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Chapterr 3 

Inhibitio nn of autophagic proteolysis by inhibitor s of 

phosphatidylinositoll  3-kinase can interfer e with the regulation of 

glycogenn synthesis in isolated hepatocytes 

Abstract t 

Aminoo acid-induced cell swelling stimulates conversion of glucose to glycogen in isolated 

hepatocytes.. Activation of glycogen synthase phosphatase, caused by the fall in intracellular 

chloridee accompanying regulatory volume decrease, and activation of PI 3-kinase, induced by cell 

swelling,, have been proposed as underlying mechanisms. Because PI 3-kinase controls 

autophagicc proteolysis, we examined the possibility that PI 3-kinase inhibitors interfere with 

glycogenn production due to their anti-proteolytic action. 

Thee PI 3-kinase inhibitor wortmannin inhibited endogenous proteolysis, fhe production 

off  glycogen from glucose and the activity of glycogen synthase a (GStf) in the absence of added 

aminoo acids. The stimulation by amino acids of glycogen production and of GSa was only slightly 

affectedd by wortmannin. These effects of wortmannin could be mimicked by proteinase 

inhibitors.. A combination of leucine, phenylalanine and tyrosine, which we previously showed to 

stimulatee PI 3-kinase-dependent phosphorylation of ribosomal protein S6, did not stimulate 

glycogenn production from glucose. 

Inn contrast to wortmannin, LY294002, another PI 3-kinase inhibitor, strongly inhibited 

bothh glycogen synthesis and GSa activity, irrespective of the presence of amino acids. Inhibition 

off  glycogen synthesis by LY294002 could be ascribed in part to increased glycogenolysis and 

glycolysis. . 

I tt is concluded that in hepatocytes activation of PI 3-kinase may not be responsible for 

thee stimulation of glycogen synthesis by amino acids; LY294002 inhibits glycogen synthesis and 

stimulatess glycogen breakdown by a mechanism that is unrelated to its action as an inhibitor of 

PII  3-kinase. 
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1.. Introduction 

Inn hepatocytes, amino acids are potent stimulators of glycogen synthesis from glucose [1-

3].. Thiss is largely the consequence of the ability of certain amino acids (e.g. glutamine, proline) to 

causee cell swelling following their concentrative Na+-dependent transport across the plasma 

membranee and the rapid production of (impermeant) glutamate and aspartate in the course of 

dieirr intracellular metabolism [4,5]. In response to the initial cell swelling, hepatocytes undergo 

"regulatoryy volume decrease" and release KC1 to the extracellular medium in an attempt to 

restoree their original volume [6]. We have been able to demonstrate that the fall in intracellular 

chloridee results in de-inhibition of glycogen synthase phosphatase and contributes, at least in 

part,, to the mechanism responsible for the amino acid-induced increase in glycogen production 

in. . 
Ann additional mechanism, accounting for the swelling-induced increase in glycogen 

synthesiss was based on the observation [8] that cell swelling activates a protein kinase signal 

transductionn pathway containing PI 3-kinase and p70S6k as components. Inhibition of PI 3-

kinasee by wortmannin and LY294002, but not the inhibition of p70S6k activation by rapamycin, 

waswas found to inhibit the swelling-induced activation of GS. It was concluded that PI 3-kinase, but 

nott p70S6k, may be involved in the mechanism of activation of GS by cell swelling [8]. 

AA complicating factor with regard to PI 3-kinase inhibitors is that these compounds also 

inhibitt autophagic proteolysis [9,10] because of die requirement of PI 3-kinase class II I in this 

processs [10]. Therefore, inhibition of glycogen synthesis by PI 3-kinase inhibitors may have been 

indirect,, i.e. by inhibition of the production of amino acids from intracellular proteins. In 

addition,, there is the observation that leucine does not affect synthesis of glycogen [1,4,11], even 

thoughh it activates p70S6k [12] and stimulates phosphorylation of ribosomal protein S6 in a 

wortmannin-- and LY294002-sensitive manner [9], For these reasons, we analysed the interaction 

off  the PI 3-kinase inhibitors with glycogen metabolism in more detail. 

