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InsUlin provokes rapid changes In phospholipid metabolism
~nd thereby generates biologically active lipids that serve as
ntracellular signaling factors that regulate glucose transport

and glycogen synthesis. These changes Include: (I) activation
~~thosPhatldYlinosltoI3-klnase (PI3K)and production of PIP3 ;

(P PIP3-dependent activation of atypical protein kinase Cs
d kCS); (III) PIP3-dependent activation of PKB; (Iv) PI3K-
ePendent activation of phospholipase 0 and hydrolysis of

r.hosPhatldYIChOline with subsequent Increases in phospha-
dlcacid (PA) and diacylglycerol (DAG); (v) Pl3K-lndependent

activation of glycerol-3-phosphate acylytansferase and In-
ciasesln denovosynthesis of PAandDAG; and(vi)activation
:kDAG-sensltlve PKCs. Recent findings suggest that atypical
II Cs and PKB serveas Important positive regulators of Insu-
n-stlmUlated glucose metabolism whereas mechanisms that

~s I '
U t In the activation of DAG-sensltlve PKCsservemainly as

~~gatlve regulators of Insulin signaling through PI3K.Atypical
II Cs and PKB are rapidly activated by Insulin In adlpocytes,
r;er, skeletal muscles, and other cell types by a mechanism
IdQUlrlng PI3K and Its downstream effector, 3-phospholnoslt-
w~-dePendent protein klnas8-1 (PDK-1), which, In conjunction
n th PIP3' phosphorylates critical threonine residues In the ac-
I Vatlon loops of atypical PKCs and PKB. PIP3 also promotes
~reases In autophosphorylatlon and allosteric activation of

: Plcal PKCs. Atypical PKCs and perhaps PKB appear to be
eqUlred for Insulin-Induced translocation of the GLUT 4 glu-

cOse transporter to the plasma membrane andSUbsequent glu-
c~se transport. PKBalso appears to be the majorregUlator of
9 Ycogen synthase. Together, atypical PKCsandPKBserveas
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a potent, Integrated PI3K1PDK-1-dlrected signaling system that
Is usedby Insulin to regUlate glucose metabolism.

[Exp Bioi Mad Vol. 226(4):283-295. 2001]
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The regulation of glucose transport by insulin is of
critical importance for controlling glucose uptake
and its subsequent metabolism or storage in glyco-

gen, or its conversion to fat in muscle and adipose tissues.
Derangements in glucose transport are of major importance
in the pathogenesis of acquired forms of insulin resistance
in overt forms of diabetes mellitus and obesity. and also in
the pathogenesis of the initial genetic defect in insulin ac-
tion that precedes the appearance of clinically apparent glu-
cose intolerance and type II diabetes mellitus. and that pre-
sumably underlies the development of Syndrome X. a rela-
tively common state of insulin resistance characterized by
obesity, hypertension. hyperlipidemia. atherosclerosis. and.
in women, polycystic ovary disease.

Needless to say. the cause of the initial genetic defect in
glucose transport is still uncertain. On the other hand. dur-
ing the past few years we have gained considerable insight
into intracellular signaling factors that regulate glucose
transport. In particular. it now seems clear that phosphan,
dylinositol (PI) 3-kinase (3K) is required for insulin effects
on both glucose transport and subsequent storage of glucose
in glycogen. Recent findings further suggest that atypical
protein kinase C (PKC) isoforms, ~ and x.. and, perhaps.
protein kinase B (PKB or Akt), serve as downstream effec-
tors for P13K in controlling the rate-limiting step in glucose
transport. via the transloc~tion ?f GLUT4 glucose transport-
ers from the endoplasmic rettculum to the plasma mem-
brane. The latter process is exceedingly complex and most
likely requires input from multiple signaling factors. How-
ever, some of the more important factors appear to have
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been recently identified, and it is probably only a matter of
time before we understand how they work in concert with
each other and possibly other factors to regulate glucose
transport. With such understanding, we will ultimately be in
a position to identify the causes for acquired and genetic
forms of insulin resistance.

In the present review I will focus on certain of our more
recent findings on insulin-sensitive phospholipid-dependent
signaling systems, and attempt to integrate these findings
with other previous and more recent findings, particularly as
they relate to the activation of glucose transport. These sig-
naling systems include: (i) activation of atypical PKCs, ,
and A, through PI3K-dependent increases in D3-P04 poly-
phosphoinositides; (ii) activation of PKB through PI3K-
dependent increases in D3-P04 polyphosphoinositides; (iii)
activation of phospholipase D (PLD) and subsequent hy-
drolysis of phosphatidylcholine (PC) via a PI3K-dependent
mechanism requiring small G-proteins, Rho and ARF; (iv)
activation of de novo synthesis of phosphatidic acid (PA)
and diacylglycerol (DAG) independently of PI3K; and (v)
activation of diacylglycerol (DAG)-sensitive PKCs via PC-
PLD and de novo PNOAG synthesis. This summary will
largely focus on the roles of atypical PKCs and PKB in the
activation of glucose transport by insulin.

General Aspects of Insulin Action

In addition to controlling glucose transport and storage
of glucose in glycogen in skeletal muscle and adipose tissue,
insulin controls many other biologicallbiochemical pro-
cesses in a variety of cell types. Most notably, insulin stimu-

lates lipid synthesis and inhibits lipid hydrolysis in adipose
tissue, promotes glycogen synthesis and inhibits gluconeo-
genesis and glucose release in liver, and promotes protein
synthesis and general RNA and specific mRNA synthesis in
virtually all insulin-sensitive tissues. In health, insulin uses
multiple, but obviously well-coordinated signaling mecha-
nisms to control these diverse metabolic processes. Absence
of such effective coordination leads to states of clinical
insulin resistance.

General Aspects of Lipid-Dependent Insulin
Signaling Systems

Initially, insulin interacts with the a-subunit of the in-
sulin receptor and thereby activates tyrosine kinase in the
13-subunit. This leads to tyrosine phosphorylation of cyto-
plasmic domains of the insulin receptor itself, and a number
of extra-receptor proteins, including insulin receptor sub-
strates (IRSs) I, 2, 3, and 4, GAB-I, and Src homology
212-collagen related (SHC) (Fig 1). Tyrosine-phosphorylated
(pY) motifs, pYXXM, in these proteins then interact with SH2
domains in a second set of adapter proteins, including the p85
subunit of PI3K, GRB2, SVP, and NCK (1).

The interaction of IRS-1/2/3/4 with the p85 subunit of
PI3K leads to activation of the plIO subunit of PI3K (1),
thereby causing increases in the conversion ofPI-4,5-(P04h
to PI-3,4,5-(P04h (PIP3) within plasma and other cellular
membranes. PIP3 in tum either activates or facilitates the
action of 3-phosphoinositide-dependent protein kinase-l
(PDK-l), which controls the phosphorylation of critical
phosphate residues in the activation loops of PKC-,/A ki-
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Figure 1. Insulin-sensitive lipid signaling systems.
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nase (2, 3) and PKB, as well as other PKCs, PKC-related
kinase-l (PRK-l, also called PKN), and p70S6 kinase.

The interaction of IRS family members or SHC with
8H2 groups on the adapter protein, GRB2, leads to an in-
teraction of its SH3 groups with proline-rich sequences in
son of sevenless (SOS), which in tum stimulates GTP/GDP
exchange in RAS (4). Activated GTP-RAS then interacts
with RAF through a still poorly understood mechanism re-
quiring so-called 14-3-3 proteins. RAF thereupon activates
MEKI, a dual function kinase that phosphorylates extracel-
lular signal-regulated kinases I and 2 (ERK1I2) on tyrosine
and threonine residues. Activated ERK1I2, phosphorylates
MAP kinase-activated protein kinases I and 2 (MAPKAP-
112) on serine residues, and activated MAPKAP-1I2 regu-
lates a number of genes that control many cellular pro-
cesses, including cellular differentiation, proliferation, and
survivallapoptosis (4). The activation of the GRB2/S0S1
RA8/RAF/MEKIERK pathway by insulin in some cell
types is independent of PI3K. However, in other cells,
PI3K, PDK-I, and PKC-,/A are required, along with GRB2,
808, RAS, the onco-protein RAF, and MEK1, for activa-
tion of ERKl/2 (Fig. I). ERKI and 2 are not required for
inSUlin-stimulated glucose transport, but may activate glu-
cose transport during the action of certain other agonists.

With respect to the activation of DAG-dependent
PKCs, insulin activates a plasma membrane PLD that hy-
drolyzes PC (5) through a mechanism requiring small G-
proteins Rho and ARF (6, 7) and PI3K (5), perhaps for
translocation of Rho and ARF (6) or activation of the ARF
exchange factor, GLP-I (8). PLD action on PC generates
PA, which is rapidly converted to DAG or to PI (Fig. 2).

Insulin
+

DAG so formed activates conventional PKCs (cPKCs ex, (3,
and ",) and novel PKCs (nPKCs B, e, l], and 8). DAG
produced through the de novo pathway (Figs. I and 2) can
also activate cPKCs and nPKCs.

The de novo pathway appears to be to activated inde-
pendently of PI3K through release of an inositol-phospho-
glycan (IPG) mediator from the head group of glycosyl-PI
(GPI) through the action of a specific plasma membrane
phospholipase C (PLC) (9, 10). This mediator activates mi-
crosomal glycerol-Jvl'O, acyltransferase (G3PAT), which
increases de novo PAIDAG/PIIPIP3 synthesis (11, 12). The
activation of GPI hydrolysis (Fig. 2) and G3PAT are both
sensitive to pertussis toxin and therefore appear to be de-
pendent upon a heterotrimeric Gi-protein(s).

