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SUMMARY
We have studied the effects of insulin on several aspects of cell
metabolism in the insulin-sensitive, nonfusing muscle cell line
BC3H-1 . In the absence of exogenous hexose, insulin did not
alter basal glycogen synthase percentage I activity, or attenuate
the increase in intracellular cAMP content, the activation of
glycogen phosphorylase a, or the decrease in glycogen synthase
I brought about by f3-adrenergic receptor activation with epi-
nephrine. In contrast, both insulin and the tumor-promoting phor-
bol ester, tetradecanoylyl phorbol acetate markedly increased
mitochondnal pyruvate dehydrogenase activity in the absence of

hexose. Both glycogen synthase phosphatase and glycogen
synthase kinase activities were present in BC3H-1 cell extracts
and were regulated in the expected manner by glucose 6-
phosphate and cAMP, respectively. Since the pattern of partial
insulin resistance seen in BC3H-1 myocytes would require that
several potentially insulin-sensitive enzymes be insensitive to
insulin-generated signals, the most likely explanation for these
data is that the myocytes are defective in some mechanism of
insulin signaling which is independent of the mechanism for
pyruvate dehydrogenase activation.

BC:AH1 is a vascular smooth muscle-like tumor cell line
derived from the C�H mouse strain (1). Upon differentiation in

culture, the myocytes express high affinity receptors for insulin

(2) and exhibit several insulin-stimulated metabolic actions,

including increased hexose transport (2), activation of mito-

chondrial PDH (3), and stimulation of phospholipid synthesis

(4). We have previously shown that insulin stimulates glycogen

synthesis and increases GS I activity in these cells, but only

through a hexose-6-phosphate-dependent mechanism (5). In

the absence of exogenous hexose, insulin has no significant

effect on GS I activity and the insulin-dependent activation of

GS I in the presence of 6-phosphorylatable hexose is blocked

by inhibitors of hexose transport.

In the intact cell, GS I activity is determined by the opposing

actions of GS phosphatases, which convert the enzyme from

the D to the I form by dephosphorylation, and GS kinases,

among them cAMP-dependent protein kinase, which reverse

the conversion by phosphorylation (6). The activity of these

enzymes is normally subject to insulin regulation by hexose-
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dependent and hexose-independent mechanisms (7-9). Thus,

the failure of insulin to activate GS in BC3H-1 myocytes in the

absence of hexose might represent either an insensitivity of the

synthase to regulatory signals or a lack of signal transmission.

To determine whether the resistance of BC:3H-i myocyte GS

to hexose-independent activation by insulin is part of a broader

defect of insulin action in the cells, we have assayed for other

hexose-independent effects of insulin, including attenuation of

13-adrenergic receptor-mediated increases in cAMP content and

GP a activity, and activation of mitochondrial PDH. We have

also assayed for GS phosphatase(s) and cAMP-activated GS

kinase activity in myocyte extracts to determine whether the

interconversion of GS D and I by phosphorylation/dephospho-

rylation can be detected in vitro. We present evidence that the
hexose-independent effects of insulin on GS I activity and

responses to fl-adrenergic agonist are dissociated from its effect

on PDH activity in BC:tH-1 myocytes and may represent a

specific defect in one pathway of insulin signal transduction.

Experimental Procedures

Materials
Crystalline bovine insulin (lot 28C-0136, specific activity: 26.8 IU/

mg), adenosine 5 ‘ -monophosphate, adenosine 3 ‘ , 5 ‘ -cyclic monophos-
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phate, adenosine 5’-triphosphate, rabbit liver glycogen (grade III),

dithiothreitol, bovine serum albumin (Cohn fraction V), 2-DOG, G-6-

P, glucose I -phosphate, epinephrine, isoproterenol, phentolamine,

phenylephrine, propranolol, and IBMX were purchased from Sigma

Chemical Co. Forskolin was obtained from Calbiochem. UDP-IU-’4Cl

glucose was a gift from Dr. Joseph Lamer and was synthesized in his

laboratory by published methods (10). 2,5-Diphenyloxazol and

I)-lU-’4Cjglucose 1-phosphate were obtained from New England Nu-

clear. Tissue culture media and supplies were from Grand Island

Biological Co. All other materials were of reagent grade. The glycogen

was Purified hekre use by passing a 5% solution over a mixed bed ion

exchange resin (Amberlite MB-3) as described (11). The bovine serum

albumin was tested for low insulin-like activity prior to use (7).