2.. Experimental 

2.11 Materials 

Wortmanninn and leupeptin (N-acetyl-leu-leu-arg-al) were obtained from Sigma (St. Louis, 

MO,, USA), LY294002 (2-(4-morpholinyl)-8-phenylchromone) was purchased from Biomol 

(Plymouthh Meeting, PA, USA) and calpain inhibitor I (N-acetyHeu-leu-norleucinal) from Roche 

Diagnosticss (The Netherlands). [6-3H]Glucose was obtained from Amersham Pharmacia, 

Roosendaal,, The Netherlands. CP320626 and S4048 were synthesised by the Chemistry 

Departmentt of AVENTIS Pharma Deutschland G.m.b.h. Wortmannin, LY294002, calpain 

inhibitorr I, CP320626 and S4048 were dissolved in Me2SO; the final concentration of Me2SO in 

thee incubations did not exceed 0.5% (v/v). Controls were carried out with Me2SO alone. All 
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otherr chemicals and enzymes were obtained from either Roche Diagnostics or Sigma. Rabbit 

polyclonall  anti-protein kinase B (Thr 308) antibody was obtained from Cell Signaling Technology 

(Beverly,, MA, USA). 

Malee Wistar rats (about 250 g) were obtained from T.N.O., Zeist, The Netherlands, and 

weree maintained on standard laboratory chow and water ad libitum, until initiation of the fasting 

period. . 

2.22 Preparation of hepatocytes 

Hepatocytess from rats fasted for 16-20h were isolated by collagenase perfusion as 

describedd in [9]. 

2.33 Hepatocyte incubation and sample preparation 

Hepatocytess (5-10 mg dry mass -ml"1) were incubated for 1 h at 37° C in Krebs-Henseleit 

bicarbonatee buffer plus 10 mM Na-Hepes (pH 7.4), 20 mM glucose and the components 

indicatedd in the legends to Figures and Tables; final volume, 2-3 ml. The gas atmosphere was 02 

/ C 022 (19:1, v/v). When hepatocytes were incubated in a hypo-osmotic medium, the NaCl 

concentrationn in the Krebs-Henseleit bicarbonate buffer was decreased from 120 to 70 mM. 

AA complete mixture of all amino acids (4AA) was used in some of the experiments. The 

compositionn of this mixture was such that each of the amino acids was present at a concentration 

44 times that found in the portal vein of a fasted rat. The composition of the lx mixture was 

exactlyy as described in [13], except that the leucine concentration was 250 uM. 

Att the end of the incubations, samples of the hepatocyte suspension were taken and pre-

paredd for metabolite and enzyme analyses. For the determination of lactate, glucose and ATP, 

0.5-mll  samples were quenched with HC104 (final concentration: 3.5% m/v). The precipitated 

proteinn was removed by rapid centrifugation at 4° C in a microcentrifuge, and the supernatants 

weree neutralized to pH 7 with a mixture of 2 M KOH plus 0.3 M Mops. 

Sampless for the determination of intracellular G6P, DHAP and PEP were obtained by 

centrifugationn of the cells through a layer of silicone oil (AR 200, Wacker Chemie) into a layer of 

HC1044 (14% m/v). The acid cell extracts were neutralized to pH 7 with 2 M KOH plus 0.3 M 

Mops. . 

Proteolysiss was measured as the production of valine [14]. For the determination of 

valine,, 0.5-ml samples were quenched with sulphosalicylic acid (final concentration, 4% m/v). 

Afterr removal of the protein by rapid centrifugation at 4° C in a microcentrifuge, the supernatant 

wass brought to pH 2.2 with LiOH. Valine was then determined with the help of an amino acid 

analyser,, using a lithium citrate buffer system (alpha-plus, Pharmacia-LKB). 

Forr the determination of glycogen, 0.5 ml of cell suspension was added to 1.5 ml of ice-

coldd 150 mM NaCl plus 10 mM Na-Hepes (pH 7.4), and the cells were pelleted by centrifugation 

inn a microcentrifuge for 1 s. After removal of the supernatant, the cell pellet was extracted with 
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0.55 ml of 0.1 M KOH, incubated for 30 min at 90° C, cooled and brought to pH 4.5 by addition 

off  3 M acetic acid. Precipitated protein was removed by centrifugation in a microcentrifuge for 1 

min. . 

