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Protein kinase C is not required for insulin stimulation of hexose
uptake in muscle cells in culture
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The L6 skeletal muscle cell line has been identified as a suitable model to study the action of insulin on
glucose uptake in muscle [Klip, Li & Logan (1984) Am. J. Physiol. 247, E291-E296]. The signals that
transfer information from occupied insulin receptors to glucose transporters remain unknown. Here we
report that activation of protein kinase C by exogenous phorbol esters results in stimulation of glucose
uptake. Protein C kinase activity was induced to migrate from the cytosolic fraction to the microsomal
fraction after 40 min of exposure of intact cells to 4fl-phorbol 12,13-dibutyrate. In contrast, incubation with
insulin did not alter the subcellular distribution of the kinase. Prolonged preincubation of L6 cells with
phorbol esters resulted in depletion of kinase C activity, whereas neither the basal rate of glucose uptake
nor its stimulation by insulin were affected. This suggests that protein kinase C is expressed in L6 cells, and
that insulin stimulation of hexose transport does not involve protein kinase C.

INTRODUCTION

Stimulation of glucose uptake into muscle is one of the
better-recognized functions of insulin. A current hypo-
thesis states that a possible mechanism to account for this
stimulation is the recruitment of glucose transporters to
the cell surface from intracellular membrane stores [1,2].
The signal(s) involved in the transduction of information
from the occupied insulin receptors to the glucose
transporters remain unknown.
We have demonstrated that the differentiating L6

skeletal muscle cell line is a suitable system to study the
stimulation of glucose transport by insulin and the
possible mediators ofhormone action in muscle [3]. After
myoblast fusion into myotubes, the cells become
responsive to insulin, and an elevation in the uptake of
non-metabolizable hexoses is observed within minutes of
addition of the hormone. In these cells, we showed that
insulin does not alter the level of cytoplasmic free Ca2 ,
and that chelation of intracellular Ca2+ does not prevent
stimulation of glucose transport by the hormone [4].
Furthermore, although insulin caused an early alkalin-
ization of the cytoplasm, this change in pHi was not
essential for stimulation of glucose transport [5]. Hence,
neither cytoplasmic Ca2+ nor H+ appear to be the
mediators of insulin stimulation of glucose uptake.

Phorbol esters such as TPA and PDB are exogenous
activators of protein kinase C. Activation is caused by
migration of protein kinase C activity from the cytosol
to the plasma membrane in lymphoid cells [6]. Recently,
it was reported that prolonged incubation of fibroblasts
with phorbol esters causes depletion of protein kinase C,
i.e., a decrease in the number of phorbol ester binding
sites [7] and in protein kinase C activity [8]. One of the
multiple responses of lymphoid cells [9] and fibroblasts
[10,11] to TPA is the stimulation of hexose uptake.

Hence, phorbol esters are 'insulin-like' agents, insofar as
they stimulate glucose uptake. It was therefore possible
that stimulation of glucose uptake by insulin could be
mediated by stimulation of protein kinase C, through
production of the endogenous activator diacylglycerol.
In fact, insulin has been reported to increase the levels of
diacylglycerol in BC3H-1 mouse myocytes [12]. Diacyl-
glycerol originates from the hydrolysis of phospholipids
catalysed by phospholipase C, and this enzyme is
elevated in homogenates of insulin-treated fat cells [13].

In the present paper we report that phorbol esters that
activate protein kinase C can stimulate glucose uptake in
L6 muscle cells. We further compare the ability of PDB
and insulin to induce migration of protein kinase C from
the cytosol to the membrane. Finally, depletion of
protein kinase C is caused by prolonged incubation with
PDB, and the response to insulin of glucose transport is
measured under these conditions.

