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Glucose transport into muscle is the initial process in glucose
clearance and is uniformly defective in insulin-resistant con-
ditions of obesity, metabolic syndrome, and Type |l diabe}es
mellitus. Insulin regulates glucose transport by activatmg
insulin receptor substrate-1 (IRS-1)-dependent phosphatidyli-
hositol 3-kinase (PI3K) which, via increases in PI-3,4,5-triphos-
Phate (PIP,), activates atypical protein kinase C (aPKC) and
Protein kinase B (PKB/Akt). Here, we review (i) the evidence that
both aPKC and PKB are required for insulin-stimulated glucose
transport, (i) abnormalities in muscle aPKC/PKB activation seen
in obesity and diabetes, and (jii) mechanisms for impaired aPKC
activation in insulin-resistant conditions. In most cases, defec-
tive muscle aPKC/PKB activation reflects both impaired activa-
tion of IRS-1/PI3K, the upstream activator of aPKC and PKB in
Muscle and, in the case of aPKC, poor responsiveness to PIPs,
the lipid product of PI3K. Interestingly, insulin-sensitizing
agents (e.g., thiazolidinediones, metformin) improve aPKC
activation by insulin in vivo and PIP; in vitro, most likely by
activating 5’-adenosine monophosphate-activated protein kin-
ase, which favorably alters intracellular lipid metabolism.
Differently from muscle, aPKC activation in the liver 'is
dependent on IRS-2/PI3K rather than IRS-1/PI3K and, surpn.S-
ingly, the activation of IRS-2/PI3K and aPKC is conserved in
high-fat feeding, obesity, and diabetes. This conservation has
important implications, as continued activation of hepatic aPKC
in hyperinsulinemic states may increase the expression of sterol
reguiatory element binding protein-1c, which controls genes
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that increase hepatic lipid synthesis. On the other hand, the
defective activation of IRS-1/PI3K and PKB, as seen in diabetic
liver, undoubtedly and importantly contributes to increases in
hepatic glucose output. Thus, the divergent activation of aPKC
and PKB in the liver may explain why some hepatic actions of
insulin (e.g., aPKC-dependent lipid synthesis) are increased
while other actions (e.g., PKB-dependent glucose metabolism)
are diminished. This may explain the paradox that the liver
secretes excessive amounts of both very low density lipoprotein
triglycerides and glucose in Type Il diabetes.

Previous reviews from our laboratory that have appeared in
the Proceedings have provided essentials on phospholipid-
signaling mechanisms used by insulin to activate several
protein kinases that seem to be important in mediating the
metabolic effects of insulin, During recent years, there have
been many new advances in our understanding of how these
lipid-dependent protein kinases function during insulin action
and why they fail to function in states of insulin resistance. The
present review will attempt to summarize what we believe are
some of the more important advances. Exp Biol Med 230:593-
605, 2005
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Introduction

Throughout the past decade, our laboratory has focused
on the role of atypical protein kinase C (aPKC) isoforms as
mediators of insulin-stimulated glucose transport in muscle
and adipocytes. In recent years, our interest has been further
whetted by the finding that there are consistent defects in
aPKC activation by insulin in muscles and adipocytes in
insulin-resistant states of obesity and Type I diabetes, as
seen in a variety of laboratory animals and humans. Also
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intriguing is our even more recent finding (unpublished)
that, as in skeletal muscle, aPKC activation by insulin is
defective in heart muscle of high-fat-fed mice (ie., a
surrogate for obesity), Type 1l diabetic Goto-Kakizaki (GK)
rats, ob/ob obese/diabetic mice, and rats rendered diabetic
by the streptozotocin (STZ)-induced destruction of islet -
cells. Thus, abnormalities seen in skeletal muscle in insulin-
resistant conditions may have similar counterparts in heart
muscle.