Sampless for the determination of GS and phosphorylase (GP) were prepared as follows: 

0.55 ml of the cell suspension was added to 1.5 ml of ice-cold 150 mM NaCl plus 10 mM Na-

Hepess (pH 7.4) and the cells were pelleted by centrifugation in a microcentrifuge for 1 s. After 

removall  of the supernatant, cells were extracted with 0.3 ml of a medium containing 50 mM 

glycylglycinee (pH 7.4), 75 mM NaF, 3 mM EDTA, 0.5% glycogen and 0.1% Triton X-100, and 

weree immediately frozen in liquid nitrogen [15]. 

Glycolyticc flux was measured with [6-3H]glucose (0.5 uCi/ml) [16]. 

Intracellularr chloride was measured by incubation of the cells with 36C1" exacdy as 

describedd in [7]. 

2.44 Metabolite and enzyme assays 

Glycogen,, glucose, lactate, ATP and the activities of GSa, GSa+b, GPa and GPa+b at 37° 

CC were measured as described in [17]. Pyruvate kinase in hepatocyte extracts was measured at 0.5 

andd 5 mM phosphoenolpyruvate according to [18]. G6P, DHAP and PEP were measured 

fiuorimetricallyy by the methods described in [19]. Enzyme activities are expressed in U/g dry 

masss of cells in which 1 U equals 1 umol.min"1. Cell protein was determined by the method of 

Lowryy [20]. 

2.55 Protein kinase B 

Att the end of the incubations, hepatocytes were diluted with 3 volumes of an icecold 

mediumm containing 145 mM NaCl and 10 mM Na+-Hepes, pH 7.4; cells were collected by rapid 

centrifugationn (1 s) in a microcentrifuge. The cell pellet was lysed with Laemmli sample buffer 

andd incubated at 95 °C for 5 min. About 30 ug of cell protein per sample was separated by 10% 

SDS-PAGE.. After separation, a standard Western blotting procedure was performed and the 

PVDFF blot was incubated with anti-phospho-protein kinase B (Thr-308). The protein was 

visualisedd by enhanced chemiluminescence. 

2.66 Statistical analysis 

Thee data were summarized as means  S.E.M., with the number of different hepatocyte 

preparationss in parentheses. The statistical significance of differences of the means was calculated 

usingg Student's /-test. 
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3.. Results 

Inn order to test the ability of wortmannin and LY294002 to inhibit class I PI 3-kinase 

activityy (the enzyme which produces PI(3,4)P2 and PI(3,4,5)P3) in hepatocytes, we first studied 

theirr effect on insulin-dependent phosphorylation of protein kinase B which is known to depend 

onn activity of class I PI 3-kinase [21]. Insulin-stimulated protein kinase B phosphorylation 

provedd to be progressively inhibited by increasing concentrations of wortmannin and LY294002. 

Completee inhibition was obtained at concentrations of 300 nM wortmannin and 100 uM 

LY2940022 (Fig. 1), concentrations that were used in subsequent experiments. 

Insulin n 

LY2940022 (uM) 

--
0 0 

+ + 
0 0 

+ + 
5 5 

+ + 
20 0 

+ + 
40 0 

+ + 
80 0 

+ + 
100 0 

Fig.. 1. Titratio n of 
insulin-stimulated d 
phosphorylationn of 
proteinn kinase B with the 
PII  3-kinase inhibitor s 
LY2940022 and 
wortmannin .. Hepatocytes 

weree preincubated for 18 min 

withh 20 mM glucose; this was 

followedfollowed by addition of 

LY2940022 or wortmannin at the 

concentrationss indicated. Two 

minn later, insulin (0.1 uM) was 

addedd and samples were taken 

afterr another 4 min. Protein 

kinasee B was probed with anti-phospho-Thr308 antibody. Similar results were obtained with two other experiments 

carriedd out with different hepatocyte preparations. 

Insulin n 

Wortmanninn (nM) 

--
0 0 

+ + 
0 0 

+ + 
5 5 

+ + 
20 0 

+ + 
50 0 

+ + 
100 0 

+ + 
300 0 

Next,, we studied the effect of both compounds on glycogen synthesis from glucose. 

