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It is generally assumed that the oxidative stress has a major role in aging and 

pathogenesis of diseases such as atherosclerosis, diabetes, non-alcoholic fatty liver 

disease (NAFLD), and Alzheimer’s disease (1-5). It is important to clarify the events 

caused by oxidative stress leading to these diseases, although it is very difficult to evaluate 

the oxidative stress in tissues. Hydrogen peroxide is assumed to be the functional 

molecule causing oxidative stress but its concentration is too low and besides it is 

decomposed too fast to allow us its accurate determination.  

There are some indicators, which reflect the oxidative state indirectly; vitamin C, 

vitamin E, and the ratio of reduced (GSH) and oxidized glutathione (GSSG). These are 

factors cooperating each other to protect the cell from oxidative stress. Then they have 

been used as parameters of oxidative stress. 

Ceramide is a well-known lipid, which causes apoptosis in a variety of cells. When 

HL-60 cell was treated with antineoplastic agents, the ceramide concentration in the cell 

was increased and this increase was inhibited by catalase (6). This result suggested that 

the increase of ceramide was caused by oxidative stress involving hydrogen peroxide.  

 

Ceramide is generated by two pathways; de novo and salvage pathways. In the de novo 

pathway, serine-palmitoyl transferase is the rate determining enzyme, while in the salvage 

pathway, sphingomyelinase (SMase) hydrolyzes sphingomyelin to yield ceramide (7).  

It is reported that carbon tetrachloride (CCl4) intoxication, which has been used as a 

typical model of oxidative stress in the liver, increased the ceramide content in rat tissues 

(8). Combining the results from the apoptosis of HL-60 by oxidative stress (6), it is 

possible that ceramide is increased by oxidative stress in vivo.  
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Based on this hypothesis, I investigated whether the ceramide metabolism was affected 

by oxidative stress and the underlying mechanism of this change in vivo by animal 

experiments. 

 

In Chapter 1, I showed that the total ceramide concentration significantly increased in 

the liver, brain, kidney, and plasma of CCl4-intoxicated rats. The ratio of GSH/GSSG 

decreased in the liver, plasma, kidney, and brain 2 h after CCl4 intoxication. In addition, 

the level of vitamin C was decreased in the liver and kidney. On the other hand, the level 

of vitamin E was decreased in the liver, kidney, and plasma. The increase of ceramide 

was derived from the increase of neutral sphingomyelinase (nSMase) activity in the liver, 

kidney, and brain. The increase in nSMase activity was induced significantly in the liver 

2 h after intoxication with CCl4, when the ratio of GSH/GSSG in the liver decreased. 

These results indicated that acute oxidative stress stimulated nSMase activity resulting in 

the production of ceramide.  

 

In Chapter 2, I found that the increase of plasma ceramide was inhibited by celecoxib, 

a selective cyclooxygenase-2 (COX-2) inhibitor in CCl4-intoxicated rats. CCl4-induced 

hepatic injury is divided into two phases; in the initial phase trichloromethyl radical is 

generated by P450 dependent dehalogenation and in the second phase Kupffer cells are 

activated leading to the increase in the activities of phospholipase A2 and COX-2. Since 

the increase of plasma ceramide 24 h after oral administration of CCl4 was significantly 

reduced by celecoxib treatment, this observation indicated that celecoxib ameliorated the 

toxicity of CCl4 by inhibiting COX-2 in the second phase. Indeed it was shown later that 

Kupffer cells were activated in the second phase of CCl4 intoxication utilizing Nucling-

knockout mice, in which the number of Kupffer cells was largely reduced (9). 
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In Chapter 3, I evaluated the change in ceramide metabolism by oxidative stress during 

diabetes. Streptozotocin (STZ) was used to induce diabetes in Wistar male rats.  After 2 

weeks of the drug administration, the activity of secretory sphingomyelinase (sSMase) 

was significantly increased in the plasma, while the activity of nSMase was not changed 

in the kidney and liver. In addition, the ceramide concentration in plasma was 

significantly increased because of the elevated sSMase activity. On the other hand, the 

ceramide concentration in the kidney was significantly increased at 8 weeks after STZ 

administration, while the nSMase activity was not increased. These observations 

supported the view that prolonged oxidative stress stimulated plasma sSMase activity in 

the chronic state of diabetes. 

 

In Chapter 4, I showed that the ceramide concentration and sSMase activity also 

increased in the plasma of aged apolipoprotein E knock out (apoE-/-) mice. Although the 

total ceramide level in plasma was always higher in apoE-/- mice than that in wild-type 

(WT) mice, it decreased by aging in both WT and apoE-/- mice. The ceramide level in the 

aorta of apoE-/- mice was increased at 15 weeks of age when apoE-/- mice developed 

atherosclerosis. These results indicated that sSMase activity was increased by oxidative 

stress and generated ceramide, leading to atherogenesis during aging. 

 

In Chapter 5, I found that the sSMase activity depended on the redox state. Namely 

sSMase was activated by oxidation with hydrogen peroxide and the activated sSMase was 

inactivated by GSH. In addition I searched a possible inhibitor of sSMase among food 

factors. Based on the previous results, sSMase has an important role in progression of 

metabolic syndrome. Considering that sSMase is activated in oxidative state, I examined 

effects of antioxidants on sSMase. As a result, (-)-epicatechin 3-O-gallate (ECg) and (-)-



5 

 

3′-O-methylepigallocatechin 3-O-gallate (EGCg-3′-O-Me) showed strong inhibitory 

effect on sSMase. These observations support the view that antioxidants possibly prevent 

the progress of diseases caused by oxidative stress through inhibiting sSMase. 

 

This thesis shows that ceramide, a well known lipid to cause apoptosis, is increased in 

CCl4-intoxicated liver, diabetes mellitus, and atherogenesis during aging, namely in 

tissues with enhanced oxidative stress. Especially, I show that the ceramide salvage 

pathway is directly activated by oxidative stress. These results clearly show that the cell 

has a physiological mechanism causing ceramide synthesis to respond to oxidative stress. 

The nSMase activation and ceramide production in the early phase of CCl4-intoxicated 

liver show that the liver cell has a very sensitive antenna to detect oxidative stress 

resulting in causing apoptosis in cells under oxidative stress. This is a physiologically 

reasonable response of cells, because oxidative stress causes caricinogenesis in the cell 

and animals must effectively eliminate transformed cells.  

When radical reactions in biology caught attentions about 40 years ago, scientists 

assumed that radical reactions, usually called as lipid peroxidation were unphysiological 

reactions and that the cell had no physiological response to cope with them. Later it is 

clarified that oxidative stress activates many physiological proteins including MAPK 

(mitogen-activated protein kinase), Nrf2, heme oxygenase, and so on (10). In this thesis 

I clarified that SMase is directly activated by oxidative stress. It is worthwhile to note that 

among enzymes activated by oxidative stress, SMase is closely related with pathogenesis 

of atherosclerosis and diabetes, which are very serious problems in developed countries. 

My studies further reveral that sSMase is inhibited by antioxidants. This finding will 

be very useful to prevent these diseases by improvement of diets. 
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Abstract 

Ceramide is a biologically active lipid causing apoptosis in a variety of cells.  In this 

study, we examined the effect of CCl4 on the ceramide metabolism and indicators of 

oxidative stress.  After 12 h of oral administration of CCl4 (4 ml/kg body weight as a 1:1 

mixture of CCl4 and mineral oil) to rats, aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) were increased.  Antioxidants such as vitamins C and E were 

decreased in the liver and kidney.  In addition, the ratio of GSH/GSSG in the liver, 

plasma, kidney, and brain decreased at 2 h.  The total ceramide in the liver significantly 

increased as early as 2 h after CCl4 administration.  After 24 and 36 h, the total ceramide 

in plasma and the kidney was also augmented.  In the brain, the total ceramide 

dramatically increased at 36 h.  These results suggested that the increased ceramide in 

plasma was transferred to the kidney and the brain.  The activity of neutral 

sphingomyelinase (SMase), which was reported to be enhanced by the decrease of GSH, 

was significantly increased after CCl4 treatment in the liver, kidney, and brain.  However, 

acid SMase activities were not increased in the liver and kidney.  Thus, the activation of 

neutral SMase via oxidative stress induced the increase of ceramide during CCl4 

intoxication in not only the liver but also other tissues.  These results suggested that the 

excess accumulation of ceramide causes damage in other organs including the kidney and 

brain during fulminant hepatic failure. 

 

Abbreviations: aSMase, acid sphingomyelinase; ALT, alanine aminotransferase; AST, 

aspartate aminotransferase; BUN, blood urea nitrogen; GSH, reduced glutathione; GSSG, 

oxidized glutathione; LC-MS/MS, liquid chromatography-electrospray tandem mass 

spectrometry; NBD, nitrobenzofurazan; nSMase, neutral sphingomyelinase; ROS, 

reactive oxygen species; SM, sphingomyelin; SMase, sphingomyelinase 
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1. Introduction 

 

Carbon tetrachloride (CCl4) is metabolized by P450-dependent dehalogenation to 

trichloromethyl radical, which deranges the cellular metabolism, including alteration of 

membrane proteins and lipids by their covalent binding to cellular macromolecules (1).  

CCl4 intoxication has been used as an animal model of fulminant hepatic failure to 

develop artificial liver support (2, 3).  The mechanism of liver injury by CCl4 has 

received more attention than that by any other chemical (4). 

Ceramide has been implicated in regulating cell-cycle arrest, apoptosis, and cell 

senescence (5-7) and serves as an intracellular second messenger (8).  Ceramide is 

generated by sphingomyelin (SM) hydrolysis by sphingomyelinase (SMase) (9).  

SMases are classified based on pH optima, subcellular localization, and cation 

dependence (10).  Neutral SMase (nSMase) is localized in the plasma membrane and 

exhibits an optimum pH of about 7.5 and Mg2+-dependence.  Acid SMase (aSMase), 

with an optimum pH of about 4.8, operates at the endosomal-lysosomal compartments or 

plasma membrane.  Some studies report that a negative correlation exists between 

nSMase activity and reduced glutathione (GSH) (11, 12) and partially purified nSMase is 

dose-dependently inhibited by GSH (13).  Because GSH is the major antioxidant 

defense system that eliminates toxic oxygen radical (14), the activation of SMase might 

be accompanied with the enhancement of oxidative stress by CCl4 administration.  

Oxidative stress such as UV-light and irradiation induced the ceramide accumulation 

in the injured cells (15, 16).  In addition, the hydrophobic nature of CCl4 allows it to 

permeate cell membranes and CCl4 is distributed and accumulated in organs such as the 

liver, brain, kidney, and heart (17).  Therefore, the radical derived from CCl4 might 

affect the synthesis of ceramide in these organs.  In fulminant hepatic failure, which 
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induces massive necrosis of the liver via oxidative stress, toxic substances and cytokines 

released into the circulation are assumed to cause encephalopathy and renal dysfunction 

(18).  Our previous study showed that hepatic and plasma ceramides were increased by 

the administration of CCl4 to rats (19).  Therefore, it is possible that the increased 

ceramide in the liver and plasma during fulminant hepatic failure is one of the important 

toxins causing damage in other organs including the kidney and the brain.  In the present 

study, we show that oxidative stress via CCl4 administration induces the changes of 

ceramide metabolism in not only the liver but also other organs such as the kidney and 

brain.   

 

 

2. Materials and methods 

 

2.1. Animals  

This study was approved by the Animal Care Committee of Nara Women’s University.  

Eight-week-old male rats (SLC: Wistar strain) were obtained from Japan SLC Co. 

(Hamamatsu, Shizuoka, Japan).  The animals were housed in a room at 24±2°C, with a 

12 h/12 h light-dark cycle.  Animals were fed commercial laboratory chow (MF, 

Oriental Yeast Co., Osaka, Japan) and water ad libitum.  Eight-week-old rats were 

administered a mixture of CCl4 and mineral oil (1:1, 4 ml/kg body weight) through an 

intragastric tube as previously described (20).  The control rats received mineral oil 

alone (4 ml/kg body weight). 
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2.2. Analytical methods  

Rats were anesthetized with diethyl ether and killed by collecting the blood from the 

inferior vena cava using a syringe containing sodium heparin as an anticoagulant.  After 

perfusion of ice-cooled saline through the portal vein, organs were removed.  After 

perfusion, the liver, kidney, and brain were dissected out.  Blood was centrifuged to 

separate the plasma.  The activities of plasma aspartate aminotransferase (AST) and 

alanine aminotransferase (ALT) were determined using diagnostic kits (GOT and GPT-

UV Test Wako, Wako Pure Chemicals Co., Osaka) and expressed as Karmen Units.   

The determination of vitamin C was made according to a specific and sensitive method 

involving chemical derivatization and HPLC (21). The excised tissue was homogenized 

in 5 volumes of 10 mmol/L phosphate buffered saline (pH 7.2) under ice cooling. All 

determinations were made by duplicated experiments. One hundred microliters of tissue 

homogenate or plasma was added to 900 μL of metaphosphoric acid solution (200 g/L) 

containing stannous chloride (10 g/L) followed by centrifugation at 10,000 g for 10 min 

at 4 °C to get a deproteinized sample. A 100 μL sample of the supernatant was taken out 

and mixed with 100μL of 2,6-dichloroindophenol (2 g/L) to oxidize ascorbic acid. The 

solution was mixed with 50 μL of stannous chloride (10 g/L) in a metaphosphoric acid 

solution (50 g/L) and with 120 μL of 2,4-dinitrophenylhydrazine (20 g/L) in 4.5 mol/L of 

sulfuric acid. The mixture was incubated for 3 h at 37 °C. After cooling in an ice bath, 

ethyl acetate (1 mL) and water (1 mL) were added to the reaction mixture. After shaking 

and centrifugation (1,000 g) for 10 min, 600 μL of the ethyl acetate layer was taken out 

and evaporated to dryness. The residue was dissolved in 100 μL of acetonitrile, and 10 

μL of the sample was applied to HPLC. For HPLC analysis, a Shimadzu LC-9A pump 

was used. The sample was applied to μ-Bondasphere column (5 m C18 100A, Waters), 

eluted with a 1:1 mixture of acetonitrile and water adjusted at pH 3.5 with triethylamine 
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(10 g/ L) and phosphoric acid at the rate of 1 mL/min. The absorption at 505 nm was 

recorded with a spectrophotometer (type SPD-10A manufactured by Shimadzu, Kyoto, 

Japan). The detection limit was 1 pmol, which was identical with the literature (21).  

The concentration of vitamin E was determined by HPLC (22).  The levels of total 

GSH and oxidized glutathione (GSSG) were determined by the enzymatic method (23).  

The levels of blood urea nitrogen (BUN) were measured using diagnostic kit (Urea B Test 

Wako, Wako Pure Chemicals Co., Osaka). 