Defects in aPKC activation by insulin in skeletal and
heart muscle appear to be explained not only by diminished
activation of insulin receptor substrate (IRS)-dependent
phosphatidylinositol 3-kinase (PI3K), which functions up-
stream of aPKC, but also by the diminished ability of the
lipid product of PI3K (i.e., PI-3,4,5-triphosphate [PIP;]) to
directly activate aPKC.

Unlike the situation in muscle and adipocytes, aPKC
activation has not been found to be impaired in the livers of
all insulin-resistant animals that we have examined to date
including high-fat-fed mice, ob/ob diabetic mice, GK-
diabetic rats, STZ-diabetic rats, and obese monkeys. This
surprising finding may be particularly important because
aPKCs are major mediators for insulin-induced increases in
the expression of sterol regulatory element binding protein-
lc (SREBP-I¢) in the liver. Also, this transcription factor
activates a battery of genes, including fatty acid synthase
(FAS) and acetyl-coenzyme A carboxylase, that control
lipid synthesis in the liver. Thus, the unabated or heightened
activation of aPKC by insulin in the liver may importantly
contribute to the pathogenesis of the dyslipidemia (i.e., very
low density lipoprotein [VLDL]-associated hypertriglycer-
idemia“and reciprocal decreases in cardioprotective high-
density lipoprotein lipids) that is characteristic of hyper-
insulinemic states of obesity, metabolic syndrome, and Type
II diabetes.

In view of the tissue-specific differences in whether
aPKC activation is compromised or conserved, it is essential
to recognize the factors that control PI3K and aPKC
activation by insulin in various types of insulin-sensitive
tissue. In this regard, data from mice in which IRS-1 or IRS-
2 has been knocked out suggest that aPKCs in the liver are
controlled by IRS-2/PI3K, rather than IRS-1/PI3K (Figs. 1
and 2). This is very different from muscle, wherein IRS-1/
PI3K, rather than IRS-2/PI3K, is the primary activator of
aPKCs,

In addition to aPKC, it is essential to recognize the
factors that control the activation of protein kinase B (PKB/
Akt) which, like aPKC, is activated by PI3K and is required
for insulin-stimulated glucose transport in muscle and
adipocytes. However, unlike aPKC, PKB is also required
for the insulin regulation of glycogen synthesis in the
muscle, adipocytes, and liver and gluconeogenesis and
glucose release in the liver. In this regard, in muscle, like
aPKC, PKB activation is largely controlled by IRS-1; in the
liver, unlike aPKC, both IRS-1/PI3K and IRS-2/PI3K

control the activation of PKB during insulin action (Figs.
I and 2).

Of further note, we have recently found that insulin
signaling to IRS-1/PI3K, IRS-2/PI3K, aPKC, and PKB is
intact in livers of both high-fat-fed mice and spontaneously
occurring obesity in monkeys. Thus, conserved PKB
activation in the liver most likely contributes to maintaining
relatively normal glucose homeostasis in these states. On the
other hand, because insulin resistance in muscle leads to
hyperinsulinemia in states of obesity and high-fat feeding,
increases in SREBP-I1c expression and hepatic lipid syn-
thesis are expected to ensue from heightened activation of
IRS-2/PI3K and aPKC by insulin.

We also recently found that, whereas the activation of
IRS-1/PI3K and PKB is impaired in the livers of GK-
diabetic rats, STZ-diabetic rats, and ob/ob diabetic mice, the
activation of both IRS-2/PI3K and aPKC is fully or well
conserved in this organ. Thus, as in states of obesity,
conserved activation of IRS-2/PI3K and aPKC in the liver in
these diabetic rodents is expected to increase the expression
of SREBP-1c and hepatic lipid synthesis in response to the
hyperinsulinemia seen in GK-diabetic rats and ob/ob
diabetic mice. However, unlike obesity, the defect in IRS-
1/PI3K and PKB activation seen in these diabetic rodents
would be expected to increase hepatic glucose output and
contribute to their hyperglycemia (Fig. 1).

