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Chapter 3 

Sphingomyelinase treatment of rat hepatocytes 
inhibits cell-swelling-stimulated glycogen 

synthesis by causing cell shrinkage 

Daphne A. van Sluijters, George M. van Woerkom, J o h a n n e s M. F. G. Aerts 
and Alfred J . Meijer 

European Journal of Biochemistry 1999, 266: 653-659 

Summary 
Breakdown of p lasma-membrane sphingomyelin caused by TNF-a is 

known to inhibit glucose metabolism and insulin signalling in muscle and fat 
cells. In hepatocytes, conversion of glucose to glycogen is strongly activated 
by amino acid-induced cell swelling. In order to find out whether breakdown 
of p lasma-membrane sphingomyelin also inhibits this insulin-independent 
process, the effect of addition of sphingomyelinase was studied in rat 
hepatocytes. 

Sphingomyelinase (but not ceramide) inhibited glycogen synthesis, 
caused cell shrinkage, decreased the activity of glycogen synthase a, but had 
no effect on Phosphorylase a. Cell integrity was not affected by 
sphingomyelinase addition as gluconeogenesis and the intracellular 
concentration of ATP were unchanged. As a control, glycogen synthesis was 
studied in HepG2 cells. In these cells, the basal rate of glycogen production 
was high, could not be stimulated by amino acids, nor be inhibited by 
sphingomyelinase. 

Regarding the mechanism responsible for the inhibition of glycogen 
synthase a, sphingomyelinase did not affect amino acid-induced, Ptdlns 3-
kinase-dependent, phosphorylation of p70S6 kinase, but caused an increase 
in intracellular chloride, which is known to inhibit glycogen synthase 
phosphatase . 

It is concluded that the decrease in cell volume, following the breakdown of 
sphingomyelin in the p lasma membrane of the hepatocyte, may contribute to 

the abnormal metabolism of glucose when TNF-a levels are high. 
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Introduction 
Activation of plasma membrane-bound neutral sphingomyelinase by TNF-ce 
may be one of the factors contributing to insulin resistance in non-insulin-
dependent diabetes mellitus. Addition of sphingomyelinase (or of the 
products of the sphingomyelinase reaction) to insulin-responsive cells, such 
as adipocytes, hepatoma cells and muscle cells, has been shown to mimic 
the effects of TNF-a, to diminish insulin-dependent signal t ransduct ion and 
to counteract insulin stimulation of glucose t ransport and metabolism [1-3]. 

Many of the metabolic effects of insulin can be mimicked by amino acid-
induced cell swelling. In hepatocytes, for example, synthesis of glycogen from 
glucose is strongly stimulated by cell swelling resulting from concentrative 
Na+-dependent amino acid t ransport [4;5]. Other effects of amino acid-
induced cell swelling on hepatic metabolism also resemble those of insulin 
[6;7]. It has even been proposed that insulin exerts many of its anabolic 
effects by causing cell swelling [7] bu t this view is not generally accepted 
[8;9]. 

The question arose as to whether addition of sphingomyelinase, or of cell-
permeable ceramides, can also interfere with glucose metabolism via an 
effect independent of the presence of insulin. An answer to this question may 
be of importance because TNF-a infusion in ra ts not only decreased the rate 
of total body glucose consumption but also decreased the hepatic glycogen 
content [10]. In addition, TNF-a has been shown to activate neutral 
sphingomyelinase in hepatocytes [11]. We therefore studied the effects of 
added sphingomyelinase and of ceramides on amino acid-stimulated 
glycogen synthesis and on gluconeogenesis, using isolated rat hepatocytes. 

The results indicate that glycogen synthesis could be specifically 
inhibited by sphingomyelinase but not by addition of cell-permeable 
ceramides. Gluconeogenesis was not affected. We were able to relate the 
inhibition of glycogen synthesis by sphingomyelinase to a decrease in cell 
volume. 