MATERIALS AND METHODS
Materials

Culture media and sera were from Gibco. Porcine
insulin, phorbol esters, phosphatidylserine, histone type
III-S, cytochalasin B, 2-deoxyglucose and ATP were
from Sigma, [y-32P]ATP and 2-deoxy[3H]glucose were
from ICN.
Cell cultures
A high-fusion clone of the L6 muscle cell line

originally developed by Yaffe [14] was selected by Dr.
G. Cates, University of Western Ontario. These cells
undergo myogenesis in vitro and retain many of the
properties of skeletal muscle [15]. The cells were grown
in monolayers in a-Minimal Essential Medium con-
taining 2% (v/v) fetal calf serum in an atmosphere of
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C02/air (1:19) at 37 'C. The cells were passaged before
confluence (< 20 passages) but were allowed to reach
confluence, alignment and fusion prior to determinations
of glucose uptake or protein kinase C activity.

2-Deoxyglucose uptake
The cells were deprived of serum and incubated in

Minimal Essential Medium containing 25 mM-glucose
for 5 h at 37 'C prior to incubation with insulin or
phorbol esters (times and concentrations indicated in
each Figure). Cells were rinsed twice with glucose-free
Hepes-buffered saline solution, followed by deter-
minations of transport of 2-deoxy[3H]glucose (0.1 mM)
for O min in the same solution. We have previously
shown that under these conditions hexose transport is the
rate-limiting step of uptake [3,16]. Transport was
terminated by aspiration of the radioactive solution
followed by three rapid wash steps with cold saline
solution. Radioactivity inside the cells was measured
after disruption with 0.05 M-NaOH. Non-carrier-
mediated hexose uptake was determined in parallel
samples in the presence of 5 /tM-cytochalasin B, and was
subtracted from all measurements reported. Protein was
determined by the method of Bradford [17]. All
experiments were performed at least three times, and
within each experiment triplicate determinations were
performed. Results are expressed as the mean + S.E.M. of
(n) measurements.

Protein kinase C in cell homogenates and subcellular
fractions

For measurements of the protein kinase C activity in
total cell homogenates, cells were trypsinized off the
substratum and allowed to recover for 40 min in the
presence of 2% fetal calf serum. The cells were then
serum-depleted for 5 h. Following this procedure L6 cells
retained the capacity to respond to insulin: 2-
deoxyglucose (0.01 mM) uptake was 16.6 + 0.2 pmol/min
per mg in the absence of insulin, and 23.2 + 0.3 (n = 4) in
the presence (40 min) of the hormone (5 min uptake,
determined by centrifugation through dibutyl phthalate/
oil as described earlier [16]). Response to insulin in
trypsinized cells is not uncommon. We have observed
insulin stimulation of Na+/H+ exchange (such as that
described in [5]) in trypsinized L6 cells (A. Klip &
T. Ramlal, unpublished work). In trypsin/EDTA-treated
CHO or IM9 cells, insulin binding was unaltered relative
to untreated cells [33]. For protein kinase C deter-
minations, the cells were exposed to insulin or the
indicated phorbol ester for the specified time periods.
Cells were then lysed by resuspension in Triton solution
(0.1 mM-EDTA, 1 mM-EGTA, 0.500 Triton X-100,
0.5 mM-phenylmethanesulphonyl fluoride, 10 mM-2-
mercaptoethanol and 20 mM-Tris/HCl, pH 7.5). The
suspension was homogenized by 20 strokes in a
Dounce-type homogenizer, and then centrifuged at 4 'C
for 30 min at 48000 g. Protein kinase C activity was
measured in this fraction as described below.

For measurements of the subcellular distribution of
protein kinase C, cells were suspended by trypsinization
and exposed to 1 1tM-PDB or insulin for 40 min. They
were then lysed by osmotic shock, followed by
freeze-thawing and vortex-mixing. The homogenates
were centrifuged at 48000 g for 30 mmn. The supernatant
is referred to as the cytosolic fraction. The pellet was
solubilized in Triton solution and centrifuged at 15000 g

Table 1. Effect of insulin and phorbol derivatives on hexose
uptake

Incubations with the agents were for 40 min at 37 °C,
prior to determination of hexose uptake. Results are the
mean+S.E.M. of 4-16 determinations.

2-Deoxyglucose uptake
(pmol/min per

Agent mg of protein)

None
Insulin (0.5 /iM)
TPA (1 4uM)
a-Phorbol 12,13-
didecanoate (1 uM)

a-Phorbol (1/M)

70+ 3
150+ 7
108 + 8
60+6

59 + 5

for 10 min. The supernatant of this material represents
the membrane fraction. The protein kinase C activity of
both the cytosolic and the membrane fractions was
measured as described next.