As has been previously alluded to, it appears that
defects in aPKC activation in muscle and adipocytes are
seen throughout the spectrum of obesity and Type II
diabetes. Moreover, these defects in muscle aPKC activation
most likely importantly contribute to the development of
insulin resistance in these syndromes. Thus, it is essential to
understand the mechanisms that increase aPKC activity in
muscle and adipocytes. To this end, it is now recognized
that several insulin-sensitizing agents (i.e., S-amino-imida-
zole-4-carboxamide-1-8-D-riboside [AICAR], adiponectin,
thiazolidinediones [TZDs], metformin) activate 5’-adeno-
sine monophosphate—activated protein kinase (AMPK) in
muscle and other types of tissue. Moreover, preliminary
findings suggest that each of these agents activates and/or
improves the activation of aPKCs in skeletal and/or heart
muscle by insulin and/or PIP;. These findings provide
important insight into how presently used therapeutic agents
improve insulin effectiveness, and this insight should pave
the way for developing new therapeutic agents.

General Aspects of Insulin Signaling and
Control of Metabolic Functions. Insulin effects are
initiated through the insulin receptor, which phosphorylates
tyrosine residues on IRS-1, IRS-2, Cbl, and other proteins
including IRS-3, IRS-4, Shc, Gab-1, SIRPs, adapter protein
containing PH and SH2 domains (APS), and FAK (1-3).
Tyrosine phosphorylation of IRS-1, IRS-2, Cbl, and other
proteins leads to binding to SH2 domains of (i) the p85
subunit of PI3K which, via activation of the p110 catalytic
subunit, converts PI-4,5-(PO,), to PIP;; (ii) GRB2, which
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Figure 1. Insulin signaling in muscle and adipocytes. In s.keletal
muscle, IRS-1, via PI3K, controls aPKC and PKB activation. In
adipocytes, both IRS-1 and IRS-2, via PI3K, controt aPKC ar)d PKB
activation. In both muscle and adipocytes, aPKC and PKB stimulate
the transiocation of Glut4 (G4) glucose transporters to the plasma
membrane. Insulin signaling to IRS-1, PI3K, aPKC, anq PKB is
impaired in simple obesity and diabetes. In addition, the activation of
aPKC by PIP3 is impaired in simple obesity and diabetes.

activates the extracellular receptor—activated kinase (ERK)
pathway; and/or (iii) Crk, which activates C3G and TC10.

In conjunction with 3-phosphoinositide~dependent
protein kinase-1 (PDK1), PIP; activates downstream
effectors that control various metabolic processes including
glucose transporter 4 (Glut4) translocation to the plasma
membrane and glucose transport in muscle and adipocytes;
glycogen synthesis in muscle, adipocytes, and liver; and
lipid synthesis in liver (Figs. 1 and 2).

Although PI3K is required, simple increases in PI3K
activity do not necessarily increase Glut4 translocation/
glucose transport, suggesting that PI3K must be activated in
specific subcellular compartments or other factors are
required. It is generally accepted that IRS-1 and IRS-2
function upstream of PI3K pools required for activation of
aPKCs and PKB which, in turn, are thought to control
glucose transport and other metabolic processes. As we later
discuss, Cbl-dependent PI3K may also be required for
aPKC activation and may also function in localizing
signaling complexes to appropriate areas of the plasma
membrane that are required for Glutd translocation and
glucose transport.