Methods

Cell culture. BCH-1 myocytes were cultured at 37 in Dulbecco’s

modified Eagle’s medium plus 2O� fetal bovine serum in a humidified

1O� C02, 9O� air atmosphere as described (5) and were used during

the period of full differentiation after 10-12 days in culture. C3H/

1OT1/2 (1OT1/2) cells, a fibroblast line ofC3H mouse origin (12), were

maintained in Dulbecco’s modified Eagle’s medium plus 1O� fetal

bovine serum and were used when confluent after 4-5 days in culture.

Determination of enzyme activities. Stimulation of confluent

cultures with insulin, epinephrine, or phorbol ester in serum- and

hexose-free incubation medium (Dulbecco’s phosphate-buffered saline

supplemented with 0.1% bovine serum albumin, 1% basal minimum

essential vitamins, 1% basal minimal essential amino acids, and 2 mM

L-glutamine, pH 7.4) was carried out as described (5). GS I activity

was measured according to the method ofThomas et a!. ( 10) as modified

by Guinovart et al. ( 13). GP a activity was determined by the method

of Gilboe et al. (14). GS phosphatase activity was determined by the

method of Lawrence and Lamer (8) using endogenous GS as substrate.

For the determination ofGS kinase activity, aliquots of unstimulated

cell homogenates (500 Ml) in buffer containing 50 mM Tris-HC1, 0.5

mM EDTA, 0.3 mM EGTA, pH 7.0, were incubated at 30� for 1 hr to

permit endogenous phosphatases to elevate GS I activity in the extracts

to 70-80�. KF was then added to a concentration of 10 mM to inhibit

phosphatase activity, MgCl2 (1 mM) and ATP (25 MM) plus or minus

cAMP (5 �zM) were added to initiate kinase activity, and the incubation

continued at 20’ . At intervals, the kinase reaction was stopped by the

addition of EDTA (10 mM) and 2 volumes of saturated, neutralized

ammonium sulfate. Precipitation, resuspension, and desalting of the

extracts was then carried out as in the GS phosphatase assay, and GS

kinase activity was determined as the rate ofinactivation of endogenous

GS.

For cAMP determinations, myocytes grown in 12-well tissue cultures

plates were stimulated as described and cAMP samples were prepared
by extracting each cell monolayer for 1 hr with 1 ml of0.1 N HC1. The

cAMP content of acetylated, appropriately diluted extracts was deter-
mined by radioimmunoassay (15). Protein content of each well was

determined after solubilizing the monolayer in 1 ml of 0.2 N NaOH by

the method Lowry et at. (16). PDH activity was determined on the 700

x A’ supernatant of extracts from stimulated or nonstimulated cultures

(duplicate determinations per 100-mm culture dish) by the method of

Taylor et at. ( 17).

Liquid scintillation counting. Counting of dried filter papers

bearing precipitated ‘4C-glycogen was done in a Beckman LSC-7000

liquid scintillation counter in a scintillation cocktail consisting of 0.5%

2,5-diphenyloxazole in toluene.

Data presented are representative results from experiments per-

formed at least in triplicate. Student’s paired and unpaired t tests were

used to determine the statistical significance of results.

Results

Effects of insulin on GS I activity in the presence and
absence of exogenous hexose. Table 1 summarizes the ef-

TABLE 1

Comparison of hexose-dependent and -independent activation of
GS I in BC3H-1 and 1OT1/2 cells
Hexose-dependent and -independent activation of GS I in BC3H-1 and 1 OT1/2 cells
by insulin and EGF is compared. Confluent 1 0-i 2-day cultures of BC3H-1 myocytes

and 4-5-day cultures of 1OT1/2 fibroblasts were incubated for 30 mm at 37#{176}in
incubation medium with or without insulin (100 nM) or EGF (30 ng/ml). 2-DOG (2
mM) was then added if appropriate, and the incubation continued for an additional
30 mm before GS I activity was determined as described. Data shown represent
mean ± standard error values for four separate determinations.