Materials and Methods 
Materials 
Sphingomyelinase (from Bacillus cereus), rapamycin and serum albumin (A-6918) were from 
Sigma (St. Louis, MO, U.S.A). LY294002 (2-(4-morpholinyl)-8-phenylchromone), C2-ceramide 
and C6-ceramide were obtained from Biomol (Plymouth Meeting, PA, USA). Rabbit anti-p70S6 
kinase was from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-rabbit-HRP was from 
Biorad (Hercules, CA, USA). Ham F12/DMEM culture medium was from Gibco Brl Life 
Technologies (Paisley, Scotland). All other chemicals and enzymes were obtained from either 
Boehringer (Mannheim, Germany) or Sigma (St. Louis, MO, USA). 

Male Wistar rats (about 250 g) were obtained from T.N.O., Zeist, The Netherlands, and 
were maintained on standard laboratory chow and water ad libitum, until initiation of the 
fasting period. 

Methods 
Preparation of hepatocytes 
Hepatocytes from rats fasted for 16-20 h were isolated by collagenase perfusion [12]. 

Hepatocyte incubation 
Hepatocytes (5-10 mg dry mass-mW) were incubated for 1 h at 37° C in Krebs-Henseleit 
bicarbonate buffer plus 10 mM Na-Hepes (pH 7.4), 0.2% (m/v) bovine serum albumin and the 
components indicated in the legends to Figures and Tables; final volume, 2-4 ml. The gas 
atmosphere was Oa /CO2 (19:1, v/v). 

Hypo-osmotic incubation conditions were created by decreasing the concentration of 
NaCl in the Krebs-Henseleit bicarbonate medium from 120 to 70 mM [4]. In some of the 
experiments, a complete mixture of all amino acids (4xAA) was used. The composition of this 
mixture was such that the concentration of each of the amino acids was present at a 
concentration 4 times that found in the portal vein of a fasted rat. The composition of the lx 
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mixture was exactly as described in [12] except that the leucine concentration was 250 uM. 
At the end of the incubations, samples of the hepatocyte suspension were taken and 

prepared for metabolite and enzyme analyses. For the determination of glucose and ATP, 0.5-
ml samples were quenched with HCIO4 (final concentration: 3.5% m/v). The precipitated 
protein was removed by rapid centrifugation at 4e C in a microcentrifuge, and the 
supernatants were neutralised to pH 7 by addition of a mixture of 2 M KOH plus 0.3 M Mops. 

For the determination of glycogen, 0.5 ml of cell suspension was added to 1.5 ml of ice-
cold 150 mM NaCl plus 10 mM Na-Hepes (pH 7.4) and the cells were centrifuged in a 
microcentrifuge for 1 s. After removal of the extracellular fluid, the cell pellet was extracted 
with 0.5 ml of 0.1 M KOH, incubated for 30 min at 90° C, cooled and brought to pH 4.5 by 
addition of 3 M acetic acid. Precipitated protein was removed by centrifugation in a 
microcentrifuge for 1 min. 

Samples for the determination of glycogen synthase and Phosphorylase were prepared as 
follows: 0.5 ml of the cell suspension was added to 1.5 ml of ice-cold 150 mM NaCl plus 10 
mM Na-Hepes (pH 7.4) and the cells were centrifuged in a microcentrifuge for 1 s. After 
removal of the supernatant, cells were extracted with 0.3 ml of a medium containing 50 mM 
glycylglycine (pH 7.4), 75 mM NaF, 3 mM EDTA, 0.5% glycogen and 0.1% Triton X-100, and 
were immediately frozen in liquid nitrogen [13]. 

Samples for the measurement of lactate dehydrogenase were obtained by centrifugation 
of 0.5 ml of the cell suspension in a microcentrifuge for 1 s. Enzyme activity was measured 
both in the supernatant and in the total cell suspension (after addition of 0.2% Triton X-100 
to lyse the cells). 

Samples for the p70S6 kinase band-shift assay were obtained by addition of 0.5 ml of the 
cell suspension to 1.5 ml of ice-cold 150 mM NaCl plus 10 mM Na-Hepes (pH 7.4) and the 
cells were centrifuged in a microcentrifuge for 1 s. After removal of the supernatant, the cells 
were lysed with 0.5 ml SDS sample buffer [14] and brought to 90° C for 5 min. 