Phosphatidylcholine Hydrolysis
Insulin-induced activation of PC-PLD in the plasma

membrane has been observed in rat adipocytes (5, 13) and
other cell types (13, 14). In rat adipocytes, the activation of
PC-PLD by insulin is dependent on PI3K (5) and apparently
requires small G-proteins, Rho, and/or ARF (6, 7). The
translocation of Rho and ARF to the plasma membrane of
rat adipocytes is inhibited by wortmannin (6), and can be
stimulated by addition of polyphosphoinositides in vitro (6).
Presumably, acidic head groups of membrane-localized D3-
P04 polyphosphoinositides interact with basic residues in
Rho and ARF, and the resultant translocation seems to be
important for PLD activation in the plasma membrane (6,
7). GTP-loading of Rho, however, is not inhibited by wort-
mannin (6) and therefore appears to be effected by a PI3K-
independent mechanism. ARF activation and translocation
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Figure 2. Insulin-sensitive pathways of phos-
pholipid synthesis and degradation.
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may occur in conjunction with PI3K-dependent transloca-
tionand activation of ORP-l (8), which, like ARNO, serves
as a GTP/GDP exchange factor for ARF. Polyphosphoi-
nositides, including PI3K-dependent D3-P04 polyphosphoi-
nositides, are required for PLD activation, but it is not clear
if this reflects a requirement for translocating and activating
Rho and/or ARF, or a direct effect of these lipids on PC-
PLD or its interaction with substrate, PC. Whereas phorbol
esters (via PKC) activate PC-PLD in some cells, they do not
mimic insulin effects on PC-PLD in rat adipocytes (6).
Whereas PLD activation has been observed in rat adipo-
cytes, rat hepatocytes, rat-I fibroblasts, and L6 myotubes, it
does not appear to occur in 3T3/Ll adipocytes (15). The
latter finding suggests that PLD activation is not essential
for activating glucose transport, but, on the other hand, PLD
activation has been found to enhance the sensitivity of the
glucose transport response, i.e., the Km, to insulin (15).
Thus, in cells in which PLD is activated by insulin, PLD
may serve as a positive modulator for insulin-stimulated
glucose transport. In addition to PLD activation, Rho is
required for activation of PRK-l (PKN), which appears to
be required for insulin-stimulated GLUT 4 translocation
(see below).

DeNovo Synthesis of Phosphatidic Acid,
DiacylglycerQI, Phosphatidylinositol,
and Phosphatidylcholine

Insulin increases de novo PA synthesis in microsomal
membranes by: (i) increasing substrate availability, i.e.,
glycerol-3-P04 via enhanced glucose uptake and glycolysis,
and fatty acyl-COA via enhanced fatty acid synthesis, up-
take, and esterification with coenzyme A: and (ii) activation
of G3PAT, which transfers fatty acids to 1 and 2 positions
of glycerol-3-P04 (11, 16). G3PAT largely resides in mi-
crosomal membranes and appears to be activated by insulin
through the release of IPG mediators from GPI through
activation of a GPI-specific PLC in the plasma membrane
by a mechanism requiring a pertussis toxin-sensitive Gi-
protein (ll, 12, 16). Unlike PLD-dependent PC hydrolysis,
the activation of G3PAT is not dependent upon P13K (5).
Although some findings have suggested that a heterotrim-
eric Gi-protein is involved in insulin regulation of glucose
metabolism (see Ref. 17), the importance of signaling via Gi
to GPI-PLC and G3PAT remains unsettled. (However, see
below for potential involvement of the G-aq subunit in
insulin-stimulated glucose transport.) In our studies we
found that pertussis toxin does not significantly inhibit acute
effects of insulin on glucose transport, despite inhibiting
G3PAT activation in BC3H-I myocytes (18). We, there-
fore, do not believe that insulin effects on glucose transport
require the activation of G3PAT and de novo synthesis of
P~ ~d DAG. On the other hand, simple increases in avail-
ability of glucose 09-22) or, presumably, fatty acids, can
lead to increases in de novo PNDAG synthesis and activa-
tion of DAG-dependent cPKCs and nPKCs. Importantly,
this activation of DAG-dependent PKCs may explain some
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aspects of "glucotoxicity" including glucose-induced insu-
lin resistance in diabetic states (also see below).

PI3K Activation
We initially reported that insulin provokes rapid in-

creases in absolute levels of polyphosphoinositides (23, 24)
and incorporation of precursors into these lipids (23-25) in
rat adipocytes and other cell types. We (23-25) and others
(26) at first thought that based upon results from simple thin
layer chromatography, increases in polyphosphoinositides
reflected increases in PI-4-P04 and PI-4,5-(P04h. which at
that time were the only polyphosphoinositides known to be
present in significant amounts in mammalian cells. How-
ever, we subsequently realized that increases in levels of
D3-P04 polyphosphoinositides, in particular PIP 3, were
largely responsible for increases in total polyphosphoi-
nositides in insulin-treated cells (27, 28). We also realized
that PI3K was acutely activated by insulin, and that this
accounted for increases in levels of polyphosphoinositides
(27,28) in both plasma membranes and microsomal mem-
branes (28).

The activation of PI3K by insulin is effected by the
interaction of pYXXM motifs in IRS family members with
SH2 domains of the p85 subunit of P13K, thereupon leading
to a conformational change and an activation of the p II 0
subunit of P13K (1). Overexpression of both IRS-I and
IRS-2 can lead to the enhanced activation of PI3K-
dependent GLUT 4 translocation by insulin in rat adipo-
cytes (29, 30), and, in fact, targeted disruption of the IRS-l
gene diminishes insulin-stimulated glucose transport in
mouse adipocytes (31). The activation of IRS-l- and IRS-
2-dependent PI3K functions upstream of the activation of
PDK-I and both PKC-,/A and PKB, and as discussed in
greater detail below, this pathway is of critical importance
in the metabolic actions of insulin.

The importance of PI3K activation in the metabolic
actions of insulin was at first uncertain. However, with the
availability of relatively specific inhibitors of P13K, wort-
mannin, and LY294002, it was soon realized that PI3K is
required for insulin-induced increases in glucose transport
and glycogen synthesis, and decreases in lipolysis (32-34).
In contrast, insulin-induced activation of G3PAT (5) and
pyruvate dehydrogenase (34) (which enzymes regulate glU-
cose entry into the de novo lipid synthesis and oxidative
pathways, respectively) are not inhibited by wortmannit-
are therefore independent of PI3K and are unrelated to the
activation of glucose transport. Of further note, PI3K is
required for insulin-induced activation of ERK1I2 in rat
adipocytes (86) and several other cell types (unpublished),
but insulin does not appear to activate glucose transport or
glycogen synthesis via ERKl/2 (however, as discussed be-
low, the activation of the ERK pathway by certain agonists
can activate GLUT 4 translocation and glucose transport).

Activation of DAG-Dependent PKCs by Insulin
In~reases in DAG levels in isolated plasma membranes

and rmcrosomes and/or total cellular extracts of rat adipo-



cytes have been observed in some (3, 35), but not all (36),
studies. Increases in eH]-glycerol incorporation into DAG
have also been observed in rat adipocytes (22, 36), BC3H-
mYocytes (37, 38), and rat skeletal muscles (39, 40), but
s~ch increases in tracer incorporation studies are decep-
tIvely small and difficult to correlate with changes in abso-
lute DAG levels, as it is necessary to extensively pre-label
precursor pools and thus increase basal incorporation into
~~G and other lipids prior to insulin treatment. In addition,
It IS necessary to measure the specific activity of intracel-
:Ular glycerol-3-P04 to determine actual increases in abso-

u~e levels of newly synthesized DAG by isotopic analysis;
this has only been done in studies of BC3H-l myocytes (38)
and calculated increases in DAG were in fact relatively
largeand comparable with actual increases in DAG mass, as
tne~sured by an enzymatic assay. In any event, the DAG
denved in microsomes from the de novo PAIDAG synthesis
~athway appears to be much less than that derived from PC
Ydrolysis in the plasma membrane during initial the mo-

~ents of insulin action (13). In concert with the latter find-
I?gs, in GK-diabetic rat adipocytes wherein G3PAT activa-
~on is markedly impaired, insulin-induced increases in

AG levels are observed only in the plasma membrane,
r:resumably via PC hydrolysis, and not in the microsomal
raction (12).

Whether from PC hydrolysis or from de novo PAIDAG
SYnthesis, insulin-induced increases in DAG in rat adipo-
?t~s apparently activate DAG-dependent PKCs. Translo-
batlon of PKCs-n, 13, 8, and e to membrane fractions has
een observed in rat adipocytes (41) and in certain other, but

~t all, cell types, and such translocation is generally
~ Ought to reflect the activation of PKC. However, increases
In.cytosolic Ca'" and alterations in specific membrane pro-
:tns, inclUding the insulin receptor itself, may also cause

I<C translocation. Accordingly, evidence other than PKC
t~?Slocation is needed to be certain that PKC enzyme ac-
tIVity is truly increased. Increases in membrane PKC en-
?me activity have in fact been observed in rat adipocytes
42) and other cell types (39 40 43-46) following insulintre ' ,

atment, but the assays used in these studies measured
total.PI<C activity, including that of atypical PKCs. (To
~eClficallY measure DAG-sensitive PKC activity, it would

necessary to compare kinase activities in both the pres-
ence and absence of DAG or phorbol esters, while keeping
Other cofactors, Ca'" and/or phosphatidylserine, constant to
~al~Ulate DAG-dependent and DAG-independent PKC ac-
~~ty). As discussed below, at this point only the atypical