Basall  glycogen production was relatively low but was greatly stimulated by a complete mixture of 

alll  20 amino acids at physiological concentrations. In agreement with our previous observations, 

highh concentrations of glutamine (in the absence and presence of ornithine to prevent ammonia 

accumulation),, proline alone, and hypoosmolarity also stimulated glycogen production (Table 1) 

[4,5].. A combination of phenylalanine, tyrosine and leucine, which is effective in stimulating 

wortmannin-sensitivee and LY294002-sensitive phosphorylation of ribosomal protein S6 in 

hepatocytess [9], was unable to stimulate glycogen production (Table 1). Wortmannin partially 

inhibitedd glycogen production, both in the absence and in the presence of amino acids or under 

hypo-osmoticc incubation conditions. However, wortmannin only slightly affected the increment 

inn glycogen production caused by amino acid addition or by hypo-osmolarity. By contrast, and 

unexpectedly,, LY294002 strongly inhibited glycogen production under all conditions and largely 
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preventedd the stimulation by amino acids or hypo-osmolarity. It must be stressed that LY294002 

didd not affect cellular ATP levels (Table 1). 
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InhibitionInhibition of autophagic proteolysis 

Wortmanninn and LY294002 also inhibit class II I PI 3-kinase which produces PI(3)P. This 

lipidd product is essential for autophagy, and both wortmannin and LY294002 inhibit autophagic 

proteolysiss [9,10]. When amino acids are not present in the incubation medium, they can be 

formedd by accelerated autophagic proteolysis and proteolytically formed amino acids, even when 

presentt in low amounts, may stimulate glycogen synthesis from glucose. As shown in Fig. 2A and 

C,, increasing concentrations of either wortmannin or LY294002 indeed progressively inhibited 

proteolysiss under these conditions. Wortmannin also strongly inhibited glycogen synthesis from 

glucosee in the absence of amino acids, at concentrations similar to those required for inhibition 

off  proteolysis (Fig. 2B). In the presence of amino acids, the same concentrations of wortmannin 

inhibitedd glycogen synthesis only slightly and the extent of stimulation of glycogen production by 

aminoo acids was similar at all wortmannin concentrations (cf. also Table 1). By contrast, 

increasingg concentrations of LY294002 strongly inhibited glycogen synthesis from glucose both 

inn the absence and presence of amino acids and the extent of the stimulation by amino acids 

continuedd to decrease at concentrations of LY294002 above those required for maximal 

inhibitionn of proteolysis (Fig. 2D). Apparently, LY294002 can also inhibit glycogen synthesis by a 

mechanismm that is unrelated to its ability to inhibit endogenous proteolysis. This will be discussed 

later. . 

2000 400 

Wortmanninn (nM) 

2000 400 600 

Wortmanninn (nM) 

100 0 

50 0 
LY2940022 (uM) 

100 0 50 0 
LY2940022 (uM) 

100 0 

Fig.. 2. Titratio n of 

proteolysiss and glycogen 

synthesiss with 

wortmanninn and 

L Y 2 9 4 0 0 2.. Hepatocytes were 

incubatedd in the absence and 

presencee of wortmannin and 

LY2940022 at the concentrations 

indicated.. In A and C, 

proteolysiss in the absence of 

addedd amino acids was measured 

ass the production of valine. 

Synthesiss of glycogen was 

analysedd in the absence (closed 

circles)) or presence (open 

circles)) of the complete mixture 

off  amino acids (4AA). Data are 

thee means  S.E.M. of 

experimentss carried out with 3 

differentt hepatocyte 

preparations.. In some cases, the 

S.E.M.. indication fell within the 

symbol. . 
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Inn order to obtain further support for the view that the inhibition of glycogen synthesis 

byy wortmannin may have been due to inhibition of proteolysis, at least for a large part, we 

comparedd its effect with that of the cysteine proteinase inhibitors calpain inhibitor I and 

leupeptin.. Leupeptin was previously shown to be an effective inhibitor of autophagic proteolysis 

inn hepatocytes [22]. As shown in Table 1, both calpain inhibitor I and leupeptin were at least as 

effectivee as wortmannin (and LY294002) in blocking protein breakdown. The inhibition was also 

similarr to that caused by a physiological mixture of amino acids at concentrations known to 

inhibitt autophagy (Table 1; cf. [23,24]). Like wortmannin, calpain inhibitor I and leupeptin 

inhibitedd glycogen synthesis from glucose under basal conditions by 50-65% but had littl e effect 

onn die stimulation of glycogen production by the amino acid mixture (or by hypo-osmolarity; cf. 