 

2.3. Measurement of ceramide  

Lipid of each tissue was extracted according to the method of Folch et al. (24). In brief, 

the excised tissue was homogenized in 9.9 ml of a mixture of CHCl3 and CH3OH (2:1, 

v/v) and added 2.2 ml of water. After vigorous shaking and centrifugation for 5 min at 

1,000 g, the CHCl3 layer was collected. To the residue, 6.6 ml of CHCl3 was added and 

the extraction was performed again. The collected CHCl3 solution was evaporated. The 

resulting lipid was dissolved in 120 μl of chloroform to perform Silica gel 60 TLC (Merck, 

Darmstadt, Germany). The TLC separation method was previously described (25). In 

brief, the first elution was made with a mixture of n-butanol/acetic acid/water (3:1:1, 

v/v/v) to the one third mark of the plate and the second elution was made to the top of the 

plate with a mixture of diethyl ether/n-hexane/acetic acid (90:10:1, v/v/v). Ceramide spot 

was visualized under UV by staining with primulin spray. The ceramide spot was 

scratched from TLC plate and collected into a glass tube. Extraction from TLC plate was 

conducted with 2 ml of a mixture of H2O/CH3OH/CHCl3 (8:20:10, v/v/v) under shaking 

for 30 min. After centrifugation, the CHCl3 layer was collected. One mililitter of H2O and 

2 ml of CHCl3 were added to the residue and the extraction was repeated. The CHCl3 

layer was collected in a glass tube. To the residue, 1.5 ml of CHCl3 was added. The 
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extraction was performed additional one more time. The collected solution was 

evaporated and suspended in 200 μl of a mixture of CHCl3 and CH3OH (1:1, v/v). 

Quantitative measurements of ceramide species were made using a triple-quadrupole 

mass spectrometer (Finnigan MAT TSQ 7000). ESI-MS/MS was performed as previously 

described (25). HPLC was conducted using a Waters 600S system equipped with a -

Bondasphere column (5 m C18 100A Waters). Elution was performed at a flow rate of 

0.2 ml/min with a mixture of 5 mM ammonium formate, methanol, and tetrahydrofuran 

(1:2:7, v/v/v). Mass analysis was perfomed in the positive ion mode in a heated capillary 

tube at 250 °C with an electrospray potential of 4.5 kV, a seath gas pressure of 70 psi, and 

a collision gas pressure of 1.6-2.0 mTorr. Under optimized conditions, monitoring ions 

were ceramide molecular species [M+H]+ for the product ion at m/z 264 of sphingoid base. 

Standard and samples were injected with 5 μl of 5 pmol/μl C8:0 ceramide ratio, assuming 

that the calibration curve of ceramide bearing C16-24 acyl chains was similer to that of 

C16:0 ceramide. Each sample was analyzed in duplicate.  

 

2.4. Assay of SMase activity 

The enzyme assay of SMase was performed basically as previously described (26).  

The excised tissues were homogenized in 3 volumes of phosphate buffered saline (10 mM, 

pH 7.4) under ice cooling.  Protein concentrations were determined according to the 

method of Lowry et al. (27).  Homogenization (10-20 mg protein/ml) was dissolved in 

0.2% Triton X-100 in 10 mM Tris, pH 7.4 (supplemented with 25 μM genistein) for 10 

min on ice.  The lysates were homogenized with three passes through a 25-G needle.  

Nitrobenzofurazan (NBD) C6-SM (Molecular Probes Inc., Eugene, OR, USA) was added 

to the lysates to give a final concentration of 20 M and they were incubated at 4C for 

10 min.  The lysates were added to 5 mM MgCl2 in 10 mM Tris, pH 7.4 for nSMase or 
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0.5 M acetate buffer, pH 4.5 for the aSMase.  The final volume was 300 l.  After 

incubation for 1 h at 37C, the reaction was stopped by adding 1 ml of methanol.  The 

samples (20 μl each) were directly analyzed by HPLC, which was conducted using a Nova 

Pak 4 μm C18 column (3.9150 mm, Waters).  Elution was performed at a flow rate of 

1 ml/min with a mixture of methanol, water, and phosphoric acid at a volume ratio of 

35:65:0.2.  In this condition NBD C6-SM and NBD C6-ceramide were eluted at about 3 

and 11 min, respectively.  Fluorescence of these compounds was determined using a 

fluorescence detector (Shimadzu, RF-10AXL, excitation at 466 nm and emission at 536 

nm).  Authentic NBD C6-ceramide was purchased from Molecular Probes Inc. 

 

 

3. Results 

 

3.1. Liver injury caused by CCl4 

The plasma ALT level tended to increase 6 h after administration of CCl4 and at 12 h it 

was significantly higher than that in the control group (Fig. 1a).  At 12 h, the plasma 

AST level was also significantly higher than that of the control group (Fig. 1b).  These 

results show the extensive cell death 12 h after CCl4 administration.  After 24 and 36 h, 

AST and ALT levels were increased further.   

 

3.2. Changes in the level of vitamin C and vitamin E in rats treated with CCl4 

To examine the effect of CCl4 intoxication on oxidative stress, we analyzed antioxidant 

vitamins.  The hepatic level of vitamin C significantly decreased 6 h after CCl4 

administration.  After 24 and 36 h, vitamin C in the liver decreased drastically to about 

9-11% of the control liver (Fig. 2a).  However, vitamin C in plasma increased 2, 6, 12, 
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and 36 h after CCl4 intoxication (Fig. 2b).  Although vitamin C in the kidney was 

temporarily increased at 2 h, the kidney vitamin C level at 24 and 36 h was lower than 

that of the control group (Fig. 2c).  Vitamin C in the brain 6 h after CCl4 administration 

decreased compared to the control group (Fig. 2 d), but the levels of vitamin C were 

almost the same as in the control group from 12 to 36 h. 

The hepatic vitamin E level was significantly decreased 6 h after CCl4 intoxication 

compared to the control group (Fig. 3a).  In plasma, vitamin E was also decreased at 6 

h and declined thereafter (Fig. 3b).  The level of vitamin E in the kidney was decreased 

by administration of CCl4 except at 6 h (Fig. 3c).  However, the vitamin E in the brain 

increased 6 and 12 h after administration of CCl4 (Fig. 3d).   

 

3.3. Effect of CCl4 intoxication on the GSH/GSSG ratio 

It is reported that partially purified nSMase is dose-dependently inhibited by GSH in 

vitro (13).  To reveal the relationship of GSH and ceramide metabolism in vivo, the 

GSH/GSSG ratios were determined during CCl4 intoxication.  The GSH/GSSG ratios of 

the liver and plasma decreased significantly 2 h after CCl4 administration and declined 

thereafter (Fig. 4a, b).  The GSH/GSSG ratio of the kidney was significantly decreased 

2, 6, and 24 h after CCl4 intoxication (Fig. 4c).  In the brain, the ratio of GSH/GSSG 

was also significantly diminished from 2 h to 36 h after CCl4 treatment compared to the 

control group (Fig. 4d). 

 

3.4. Changes in the level of ceramides in rats treated with CCl4  

In the control rat liver, the major ceramides were C24:0, C24:1, C16:0, C24:2, and 

C22:0 in decreasing order (Fig. 5a).  As early as 2 h after CCl4 intoxication, significant 

increases of C22:0, C24:0, C24:1, and C24:2 in the liver were observed compared to the 
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control group.  Twenty-four hours after administration of CCl4, all ceramide species in 

the liver were significantly increased.  Especially, the increase of C18:0 was striking.  

Total hepatic ceramide was significantly increased 2 and 12, and 24 h after CCl4 

intoxication.  However, all ceramide species and total ceramide showed almost the same 

levels as in the control group 36 h after CCl4 intoxication. 

Major ceramides of plasma were C24:0 and C24:1 (Fig. 5b).  All ceramides were 

significantly increased 24 h after CCl4 intoxication, and after 36 h the total ceramide in 

plasma significantly increased to 5.9 times that in the control group. 

In the kidney, major ceramides were C24:0, C24:1, and C16:0 (Fig. 5c).  C22:0 and 

C24:0, and C24:2 were significantly increased 2 h after CCl4 administration.  After 24 

and 36 h, total ceramide in the kidney was significantly increased compared to the control 

group. 

The major ceramide in the brain was C18:0, which accounted for about 80-85% of total 

ceramide (Fig. 5d).  Although total ceramide in the brain did not increase until 24 h, the 

total ceramide 36 h after CCl4 administration was remarkably higher than that of the 

control group.  Among the ceramides, the increase of C18:0 was the most striking at  

36 h.  

 

3.5. Changes in the SMase activity in rats treated with CCl4 

In the liver, nSMase activity was significantly increased 2 and 24 h after CCl4 treatment 

(Fig. 6a).  However, aSMase activity in the liver was significantly decreased by CCl4 

intoxication except at 24 h (Fig. 6b).  In the kidney, nSMase activity was significantly 

increased 2 and 24 h after CCl4 administration (Fig. 6c).  ASMase in the kidney was 

significantly decreased 12 and 36 h after intoxication of CCl4 (Fig. 6d).  In the brain, 

nSMase and aSMase were significantly increased 2-24 h after treatment with CCl4 (Fig. 
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6e, f).  In particular, nSMase and aSMase activities were dramatically increased to 51- 

and 27-fold that of the control group at 24 h, respectively.  However, both SMase 

activities were almost equal to those of the control group at 36 h. 

 

3.6. Effect of CCl4 intoxication on the level of plasma BUN  

To examine the effect of CCl4 intoxication on renal injury, we measured the level of 

BUN.  Although the level of BUN was not significantly increased from 2 to 24 h after 

CCl4 intoxication, the BUN 36 h after CCl4 administration was significantly higher than 

that of the control group (Fig. 7). 

 

 

4. Discussion 

 

The accumulation of ceramide is implicated in diseases such as atherosclerosis (28, 29) 

and Alzheimer’s disease (30), which accompany the enhancement of oxidative stress.  In 

this study, we examined whether ceramides were increased in tissues via oxidative stress 

in rats intoxicated with CCl4. 

The primary defense against oxidative stress in the tissue rests with antioxidants such 

as antioxidant vitamins and GSH.  Our previous studies demonstrated that the 

concentration of vitamin C, abundant and the strongest antioxidant in animal tissues, 

reflected oxidative stress most sensitively in the rat liver during chemical intoxication (20, 

31).  In the liver, vitamin C was decreased by CCl4 intoxication, showing that oxidative 

stress was enhanced.  Although vitamin C is not a vitamin for Wistar rats, oxidative 

stress caused by CCl4 led to a depletion of vitamin C.  The level of vitamin E in the liver 

was also reduced 6 h after CCl4 intoxication.  It was reported that vitamin E inhibited 
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the oxidative stress caused by CCl4, resulting in a decrease of necrosis of the liver cells 

(32).  Therefore, hepatic vitamin E might also be a marker to evaluate oxidative stress 

of the liver by CCl4 intoxication, although the rate of decrease of the liver vitamin E is 

considerably smaller than that of vitamin C. 

Total hepatic ceramide increased significantly 2 h after CCl4 intoxication.  The 

nSMase activity also increased 2 h after CCl4 administration in the liver.  Ceramide was 

generated by a single class of enzyme, SMase, and it was reported that the early ceramide 

changes were related with SMase activities (33).  Therefore, the increase of hepatic 

ceramide by CCl4 intoxication at the early stage may be due to increased nSMase activity.    

In addition, hepatic ceramides in rats undergoing liver ischemia/reperfusion (I/R) 

increased and aSMase activity increased during reperfusion of the ischemic liver, in 

contrast to nSMase activity (34).  Whether nSMase or aSMase is activated may depend 

on the type of injury.   

In addition, a negative correlation between nSMase activity and GSH concentration is 

reported in liver cells (11) and cells of other types (13, 35).  In the liver, the present study 

showed that both the decrease of GSH/GSSG ratio and the increase of ceramide were 

observed from 2 to 24 h after CCl4 administration.  The decrease of GSH/GSSG ratio 

preceded the onset of apoptosis induced by various agents (36).  These results suggest 

that oxidative stress-induced change of ceramide metabolism causes hepatic damage.  

In plasma, vitamin C concentration increased 2, 6, 12, and 36 h after CCl4 treatment.  

This may be ascribed to the release from the necrotized liver, which contains a 40-fold 

concentration of vitamin C (about 2,000 versus 50 μM) compared to plasma.  In addition, 

vitamin E and the GSH/GSSG ratio in plasma were also diminished by CCl4 treatment 

suggesting that the oxidative stress in plasma increased as well as in the liver.  Plasma 

ceramide was dramatically increased 24-36 h after CCl4 intoxication.  Because the 
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ceramide composition in plasma was similar to that in the liver, the accumulation of 

hepatic ceramide by the enhancement of oxidative stress and resulting release from the 

necrotized liver may increase plasma ceramide by CCl4 intoxication.  Furthermore, it is 

possible that the increased ceramides in plasma during hepatic failure is one of the 

important toxic factors causing damage in other organs.   

In the kidney, the decrease of vitamin E and the GSH/GSSG ratio was earlier than that 

of vitamin C, suggesting that vitamin E and the GSH/GSSG ratio are sensitive markers 

of oxidative stress in the kidney.  The total ceramide at 24 and 36 h in the kidney was 

significantly increased compared to the control group.  Particularly, ceramides with long 

chain such as C22 and C24 in the kidney were markedly increased compared to those of 

the liver.  The nSMase activity in the kidney was increased by CCl4 administration 

similarly to the liver.  The change of renal ceramide metabolism via the oxidative stress 

may be also a cause of the dysfunction. 

In the brain, vitamin C was decreased only 6 h after CCl4 treatment.  It was reported 

that the rate of decrease of cerebral vitamin C is slower than that in the other organs such 

as the liver and the kidney, when vitamin C deficiency was induced in ODS rats which 

lack the key enzyme for ascorbate synthesis (37).  The vitamin E level in the brain was 

even increased 2, 6, and 12 h after CCl4 administration.  In rats fed a vitamin E-deficient 

diet, the decrease of vitamin E in the brain was the slowest among the tissues including 

the liver and the kidney (38).  These results indicated the presence of unknown 

mechanisms to maintain the levels of these vitamins in the brain. 

Ceramide with 18-carbon atom side chains in the brain predominated and the ceramide 

profile of the brain was very different from that of other tissues.  Ceramides were 

reported to increase following brain injury such as ischemia (39, 40).  This study showed 

that the total ceramide, especially C18:0, in the brain was dramatically increased 36 h 
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after CCl4 administration.  However, both SMase activities at 36 h were almost the same 

as in the control group in spite of the low GSH/GSSG ratio, suggesting that the 

dysfunction of the brain 36 h after CCl4 intoxication caused the decrease of SMase 

activities.  Since intravenously injected fluorescent C6-ceramide is able to cross blood-

brain-barrier (41), the increased ceramide in plasma may be transferred to the brain at the 

late stage, especially at 36 h, and the increase of ceramide may lead to brain damage.  

This idea is supported by the result that the increase of C18:0 was the most conspicuous 

among the ceramides and was 4.7, 18.6, and 3.8 times the control value in the liver, 

plasma, and brain, respectively.  In addition, both nSMase and aSMase activities were 

dramatically increased compared to the control group 24 h after CCl4 treatment.  

Although the increase of these SMase activities may be involved in the augmentation of 

some brain ceramides, which did not include C18:0 2-24 h after CCl4 intoxication, further 

studies are necessary to clarify the cause of the change of ceramide levels in the brain.   