Cell line Additions GS %I activity

BC3H-1 None 8.44 ± 0.72
Insulin, 100 nM 1 0.07 ± 1.088
2-DOG, 2 mM 20.82 ± 2.22b
Insulin plus 2-DOG 33.07 ± 1 .81 C

1OT1/2 None 18.03± 1.90
Insulin, 100 nM 52.65 ± 7.81b
EGF, 30 ng/ml 19.56 ± 2.138
2-DOG, 2 mM 34.03 ± 1 .02b
Insulin plus 2-DOG 67.36 ± 4.03C
EGF plus 2-DOG 43.86 ± 2.73C

a Not significantly different from nonstimulated.
b Greater than nonstimulated, p < 0.02 (n = 4).

C Greater than 2-DOG alone, p < 0.05 (n = 4).

fects of insulin on GS I activity in differentiated BC:1H4

myocytes and 1OT1/2 cells, another cell line of C:4H mouse

origin (12). In the 1OT1/2 fibroblast cell line, insulin induces a

marked increase in GS I activity in the absence of exogenous

hexose. 2-DOG alone also causes an elevation of GS I activity

that is enhanced in the presence of insulin. EGF does not

activate GS in the absence of hexose but does enhance the

effect of 2-DOG, probably secondary to increased hexose trans-

port (18). In contrast, the effects of insulin on GS I activity in

BC:1H1 myocytes qualitatively resemble those of EGF in the

1OT1/2 cells. Insulin does not significantly increase GS I activ-

ity in the absence of hexose but markedly augments the effects

of hexose alone. The hexose-dependent activation of GS in

BC:1H4 myocytes requires a 6-phosphorylatable hexose and is
abolished in the presence of cytochalasin B (5).

Effects of insulin on basal and epinephrine-stimulated
cAMP, GP a, and GS I levels. Fig. 1 depicts the effects of
epinephrine on intracellular cAMP level in BC:1H-1 myocytes

in the presence and absence of insulin. In hexose-free medium,

basal cAMP levels were 6.89 ± 1.47 pmol/mg of cell protein

and were increased 3- to 4-fold to 21.95 ± 3.45 pmol/mg after

15 mm incubation with 10 MM epinephrine, [epinephrine-stim-

ulated greater than control, p < 0.01 (n = 5)]. This effect of

epinephrine was maximal from 2 to 15 mm after addition and

declined gradually over 60 mm (see Fig. 3A), with half-maximal

activation occurring at approximately 3 x 10� M. In contrast

to its effects in rat adipocytes (19), the presence of insulin at

concentrations up to 1 MM in the incubation medium during

the stimulation had no effect on either the time course or dose

dependence of the epinephrine effect. Basal cAMP levels in the

presence of insulin were 6.93 ± 1.26 pmol/mg [not significantly

different from control, p > 0.9 (n = 5)] and after 15 mm of

epinephrine stimulation rose to 22.05 ± 2.29 [not significantly

different from epinephrine alone, p > 0.9 (n = 5)]. When 2 mM

2-DOG was included in the medium, the basal and stimulated

cAMP levels were unchanged and no effect of insulin was

detectable.

As shown in Fig. 2A, incubation with epinephrine signifi-

cantly increased GP a activity with no change in total phos-

phorylase activity. Without hexose, basal GP a activity was
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Fig. 1. Dose response of epinephrine effects on intracellular cAMP
content in the presence and absence of insulin and 2-DOG. Ten- to 12-
day cultures of BC3H-1 myocytes were incubated for 30 mm in serum-
free incubation medium with and without insulin or hexose prior to the
addition of epinephrine at the indicated concentration for 15 in. Intracel-
lular cAMP content was then determined as described. Data shown are
from one of three similar experiments. Error bars represent the mean ±
standard error of triplicate determinations. -, cells in hexose-free me-
dium incubated with (#{149})and without (0) insulin (1 NM). - - - cells
incubated with 2-DOG (2 mM), with (A) and without (�) insulin (1 NM).