Unless indicated otherwise, cell volume was determined with the "hepatocrit" method 
[15]. 

Intracellular chloride was measured with by incubation of the cells with 36C1- (0.05 
uCi-ml-i). After incubation of the cells, 1 ml of the cell suspension was spun down for 1 s in a 
microcentrifuge. The extracellular fluid was carefully removed by suction, the wall of 
centrifuge tube was blotted dry with a piece of filter paper and the cell pellet was dissolved in 
0.5 ml of 0.2% Triton X-100. Radioactivity was measured with a liquid scintillation counter. 
In parallel incubations, 36C1-was replaced by [14C]carboxyl-dextran (0.05 uCi-mH) which was 
used to measure the volume of the extracellular fluid adhering to the cell pellet. Total cell 
volume (intracellular plus extracellular) in these experiments was obtained by measurement 
of the wet weight of the cell pellet. The intracellular volume was then calculated by 
subtracting the [14C]carboxyl-dextran space from the wet weight of the cell pellet. 

HepG2 cells 
HepG2 cells, a human hepatoma cell line, were grown to about 80% confluency in Ham 
F12/DMEM medium supplemented with 10% (v/v) foetal calf serum at 37° C under a gas 
atmosphere of O2 /CO2 (19:1, v/v). 

For measurement of glycogen synthesis, HepG2 cells were first depleted of glycogen by 
incubation overnight (16 h) in Krebs-Henseleit bicarbonate buffer plus 10 mM Na-Hepes (pH 
7.4) and 0.2% (m/v) bovine serum albumin in the absence of glucose. Synthesis of glycogen 
was then started by addition of 5 mM glucose and the compounds indicated in the legend to 
Table 3. At the end of the incubations (1-3 h), cells were washed three times in icecold Krebs-
Henseleit bicarbonate buffer in the absence of glucose, and the cells (about 1 mg of protein) 
were extracted with 0.3 ml of 0.1 M KOH. The samples were then treated following the 
procedure as described for hepatocytes (see above). 

For p70S6 kinase assays, HepG2 cells were incubated for 16 h in Krebs-Henseleit 
bicarbonate buffer plus 10 mM Na-Hepes (pH 7.4) to which 5 mM glucose was added. 
Incubations were then carried out in the same medium, supplemented with 0.2% (m/v) 
bovine serum albumin and the compounds indicated in the legend to Fig. 2. At the end of the 
incubations (1 h), cells were washed three times with icecold Krebs-Henseleit bicarbonate 
buffer. The cells (about 1 mg of protein) were then solubilised with 0.3 ml of SDS sample 
buffer and heated at 90° C for 5 min. 

Metabolite and enzyme assays 
Glycogen, glucose, ATP and the activities of glycogen synthase a, glycogen synthase a+b, 
glycogen Phosphorylase a and glycogen Phosphorylase a+b were measured at 37° C as 
described in [16]. Enzyme activities are expressed in U/g dry mass of cells in which one unit 
equals 1 pmol.min-1. Lactate dehydrogenase was determined as described in [17]. 

Phosphorylation of p70S6 kinase was measured with the band-shift assay described in 

37 



Chapter 3 

[18]. A sample of the cell extract, equivalent to 50 ng of protein, was subjected to SDS 
Polyacrylamide (7.5%, m/v) gel electrophoresis. The proteins were transferred by blotting to 
PVDF membrane (Millipore, Bedford, MA, USA). The membrane had been treated as described 
in [18]. Rabbit anti-p70S6 kinase (0.05 ng/ml) and goat anti-rabbit horseradish peroxidase, 
combined with enhanced chemiluminescence, were used for detection of the p70S6 kinase 
protein. 

Sphingomyelin was determined as follows. Lipids were extracted according to [19] and 
separated by thin-layer chromatography on Silicagel 60 (Merck, Darmstadt, Germany) using 
chloroform : methanol : 15 mM CaCh at a volume ratio of 60 : 35 : 8 as the solvent. Lipids 
were visualised by spraying with a solution of 3 % (m/v) copper acetate in 8 % (m/v) H3PO4. 