Independently of PI3K, the insulin receptor phosphor-
ylates tyrosine residues of Cbl and APS which, along with
Cbl-associated protein (CAP) and flotillin, localize to the
caveolin-rich microdomains of the plasma membrane. The
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Figure 2. Insulin signaling in the liver. In the liver, IRS-2, via PI3K,
controls aPKC activation. in contrast, both IRS-1 and IRS-2, via
PI3K, control PKB activation. The expression of SREBP-1c, which
transactivates many genes that are active in fat synthesis including
FAS, is largely, but not exclusively, controlled by aPKC. Increases in
lipid synthesis lead to increases in the secretion of VLDL
triglycerides. With respect to liver handling of glucose, PKB (and,
possibly, other undefined factors, but not aPKC), increases glycogen
synthesis and diminishes glucose production and release. In simple
obesity, insulin signaling is grossly intact in the liver. With the onset of
diabetes, IRS-1 signaling to PI3K and PKB is diminished, but iRS-2
signaling to PI3K and aPKC is better or fully conserved. Thus, in
hyperinsulinemic states of simple obesity and Type Il diabetes,
increased IRS-2 signaling to aPKC leads to increases in SREBP-1c
expression, lipid synthesis, and VLDL-triglyceride secretion. In
diabetes, diminished signaling to IRS-1 and PKB leads to increases
in hepatic glucose output.

Cbl also forms a signaling complex with SH2/SH3 adapter
protein Crk, GTP/GDP exchange factor C3G, small Rho G
protein TC10, and other factors needed for insulin-
stimulated Glut4 translocation/glucose transport (3).
Although this signaling complex forms independently of
PI3K, Cbl, like IRS-1 and IRS-2, activates PI3K in
adipocytes (4, 5) and is required for the insulin activation
of aPKC and glucose transport in adipocytes, but probably
not in muscle (6). Although much work supports the
importance of the Cbl/Crk/C3G/TC10 pathway, this view
has recently been challenged because silencing RNA
(SiRNA) can diminish levels of these factors without
inhibiting insulin-stimulated glucose transport in 3T3/L1
adipocytes (7). On the other hand, a similar study in human
adipocytes in which SiRNA was used to knock down Cbl
suggested that Cbl is required for insulin-stimulated glucose
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Figure 3. Impaired activation of PKC-A and PKC-{ and diminished effects of insulin on glucose transport in adipocyles harvested from
transgenic mice expressing kinase-inactive PKC-;. Adipocytes were isolated from littermate wild-type mice or transgenic mice expressing
kinase-inactive PKC-{, and incubated with increasing concentrations of insulin for 30 mins for studies of glucose transport (left; [PH)-2-
deoxyglucose uptake over 1 min} or with 10 nM insulin for 15 mins for studies of activation of total atypical PKCs (precipitated with antiserum
racognizing both PKC-A and PKC-(). As is apparent, there was excellent agreement between defects seen in aPKC activation and insulin-

stimulated glucose transport.

transport (8). Caveats associated with the use of SiRNA and
other methods of requirement analysis are discussed later.

In addition to glucose transport in muscle and adipocytes,
insulin controls glucose metabolism by increasing glycogen
synthesis and decreasing glycogenolysis in muscle, adipo-
cytes, and liver and by decreasing gluconeogenesis and
glucose release in the liver and kidney. Whereas both aPKC
and P¥.B are thought to regulate glucose transport, PKB
appears to be more important than aPKC for regulating
glycogen synthesis in muscle, adipocytes, and liver and
gluconeogenesis and glucose release in the liver. On the other
hand, aPKC, operating downstream of PI3K, seems to be a
major regulator of expression of the transcription factor
SREBP-I1c; thus, aPKC appears to importantly contribute to
insulin effects on lipid synthesis in the liver (9). Whether PKB
coregulates SREBP-1c is debated (9).

Different from the PI3K and the Cbl/Crk/C3G/TC10
pathways, the GRB2/SOS/RAS/RAF/MEK1/ERK1/2 path-
way is not required for insulin effects on glucose
metabolism, but nevertheless importantly functions for
insulin effects on protein synthesis, gene expression, cell
differentiation, and proliferation. On the other hand, ERK1
and ERK2, functioning in a different context (ie., in a
signaling complex with AMPK and proline-rich tyrosine
kinase-2 [PYK2]), may be important for mediating AMPK-
dependent increases in aPKC activity and glucose transport
(as is later discussed).