In this study, the activity of nSMase was significantly increased after CCl4 treatment in 

all organs examined.  The decrease of the ratio of GSH/GSSG in the early stage was also 

observed, although neither the increase of GSH nor the decrease of GSSG was observed 

by CCl4 intoxication (data not shown).  The other study demonstrated that a correlation 

between the SMase activity and the decrease of oxidation products caused by GSH was 

observed (11).  However, the mechanism of nSMase activation by oxidative stress is not 

fully understood.  GSH dose-dependently inhibited nSMase activity in vitro and the -

glutamylcysteine part in GSH was suggested to function as an allosteric regulator of 

nSMase (13).  Therefore, the GSH and the GSH/GSSG ratio may be a negative regulator 

of nSMase in the animal model of oxidative stress such as CCl4 intoxication.  Our 

previous study showed that the concentration of lipid hydroperoxides also increased 

significantly in liver mitochondria after 6 h of intragastric administration of CCl4 (42).  
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Other report demonstrated that the administration of bilirubin, an antioxidant inhibited 

the activation of nSMase during the increase of lipid peroxidation by UV irradiation (43).  

These results suggested that oxidative stress such as lipid peroxidation also induced the 

activation of nSMase by CCl4 intoxication.  

Our previous study demonstrated that the activation of caspase-3 in the liver took place 

12 h after CCl4 administration (20).  Therefore, the accumulation of hepatic ceramide 

may be one of causes that induce apoptosis in the liver.  In addition, the level of BUN, 

which is a clinical parameter of renal function, was increased 36 h after CCl4 injection.  

Because the level of ceramide in the kidney was increased at 24 and 36 h, the 

accumulation of ceramide may also contribute to renal cell death.  In the brain, the 

ceramide also increased 36 h after CCl4 administration.  Therefore, further study is 

required to reveal the relation between the accumulation of ceramide and cell death in the 

brain. 

In conclusion, antioxidants such as vitamins C and E, and GSH/GSSG ratio were 

decreased and the levels of ceramide were increased not only in the liver but also in other 

tissues by CCl4 administration.  In addition, it was suggested that the activation of 

nSMase via oxidative stress during CCl4 intoxication induced the increase of ceramide.  

Our data support the view that the excess accumulation of ceramide plays an important 

role to cause the injury in the kidney and brain during fulminant hepatic failure. 
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Figures and legends 

 

Fig. 1.  CCl4 (4 ml/kg; as a mixture of CCl4:mineral oil=1:1) was orally administered to 

rats. After 1, 2, 3, 6, 12, and 24 h, plasma AST (a) and ALT (b) activities were assayed as 

described in the text.  Control rats received mineral oil (4 ml/kg) and the enzyme activity 

was determined after 12 h.  Values are means ± S.E. for 4-5 rats and asterisks indicate 

significant differences from the corresponding control group (ANOVA Fisher's protected 

least significant difference test (PLSD), *P<0.05). 
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Fig. 2.  The level of vitamin C in the liver(a), plasma (b), kidney (c), and brain (d) of 

rats after CCl4 administration and the control group.  After 2, 6, 12, 24, and 36 h, the 

level of vitamin C in these tissues were determined as described in the text.  After 12 h 

of the administration of mineral oil, determinations were made for control rats.  Values 

are means ± S.E. for 4-5 rats and asterisks indicate a significant difference from the 

control group (ANOVA Fisher's protected least significant difference test (PLSD), 

*P<0.05).  
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Fig. 3.  The level of vitamin E in the liver (a), plasma (b), kidney (c), and brain (d) of 

rats after CCl4 administration and the control group.  After 2, 6, 12, 24, and 36 h, the 

level of vitamin E in these tissues were determined as described in the text.  After 12 h 

of the administration of mineral oil, determinations were made for control rats.  Values 

are means ± S.E. for 4-5 rats and asterisks indicate a significant difference from the 

control group (ANOVA Fisher's protected least significant difference test (PLSD), 

*P<0.05).  
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Fig. 4.  The ratios of GSH/GSSG in the liver (a), plasma (b) the kidney (c), and the brain 

(d) of rats after CCl4 administration and the control group.  After 2, 6, 12, 24, and 36 h, the 

ratios of GSH/GSSG were assayed as described in the text.  Control rats received mineral 

oil and the ratio of GSH/GSSG was determined after 12 h.  Values are means ± S.E. for 4-

5 rats and asterisks indicate significant differences from the corresponding control group 

(ANOVA Fisher's protected least significant difference test (PLSD), *P<0.05) 
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Fig. 5.  The level of ceramides in the liver (a), plasma (b), kidney (c), and brain (d) of rats 

after CCl4 administration and the control group.  After 2, 6, 12, 24, and 36 h, the level of 

ceramides in these tissues were determined as described in the text.  After 12 h of the 

administration of mineral oil, determinations were made for control rats.  Values are means 

± S.E. for 4-5 rats and asterisks indicate a significant difference from the control group 

(ANOVA Fisher's protected least significant difference test (PLSD), *P<0.05). 
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Fig. 6.  The activities of nSMase and aSMase in the liver (a, b), the kidney (c, d), and 

the brain (e, f) of rats after CCl4 administration and the control group.  After 2, 6, 12, 24, 

and 36 h, nSMase and aSMase activities were assayed as described in the text.  Control 

rats received mineral oil and the enzyme activity was determined after 12 h.  Values are 

means ± S.E. for 4-5 rats and asterisks indicate significant differences from the 

corresponding control group (ANOVA Fisher's protected least significant difference test 

(PLSD), *P<0.05). 
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Fig. 7.  The level of BUN of rats after CCl4 administration and the control group.  After 

2, 6, 12, 24, and 36 h, the level of BUN in these tissues were determined as described in 

the text.  After 12 h of the administration of mineral oil, determinations were made for 

control rats.  Values are means ± S.E. for 4-5 rats and asterisks indicate a significant 

difference from the control group (ANOVA Fisher's protected least significant difference 

test (PLSD), *P<0.05). 
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Chapter 2 

 

Effect of celecoxib, a selective cyclooxygenase-2 inhibitor on carbon 

tetrachloride intoxication in rats  
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Abstract 

CCl4 (0.5 ml/kg as CCl4) was orally administered to rats.  Twelve hours after 

administration of CCl4, plasma ALT (alanine aminotransferase) and AST (aspartate 

aminotransferase) levels, indicators of liver necrosis, were significantly higher than those 

in the control group showing that active liver necrosis took place.  At the same time the 

level of liver vitamin C was decreased significantly compared to that in the control group.  

Oral administration of 100 mg/kg each of celecoxib 3 and 8 h after CCl4 treatment did 

not change plasma ALT and AST and liver vitamin C levels 12 h after CCl4 treatment, but 

24 h after CCl4 treatment, significantly decreased plasma ALT and AST levels and 

elevated liver vitamin C level.  These finding suggested that celecoxib effectively 

ameliorated the necrotic action and the oxidative stress induced by CCl4 in the second 

phase.  Although the plasma levels of all ceramide species were significantly increased 

24 h after CCl4 intoxication, treatment with celecoxib significantly reduced the total 

ceramide concentration in plasma.  These results indicated that celecoxib significantly 

ameliorated the toxicity of CCl4 in the second phase. 

 

 

 

 

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; 

COX-2, cyclooxygenase-2; IL, interleukin; TNF-α, tumor necrosis factor-α 
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1. Introduction 

 

In the study of radical reactions in biology, one of the most studied models is drug-

induced hepatitis.  Carbon tetrachloride (CCl4) is a well-known typical hepatotoxin 

causing centrizonal necrosis (1).  CCl4-induced hepatic injury is assumed to involve two 

phases.  The initial phase is generation of radicals and the second phase is activation of 

Kupffer cells (2), which release various pro-inflammatory mediators (3).  In the second 

phase, activities of phospholipase A2 (4) and cyclooxygenase-2 (COX-2) (5-7) are 

increased.  While COX-2-dependent response is assumed to be an important factor to 

link between oxidative stress and inflammation (5), COX-2 is also suggested to be 

hepatoprotective (8).  In this study we evaluated the effect of celecoxib, a specific 

inhibitor of COX-2 in CCl4 intoxication. 

In addition, CCl4 intoxication has been used as an animal model of fulminant hepatic 

failure to develop artificial liver support (9).  In fulminant hepatic failure, toxic 

substances and cytokines released into the circulation are assumed to cause 

encephalopathy and renal dysfunction (10).  Recently, we reported that plasma 

ceramides are increased in severe liver failure caused by D-galactosamine (11) or CCl4 

(12, 13).  It is well established that ceramides cause apoptosis in a variety of cells (14).  

In this study, we evaluated the effect of celecoxib on the increase of plasma ceramide 

caused by CCl4.  Since extensive liver damage and the increase in plasma ceramide 

concentration occurred 24 h after CCl4 administration (12, 13), we focused our study on 

the change in ceramides at this time.    
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2. Materials and methods 

 

2.1. Animals    

This study was approved by the Animal Care Committee of Nara Women’s University.  

Eight-week-old male rats (SLC: Wistar strain) were obtained from Japan SLC Co. 

(Hamamatsu, Shizuoka, Japan). The animals were housed in a room at 24±2˚C, with a 12 

h/12 h light-dark cycle. Animals were fed commercial laboratory chow (MF, Oriental 

Yeast Co., Osaka, Japan) and water ad libitum. To detect the effect of celecoxib definitely, 

the oral doses of CCl4 and celecoxib were examined based on preliminary experiments 

changing the dose of CCl4 at 0.5, 1, and 2 ml/kg body weight and that of celecoxib at 50 

and 100 mg/kg body weight. The dose of CCl4 was determined to be 0.5 ml/kg as CCl4. 

Celecoxib (100 mg /kg body weight 3 h before or after administration of CCl4) did not 

give sufficiently high protective effect, then the same dose of celecoxib was added 8 h 

after administration of CCl4. Based on these preliminary experiments, after 12 h fasting, 

CCl4 groups were orally administered 1 ml/kg of a mixture of CCl4 and mineral oil (0.5 

ml/kg as CCl4) as previously described (15).  Three and eight hours after administration 

of CCl4, the CCl4+celecoxib group orally received 100 mg/kg each of celecoxib twice.  

The CCl4+vehicle group received vehicle (0.5% methylcellulose, 0.025% Tween 20).  

Analysis of plasma and the liver for the CCl4+celecoxib group and the CCl4+vehicle 

group were made 12 and 24 h after CCl4 administration.  The sham and control groups 

were administered 1 ml/kg of mineral oil.  The sham group received celecoxib 3 and 8 

h after administration of mineral oil.  Analysis of plasma and the liver for the control 

and sham were made 24 h after mineral oil administration.  
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2.2. Analytical methods 

Rats were anesthetized with diethyl ether and killed by collecting the blood from the 

inferior vena cava using a syringe containing sodium heparin as an anticoagulant.  After 

perfusion of ice-cooled saline through the portal vein, the liver was removed.  The 

excised tissue was homogenized in 5 volumes of phosphate buffered saline (10 mM, pH 

7.4) under ice cooling. All determinations were made in duplicate experiments with 4-5 

animals in each group. 

The determination of total vitamin C was made according to a specific and sensitive 

method (16) involving chemical derivatization and HPLC as mentioned in Chapter 1.  

   Blood was centrifuged at 8,400 g for 5 min at 4˚C to separate plasma.  The activities 

of plasma aspartate aminotransferase (AST: EC 2.6.1.1) and alanine aminotransferase 

(ALT: EC 2.6.1.2) were determined using diagnostic kits (GOT and GPT-UV Test Wako, 

Wako Pure Chemicals Co., Osaka) and expressed as Karmen Units.  The levels of 

plasma ceramides were determined as described previously (13) and mentioned in 

Chapter 1. Briefly, ceramides were extracted with a mixture of CHCl3/CH3OH, followed 

by sequential TLC separations (17). The ceramide spot was extracted with a mixture of 

H2O/CH3OH/CHCl3 (0.8:2:1, v/v/v) and subjected to LC-MS/MS analysis (17)。 

Statistical analysis was carried out with Statcel (Excel 2000).  Differences between 

the group means were considered significant at P<0.05 using Bonferroni/ Dunn procedure. 

 

 

3. Results  

 

3.1. Effect of celecoxib on the necrosis and oxidative stress caused by CCl4 

To evaluate the extent of liver necrosis, plasma ALT and AST levels were determined.  

Twelve hours after administration of CCl4, plasma ALT level of the CCl4+vehicle and the 
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CCl4+celecoxib groups were 600±101 and 706±35.4 Karmen units, respectively (n=5). 

No significant difference was observed between these values, while these values were 

significantly higher than those in control group shown in Table 1. The data of the control 

group were determined 24 h after administration of mineral oil and the ALT and AST 

values were identical with normal rats without any treatment (data not shown).  Plasma 

AST level of the CCl4+vehicle and the CCl4+celecoxib groups were 1278±207.5 and 

1351±68.8 Karmen units, respectively (n=5). No significant difference was also observed 

between these values, while these values were significantly higher than those in control 

group shown in Table 1. At the same time the levels of liver vitamin C, a sensitive 

indicator of oxidative stress (18), in the CCl4+vehicle and the CCl4+celecoxib were 

decreased to 636.4±71.0 and 583.7±43.4 nmol/g liver, respectively (n=5).  These values 

were significantly low compared to those in the control group (Table 1), the vitamin C 

level of which was identical with normal rats without any treatment (data not shown).   

The effect of celecoxib on plasma ALT and AST and liver vitamin C were not observed 

12 h after CCl4 treatment, i.e., during the initial phase of intoxication. 

Plasma ALT and AST levels were further increased and the level of liver vitamin C 

remained at a low level 24 h after CCl4 intoxication (Table 1).  Treatment with celecoxib 

significantly decreased plasma ALT and AST levels compared to the CCl4+vehicle group, 

showing that celecoxib effectively ameliorated the necrotic action of CCl4 at the second 

phase.  Consistent with this observation, the liver vitamin C level in the CCl4+celecoxib 

group was higher than that in the CCl4+vehicle group (Table 1). 

No difference was observed between the control and the sham groups, showing that 

celecoxib did not affect these parameters (Table 1). 
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3.2. Effect of celecoxib on plasma ceramide after CCl4 treatment   

The plasma levels of all ceramide species were significantly increased 24 h after the 

treatment with CCl4 (0.5 ml/kg) (Table 2). Treatment with celecoxib significantly reduced 

the concentrations of total ceramide and major ceramide species, which were C24:0 and 

C24:1 in plasma (Table 2), although all ceramide levels were significantly higher than 

those in the control and sham groups. The decrease in plasma ceramides corresponded 

with the decreased liver damage as evidenced by decreased ALT and AST by celecoxib.  

 

 

4. Discussion  

 

This study demonstrated that treatment with celecoxib significantly ameliorated liver 

cell necrosis based on plasma ALT and AST levels 24 h after CCl4 intoxication.  At the 

same time, celecoxib significantly reduced the oxidative stress in the liver during the 

second phase of CCl4 intoxication based on hepatic vitamin C level, which was the most 

sensitive indicator of oxidative stress during hepatitis caused by chemicals such as CCl4 

(15), thioacetamide (19), or D-galatosamine (20).  Although an antioxidant such as α-

tocopherol inhibited liver necrosis caused by CCl4 via direct reduction of oxidative stress 

(21), a different mechanism should operate in the inhibition of oxidative stress by 

celecoxib.  Because it was unlikely that celecoxib functioned as a radical scavenger. 