.Cs that have clearly and consistently been shown to be
~Vated by insulin in all important cell types, undoubtedly
. ause there are covalent changes in these atypical PKCs,
~.e., an activating set of phosphorylations that carry over
Into ~pecific PKC-' and PKC-A immunoprecipitates whose
~~~tetn kinase activities can be directly measured. This or
D er Covalent activation mayor may not occur in specific
i AG-dependent PKCs, and if not, the ability to observe
ncreases in immunoprecipitable activity may be precluded.

Nevertheless, it is still possible that DAG-dependent PKCs
may be activated ;11 1';1'0 by membrane-associated DAG
during the action of insulin. Further studies are needed to
see if immunoprecipitable preparations of specific DAG-
dependent PKCs manifest increases in enzyme activity fol-
lowing insulin treatment. In this regard we have recently
observed (unpublished) that insulin does in fact provoke
increases in the activity of immunoprecipitable PKC-n and
PKC-13 2 in rat adipocytes, but this activation is not inhib-
ited by wortmannin and may therefore be largely due to
activation of PI-glycan hydrolysis and the de 1101'0 PAIDAG
synthesis pathway.

Another method that has been used to verify the acti-
vation of DAG-dependent PKC is to study 32P-labeling of
specific substrates in intact cells. In fact, we have reported
that insulin stimulates 32P-labeling of the commonly used
MARCKS protein PKC substrate in rat adipocytes and so-
leus muscles (35). However, we now know that MARCKS
is phosphorylated by ERKl/2 (47), as well as by PKC, that
insulin potently activates ERKII2 in rat adipocytes by a
process requiring PI3K, PDK-l and PKC-', and that the
observed inhibition of insulin effects on MARCKS labeling
by the PKC inhibitor RO 31-8220 (35) was subsequently
found to correlate closely with inhibition of PKC-' enzyme
activity (48) and activation of ERK (49). Thus, effects of
insulin on MARCKS-labeling may have been due to acti-
vation ofERKlI2 by a PKC-'-dependent mechanism, rather
than via DAG-dependent PKCs (note that PKC-', unlike cP-
KCs and nPKCs, does not itself phosphorylate MARCKS).

The Role of DAG-Sensitive PKCs in
Insulin-Stimulated Glucose Transport

Initial studies showed that insulin effects on glucose
transport are blocked by PKC inhibitors (50). However, the
concentrations of inhibitors required to inhibit glucose
transport effects of insulin were consistently higher than
those required to inhibit DAG-dependent cPKCs and
nPKCs. The reason for this discrepancy was not apparent
until subsequent studies revealed that atypical PKCs are
inhibited at relatively high concentrations of most PKC in-
hibitors, and moreover, there is close correlation between
dose-dependent inhibition of PKC-,/A and insulin-
stimulated glucose transport (48, 51). Excellent correlations
between inhibition of insulin-stimulated glucose transport
and inhibition of PKC-,/A enzyme activity by bisindolema-
leimide-type PKC inhibitors, RO 31-8220 and LY379196,
and by the cell-permeable myristoylated PKC-,/A pseudo-
substrate peptide have been observed in rat adipocytes (48),
3T3/Ll adipocytes (45), and L6 and BC3H-l myocytes
(51). Of further note, G06976, which specifically inhibits
cPKCs n, 13, and 'Y, but not nPKCs or atypical PKCs, does
not inhibit insulin-stimulated glucose transport in these cell
types (48, 51, 52).

Studies in which prolonged treatment with phorbol es-
ters were used to down-regulate DAG-dependent PKCs sug-
gested that these PKCs may be required for insulin-
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stimulated glucose transport in rat adipocytes (53, 54), but
not in other cell types (55-57). As an explanation for this
difference, we initially thought that PKC-~ was retained in
cells in·which insulin effects on glucose transport were re-
tained following prolonged phorbol ester treatment. How-
ever, with better immunoblotting methods and availability
of more specific anti-PKC-~ antibodies, we subsequently
realized that previously used antibodies had cross-reacted
with proteins other than PKC-~. More recently, with im-
proved incubation conditions for down-regulation of DAG-
dependent PKCs we have been able to show that despite the
loss of greater than 90% PKC-a, PKC-~ I, PKC-~2, PKC-8,
and PKC-e following overnight phorbol ester treatment, in-
sulin effects on glucose transport and/or GLUT4 transloca-
tion are fully retained in rat adipocytes (48, 52), as well as
in BC3H-l myocytes and L6 myotubes (51). Moreover, in
the experimental conditions used in earlier studies we had
noted that PKC-8 and PKC-e were not well down-regulated
by overnight treatment of rat adipocytes and other cells with
phorbol esters (e.g., see Ref. 58), and in light of findings in
more recent studies in which better down-regulation was
achieved, it now seems likely that activation of these re-
sidual PKCs by phorbol esters may have impaired the ac-
tivation of IRS-dependent PI3K and glucose transport in the
early studies (note that in particular, cPKCs and probably
nPKCs as well diminish insulin receptor function and per-
haps most importantly, IRS-l dependent activation ofPI3K,
PKC-,/X- and PKB; see below).

Further evidence against a requirement for DAG-
dependent PKCs in insulin-stimulated glucose transport was
provided by transient cotransfection studies in rat adipo-
cytes. In contrast to strong inhibitory effects of expression
of kinase-inactive forms of atypical PKC-' and PKC-X- (52)
and their upstream activator, PDK-l (59), on insulin-
induced translocation of epitope-tagged GLUT4 to the
plasma membrane, kinase-inactive forms of PKC-a, PKC-
~2, PKC-8, and PKC-e were without effect on this trans-
location (52). Also, in contrast to stimulatory effects of
expression of wild-type and constitutively-active forms of
PKC-' on insulin-stimulated epitope-tagged GLUT4 trans-
location, the expression of wild-type and constitutively-
active forms ofPKC-a, PKC-~I, PKC-~2, and PKC-8 were
without effect on this translocation (52).

A major reason for initially thinking that DAG-
dependent PKCs are required for insulin-stimulated glucose
transport is that DAG analogues, in particular phorbol es-
ters, provoke insulin-like effects on glucose transport, par-
ticularly in cells that have only GLUTl glucose transport-
ers, e.g., as in BC3H-I myocytes (60). However, in rat
adipocytes and 3T3/Ll adipocytes, which have GLUT4
and GLUTl glucose transporters, effects of phorbol esters
on glucose transport and GLUT4 translocation are relatively
small as compared to effects of insulin (e.g., see Ref. 52).
Moreover, it has recently been shown in rat adipocytes,
L6 myotubes, and 3T3/Ll adipocytes that phorbol esters
activate PI3K (51, 61, 62) and interestingly, the effects of
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phorbol esters on glucose transport in L6 myotubes and
3T3/Ll adipocytes are blocked by the PI3K inhibitor,
wortmannin (51, 61). Additionally, in rat adipocytes we
have found that the relatively small effects of phorbol esters
on glucose transport and GLUT4 translocation (52) may
be accounted for by similar small effects of phorbol esters
on immunoprecipitable PKC-'/X- activity (unpublished).
The mechanisms responsible for this crosstalk between
phorbol esters (presumably acting via DAG-dependent
PKCs) and either PI3K (and thus perhaps indirectly on
atypical PKCs) or more directly atypical PKCs (indepen-
dently of PI3K) are presently uncertain. As discussed in
greater detail below, ERK activation may in some instances
lead to PKC-'/X- activation, and phorbol esters appear to

activate glucose transport via RafIMEK-IIERK in rat adi-
pocytes (unpublished).

Finally, in adipocytes and soleus muscles prepared
from mice in which PKC-a (unpublished) or PKC-~ genes
(63) have been knocked out by gene targeting methods,
insulin-stimulated glucose transport is actually enhanced,
not diminished, as would be expected if either of these
PKCs were required. This seemingly paradoxical enhance-
ment of insulin effects on glucose transport is apparently
due to the fact that DAG-dependent PKCs such as PKC-a
(64) and PKC-~ (65) inhibit initial steps in insulin signaling
through the insulin receptors, IRS-l and PI3K. Indeed, we
have found that insulin stimulation of IRS-I-dependent
PI3K, PKB, and PKC-X- are increased in PKC-a knockout
mice (unpublished).

To summarize, we presently believe that DAG-
dependent PKCs are not required for the acute stimulation
of glucose transport in muscle and adipose tissues. Moreover,
these DAG-dependent PKC's apparently negatively down-
regulate this effect of insulin by phosphorylating specific ser-
ine/threonine residues on the insulin receptor or IRS- !12,
thereby diminishing signaling to PI3K, PDK-I PKC-,/X-, and
PKB. These inhibitory effects of DAG-dependent PKCs may
occur during the effects of insulin itself (via activation of PC-
PLD and de novo PAIDAG synthesis) as a "physiological"
feedback mechanism, particularly in states of persistent hyper-
insulinemia, as well as in states of diabetes- or obesity-related
elevation of plasma levels of glucose and/or free fatty acids
(via increases in de novo synthesis of PAlDAG).

The Activation of Atypical PKCs by Insulin
Insulin provokes increases in the activity of irnmuno-

precipitable PKC-'/X-IL in 3T3/L I adipocytes (45, 66), rat
adipocytes (48), 32D cells (67), L6 myotubes (51), rat he-