Ceramide was determined as described in [20]. 
Protein was determined according to the method of Lowry [21], with bovine serum albumin as 
the standard. 

Statistical analysis 
The data were summarised as means + S.E., with the number of different hepatocyte 
preparations in parentheses. The statistical significance of differences of the means was 
calculated using Student's f-test. 

Results 
Glycogen synthesis in hepatocytes 
The effect of sphingomyelinase on the synthesis of glycogen from either 
glucose or dihydroxyacetone was studied (Table 1). In agreement with 
previous observations [4], glycogen synthesis was stimulated by cell swelling 
caused by amino acid addition (10 mM glutamine or proline, or a complete 
mixture of all amino acids, with each of the amino acids present at 4 times 
its concentration in the portal vein of a starved rat) or by hypo-osmolarity. 
Addition of sphingomyelinase caused partial inhibition of glycogen 
production by 30-70%, depending on the conditions; maximum inhibition 
was obtained with 50 mU of sphingomyelinase/ml of incubation medium, 
which was sufficient to deplete about 80% of the cellular sphingomyelin 
content within 30 min of incubation (data not shown). Under all conditions, 
inhibition of glycogen production by sphingomyelinase was accompanied by 
a decrease in cell volume (Table 1A). In contrast, addition of cell-permeable 
C2-ceramide or C6-ceramide affected neither glycogen synthesis nor cell 
volume (Table 1A). 

Inhibition of glucose metabolism by sphingomyelinase was specific for 
glycogen synthesis: gluconeogenesis from lactate or dihydroxyacetone was 
not significantly affected by sphingomyelinase (Table IB). 

In the presence of sphingomyelinase, the total amount of intracellular 
ATP slightly decreased under most conditions, al though these effects did not 
reach statistical significance (Table 2). Because the cell volume also 
decreased in the presence of sphingomyelinase, it can be calculated that the 
intracellular concentration of ATP remained constant after sphingomyelinase 
addition (not shown). 

Table 1 . Effect of sphingomyelinase and of ceramides on glycogen synthesis 
and gluconeogenesis (next page). 
Hepatocytes were incubated for 1 h in the absence or presence of sphingomyelinase (50 
mU-ml-i) supplemented with 20 mM glucose (Table 1A), 10 mM dihydroxyacetone (DHA) 
(Tables 1A and B) or 10 mM lactate (Table IB) and, where added, a complete 4x amino acid 
mixture, 10 mM glutamine, 10 mM proline, 50 nM C2-ceramide or 50 pM C6-ceramide. Since 
the ceramides were dissolved in dimethylsulfoxide (Me2SO), separate controls containing 
dimethylsulfoxide (0.5%, v/v) alone were carried out. *, Significantly different from the control 
in the absence of sphingomyelinase (p<0.05); **, significantly different from the control 
incubated with glucose or dihydroxyacetone alone under iso-osmotic conditions (p<0.05). 
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Sphingomyelinase treatment of rat hepatocytes 

Addition Glycogen 

(jjmol.h- !-g dry mass 1 ) 

Volume 

(ml-g dry mass-

SMase (mU.ml-i) 0 5 0 50 

Glucose 18.3±3.6 (10) 7.6+1.2(10)* 

Glucose + 4xAA 77.3±5.0 (10)" 45.0±5.4 (10)* 

Glucose + glutamine 92.1±7.2 (10)** 53.2+7.7(10)* 

Glucose + proline 97.4±7.6 (10)** 59.0±6.6 (10)* 

2.23±0.15 (5) 1.70+0.11 (5)* 

2.69+0.12(5)" 2.32+0.12(5)* 

2.99±0.25 (5)** 2.19+0.22(5)* 

2.74±0.09 (5)" 2.48+0.12(5)* 

Glucose + 

4xAA + Me2SO 82.9+3.9 (3) 

Glucose + 

4xAA + C2~ceramide 83.5+3.7 (3) 

Glucose + 

4xAA + C6-ceramide 79.2+6.8 (3) 

2.74+0.09 (3) 

2.62+0.10 (3) 

2.65+0.14 (3) 