CCl4 activated Kupffer cells (2), causing secretion of chemical mediators such as TNF-

α (tumor necrosis factor-α), IL (interleukin)-1, and IL-6 (3, 22), and induction of COX-2 

(23).  Soluble TNF-α receptor prevented the increase in serum ALT 24 h after CCl4 

intoxication and thereafter, showing an important role of TNF-α in the second phase of 

liver cell injury (24).  Upregulation of TNF-α associated with the induction of COX-2 

(25, 26), products of which might have a conceivable link between inflammatory response 
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and oxidative injury (5). Over-expression of COX-2 in the mouse liver resulted in a 

marked induction of the proinflammatory cytokines such as TNF-α, IL-1β, and IL-6, 

inducing hepatitis, which was recovered by celecoxib administration (27).  These results 

indicated the close link among COX-2, proinflammatory cytokines, and oxidative stress. 

On the other hand, inhibition of COX-2 with NS-398, another selective COX-2 

inhibitor, aggravated the liver injury caused by a higher dose of CCl4 at 2 ml/kg (8). The 

reason of this difference is not easily explained but the effect of CCl4 on COX-2 and 

inflammation may vary with an applied dose.  Indeed, a moderately hepatotoxic dose of 

CCl4 (2 ml/kg) increased hepatic COX-2, while a highly hepatotoxic dose of CCl4 (3 

ml/kg) was accompanied by minimal COX-2 activity (28).  

The effect of celecoxib on the liver is still controversial.  In chronic applications of 

CCl4 to rodents, COX-2 inhibitor reduced (29-31), or potentiated (32) liver fibrosis.  The 

critical role of COX-2 and the effect of celecoxib on liver inflammation remained to be 

explored. 

Treatment with celecoxib significantly reduced the plasma level of ceramide, which 

caused cell death in a variety of cells (14) and we reported that it might be a cause of 

multi-organ failure in fulminant hepatic failure (13). Therefore it is possible that celecoxib 

is beneficial to prevent multi-organ failure in fulminant hepatic failure, although the role 

of COX-2 in ceramide metabolism is not clear at present. 

In contrast to our study, celecoxib induced de novo synthesis of sphingolipids including 

ceramide in human cancer cell lines (33). The difference may be explained thus: ceramide 

is produced by neutral sphingomyelinase, via a salvage pathway in CCl4 intoxication (13). 
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Tables and legends 

 

Table 1.  Plasma ALT and AST and vitamin C level in the liver 24 h after CCl4 

intoxication 

 

  CCl4 + vehicle      CCl4 + celecoxib   

Sham 

(celecoxib+oil)      

Control  

(oil only)   

ALT          

(Karmen units) 

3514.7 ± 431.1* # 1910.5 ± 243.3* # 29.5 ± 2.6 33.4 ± 1.4 

AST           

(Karmen 

Units) 

7675.7 ± 664.4* 3525.4 ± 412.6* # 67.5 ± 1.7 83.2 ± 5.9 

Vitamin C      

(nmol/g Liver) 

437.4 ± 68.6* 862.2 ± 49.4* # 1679.9 ± 46.6 

1878.1 ± 

162 

 

CCl4 (1 ml/kg; as a mixture of CCl4:mineral oil=1:1) was orally administered to rats.  

After 24 h, plasma ALT and AST and concentration of vitamin C in the liver were 

determined as described in the text.  After 12 h of fasting, the control rats received 

mineral oil alone (1 ml/kg body weight).  The sham rats received celecoxib at 3 and 8 h 

after administration of mineral oil.  Determinations for the control and sham were made 

24 h after mineral oil administration.  Values are means ± S.E. for 4 rats. Asterisk (* ) 

indicates a significant difference from both the sham and control group and a signal (＃) 

indicates a significant difference from the CCl4+vehicle group (ANOVA Bonferroni/Dunn, 

P<0.05).  
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Table 2.  Plasma level of ceramide (nmol/ml) 24 h after CCl4 intoxication 

 

 C 16:0 C 18:0 C 22:0 C 24:0 C 24:1 C 24:2 Total 

Control 

 (oil only) 

0.50±0.04 0.05±0.01 0.37±0.03 3.62±0.27 2.63±0.20 0.75±0.05 7.92±0.60 

CCl4 + vehicle 1.33±0.19* 0.40±0.07* 1.13±0.10* 8.52±0.21* 6.18±0.24* 1.86±0.16* 19.4±0.82* 

CCl4 

+ celecoxib 

0.93±0.09 0.24±0.03*  0.85±0.06* 6.68±0.36* 
#
 4.90±0.26* 

#
 1.55±0.12* 15.2±0.83* 

#
  

Sham 

(celecoxib+oil) 

0.55±0.04 0.06±0.002 0.39±0.04 3.55±0.41 2.61±0.28 0.81±0.08 7.97±0.84 

 

CCl4 (1 ml/kg; as a mixture of CCl4:mineral oil=1:1) was orally administered to rats.  

After 24 h, plasma ceramide concentrations were determined as described in the text.  

After 12 h of fasting, the control rats received mineral oil alone (1 ml/kg body weight).  

The sham rats received celecoxib at 3 and 8 h after administration of mineral oil.  

Determinations for the control and sham were made 24 h after mineral oil administration.  

Values are means ± S.E. for 4 rats. Asterisk (* ) indicates a significant difference from 

both the sham and control group and a signal (#) indicates a significant difference from 

the CCl4+vehicle group (ANOVA Bonferroni/Dunn, P<0.05). 
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Chapter 3 

 

Increase in plasma ceramide levels via secretory sphingomyelinase 

activity in streptozotocin-induced diabetic rats  
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Abstract 

Ceramide mediates apoptosis and is upregulated by oxidative stress. To reveal the 

causative agent of diabetes-induced complications, we examined the changes in ceramide 

metabolism during diabetes.  Two and 8 weeks after intraperitoneal injection of 

streptozotocin (STZ: 40 mg/kg body weight) to rats, tissue ceramide levels were analyzed 

by liquid chromatography-electrospray tandem mass spectrometry (LC-MS/MS).  

Blood glucose was significantly increased 2 weeks after STZ administration.  Alanine 

aminotransferase (ALT), aspartate aminotransferase (AST), and blood urea nitrogen 

(BUN) levels were also increased in the diabetic rats, suggesting that hepatic and renal 

damage was induced by STZ administration.  Vitamin C, an indicator of oxidative stress, 

was significantly decreased in the plasma, liver, and kidney of rats 2 weeks after STZ 

administration.  Although no differences in hepatic ceramide levels were observed 

between the control and diabetic rats, plasma and renal ceramide levels were significantly 

increased 8 weeks after STZ administration.  In the liver and kidney, acid and neutral 

sphingomyelinase (SMase) activities were not increased, while secretory 

sphingomyelinase (sSMase) activity was increased in the plasma of diabetic rats after 

STZ administration.  These data indicated that STZ administration induced the increase 

in plasma ceramide levels via the increase in sSMase activity.  It was suggested that 

increased plasma ceramide levels were involved in the renal damage induced by STZ in 

diabetic rats accompanied with the enhancement of oxidative stress. 

Abbreviations: aSMase, acid sphingomyelinase; ALT, alanine aminotransferase; 

AST, aspartate aminotransferase; BUN, blood urea nitrogen; NBD, nitrobenzofurazan; 

nSMase, neutral sphingomyelinase; ROS, reactive oxygen species; SM, sphingomyelin; 

SMase, sphingomyelinase; sSMase, secretory sphingomyelinase; STZ, streptozotocin  
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1. Introduction 

 

Diabetes mellitus and its complications (such as nephropathy, atherosclerosis, 

retinopathy, neuropathy, and so on) are serious worldwide concerns in public health.  

Diabetes mellitus is a metabolic disease characterized by hyperglycaemia, and chronic 

hyperglycaemia and reactive oxygen species (ROS) are increased through non-enzymatic 

glycosylation and glucose autoxidation (1). Oxidative stress has been implicated in the 

development and progression of various diabetes-induced complications (2) and 

antioxidants decrease diabetes-induced complications by ameliorating the damage by free 

radicals (3). 

Treatment of rats with the beta-cell toxin streptozotocin (STZ) results in a diabetic state 

characterized by insulin deficiency and is used as a model of type 1 diabetes (4).   

Generation of ROS is involved in cytotoxic actions in STZ-induced diabetic rats (5, 6), 

and STZ administration causes diabetes-induced complications in various tissues 

including the liver and kidney (7, 8). It is possible that toxic materials are increased by 

the enhanced oxidative stress during diabetic conditions, thereby damaging the liver and 

kidney. 

Ceramide has been implicated in regulating cell cycle arrest, apoptosis, and cellular 

senescence (9), and serves as an intracellular second messenger in these processes (10). 

Oxidative stress such as UV light, antineoplastic drugs and radiation induces ceramide 

accumulation in cells (11-14). Ceramide is generated from sphingomyelin (SM) by 

sphingomyelinase (SMase), which is classified based on pH optimum, subcellular 

localization, and cation dependency (13, 15). Neutral SMase (nSMase) is localized in the 

plasma membrane and exhibits an optimal pH of around 7.5 and Mg2+ dependence.  

Acid SMase (aSMase), with an optimal pH of 4.8, operates in the endosomal-lysosomal 

compartments or plasma membrane.  Lysosomal and secretory SMase (sSMase) is 
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derived from aSMase by differential protein trafficking of a common protein precursor 

(16), and sSMase is secreted by the vascular endothelium and macrophages and is the 

only enzyme responsible for sphingolytic activity in the plasma (17). 

We previously reported that the ceramide level in the plasma, liver, and kidney was 

increased via nSMase activation when oxidative stress was induced by CCl4 intoxication 

in rats (18, 19).  In addition, other studies have demonstrated that SMase activation and 

the increase in ceramide levels were important participants in atherosclerosis (20, 21). 

Hyperglycaemia causes increased production of ROS in all tissues and plays a role in the 

development of complications in diabetes mellitus (22, 23). A recent study demonstrated 

that the ceramide level was elevated in the plasma of patients with type 2 diabetes (24). 

Therefore, in the STZ-induced diabetic rats, ceramide may also be a putative mediator of 

lipotoxicity in diabetes-induced complications.  In order to find a target enzyme to 

prevent diabetic complications, we investigated whether ceramide metabolism was 

altered in damaged tissues by STZ administration, and whether ceramide accumulation is 

correlated with the pathogenesis of diabetes-induced complications. 

 

 

2. Material and methods 

 

2.1. Animals 

This study was approved by the Animal Care Committee of Nara Women’s University.  

Six-week-old male rats (SLC: Wistar strain) were obtained from Japan SLC Co. 

(Hamamatsu, Shizuoka, Japan).  Diabetes was induced in overnight-fasted rats by 

intraperitoneal injection of STZ at a dose of 40 mg/kg body weight dissolved in citrate 

buffer (0.1 M, pH 4.5).  Control rats received an equivalent volume of the buffer alone.  
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Rats were fed a commercial laboratory chow (MF, Oriental Yeast Co., Osaka, Japan) and 

water ad libitum for 2 and 8 weeks (wk). 

 

2.2. Analytical methods 

Two and 8 wk after STZ administration, rats were anaesthetized with diethyl ether and 

killed by exsanguination of the inferior vena cava using the anticoagulant sodium heparin.  

After perfusion of ice-cooled saline through the portal vein, the liver and kidney were 

removed.  Plasma glucose levels, plasma aspartate aminotransferase (AST: EC 2.6.1.1) 

and alanine aminotransferase (ALT: EC 2.6.1.2) activities, and blood urea nitrogen 

(BUN) levels were measured using commercial kits (Wako Pure Chemical Industries, 

Osaka, Japan).  Vitamin C level was determined by a specific and sensitive method (25) 

involving chemical derivatization and HPLC as mentioned in Chapter 1. 

 

2.3. Measurement of ceramide species   

Lipids from each tissue were extracted according to the method of Folch et al. (26).  

Quantitative measurements of ceramide species was made by LC-MS/MS (Finnigan MAT 

TSQ 7000) as described previously (14). 

 

2.4. Assay of SMase activity    

The enzyme assay of SMase (EC 3.1.4.12) was performed as described previously (27). 

The excised tissues were homogenized in 3 volumes of ice-cold phosphate-buffered 

saline (10 mM, pH 7.4).  Protein concentrations were determined according to the 

method of Lowry et al (28).  The homogenate (10-20 mg protein/ml) was dissolved in 

300 l of 0.2% Triton X-100 containing 10 mM Tris, pH 7.4 (supplemented with 25 M 

genistein) for 10 min on ice.  Nitrobenzofurazan (NBD) C6-SM (Molecular Probes Inc., 

Eugene, OR, USA) was added to the lysates to achieve a final concentration of 20 M 
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and the lysates were incubated at 4C for 10 min.  The lysates were added to a solution 

of 5 mM MgCl2 in 10 mM Tris pH 7.4 for nSMase or 0.5 M acetate buffer pH 4.5 for the 

aSMase and the final volume was made 300 l.  Incubation was performed for 1 h at 

37C.  For sSMase analysis, the 200-l assay mixture consisted of 10 l of a 1:20 

dilution of the plasma in an assay buffer (0.1 mM Zn2+ sulphate, 1 nmol NBD C6-SM, 

0.1% Nonidet P-40, 0.1 M sodium acetate, pH 5.0), which was incubated for 1 h at 37C.  

The reaction was stopped by adding 1 ml of methanol.  Lipids were extracted according 

to the method of Bligh and Dyer.  The samples (20 l each) were directly analyzed by 

HPLC analysis, which was performed using a Nova Pak 4 m C18 column (3.9  150 

mm, Waters).  Elution was performed at a flow rate of 1 ml/min with a mixture of water, 

acetonitrile, and phosphoric acid at a volume ratio of 35:65:0.2.  The fluorescence of 

NBD in these compounds was determined using a fluorescence detector (Shimadzu, RF-

10AXL, excitation at 466 nm and emission at 536 nm).   

 

2.5. Statistical analysis    

The data are expressed as means ± SEM.  Differences between group means were 

considered significant at P < 0.05 using Fisher’s protected least significant difference test.    
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3. Results 

 

3.1. Changes in blood glucose levels, ALT and AST activities, and blood urea nitrogen 

levels     

This study was approved by the Animal Care Committee of Nara Women’s University.  

The blood glucose level in the diabetic group after STZ administration was significantly 

higher than that in the control group (Fig. 1a).  Within the control and diabetic groups, 

no differences in blood glucose levels at 2 and 8 weeks (wk) were observed.  To examine 

the effect of STZ administration on hepatic and renal injury, we analyzed alanine 

aminotransferase (ALT) and aspartate aminotransferase (AST) activities and blood urea 

nitrogen (BUN) levels.  Plasma AST and ALT levels were significantly increased by 

STZ administration (Fig. 1b, c).  These levels at 8 wk in the diabetic rats were further 

increased.  At 2 wk, the BUN levels in the control group were almost equal to those in 

the diabetic group.  However, these levels in the diabetic rats at 8 wk were significantly 

higher than those in the other groups (Fig. 1d). 

 

3.2. Effect of STZ administration on vitamin C level in plasma, liver, and kidney 

In the liver and kidney, the vitamin C level in the diabetic rats was significantly 

decreased 2 and 8 wk after STZ administration.  In the diabetic rats, the hepatic and renal 

vitamin C levels at 8 wk were significantly lower than those at 2 wk (Fig. 2a, b).  

