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Abstract The pleiotropic nature of insulin action suggests diverse mechanisms of signal transduction for the 
hormone. The specific protein phosphatase inhibitor, okadaic acid, is utilized to differentiate metabolic pathways that 
may be regulated by phosphorylation or dephosphorylation of key enzymes. In H-35 hepatoma cells, okadaic acid 
inhibits insulin-stimulated glycogen synthesis with an IC,, of 400 nM. In contrast, activation of lipogenesis by insulin is 
inhibited with an IC,, of 50 nM okadaic acid. The toxin also inhibits stimulation of lipogenesis in these cells by the 
insulin-sensitive inositol glycan enzyme modulator. In isolated rat adipocytes, insulin-stimulated lipogenesis is also 
inhibited by okadaic acid with an IC,, of approximately 1,700 nM. The antilipolytic effect of insulin in these cells is more 
sensitive to okadaic acid, exhibiting an IC,, of 150 nM. Maximal activation of lipogenesis by insulin is dramatically 
reduced by okadaic acid with no effect on the concentration required for half-maximal activation, whereas the 
sensitivity of insulin-induced antilipolysis is attenuated by okadaic acid, with no apparent reduction in the maximal 
effect of the hormone. Taken together, these data suggest that specific phosphatases may be differentially involved in 
some of the metabolic pathways regulated by insulin. 
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The molecular mechanisms by which insulin 
regulates metabolic processes remain uncertain. 
Numerous investigations have indicated that 
the acute metabolic effects of the hormone may 
be mediated through phosphorylation and de- 
phosphorylation of proteins. Insulin stimulates 
the net dephosphorylation on serinelthreonine 
residues of several key rate-limiting enzymes, 
including glycogen synthase [1,21, acetyl-CoA 
carboxylase [3-71, pyruvate kinase [Sl, pyruvate 
dehydrogenase {9, LO], hydroxylmethylglutaryl 
CoA reductase i l l] ,  and hormone-sensitive li- 
pase [121, thereby modulating the activity of 
each of these enzymes. Dephosphorylation of 
enzymes by insulin could result from activation 
of specific phosphatases or inhibition of kinases 
113,141. In addition, insulin also stimulates the 
phosphorylation of several proteins on serine 
residues, including ribosomal S6 [ 151, adenosine 
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triphosphate (ATP) citrate lyase [161, acetyl- 
CoA carboxylase 117,181, and others [13,141. 
While protein dephosphorylation is clearly linked 
to regulation of the catalytic activities of key 
rate-limiting enzymes, the functional roles of 
increases in protein phosphorylation remain 
largely unknown. 

Okadaic acid, a polyether fatty acid isolated 
from the black sea sponge Halichondria okadaii, 
is a potent tumor promoter and diarrheal agent 
that is an inhibitor of serinekhreonine type 1 
and type 2A phosphatases [19]. This toxin pro- 
motes the phosphorylation of a number of pro- 
teins, such as acetyl-CoA carboxylase [201 and 
tyrosine hydroxylase [2 11, promotes smooth 
muscle contraction [221, and increases the acti- 
vation of maturation promoting factor [23] and 
MAP kinase [24]. 

To clarify the role of protein phosphorylation 
and dephosphorylation in insulin action, we have 
exploited the specificity of okadaic acid as a 
serinelthreonine phosphatase inhibitor. In this 
report, we confirm and extend previous observa- 
tions [201 demonstrating that okadaic acid differ- 
entially antagonizes some but not all of the 
effects of insulin, suggesting the involvement of 
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specific protein phosphatases in mediating some 
of the actions of this hormone. 

METHODS 
Materials 

Crystalline porcine insulin was obtained from 
Eli Lilly and Co. (Indianapolis, IN). Okadaic acid 
was purchased from Moana Bioproducts, Inc. 
(Honolulu, HI). Bovine serum albumin (BSA, 
fraction v> was from Calbiochem Corp. (La Jolla, 
CA). Collagenase, ( - )-isoproterenol hydrochlo- 
ride, P-nicotinamide adenine dinucleotide, ade- 
nosine triphosphate (disodium salt), glycine, 
HEPES, hydrazine hydrate, and the enzymes 
glycerokinase (from Candida mycoderma), and 
a-glycerophosphate dehydrogenase were pur- 
chased from Sigma Chemical Co. (St. Louis, 
MO). D-[U-'4Cl glucose and ["CI acetate were 
obtained from New England Nuclear (Boston, 
MA). All other reagents were analytical grade. 