DHA 

DHA + glutamine 

DHA + proline 

DHA + hypo-osmotic 

14.0+2.9 (4) 4.1+ 1.5 (4)* 

83.9+9.4(4)** 36.4+11.3(4)* 

103.9+8.2(4)** 78.5+11.7(3)* 

46.3+8.1 (4)** 26.7+ 8.4 (4)* 

2.36+0.06(4) 1.94+0.07(4)* 

3.31+0.20(4)** 2.45+0.24(4)* 

3.01+0.16 (4)*' 2.57+0.13 (4)* 

2.66+0.10(4)*' 2.29+0.06(4)* 

Table IB 

Addition 

SMase (mU-mT 

None 

Lactate 

DHA 

DHA + glutamine 

DHA + proline 

Glucose production 

(jjmol.rr'-g dry mass ' 

0 

14.4+ 4.4 (4) 

198.3+23.5 (4) 

381.7+30.7 (4) 

341.2+25.1 (4) 

408.6+20.9 (4) 

DHA + hypo-osmotic 353.2+22.8 (4) 

50 

23.6+ 5.3 (4) 

169.8+10.2 (4) 

353.8+18.2 (4) 

380.4+26.0 (4) 

408.3+29.4 (4) 

349.9+10.9 (4) 
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In order to rule out the possibility that the decrease in total ATP by 
sphingomyelinase was due to cell death, the leakage of lactate 
dehydrogenase from the cells was also measured. Although there was a 
significant increase in the amount of lactate dehydrogenase leakage caused 
by sphingomyelinase addition, the extent to which this occurred was only 
minor (Table 2). 

In the experiments with glucose as the substra te for glycogen synthesis 
(Tables 1A and 2), the activities of glycogen synthase and Phosphorylase 
were also measured. Inhibition of glycogen synthesis by sphingomyelinase 
was associated with a decrease in glycogen synthase a activity (Table 3) with 
no effect on glycogen synthase a+b (not shown). On the other hand, glycogen 
Phosphorylase a was not affected by sphingomyelinase (Table 3), nor was 
Phosphorylase a+b (not shown). 

Addition ATP LDH 

(nmol-g dry mass 1 ) (%) 

SMase (mU.ml-i) 0 50 0 50 

Glucose 12.6+1.4(4) 10.3±0.8 (4) 12+3(4) 15+3(4) 

Glucose + 4xAA 12.4+1.1(4) 11.6+1.1(4) 2+1(4) 6+1(4)* 

Glucose + glutamine 12.6+1.1 (4) 10.9+1.3 (4) 14+4 (4) 19±2 (4)* 

Glucose + proline 14.6+1.3 (4)" 13.8+1.2 (4)** 9+3 (4) 14+2 (4)* 

DHA 12.4±0.6 (4) 11.1+0.9(4) 4+2(4) 13+1(4)* 

DHA + glutamine 11.6+0.9(4) 10.8+0.9(4) 5+2(4) 8±1 (4) 

DHA + proline 13.6+0.9 (4) 12.2+0.9 (4) 4+2 (4) 6±2 (4) 

DHA + hypo-osmotic 11.9+1.3 (4) 11.2+1.5(4) 8±5 (4) 12+2(4) 

Table 2. Effect of sphingomyelinase on intracellular ATP and leakage of 
lactate dehydrogenase (LDH). 
Hepatocytes were incubated as described in the legend to Table 1. *, Significantly different 
from the corresponding control in the absence of sphingomyelinase (p<0.05). **, Significantly 
different from the corresponding control in the presence of glucose alone (p<0.05). 

In Fig. 1, glycogen production from glucose was plotted against the cell 
volume and glycogen synthase a activity, after correction of the values of 
Tables 1 and 3 for the slight differences in cell death (cf. Table 2) under the 
various conditions. Linear relationships were obtained for the experimental 
conditions tested, in the absence or presence of amino acids a n d / o r 
sphingomyelinase. A linear relationship between glycogen and cell volume 
was also observed with dihydroxyacetone as precursor for glycogen synthesis 
(not shown). 