patocytes (68), CHOIIR cells (69), and rat and mouse vastus
lateralis muscles and human adipocytes (unpublished). In-
creases in immunoprecipitable PKC-'/X- enzyme activity
presumably reflect the covalent modification of PKC-' and
PKC-X- by PDK-l-dependent phosphorylation of activation
loop sites, via threonine-410 in rat PKC-' and threonine-
411 in mouse PKC-X- (2, 3), followed by autophosphoryla-
tion of threonine-560 in rat PKC-' and threonine-563 in



mouse PKC-A (70). Both PKC-' and PKC-A are activated
by insulin in intact rat adipocytes and by PI-3,4,5-(P04)3 ill
vitro (70), and it is likely that activation mechanisms for
both atypical PKCs are identical as they are 72% homolo-
gous and contain identical N-terminal autoinhibitory pseu-
dosubstrate sequences and comparable activation loop and
autophosphorylation sites in their catalytic domains. It may
be noted that rats contain PKC-', mice contain PKC-A, and
humans contain PKC-L (which is 98% identical to PKC-A
and which is activated by insulin in human adipocytes via
~I3K; unpublished» as their primary atypical PKC in insu-
lIn-sensitive skeletal muscle and adipose tissues.

The activation of PKC-' and PKC-A is blocked by
PI3K inhibitors, wortmannin and LY294002, in all cell
types tested (45, 48, 51, 66, 67). Further, expression of the
dominant-negative mutant form of the p85 subunit of PI3K,
so-called Llp85 (which lacks binding sites for the plIO sub-
unit of PI3K), inhibits the activation of PKC-A by insulin in
3T3ILI adipocytes (66). Also, endogenous PKC-'/A is ac-
tivated by addition of an exogenous pYXXM peptide (that
activates PI3K) to rat adipocyte homogenates (48), and in
addition, epitope-tagged PKC-' and PKC-A, as prepared
from immunoprecipitates of rat adipocyte lysates, is acti-
Vated by direct addition of PI-3,4,5-(P04h ( i.e., PIP3) and
PI-3,4-(P04h (48, 70) to the in vitro assay system. It is
Clear, therefore, that PI3K is both necessary and sufficient
for insulin-induced activation of PKC-' and PKC-A.

In addition to PI3K, PDK-I, which phosphorylates
threonine residues in the activation loops of PKC-' (2, 3),
and presumably PKC-A and PKC-L, as well as comparable
sites in activation loops of other PKCs, PKB, PRK-l, and
~70 86 kinase, has been suggested to serve as a major factor
In transmitting activating signals from PI3K to PKC-' and
PKC-A(2, 3). In keeping with this suggestion we found that
?ver-expression of wild-type PDK-l provokes insulin-like
~ncreases, and expression of kinase-inactive PDK-l inhibits
Insulin-induced increases in epitope-tagged PKC-' enzyme
activity in transiently transfected rat adipocytes (59). Fur-
ther, the expression of a mutant form of PKC-' that contains
alanine instead of threonine at the 410 loop site and there-
fore cannot be phosphorylated and activated by PDK-l also
inhibits insulin-induced activation of co-expressed epitope-
tagged wild-type PKC-' (59). (This mutant PKC-' presum-
ably diverts the activating effects of PDK-l and PIP3 away
from wild-type PKC-O Although these findings indicate
that PDK-I and its threonine-41O target are required for
insulin-induced activation of PKC-', it is presently not en-
tirely certain if PDK-I is itself activated by insulin. It is also
presently uncertain if PDK-I itself is activated by PIP3, or
Whether PIP3 acts upon PKC-'/A to cause an unfolding and
thereby facilitate access for PDK-l to threonine-41O/411
loop sites in PKC-,/A. Although some studies have failed to
show an effect of insulin on PDK-l activity (e.g. Ref. 69),
insulin-induced activation of immunoprecipitable PDK-l
has been observed by Quon and coworkers (71). In any
event, we have observed that insulin provokes rapid in-

creases in the level of phosphorylation of threonine-410 in
PKC-' (as per immunoblotting with phospho-specific anti-
bodies;79, 87), and it is therefore clear that PDK-l activity
or its action is enhanced by insulin-induced increases in
PI3K and PIP).

Although PIP3 activates PKC-' when added to PKC-'
immunoprecipitates (48, 70) and purified PKC-' prepara-
tions (72) ill vitro, it is known (2, 3) that PDK-l can (but
does not invariably; unpublished) bind to PKC-' and may
therefore be carried over into PKC-' immunoprecipitates.
Thus, PIP3 may act in vitro as well as in vivo by either
directly activating PDK-l or by interacting with the N-
terminal lipid-binding domain of PKC-' to facilitate the
interaction of threonine-41O with the catalytic site of PDK-
I. In addition, PIP3 stimulates autophosphorylation of PKC-
" and relieves the autoinhibition exerted by the N-terminal
pseudosubstrate sequence on the C-terminal catalytic do-
main of PKC-' (note that the last two actions of
PIP3, as discussed below, may require, but are themselves
independent of, PDK-I). In this regard we have found that
insulin activates truncated forms of PKC-' and PKC-A that
lack the entire N-terminal regulatorydomains by a mechanism
requiring PI3K (70 and unpublished). Thus, since the PIPr
binding domain is presumably not present in these truncated
forms of PKC-' and PKC-A, these observations raise the pos-
sibility that PI3K-dependent increases in PIP33 activate
PDK-l in intact cells, which in tum activates the expressed
truncated form of PKC-'. However, another possibility is that
insulinactivates truncated forms of PKC-' and PKC-A through
an initial activation of endogenous full-length PKC-UA, which
in tum leads to transphosphorylation of truncated PKC-UA.

Revelant to the above considerations, we found that
insulin in intact cells and PIP) ill vitro phosphorylate and
enzymatically activate a form of PKC-' in which threonine-
410 has been mutated to anionic, phosphate-mimicking glu-
tamate (70). This mutant is constitutively active at the 410
activation loop site and cannot be further activated by
PDK-l at this site (the only apparent PDK-I target in PKC-
'), but nevertheless contains autophosphorylation and auto-
inhibitory pseudosubstrale sites thaI apparently can be ac-
tivated. It may therefore be surmised that insulin in intact
cells and PIP3 in vitro activate this threonine-41O-to_
glutamate-410 mutant PKC-' by mechanisms that are
clearly independent of, and probably distal to, the action of
PDK-I, via autophosphorylation and relief of pseudosub-
strate-mediated autoinhibition. Of further note, we have re-
cently found (87) that insulin in intact cells and PIP3 in vitro
activate a double PKC-' mutant in which both the threo-
nine-41O loop site and the threonine-560 autophosphoryla_
tion site have been replaced by phosphate-mimicking glu-
tamate residues. Since this double mutant is not phosphor-
ylated at all by insulin or PIP3 treatment (as threonine-560
appears to be the only autophosphorylation site; Ref. 87),
but is nevertheless enzymatically activated by insulin and
PIP3 (87), it .app~ars that PIP3 activares this mutant by a
phosphorylation-independent mechanism. Further, since
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PIP3 does not directly activate N-terminally truncated forms
of PKC-t and PKC-A that lack pseudosubstrate sequences,
it may also be surmised that PIP3 activates this double mu-
tant form of PKC-t by binding to its N-terminal domain,
thereby relieving the autoinhibition caused by the pseudo-
substrate sequence.

Taken together, our findings suggest that insulin, via
PIP3• which most likely binds to the N-terminal regulatory
domain and causes molecular unfolding, activates atypical
PKCs by a three-step mechanism involving PDK-I-depen-
dent loop phosphorylation, autophosphorylation, and allo-
sterically induced relief of pseudosubstrate-mediated auto-
inhibition. In keeping with this idea it is interesting to note
that glucose transport effects of insulin are only partly mim-
icked by PKC-t mutants that are only partly activated by
either replacement of threonine-41O or threonine-560 resi-
dues with glutamate, or by mutation of critical residues in
the pseudosubstrate sequence, or by deletion of the pseudo-
substrate autoinhibitory site (see Refs. 45, 48, 52, 66, 87).

The Role of Atypical PKCs in Insulin-Stimulated
Glucose Transport

As discussed above, DAG-activated PKCs do not ap-
pear to be required for insulin-stimulated glucose transport
in most cell types. Nevertheless, inhibitor studies have con-
sistently suggested a requirement for a PKC or another pro-
tein kinase that operates downstream of PI3K during insulin
action, is inhibited by relatively high concentrations of PKC
inhibitors, including the PKC-t/A pseudosubstrate (which
does not inhibit PKB), and is not down-regulated by phor-
bol esters. Although these early findings were compatible
with the possibility that atypicalPKCs may be required for
insulin-stimulated glucose transport; direct and more con-
vincing evidence for this possibility was not forthcoming
until plasmid or viral gene transfer studies were feasible.
In our initial transfection study (45) we stably transfected
3T3/L I fibroblasts and adipocytes and found that expres-
sion of kinase-inactive PKC-t, but not kinase-inactive PKC-
ex, PKC-13I, or PKC-132, inhibited insulin-stimulated in-
creases in GLUT 4 and GLUT I translocation and 2-deoxy-
glucose uptake. Also, stable overexpression of wild-type
PKC-t and constitutively active PKC-t, but again, not PKC-
ex, 131, 132, or s, potentiated or provoked insulin-like effects