Cell Culture 

H-35 hepatoma cells were grown to conflu- 
ence on Corning 35 mm 6-well plates in Dulbec- 
co's modified Eagle's medium supplemented with 
10% fetal calf serum and 1% penicillin in a 5% 
CO, humidified atmosphere. 

Preparation of Isolated Adipocytes 

Isolated adipocytes were prepared from epid- 
idymal adipose tissue of male Sprague-Dawley 
rats (150-200 gm) according to the collagenase 
method of Rodbell [251 with some modifications. 
Cells were digested with collagenase (1 mg/ml) 
in Krebs-Ringer HEPES buffer (pH 7.4) contain- 
ing 0.5% (w/v) bovine serum albumin (Fraction 
V) for 15-20 min at 37°C. Cells were filtered 
through nylon mesh and washed four times by 
centrifugation, and subsequently resuspended 
in Krebs-Ringer HEPES buffer (pH 7.4) contain- 
ing 0.5% bovine serum albumin. This buffer was 
used in subsequent studies involving isolated 
adipocytes. When measuring the rate of lipoly- 
sis, the cells were preincubated for 30 min at 
37°C in the above buffer, prior to a final wash 
before use. In the case of lipogenesis, adipocytes 
were preincubated for 5 min at 37"C, and then 
washed a final time before use. 

Assay of Glycogen Synthesis 

Glycogen synthesis was determined by a mod- 
ification of the method of Lawrence et al. [261. 
Hepatoma cells were serum-deprived overnight 

and washed twice with Krebs-Ringer buffer (pH 
7.4). Thereafter, the cells were incubated for 2 h 
at 37°C in the above buffer containing 11 mM 
D-[U-14C]glucose (1 pCi/ml) in the presence of 
10 nM insulin at varying concentrations of 
okadaic acid. The reaction was stopped by the 
addition of 0.7 ml of 30% KOH, and cells were 
transferred into test tubes (capped), and heated 
in a dry bath for 20 min at 100°C. After diges- 
tion was completed, 2.2 ml of 95% ethanol was 
added to the tubes, boiled, and then immediately 
removed and placed in an ice bath for 20 min to 
allow precipitation of glycogen. The samples were 
then centrifuged at 2,200 rpm for 10 min at o"C, 
and the precipitate was dissolved in distilled 
water. The total sample was counted by measure- 
ment of the rate of incorporation of D-[U- 
14 Clglucose into glycogen. The protein concentra- 
tion was determined by the method of Bradford 
[27]. Glycogen synthesis is expressed as percent 
of maximal stimulation of insulin in the absence 
of okadaic acid. 

Assay of Lipogenesis in Hepatoma Cells 

The incorporation of D-[U-14Clglucose into lip- 
ids was determined by the procedure of Moody 
et al. [281. Hepatoma cells were serum-deprived 
overnight, and then washed twice with Krebs- 
Ringer buffer (pH 7.4). The cells were preincu- 
bated for 15 min at 37°C in the above buffer 
containing either 2 nM insulin or inositol glycan 
and okadaic acid, followed by incubation for 30 
min with reaction mixture containing 5 mM 
D-[U-14Clglucose. The reaction was terminated 
by the addition of trypsin-EDTA, followed by 
toluene-based scintillation cocktail. The results 
are expressed as percent of maximal stimulation 
of insulin in the absence of okadaic acid. 

Assay of Lipogenesis in Isolated Adipocytes 

A fat cell suspension (approximately 4 x lo6 
cells/ml) was incubated at 37°C for 60 min in a 
reaction mixture containing 2 mM D-[U-14C]glu- 
cose in Krebs-Ringer HEPES buffer (pH 7.4) 
containing 0.5% BSA in the presence of 0.2 nM 
insulin at varying concentration of okadaic acid. 
The reaction was stopped by the addition of 
toluene-based scintillation cocktail. 

Assay of Lipolysis 

Adipocytes (approximately 106/ml) were prein- 
cubated in Krebs-Ringer HEPES buffer (pH 7.4) 
containing 0.5% BSA, with okadaic acid and 
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insulin for 10 min at 37"C, followed by the 
addition of isoproterenol for an  additional 30 
min. The assay was terminated by the addition 
of 50 pl of 4.6 M perchloric acid, followed by 50 
p1 of chloroform. The mixture was then vor- 
texed and centrifuged, and an  aliquot from the 
aqueous portion was neutralized with 5 N KOH. 
The rate of lipolysis was determined by measure- 
ment of the release of glycerol into the incuba- 
tion medium [4 11. 

