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The Effects of Phospholipase C Inhibition on Insulin-Stimulated Glucose
Transport in Skeletal Muscle
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Previous research has demonstrated that phospholipase C (PLC) is involved in insulin-stimulated glucose transport in 3T3-L1

adipocytes. The purpose of the current investigation was to determine if PLC is also involved in insulin-stimulated glucose

uptake in rat skeletal muscle. To that end, we used an in vitro muscle preparation of the rat soleus muscle to test the effects

of the PLC inhibitor, U73122, on glucose transport. The PLC inhibitor, U73122, led to a concentration-dependent inhibition of

insulin (0.6 nmol/L)-stimulated glucose transport, whereas it had no effect on basal glucose transport. Specifically 10, 20, 50,

and 150 mmol/L U73122 inhibited insulin (0.6 nmol/L)-stimulated glucose transport approximately 17%, 20%, 26%, and 38%,

respectively, while an equal molar concentration of U73343 (inactive form of U73122) and/or carrier media (dimethyl sulfoxide

[DMSO]) did not influence glucose uptake. A secondary aim of this investigation was to determine if increasing the

concentration of insulin from a physiologic concentration (0.6 nmol/L) to a supraphysiologic concentration (6.0 nmol/L) could

ameliorate the inhibitory effects of U73122. A 10-fold increase in insulin eliminated the inhibitory effects of U73122 on

insulin-stimulated glucose uptake in soleus muscle. In summary, this preliminary report provides evidence to suggest that a

PLC signaling mechanism modifies insulin-stimulated glucose uptake in skeletal muscle via its influence on insulin sensitivity.
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T HE INSULIN SIGNALING pathway in skeletal muscle
involves a complex array of intracellular signaling events

initiated by insulin receptor autophosphorylation, tyrosine ki-
nase activation, and the stimulation of signaling factors such as
insulin receptor substrate-1 and phosphatidylinositol 3-kinase
(PI 3-kinase).1-3 It has recently been suggested that phospho-
lipase C (PLC) may also be involved in this pathway. In
support of this argument, it has been shown that insulin-stim-
ulated glucose transport is attenuated in the presence of
U73122, a PLC inhibitor, in rat4 and 3T3–L1 adipocytes.5 The
interaction of the gamma isoform of this enzyme with the insulin
receptor,5 the activation of PLCg via phosphatidyl (3,4,5) triphos-
phate (PIP)3,6 a known product of PI 3-kinase activation, and the
expression of PLCg in mature skeletal muscle7 suggests a role for
PLC in insulin signaling in skeletal muscle.

PLC mediates the hydrolyses of phosphatidylinositol glycans
leading to the production of diacylglycerol (DAG), which in
turn, can activate novel and conventional protein kinase C
(PKC) isoforms. The activation of DAG-sensitive PKC iso-
forms may lead to the phosphorylation/activation of L-type
calcium channels, which may then produce a slight, but rele-
vant, increase in intracellular calcium concentration. Three
lines of evidence support this theory. First, L-type calcium
channel blockers8,9 and PKC inhibitors10 have been shown to
attenuate insulin-stimulated glucose transport in skeletal mus-

cle. Secondly, mouse skeletal muscle L-type calcium channels
have been shown to be phosphorylated upon insulin-like
growth factor-1 (IGF-1) stimulation via a PKC-dependent
mechanism.11 Lastly, it has recently been demonstrated that
insulin results in an increase in calcium concentration that is
localized to the plasma membrane.12 The role of PLC in insu-
lin-stimulated glucose transport has been investigated in adi-
pocytes,4,5 but has not been tested in intact skeletal muscle. The
purpose of the present investigation was to explore the effects
of U73122 on in vitro insulin-stimulated 3-O-methylglucose
transport in rat skeletal muscle.
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MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (1256 5 g) were group caged, fed
standard rat chow and water ab libitum, and maintained on a 12:12
light-dark cycle. Food was removed 12 hours prior to experiments. All
protocols were approved by the Ball State University Animal Care and
Use Committee.