Downstream Effectors of PI3K During Insulin-
Stimulated Glucose Transport

PDK1. Operating immediately downstream of PI3K is
PDK1 which, like PI3K, is required for insulin-stimulated

Glut4 translocation/glucose transport (10). The activation
loop phosphorylation of not only aPKCs (11, 12) and PKB
(13), but also of p70S6 kinase, protein kinase C-related
kinase-1 and -2 (protein kinase N) and conventional and
novel protein kinase Cs (PKCs), is analogously controlled
by PDK1 (10, 11). Of these, aPKCs and PKB are thought to
be required for insulin-stimulated Glut4 translocation/
glucose transport. In activating aPKCs and PKB, PDK1,
like PI3K, needs to be localized in specific plasma
membrane domains, as simple insertion of PDK1 into the
plasma membrane does not activate glucose transport (14).

PKB/Akt. Several studies using expression of con-
stitutively acting or kinase-inactive forms of PKB provided
the initial evidence that PKB is required for insulin-
stimulated Glut4 translocation andfor glucose transport in
rat adipocytes, 3T3/L1 adipocytes, and L6 myotubes (15—
18). On the other hand, adenoviral-mediated expression of
an activation-resistant PKBa double alanine (AA) mutant
(T308A/S473A) failed to inhibit Glut4 translocation/glucose
transport, despite effectively inhibiting other PKB-depend-
ent effects of insulin in 3T3/L1 adipocytes (19). Similarly,
in rat adipocytes, plasmid-mediated expression of kinase-
inactive PKB only mildly inhibited insulin-stimulated
hemagglutinin antigen (HA)-Glut4 translocation (20). We
too found that adenoviral-mediated expression of a kinase-
inactive, activation-resistant, triple-AAA mutant form of
PKB effectively inhibits both PKBa and PKBf activation
by insulin in 3T3/L1 adipocytes, L6 myotubes, and cultured
human adipocytes, but does not inhibit insulin-stimulated
Glut4 translocation/glucose transport (21). Others have also
found that these dominant-negative forms of PKB do not
inhibit insulin-stimulated glucose transport in 3T3/L1
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adipocytes and L6 myotubes. In addition, knockout of
PKBu is without effect on glucose transport in mouse tissue
(22), and knockout of PKBP inhibits the effects of
submaximal insulin, but not the effects of maximally
effective concentrations of insulin on glucose transport in
isolated skeletal muscles (23). This dose dependency of
inhibitory effects of PKBP knockout most likely reflects the
inhibitory effects of the diabetic state present in these
knockout mice (resulting from increased hepatic output of
glucose) on initial insulin-signaling mechanisms involving
the insulin receptor or early signaling steps that are present
in excess or “spare,” with respect to the relationship
between receptor occupancy and glucose transport effects of
insulin,

In other approaches, recent SiRNA knockdown studies
have suggested that PKBo and PKBp are required for
insulin-stimulated Glut4 translocation/glucose transport in
3T3/L1 adipocytes (24, 25). As we later discuss, however,
rigorous controls needed for fully accepting this conclusion
With this approach have not been provided. In this regard, it
is important to note that we have recently found
(unpublished) that the SiRNA construct, as employed in
the concentrations used to knock down PKBp in one study
of 3T3/L1 adipocytes (24), also diminished PKC-A levels in
these cells; thus, the findings in this particular study cannot
be accepted as truly suggesting that PKB is required for
insulin-stimulated glucose transport.

Perhaps the most convincing evidence that PKB is
required for insulin-stimulated Glut4 translocation/glucose
transport comes from studies of mouse adipocytes engi-
neered to lack both PKBa and PKBJ in which insulin
effects on glucose transport are absent and, perhaps more
important, rescued by introduction of PKBa or PKBp into
these cells by adenoviral gene transfer (26).