Protein kinase C activity was measured by a
modification of the methods of Kraft & Anderson [6] and
of Friedman et al. [18]. Briefly, fractions were passed
through a DE-52 (DEAE-cellulose) column to remove
endogenous lipid, diacylglycerol, kinase inhibitors and
unrelated kinases. Protein kinase C was eluted with
70 mM-NaCl [18]. The activity was determined by
measuring the incorporation of 32P from [y-32P]ATP
into histone type III-S. The assays were performed for
6 min at 35 °C with 5-20 ,ug of protein in a total volume
of 250 ,u1 of medium containing 0.5-1.0 1sCi of [y-
32P]ATP, 50 /IM-ATP, 20 mM-magnesium acetate, 1 mM-
CaC12, 50 ,ug of histone and 20 mM-Tris/HCI, pH 7.5.
The determinations were performed in quadruplicate in
the presence and absence ofTPA (0.1 SM final concn.) and
phosphatidylserine (24 ,ug/assay), to define the protein
kinase C-mediated phosphorylation. The reaction was
terminated by addition of 1 ml of ice-cold 250% (w/v)
trichloroacetic acid. The precipitated histone was then
separated by filtration on 0.45 ,um HA Millipore filters,
followed by three washes, each with 3 ml of 500 (w/v)
trichloroacetic acid. The filters were counted by liquid
scintillation.

RESULTS
Stimulation of hexose uptake by phorbol esters

Table 1 shows the effect of several phorbol esters
(TPA, a-phorbol 12,13-didecanoate and a-phorbol, at
200 nm for 40 min) on hexose uptake. Of the three, only
TPA is an activator of protein kinase C [19] and only this
phorbol derivative significantly stimulated hexose
uptake. Another potent activator of protein kinase C is
PDB. Fig. 1 shows a dose-response curve of the
stimulation of hexose uptake after 40 min of exposure to
PDB. Maximal stimulation (46%) was achieved with
100 nM-PDB. At a concentration of 65 nm, PDB caused
half-maximal stimulation. The maximal stimulation
caused by PDB was consistently lower than that caused
by insulin (see Table 1). We have previously determined
that maximal stimulation by insulin is observed at
100 nM ([3,5] and Table 2). Table 2 shows the combined
effects of PDB and insulin, at submaximal and maximal
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Fig. 1. Effect of PDB on hexose uptake in L6 cells

Cells were incubated with the indicated concentrations of
PDB for 40 min prior to 2-deoxyglucose uptake deter-
minations. The points are the mean + S.E.M. of (n)
determinations.

Table 2. Effect of simultaneous addition of insulin and phorbol
ester

Incubations with the agents were for 40 min at 37 °C,
followed by determination of hexose uptake. Results are
the mean + S.E.M. for two experiments, each performed in
quadruplicate.

2-Deoxyglucose uptake

(pmol/min per (% stimulation
Agent mg of protein) over basal)

Control PDB

Fig. 2. Subcellular migration of protein kinase C activity caused
by PDB

Cells were exposed to 1 1sM-PDB for 40 min, followed by
separation of subcellular fractions in which protein kinase
C activity was determined after passage through a DE-52
column (see the Materials and methods section). Only the
protein kinase C component (phospholipid- and TPA-
dependent) of the total kinase activity is plotted. Cytosol,
control cells: total kinase activity 1223 + 53 pmol/min per
mg, phospholipid- and TPA-independent activity 120 +
9 pmol/min per mg. Membrane fraction, control cells:
total kinase activity 126 + 13 pmol/min per mg, phospho-
lipid- and TPA-independent activity 132+18 pmol/min
per mg. Cytosol, PDB-treated cells: total kinase
activity 104 +4 pmol/min per mg, phospholipid- and
TPA-independent activity 140 + 21 pmol/min per mg.
Membrane fraction, PDB-treated cells: total kinase
activity 895 +25 pmol/min per mg, phospholipid- and
TPA-independent activity 236 + 23 pmol/min per mg.