Muscle Strip Preparation

Glucose uptake was determined using an in vitro muscle preparation.
Animals were anesthetized with a 0.1 mL/100 mg body weight intra-
peritoneal injection of a ketamine mixture. The soleus was surgically
isolated, split in situ, clamped at its resting length in plexiglass clamps,
and removed.

Determination of Glucose Transport

Glucose transport was determined as described previously.13 Briefly,
clamped muscles were placed in sealed vials containing Krebs Hense-
leit Buffer (KHB) supplemented with mannitol (18 mmol/L) and pyru-
vate (2 mmol/L). The vials were gassed with 95% 02 and 5% CO2 and
maintained at 30°C in a shaking water bath (120 cycles/minute)
throughout the experiment. After a 10-minute recovery period, the
muscles were transferred to preincubation vials containing KHB sup-
plemented with 4 mmol/L glucose and 16 mmol/L mannitol with or
without insulin and/or inhibitors for 30 minutes. Prior to the final
incubation step, the muscles were rinsed for 10 minutes in fresh KHB
supplemented with 20 mmol/L mannitol and the required experimental
condition and then placed in an incubation media containing 3-0-[3H]-
methylglucose (437mCi/mmol), [14C] mannitol (8mCi/mmol) and the
presence or absence of insulin and inhibitors as indicated in the figures
and tables. Following the final incubation, muscles were removed from
their clamps, blotted, and quick-frozen immediately in liquid nitrogen
(-80°C) until further analysis. Muscle samples were processed as de-
scribed previously9 and analyzed in a liquid scintillation counter with
channels preset for simultaneous [3H] and [14C] readings for the de-
termination of glucose uptake. All data are expressed as mean6 SE.
Differences between control and experimental conditions were deter-
mined using unpaired Student’st test. When comparisons were made
between more than 2 groups, an analysis of variance was used. An LSD
post hoc analysis was used to locate the source(s) of significant vari-
ance.

RESULTS

To determine an optimal inhibitory effect of U73122, a dose
response approach was used. A total of 10mmol/L U73122
significantly attenuated glucose transport by approximately
17%, while 20 and 50mmol/L U73122 inhibited glucose trans-
port by approximately 23% and 26%, respectively (Table 1).
Increasing the concentration of U73122 to 150mmol/L led to
an approximate 38% attenuation in glucose uptake. Although it
represented a slightly greater inhibition, there was no signifi-
cant difference between glucose transport at 50 and 150
mmol/L U73122. Therefore, all subsequent experiments used
50 mmol/L U73122. The carrier media (dimethyl sulfoxide
[DMSO]) and the inactive coneger of U73122 were also tested
at 50mmol/L to ensure that there were no nonspecific inhibi-
tory effects due to the chemical composition of the inhibitor or
the medium in which it was delivered. DMSO and U73343 did
not alter insulin-stimulated 3-O-methylglucose transport (Table
1). Moreover, glucose transport in the presence of 50mmol/L
U73122 was significantly less than glucose transport in the
presence of an equal molar concentration of DMSO. Increasing
the insulin concentration to 6.0 nmol/L ameliorated the inhib-
itory effects of 50mmol/L U73122 (Fig 1).

DISCUSSION

This is the first investigation to use a PLC inhibitor to assess
the role of PLC in glucose transport in intact skeletal muscle.
Herein we demonstrate that U73122 leads to a concentration-
dependent inhibition of insulin-stimulated 3-O-methylglucose
transport. At low concentrations, U73122 has been reported to
be a specific inhibitor of PLC. Kayali et al5 noted that the
insulin-induced activation of protein kinase B (AKT) and P70
S6 kinase were not inhibited by U73122. Furthermore several
laboratories, including our own, have found that the inactive
coneger of U73122 does not significantly reduce glucose trans-
port.4,5 The results obtained using higher concentrations of

Table 1. The Effects of Varying Concentrations of U73122 (10, 20,

and 50 mmol/L), U73343, and DMSO on Insulin-Stimulated

(0.6 nmol/L) Glucose Transport in Rat Skeletal Muscle

Experimental Condition 3-O-Methylglucose Transport

Basal (4 mmol/L glucose) 1.41 6 0.18 (18)
Insulin (0.6 nmol/L) 4.35 6 0.26 (15)*
Insulin 1 50 mmol/L DMSO 4.26 6 0.42 (8)*
Insulin 1 50 mmol/L U73343 3.93 6 0.26 (9)*
Insulin 1 U73122

110 mmol/L 3.57 6 0.25 (14)*†
120 mmol/L 3.34 6 0.19 (6)*†
150 mmol/L 3.19 6 0.34 (12)*†

NOTE. Data are presented as mean 6 SE for the number of obser-
vations in parentheses. The glucose concentration in all samples was
4 mmol/L.