61.35 ± 4.16% and was increased to 78.33 ± 4.30% after 15 mm

exposure to epinephrine [epinephrine-stimulated greater than

control, p < 0.01 (n = 6)]. The effect was half-maximal at

approximately 1 X 10 M epinephrine and the time course

roughly paralleled that of the epinephrine-induced increase in

cAMP content (Fig. 3B). The presence of insulin had no

significant effect on the response. Basal GP a activity with

insulin was 61.20 ± 4.69% [not significantly different from

control, p > 0.5 (n = 6)]. Epinephrine-stimulated GP a activity

in the presence of insulin was 80.4 ± 4.09% [not significantly

different from epinephrine alone, p > 0.5 (n = 6)]. In the
presence of 2 mM 2-DOG, GP a activity was consistently

lowered, but the activation by epinephrine was unchanged.

Insulin enhanced the effect of the hexose (5) but still did not

attenuate the effect of epinephrine.

Insulin was similarly ineffective in attenuating the epineph-

rine-induced decrease in GS I activity (Fig. 2B). Basal GS I

activity was 8.60 ± 0.89% in the absence of insulin and 8.81 ±

0.77% when insulin was present [insulin-treated not signifi-

cantly different from control, p > 0.5 (n = 6)]. Incubation for

15 mm with epinephrine lowered the value to 5.11 ± 0.67% or

5.81 ± 0.49% in the absence or presence of insulin, respectively

[not significantly different from epinephrine alone, p > 0.15 (n

= 6)]. The effect of epinephrine on GS I activity was half-

maximal at approximately 3 x iO� M and the time course of

the effect paralleled that of the increase in cAMP content.

Dose response curves to insulin (10h1_10.6 M) in the presence

0 - - -

100 10’ 1O�
Epinephrine (M)

Fig. 2. Dose response of epinephrine effects on GP a and GS I in the
presence or absence of insulin and 2-DOG. Ten- to 1 2-day cultures of
BC3H-i myocytes were incubated for 30 mm in serum- and hexose-free
incubation medium with and without insulin prior to the addition of
epinephrine at the indicated concentration for 1 5 mm. GP a and GS!
activities were then determined as described. Data shown are from one
of three similar experiments. A. Dose response curved for GP a activity.
-, cells in hexose-free medium incubated with (#{149})and without (0) insulin
(1 MM). - - -, cells incubated with 2-DOG (2 mM), with (A) and without
(L�s) insulin (1 sM). B. Dose response curves for GS I activity. -, cells in
hexose-free medium incubated with 4) and without (0) insulin (1 �sM).

- - -, cells incubated with 2-DOG (2 mM), with (A) and without (�) insulin
(1 tiM).

and absence of 1 j�M epinephrine were parallel to the abscissa

for cAMP, GS I, and GP a, indicating that insulin was without

effect over the entire concentration range at which it affects

hexose transport (3-5). Two mM 2-DOG and insulin in the

presence of 2-DOG produced successive upward shifts in the

epinephrine dose response curves for GS I, but the presence of

the hexose did not affect the inability of insulin to attenuate

the action of epinephrine.

In rat hepatocytes, the a-adrenergic agonist phenylephrine
activates glycogen phosphorylase and inhibits GS in a Ca2�-

dependent manner (20). These effects, like the f3-adrenergic
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TABLE 2

fi-Adrenergic regulation of cAMP level, GS I, and GP a
A pharmacologic characterization of epinephrine’s effects on intracellular cAMP
content, and GS I and GP a activities is shown. Ten- to 12-day cultures of Bc3H-1
myocytes in 1 2-well tissue culture plates (for CAMP determinations) or 1 00-mm

dishes (for enzyme activity determinations) were incubated for 30 mm in serum-
and hexose-free incubation medium in the presence or absence of receptor
antagonists as indicated, followed by 15 mm further incubation in the presence of

the indicated agonists. Incubations with IBMX and forskolin were for 30 mm only.
Following incubations, intracellular CAMP content, and GS I and GP a activities