- aPKC. As with PKB, multiple lines of evidence have
suggested that aPKCs are required for insulin-stimulated
Glut4 translocation/glucose transport in muscles and
adipocytes. First, in stably transfected 3T3/L1 adipocytes
@27) and L6 myotubes (28), expression of kinase-inactive
aPKC inhibits, and constitutively active aPKC mimics,
insulin effects on Glut4 translocation/glucose transport.
Second, the plasmid-mediated expression of kinase-inacti\fe
PKC-{ and PKC-\ (which are highly homologous in
functionally important molecular regions and function
interchangeably, as we later discuss) inhibits insulin-
stimulated HA-Glut4 translocation in transiently transfected
rat adipocytes (29, 30). Third, adenoviral-mediated expres-
sion of kinase-inactive PKC-{ or PKC-A inhibits insulin
effects on Glut4 translocation and glucose transport in 3T3/
L1 adipocytes (4, 21, 27, 31), L6 myotubes (21, 32, 33), and
human adipocytes (21). Fourth, plasmid-mediated expres-
sion of activation-resistant PKC-{ (i.e., mutated at the Thr-
410 activation loop site [15, 34] or Thr-560 autophosphor-
Ylation site [34]), inhibits insulin-stimulated HA-Glut4
translocation in rat adipocytes. Fifth, expression of wild-
type aPKC stimulates or potentiates insulin effects on Glut4

translocation/glucose transport in 3T3/L1 adipocytes (27),
rat adipocytes (29, 30), L6 myotubes (32, 33), and rat
skeletal muscles (35). Sixth, expression of constitutively
active aPKC mimics insulin effects on Glut4 translocation/
glucose transport in rat adipocytes (29, 30), L6 myotubes
(32), 3T3/L1 adipocytes (27, 31), and cultured human
adipocytes (21). Seventh, inhibitory effects of kinase-
inactive PKC-C on insulin-stimulated HA-Glut4 transloca-
tion can be rescued by expression of wild-type forms of
PKC-{ or PKC-A (30, 32).

As with PKB, the most convincing evidence that
aPKCs are required for insulin-stimulated Glut4 trans-
location/glucose transport derives from studies of mouse
embryonic stem (ES) cells and adipocytes that are differ-
entiated from these ES cells (36), in which insulin stimulates
glucose transport in wild-type PKC-A*/" ES cells and Glut4-
containing PKC-AM* adipocytes derived by differentiation
of these ES cells, but not in PKC-A'”" ES cells and ES-
derived PKC-A""" adipocytes in which PKC-A has been
knocked out by gene-targeting methods (mouse ES cells and
derived adipocytes contain primarily PKC-A and only very
small amounts of PKC-{ (36). Moreover, and perhaps most
important, insulin-stimulated glucose transport is rescued by
the expression of wild-type PKC-A or PKC-{ in both PKC-
A7~ ES cells and PKC-A "/~ adipocytes (36).

Finally, in very recent studies, we have found that
insulin effects on aPKC activity and glucose transport are
markedly diminished in adipocytes isolated from transgenic
mice that express kinase-inactive aPKC (Fig. 2). In addition,
we now have mice in which the PKC-A gene has been
floxed, and we are in the process of crossing these mice with
transgenic mice in which Cre-recombinase is controlled by
muscle-specific MCK-1 or adipocyte-specific AP2 pro-
moters. Thus, unless PKC-A is critical for the development
of muscle or adipose tissue, we hope to soon be able to test
the requirement for aPKCs in muscle (skeletal and heart)
and adipocytes of mice in which PKC-A, the major aPKC in
mouse muscle and adipocytes, is knocked out by recombi-
nant methods.