*Significantly different than basal 3-O-methylglucose transport,
P , .05.

†Significantly different than insulin 3-O-methylglucose transport,
P , .05.

Fig 1. The effects of 50 mmol/L U73122 on basal (4 mmol/L glu-

cose only), insulin (0.6 nmol/L 1 4 mmol/L glucose), and supraphysi-

ologic (6.0 nmol/L 1 4 mmol/L glucose) insulin-stimulated 3-O-meth-

ylglucose transport in slow twitch rat skeletal muscle. Data are

presented as mean 6 SE for 6 to 17 observations/group. *Signifi-

cantly different than the corresponding non-U73122 condition,

P < .05.
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U73122 should be interpreted with caution due to potential
nonspecific inhibitory effects of the compound.

Our results are in agreement with previously published re-
ports demonstrating that PLC inhibition leads to an attenuation
in insulin-stimulated glucose transport in rat adipocytes.4,5

However, the degree of inhibition in skeletal muscle is less
pronounced than that reported in fat cells. Differences in the
degree of involvement of GLUT 1 in insulin-stimulated glucose
transport may explain this discrepancy. Insulin-induced glucose
transport in 3T3–L1 adipocytes is dependent on the movement
of GLUT 4 and to a lesser extent GLUT 1 to the cell membrane,
whereas skeletal muscle is a predominantly GLUT 4-dependent
process.14,15 Eichorn et al16 recently reported that the attenua-
tion of insulin-stimulated glucose transport in the presence of
U73122 in 3T3-L1 adipocytes was due, in part, to an inhibition
of GLUT 1 translocation. Because this process is not involved
to a similar degree in skeletal muscle, it could explain the
blunted attenuation of insulin-stimulated glucose transport in
skeletal muscle in the presence of U73122 compared with
3T3-L1 adipocytes. Alternatively, it could be suggested that
skeletal muscle is less sensitive to the inhibitory effects of
U73122 than adipocytes. However, without the measurement
of PLC or its intermediate components in the presence or
absence of U73122, this is merely speculation.

Although the degree of inhibition in glucose transport was
less robust than that reported in adipocytes, we found that
U73122 inhibited glucose transport at all concentrations tested.
The inhibition in glucose transport could potentially be the
result of either a decrease in GLUT 4 translocation or a de-
crease in transporter activity. Several investigations have
shown that the decrement in insulin-stimulated glucose trans-

port in the presence of U73122 is matched by a similar decrease
in GLUT 4 translocation, suggesting that transporter move-
ment, not activity, is affected by U73122.4,5 Although GLUT 4
translocation was not determined in the present investigation, it
would seem reasonable to assume that a similar mechanism
may be operating in skeletal muscle based on previous obser-
vations in adipocytes.4,5

In adipocytes, U73122 has been shown to attenuate insulin-
stimulated glucose transport. In this investigation, we report
similar results in quantitatively the most important insulin
responsive tissue, skeletal muscle. The fact that the inhibitory
effects of the U73122 were ameliorated in the presence of a
maximal insulin stimulus suggests that the PLC signal mech-
anism may influence insulin action. The ability to increase
skeletal muscle insulin sensitivity, while having no effect on
responsiveness,17,18has been demonstrated as part of the post-
exercise effects of muscle contraction and raises the possibility
that insulin sensitivity may be mediated, in part, by a PLC-
dependent process.

In summary, this is the first investigation to explore the
effects of U73122 on insulin-stimulated glucose transport in
skeletal muscle. We found that insulin sensitivity, not respon-
siveness, was affected by U73122, implying that a PLC-depen-
dent process may be involved in the control of insulin sensi-
tivity. Future research is needed to clarify the effects of U73122
on insulin-induced GLUT 4 translocation.