Production of the Insulin-Sensitive lnositol 
Phosphate Glycan 

This was prepared as previously described 
[29]. Briefly, a particulate fraction from ten rat 
livers [30] was suspended in 10 mM ammonium 
bicarbonate, pH 7.4, and lyophilized. The lyo- 
philized powder was extracted by stirring for 15 
min in 400 ml of chloroform/methanol/l N HCL 
(100:200:1). Following filtration of particulate 
material, the extract was evaporated and resus- 
pended in 200 ml of 10 mM ammonium bicarbon- 
ate buffer, pH 7.4, and treated with 1.0 pg/ml 
Phosphatidylinositol-Phospholipase C (PI-PLC) 
for 6 h a t  37°C. The suspension was then ex- 
tracted with 200 ml chloroform/methanol/lN 
HCL (200:100:1), and the upper aqueous phase 
was aspirated, evaporated to remove methanol, 
and purified by sequential chromatography on 
DEAE-Cellulose, C-18 reversed phase resin, 
QAE-Sephadex, SAX HPLC, and P-2 gel filtra- 
tion [29]. The enzyme-modulating activity was 
monitored by the stimulation of the membrane- 
bound rat adipocyte CAMP phosphodiesterase 
[311. The generation of the inositol glycan was 
dependent upon PI-PLC and was identical to 
that produced by insulin in membranes or intact 
cell [30,32]. 

Statistics 

Data were analyzed by Students paired t test 
where indicated. 

RESULTS 

Previous studies have shown that insulin may 
regulate certain metabolic pathways of interme- 
diary metabolism through dephosphorylation of 
key rate-limiting enzymes [ 141. To determine 
whether phosphatases play a role in modulating 
insulin-stimulated glycogen synthesis, the effect 
of insulin on H-35 hepatoma cells was assayed in 
the presence of increasing concentrations of 
okadaic acid. Okadaic acid produced a concentra- 
tion-dependent decrease in insulin-stimulated 

synthesis of glycogen from [14C]glucose (Fig. 1). 
An IC,, for this inhibition was calculated to be 
400 nM okadaic acid, with maximal inhibition 
occurring at approximately 1 kM. Basal glyco- 
gen synthesis was unaffected by the addition of 
okadaic acid to the cells (data not shown). 

The effect of okadaic acid on insulin-stimu- 
lated lipogenesis was also evaluated in H-35 
hepatoma cells. The stimulation of lipogenesis 
by insulin in these cells was also inhibited by 
okadaic acid in a dose-dependent manner (Fig. 
1). Half-maximal inhibition was observed at 50 
nM okadaic acid, and the effect was maximal 
between 100 and 500 nM. The addition of okadaic 
acid alone to hepatoma cells had no effect on 
lipid synthesis (data not shown). These results 
are consistent with the increased phosphoryla- 
tion and subsequent inactivation of acetyl CoA 
carboxylase by okadaic acid [201. 

A comparison of the effect of okadaic acid on 
insulin-stimulated synthesis of glycogen and lip- 
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Fig. 1. The stimulation of lipogenesis and glycogen synthesis 
by insulin in H-35 hepatoma cells is differentially sensitive to 
okadaic acid. Serum-deprived cells were preincubated for 10 
min with 10 nM insulin in the presence and absence of varying 
concentrations of okadaic acid, followed by incubation for 2 h 
in reaction mixture containing 11 mM ['4C]glucose. Glycogen 
synthesis was assayed by the incorporation of I'4C1glucose into 
glycogen. (Basal activity = 1.4 nmol glycogenimg-min; insulin- 
stimulated activity = 2.43 nmol glycogenhng-min). For lipogen- 
esis experiments, serum-deprived cells were preincubated with 
10 nM insulin in the presence or absence of varying concentra- 
tions of okadaic acid, followed by incubation with 5 m M  
['4C]glucose for 30 min at 37°C. Lipogenesis was assayed by 
measuring the incorporation of ['4C]glucose into lipids. (Basal 
activity = 25 2 7 dpm, insulin stimulated = 1,460 -t 52 dpm). 
Results were repeated in three (glycogen synthesis) or five 
(lipogenesis) separate experiments, and are expressed as the 
percent of maximal stimulation by insulin in the absence of 
okadaic acid, presented as the mean 2 SD of triplicate determi- 
nations. 
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ids from [14Clglucose in hepatoma cells revealed 
significant differences (Fig. 1). The apparent 
sensitivity of lipogenesis to okadaic acid was 
greater than that for glycogen synthesis, per- 
haps indicating the involvement of different pro- 
tein phosphatases. 