None
Insulin (0.05 /iM)

(0.2 4uM)
(1.0 #M)

PDB (0.05 1uM)
(0.2 /LM)
(0.5 /LM)

Insulin + PDB
(each 0.05 /LM)

Insulin + PDB
(each 0.2 #M)

Insulin (1.0/,M)
+PDB (0.5 /uM)

71+1
117+4
144+8
142+ 5
87 + 6
100+1
107+5
131 + 3

148 + 11

158+ 16

65
103
100
23
41
51
85

108

122

concentrations. It is observed that the two agents give
additive stimulation when tested at submaximal concen-
trations, but maximal concentrations do not produce
stimulation above that seen with insulin alone.

Migration of protein kinase C
Fig. 2 shows the distribution of kinase C activity in the

cytosolic and membrane fractions of L6 cells pretreated
with PDB for 40 min. Protein kinase C is defined as the
phospholipid- and TPA-dependent fraction of the total

kinase activity, measured in the presence of 1 mM-CaCl2.
The Figure shows the value of the protein kinase C
activity only. In control cells, substantial protein kinase
C activity was detected in the cytosolic fraction but not
in the membrane fraction. The reverse was true in
PDB-treated cells. These results are consistent with a
PDB-induced migration of the kinase from the cytosol to
the membrane.

Fig. 3 shows the effect of insulin on the distribution of
protein kinase C in the cytosolic and membrane
fractions. As in the case of the experiment illustrated in
Fig. 2, the protein kinase C activity in the control cells
was found predominantly in the cytosol. However,
unlike the effect of PDB observed in Fig. 2, insulin did
not decrease the amount of protein kinase C activity in
the cytosol, nor did it increase this activity in the
membrane fraction. Therefore, insulin does not appear
to induce a migration of protein kinase C from the
cytosol to the membrane in L6 cells.

Depletion of protein kinase C by prolonged exposure to
phorbol esters

Incubation of L6 cells with either TPA or PDB for
long time periods resulted in a progressive decrease in the
activity of protein kinase C in total cell homogenates
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Table 3. Effect of prolonged preincubation with phorbol ester on
hexose uptake

The cells were washed with minimal essential medium
between the preincubation and the incubation. 2-
Deoxyglucose uptake was determined after the incubation
period as described under 'Materials and methods'.
Results are the mean of four determinations.

2-Deoxyglucose uptake
(pmol/min per mg

of protein)
Preincubation Incubation

(5 h) (40 min) ... -PDB +PDB

No additions 66+ 3 93 + 5
+PDB 53+1 49+2

O 4-
Control Insulin

Fig. 3. Effect of insulin on the subcellular distribution of protein
kinase C

Cells were exposed to 1 /%M-insulin for 40 min, followed by
separation of subcellular fractions in which protein kinase
C activity was determined, after partial purification of the
enzyme in DE-52 columns (see the Materials and methods
section). Only the protein kinase C component (phospho-
lipid- and TPA-dependent) of the total kinase activity
is plotted. Cytosol, control cells: total kinase activity
1451 +61 pmol/min per mg, phospholipid- and TPA-
independent kinase activity 117 +3 pmol/min per mg.
Membrane fraction, control cells: total kinase activity
429 + 17 pmol/min per mg, phospholipid- and TPA-
independent activity 188 + 24 pmol/min per mg. Cytosol,
insulin-treated cells: total kinase activity 1681 + 57 pmol/
min per mg, phospholipid- and TPA-independent activity
147+ 14 pmol/min per mg. Membrane fraction, insulin-
treated cells: total kinase activity 387 + 11 pmol/min per
mg, phospholipid- and TPA-independent activity
154+ 12 pmol/min per mg.
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by long-termFig. 4. Depletion of protein kinase C activity
incubation with phorbol esters

Cells were exposed to phorbol esters, then lysed with
Triton solution, and protein kinase C activity was

determined in the complete cell extract, after purification
of the activity through DE-52 columns (see the Materials
and methods section). The protein kinase C activity
(phospholipid- and TPA-sensitive) is plotted as a function
of the total activity in paired control cells incubated for the
same time period but without phorbol ester.