were determined as described. Data represent mean ± standard error values for
triplicate determinations in representative experiments.
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Fig. 3. Time course of epinephrine effects on intracellular cAMP content,
GP a, and GS I in the presence and absence of insulin. Myocyte cultures
were incubated for 30 mm in serum- and hexose-free incubation medium
with and without insulin prior to the addition of epinephrine (1 tiM) for the
indicated times. Intracellular cAMP content, and GP a and GS I activities
were then determined as described. Data shown are from one of three
similar experiments. A. Time course of epinephrine-stimulated increase
in intracellular cAMP content in the presence (#{149})and absence (0) of
insulin (1 �LM). Error bars represent the mean ± standard error of triplicate
determinations. B. Time course of epinephrine-induced activation of GP
a (U, 0) and inhibition of GS I (#{149},0) activities in the presence (U, #{149})and
absence (0, 0) of insulin (1 pM).

receptor-mediated effects seen in adipocytes, are attenuated by

insulin (21). To determine whether the effects of epinephrine

in BC:1H-1 were mediated via a fl-adrenergic receptor and were

dependent upon altered cAMP concentrations, the pharmaco-

logic specificity of the epinephrine effects were determined as

shown in Table 2. The ability of epinephrine to increase cAMP

content and GP a activity and to reduce GS I activity was

specifically antagonized by the �3-receptor blocker, propranolol,

but was not affected by the a-antagonist, phentolamine. The

fl-agonist isoproterenol qualitatively mimicked epinephrine,

Agent CAMP
GSaCtIVIty OPactivity

�/mg
protein

None 12.66 ± 0.61 8.90 ± 0.02 70.8 ± 0.4
Epinephrine, 1 pM 47.91 ± 1 .33 4.14 ± 0.03 87.0 ± 2.5
Epinephrine, 1 pM, plus 13.01 ± 0.69 8.06 ± 0.34 71.9 ± 2.2

propranolol, 10 pM

Propranolol, 1 0 pM 14.36 ± 0.1 4 ND8 ND
Epinephrine, 1 pM, plus 46.28 ± 3.38 5.62 ± 0.02 84.4 ± 2.1

phentolamine, 10 pM

Phentolamine, 10 pM 13.76 ± 1 .52 ND ND
Isoproterenol, 1 pM 37.13 ± 2.73 4.98 ± 0.20 86.3 ± 0.8
Phenylephrine, 1 pM 12.45 ± 0.63 10.04 ± 1 .00 74.2 ± 1.8

None 11.35 ± 0.88 9.19 ± 0.06 67.2 ± 3.2
IBMX, 5 x iO-� M 37.65 ± 0.85 5.05 ± 0.20 89.7 ± 0.8
Forskolin, 10 pM 46.07 ± 1.88 5.55 ± 0.22 85.1 ± 0.7

a ND, not determined.

whereas 1 �zM phenylephrine had no effect on cAMP content

or enzyme activities. Higher concentrations of phenylephrine

(10 zM) elevated cAMP level and GP a activity; however, this

effect was inhibited by propranolol and was not affected by

phentolamine. Thus, these results may represent a weak �3-

adrenergic effect of high concentrations of phenylephrine (data

not shown). Forskolin and the phosphodiesterase inhibitor,

IBMX, which elevate cAMP levels without interacting directly

with the adrenergic receptor, mimicked the effects of epineph-

rine on GP a and GS I activity, confirming the cAMP depend-

ence of the epinephrine effect.

In contrast to its failure to activate GS I in the absence of

hexose and attenuate the epinephrine-induced activation of GP

a and inhibition of GS I, insulin has been reported to markedly

stimulate PDH activity in BC3H-1 myocytes in the absence of

hexose (3, 4). Thus, the effects of insulin and the phorbol ester,

TPA, on GS I and PDH activity of extracts prepared from the

same myocyte culture were compared. A 20-mm incubation

with insulin (100 nM) or TPA (1 x 10� M) resulted in an

increase in PDH activity from 1.41 ± 0.20 nmol of C02/min/

mg of cell protein to 2.49 ± 0.14 or 2.83 ± 0.22 nmol/min/mg,

respectively [insulin- and TPA-treated values greater than

control, p < 0.05 (n = 3)]. GS I activity was 6.57 ± 0.15% in

control cultures and 6.99 ± 0.44% or 6.94 ± 0.21% in the

presence of insulin or TPA, respectively [insulin and TPA

treated values not significantly different from control, p > 0.20

(n = 3)]. As shown in Table 3, incubation with insulin or TPA

significantly increased PDH activity in both BC:1H-1 myocytes

and 1OT1/2 cells with no change in total PDH activity.