ACKNOWLEDGMENT

We would like to thank Brian Barnes for his technical expertise in
assisting with the animal surgeries.

REFERENCES

1. Klip A, Marette A: Acute and chronic signals controlling glucose
transport in skeletal muscle. J Biol Chem 48:51-60, 1992

2. Lee AD, Hansen PA, Holloszy JO: Wortmannin inhibits insulin
stimulated but not contraction stimulated glucose transport activity in
skeletal muscle. FEBS Lett 361:51-54, 1995

3. Okada T, Kawano Y, Sakakibara T, et al: Essential role of
phosphatidylinositol-3 kinase in insulin-induced glucose transport and
antilipolysis in rat adipocytes. J Biol Chem 269:3568-3573, 1994

4. Epps-Fung MV, Gupta K, Hardy RW, et al: A role for phospho-
lipase C in glut-4 mediated glucose transport. Endocrinology 138:
5170-5175, 1997

5. Kayali AG, Eichorn J, Haruta T, et al: Association of the insulin
receptor with phospholipase C-g in 3T3-L1 adipocytes suggests a role
for PLCg in metabolic signaling by insulin. J Biol Chem 272:13808-
13818, 1998

6. Bae YS, Cantley LG, Chen CS, et al: Activation of PLC gamma
by phopshatidylinositol 3,4,5 triphosphate. J Biol Chem 273:4465-
4469, 1998

7. Morelli S, Buitrago C, DeBoland AR, et al: Involvement of
tyrosine kinase activity in 1 alpha,25 (OH) 2 vitamin D signal trans-
duction in skeletal muscle cells. J Biol Chem 275:36021-36028, 2000

8. Cartee GD, Briggs-Tung C, Holloszy JO: Diverse effects of
calcium channel blockers on skeletal muslce glucose transport. Am J
Physiol 263:R70-R75, 1992

9. Young JC, TW Balon: Role of dihydropyridine sensitive calcium
channels in glucose transport in skeletal muscle. Life Sci 61:334-342,
1997

10. Ihlemann J, Galbo H, Ploug T: Calphostin C is an inhibitor of

contraction, but not insulin-stimulated glucose transport, in skeletal
muscle. Acta Physiol Scand 167:69-75, 1999

11. Delbono O, Renganathan M, Messi ML: Regulation of mouse
skeletal muscle L-type Ca21 channel by activation of the insulin-like
growth factor-1 receptor. J Neurosci 17:6918-6928, 1997

12. Bruton JD, Katz A, Westerblad H: Insulin increases near-mem-
brane but not global Ca21 in isolated skeletal muscle. Proc Natl Acad
Sci USA 96:3281-3286, 1999

13. Kawano Y, Rincon J, Soler A, et al: Changes in glucose trans-
port and protein kinaseb2 in rat skeletal muscle induced by hypergly-
caemia. Diabetologia 42:1071-1079, 1999

14. Tanner LI, Lienhard GE: Localization of transferrin receptors
and insulin-like growth factor II receptors in vesicles from 3T3-L1
adipocytes that contain intracellular glucose transporters. J Cell Biol
108:1537-1545, 1989

15. Calderhead DM, Kitagawa K, Tanner LI, et al: Insulin regula-
tion of the two glucose transporters in 3T3-L1 adipocytes. J Biol Chem
265:13800-13808, 1990

16. Eichorn J, Kayali AG, Austin DA, et al: Insulin activates
phosholipase C-g1 via a PI 3-kinase dependent mechanism in 3T3-L1
adipocytes. Biochem Biophys Res Commun 282:615-620, 2001

17. Wallberg-Henriksson H, Constable SH, Young DA, et al: Glu-
cose transport into rat skeletal muscle: Interaction between exercise and
insulin. J Appl Physiol 65:909-913, 1988

18. Hansen PA, Nolte LA, Chen MM, et al: Increased glut-4 trans-
location mediates enhanced insulin sensitivity of muscle glucose trans-
port after exercise. J Appl Physiol 85:1218-1222, 1998

273PLC INHIBITION OF INSULIN STIMULATION