Although no significant differences were observed in plasma vitamin C levels between 

the control and diabetic groups at 2 wk, the diabetic rats exhibited a significant decrease 

in plasma vitamin C compared with the control group at 8 wk (Fig. 2c).  
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3.3. Effect of STZ administration on ceramide level in the liver, plasma, and kidney 

Tissue ceramide concentration was determined using LC-MS/MS as described 

previously (14, 18). In the liver, the major ceramides were C24:0 and C24:1 (Fig. 3a).  

STZ administration did not increase hepatic ceramide levels except for that of C16:0 at 8 

wk.  However, in the diabetic rats, C24:1 and C24:2 levels were significantly increased 

at 8 wk compared with those at 2 wk. 

C24:0 and C24:1 were also found to be major ceramides in the kidney (Fig. 3b).  

Levels of long-chain fatty acid ceramides, such as C22:0, C24:0, C24:1, and C24:2 and 

total ceramides in the kidney in the diabetic rats were higher than those in the control rats 

at 2 wk.  The levels of these ceramides were further increased and a significant 

difference was also observed between the control and diabetic groups 8 wk after STZ 

administration.  

The major ceramides in the plasma were C24:0 and C24:1 in the control and diabetic 

rats (Fig. 3c).  Plasma C16:0 levels in the diabetic rats at 2 wk was increased compared 

to the control rats, and total plasma ceramide levels in the diabetic rats were higher than 

those in the control rats at 8 wk.  In the diabetic groups, the total plasma ceramide levels 

at 8 wk were significantly higher than those at 2 wk. 

 

3.4. Changes in the SMase activity in STZ-induced diabetic rats     

SMase, which directly generates ceramide, is a key regulatory step in the ceramide-

signalling cascade (9). In the liver, STZ administration did not affect nSMase activity at 

2 or 8 wk (Fig. 4a).  After 2 wk, hepatic aSMase activity in the diabetic group was 

significantly lower than that in the control group (Fig. 4b).  Although renal nSMase 

activity in the diabetic rats was higher than that in the control rats at 2 wk (Fig. 4c), 

aSMase activity in the diabetic group at 2 and 8 wk was lower compared to that in the 

control group (Fig. 4d).  Because the plasma ceramide level was increased in STZ-
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induced diabetic rats, sSMase activity was measured.  Plasma sSMase activity was 

found to be significantly increased 2 and 8 wk after STZ administration compared to that 

in the control group (Fig. 4e).  

 

 

4. Discussion 

 

Ceramide has been implicated in various diseases such as atherosclerosis (29, 30), 

which accompanies enhanced oxidative stress.  STZ injection in animals produces 

various kinds of ROS such as superoxide, hydroxyl radical, and lipid hydroperoxides (5-

8). In this study, we examined whether STZ administration caused tissue damage and 

affected ceramide metabolism at 2 wk (early) and 8 wk (advanced stage) during the 

progression of oxidative stress. 

Chronic hyperglycaemia occurring in uncontrolled diabetes leads to significant long-

term damage and failure of various organs.  STZ-induced diabetic rats also exhibit many 

complications observed in human diabetic patients (31). Our results demonstrated that 

plasma ALT and AST levels were significantly augmented 2 wk after STZ injection and 

further increased after 8 wk, showing signs of liver injury as early as 2 wk after STZ 

administration.  A major complication of diabetes is renal disease such as nephropathy 

(2). In this study, we also demonstrated that the plasma BUN level 8 wk after STZ 

administration was significantly increased in the diabetic group compared to the control 

group, showing that STZ injection induced diabetes-induced complications in the rat 

kidney.  Similar increases in BUN and ceramide levels in the plasma and kidney have 

been reported under severe oxidative stress leading to renal failure during fulminant 

hepatic failure induced by CCl4 intoxication (18). 
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Diabetic mellitus induces a requirement for antioxidants such as vitamin C (32) and 

enhancement of oxidative stress induces the development of diabetes.  Our previous 

studies have showed that the concentrations of vitamin C, which is an outstanding 

hydrophilic antioxidant in tissues and is consumed primarily under conditions of 

enhanced oxidative stress, most sensitively reflects oxidative stress in the rat liver during 

chemical intoxication (33). In this study, the liver vitamin C level was significantly 

decreased 2 wk after STZ injection, showing that oxidative stress was enhanced in the 

liver.  Therefore, the decrease in the level of antioxidants such as vitamin C may induce 

the liver injury in STZ-induced diabetic rats similar to chemically induced hepatitis (18, 

34, 35) where hepatic vitamin C levels are decreased by a similar extent. 

We have previously demonstrated that hepatic ceramide levels and nSMase activity 

were increased by CCl4 administration, which enhances oxidative stress (18, 19). 

However, in this study, using STZ-induced diabetic rats, the hepatic ceramide level was 

almost identical to that in the control group, and hepatic nSMase and aSMase activities 

were not increased in diabetic rats compared with control rats.  Although the hepatic 

ceramide level was increased in a rat model of type 2 diabetes (24, 36), our results 

indicated that the hepatic damage in type 1 diabetic rats was not due to ceramide 

accumulation.  These results suggested that the enhancement of oxidative stress via 

hyperglycaemia led to liver dysfunction, and that the ceramide accumulation was not 

associated with the pathogenesis of liver injury in the STZ diabetic rats at least 8 wk after 

STZ administration. 

Hyperglycaemia augments oxidative stress in the plasma due to the overproduction of 

free radicals and decreased efficiency of the antioxidant defense system.  In this study, 

the plasma vitamin C level was decreased as early as 2 wk after STZ administration and 

its level remained this low level 8 wk after STZ administration.  Two wk after STZ 

administration, only plasma C16:0 ceramide was significantly increased and this increase 
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may correspond to the elevation of plasma sSMase activity.  However increase in other 

ceramides was not observed.  This result suggests that catabolism system of ceramide 

for example in the kidney still effectively operated at the early phase of diabetes.  At 8 

wk the levels of all species of plasma ceramide were elevated, and the activity of plasma 

sSMase, the only sphingolytic enzyme in plasma, was significantly increased following 

STZ administration.  Therefore, the increase in plasma ceramide level by STZ injection 

may be ascribed to the elevated sSMase activity.  STZ-induced--cell destruction 

mediates the release of cytokines such as TNF- (37), and that sSMase secretion from 

endothelial cells is stimulated by a variety of proinflammatory mediators such as TNF- 

(38). Therefore, the increase in plasma sSMase activity might be stimulated by increased 

cytokine production. 

Renal damage was confirmed based on BUN levels 8 wk after STZ administration 

when low concentration of renal vitamin C was maintained.   Kashiba et al. (39) 

reported the impaired regeneration of renal vitamin C and urinary excretion of vitamin C 

were increased following STZ injection.  Consistent with this study, which 

demonstrated that STZ administration induced renal deterioration along with the decrease 

of vitamin C, antioxidant supplements were found to inhibit the increased ROS 

production and effectively prevent renal dysfunction in STZ-induced diabetic rats (40). 

Because the cellular uptake of vitamin C is promoted by insulin and inhibited in 

conditions such as hyperglycaemia (41), it is reasonable that vitamin C treatment 

significantly decreased BUN levels in diabetic rats (42). Therefore, the enhancement of 

oxidative stress is an important factor leading to the development of renal damage at an 

advanced stage. 

In the kidney, all long-chain fatty acid-bound ceramides except C16:0 and C18:0 were 

increased in STZ-induced diabetic rats.  Therefore, accumulation of these ceramides 

may also contribute to the renal damage.  In this study, renal nSMase and aSMase 
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activities did not increase in the diabetic rats at 8 wk compared with those in control rats, 

suggesting that increased ceramide levels at the advanced stage of diabetes was not due 

to the production but the transport of ceramides from the plasma.  These results imply 

that ceramide accumulation is a cause of renal dysfunction in STZ-induced diabetic rats.   

 

 

5. Conclusion 

 

Ceramide accumulation was induced in the plasma and kidney of STZ-induced in 

diabetic rats, and accompanied by a decrease in vitamin C levels.  Furthermore, elevated 

sSMase activity was suggested to be involved in the increase in plasma ceramide levels.  

Thus, the increase in plasma ceramide levels may play an important role in the 

pathogenesis of diabetes-induced complications.  Therefore sSMase is a possible target 

to develop an inhibitor for the prevention of diabetic complications. 
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Figures and legends 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Changes in blood glucose levels (a), plasma AST (b) and ALT (c) activities, 

and BUN levels (d) in STZ-induced diabetic rats.  Values are mean ± SEM (n=5 or 6 

in each group).  *Significant difference between the control and diabetic groups (p < 

0.05).  #Significant difference between the 2- and 8-week groups (p < 0.05). 
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Fig. 2.  Effect of STZ administration on the level of vitamin C in the liver (a), kidney 

(b), and plasma (c) of the control and diabetic rats.  Values are mean ± SEM (n=5 or 6 

in each group).  *Significant difference between the control and diabetic groups (p < 

0.05).  #Significant difference between 2- and 8-week groups (p < 0.05). 
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 Fig. 3.  Effect of STZ administration on the level of ceramide in the liver (a), kidney 

(b), and plasma (c) of the control and diabetic rats.  Values are mean ± SEM (n=5 or 

6 in each group).  *Significant difference between the control and diabetic groups (p 

< 0.05).  #Significant difference between 2- and 8-week groups (p < 0.05). 
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Fig. 4.  Effect of STZ administration on nSMase activity in the liver (a) and kidney 

(c), aSMase activity of liver (b) and kidney (d), and sSMase activity (e) in the control 

and diabetic rats.  Values are mean ± SEM (n=5 or 6 in each group).  *Significant 

difference between the control and diabetic groups (p < 0.05).  #Significant difference 

between 2- and 8-week groups (p < 0.05). 
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Chapter 4 

 

Increase in secretory sphingomyelinase activity and specific 

ceramides in the aorta of apolipoprotein E knockout mice during aging  
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Abstract 

Atherosclerosis is caused by many factors, one of which is oxidative stress. We recently 

demonstrated that systemic oxidative stress increased secretory sphingomyelinase 

activity and generated ceramides in the plasma of diabetic rats. In addition, we also 

showed that the total ceramide level in human plasma correlated with the level of oxidized 

low-density lipoprotein. To investigate the relationship between ceramide species and 

atherogenesis during aging, we compared age-related changes in ceramide metabolism in 

apolipoprotein E knock out mice (apoE-/-) and wild type mice (WT). Although the total 

plasma ceramide level was higher in apoE-/- than that in WT at all ages, it decreased with 

increasing age. Secretory sphingomyelinase activity increased at 65 weeks (w) of age in 

both strains of mice. When apoE-/- developed atherosclerosis at 15 w of age, C18:0, C22:0, 

and C24:0 ceramide levels in the apoE-/- aorta significantly increased. Furthermore, at 65 

w of age C16:0 and C24:1 ceramide levels were significantly higher than those in WT. 

These results suggested that elevation in levels of specific ceramide species due to 

sSMase activity contributed to atherogenesis during aging.  

 

Abbreviations: apoE-/-, apolipoprotein E knockout mice; aSMase, acid 

sphingomyelinase; CerS, ceramide synthase; LC-MS/MS, liquid chromatography-

electrospray tandem mass spectrometry; NBD, nitrobenzofurazan; nSMase, neutral 

sphingomyelinase; oxLDL, oxidized apolipoprotein B-100; SM, sphingomyelin; SMase, 

sphingomyelinase; sSMase, secretory sphingomyelinase; TLC, thin-layer 

chromatography; WT, wild-type mice
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1. Introduction 

Cardiovascular disease is associated with aging. Hyperlipidemia and long-term 

exposure to various stimuli such as oxidative stress lead to atherosclerosis.  

Despite several indications that aging causes atherosclerosis, a specific factor 

associated with atherosclerosis that increases or decreases with aging is yet to be entirely 

identified. One possible factor is elevation of bioactive lipid such as ceramide. Ceramide 

regulates cell cycle arrest, apoptosis, and cellular senescence (1), and serves as an 

intracellular second messenger in these processes (2). Oxidative stress inducers such as 

UV light, antineoplastic drugs, and radiation stimulate ceramide accumulation in the cell 

(3-6). Ceramide belongs to the sphingolipid family and comprises a saturated or 

unsaturated fatty acid of C16-C26 chain length bound to the amino group of sphingosine. 

Ceramide is generated by de novo synthetic pathway as well as from the hydrolysis of 

sphingomyelin (SM) by sphingomyelinase (SMase). Sphingomyelinases are classified 

into five types on the basis of their optimum pH, subcellular localization, and cation 

dependence (5, 7). Among these enzymes acid SMase (aSMase) (optimal pH = 4.8) 

operates in the endosomal/lysosomal compartment or plasma membrane (8). Of note, the 

aSMase gene (smpd1) gives rise to two different enzymes lysosomal SMase i.e., aSMase, 

and secretory SMase (sSMase) via alternative trafficking of the same protein precursor 

(9, 10). The vascular endothelium and macrophages secrete sSMase, which is the only 

enzyme responsible for sphingolytic activity in plasma (11). 

Elevated ceramide levels were recently shown to correlate with atherogenetic processes 

such as low-density lipoprotein (LDL) aggregation (12), and form cell migration (13). In 

relation to atherogenesis, we previously reported that the ceramide level in human plasma 

was positively correlated with both total cholesterol and oxidized apolipoprotein B-100 

(oxLDL) levels (14). Deevska et al. (15) reported that LDL-SM content and sSMase 

activity in LDL receptor knockout mice, which were fed an atherogenic diet, were 



77 

 

increased. Excessive cholesterol intake increased plasma ceramides in apolipoprotein E 

knockout mice (apoE-/-), a typical animal model for atherosclerosis (16). In addition, we 

previously reported that the increase in plasma ceramide level was caused by increased 

activity of sSMase in the streptozotocin-induced diabetic rats (17), thus suggesting that 

the elevation of plasma ceramide was an important factor in atherogenesis. sSMase 

activity also increased in response to stimulation of macrophages obtained from patients 

with chronic heart failure (18) and type 2 diabetes (19). These studies indicated that 

oxidative stress resulted in ceramide accumulation by increasing sSMase activity.  

To investigate the effect of aging on ceramide metabolism, we compared changes in 

tissue ceramides and related enzymes in apoE-/- with wild-type mice (WT), particularly 

focusing on SMase activity, which increased because of oxidative stress (17, 20, 21). 

 

 

2. Materials and methods  

 

2.1. Materials   

All the solvents were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, 

Japan). All other reagents were obtained from Nacalai Tesque Inc. (Kyoto, Japan). 

Authentic ceramides were purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA). 

Nitrobenzofurazan (NBD) C6-SM was purchased from Molecular Probes Inc. (Eugene, 

OR, USA). 

 

2.2. Animals    

This study was approved by the Animal Care Committee of Nara Women’s University. 

Female WT (SLC: C57BL/6J; 4 or 13 weeks of age) were obtained from Japan SLC Co. 

(Hamamatsu, Shizuoka, Japan). Female apoE-/- were obtained from the Jackson 
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Laboratory. The animals were housed in a room maintained at 24±2°C, with a 12h/12h 

light/dark cycle. Animals were fed commercial laboratory chow (CE-2, Oriental Yeast 

Co., Osaka, Japan) and water ad libitum. Mice were sacrificed at the age of 7, 15, and 65 

weeks (w) of age. 