Tablee 1). When glycogen synthesis in the absence of added amino acids was plotted against 

proteolysiss in the absence and presence of the inhibitors, an approximately straight line 

relationshipp between the two variables was obtained (Fig. 3). LY294002 did not obey this 

relationshipp (Fig. 3), again indicating that this compound also inhibited glycogen production 

independentt of its ability to inhibit proteolysis. As with glycogen synthesis, wortmannin and 

calpainn inhibitor I (leupeptin was not investigated) were equally effective in decreasing GSa 

activityy in the absence and presence of amino acids, but had relatively litde effect on the 

stimulationn of GSa by the amino acid mixture (Table 1). These data suggested that a decreased 

ratee of proteolysis by the PI 3-kinase inhibitor wortmannin must have contributed to its 

inhibitionn of glycogen production. 

O O 

300 1 

25 5 

20 0 

155 -I 

10 0 

5 5 

55 10 

Proteolysiss (umol \raline/gdm/h) 

15 5 

Fig.. 3. Rate of glycogen synthesis 

fromm glucose as a function of 

endogenouss proteolysis. 
Hepatocytess were incubated in the absence 

off  added amino acids with no further 

additionss (1), 0.2 mM leupeptin (2), 300 nM 

wortmanninn (3), 0.15 mM calpain inhibitor I 

(4)) or 100 uM LY294002 (5). The data are 

fromm Table 1. 

Thee question that remained to be answered was why LY294002 was more potent than 

wortmanninn as an inhibitor of glycogen synthesis. Both wortmannin and LY294002 decreased 

GSaGSa activity in the absence or presence of amino acids, LY294002 being the more effective 

(Tablee 1). GPa was not affected by amino acids (cf. [3]), nor by wortmannin, but increased 

significantlyy when LY294002 was added in the presence of amino acids, but not in fheir absence 

(Tablee 1). Another indication that LY294002 may increase flux through GP was found in a series 
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off  experiments in which glycogen degradation was measured in hepatocytes obtained from fed 

ratss (Table 2). Breakdown of glycogen was monitored in the absence or presence of glucose to 

causee inactivation of GP [25]; under both conditions, glycogen degradation was significandy 

increasedd by LY294002. Wortmannin slighdy stimulated glycogen degradation, but the effect was 

muchh smaller than that observed with LY294002. 

Tablee 2. Effect of wortmannin and LY 294002 on glycogenolysis in hepatocytes from fed 
rats.. Hepatocytes from rats fed ad libitum were incubated in the absence and presence of 20 mM glucose, in the 

absencee or presence of either 300 nM wortmannin or 100 nM LY294002. *, Significandy different from the 

correspondingg control in the absence of wortmannin or LY294002 (P<0.05). 

Addition n 

None e 

Wortmannin n 

LY294002 2 

Glycogenn disappearance (umol/gdm/90min) 

-Glucose e 

3233  14 (4) 

3599  12 (4)* 

4222  16 (3)* 

+Glucose e 

922  4(4) 

1388  4(4)* 

2077  13 (3)* 

Recendy,, S4048 and CP320626, specific and powerful inhibitors of G6P translocase 

[26,27]]  and of GP [28,29], respectively, have become available. These compounds allowed us to 

obtainn additional information on the mechanism by which LY294002 interferes with glycogen 

metabolismm in hepatocytes. Hepatocytes from fasted rats were incubated with glucose in the 

absencee or presence of the inhibitors, in the absence or presence of amino acids to stimulate GS 

(Tablee 3). Inhibition of either GP or of G6P translocase greatly increased net glycogen 

deposition,, especially when amino acids were absent, which stresses the importance of the two 

enzymess in die control of glycogen production in hepatocytes (cf. [30]). Inhibition of glycogen 

synthesiss by LY294002 persisted in die presence of S4048, but was largely, albeit not completely, 

preventedd by CP320626. 

Fromm tiiese experiments, it is concluded mat LY294002 decreased net glycogen 

productionn from glucose by promoting flux through GP, not by enhancing flux through G6Pase. 

Whenn hepatocytes were incubated widi glucose and S4048 intracellular levels of G6P 

greadyy increased [30], and addition of LY294002 under these conditions decreased intracellular 

G6PP from 1.21  0.18 to 0.66  0.06 umol/g dry mass of cells (n= 7; p<0.05) (data not shown). 

Thiss is only possible if LY294002 has additional effects and that it stimulates glycolysis. 