on GLUT 4/1 translocation and 2-deoxyglucose uptake
(45). Similar inhibition of insulin effects on GLUT 4/1
translocation and 2-deoxyglucose uptake were subsequently
observed in L6 myotubes stably transfected with kinase-
inactive PKC-t (51).

Although our stable transfection studies suggested that
PKC-t or PKC-A may be required for insulin-stimulated
glucose transport in 3T3/L I cells and L6 myotubes, there
are inherent caveats in this experimental approach, e.g., sta-
bly transfected cells selected by G418 treatment may use
aberrant signaling systems. We therefore employed a tran-
sient transfection method in which rat adipocytes are tran-
siently cotransfected with plasmids encoding Hemagglutin-
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(HA) tagged GLUT 4 and various genes of interest (e.g., see
Refs.29 and 32). With this approach we found that insulin-
stimulated HA-GLUT 4 translocation is inhibited by kinase-
inactive forms of both PKC-t and PKC-A (48, 52, 59).
Moreover, the inhibitory effects of kinase-inactive forms of
PKC-t and PKC-A could be "rescued" by cotransfecting
wild-type forms of either PKC-t or PKC-A (52), suggesting
that the inhibitory effects are specifically due to the muta-
tion causing the loss of kinase activity in PKC-t/A, or stated
differently, the kinase activity of PKC-t or A is specifically
required for insulin-stimulated glucose transport. These
findings further suggested that the atypical PKCs, t and A,
perhaps not surprisingly in view of their homology, can
function interchangeably during insulin stimulation of glu-
cose transport in rat adipocytes (which have primarily PKC-
t; see Ref. 79).

In addition to PKC-t/A, we found that expression of
PDK-I, the upstream regulator of PKC-t/A, is required for
insulin-stimulated HA-GLUT 4 translocation in transiently
transfected rat adipocytes (59). In keeping with this finding,
a mutant form of PKC-t in which threonine-41O in the
activation loop of PKC-t is mutated to alanine (thereby
destroying the target of PDK-I and causing this PKC-t
mutant to be activation-resistant), like kinase-inactive
PKC-t or PKC-A, was found to inhibit insulin-stimulated
HA-GLUT 4 translocation (59). Of further note, the inhibi-
tory effect of kinase-inactive PDK-I on HA-GLUT 4 trans-
location was largely "rescued" by co-expression of wild-
type PKC-t and expression of both kinase-inactive PKC-t
and the threonine-41O mutant form of PKC-t inhibited the
activation of epitope-tagged wild-type PKC-t, but not epi-
tope-tagged PKB (59). Collectively, these findings provided
further support for the hypothesis that PKC-t is required for
insulin-stimulated GLUT 4 translocation.

In contrast to kinase-inactive forms of PKC-t and
PDK-l, overexpression of wild-type forms of both PKC-t
and PDK-I and expression of constitutively-active forms of
PKC-t were found to provoke insulin-sensitizing or insulin-
like effects on HA-GLUT 4 translocation in transiently
transfected rat adipocytes (48, 52, 59). These findings,
along with findings described above, suggested that both
atypical PKCs, t and Aand their upstream regulator PDK-I,
are necessary and "sufficient" for insulin-stimulated GLUT
4 translocation in rat adipocytes. This suggestion does not
imply that other protein kinases are not required in this
stimulation, and indeed, PKB has been reported to be re-
quired for a relatively small component of GLUT 4 trans-
location in the rat adipocyte (72) and for a relatively large
component of GLUT 4 translocation in L6 myotubes (74),
but not in 3T3/Ll adipocytes (66). Accordingly, it is pos-
sible that different cell types may differentially utilize either
or both of these and other protein kinases to regulate glu-
cose transport. In this regard we have found that the small
G-protein, Rho, and its downstream effector, PRK-l, per-
haps because of homology to PKCs and activation by
PDK-I (PKN) and PIP3, appear to be required for insulin-



The Role of PKB in Metabolic Actions of Insulin
PKB is activated by insulin via a PI3K- and PDK-I-

dependent mechanism similar to that used to activate PKC-
t/A. PDK-I phosphorylates threonine-308 in the activation
loop of PKB and this is followed by a secondary phosphor-
ylation of serine-473, leading to full activation of PKB (78).
The identity of the kinase responsible for phosphorylation
of serine-473 is not entirely certain, but may in fact may be
PDK-I. There are at least three isofonns of PKB, a, {3, and
'Y, that differ in abundance in various cell types and mayor
may not subserve different cellular functions. In 1110st cir-
cumstances, PKB and atypical PKCs, which are both acti-
vated by PI3K1PIP3 and PDK-I, would be expected to be
activated together: however, in our experience their ratios
vary depending upon the agonist, its level, the cell type, the
presence of pathological insulin resistance, the use of treat-
ment with insulin sensitizers, and probably other modulat-
ing factors. In this regard, in states of acquired insulin re-
sistance in experimental animal models, we have found that
there are defects in PKC-t/A activation, with little or no
apparent alteration in PKB phosphorylation/activation (e.g.,
see Ref. 79).

The import~nce of PKB for insulin regulation of gly-
cogen synthase IS generally accepted, but not without res-
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stimulated HA-GLUT 4 translocation in rat adipocytes (75).
This apparent requirement for Rho and PRK-I (PKN) needs
to be studied further.

An important role for atypical PKCs in insulin-
stimulated glucose transport in 3T3/L I adipocytes has also
been suggested from studies that employed adenoviral gene
transfer methods. In these mouse-derived cells, which con-
tain PKC-A, but little or no full-length PKC-t, adenoviral-
mediated expression of kinase-inactive PKC-A inhibits in-
sUlin-stimulated GLUT 4 translocation and 2-deoxyglucose
Uptake (66). In addition, adenoviral-mediated expression of
constitutively active PKC-A provokes insulin-like effects on
Glut 4 translocation and glucose transport (66). These find-
ings in 3T3/L1 adipocytes are virtually the same as those
observed in transiently transfected rat adipocytes (48, 52),
and taken together provide strong evidence for the hypoth-
esis that atypical PKCs are required for insulin-stimulated
glucose transport.

We have also used adenoviral gene transfer methods to
examine the requirement for atypical PKCs in L6 myotubes.
In these cells, expression of kinase-inactive PKC-A (kindly
supplied to us by Dr. Masato Kasuga) completely inhibited
insulin effects on GLUT 4 translocation and 2-deoxyglu-
Cose uptake (76). Also, expression of constitutively active
PKC-A provoked insulin-like effects and overexpression of
wild-type PKC- potentiated insulin effects on GLUT 4
translocation and 2-deoxyglucose uptake (76). Of further
note, the levels of GLUT 4 and the activation of PKB were,
if anything, enhanced by expression of kinase-inactive
PKC-A in these adenoviral gene transfer studies; thus, in-
hibitory effects of kinase-inactive PKC-A could not be ex-
plained by nonspecific inhibition of insulin signaling to
PI3K1PDK-IIPKB or by decreases in GLUT 4 availability.
In addition, the level of expression of various forms of
PKC-A in these studies was closely monitored to avoid or
minimize the possibility of gross overexpression and poten-
tially untoward effects of large amounts of exogenous DNA
and functionally altered protein. Importantly, alterations in
glucose transport appeared to be commensurate with the
observed level of expression of the various forms of PKC-A.
In particular, insulin effects on both total PKC-t/A enzyme
activation and glucose transport were fully inhibited with
only a 3- to 4-fold increase in total cellular PKC-t/A, which
inClUdes both endogenous wild-type PKC-t/A and expressed
kinase-inactive PKC-A. If kinase-inactive PKC-A competes
equally with wild-type PKC-t/A, a 2-fold increase in total
PKC-tlA should have been attended by a 50% reduction in
insulin effects on processes that are fully dependent on
PKC-t/A. Accordingly, the observed complete (100%) in-
hibition of insulin effects on glucose transport with a 3- to
4-fold increase in total PKC-t/A actually exceeds the ex-
pected 75% to 80% decrease in insulin-stimulated glucose
transport and this probably reflects the fact that insulin ef-
fects on activation of PKC-t/A were completely abolished
by a 3- to 4-fold increase in total PKC-t/A (76).

Interestingly, adenoviral transfer of wild-type PKC-t to

skeletal muscles of immunosuppressed rats in vivo is also
attended by enhanced effects of insulin on glucose transport
(77). Since we have found that insulin rapidly activates
PKC-t in rat and mouse skeletal muscles (unpublished), it
appears more than likely that atypical PKCs play an impor-
tant role in insulin-stimulated glucose transport in skeletal
muscle, the major organ for disposal of glucose in vivo.

One criticism of experiments that employ expression of
kinase-inactive forms of PKC-t is that the presence of large
amounts of these mutants may diminish the ability of
PDK-I to activate other endogenous targets, including PKB,
p70S6 kinase, and PRK-I. This criticism, however, fails to
take into account a number of findings. First, the expression
of inhibitory mutant forms of PKC-t in both transient trans-
fection (59) and adenoviral gene transfer (66, 76) experi-