GS phosphatase and GS kinase activity in BC3H- 1
myocyte extracts. To determine whether GS from BC:1H-1
myocytes can be regulated by phosphorylation/dephosphoryl-

ation, assays were performed in vitro for GS phosphatase and

GS kinase (cAMP-dependent and -independent activity). Cy-

tosolic extracts of differentiated BC:3H-1 myocytes were pre-
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100 mM KF added

before incubation

Time (mm)
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TABLE 3

Effects of insulin and TPA on cellular PDH activity
Effects of insulin and phorbol ester on active and total PDH activities in BC3H-1
and 1 OT1 /2 cells are shown. Ten- to 12-day myocyte cultures were incubated for
30 mm in serum- and hexose-free incubation medium in the presence or absence
of insulin or TPA. Each culture was then homogenized in 1 ml of ice-cold buffer
(potassium phosphate, 10 mM; dithiothreitol, 1 m�, pH 7.4). One aliquot of each
homogenate received EDTA (1 mM) and was maintained on ice until assayed for
PDH activity. Another aliquot received 1 m� CaCl2 and 5 m�i Mgcl2 and was
incubated at 37#{176}for 5 mm before the determination of total PDH activity (22). Data
shown are mean ± standard error values of five or six separate determinations.

PDH activity

Active Total % Active

nmol C02/min/mg protein

BC3H-1
Basal 1 .64 ± 0.06 9.77 ± 0.99 16.8
Insulin, 100 n� 3.11 ± 0.25a 9.31 ± 0.7gb 33.4
TPA, 1 x 10-6 M 2.72 ± 0.178 9.65 ± 0.62b 28.2

1 OT1/2
Basal 0.12±0.03 4.19±0.32 2.8
Insulin, 100 nM 0.31 ± 0.04C 3.86 ± 0.12b 8.0
TPA, 1 x 10-6 M 0.18 ± 0.03C 393 ± 0.37” 4.6

a Greater than basal, p < 0.02 (n = 6).
b Not significantly different from basal, p > 0.50 (n = 5).
C Greater than basal, p < 0.05 (n = 5).

pared and the activity of the enzymes was determined as a

function of alterations in endogenous GS I activity under

conditions favoring either phosphatase or kinase activity.

Fig. 4A shows G-6-P-sensitive, KF-inhibitible, GS phospha-

tase activity in the cytosolic extracts, measured as the rate of

increase in GS I activity during incubation at 30� in the absence

of phosphatase inhibitor. The initial rate of phosphatase activ-

ity was increased 2-fold in the presence of maximally activating

concentrations of G-6-P. Fig. 3B depicts the results for cAMP-

dependent and -independent GS kinase activities in the ex-
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tracts measured as the rate of inactivation of GS I during

incubation at 20#{176}in the presence of ATP and KF, with and

without cAMP. The initial rate of GS I inactivation in the

absence of added cAMP was approximately doubled in the

presence of a maximally effective concentration of cAMP.

These data suggest that BC:3H4 GS is sensitive to regulation

by phosphorylation/dephosphorylation, and that a G-6-P-ac-

tivatable phosphatase and cAMP-dependent protein kinase are

present in the cell. However, the complexity of the phospho-

rylation/dephosphorylation reactions that regulate GS activity

in vivo do not allow us to conclude from these data that the

enzymes normally responsible for the hexose-independent reg-

ulation by insulin of GS are active in BC:1H-1 cells.