Glycolyticc flux, measured with [6-3H]glucose, was, indeed, stimulated by LY294002 but not by 

wortmanninn (Table 4). In die presence of S4048, with G6P translocase fully inhibited [30], 

glycolyticc flux was greatly stimulated, as expected. In the presence of S4048, LY294002 further 

enhancedd glycolytic flux. 
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Tablee 3. Effect of LY294002 on glycogen production from glucose in the presence of 

CP3206266 or  S4048. Hepatocytes were incubated with 20 tnM glucose (in the absence or presence of amino 

acids)) and LY294002 (lOOuAl), S4048 (10 uM) or CP320626 (10 uM), as indicated. Abbreviations: CP, CP320626; 

LY,, LY294002. *, Significantly different from the corresponding control in the absence of CP320626 or S4048 

(P<0.05).. ** , Significantly different from the corresponding control in the absence of LY294002 (P<0.05). 

Glycogenn (u,mol/gdm/h) 

-LY2940022 +LY294002 

None e 

CP320626 6 

S4048 8 

4AA A 

4AAA + CP320626 

4AAA + S4048 

21.55 2 (10) 

79.77  7.2 (10)* 

89.99  11.9(6)* 

65.33  9.0(5) 

100.88  10.1 (5)* 

110.44  17.1 (3)* 

2.33 ) 

53.66  6.9 (10)' 

27.00 5 (6)* 

14.33 6 (5)" 

81.55  9.3 (5)v 

54.88  3.0 (3)v 

Tabl ee 4. Th e effect of LY294002 on glycolytic flux . Hepatocytes were incubated with 20 mM [6-
3H]glucose,, in the absence or presence of either LY294002, wortmannin or S4048 at the concentrations indicated. 

Dataa are the means (  S.E.M.) of 3 experiments carried out with different hepatocytes preparations.*Significandy 

differentt from the control in the absence of LY294002 (P<0.05). **Significantly from the corresponding control in 

thee absence of S4048 (P<0.05) 

Additions s Glycolyticc flux 

(umoll  glucose equivalents/gdm/h) 

None e 

LY294002,, 5 uM 

LY294002,, 50 uM 

LY294002,1000 uM 

54.66  5.7 

60.55  5.0 

69.55  5.0* 

67.77 * 

S4048,, lOuM 98.3  8.2" 

S40488 + LY294002, 5 uM 97.2  9.1 

S40488 + LY294002, 50 uM 117.8  10.8* 

S40488 + LY294002,100 ^M 128.2  12.2* 

Wortmanninn 300 nM 46.77  3.8 
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Furtherr evidence in support of the possibility that glycolysis was activated by LY294002 

waswas obtained in experiments in which glucose was replaced with dihydroxyacetone. Under these 

conditions,, glycogen deposition is negligible (not shown, but see [30]) and production of lactate 

increasedd upon addition of LY294002, with simultaneous inhibition of glucose synthesis (Table 

5).. Addition of wortmannin had a smaller effect on lactate production, with no effect on 

gluconeogenesis.. The inhibition of gluconeogenesis and stimulation of lactate production by 100 

uMM LY294002 was accompanied by decreases in intracellular DHAP (from 817  19 to 561

722 nmol/gdm; n=3; p<0.05) and PEP (from 1141  89 to 509  29 nmol/gdm; n =3 ; p<0.05) 

(dataa not shown). 

Thee effect of LY294002 on glucose production from lactate (plus pyruvate) was also 

studied.. In this case, however, glucose production was not only substantially inhibited by 

LY2940022 but also by wortmannin (Table 5) (see further Discussion). 

Tablee S. Effect of wortmannin and LY294002 on the production of glucose and lactate 
fro mm dihydroxyacetone. Hepatocytes were incubated with eitherlS mM dihydroxyacetone or 10 mM lactate 

pluss 1 mM pyruvate (lac/pyr), in the absence or presence of either 300 nM wortmannin or 100 uM LY294002. Data 

aree the means  S.E.M. with the number of different hepatocyte preparations in parentheses. *Significantly different 

fromm the corresponding control in the absence of wortmannin or LY294002 (P<0.05). 