ments does not inhibit PKB activation by insulin. Second, if
this criticism were correct, any form of PKC-t/A, including
wild-type, should bind to PDK-I and inhibit insulin effects
on processes that require P13K1PDK-I, but not PKC-t/A:
this is in fact the opposite of what is observed. Third, the
rescue of inhibitory effects of kinase-inactive and other in-
hibitory mutant forms of PKC-t/A by wild-type forms of
PKC-t/A strongly suggests that it is the loss of kinase ac-
tivity of PKC-t/A per se, and not the presence of large
amounts of PKC-t/A, that is responsible for dominant-
negative effects of the inhibitory mutant forms of PKC-t/A
on insulin-stimulated glucose transport. Fourth, expression
of kinase-inactive forms of PKB (which, like PKC-t/A,
should interact with PDK-I) in at least several cases (see
below) has been found to have little or no effect on insulin-
stimulated GLUT 4 translocation or glucose transport.



ervation. Presumably, PKB phosphorylates and thereby in-
hibits glycogen synthase kinase-3[3, which when active,
phosphorylates and inhibits glycogen synthase. The impor-
tance of PKB for insulin regulation of glucose transport,
however, is less certain. On the one hand, it is clear that
constitutively active forms of PKB stimulate glucose trans-
port in a variety of cell types, including 3T3/Ll adipocytes
(80) and rat adipocytes (81). In addition, in L6 myotubes,
plasmid-mediated expression of a triple mutant form of
PKBa, which is kinase-inactive and mutated at both phos-
phorylation sites and is therefore additionally activation-
resistant (74), and in 3T3/LI adipocytes, microinjection of
antibodies that target PKB[3, but not PKBa (82), markedly
inhibit insulin-stimulated GLUT 4 translocation. On the
other hand, viral-mediated expression of a double mutant
form of PKBa that is activation-resistant failed to inhibit
insulin-stimulated glucose transport and GLUT 4 transloca-
tion in 3T3/L I adipocytes (83), despite inhibiting the acti-
vation of both PKBa and PKB[3 (84). Also, in rat adipo-
cytes, plasmid-mediated expression of a single mutant ki-
nase-inactive PKBa (73) and both double and triple mutant
kinase-inactive and activation-resistant forms of PKBa (un-
published observations) were found to inhibit insulin-
stimulated GLUT 4 translocation by only 20% to 25%, as
opposed to the 60% to 70% inhibition observed with kinase-
inactive or activation-resistant forms of both PKC-,/A and
PDK-I (48, 52, 59). Obviously, there are several findings
that seem to be contradictory regarding the role of PKB in
insulin-stimulated glucose transport. Perhaps a failure to
fully inhibit specific isoforms of PKB, or specific intracel-
lular sites of PKB activation, may explain some of these
discrepant findings. In this regard it may be noted that in-
sulin-induced activation of PKB[3 exceeds that of PKB-a in
rat adipocytes, whereas activation of PKBa exceeds that of
PKB[3 in hepatocytes, and in skeletal muscle, PKBa ap-
pears to be the major insulin-sensitive PKB isoform (85).
This contrasts with the situation in L6 myotubes, a skeletal
muscle cell line, where PKB'Y appears to be the major in-
sulin-sensitive isoform (85) (note that PKB'Y does not ap-
pear to be significantly activated by insulin in rat adipo-
cytes, hepatocytes or skeletal muscle). Clearly, more infor-
mation is needed to evaluate the role of specific PKB
isoforms and their cellular activation sites in the activation
of glucose transport in specific tissues.

Other Phospholipid/Lipid Kinase-Dependent
Signaling Systems as Potential Regulators of
Glucose Transport

In addition to the IRS/PI3K1PDKlPKC-'/A pathway,
there is mounting evidence that other related signaling path-
ways are used by insulin and other agonists for stimulating
glucose transport. For example, two groups have reported
that Gaq/l l subunits are required for insulin-stimulated
glucose transport in 3T3/LI adipocytes (88, 89). However,
one group has reported that Guq/Ll operates via PI3K and
atypical PKC-A, rather than PKB (89), whereas the other
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group has suggested that PI3K is neither activated by Goq/
II, nor required for Gaq/Ll action on glucose transport
(88). It remains to be seen if this difference in findings is
due to differences in 3T3/Ll cell lines or other experimental
factors. It also remains to be seen how Gaq/l l or other
heteromeric G-protein subunits are activated by insulin,
whether such G-protein activation occurs in other cell types,
and whether PKC-,/A or PKB functions downstream of
these G-proteins and accounts for their effects on glucose
transport.

In addition to the IRS/PI3K/PDK-I and Gaq/l l-
dependent pathways, we have recently found that some
(e.g., phorbol esters; see above), but not all (e.g., insulin; see
above), agonists that activate ERK, can via a mechanism
requiring the activation of the ERK pathway, activate PKC-
'lA, and thereby activate GLUT 4 translocation and glucose
transport, independently of PI3K, PDK-l, and PKB (unpub-
lished observations). The mechanism whereby PKC-,/A is
activated in conjunction with the ERK pathway and the
agonists that operate via this PI3K1PDK/PKB-independent
ERK-dependent pathway are presently under study in our
laboratory.

Concluding Remarks
Perhaps the issue of whether PKC-,/Ah, PKBa/[3/'Y, or

both kinases is/are of greater or lesser importance for insu-
lin-stimulated glucose transport will only be clarified by
comparing their relationship with alterations of glucose
transport in specific tissues in various physiological and
pathophysiological conditions. Although it is still too early
to be sure of the final resolution of this issue, in initial
studies we have found that impairment of glucose transport
in adipocytes (79) and skeletal muscles (90) of type 2 dia-
betic Goto-Kakizaki (GK) rats, the reversal of this defect,
and in fact actual enhancement, in insulin-stimulated glu-
cose transport in rat adipocytes following thiazolidinedione
treatment (79) correlate with alterations in PKC-~/A, rather
than PKBa, activation. In addition, improvement in insulin
signaling in skeletal muscles and adipocytes of diabetic GK
rats following insulin-sensitization by treatment with thia-
zolidinediones or intensive insulin treatment or following
short-term fasting and reduction of blood glucose is at-
tended by increases in the activation of PKC-~/A, rather than
PKBa (unpublished observations). We have also observed
excellent correlation between alterations in glucose trans-
port and PKC-~/A activity in a number of other physiologi-
cal and pathological conditions in several additional rodent
models of insulin resistance. We therefore believe that al-
terations in PKC-,/Ah activation will prove to be important
in determining the effectiveness of insulin in the regulation
of glucose transport in humans. As discussed above, this
does not imply that PKB is not required for insulin-
stimulated glucose transport. In this regard there has been
no report of a situation in which PKB activation is specifi-
cally compromised, i.e., without concomitant inhibition of
PKC-~/A activation, and which is attended by a state of



impaired activation of glucose transport by insulin that can
be corrected by restoration of PKB activation. Nevertheless,
regardless of whether PKC-t/M. or PKB-a/l3/'Y is more im-
portant for glucose transport, it seems clear that the combi-
nation of PKC-t!WA and PKB-a/l3/'Y serves as a powerful,
integrated mechanism for insulin regulation of glucose
transport, subsequent storage of glucose in glycogen, and
thus overall glucose metabolism. This being the case, it is
likely that we are on a threshold that will lead to a better
understanding of the proximate causes of clinical insulin
resistance, and such understanding should ultimately allow
us to devise more effective treatments for type 2 diabetes
mellitus and associated states of insulin resistance.

I. White MF, Kahn CR. The insulin signaling system. J BioI Chern

269:1, 1994.
2. LeGood JA, Ziegler WH, Parakh DB, Parekh DB, Alessi DR, Cohen

P, Parker PJ. Protein kinase C isotypes controlled by phosphoinositide
3-kinase through the protein kinase PDKI. Science 281:2042-2045.
1998.

3. Chou MM, How W, Johnson J, Graham LK, Lee MH, Chen C. Newton
AC, Schaffhausen BS. Toker A. Regulation of protein kinase C zeta by
PI 3-kinase and PDK-1. Curr Bioi 8:1069-1077, 1998.

4. Denton RM, Tavare JM. Does mitogen-activated-protein kinase have
a role in insulin action? The cases for and against. Eur J Biochem

227:597-611, 1995.
5. Standaert ML, Avignon A. Yamada K. Bandyopadhyay G. Farese RV.

The phosphatidylinositol 3-kinase inhibitor, wortmannin, inhibits in-
sulin-induced activation of phosphatidylcholine hydrolysis and asso-
ciated protein kinase C translocation in rat adipocytes. Biochem J

313:1039-1046, 1996.
6. Karnam P, Standaert ML, Galloway L, Farese RV. Activation and

translocation of Rho (and ARF) by insulin in rat adipocytes: Apparent
involvement of phosphatidylinositol 3-kinase. J Bioi Chern 272:6136-

6136, 1997.
7. Shome K. Vasudevan C. Romero G. ARF proteins mediate insulin-

dependent activation of phospholipase D. Curr Bioi 7:387, 1997.
8. Klarlund JK, Rameh LE, Cantley LC. Buxton JM. Holik JJ, Sakelis C,

Patki V, Corvera S, Czech MP. Regulation of GRPI-catalyzed ADP