Numerous studies have indicated a role for an 
inositol phosphate glycan (IPG), in mediating 
some of the metabolic actions of insulin through 
changes in protein phosphorylation [33]. This 
modulator was shown to modify the activities 
and phosphorylation states of a number of insu- 
lin-sensitive enzymes, assayed in cell-free sys- 
tems [30,34-361, as well as mimic several meta- 
bolic actions of insulin in intact cells, including 
lipogenesis [291 and antilipolysis 1371. To deter- 
mine whether the stimulation of lipogenesis by 
the IPG is also inhibited by okadaic acid, he- 
patoma cells were treated with insulin or IPG, 
in the presence and absence of okadaic acid, and 
the incorporation of ['4Clacetate into lipids was 
measured (Table I). Okadaic acid (100 nM) sig- 
nificantly attenuated insulin-stimulated lipogen- 
esis (141 * 54 dpm, P < 0.0005) compared to 
the control in the absence of okadaic acid (474 r 
85 dpm). The toxin similarly reduced IPG- 
stimulated lipogenesis to basal levels (238 ? 34 
dpm vs. 93 _t 7 dpm, P < 0.0005), which were 
unaffected by the addition of okadaic acid to 
cells. 

The effect of okadaic acid on insulin-regulated 
lipogenesis and lipolysis was also examined in 
isolated rat adipocytes. The addition of okadaic 
acid to fat cells attenuated insulin-stimulated 
lipogenesis (Fig. 2). This inhibition exhibited an 
apparent IC,, of 1.7 pM, and was maximal at 2.2 

TABLE I. Effect of Okadaic Acid 
on Insulin and IPG-Stimulated Lipogenesis in 

H-35 Hepatoma Cells 

Conversion of [l4C]acetate 
into lipids (dprn) 

Addition Control Okadaic acid 

None 148 % 16 139 5 36 
Insulin 474 * 85 141 % 54* 
IPG 238 i- 34 93 -c 7% 

Cells were preincubated for 15 min at 37°C with 2 nM 
insulin or IPG in the presence and absence of 100 nM 
okadaic acid, followed by incubation for 30 min with reaction 
mixture containing 5 mM ["Clacetate. Lipogenesis was as- 
sayed by measuring incorporation of ['*C]acetate into lipids. 
Results are expressed as the means (n = 6 )  t standard 
deviation. 
*P < 0.0005, significantly different from control values 
(based on paired t-test). 
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Fig. 2. Okadaic acid inhibits insulin-stimulated lipogenesis in 
rat adipocytes. Cells were incubated for 60 min at 37°C in a 
reaction mixture containing 0.2 nM insulin and 2 mM ['"Clglu- 
cose in the presence of the indicated concentrations of okadaic 
acid. Lipogenesis was assayed by measuring the incorporation 
of ['4C]glucose into lipids. Basal activity = 974 dpm; insulin- 
stimulated activity = 8,095 dpm. The results are expressed as 
percent of maximal activation by insulin in the absence of 
okadaic acid and are presented as the mean r SD of triplicate 
determinations. Results were repeated in more than five sepa- 
rate experiments. 

pM. Okadaic acid alone had no effect on basal 
lipogenesis (data not shown). This is consistent 
with a previous report [20], in which the inacti- 
vation of acetyl-CoA carboxylase by okadaic acid 
paralleled that of the toxin on insulin-stimu- 
lated lipogenesis. The requirement for higher 
concentrations of okadaic acid to attain inhibi- 
tion of insulin-stimulated lipogenesis in adipo- 
cytes probably reflects cell-specific differences in 
solubility. It is likely that the high neutral lipid 
content of fat cells may result in decreased po- 
tency of the lipid soluble compound, due to 
sequestration of the okadaic acid in cellular lip- 
ids. 

In order to explore the mechanism of inhibi- 
tion of insulin-stimulated lipogenesis by the toxin 
in greater detail, the effect of okadaic acid on the 
insulin concentration response was examined in 
rat adipocytes. In the absence of okadaic acid, 
the incorporation of ['4Clglucose into lipids was 
stimulated by increasing concentrations of insu- 
lin. The half-maximal effect was observed at 
approximately 0.02 nM and was maximal at 
approximately 5 nM (Fig. 3). Addition to celIs of 
1.25 FM okadaic acid caused a reduction in the 
maximal response to insulin, without any signif- 
icant effect on the EC,,. 