Additionn Glucose Lactate 

(jxmol/gdm/h)) (umol/gdm/h) 

None e 
Wortmannin n 

LY294002 2 

DHA A 

DHAA + wortmannin 

DHAA + LY294002 

Lac/pyr r 

Lac/pyrr + wortmannin 

Lac/pyrr + LY294002 

4.. Discussion 

166  6(3) 
2 1 +55 (3) 

244  8(3) 

3855  23 (5) 

3600  31 (5) 

3111 * 

2911  16 (3) 

2155  11 (3)* 

1800  14 (3)* 

11  5 (3) 
88  3 (3) 

77  4 (3) 

1222  13 (4) 

1755  6(4) 

2099  10 (4) 

--

--

--

Ann increase in hepatocyte volume, whether induced by certain amino acids or by hypo-

osmolarityy of the extracellular fluid, activates GS without affecting GP; as a result, net glycogen 

depositionn from glucose increases [4]. Part of die underlying mechanism is activation of glycogen 
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synthasee phosphatase caused by the fall in intracellular chloride accompanying regulatory volume 

decreasee [7,8]. Production of intracellular glutamate by amino acid catabolism [5] is another 

stimuluss of glycogen synthase phosphatase [7]. Krause et al. [8] proposed that swelling-induced 

activationn of total PI 3-kinase (but not IRS-1 associated PI 3-kinase [31]) may be an additional 

mechanismm contributing to GS activation. Our data with wortmannin as an inhibitor of PI 3-

kinasee confirm that wortmannin inhibits GS activity in hepatocytes [8]. Wortmannin decreased 

GSS activity both in the presence and absence of amino acids, but the increment caused by amino 

acidd addition was only inhibited by 35% by the PI 3-kinase inhibitor (Table 1). This is analogous 

too the data of Krause et al. [8]. Similarly, glycogen deposition (not measured in [8]) was inhibited 

byy wortmannin both in the absence and presence of amino acids, but in this case the increment 

causedd by amino acid addition (or hypotonicity) remained largely unaffected by the PI 3-kinase 

inhibitorr (Table 1; Fig. 2). This discrepancy between the effect of wortmannin on amino acid 

stimulationn of GS activity and on net glycogen deposition may be due to the fact that amino acids 

nott only increase flux through GS but simultaneously decrease GóPase flux [30]. 

AA complicating factor is that wortmannin inhibits endogenous amino acid production by 

autophagyy and that this may account for the inhibition of glycogen production in the absence of 

addedd amino acids (Table 1). In support of this, we also noted a similar inhibition of glycogen 

depositionn by the protein degradation inhibitors leupeptin and calpain inhibitor I under these 

conditions. . 

I tt is important to stress that a combination of leucine, phenylalanine and tyrosine was not 

ablee to activate glycogen synthesis. High concentrations of leucine alone were also ineffective [4] 

andd did not affect glycogen synthase activity [31]. Among the various amino acids, leucine in 

particularr is effective in stimulating wortmannin and LY294002-sensitive phosphorylation of 

ribosomalribosomal protein S6 [9]. Activation of PI 3-kinase by leucine was also demonstrated in muscle 

cellss [32]. If activation of PI 3-kinase had contributed to the mechanism of activation of glycogen 

synthesiss by amino acids, it is difficult to understand why leucine would not be effective. In our 

experiments,, we were also unable to observe stimulation by insulin of glycogen production from 

glucosee (data not shown; cf. also [31]), even though insulin was able to stimulate protein kinase B 

phosphorylationn in a wortmannin- and LY294002-dependent manner (Fig. 1; cf. [31]). 

Apparendy,, activation of PI 3-kinase was not sufficient to stimulate glycogen production under 

ourr experimental conditions. 

Surprisingly,, LY294002 strongly interfered with glycogen deposition and GS activity 

independentt of its antiproteolytic effect (Table 1, Figures 2 and 3). A difference between 

LY2940022 and wortmannin in their ability to inhibit of hepatocytic glycogen production has been 

notedd before [33,34]. Although the existence of a LY294002-sensitive, wortmannin-insensitive PI 

3-kinasee cannot be excluded [33,34], most, if not all, classes of PI 3-kinases known today are 

sensitivee to both compounds [21,35]. Moreover, cell swelling promotes the activation of class I 

PII  3-kinase [8,36] and this class can be completely inhibited by both wortmannin and LY294002 

inn hepatocyte preparations [9]. Therefore, an alternative explanation for the aberrant behaviour of 

LY2940022 was sought and we concluded that LY294002 must have enhanced flux through GP 
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andd also enhanced glycolysis, apparently by a mechanism that is not related to its ability to inhibit 

PII  3-kinase. 