Despite strong evidence from many sources suggesting
that aPKCs are required for insulin-stimulated Glut4
translocation/glucose transport, it was recently reported that
SiRNA-induced 80% knockdown of PKC-A only slightly
diminished insulin-stimulated Glut4 translocation/glucose
transport in 3T3/L1 adipocytes (37). In contrast, Ugi and
colleagues, using microinjection methods in 3T3/L1 adipo-
cytes, found that SiRNA targeting of PKC-A markedly
diminished insulin-stimulated Glut4 translocation (25). The
reason for these widely differing results is uncertain, but it
may be due to the use of different SiRNAs and/or methods
that result in different levels of aPKC depletion. Unfortu-
nately, there is no information on how much aPKC is
required to support insulin-stimulated glucose transport or
the related question of how efficient are the localizing
mechanisms (to offset decreases in aPKC levels) that recruit
aPKCs to cell compartments that participate in Glut4
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translocation and glucose transport. In this respect, note that
aPKCs serve many cellular functions throughout the animal
and plant kingdoms and, in the case of glucose transport,
aPKCs are intensely localized in caveolin-rich lipid rafts of
the plasma membrane that form during insulin action in 3T3/
L1 adipocytes (38). Also, as another caveat, just as PKBa
seems to substitute for PKBf during insulin action in cells in
which PKBp is knocked out (22-24, 26, 37), other
conventional/novel PKCs may substitute for aPKCs when
they are deficient. Additionally, in Western analyses, we
have been able to blot a faster migrating (shorter,
presumably) form of PKC-{ in 3T3/L1 adipocytes that is
recognized by N-terminal, but not C-terminal, anti-PKC-{
antibodies (unpublished). It is uncertain if this PKC-{-like
moiety is clipped or otherwise altered on its C-terminus, or if
an alternative splice product of PKC-{ is present in 3T3/L1
adipocytes. It is also uncertain if this PKC-{-like moiety is
functional in insulin-stimulated glucose transport. Finally,
the cells used and the methods of introduction of SiRNA
were very different in these studies. Thus, whereas Ugi and
colleagues used microinjection (25), Jiang and colleagues
used unattached 3T3/L.1 adipocytes that were electroporated
and subsequently selected by reattachment of “more
competent” cells (24).

With respect to the SiRNA studies, we have independ-
ently confirmed (using oligofectamine to proficiently trans-
fect a large numbers of cells) that the SiRNA construct used
by Ugi and colleagues (25) to knock down PKC-A inhibits
insulin-stimulated glucose transport in 3T3/L1 adipocytes.
We have also found that SIRNA constructs that target and
knock down PKC-{ in L6 myotubes inhibit insulin-
stimulated glucose transport in these cells that primarily
contain PKC-{ and have little or no PKC-A. Most important,
we have found that the SiRNA that targets and knocks down
PKC-\ in 3T3/L1 adipocytes has no effect in L6 myotubes,
and the SiRNA that targets and knocks down PKC-{ in L6
myotubes has no effect in 3T3/L1 adipocytes. Furthermore,
expression of wild-type PKC-{ in 3T3/L1 adipocytes rescues
insulin effects on glucose transport in which PKC-A has been
knocked down, and expression of wild-type PKC-A in L6
myotubes rescues insulin effects on glucose transport in
which PKC-)\ has been knocked down. Thus, the SiRNAs
used in our studies and those of Ugi and colleagues (25)
appear to be very specific in knocking down only the
targeted aPKC. Accordingly, we believe that the SIRNA data
of both Ugi and colleagues (25) and our group strongly
support the hypothesis that aPKCs are required for insulin-
stimulated glucose transport in both 3T3/L1 adipocytes and
L6 myotubes.

PKC-{/PKC-% Interchangeability. Much of the
evidence that we have alluded to suggests that PKC-{ and
PKC-A can function interchangeably during insulin-stimu-
lated glucose transport, including:

1. Expression of either kinase-inactive PKC-{ or PKC-A
inhibits insulin-stimulated glucose transport in all tested cell
types, regardless of which aPKC is most prevalent (rat and

human muscles and adipocytes contain primarily PKC-{,
whereas mouse muscles and adipocytes contain primarily
PKC-1).