ribosylation factor guanine nucleotide exchange by phosphatidylino-
sitol 3.4,5-trisphosphate. J Bioi Chern 273: 1859-1862, 1998.

9. Lamer J. Insulin-signaling mechanisms: Lessons from the Old Testa-
ment of glycogen metabolism and the New Testament of molecular

biology. Diabetes 37:262, 1988.
10. Saltiel AR, Osterman DO. Darnell JC. Chan BL, SorbaraCazan LR.

The role of glycosylphosphoinositides in signal transduction. Rec Prog

Horm Res 45:353-379, 1989.
II. Vila MC. Milligan G, Standaert ML, Farese RV. Insulin activates

glycerol-3-phosphate acyltransferase (de novo phosphatidic acid syn-
thesis) through a phospholipid-derived mediator: Apparent involve-
ment of Gi-n and activation of a phospholipase C. Biochemistry
29:8735-8740, 1990.

12. Farese RV, Standaert ML. Yamada K. Huang LC, Zhang C, Cooper
DR, Wang Z, Yang Y. Susuki S. Toyota T, Larner J. Insulin-induced
activation of G3PAT by a chiro-inositol-containing insulin mediator is
defective in adipocytes of insulin-resistant. type II diabetic. Goto-
Kakizaki (GK) rats. Proc Natl Acad Sci USA 91:11040-11044,1994.

13. Hoffman JM, Standaert ML. Nair GP, Farese RV. Differential effects
of pertussis toxin on insulin-stimulated phosphatidylcholine hydrolysis
and glycerolipid synthesis de novo: Studies in BC3H-1 myocytes and
rat adipocytes. Biochemistry 30:3315-3322. 1991.

14. Baldini PM, Zannetti A, Donchenko V, Dini L. Luly P. Insulin effect

on isolated rat hepatocytes: Diacylglycerol-phosphatidic acid interre-
lationship. Biochem Biophys Acta 1137:208-214. 1992.

15. Emote M. Klarlund JK. Waters SB. Hu V. Buston JM. Chawla A.
Czech MP. A role for phospholipase D in Glut4 glucose transporter
translocation. J Bioi Chern 275:7144-7151. 2000.

16. Vila MC, Farese RV. Insulin rapidly increases glycerol-3-phosphate
acyltransferase activity in rat adipocytes Arch Biochem Biophy
284:366, 1991.

17. Moxham CM. Malbon CC Insulin action impaired by deficiency of the
G-protein subunit G;"2' Nature 379:840. 1996.

18. Standaert ML, Musunuru K. Yamada K. Cooper DR. Farese RV. In-
sulin-stimulated phosphatidylcholine hydrolysis. diacylglycerol!
protein kinase C signaling and hexose transport in pertussis toxin-
treated BC3H-1 myocytes. Cell Signal 6:707-716. 1994.

19. Ishizuka T, Hoffman J. Cooper DR. Watson JE. Pushkin DB. Farese
RV. Glucose-induced synthesis of diacylglycerol de 1I0VO is associated
with translocation (activation) of protein kinase C in rat adipocytes.
FEBS Lett 249:234-238, 1989.

20. Farese RV. Standaert ML. Arnold TP. Preferential activation of mi-
crosomal diaglycerollprotein kinase C signalling during glucose treat-
ment (de novo phospholipid synthesis) of rat adipocytes. J Clin Invest
93: 1894. 1994.

21. Draznin B. Leitner JW. Sussman KE. Sherman NA. Insulin and glu-
cose modulate protein kinase C activity in rat adipocytes. Biochem
Biophy Res Commun 156:570.1988.

22. Hoffman JM.lshizuka T. Farese RV. Interrelated effects of insulin and
glucose on diacylglycerol-protein kinase C signaling in rat adipocytes
and solei muscles ill vitro and ill vivo in diabetic rats. Endocrinology
128:2937. 1991.

23. Farese RV. Larson RE. Sabir MA. Insulin acutely increases phospho-
lipids in the phosphatidate-inositide cycle in rat adipose tissue. J Bioi
Chern 257:4042. 1982.

24. Farese RV, Barnes DE. Davis JS. Standaert ML, Pollet RJ. Effects of
insulin and protein synthesis inhibitors on phospholipid metabolism.
diacylglycerol levels and pyruvate dehydrogenase activity in BC3H-1
myocytes. J Bioi Chem 259:7094-7100. 1984.

25. Farese RV. Davis JS. Barnes DE. Standaert ML, Babishkin JS. Hock
R. Rosie NK. Pollet RJ. The de /I0VO phospholipid effect of insulin is
associated with increases in diacylglycerol, but not inositol-phosphates
or cytosolic Ca'". Biochem J 231:269-278. 1985.

26. Pennington SR. Martin BR. Insulin-stimulated phosphoinositide me-
tabolism in isolated fat cells. J Bioi Chem 260:11039. 1985.

27. Ruderman NB. Kapeller R. White MF. Cantley LC. Activation of
phosphatidylinositol 3-kinase by insulin. Proc Natl Acad Sci USA
87:1411-1415, 1990.

28. Kelly KL. Ruderman NB. Insulin-stimulated phosphatidylinositol
3-kinase. J Bioi Chem 268:4391. 1993.

29. Quon MJ. Butte AJ, Zarnowski MJ, Sesti G, Cushman SW. Taylor SI.
Insulin receptor substrate I mediates the stimulatory effect of insulin
on GLUT4 translocation in transfected rat adipose cells. J Bioi Chem
269:27920-27924, 1994.

30. Zhou L. Chen H. Lin CH. Cong LN, McGibbon NA. Sciacchitano S.
Lesniak MA, Quon MJ, Taylor SI. Insulin receptor substrate-2 (lRS-2)
can mediate the action of insulin to stimulate translocation of GLUT4
to the cell surface in rat adipose cells. J Bioi Chem 272:29829-29833.
1997.

31. Araki E. Lipes MA. Patti ME. Bruning JC. Haag III B, Johnson RS.
Kahn CR. Alternative pathway of insulin signaling in mice with tar-
geted disruption of the IRS-I gene. Nature 372:186-189. 1994.

32. Okada T. Kawano Y, Sakakibara T. Hazeki O. Ui M. Essential role of
phophatidylinositol 3-kinase in insulin-induced glucose transport and
antilipolysis in rat adipocytes: Studies with a selective inhibitor wort-
mannin. J Bioi Chern 269:3568-3573. 1994.

33. Quon MJ, Chen H. Ing BL, Liu ML. Zarnowski MJ, Yonezawa K.
Kasuga M. Cushman SW, Taylor SI. Roles of I-phosphatidylinositol
3-kinase and ras in regulating translocation of GLUT4 in transfected
rat adipose cells. Mol Cell Bioi 15:5403-5411. 1995.

INSULIN, PKC-yAIL, AND GLUCOSETRANSPORT 293



34. Moule SK, Edgell NJ. Welsh 01, Diggle TA, Foulstone EJ. Heesom
KJ, Proud CJ. Denton RM. Multiple signaling pathways involved in
the stimulation of fatty acid and glycogen synthesis by insulin in rat
epididymal fat cells. Biochem J 311:595-601, 1995.

35. Arnold TP, Standaert ML. Hernandez H, Watson J. Mischak H, Ka-
zanietz MG. Effects of insulin and phorbol esters on MARCKS (my-
ristoylated alanine-rich C-kinase substrate) phosphorylation and other
parameters of protein kinase C activation in rat adipocytes, rat soleus
muscle and BC3H-I myocytes. Biochem J 295:155-164, 1993.

36. Augert G, Exton JH. Insulin and oxytocin effects on phosphoinositide
metabolism in adipocytes. J Bioi Chern 263:3600, 1988.

37. Farese RV. Konda TS. Davis JS. Standaert ML. Pollet RJ, Cooper DR.
Insulin rapidly increases diacylglycerol by activating de novo phos-
phatidic acid synthesis. Science 236:586-589, 1987.

38. Farese RV, Cooper DR, Konda TS, Nair GP, Standaert ML, Davis JS.
Pollet RJ. Mechanisms whereby insulin increases diacylglycerol in
BC3H-I myocytes. Biochem J 256:175-184, 1988.

39. Ishizuka T, Cooper DR, Hernandez H, Buckley D. Standaert ML.
Farese RV. Effects of insulin on diacylglycerol-protein kinase C sig-
naling in rat diaphragm and soleus muscles and relationship to glucose
transport. Diabetes 39: 181-190, 1990.

40. Yu B, Standaert ML, Arnold T, Hernandez H, Watson J, Ways K,
Cooper DR, Farese RV. Effects of insulin on diacylglycerol/protein
kinase-C signaling and glucose transport in rat skeletal muscles in vivo
and in vitro. Endocrinology 130:3345-3355, 1992.

41. Farese RV, Standaert ML, Francois Am, Ways K, Arnold TP, Hern-
andez H, Cooper DR. Effects of insulin and phorbol esters on subcel-
lular distribution of protein kinase C isoforms in rat adipocytes. Bio-
chern J 288:319-323, 1992.

42. Ishizuka T, Cooper DR, Farese RV. Insulin stimulates the transloca-
tion of protein kinase C in rat adipocytes. FEBS Lett 257:337-340,
1989.

43. Cooper DR. Konda TS, Standaert ML. Davis JS, Pollet RJ, Farese RV.
Insulin increases membrane and cytosolic protein kinase C activity in
BC3H-I myocytes. J Bioi Chern 262:3633-3639, 1987.

44. Yamada K, Avignon A, Standaert ML, Cooper DR, Spencer B. Farese
RV. Effects of insulin on the translocation of protein kinase C-8 and
other protein kinase C isoforms in rat skeletal muscles. Biochem J
308:177-180. 1995.

45. Bandyopadhyay G. Standaert ML, Zhao L. Yu B. Avignon A, Gallo-
way L, Karnam P, Moscat J, Farese RV. Activation of protein kinase
C (a,l3. and ,) by insulin in 3T3/LI cells: Transfection studies suggest
a role for PKC-' in glucose transport. J Bioi Chern 272:2551-2558.
1997.

46. Walaas SI, Horn RS, Adler A, Albert KA. Walaas O. Insulin increases
membrane protein kinase C activity in rat diaphragm. FEBS Lett
220:311-318, 1987.

47. Taniguchi H. Manenti S, Suzuki M, Titani K. Myristoylated alanine-
rich C kinase substrate (MARCKS), a major protein kinase C sub-
strate, is an in vivo substrate of proline-directed protein kinase(s). J
Bioi Chern 269:18299, 1994.

48. Standaert ML, Galloway L, Karnam P, Bandyopadhyay G, Moscat J,
Farese RV. Protein kinase C-' as a downstream effector of phospha-
tidylinositol 3-kinase during insulin stimulation in rat adipocytes: Po-
tential role in glucose transport. J Bioi Chern 272:30075-30082, 1997.

49. Standaert ML, Bandyopadhyay G, Antwi EK, Farese RVI. RO 31-
8220 activates c-Jun N-terminal kinase and glycogen synthase in rat
adipocytes and L6 myotubes: Comparison to actions of insulin. Endo-
crinology 140:2145-2151, 1999.

50. Standaert ML, Buckley OJ, Ishizuka T, Vila M. Cooper DR, Pollet RJ.
Farese RV. Protein kinase C inhibitors block insulin- and PMA-
stimulated hexose transport in isolated rat adipocytes and BC3H-1
myocytes. Metabolism 39:1170-1179. 1990.

51. Bandyopadhyay G, Standaert ML, Galloway L, Moscat J, Farese RV.
Evidence for involvement of protein kinase C (PKCH and non-