Thee specificity of the PI 3-kinase inhibitors is a source of continuous concern [21,37]. 

Wortmanninn inhibits phospholipase A2 at low concentrations [38]. Whether LY294002 has the 

samee effect is not known. Arachidonic acid, a product of phospholipase A2 activity, increases 

glycogenolysiss [39], and inhibition of phospholipase A2 wouldd increase, rather than decrease, net 

glycogenn production. In any case, wortmannin had relatively littl e effect on amino acid-stimulated 

glycogenn production from glucose, and inhibition of phospholipase A2 seems irrelevant under 

ourr experimental conditions. LY294002, but not wortmannin, was shown to inhibit casein kinase 

I II  [37]. This cannot explain our results either, because inhibition of this enzyme would increase 

ratherr than decrease glycogen production [40]. 

Thee reason for the difference in behaviour between LY294002 and wortmannin under 

ourr experimental conditions is not entirely clear. Initially, the possibility was considered that 

LY2940022 enhanced intracellular chloride concentration, because chloride ions inhibit GS 

phosphatasee [7]. However, this turned out not to be the case (data not shown). LY294002 (but 

nott wortmannin) significantly increased activity of GVa but only in the presence of amino acids 

(Tablee 1). The increase in GVa may explain the greater ability of LY294002, as opposed to 

wortmanninn (Table 1), to inhibit activity of GSÖ under these conditions, because GPa is known 

too inhibit GS phosphatase [25]. An increase in cytosolic Ca++ concentration cannot explain the 

increasee in GPa by LY294002 because cytosolic Ca++ decreases in the presence of LY294002 

(and(and wortmannin) [41]. An increase in cAMP is also unlikely because glycolytic flux increased 

ratherr than decreased. A plausible explanation for the increased activity of GP is that the primary 

effectt of LY294002 is activation of glycolysis. Activation of glycolysis results in a decline of G6P 

(ass was, indeed, observed) which may de-inhibit GP kinase [25]. If this mechanism is correct, the 

questionn of how LY294002 activates glycolysis remains to be solved. Evidence in support of 

activationn of pyruvate kinase could not be obtained because LY294002 treatment of hepatocytes, 

evenn when insulin is absent, has been reported to decrease pyruvate kinase activity in cell extracts 

byy increasing its degree of phosphorylation [42]. We have confirmed this (data not shown). 

Notwithstanding,, intracellular PEP decreased in the presence of LY294002, which does suggest 

activationn of flux through pyruvate kinase. An attractive explanation would be that LY294002 

stimulatess flux through phosphofructokinase because fructose 1,6-diphosphate is a powerful 

activatorr of pyruvate kinase [43]. However, fructose 1,6-diphosphate decreased rather than 

increasedd in the presence of LY294002 (data not shown). An alternative explanation for the 

increasedd flux through pyruvate kinase could be a fall in the cytosolic ATP/ADP ratio in the 

presencee of LY294002. The precise mechanism of action of LY294002 on glycolysis was not 

furtherr explored, however. 

Becausee of the possible occurrence of cycling between glucose and lactate in hepatocytes 

[16],, it cannot be excluded, that, in addition to activation of glycolysis, gluconeogenesis from 

lactatee was inhibited by LY294002. Although this was, indeed, the case, gluconeogenesis under 

thesee conditions was also sensitive to wortmannin (Table 5). This is to be expected, however, 
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becausee gluconeogenesis from lactate requires mitochondrial efflux of oxaloacetate as aspartate 

andd the aspartate cycle in isolated hepatocytes is known to be stimulated by aspartate (and 

glutamate)) produced by proteolysis [44]. 

Inn conclusion, the present data suggest that activation of PI 3-kinase may not be 

responsiblee for the stimulation of glycogen synthesis by amino acids. The inhibition of glycogen 

synthesiss by wortmannin can be ascribed, at least for a large part, to its anti-proteolytic effect. It 

mustt be stressed that this is not due to lack of specificity of the compound as an inhibitor of PI 

3-kinase,, because PI 3-kinase class II I is essential for autophagy, as we showed previously [10]. 

LY2940022 stimulates glycogen breakdown by a mechanism that is unrelated to its action as an 

inhibitorr of PI 3-kinase. 
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