 

2.3. Sampling Methods    

Mice were anesthetized with Nembutal, and blood samples were collected by left 

ventricular puncture using a syringe containing sodium heparin as an anticoagulant. After 

perfusion with saline, the liver and aorta were dissected out. Plasma was separated from 

whole blood sample by centrifugation.  

 

2.4. SMase Activity Assay    

SMase activities were measured using NBD C6-SM as a substrate, and the assay was 

principally performed based on previous studies (17, 22). For sSMase analysis, a 800 μL 

assay mixture consisted of 15 μL of plasma and 785 μL of an assay buffer (0.1 mM ZnSO4, 

1 nmol NBD C6-SM, 0.1% Nonidet P-40, 0.1 M sodium acetate buffer at pH 5.0) was 

incubated for 2 h at 37 °C. The reaction was stopped by adding 1 mL of methanol. For 

aortic aSMase, which depended on zinc ion, the aorta was dissected and cleaned of visible 

fat debris. The tissue was homogenized on ice in 400 μL of phosphate buffered saline (10 

mM, pH 7.4). Protein concentrations were determined according to the method of Lowry 

et al (23). Aortic aSMase activity was determined by suspending the homogenate (1-2 

mg protein/mL) in 800 μL assay mixture comprising of 0.1 mM ZnSO4, 1 nmol NBD C6-

SM, 0.1% NP-40/62, and 0.1 M sodium acetate (pH 5.0). The reaction was continued for 

2 h at 37°C and stopped by the addition of 2 mL methanol.  

NBD C6-SM and generated NBD C6-Ceramide were subsequently extracted according 

to the method of Bligh and Dyer (24). The extract was dissolved in 0.5mL methanol and 
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analyzed using HPLC as described below. The samples (20 μL) were directly analyzed 

by HPLC with a Nova Pak 4 μm C18 column (3.9 × 150 mm, Waters Corporation, Milford, 

MA, USA). Elution was performed at a flow rate of 1 mL/min with a mixture of water, 

acetonitrile, and phosphoric acid at a volume ratio of 35:65:0.2. NBD fluorescence was 

determined using a fluorescence detector (Shimadzu, RF-10AXL, excitation at 466 nm 

and emission at 536 nm). 

Data were expressed as mean ± SEM, and analyzed by multiple comparison tests using 

Statcel software (OMS Publishing Inc., Tokyo, Japan). Using the Tukey-Kramer 

Procedure, the differences between group means were significant at p <0.05.  

 

2.5. Ceramide Measurement 

Lipids were extracted according to the method of Folch et al (25). Lipids were 

dissolved in chloroform and subjected to chromatography on Silica gel 60 thin-layer 

chromatography (TLC) plates (Merck, Darmstradt, Germany). Separation was performed 

using silica gel 60 TLC plates (Merck, Germany) as previous studies (6, 26). In brief, the 

first elution was made with a mixture of n-butanol/acetic acid/water (30:10:10, v/v/v) to 

the one third of the plate and the second elution was made to the top of the plate with a 

mixture of diethyl ether/n-hexane/acetic acid (90:10:1, v/v/v). The ceramide spot was 

visualized under the UV by staining with primulin spay. The ceramide spot was scratched 

from the TLC plates and collected into a glass tube. Extraction was made with 2 mL of a 

mixture of H2O/CH3OH/CHCl3 (20:30:50, v/v/v) under shaking for 30 min. After 

centrifugation, the lower layer was collected. To the upper phase was added 1.5 mL of 

CHCl3, and extraction was made an additional two times. The collected CHCl3 solution 

was evaporated and resuspended in a mixture of 10 mL (liver) or 2 mL (aorta and plasma) 

of CHCl3/CH3OH (1:9, v/v). Standards and tissue ceramide extracts were stored at -20°C. 

The quantities of major ceramide species were measured by LC-MS/MS using a triple-
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quadrupole mass spectrometer [the ACQUITY TQD mass spectrometer (Waters 

Corporation, Milford, MA, USA)] equipped with the ACQUITY ultra performance liquid 

chromatography (UPLC) system (Waters Corporation, Milford, MA, USA). The ceramide 

species were separated using a column, [ACQUITY UPLC BEH, 1.7 m, 2.1 × 50 mm, 

C18, (Waters Corporation, Milford, MA, USA)] at 50°C. UPLC gradient elution was 

applied beginning with 15% of mobile phase A (water containing 0.2% formic acid and 

5 mM ammonium acetate) and 85% of mobile phase B (methanol containing 0.2% formic 

acid and 5 mM ammonium acetate) at a flow rate of 0.4 mL/min. The initial solvent 

condition was maintained for 3 min, and the percentage of the B solution was gradually 

increased with a linear gradient to 99% for 6 min. The column was equilibrated for 4 min 

with 85% mobile phase B prior to next injection. The total run time per injection was 13 

min. The mass spectrometry settings were as follows: ESI positive ion mode, capillary 

voltage, 3.0 kV; cone voltage, 20 V; source temperature, 120°C; and desolvation 

temperature, 350°C. The flow rates of nitrogen gas in the cone and desolvation gas were 

50 and 600 L/h, respectively. Argon gas was used for collision-induced dissociation and 

maintenance of collision cell pressure at 10-4 mbar. Results were analyzed using multiple 

reaction monitoring (MRM). Mass spectra (m/z) for an internal standard (IS) and six 

major ceramides were set up at 426.4 → 264.2 for C8:0 ceramide (IS), and 538.4 → 264.2, 

566.5 → 264.2, 622.5 → 264.3, 650.6 → 264.3, 648.6 → 264.3, 646.6 → 264.3 for C16:0, 

C18:0, C22:0, C24:0, C24:1, and C24:2 ceramides, respectively. Data acquisition was 

carried out by MassLynx software (version 4.1, Waters Corporation). Ceramide species 

were quantified using standard curves and ratios of the integrated peak areas of each 

ceramide species and C8:0 ceramide, which was used as an internal standard for 

quantification of the other ceramide species. Total ceramide content was calculated by 

addition of the amount of C16:0, C18:0, C22:0, C24:0, C24:1, and C24:2 ceramides. Data 

were expressed as an mean ± SEM.  
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3. Results  

 

3.1. Change in SMase Activity 

Plasma sSMase activity was significantly elevated at 65 w of age in both apoE-/- and 

WT compared with level observed at 7 w of age (Table. 1). At 7 w of age, plasma sSMase 

activity was lower in apoE-/- than that in WT. 

Aortic aSMase activity in WT was significantly elevated at 15 w of age compared with 

the level observed at 7 w of age, the level increased further at 65 w of age (Table. 1). In 

contrast, aortic aSMase activity in apoE-/- was unchanged at 15 w of age compared with 

that at 7 w of age and declined significantly at 65 w of age. Liver aSMase and neutral 

SMase activities were unchanged during aging in both apoE-/- and WT (data not shown). 

 

3.2. Changes in Tissue Ceramide Levels 

The total aortic ceramide level in WT at 65 w of age increased significantly compared 

with that observed at 7 w of age (2.6-fold increase) (Table 2A). In the apoE-/- aorta, the 

total ceramide level was increased at 15 w and 65 w of age compared with the level 

observed at 7 w of age (2.0 and 1.9-fold, respectively). The total aortic ceramide 

concentration of apoE-/- was similar to that of WT at 7 w of age (Table 2A); however, it 

was significantly higher than that of WT (2.7-fold) at 15 w of age. Table 2A demonstrates 

the six major ceramide levels. In the WT aorta, C24:0, C24:1, and C24:2 ceramide levels 

at 65 w of age were significantly higher than those at 7 w of age (2.6, 2.9, and 6.0-fold, 

respectively). In contrast, C18:0, C22:0, and C24:0 ceramide levels in apoE-/- aorta 

increased at 15 w of age compared with those observed at 7 w of age (2.7, 2.4, and 2.2-

fold, respectively). The C16:0, C24:1, and C24:2 ceramide levels in apoE-/- aorta at 65 w 

of age increased compared with those at 7 w of age (2.5, 2.3, and 2.6-fold, respectively) 

(Table 2A).  
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Although the levels of almost all ceramide species changed in a similar manner to the 

total level, some ceramides showed a different behavior (Table 2A). The levels of C16:0, 

C18:0, C22:0, and C24:0 ceramides in the apoE-/- aorta were significantly higher than 

those of WT (2.4, 4.1, 3.5, and 3.5-fold, respectively) at 15 w of age. 

The total plasma ceramide level in apoE-/- was significantly higher (4.4-5.9-fold) than 

that observed in WT at all ages (Table 2B). Almost all plasma ceramide species in   

apoE-/- decreased with age with the exception of C24:2 ceramide (Table 2B).  

The total ceramide level in WT liver increased at 15 w at age (Table 2C) and the levels 

of C16:0, C18:0, C22:0, and C24:1 ceramides were highest at 15 w of age (Table 2C). In 

apoE-/- liver, C22:0 ceramide level at 7 w of age was significantly higher than that 

observed in WT, whereas C22:0 ceramide level and total ceramide level at 65 w of age 

were significantly lower in apoE-/- than those in WT. 

 

 

4. Discussion  

 

The total plasma ceramide level in apoE-/- was comparable to that reported for human 

atherosclerotic subjects (14), and was significantly higher than the level observed in WT 

at all ages, indicating that the aorta of apoE-/- was exposed to a higher plasma ceramide 

level throughout aging. The difference in the plasma ceramide levels between WT and 

apoE-/- may be attributed to the LDL level in plasma because LDL is the major ceramide 

carrier (27, 28). The plasma ceramide level correlated with the LDL cholesterol and 

oxLDL levels in human samples (14). The plasma ceramide level in apoE-/- decreased 

during aging. As a similar phenomemon was reported for oxLDL by Itabe et al. (29): the 

level of oxLDL increased at 20 w of age and decreased toward the basal level at 40 w of 

age in apoE-/-. These authors suggested that oxLDL appeared before the development of 
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atherosclerotic lesions. Moreover, Schissel et al. (30) indicated that ceramides, generated 

by sSMase from the lesional LDL, but not from the plasma LDL, participated in LDL 

aggregation. Combining these reports with the results from this study, in which aortic 

ceramide levels increased at 15 w of age in apoE-/-, it is suggested that an elevation in 

ceramide level at the beginning of atherogenesis is involved in the pathogenesis of 

atherosclerosis.  

Although the aortic ceramide level increased significantly in both WT and apoE-/-, the 

distribution pattern of ceramide species in WT and apoE-/- was different. At 15 w of age, 

when atherogenesis was assumed to initiate in apoE-/- (31, 32), the levels of C16:0, C18:0, 

C22:0, and C24:0 ceramides in the aorta increased significantly, whereas only C16:0 and 

C24:1 ceramide levels increased at 65 w of age. The aortic levels of C18:0, C22:0, and 

C24:0 ceramides caused a similar change in aortic SMase activity. On the basis of these 

results, we suggest that the increase in C18-24 ceramide levels and the elevation of aortic 

aSMase activity may play a role in the initiation of atherogenesis. In addition, this is the 

first study showing elevation of aortic ceramide level during aging in apoE-/- as well as in 

WT. 

In contrast to C24 ceramide, C16:0 ceramide, a major ceramide in the aorta of apoE-/- 

that increased at 15 and 65 w of age, seemed to have a different function. Ceramide chain 

length affects the physicochemical properties of lipid membranes (33); thus, C16:0 

ceramide easily mixes with cholesterol in contrast to C24 ceramide (34). Mesicek et al. 

(35) reported that the overexpression of ceramide synthase (CerS) 5 lead to generation of 

C16:0 ceramide and an increase in apoptosis, whereas overexpression of CerS2 yielded 

C24 ceramide and provoked pro-survival signals. Furthermore, in the liver of CerS2 null 

mice, elevated ROS levels are associated with an increase in C16:0 ceramide and a 

decrease in mitochondria complex IV activity (36). In this regard, cellular homeostasis 

appears to be maintained by a balance between C16:0 and C24:0 ceramides. Although the 
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present study showed that C16:0 ceramide behaved in a manner similar to the very long, 

unsaturated C24:1 ceramide, the relationship between atherogenesis and apoptosis caused 

by ceramides, particularly C16:0 and C24 ceramides, requires further examination. 

Liver ceramide levels were unchanged with aging in either apoE-/- or WT. Similar 

results were obtained in diabetic rats (17). These observations suggested that aging did 

not affect hepatic ceramide metabolism. 

 

In conclusion, this study suggests that elevation of ceramide species such as C16:0 in 

the aorta as a result of sSMase activity in the plasma contributes to atherogenesis during 

aging.  
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Tables and legends 

 

Table 1. Changes in sSMase activity in plasma (pmol/mL/hour) and aortic aSMase activity (pmol/mg protein/min) of wild-type and apoE-/- mice 

Values are presented as mean ± SEM for 4 or 5 animals in each group. Different superscript letters indicate significant differences at p < 0.05 

(Tukey-Kramer post hoc test). 

 

              

  7 w WT 15 w WT 65 w WT 7 w apoE-/- 15 w apoE-/- 65 w apoE-/- 

sSMase   1599.6 ± 171.6ab 1666.7 ± 83.6ab 2688.7 ± 175.1c 657.3 ± 86.9d 1187.2± 121.7ad 1990.2 ± 207.1b 

aortic aSMase 79.2 ± 9.4a 130.8 ± 12.5bc 271.5 ± 14.3d 113.8 ± 13.5ab 167.1 ± 8.3c 66.4 ± 5.0a 
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Table 2. Levels of ceramides in the aorta (A), plasma (B), and liver (C) of wild-type and apoE-/- mice 

 

(A) Aorta ceramide levels (nmol/mg protein) 

Values are presented as mean ± SEM for 4 or 5 animals in each group. Total values are sum of six ceramide species. Different superscript letters 

indicate significant differences at p < 0.05 (Tukey-Kramer post hoc test).  