involvement of diacylglycerol-sensitive PKCs in insulin-stimulated

294 INSULIN, PKC-t/AIL, AND GLUCOSETRANSPORT

glucose transport in L6 myotubes. Endocrinology 138:4721-4731.
1997.

52. Bandyopadhyay G, Standaert ML. Kikkawa U, Ono Y. Moscat J,
Farese RV. Effects of transiently expressed atypical (" A), conven-
tional (a, 13) and novel (8, e) protein kinase C isoforrns on insulin-
stimulated translocation of epitope-tagged GLUT4 glucose transport-
ers in rat adipocytes: specific interchangeable effects of protein kinase
C-' and C-A. Biochem J 337:461-470. 1999.

53. Cherqui G, Caron M, Wicek 0, Lascols 0, Capeau J, Picard J. De-
creased insulin responsiveness in fat cells rendered protein kinase
C-deficient by a treatment with phorbol ester. Endocrinology
120:2192-2194, 1987.

54. Ishizuka T. Cooper DR. Arnold T. Hernandez H. Farese RV. Down-
regulation of protein kinase C and insulin-stimulated 2-deoxyglucose
uptake in rat adipocytes by phorbol esters. glucose, and insulin. Dia-
betes 40:1274-1281, 1991.

55. Gibbs EM. Allard WJ, Lienhard GE. The glucose transport in 3T3/L1
adipocytes is phosphorylated in response to phorbol ester but not in
response to insulin. J Bioi Chern 261:16597. 1986.

56. Kitagawa K, Nishino H, Iwashima A. Ca2+-dependent stimulation of
3-0-methylglucose transport in mouse fibroblast Swiss 3T3/L1 cells
induced by phorbol-IZ, 13-dibutyrate. Biochem Biophys Res Commun
128:127. 1985.

57. Klip A, Ramlal T. Protein kinase C is not required for insulin stimu-
lation of hexose uptake in muscle cells in culture. Biochem J 242: I31,
1987.

58. Avignon A. Standaert ML, Yamada K, Mischak H, Spencer B, Farese
RV. Insulin increases mRNA levels of protein kinase C-a and 13 in rat
adipocytes and protein kinase C-a. -13 and -8 in rat skeletal muscle.
Biochem J 308:181-187,1995.

59. Bandyopadhyay G, Standaert ML, Sajan MP, Karnitz LM. Cong L.
Quon MJ. Farese RV. Dependence of insulin-stimulated glucose trans-
porter 4 translocation on 3-phosphoinositide-dependent protein ki-
nase-l and its target threonine-41O in the activation loop of PKC-'.
Mol Endocrinol 13:1766-1772. 1999.

60. Standaert ML, Farese RV, Cooper DR. Cooper RJ. Insulin-induced
glycerolipid mediators and the stimulation of glucose transport in
BC3H-I myocytes. J Bioi Chern 263:8696-8705, 1988.

61. Nave BT, Siddle K. Shepherd PR. Phorbol esters stimulate phospha-
tidylinositol 3,4,5-trisphosphate production in 3T3/L1 adipocytes: Im-
plications for stimulation of glucose transport. Biochem J 318:203,
1996.

62. Standaert M, Bandyopadhyay G, Galloway L, Farese RV. Effects of
phorbol esters on insulin-induced activation of phosphatidylinositol
3-kinase, glucose transport, and glycogen synthase in rat adipocytes.
FEBS Lett 388:26-28. 1996.

63. Standaert ML. Bandyopadhyay G. Galloway L. Soto J, Ono Y. Kik-
kawa U. Farese RV. Effects of knockout of the PKB-13 gene on glucose
transport and glucose homeostasis. Endocrinology 140:4470-
4477,1999.

64. Chin JE, Liu F. Roth RA. Activation of protein kinase COl inhibits
insulin-stimulated tyrosine phosphorylation of insulin receptor sub-
strate- I. Mol Endocrinol 8:5 I, 1994.

65. Bossenmaier B, Mosthaf L. Mischak H, Ullrich A. Haring HU. Protein
kinase C isoforms 131 and 132 inhibit the tyrosine kinase activity of the
insulin receptor. Diabetologia 40:863-866. 1997.

66. Kotani K. Ogawa W. Matsumoto M, Kitamura T, Sakaue H. Hino Y.
Miyake K, Sano W. Akimoto K, Ohno S. Kasuga M. Requirement of
atypical protein kinase CA for insulin stimulation on glucose uptake
but not for Akt activation in 3T3/LI adipocytes. Mol Cell Bioi
18:6971-6982. 1998.

67. Mendez R. Kollmorgen G. White MF. Rhoads RE. Requirement of
protein kinase C-' for stimulation of protein synthesis by insulin. Mol
Cell Bioi 17:184-192. 1997.

68. Lavoie L. Band CJ, Kong M, Bergeron JJM, Posner BI. Regulation of
glycogen synthase in rat hepatocytes: Evidence for multiple signaling
pathways. J BioI Chern 274:28279-28285, 1999.



69. Dong LQ. Zhang R. Langlais P, He H. Clark M. Zhu L, Liu F. Primary
Structure. tissue distribution. and expression of mouse phosphoinosit-
ide-dependent protein kinase-I, a protein kinase that phosphorylates
and activates protein kinase.Cc, J Bioi Chem 274:8117-8122. 1999.

70. Standaert ML. Bandyopadhyay G. Perez L. Price D. Galloway L.
Poklepovic A. Sajan MP. Cenni V. Sirri A. Moscat J, Toker A. Farese
RV. Insulin activates PKC-t and PKC-}. by an autophosphorylation-
dependent mechanism and stimulates their translocation to GLUT4
vesicles and other membrane fractions in rat adipocytes. J Bioi Chem
274:25308-25316. 1999.

71. Chen H. Nystrom FH. Dong LQ. Liu F. Quon MJ. Catalytic Activity
of PDK-I is enhanced in response to insulin-stimulated phosphoryla-
tion of Ser44• Diabetes 49 Supplement. Abstract no. I365-P American
Diabetes Association 60th Scientific Session.

72. Nakanishi H. Brewer KA, Exton JH. Activation of the t isozyme of
protein kinase C by phosphatidylinositol 3.4.5-trisphosphate. J Bioi
Chem 268:13-16. 1993.

73. Cong L. Chen H. Li Y. Zhou L. McGibbon MA, Taylor SI. Quon MJ.
Physiological' role of Akt in insulin-sitmulated translocation of
GLUT4 in transfected rat adipose cells. Mol Endocrinol 22: 1981-
1890.1997.

74. Wang Q. Somwar R. Bilan PJ. Liu Z. Jin J, Woodgetl JR. Klip A.
Protein kinase B/Akt particpates in Glut4 translocation by insulin in L6
myoblasts. Mol Cel BioI 19:4008-4018. 1999.

75. Standaert ML. Bandyopadhyay G. Galloway L. Ono Y, Mukai H.
Farese RV. Comparative effects of GTP")IS and insulin on the activa-
tion of Rho. phosphatidylinositol 3-kinase, and protein kinase N in rat
adipocytes. J BioI Chem 273:7470-7477. 1998.

76. Bandyopadhyay G. Kanoh Y. Sajan MP. Standaert ML, Farese RV.
Effects of adenoviral gene transfer of wild-type. constitutively-active
and kinase-defective PKC-}.on insulin-stimulated glucose transport in
L6 myotubes. Endocrinology 141:4120-4127.2000.

77. Etgen GJ. Valasek KM, Broderick CL. Miller AR.il/ vivo adenoviral
delivery of recombinant human protein kinase Cot stimulates glucose
transport activity in rat skeletal muscle. J BioI Chem 274(32):22139-
22142. 1999.

78. Alessi DR. Andjelkovic M. Caudwell B. Cron P. Morrice N, Cohen P,
Hemmings BA. Mechanism of activation of protein kinase B by insu-
lin and IGF-I. EMBO J 15:6541-6551, 1996.

79. Kanoh Y. Bandyopadhyay G. Sajan MP. Standaert ML. Farese RV.
Thiazolidinedione treatment enhances insulin effects on protein kinase
C-t/}. activation and glucose transport in adipocytes of nondiabetic and
Goto-Kakizaki type II diabetic rats. J Bioi Chem 275:16690-16696.
2000.

80. Kohn AD. Summers SA. Birnbaum MJ, Roth RA. Expression of a

constitutively active Akt SerlThr kinase in 3T3/L1 adipocytes stimu-
lates glucose uptake and glucose transporter 4 translocation. J BioI
Chem 271:31372-31378,1996.

8!. Tanti JF, Grillo S. Gremeaux T, Coffer PJ, Van Obberghen E. Le
Marchand-Brustel Y. Potential role of protein kinase B in glucose
transporter 4 translocation in adipocytes. Endocrinology 138:2005-
2010,1997.

82. Hill MM. Clark SF. Tucker DF. Birnbaum MJ, James DE, Macaulay
SL. A role for protein kinase Bf3IAkt2 in insulin-stimulated Glul4
translocation in adipocytes, Mol Cel Bioi 19:7771-7781, 1999.

83. Kitamura T, Ogawa W. Sakaue H. Hino Y, Kuroda S, Takata M,
Matsumoto M. Maeda T, Konishi H, Kikkawa U, Kasuga M. Require-
ment for activation of the serine-threonine kinase Akt (protein kinase
B) in insulin stimulation of protein synthesis but not of glucose trans-
port. Mol Cel Bioi 18:3708-3717. 1998.

84. Takata M, Ogawa W, Kitamura T, Hino Y, Kuroda S, Kotani K, Klip
A, Gingras AC, Sonenberg N. Kasuga M. Requirement for Akt (pro-
tein kinase B) in insulin-induced activation of glycogen synthase and
phosphorylation of 4E-BPI (PHAS-I). J Bioi Chem 274:20611-
20618, 1999.

85. Walker KS. Deak M, Paterson A. Hudson K, Cohen P, Alessi DR.
Activation of protein kinase B beta and gamma isoforms by insulin ill
vil'o and by 3-phosphoinositide-dependent protein kinase-I ill vitro:
Comparison with protein kinase B alpha. Biochem J 331:299-308,
1998.

86. Sajan MP, Standaert ML, Bandyopadhyay G. Quon MJ. Burke TR,
Farese RV. Protein kinase Cot and phosphoinositide-dependent protein
kinase-I are required for insulin-induced activation of ERK in nil
adipocytes. J Bioi Chem 274:30495-30500, 1999.

87. Standaert ML, Bandyopsadhahy G. Kanoh Y, Sajan MP, Farese RV.
Insulin and PIP3 activate PKC-t by mechanisms that are both depen-
dent and independent of phosphorylation of activation loop (T410) and
autophosphorylation (T560) sites. Biochemistry 40:249-255, 200!.

88. Imamura T, Vollenweider P. Egawa K, Clodi M, Ishibashi K, Na-
kashima N. Ugi S, Adams JW, Heller Brown J, Olefsky JM. G alpha-
q/II protein plays a key role in insulin-induced glucose transport in
3T3/L1 adipocytes. Mol Cell Bioi 19:6765-6774, 1999.

89. Kanzaki K. Watson RT. Artemyev NO. Pessin JE. The trimeric GTP-
binding protein (G(q)/G( II» alpha subunit is required till' insulin-
stimulated GLUT4 translocation in 3T3/L1 adipocytes. J Bioi Chern
275:7167-7175.2000.

90. Kanoh Y, Bandyopadhyay G, Sajan MP, Standaert ML, Farese RV.
Rosiglitazone, insulin treatment and fasting correct defective actura-
tion of protein kinase C-t/}. by insulin in vastus lateralis muscles and
adipocytes of diabetic rats. Endocrinology (in press).

INSULIN, PKC-yMI., AND GLUCOSE TRANSPORT 295