Table 4. Effect of prolonged incubatdon with phorbol esters on
insulin action

The cells were rinsed with culture medium between the
preincubation and the incubation. Results are the mean of
16 determinations.

2-Deoxyglucose uptake
(pmol/min per
mg of protein)

Incubation
Preincubation (40 min) . . . -Insulin + Insulin

No additions, 5 h
PDB, 5 h
No additions, 24 h
TPA, 24 h

68 +6

71+2
80+ 3
94+1

136+6
137+4
130+3
146+ 1

(Fig. 4). Maximal inhibition was observed after 24 h, but
50% inhibition occurred in 5 h. The decrease in protein
kinase C activity was largely the result of a decrease in
the protein kinase C component of the total kinase
activity, rather than the result of an increase in the
phospholipid- and TPA-independent component. For
example, in total extracts from cells exposed to PDB for
5 h, after passage through the DE-52 column, the total
kinase activity was 673 + 37 pmol/min per mg, and the
phospholipid- and TPA-independent activity was

133+12 pmol/min per mg. In control cells, the total
protein kinase activity was 1617 + 57 pmol/min per mg,
and the phospholipid- and TPA- independent activity was
83 + 4 pmol/min per mg. These results indicate that the
activity of protein kinase C in total cell extracts decreases
progressively with prolonged incubation with phorbol
esters.

Effect of depletion of protein kinase C on hexose uptake
The effect of depletion of protein kinase C on hexose

uptake was tested by measuring 2-deoxyglucose uptake
after preincubation with 1 ,tM-PDB for 5 h (Table 3).
Following the preincubation, the cells were washed three
times and exposed to either control medium or
PDB-containing medium for 40 min. Hexose uptake was
subsequently measured. The rate of uptake in cells
preincubated with PDB was only slightly lower compared
with cells preincubated in control medium (this decrease
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was not always observed; see Table 4). Importantly, after
a 5 h preincubation with PDB followed by repeated
washing, PDB was no longer effective in stimulating
hexose uptake, consistent with the down-regulation of
protein kinase C caused by the preincubation.

Table 4 shows the result of prolonged incubation with
phorbol esters on the stimulation of hexose uptake by
insulin. After 5 h of preincubation with PDB, the cells
were still sensitive to insulin. The stimulation caused by
insulin was 100% in untreated cells and 93% in cells
pretreated with PDB. Incubation in minimal essential
medium for 24h resulted in a somewhat lower
stimulation by insulin (63%). A small but significant
increase above this value was also observed in TPA-
treated versus control cells after 24 h. This may be due
to the fact that TPA is not efficiently removed by
washing the cells'with fresh solution. Nonetheless, the
presence ofTPA during the preincubation period did not
prevent significantly the subsequent stimulation of
transport by insulin (55%).

DISCUSSION
Given that stimulation of hexose uptake is a

consequence of insulin binding to its receptor at the cell
surface, it is generally assumed that intracellular signals
must mediate the transfer of information from the
hormone-receptor complex to intracellular and/or
membrane targets. A variety of agents have been
proposed to mediate insulin action in muscle [20],
notably cytoplasmic Ca2+ [21], the intracellular pH [22],
the transmembrane potential [23], the tyrosine kinase
activity of the insulin receptor [24], and protein kinase C
[25] among others. However, direct proof of the
involvement of these pathways in insulin stimulation of
hexose uptake was lacking until recently. Using the L6
cell line as a model of skeletal muscle, we have shown
that insulin does not cause a change in cytoplasmic Ca2+
and that chelation of intracellular Ca2+ by quin2 in
Ca2+-free media does not prevent stimulation of hexose
uptake by the hormone [4]. Moreover, although insulin"
caused a rapid cytoplasmic alkalinization in these cells,
the change in cytoplasmic pH was insufficient to produce
stimulation of glucose transport, and prevention of the
insulin-mediated cytoplasmic pH change did not prevent
the increase in glucose uptake [5]. Recently, we have
shown that in K+-depolarized L6 cells, insulin is still
capable of stimulating hexose uptake [26]. Hence, neither
changes in cytoplasmic Ca2 , intracellular pH nor the
transmembrane potential appear to be required for the
insulin-mediated elevation in glucose transport. The role
of the insulin receptor tyrosine kinase in signal
transduction has not been determined, but it is intriguing
that certain conditions that result in the loss of response
of sugar uptake to insulin (such as in skeletal muscle of
the obese mouse) are accompanied by impairment in the
insulin receptor kinase activity [27], whereas in other
conditions (such as muscle denervation) loss of stimu-
lation of glucose uptake by insulin occurs in spite of the
presence of a healthy insulin receptor tyrosine kinase
activity [28]