We have previously shown that addition of amino acids to hepatocytes 
results in a p70S6 kinase-dependent phosphorylation of ribosomal protein 
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Addition 

GSa (U-g dry mass-1 
Pa (U-g dry m a s s 1 

SMase (mU-mF) 0 50 50 

Glucose 2.29±0.51 (5) 1.44+0.33 (5)* 

Glucose + 4xAA 5.66+0.71 (5)** 3.40+0.61 (5)* 

Glucose + glutamine 5.12+0.62 (6)** 2.73+0.56 (6)* 

Glucose + proline 4.58+0.66 (6)** 3.32+0.54 (6)* 

41 ±7 (6) 

26±5 (6)* 

32+4 (6) 

33+6 (6) 

45+ 5 (6) 

3 1 + 5 (6)' 

36± 4 (6) 

35+ 4 (6) 

Table 3 . Effect of sphingomyelinase on the activities of glycogen synthase a 
(GSa) and Phosphorylase a (Pa). 
Hepatocytes were incubated with 20 mM glucose and the additions indicated (concentrations 
as in Table 1A). Values for glycogen synthase (a+b) and Phosphorylase (a+fa) were independent 
of the conditions studied (not shown), and were 6.27 ± 0.23 and 104 ± 1 U-g dry mass 1 , 
respectively. *, Significantly different from the control in the absence of sphingomyelinase 
(p<0.05); **, significantly different from the control incubated with glucose alone (p<0.05). 

S6 [22]. This pathway contains Ptdlns 3-kinase as a component, which is 
located ups t ream of p70S6 kinase [23;24]. According to Krause et al. [23], 
activity of glycogen synthase a in hepatocytes is partly controlled by Ptdlns 
3-kinase (but not by p70S6 kinase), and amino acid-induced cell swelling 
results in activation of the enzyme. In order to establish whether the 
inhibition of glycogen synthesis by sphingomyelinase addition was due to 
inhibition of Ptdlns 3-kinase, we tested the effect of sphingomyelinase on the 
phosphorylation state of p70S6 kinase (as measured by the band-shift assay) 
as an indicator of Ptdlns 3-kinase activity in situ. We preferred this 
measurement above the assay of Ptdlns 3-kinase activity itself because 
determination of Ptdlns 3-kinase a s sumes that sphingomyelinase t reatment 
of the cells would result in a stable change in enzyme activity still present 
after immunoprecipitation of the enzyme. However, a direct effect on the 
activity of Ptdlns 3-kinase (e.g. an effect on the ATP binding site of the 
enzyme [24;25]) would not reveal itself in such an assay. The result of the 
p70S6k bandshift assay is shown in Fig. 2. Addition of a complete mixture of 
all amino acids resulted in phosphorylation of the enzyme. This effect could 
be prevented by LY294002, an inhibitor of Ptdlns 3-kinase [25], or by 
rapamycin, which inhibits p70S6 kinase activation [26]. Addition of 
sphingomyelinase did not affect p70S6 kinase phosphorylation (Fig. 2A), 
showing that sphingomyelinase did not inhibit glycogen synthesis by 
interfering with the activity of Ptdlns 3-kinase. The conclusion that 
sphingomyelinase t reatment of hepatocytes did not affect Ptdlns 3-kinase 
activity was also confirmed by the observation that autophagic proteolysis, 
another process dependent on the activity of Ptdlns 3-kinase [24], was not 
inhibited by sphingomyelinase (not shown). 

Another mechanism responsible for the inhibition of glycogen synthase a 
by sphingomyelinase could be an increase in intracellular chloride 
concentration. Chloride at physiological concentrat ions is a ra ther potent 
inhibitor of glycogen synthase phospha tase [5] and amino acid-induced cell 
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swelling promotes the efflux of KCl from hepatocytes during "regulatory 
volume decrease" [6], This results in a considerable fall in the intracellular 
chloride concentration, and this contributes to activation of glycogen 
synthase phosphatase [5]. Table 4 shows that the intracellular chloride 
concentration decreased by about 40% in the presence of glutamine, and 
that this decrease was prevented by sphingomyelinase addition. 