Discussion

Differentiated BC:1H-1 myocytes exhibit several insulin-reg-

ulated metabolic activities including enhanced hexose and

amino acid transport (2), activation of mitochondrial PDH (3,

4), stimulation of glycogen synthesis, and hexose-dependent

activation of GS I and inhibition of GP a (5). Unlike other

systems (8, 23, 24), however, insulin does not detectably acti-

vate GS I by a direct hexose-independent mechanism. We have

carried out the present series of experiments to determine the

extent to which BC3H-1 myocytes are insensitive to the hexose-

independent effects of insulin and to ascertain whether this

represents an insensitivity of target enzymes or a more proxi-

mal failure of insulin signaling.

We assayed for several of the hexose-independent effects of
insulin reported in other systems. Although insulin has no

effect on basal cAMP levels (9), it markedly attenautes f3-

adrenergic receptor-stimulated increases in cAMP level and the

resultant activation of GP a and inhibition of GS I in adipocytes

Fig. 4. Presence of G-6-P-activatable GS phosphatase and cAMP-stimulatable GS kinase activities in BC3H-1 myocyte extracts using endogenous
GS as substrate. Data shown are from one of four similar experiments. A. Extracts of unstimulated BC3H-1 myocytes were incubated at 30#{176}in the
presence (#{149})or absence (0) of 10 m� G-6-P for the indicated times, after which phosphatase activity was inhibited by the addition of KF (1 00 mM),
a two-step procedure of ammonium sulfate precipitation and Sephadex G-25 chromatography was used to remove the G-6-P, and the GS I activity
of the extracts was determined. KF (100 mM) added prior to incubation at 30#{176}prevented the increase in GS I activity (8). B. Extracts of unstimulated
BC3H-i myocytes were incubated at 30#{176}for 1 hr to increase endogenous GS I activity, after which KF (1 0 mM) was added to inhibit GS phosphatase
activity. along with MgCI2 (1 mM) and ATP (25 pM) with (#{149})or without (0) cAMP (5 pM) to activate endogenase GS kinase activity. Incubations were
then continued at 20#{176}for the times indicated, after which ammonium sulfate precipitation, Sephadex G-25 chromatography, and GS I activity
determinations were carried out as in the GS phosphatase assay.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


Partial Insulin Resistance in BC3H-1 Cells 629

I L. M. Luttrell and A. D. Rogol, unpublished observations.

(19). In BC1H-1 myocytes we have found that epinephrine

induces a f3-adrenergic receptor-dependent elevation of intra-

cellular cAMP concentrations with concomitant activation of

GP a and inhibition of GS I, but that even supramaximal

concentrations of insulin do not affect the dose dependence or

time course of the response. In the rat diaphragm, insulin does

not alter basal or epinephrine-stimulated cAMP levels and GS

a activity (25). However, diaphragm muscle exhibits both hex-

ose-dependent and -independent activation of GS I by insulin

(23).

A striking observation is that the absence of hexose-inde-

pendent actions of insulin in the BC:1H-1 myocyte does not

extend to the activation of mitochondrial PDH. Both insulin

and the tumor-promoting phorbol ester, TPA, markedly acti-

vate PDH in the myocytes, whereas neither significantly affects

GS I activity in the absence of hexose. PDH is phosphorylated

and inactivated by an Mg-ATP-dependent, cAMP-independent

protein kinase and is dephosphorylated and activated by an

Mg�-dependent, Ca2�-stimulated phosphatase (26). The acti-

vation of PDH by insulin is accompanied by dephosphorylation

ofthe a-subunit ofthe enzyme (27), apparently without increas-

ing the intramitochondrial Ca2� concentrations (28). Farese et

al. (4) have reported that insulin and TPA produce nonadditive

activation of PDH and that insulin stimulates inositol phos-

pholipid synthesis and elevates the intracellular DAG concen-

tration in BC1H-1 myocytes. Koepfer-Hobelsberger and Wie-

land (29) have found that inositol triphosphate activates PDH

in permeabilized adipocytes, and indomethacin has been shown

to block the effects of insulin on PDH in a manner reversible

by prostaglandin E2 (30). Collectively, these data suggest that

some product of inositol phospholipid metabolism may be re-

quired for insulin-dependent activation of PDH, but the mech-

anism is as yet unclear.