In the present paper we tested whether protein kinase
C is involved in insulin stimulation of hexose uptake.
Observations made in fibroblasts [10,11], lymphoid cells
[9], and more recently in BC3H-1 smooth-muscle-like
myocytes [25] and rat adipocytes [29] indicate that

phorbol esters activate glucose uptake, that is they have
an 'insulin-like' effect. As shown in Fig. 1 and Table 1,
phorbol esters that stimulate protein kinase C also
stimulate hexose uptake in L6 cells. Interestingly,
whereas phorbol esters slightly (< 30%) decrease the
response of glucose transport to insulin in adipocytes
[29], this was not observed in L6 muscle cells (Table 2).
It is possible that such a small effect of the phorbol ester
would go undetected in L6 cells, given the much larger
stimulation of glucose uptake by insulin observed in rat
adipocytes than in muscle cells. Alternatively, phorbol
esters may interfere differently with the mechanism of
action of insulin in the two tissues.

Phorbol esters are exogenous analogues of diacyl-
glycerol, the endogenous activator of protein kinase C
[19,30]. Insulin increased the levels of diacylglycerol in
BC3H-1 myocytes and therefore it was proposed that
insulin may activate glucose uptake by elevating
diacylglycerol levels and consequently activating protein
kinase C [12]. However, direct measurements of protein
kinase C activity in response to insulin were not
reported. Activation of protein kinase C by exogenous
phorbol esters in fibroblasts [6] and adipocytes [31] is
manifested in a migration of the kinase from the cytosol
to the membrane, and measurement of this migration is
taken as evidence of activation of the protein kinase C
signalling pathway [6,31]. Fig. 2 of the present paper
demonstrates that PDB induces migration of protein
kinase C from the cytosol to the membrane in L6
differentiated muscle cells. However, insulin was unable
to cause a similar translocation (Fig. 3). This suggests
that the hormone does not activate protein kinase C and
hence it is unlikely that it acts through a protein kinase
C-mediated signal. Interestingly, a similar inability of
insulin to induce migration of protein kinase C from the
cytosol to the membrane was recently reported for rat
adipocytes [31], confirming the unlikelihood that the
hormone acts through the kinase C system.

In order to test further whether protein kinase C could
be involved in insulin stimulation of -hexose uptake, it
was desirable to inhibit or inactivate the enzyme. A
procedure to decrease markedly the activity of protein
kinase C in fibroblasts was described by Rodriguez-Pena
& Rozengurt [8], based on the prolonged incubation of
cells with phorbol esters. This depletion of protein kinase
C provides a tool to test the involvement of this enzyme
in the stimulation of hexose uptake by insulin (see also
[32]). As shown in Fig. 4, incubation with phorbol esters
for periods from 1 to 24 h resulted in the progressive loss
of protein kinase C activity from total cell extracts. More
importantly, the disappearance of protein kinase C
activity correlated with the inability of the cells to
respond further to phorbol esters by stimulation of
hexose uptake (Table 2). However, insulin was still fully
potent in stimulating hexose uptake (Table 4). These
results are interpreted to indicate that inactivation of
protein kinase C activity is without effect on stimulation
of glucose transport by insulin, and therefore it is
suggested that the hormone increases glucose uptake by
a mechanism independent of protein kinase C activity.
The signal(s) that mediate insulin stimulation of hexose
uptake in muscle remain to be elucidated.
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