—„ 1.5 2 2,5 3 3,5 4 

volume (ml-g dry mass1) GSa (U-g dry mass"1) 

Fig. 1. Relationship between glycogen synthesis, glycogen synthase a and 
hepatocyte volume. 
The data plotted are from Tables 1 and 3, after correction for cell death (leakage of lactate 
dehydrogenase from table 2). Both symbols ( • , O) show glucose was present; closed symbols 
indicate sphingomyelinase was present, open symbols indicate sphingomyelinase was absent. 

Glycogen synthesis in HepG2 cells 
HepG2 cells present a control for hepatocytes because we found glycogen 
synthesis in these cells to be independent of the presence of amino acids. 
Unlike the situation in hepatocytes (cf. Table 1), in HepG2 cells the rate of 
glycogen synthesis from glucose in the absence of amino acids was high and 
was hardly or not st imulated by amino acid addition (Table 5); addition of 
sphingomyelinase did not affect glycogen production in these cells. However, 
addition of amino acids to HepG2 cells did result in p70S6 kinase 
phosphorylation (cf. [27]) (Fig. 2B). As in hepatocytes, this effect could be 
prevented by LY294002 and rapamycin, but not by sphingomyelinase. 

+ 4xAA Fig. 2 . Effect of 
sphingomyelinase on 
amino acid-induced 
phosphorylation of 
p70S6 kinase in 
hepatocytes and 
HepG2 cells. 
(A) Hepatocytes were 
incubated for 1 h with 20 
mJVI glucose and the 
additions indicated in the 
Figure. Similar results were 
obtained when the cells 
were incubated for 30 min 

(not shown). Abbreviations: LY, LY294002 (100 uM); rapa, rapamycin (100 nM); SMase, 
sphingomyelinase (50 mU-mH). 
(B) HepG2 cells were incubated for 1 h with 5 mM glucose and the additions (as in A) 
indicated. Abbreviations, as in A. 
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Addition Intracellular chloride 

(mM) 

30 min 60 min 

Control 52.7±5.7 (4) 44.4±2.6 (4) 

Glutamine 30.3±1.5*(4) 27.8+1.4*(4) 

Sphingomyelinase 48.2+3.8 (4) 60.0±3.7 (4) 

Sphingomyelinase + glutamine 57.1+2.5 (4) 63.9+2.4 (4) 

Table 4 . Effect of sphingomyelinase on intracellular chloride. 
Hepatocytes were incubated for 1 h in the presence of 20 mM glucose and, where indicated, 
10 mM glutamine and sphingomyelinase (50 mU-ml-'), plus either Na36Cl or ["CJcarboxyl-
dextran (cf. Materials and Methods). *, Significantly different from the corresponding control 
in the presence of glucose alone (p<0.05). 

Glycogen 

(umol-h-i-mg pro te in 1 

Addition 

SMase (mU-mW) 0 50 

Glucose 80±3 (13) 78±3 (10) 

Glucose + glutamine 94±3 (8)* 92+7 (3) 

Glucose + proline 85+6(8) 91 + 1(3) 

Glucose + 4xAA 83±4 (5) 79+5 (8) 

Table 5. Effect of sphingomyelinase on glycogen synthesis in HepG2 cells. 
HepG2 cells were incubated in the absence or presence of sphingomyelinase (50 mU-ml-') 
with 20 mM glucose and, when present, 10 mM glutamine, 10 mM proline or the complete 4x 
mixture of amino acids. *, Significantly different from the control in the absence of glutamine 
(p<0.05). 

Discussion 
The experiments described in this paper were carried out in order to find out 
whether or not addition of sphingomyelinase, or of its ceramide products , 
was able to interfere with amino acid stimulation of glycogen synthesis in 
hepatocytes, a phenomenon that does not require the presence of insulin. 