Assays for GS phosphatase and cAMP-dependent and

-independent GS kinase activities using native GS as substrate

indicated that these activities were present in BC:1H1 cell

extracts and regulated by G-6-P and cAMP in the expected

manner. Since these activities were measured as a function of

changes in the level of native GS I, these data suggest that

BCH-1 GS can be regulated appropriately by phosphorylation/

dephosphorylation. However, since the sites of insulin-induced

dephosphorylation of adipocyte GS differ in the presence and

absence of hexose (31), it is not clear from these in vitro assays

that the phosphatase(s) involved in the hexose-independent

activation of GS is (are) functional in the myocytes.

Huang and Tao (32) have reported the presence of phospha-

tase inhibitors in L6 myocytes which prevent the dephospho-

rylation of GS and GP. In glucose-deprived L-6 mycoytes,

refeeding results in an increase in glycogen content without a

concomitant increase in GS I activity. The failure of insulin to

activate GS in the absence of hexose in BC:1H-1 myocytes,

however, is unlikely to be due to similar inhibitors, since GS

and GP activities are both modulated by hexose in an insulin-

stimulatable manner, and the altered activity in the presence

of hexose is stable to Sephadex G-25 desalting and, thus,

represents dephosphorylation (8).

The hexose-independent activation of GS by insulin in other

systems may involve activation of specific GS phosphatase(s)

(33) and inhibition of cAMP-dependent protein kinase (34).

Attenuation of the effects of epinephrine on cAMP levels and

GP activity involves inhibition of cAMP-dependent protein

kinase (34-36) and activation of a low Km phosphodiesterase

(37). Since none of these effects of insulin is detectable in

BC:1H1 myocytes, it seems unlikely that insensitivity of any
single target enzyme could account for the observed pattern of

insulin resistance. Nor does there appear to be an abnormality

of insulin binding or of the immediate sequelae of binding, i.e.,

hexose transport (2, 5). We have also examined the ability of

insulin to stimulate BCiH-1 insulin receptor f3-subunit tyrosine

kinase activity in wheat germ agglutinin-purified receptor prep-

arations and found that insulin enhances �3-subunit tyrosine

phosphorylation 4- to 5-fold with a K!) of about 5 nM,1 values

which are consistent with those reported for the insulin recep-

tors of other cultured cell types (38, 39). Thus, the lack of

hexose-independent insulin effects in BC3H-1 myocytes prob-

ably arises at some point between insulin binding to its cell

surface receptor and the target metabolic enzymes themselves.

This implies either a failure to generate sufficient metabolically

active quantities of a second messenger, or the coincident

insensitivity of several insulin-regulated enzymes to the appro-

priate second messenger.

The hexose-independent effects of insulin in adipocytes and

skeletal muscle have been attributed to the insulin-dependent

generation of low molecular weight “mediators” whose actions

include the stimulation of GS phosphatase activity (33), inhi-

bition of GS kinase(s), including cAMP-dependent protein

kinase, through a mediator-induced reassociation of the R- and

C-subunits (34-36), stimulation of a low Km phosphodiesterase,

and activation of mitochondrial PDH (37). Data from the

purification of insulin “mediators” have shown that the cAMP-

dependent protein kinase and PDH mediators are resolved into

separate fractions by gel filtration (33, 40). Metabolic studies

of the effects of partially purified “mediators” on intact adipo-

cytes have emphasized that different functional classes of “me-

diators” exist (41, 42). The partial absence of hexose-independ-

ent effects of insulin in BC3H-1 myocytes is consistent with

the hypothesis that some, but not all, insulin “mediators” are

not functional.

The nature of insulin-induced intracellular signals and the

sequence of post-binding events which leads to their generation

remains unclear. However, the ability of insulin to activate

PDH in BC1H-1 myocytes in the absence ofseveral other effects

underscores the distinctiveness of the mechanism whereby this

enzyme is activated from the effects of insulin on GS and its

regulatory enzymes. Our data strongly suggest that the second

messenger necessary for PDH activation can be generated

independently of that responsible for the inhibition of GS

kinases and activation of GS phosphatase, although it is not

clear whether the two classes of signals are produced at different

steps of a single insulin-stimulated cascade or are the products

of distinct signal-transducing mechanisms.
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