              

Aorta 7 w WT 15 w WT 65 w WT 7 w apoE-/- 15 w apoE-/- 65 w apoE-/- 

C16:0 1.08 ± 0.18a 1.53 ± 0.15a 2.48 ± 0.32ac 2.03 ± 0.46ac 3.70 ± 0.52bc 4.98 ± 0.53b 

C18:0 0.38 ± 0.04a 0.38 ± 0.03a 0.74 ± 0.07a 0.58 ± 0.14a 1.53 ± 0.14b 0.47 ± 0.04a 

C22:0 0.45 ± 0.06ab 0.44 ± 0.05b 0.95 ± 0.13a 0.66 ± 0.14ab 1.56 ± 0.18bc 0.94 ± 0.08 a 

C24:0 1.36 ± 0.21ac 1.33 ± 0.10a 3.52 ± 0.46bd 2.10 ± 0.39ad 4.69 ± 0.55b 3.03 ± 0.29cd 

C24:1 0.58 ± 0.12a 1.03 ± 0.12ab 1.70 ± 0.15b 1.22 ± 0.24ab 1.79 ± 0.25b 2.82 ± 0.31c 

C24:2 0.17 ± 0.03a 0.39 ± 0.06a 1.02 ± 0.13b 0.45 ± 0.08a 0.50 ± 0.10a 1.15 ± 0.13b 

Total 4.02 ± 0.58a 5.09 ± 0.48a 10.40 ± 1.17bc 7.03 ± 1.42ab 13.77 ± 1.73cd 13.39 ± 1.23cd 
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(B) Plasma ceramide levels (nmol/mL) 

              

Plasma 7 w WT 15 w WT 65 w WT 7 w apoE-/- 15 w apoE-/- 65 w apoE-/- 

C16:0 0.53 ± 0.04a 0.50 ± 0.09a 0.47 ± 0.05a 5.63 ± 0.42b 4.33 ± 0.26c 3.34 ± 0.39c 

C18:0 0.14 ± 0.03a 0.20 ± 0.03a 0.16 ± 0.02a 0.82 ± 0.10b 0.85 ± 0.05b 0.47 ± 0.07c 

C22:0 1.06 ± 0.12a 0.98 ± 0.15a 0.79 ± 0.06a 8.50 ± 1.12b 6.61 ± 0.44b 3.77 ± 0.26c 

C24:0 4.86 ± 0.48a 3.89 ± 0.68a 2.96 ± 0.38a 25.76 ± 3.44b 16.81 ± 0.82c 12.08 ± 0.64c 

C24:1 2.82 ± 0.46a 3.20 ± 0.55a 2.33 ± 0.24a 14.84 ± 1.90b 12.93 ± 0.58bc 9.43 ± 0.59c 

C24:2 0.20 ± 0.05a 0.22 ± 0.04a 0.21 ± 0.02a 1.05 ± 0.05a 1.01 ± 0.07ab 1.37 ± 0.44b 

Total 9.62 ± 1.14a  8.99 ± 1.48a 6.92 ± 0.72a 56.60 ± 6.54b 42.53 ± 1.81c 30.46 ± 1.74c 

Values are presented as mean ± SEM for 4 or 5 animals in each group. Total values are sum of six ceramide species. Different superscript letters 

indicate significant differences at p < 0.05 (Tukey-Kramer post hoc test). 
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(C) Liver ceramide levels (nmol/g tissue) 

              

Liver 7 w WT 15 w WT 65 w WT 7 w apoE-/- 15 w apoE-/- 65 w apoE-/- 

C16:0 47.03 ± 4.12a 72.29 ± 5.66b 60.20 ± 5.22ab 52.47 ± 4.87ab 56.07 ± 2.02ab 55.09 ± 3.71ab 

C18:0 8.03 ± 0.85a 16.48 ± 2.15b 13.10 ± 0.29ab 10.19 ± 1.54a 12.02 ± 1.35ab 8.07 ± 0.98a 

C22:0 44.14 ± 1.96a 65.93 ± 3.69b 67.06 ± 3.28b 66.16 ± 7.25b 65.48 ± 4.23b 38.75 ± 2.36a 

C24:0 128.87 ± 5.43ab 169.37 ± 10.78a 156.39 ± 16.47ab 178.40 ± 19.69a 153.40 ± 6.30ab 105.94 ± 4.78b 

C24:1 201.38 ± 11.52a 283.16 ± 13.98b 239.44 ± 12.91ab 200.30 ± 8.90a 247.01 ± 11.85 ab 208.74 ± 10.94a 

C24:2 16.67 ± 0.97 22.33 ± 1.70 20.40 ± 3.24 21.30 ± 1.83 24.23 ± 1.11 24.11 ± 3.87 

Total 446.12 ± 22.95ac 629.55 ± 29.14b 556.58 ± 26.09ab 528.82 ± 35.68abc 558.22 ± 15.30ab 440.69 ± 19.06c 

Values are presented as mean ± SEM for 4 or 5 animals in each group. Total values are sum of six ceramide species. Different superscript letters 

indicate significant differences at p < 0.05 (Tukey-Kramer post hoc test). 
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Chapter 5 

 

Strong inhibition of secretory sphingomyelinase by catechins, 

particularly by (-)-epicatechin 3-O-gallate and (-)-3′-O-

methylepigallocatechin 3-O-gallate  
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Abstract  

Sphingomyelinases (SMases) are key enzymes involved in many diseases, which are 

caused by oxidative stress such as atherosclerosis, diabetes mellitus, nonalcoholic fatty 

liver disease, and Alzheimer’s disease. SMases hydrolyze sphingomyelin to generate 

ceramide, a well-known pro-apoptotic lipid. SMases are classified into five types based 

on pH optimum, subcellular localization, and cation dependence. Previously, we 

demonstrated that elevation of secretory sphingomyelinase (sSMase) activity increased 

the plasma ceramide concentration under oxidative stress induced by diabetes and 

atherosclerosis in murine models. These results suggest that sSMase inhibitors can 

prevent the progress of these diseases. The present study demonstrated that sSMase 

activity was activated by oxidation and inhibited by reduction. Furthermore, we examined 

whether catechins inhibited the sSMase activity in a physiological plasma concentration. 

Among catechins, (-)-epicatechin 3-O-gallate (ECg) exhibited strong inhibitory effect on 

sSMase (IC50=25.7 µM). This effect was attenuated by methylation at the 3″- or 4″- 

position. On the other hand, (-)-epigallocatechin 3-O-gallate (EGCg) and (-)-catechin 3-

O-gallate (Cg) exhibited weaker inhibitory activity than ECg, and (-)-epicatechin and (-)-

epigallocatechin did not affect sSMase activity. Additionally, one synthetic catechin, (-)-

3′-O-methylepigallocatechin 3-O-gallate (EGCg-3′-O-Me), showed the strongest 

inhibitory effect (IC50=1.7 µM) on sSMase. This phenomenon was not observed for (-)-

4′-O-methylepigallocatechin 3-O-gallate. These results suggest that the reduction 

potential, the presence of the galloyl residue at the C-3 position, and the steric requirement 

to interact with sSMase protein are important for effective inhibition of sSMase. 
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Abbreviations: aSMase, acid sphingomyelinase; Cg, (-)-catechin 3-O-gallate; EC, (-)-

epicatechin; ECg, (-)-epicatechin 3-O-gallate; ECg-3′-O-Me, (-)-3′-O-methylepicatechin 

3-O-gallate; ECg-4′-O-Me, (-)-4′-O-methylepicatechin 3-O-gallate; ECg-3″-O-Me, (-)-

epicatechin  3-O-(3″-O-methyl)gallate; ECg-4″-O-Me, (-)-epicatechin  3-O-(4″-O-

methyl)gallate; EGC, (-)-epigallocatechin; EGC-3′-O-Me, (-)-epigallocatechin 3′-O-

methylether; EGCg, (-)-epigallocatechin 3-O-gallate; EGCg-3′-O-Me, (-)-3′-O-

methylepigallocatechin 3-O-gallate; EGCg-4′-O-Me, (-)-4′-O-methylepigallocatechin 3-

O-gallate; GA, Gallic acid; GSH, reduced glutathione; MG, methyl gallate; NBD, 

nitrobenzofurazan; nSMase, neutral sphingomyelinase; SM, sphingomyelin; SMase, 

sphingomyelinase; sSMase, secretory sphingomyelinase; PGG, penta-O-galloyl-β-D-

glucose  
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1. Introduction  

Sphingomyelinases (SMases) are involved in the pathogenesis of many diseases such 

as atherosclerosis, diabetes mellitus, coronary heart disease, nonalcoholic fatty liver 

disease, Alzheimer’s disease, and tumor metastasis (1-6). SMases hydrolyze 

sphingomyelin to generate ceramide, which is a well-known pro-apoptotic lipid (7) and 

serves as an intracellular second messenger (8). Oxidative stress caused, for example, by 

UV light, antineoplastic drugs, and radiation induces SMase activation and ceramide 

accumulation in the cell (9-11). 

SMases are classified into five types based on pH optimum, subcellular localization, 

and cation dependence (12). Among them, acid SMase (aSMase) with an optimal pH of 

4.8 functions in the endosomal-lysosomal compartments or plasma membrane (13). The 

gene coding aSMase (smpd1) produces two different enzymes, —lysosomal SMase and 

secretory SMase (sSMase)— through alternative trafficking of the same protein precursor 

(14, 15). sSMase is secreted by the vascular endothelium and macrophages, and is the 

only enzyme responsible for sphingolytic activity in the plasma (16). 

Previously, we demonstrated that increased sSMase activity resulted in an increase of 

the ceramide in the plasma of diabetic and atherosclerotic murine models, which had been 

exposed to systemic oxidative stress (17, 18). These results suggest that inhibition of 

sSMase activity is effective in the prevention of these diseases.  

Although many studies were conducted on the aSMase functional inhibitor, FIASMA 

(19), no report is available concerning sSMase. Because neutral SMase is inhibited by 

gluthathione (GSH) (20), some chemicals with strong reducing power might affect 

sSMase activity.  
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In the present study, we investigated whether sSMase was affected by redox, as well as 

the inhibitory activity of catechins, well-known antioxidants, on sSMase to find effective 

sSMase inhibitors in food materials.  

 

 

2. Materials and methods  

2.1. Materials.  

All the solvents, catalase, and (-)-epicatechin 3-O-gallate (ECg) were purchased from 

Wako Pure Chemicals Co. (Osaka, Japan). (-)-Catechin 3-O-gallate (Cg) and penta-O-

galloyl-β-D-glucose (PGG) hydrate were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Seven methylated catechins were obtained from Nagara Science Co., Ltd (Gifu, 

Japan); (-)-epigallocatechin 3′-O-methylether (EGC-3′-O-Me), (-)-3′-O-

methylepigallocatechin 3-O-gallate (EGCg-3′-O-Me), (-)-4′-O-methylepigallocatechin 3-

O-gallate (EGCg-4′-O-Me), (-)-3′-O-methylepicatechin 3-O-gallate (ECg-3′-O-Me), (-)-

4′-O-methylepicatechin 3-O-gallate (ECg-4′-O-Me), (-)-epicatechin  3-O-(3″-O-

methyl)gallate (ECg-3″-O-Me) and (-)-epicatechin 3-O-(4″-O-methyl)gallate (ECg-4″-

O-Me). (-)-Epigallocatechin 3-O-gallate (EGCg) was a gift from Mitsui-Nourin Inc. 

(Tokyo, Japan). Gallic acid (GA) and methyl gallate (MG) were purchased from Fuji 

Chemical Industry Co., Ltd (Wakayama, Japan). Procyanidin B1 was purchased from 

Extrasynthese S. A. (Lyon, France). Nitrobenzofurazan (NBD) C6-SM was purchased 

from Molecular Probes Inc. (Eugene, OR, USA). All other reagents, (-)-epicatechin (EC), 

and (-)-epigallocatechin (EGC) were obtained from Nacalai Tesque Inc. (Kyoto, Japan). 

The structures of these catechins are shown in Fig.1. 
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2.2. sSMase enzyme from rats.  

This study was approved by the Animal Care Committee of Nara Women’s University. 

We used the plasma of ten-week-old male rats (SLC: Sprague-Dawley strain), which were 

obtained from Japan SLC Co. (Hamamatsu, Shizuoka, Japan). The animals were housed 

in a room at 24 ± 2 °C, with a 12 h/12 h light–dark cycle. Animals were fed commercial 

laboratory chow (CE-2, Oriental Yeast Co., Osaka, Japan) and water ad libitum. The rats 

were anesthetized with pentobarbital, and sacrificed by collecting the blood from the 

inferior vena cava using a syringe containing sodium heparin as an anticoagulant. The 

plasma was separated from the blood sample by centrifugation and used as an enzyme 

solution. 

 

2.3. Change in sSMase activity by the redox state.  

sSMase activities were measured using NBD C6-SM as a substrate, as previously 

described (17, 18). To examine the effect of oxidation on sSMase activity, 100 µL of rat 

plasma was incubated with 500 µL of H2O2 solution at 0, 10, 100, and 1000 mM final 

concentrations for 15 min at 37 °C in 20 mM Tris-HCl buffer (pH 7.5) (the oxidized 

sample). To examine the effect of reduction, 100 µL of plasma was incubated with 500 

µL of reduced glutathione (GSH) at 0, 4, 10, and 20 mM final concentrations for 15 min 

at 37 °C in 20 mM Tris-HCl buffer (pH 7.5) (the reduced sample). To examine the effect 

of redox cycling, sSMase in 100 µL of plasma was treated with H2O2 at 100 mM final 

concentration for 15 min at 37 °C, then H2O2 was removed by 920 units of catalase (Wako 

Pure Chemicals Co., 9200 units per mg), and the resulting enzyme solution was incubated 

with GSH at 7, 10, 14, and 20 mM final concentrations for 15 min at 37 °C (the redox 

cycling sample). To prepare the reoxidized sample, H2O2 was added to the sample reduced 

by 10 mM GSH at 1000 mM final concentration (the reoxidized sample).  
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2.4.Inhibition of sSMase by catechins and other compounds. 

Five catechins, seven methylated catechins, and galloyl compounds (50 µM final 

concentration) were incubated with sSMase in 15 µL of plasma for 15 min at 37 °C. The 

total volume of the incubation mixture was 800 µL containing 0.1 mM ZnSO4, 0.1% 

Nonidet P-40, and 62 mM sodium acetate (pH 5.0). After incubation, 4 nmol of NBD C6-

SM in 10 µL of methanol was added as a substrate. The enzymatic reaction was performed 

for 2 h at 37 °C, and was stopped by adding 2 mL of chloroform and methanol. After 

vortexing and centrifugation, the chloroform layer was collected, evaporated, and 

dissolved in 500 µL of methanol. Twenty µL of the solution was directly applied to HPLC 

system (Waters, 1525 Binary HPLC Pump) using a Nova Pak 4 µm C18 column (3.9×150 

mm, Waters Corp. Milford, MA USA). NBD C6-ceramide generated from NBD C6-SM 

was eluted at a flow rate of 1 mL/min with a mixture of water, acetonitrile, and phosphoric 

acid at a volume ratio of 35:65:0.2. The fluorescence of NBD of these compounds was 

recorded with a fluorescence detector (Waters, type 2479, excitation at 466 nm and 

emission at 536 nm). 

 

2.5. Kinetic data analysis.   

To determine the inhibition pattern, sSMase was reacted in the presence of 0, 2.5, and 

5 µM concentrations of EGCg-3′-O-Me and the contents of NBD C6-SM were changed 

in a range from 1 to 8 nmol. Duplicated experiments were performed to determine Km 

and Vmax. The kinetic data of Km and Vmax were analyzed by using the R (Free 

Software under the terms of the Free Software Foundation’s GNU General Public 

License). The velocities were fitted to the Michaelis-Menten model by using package 

“drc” and its function “drm”. Figure was drawn as double reciprocal plot by Excel. 
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2.6. Statistical analyses.  

Data were expressed as mean ± SEM and analyzed through a multiple comparison test 

using the Statcel software (OMS Publishing Inc., Tokyo, Japan). Differences between 

group means were considered significant at p < 0.01 using the Scheffe’s method generated 

by this program.  

 

 

3. Results 

 

3.1. Change in sSMase activity by the redox state 

To examine whether sSMase is affected by the redox state, we determined the change 

in sSMase activity under oxidative and reductive conditions. sSMase was activated by 

H2O2 in a dose dependent manner (Fig. 2A). H2O2 at 100 mM (final concentration) 

significantly activated sSMase compared with the control without H2O2. H2O2 at 1000 

mM significantly activated sSMase more than H2O2 at 100 mM (Fig. 2A).   