Because hormone-sensitive lipase undergoes 
dephosphorylation with concomitant inactiva- 
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Fig. 3. Okadaic acid reduces the maximal lipogenic response 
to insulin in rat adipocytes. Cells were incubated for 60 min at 
37°C with 500 JLM ['4C]glucose, at the indicated concentrations 
of insulin, in the presence (+) and absence (0) of 1.25 I.LM 
okadaic acid. Lipogenesis was assayed as described in Figure 4. 
Results are expressed as dpm ['4C]glucose incorporated into 
lipids and are presented as the mean 2 SD of triplicate determi- 
nations. Results were repeated in three separate experiments. 

tion in response to insulin [12], the effect of 
okadaic acid on isoproterenol-activated lipolysis 
was evaluated in the presence and absence of 
insulin in rat adipocytes. Okadaic acid blocked 
the antilipolytic effect of insulin in isolated rat 
adipocytes (Fig. 4). Half-maximal inhibition of 
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Fig. 4. Okadaic acid attenuates insulin-stimulated antilipoly- 
sis in rat adipocytes. Cells were preincubated at 37°C for 10 min 
with 0.2 nM insulin in the presence of the indicated concentra- 
tions of okadaic acid, followed by the addition of isoproterenol 
(50 nM). Following a 30 min incubation, the rate of lipolysis 
was evaluated by assay of glycerol release into the incubation 
medium. The results are expressed as percent inhibition of 
insulin-stimulated antilipolysis in the absence of okadaic acid 
and are presented as the mean of triplicate determinations in 
which error was less than 5%. Results were repeated in four 
separate experiments. 
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Fig. 5. Okadaic acid reduces the sensitivity of the antilipolytic 
response to insulin in rat adipocytes. Cells were exposed to the 
indicated concentrations of insulin in the presence (0) and 
absence (0) of 150 nM okadaic acid for 10 min at 37"C, 
followed by the addition of isoproterenol (50 nM). After 30 min, 
glycerol release was assayed. Results are expressed as percent 
inhibition of antilipolysis in the absence of okadaic acid and are 
presented as the mean of triplicate determinations in which 
error was less than 5%. Results were repeated in three separate 
experiments. 

the antilipolytic effect by insulin was attained at 
approximately 150 nM okadaic acid, with com- 
plete inhibition at 500 nM. In the absence of 
insulin, up to 1 pM okadaic acid had no detect- 
able effect on isoproterenol-stimulated lipolysis. 

To further evaluate the mechanism by which 
okadaic acid attenuates the antilipolytic effect of 
insulin, the effect of the toxin on the insulin 
dose response was examined (Fig. 5). Insulin 
exerted a biphasic effect on lipolysis. The maxi- 
mal inhibition of isoproterenol-stimulated lipol- 
ysis (45%) was observed at 0.15 nM insulin and 
declined at higher concentrations, consistent 
with previous reports [3841]. Interestingly, ad- 
dition to cells of 0.15 FM okadaic acid caused a 
rightward shift in the dose response curve, in- 
creasing the concentration of insulin required 
for maximal inhibition to approximately 1 nM. 
In contrast to the effect of okadaic acid on insu- 
lin-stimulated lipogenesis, the maximal inhibi- 
tion of lipolysis induced by insulin (45%) was 
unchanged by addition of okadaic acid. How- 
ever, the biphasic nature of the dose response 
for the antilipolytic effect of insulin makes it 
difficult to draw meaningful conclusions regard- 
ing these kinetic differences. Moreover, another 
difference was noted by a comparison of the dose 
response for the inhibitory effect of okadaic acid- 
treated rat adipocytes on insulin-stimulated lipo- 
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Fig. 6 .  Insulin-stimulated lipogenesis (0) and antilipolysis (+) 
are differentially inhibited by okadaic acid in rat adipocytes. 
Both of the results here are expressed as percent inhibition of 
insulin-stimulated lipogenesis or antilipolysis assayed in the 
absence of okadaic acid. 

genesis and antilipolysis (Fig. 6). The antilipoly- 
tic response to insulin was considerably more 
sensitive to inhibition by okadaic acid 

= 0.150 pM) than was insulin-stimulated 
lipogenesis = 1.7 pM), although the dif- 
ferent sensitivities to insulin of these two activi- 
ties makes meaningful comparisons of the ef- 
fects of okadaic acid difficult. 

