as 
well as levels of ceramides containing long chain fatty 
acids, were higher in obese liver compared to lean liver. 

The SL pathway is constantly undergoing synthesis 
and degradation. While SM hydrolysis may be occurring, 
SM synthesis can also be taking place within the cells, 
resulting in SM regeneration; perhaps certain species of 
SM are generated more frequently. The trend toward 
lower SM in obese liver supports the finding of a recent 
study in which SM was lower in the livers of obese mice 
compared to their lean counterparts [27].  

The production and accumulation of ceramides are 
important for generating an apoptotic signal within the 
cell. The trend toward higher ceramide levels and altered 
ceramide species in obese tissue may contribute to the 
pathogenesis of the steatotic liver. Of course, other SL 
molecules in the signaling pathway must be examined as 
well, so as to determine the overall balance in signaling 

molecules. Ceramide, once generated, can have many 
fates within a cell; for example, it can be converted back 
to SM, deacetylated to SPH, or phosphorylated by cera- 
mide kinase to form C1P. Quantification of C1P showed 
that total C1P, as well as levels of C18- and C18:1-C1P 
species, were significantly lower in obese liver (Figure 
5). All of the longer chain species of C1P fell below the 
detection level. Normally, C1P opposes apoptotic cera- 
mide activity. An overall depression in the amount of 
C1P indicates that obese liver cells are receiving less sti- 
mulation for survival and proliferation processes.  

Ceramide can also be prevented from accumulating in 
the cell via conversion to SPH. Ceramidase deacetylates 
ceramide, producing SPH. When this enzyme was ana- 
lyzed by Western Blot, ceramidase expression was found 
to be significantly higher in obese than lean liver. In liver 
tissue, ceramidase bands were observed at a size of 55 
kDa, consistent with the expected size of a ceramidase 
precursor protein; ceramidase is synthesized as a 55 kDa 
lysosomal protein. Little is known about inducers of ce- 
ramidase, however, it has been suggested that platelet de- 
rived growth factor (PDGF) and insulin-like growth fac- 
tor (IGF) can activate ceramidase, leading to SPH pro- 
duction [28].  

Ceramidase overexpression in obese liver tissue may 
indicate that the tissue is trying to compensate for high 
ceramide levels in the active SL pathway. Ceramidase 
may play a protective role by converting ceramide to 
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SPH. While SPH is considered to be an apoptotic signal- 
ing molecule like ceramide, it is also the necessary sub- 
strate for SK1 and the production of S1P. Thus SPH is an 
important intermediary, signaling for apoptosis while also 
being readily available for conversion to a mitogenic sig- 
naling molecule. In fact, a study examining the role of ce- 
ramide in apoptosis reported that overexpression of acid 
ceramidase protected cells from TNF-α-induced apop- 
tosis, demonstrating that ceramidase expression may help 
to shift the balance between intracellular ceramide and 
S1P levels towards cell survival [29].  

LC-MS analysis of SPH revealed that there is a trend 
towards up-regulation of SPH in obese tissue, although 
the results for lean and obese rats do not differ signifi- 
cantly. Though SPH is a bioactive lipid that is itself, ca- 
pable of apoptotic signals, it can be converted back to 
ceramide via ceramide synthase, or it can be phosphory- 
lated to S1P by SK1. In contrast to SMase and cerami- 
dase, SK1 expression was lower in obese liver by ap- 
proximately 60%. SK1 phosphorylates SPH to produce 
S1P, an important mediator of cell growth and differen- 
tiation. The reduced expression of SK1 in steatotic liver 
tissue indicates lower levels of S1P being produced, and 
this further validates the idea that in hepatic steatotic tis- 
sue there is a shift towards apoptosis, which is induced 
by the change in balance between SL signaling enzymes.  

LC-MS analysis of S1P showed that S1P levels were 
below the detection level, meaning that the levels of S1P 
for most samples were below 0.1 pmole/mg protein. S1P 
is normally present at very low levels in vivo. Sphingos- 
ine-1-phosphatase (S1Pase) can remove the phosphate, 
and regenerate SPH or sphingosine-1-phosphate lyase 
(SPL) can act to degrade S1P irreversibly. Together, these 
two enzymes control S1P levels. Also, in mice and rats, 
SPL expression and activity appear to be highest in the 
small intestine, colon, thymus and liver, thus contribut- 
ing to low levels of S1P [30]. The low levels of S1P will 
increase only when SK1 is up-regulated, induced by a 
diverse number of growth stimuli, including PDGF [31, 
32]. Since it is clear in obese liver tissue that SK1 is 
down-regulated, S1P levels would remain at a very low 
level.  

The regulation of pro-apoptotic and anti-apoptotic sig- 
nals is complex and involves many molecules. For the 
purpose of this study, it is apparent that compared to lean 
liver tissue, steatotic obese liver tissue appears to have 
increased SMase activity and lower levels of SMs con- 
taining long chain fatty acids, accompanied by increased 
levels of ceramide containing long chain fatty acids. Ce- 
ramidase, a pro-apoptotic protein that hydrolyzes cera- 
mide to SPH, is elevated in obese liver tissue whereas the 
enzyme, SK1, is elevated in lean relative to obese liver 
tissue. SK converts pro-apoptotic SPH to anti-apoptotic 
S1P. A rise in ceramide levels will mediate apoptosis 

through Protein Phosphatase 2a (PP2a). PP2a can acti- 
vate pro-apoptotic Bax through dephosphorylation, lead- 
ing to membrane permeation and subsequent cytochrome 
C release and apoptosis [33]. Furthermore, ceramide has 
been implicated in the down-regulation of anti-apoptotic 
Bcl-2. Bcl-2 binds to Bax, and prevents Bax from initiat-
ing apoptosis at the mitochondrial membrane. PP2a may 
also play a role in ceramide induction of Bcl-2. PP2a 
activated by ceramide can dephosphorylate Bcl-2, ren- 
dering it inactive as an anti-apoptotic protein [34]. Ana- 
lysis of Bax and Bcl-2 proteins by Western Blot showed 
that both are altered in obese liver tissue. Densitometric 
analysis of the 21 kDa bands consistent for Bax [35] 
showed that Bax is up-regulated in obese tissue by ap- 
proximately 100% compared to lean tissue. Analysis of 
Bcl-2 demonstrated that Bcl-2 protein expression is ap- 
proximately 75% lower in obese tissue (Figure 2(c)).  

These findings further support the contention that stea- 
totic liver is associated with a pro-apoptotic environment. 
Increased expression of death receptors in obese liver tis- 
sue sensitizes these cells to pro-apoptotic stimuli, there- 
by triggering excessive hepatocyte apoptosis and inflam- 
mation [36]. The key molecules analysed in this study, 
and the altered levels in obese liver tissue compared to 
lean, are summarized in Figure 6. Briefly, the findings 
of the present study demonstrate that downstream effect- 
tor proteins of the SL signaling pathway are altered in 
the livers of obese rats. Most importantly, increased lev- 
els of ceramides containing long chain fatty acids appear 
to play a major role in the genesis of steatotic liver.  
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