On the contrary, addition of GSH decreased the sSMase activity in a dose-dependent 

manner. GSH at 10 mM significantly inhibited the sSMase activity, as compared with the 

control without GSH, and GSH at 20 mM further inhibited sSMase (Fig. 2B). 

Additionally, dithiothreitol showed a stronger inhibition effect than GSH (data not shown). 

Next, we examined whether the effect of the redox state on sSMase was reversible. The 

sSMase activity was activated by 100 mM H2O2 followed by H2O2 decomposition by 

catalase. This activation was suppressed by treatment with 7 mM and higher GSH 

concentrations (Fig. 2C). Moreover, sSMase, which was activated by 100 mM H2O2 and 

then inhibited by 10 mM of GSH, was activated again by 1000 mM of H2O2 (Fig. 2D). 

However 100 mM of H2O2 did not activate the reduced sSMase by GSH, probably 

because H2O2 was promptly decomposed by GSH.  
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Since sSMase was easily activated in aerobic condition, we presented the sSMase 

activities as relative values versus the corresponding control values. 

 

3.2. Inhibition of sSMase by five catechins 

Catechins are well-known antioxidants with a strong reducing power. We examined the 

inhibitory effect by five catechins contained in green tea on sSMase (Fig. 3). ECg 

significantly inhibited sSMase. Other gallate-type catechins such as EGCg and Cg also 

significantly inhibited sSMase; however, these catechins had a weaker inhibitory effect 

than ECg. On the contrary, EC and EGC did not affect sSMase activity. Among these 

catechins, ECg showed the strongest inhibitory effect on sSMase. The IC50 value of ECg 

was 25.7 µM. 

 

3.3. sSMase inhibition by ECg and its reversal by H2O2 

The sSMase activated by 100 mM H2O2 that is followed by decomposition of H2O2 

with catalase was incubated with 50 µM ECg for 15 min at 37 °C. The activity of the 

resulting sSMase was reduced significantly to 17% of the oxidized enzyme with H2O2 

(Fig. 4). Then the reduced enzyme was significantly reactivated by 1000 mM of H2O2 

(Fig. 4). 

 

3.4. sSMase inhibition by galloyl compounds and catechin dimer 

The inhibition of sSMase by various catechins indicated that the galloyl group was 

essential. We investigated the effect of some galloyl compounds on the sSMase activity 

(Fig. 5). Gallic acid (GA) and methyl gallate (MG) did not show any inhibitory effect. 

PGG with five galloyl residues exhibited a significant inhibitory effect, which was weaker 

than that by ECg. In addition, procyanidin B1, which is a dimer of catechin (epicatechin-

(4β-8)-catechin), had no effect on sSMase.  
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3.5. sSMase inhibition by seven methylated catechins 

To determine the necessary hydroxyl group(s) for the inhibitory activity of catechins, 

the inhibitions of sSMase by four methylated ECgs were compared. The inhibitory 

activity of ECg was significantly attenuated by methylation at the 3′-, 4′-, 3″-, or 4″-

position of the galloyl residue (Fig. 6A, and B). The inhibitory activity of ECg-3′-O-Me 

was significantly stronger than that of ECg-4′-O-Me (p<0.01). 

Furthermore, the inhibitory activity of two methylated EGCgs (Fig. 6C) was examined. 

EGCg-3′-O-Me showed the strongest inhibitory effect on sSMase (IC50=1.7 µM) among 

the catechins examined in the present study. It was much stronger than that of ECg. The 

inhibitory activity of EGCg-4′-O-Me was significantly weaker than that of EGCg. EGC 

and EGC-3′-O-Me did not inhibit sSMase (Fig. 6D). 

To determine the inhibitory pattern of EGCg-3′-O-Me, sSMase was reacted with 0, 2.5, 

and 5 µM concentrations of EGCg-3′-O-Me and fitted to the Michaelis-Menten model. 

The Vmax and Km values were different in each reaction condition (Table. 1). In addition, 

the three plots in the double reciprocal plot did not intersect at one point (Fig. 7). These 

results indicated that the inhibition of sSMase by EGCg-3′-O-Me did not follow the 

competitive inhibition mechanism. 

 

4. Discussion 

Although aSMase was activated by copper-promoted oxidation (21), this is the first 

study demonstrating that sSMase in plasma is also activated by oxidation. Furthermore, 

sSMase is inhibited by reductants such as GSH and dithiothreitol, and the redox 

regulation of the sSMase activity is found to be reversible. Therefore it is expected that 

the sSMase activity reflects the oxidative stress in plasma and it is a useful marker of 

diseases such as diabetes (17) and atherosclerosis (18), because oxidative stress is 

involved in their pathogenicity.  
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Since the activity of sSMase is attenuated by reduction, an antioxidant may affect the 

sSMase activity. This study demonstrated that catechins, a typical food-derived 

antioxidant and reductant, effectively inhibited sSMase. Four catechins —EC, EGC, ECg, 

and EGCg— are the main components of green tea. Among them, ECg showed a strong 

inhibitory effect on sSMase. EGCg also exerted an inhibitory effect, although it was 

weaker than ECg. However, reducing ability of EGCg was stronger than that of ECg (22), 

suggesting that the steric interaction of the sSMase protein with ECg is more favorable 

than that with EGCg. 

The results concerning gallate type catechins (Fig. 3) indicate that the presence of the 

galloyl group at the C-3 position is important for the inhibitory effect on sSMase. The 

same phenomenon is observed in procyanidin B1 with no galloyl residue (Fig. 5). In 

addition, the results of ECg-3″-O-Me and ECg-4″-O-Me (Fig. 6A) indicated that the 

galloyl structure was important. Meanwhile, the inhibitory activity of PGG with five 

galloyl residues was not stronger than that of ECg (Fig. 5). It is suggested that both the 

alcohol part and the flavanol structure of ECg are necessary to exhibit the inhibitory 

activity on sSMase. This idea is consistent with the results for methyl gallate, which had 

no inhibitory effect (Fig.5). 

It is worthwhile to note that the catechol structure of B-ring is important for the 

inhibition of sSMase. On the other hand, Cg, which is the epimer of ECg and has a 

catechol structure similar to that of ECg showed weaker inhibitory activity on sSMase 

than that of ECg. Since the reduction potential of Cg may approximate that of ECg, the 

difference between these epimers at the C-2 position may be ascribed to the steric 

discrimination by the sSMase protein. 

There are some green teas, that contain methylated catechins, such as Benifuuki. 

Methylated catechins have an anti-allergic effect (23). Among seven types of methylated 

catechins, EGCg-3′-O-Me showed the strongest inhibitory effect on sSMase (IC50=1.7 
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µM). Matsuura et al. (21) reported that the pattern of electric potential of EGCg-3′-O-Me 

resembled that of ECg, indicating that the redox character of the pyrogallol moiety of 

EGCg-3′-O-Me was changed to that of catechol by methylation of the 3′-position, which 

also caused stabilization of EGCg. On the other hand, the redox pattern of EGCg-4′-O-

Me resembled that of MG, showing that methylation of the 4′-position of the B-ring of 

EGCg abolished the redox character of its B-ring (21).  From these results, it is 

suggested that the ortho-diphenol structure at the B-ring was necessary to inhibit sSMase. 

Gallate-type catechins have been reported to easily form a conjugated bond to the 

cysteine of many proteins such as albumin, and GAPDH (24, 25). Such an addition 

reaction could occur between the cysteine residue at the C-terminal domain of sSMase 

and catechins. However, considering the result that the inhibition by ECg was reversed 

by oxidation with H2O2 similar to the case of GSH, reduction of the cysteine group(s) 

may be a preferred mechanism for the inhibition of sSMase by catechins. 

It is worthwhile to note that catechins have metal ion chelating activity. As sSMase 

needs zinc ion, inhibitory effect of catechins might be due to its chelating activity. 

However, the zinc-chelating activities of EC, ECg, EGCg, and procyanidin B1 were 

almost similar as detected by the decrease of the fluorescence emission of zinc-Zinquin 

complexes (26). Therefore, it is concluded that the zinc-chelating activity does not 

primarily contribute to the sSMase inhibition. 

The results of the Michaelis-Menten model and the double reciprocal plot indicate that 

EGCg-3′-O-Me mainly affects sSMase activity through reduction reaction and does not 

compete with SM for the binding site of the enzyme. (Fig. 7, Table 1). 

Oxidative stress is implicated in the pathogenesis of diabetes and atherosclerosis. 

Moreover, sSMase activity, which is activated by oxidation, is increased in these diseases, 

resulting in increased plasma ceramide (17,18). Ceramide is suggested to be a risk factor 

for these diseases (27, 28, 29). Therefore, it is possible that the inhibition of sSMase 
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effectively prevents these diseases. The beneficial effects of catechins in preventing these 

diseases are well documented (30), and the present study suggests that one of these effects 

of catechins is ascribed to their ability to inhibit sSMase. 

In conclusion, EGCg-3′-O-Me and ECg have a strong inhibitory effect on sSMase in a 

physiological plasma concentration, i.e., micromolar order. This inhibition may be due to 

their specific structures such as methoxycatechol and galloyl residue, and it depends on 

the reducing power as well as the steric interaction with the sSMase protein. 
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Figure 1.  Structures of catechins. 
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Figure 2.   Changes in sSMase activity under oxidation by H2O2 (A) and reduction by 

GSH (B). sSMase was oxidized by 0, 10, 100, and 1000 mM of H2O2. To prepare reduced 

sSMase, sSMase was incubated with 0, 4, 10, and 20 mM of GSH. Values are mean ± 

SEM for 4 -12 runs. Different superscript letters indicate significant differences at p < 

0.01 (Scheffe’s method). 

Effect of redox cycling on sSMase activity (C). sSMase was reduced by 7, 10, 14, and 

20 mM of GSH after the oxidation by 100 mM of H2O2. Different superscript letters 

indicate significant differences at p < 0.01 (Scheffe’s method). 

Changes in sSMase activity by reoxidation (D). sSMase was oxidized by 100 mM of 

H2O2. After removing the residual H2O2 by catalase, GSH was added to a final 

concentration of 10 mM. Then the enzyme solution was reoxidized in the presence of 100 

and 1000 mM of H2O2. Values are mean ± SEM for 4 -12 runs in each group. Different 

superscript letters indicate significant differences at p < 0.01 (Scheffe’s method). 
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Figure 3.  Changes in sSMase activity under incubation by catechins. sSMase was 

incubated by five types of catechins ; EC, EGC, ECg, EGCg, and Cg (50 µM as final 

concentration). Values are mean ± SEM for 4-8 runs in each catechin group and 8 runs in 

the control. Different superscript letters indicate significant differences at p < 0.01 

(Scheffe’s method). 

 

 

Figure 4.  Inhibition reversal of sSMase activity by catechins by reoxidation. sSMase 

was oxidized by 100 mM of H2O2. After removing the residual H2O2 by catalase, 50 µM 

of ECg was added. Then, the enzyme solution was reoxidized with 1000 mM of H2O2. 

Values are mean ± SEM for 4 runs in each group. Different superscript letters indicate 

significant differences at p < 0.01 (Scheffe’s method). 
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Figure 5.  Inhibition of sSMase activity by galloyl chemicals and catechin dimer. 

sSMase was incubated with GA, MG, PGG, and procyanidin B1 (final concentration at 

50µM). Values are mean ± SEM for 4 -9 runs in each group. Different superscript letters 

indicate significant differences at p < 0.01 (Scheffe’s method). 
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Figure 6.  Inhibition of sSMase activity by methylated ECg molecules (A, B).  

Values are mean ± SEM for 4 runs in each group. Different superscript letters indicate 

significant differences at p < 0.01 (Scheffe’s method). 

Inhibition of sSMase activity by methylated EGCg (C). Values are mean ± SEM for 4 

runs in each group. Different superscript letters indicate significant differences at p < 0.01 

(Scheffe’s method). 

Inhibition of sSMase activity by methylated EGC (D). Values are mean ± SEM for 4 

runs in each group. Different superscript letters indicate significant differences at p < 0.01 

(Scheffe’s method). 
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Figure 7.  Double reciprocal plot of sSMase activity versus NBD C6-SM concentrations 

in the presence of EGCg-3′-O-Me.  
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 EGCg-3′-O-Me concentration 

  0 µM 2.5 µM 5 µM 

Vmax (pmol/ mL/ min) 455.10 343.02 261.64 

Km (μM) 19.31 15.27 15.03 

Data were fitted to the Michaelis-Menten model by using the R.  

Table 1.  The change of Km values and Vmax values when sSMase was inhibited by 

EGCg-3′-O-Me. 
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Conclusion 
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Oxidative stress was related to the accumulation of ceramide in many diseases, but the 

mechanism causing the ceramide increase was not clearly elucidated. Based on studies of 

this thesis, I found that oxidative stress increased ceramide by stimulating SMase in vivo. 

In Chapter 1, I found that the increased plasma ceramide was due to the activation of 

liver nSMase in CCl4-intoxicated rats. I also found that the increased plasma ceramide 

was derived from the liver, indicating that ceramide was transported to other tissues such 

as brain via blood flow in acute oxidative stress. On the other hand, I found that the 

increased plasma ceramide was due to the increase in plasma sSMase activity in diabetes 

mellitus in Chapter 3. Moreover, it was revealed that the increased aorta ceramide was 

derived from the elevated activity of sSMase in atherosclerosis during aging in Chapter 

4. Finally I found that sSMase is activated by oxidation and inhibited by reduction in 

Chapter 5. 

SMases are classified into five types based on pH optimum, subcellular localization, 

and cation dependence. Since nSMase activity also depends on its redox state, the active 

site of all SMases seems to have a common structure. Therefore the activation of SMase 

may depend on the location of oxidative stress among tissues and also in the cell. In 

addition the timecourse of oxidative stress, for example acute or chronic, may affect the 

selectivity, which SMase is activated. Further studies are necessary to reveal the detailed 

mechanism of the SMase activation including the difference in the sensitivity of tissues 

against oxidative stress.  

I also found that oxidative stress induced many physiological responses such as 

activation of SMase and Kupffer cells containing COX-2 and phospholipase A2. In 

Chapter 2, it is revealed that increased ceramide and activity of COX-2 have an important 

role in the second phase of CCl4 intoxication. 
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In addition, I found that a strong reductant such as ECg and EGCg-3′-O-Me is a 

probable candidate for preventing atherosclerosis and complications of diabetes by 

inhibiting the increase of sSMase activity and ceramide. 

 

Oxidative stress has been known to cause many diseases such as atherosclerosis, 

diabetes mellitus, chronic heart diseases, NAFLD, Alzheimer’s disease, and so on. 

However, the underlying mechanism that oxidative stress causes tissue dysfunction is not 

clearly elucidated. Ceramide is popular as the major constituent of lamellar structure and 

plays an important role in maintaining cutaneous barrier function because of its water-

holding capacity. In this study, I found that ceramide and SMase had an important role in 

the post-oxidative stress state and that the ceramide metabolism was one of probable 

mechanisms that leaded to tissue injury as a new aspect. This investigation provides new 

insights into the progression of metabolic syndrome and the effective food materials, 

which prevent these diseases. 
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