Our data show that addition of sphingomyelinase partially inhibited 
glycogen synthesis and that this is likely to be related to the decrease in cell 
volume. The partial inhibition of glycogen synthesis by added 
sphingomyelinase is reminiscent of that observed with TNF-oc (which 
activates p lasma-membrane-bound neutral sphingomyelinase) in rat 
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skeletal-muscle cells incubated with glucose and insulin [3], 
A decrease in glycogen synthase a activity by addition of 

sphingomyelinase, as observed in the present experiments with hepatocytes, 
was also reported by Begum and Ragolia [3] in insulin-stimulated rat 
skeletal-muscle cells. Cell volume was not measured in their experiments. 

Addition of sphingomyelinase to HepG2 cells did not affect glycogen 
synthesis. This contrasts the situation in hepatocytes and suppor ts the view 
that in hepatocytes it was the stimulation of glycogen synthesis by amino 
acids that was specifically affected by sphingomyelinase. 

We have been unable to find any effect of cell-permeable ceramides. 
Arora et al. [28] reported a collapse of the mitochondrial membrane 
potential, followed by ATP depletion, upon addition of cell-permeable 
ceramides to hepatocytes. We have no explanation for our failure to observe 
an effect of addition of cell-permeable ceramides, except that it may be 
related to subtle differences in experimental conditions. Like Arora et al. [28], 
we also tried ethanol (instead of Me2SO) as the solvent for the lipid, even 
though in hepatocytes this is not a metabolically inert compound. However, 
the results remained negative, despite the fact that more than half of the 
ceramide that was added to the cells was found to be associated with the 
cells (results not shown). Thus, poor solubility of the lipid could not have 
explained the lack of response of our cells. 

Regarding the mechanism by which sphingomyelinase-induced cell 
shrinkage inhibits glycogen production, our present data show that 
sphingomyelinase did not affect amino acid-stimulated phosphorylation of 
p70S6 kinase. Because Ptdlns 3-kinase is required for amino acid-dependent 
activation of p70S6 kinase in hepatocytes [23;24], the inhibition of glycogen 
synthesis by sphingomyelinase addition could not have been due to 
inhibition of Ptdlns 3-kinase. However, inhibition by sphingomyelinase of 
amino acid signalling downstream of Ptdlns 3-kinase, but not leading to 
phosphorylation of p70S6 kinase, cannot be ruled out at present. The lack of 
effect of sphingomyelinase on amino acid-dependent p70S6 kinase 
phosphorylation is clearly different from the inhibition of insulin-dependent 
signal t ransduct ion by sphingomyelinase in adipocytes and muscle cells 
[1;2[. This is consistent with the fact that the two pathways of signal 
t ransduction, either amino acid-dependent or insulin-dependent, are not 
identical [27;29-31], 

Another mechanism by means of which sphingomyelinase-induced cell 
shrinkage inhibits glycogen synthesis in hepatocytes possibly involves an 
increase in intracellular chloride, which is an inhibitor of glycogen synthase 
phosphatase [5], The data of Table 4 indicate that this mechanism may, 
indeed, contribute to the inactivation of glycogen synthase a by 
sphingomyelinase. 

An additional mechanism may be that a change in p lasma-membrane 
lipid composition and membrane stretch somehow directly affects the 
accessibility of glycogen synthase b to glycogen synthase phosphatase , since 
glycogen synthase in fasted hepatocytes becomes closely associated with the 
p lasma membrane when suddenly challenged with a high glucose 
concentration [32], a situation comparable to our experimental conditions. 

Stress-activated kinases such as c-Jun kinase and p38 MAPkinase have 
been shown to increase their activity upon hyperosmotically-induced cell 
shrinkage [33]. Whether their activities also increase after cell shrinkage 
induced by sphingomyelinase treatment, and how this would relate 
mechanistically to changes in glycogen synthase a activity, remains to be 
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explored. However, a role for the stress-activated kinases in the regulation of 
glycogen synthesis by changes in cell volume in general seems unlikely as 
they are activated by both cell shrinkage and cell swelling [33;34]. By 
contrast , glycogen synthesis is inhibited by cell shrinkage but stimulated by 
cell swelling. 

In conclusion, regardless of the precise mechanism, our da ta show that 
the decrease in cell volume that accompanies the breakdown of 
sphingomyelin in the p lasma membrane may contribute to the dis turbance 
of glucose metabolism when TNF-cx levels are high. 
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