DISCUSSION 

Although the precise molecular mechanisms 
of signal transduction in insulin action remain 
to be elucidated, there is general agreement 
regarding an important role for changes in pro- 
tein phosphorylation in at least some of the 
actions of the hormone. While the tyrosine ki- 
nase activity of the insulin receptor itself may be 
essential for the full expression of insulin’s ac- 
tions r42-441, it is likely that the regulation of 
key enzyme activities downstream from the re- 
ceptor are regulated by changes in the phospho- 
rylation of serine or threonine residues [141. 
One of the first clues towards understanding the 
pleiotropic nature of insulin action arose from 
the apparent paradoxical effect of the hormone 
on protein serinehhreonine phosphorylation. 
Early reports [13,141 noted that insulin simulta- 
neously produces both the dephosphorylation of 
some proteins, and the phosphorylation of oth- 
ers. These opposite effects on protein phosphory- 
lation occur over a similar time and concentra- 
t ion range b u t  have not  been linked 
mechanistically. Although the enhanced dephos- 
phorylation of proteins such as glycogen syn- 

thase [1,21, hormone-sensitive lipase [121, pyru- 
vate dehydrogenase [9,101, and others [14] 
appears to play a central role in the acute regula- 
tion of carbohydrate and lipid metabolism, by 
modulating the activity of these key rate-limit- 
ing enzymes, the functional consequence of en- 
hanced protein phosphorylation of proteins such 
as ribosomal S6 [151, ATP-citrate lyase [161, 
acetyl-CoA carboxylase [17,18], and others 
[13,14] by insulin is unclear. 

We have utilized okadaic acid as a probe to 
distinguish metabolic actions of insulin that are 
primarily regulated by phosphatases or kinases. 
This toxin is a powerful inhibitor of type 1 and 
2A, and to a lesser extent type 2B phosphatases 
[191, but has no effect on type 2C. The com- 
pound is ineffective in inhibiting pyruvate dehy- 
drogenase phosphatase [20], protein tyrosine 
phosphatase [19], acid and alkaline phosphatases 
[191, and inositol triphosphatase [191 and does 
not regulate protein ser/thr kinases [19,20,451. 
The toxin promotes myosin light chain phospho- 
rylation 1221, increases smooth muscle contrac- 
tion 1221, increases the formation of maturation- 
promoting factor and germinal vesicle 
breakdown in Xenopus Laeuis oocytes [231, and 
activates tyrosine hydroxylase [21] and MAP 
kinase in PC-12 cells [24]. Recent studies have 
shown that the toxin enhances phosphorylation 
of many proteins in adipocytes and hepatocytes 
and prevents many of the acute anabolic effects 
of insulin [20]. Our data on inhibition of insulin- 
stimulated lipogenesis and glycogen synthesis in 
hepatoma cells, and insulin-stimulated lipogene- 
sis and antilipolysis in fat cells, confirm the 
latter studies, which indicate the involvement of 
specific phosphatases in mediating insulin ac- 
tion. Moreover, as described previously [20], we 
have observed that okadaic acid potentiates to 
some extent the stimulation of glucose trans- 
port by insulin (unpublished observation). Addi- 
tionally, the stimulation of amino acid uptake by 
insulin in BC,H1 cells was unaffected by okadaic 
acid (unpublished observation). The differential 
sensitivities of these insulin-stimulated meta- 
bolic processes to okadaic acid is a further indica- 
tion of the complexity of insulin signaling, possi- 
bly suggesting that while some effects of the 
hormone, such as glucose or amino acid uptake 
may not involve protein phosphatases, other 
processes (i.e., glycogen and lipid synthesis) may 
be regulated by distinct subtypes of phos- 
phatases. Alternatively, the same subtype of 
phosphatase may modulate key enzymes in- 
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valved in these pathways, yet the functional 14. Denton RM: Adv Cyclic Nucleotide Protein Phosphory- 
1 , "  

significance of a specific phosphatase may vary 
in each pathway. 

The selective inhibition of insulin action by 
okadaic acid suggests that the pleiotropic nature 
of insulin action may reflect, to some extent, 
differences in the regulation of protein phospho- 
rylation states. These and other observations 
have led to the proposal that two basic path- 
ways, one to activate specific protein serinel 
threonine phosphatases and a second to activate 
protein serinefthreonine kinases, may mediate 
many of insulin's actions. Although it has been 
difficult to demonstrate substrate specificity for 
the phosphatases and kinases that are presum- 
ably regulated by insulin, it is likely that com- 
partmentalization mechanisms exist in cells to 
allow for the induction by insulin of a complex 
pattern of protein phosphorylations and dephos- 
phorylations. 
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