2. Wild-type forms of either aPKC can (i) reverse
inhibitory effects of either of these kinase-inactive aPKCs,
(ii) restore glucose transport in mouse PKC-A7" ES cells
(36), or (iii) mimic or potentiate insulin effects on glucose
transport in muscles and adipocytes.

3. The PKC-{ restores insulin effects on glucose
transport in 3T3/L! adipocytes in which PKC-A has been
knocked down, and PKC-A can restore insulin effects on
glucose transport in L6 myotubes in which PKC-{ has been
knocked down by SiRNA.

This interchangeability probably reflects the fact that,
presumably reflecting evolutionary necessity, the functional
regions of the aPKCs have been conserved in mouse, rat, and
human tissue. Thus, note that (i) PKC-X is 72% homologous
to PKC-{, (ii) PKC-A and PKC-t (the human counterpart of
mouse PKC-L) are 98% homologous, (iii) the autoinhibitory
pseudosubstrate sequence is identical in all three aPKCs, (iv)
the C-terminal sequence is nearly identical in all three
aPKCs, (v) each aPKC has homologous threonine (Thr)
residues in its activation loop (PDK! dependent) and
autophosphorylation (PDK1 independent) sites, and (vi)
PIP; activates both PKC-{ and PKC-\A (34, 39). Also, note
that the inhibitory effects of expression of kinase-inactive or
other mutated forms of aPKCs cannot be explained by the
inhibition of PDK1 or PKB (32, 34, 39). Although it is not
presently germane to insulin action, shortened forms of
PKC-{ have been found in mouse tissue, particularly in the
brain, where it appears to be important in memory processes.

Caveats in Experimental Approaches That Exam-
ine Protein Kinase Dependence

From the aforesaid considerations, it is clear that, at least
at this point, no single experimental approach can be
considered to have provided an entirely convincing argu-
ment that either aPKC or PKB is required for insulin-
stimulated glucose transport in adipocytes and, even more
$0, in myocytes.

With respect to studies that rely on the overexpression of
wild-type forms or mutated forms of signaling factors, it may
be argued that excessive quantities of specific proteins may
have untoward or unphysiologic effects, regardless of
whether the expressed protein is normal or mutated. On the
other hand, the finding that the wild-type protein enhances
insulin effects or rescues inhibitory effects of mutated forms
of the protein being tested, in our view, provides strong, if not
compelling, evidence that this caveat is probably more
theoretical than real. As may be surmised, the approach of
using an enzymatically inactive protein kinase that is mutated
in a single key amino acid (usuvally in the adenosine-
triphosphate-binding site) rests on the hypothesis that, except
for the ability to phosphorylate the usual specific substrates,
this mutated protein performs all other functions exactly as the
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wild-type protein and, therefore, competes with, and thereby
inhibits, the wild-type protein, presumably on a one-to-one
basis. In this situation, it is the kinase activity of the targeted
protein, rather than its ability to function in other ways (e.g., in
critical binding or scaffolding in a signaling complex), that is
being tested by expression of a kinase-inactive dominant
negative protein. Stated differently, this approach depends on
molecular dilution and subsequent inhibition, rather than
depletion, of the targeted protein.

With respect to studies that rely on protein depletion for
testing protein kinase requirements, such as SIRNA and gene
knockout studies, there are two caveats that must be
considered: (i) the knockdown or knockout must be
complete or sufficient to severely limit the availability of
the protein to function in the specific cellular process under
study, and (ii) other related signaling factors must not be
capable or available to substitute for the targeted depleted
protein. In general, gene knockout studies are likely to
achieve the degree of protein depletion that is necessary to
test the requirement for specific protein. However, in the case
of SiRNA, there is a lingering question as to whether the
degree of protein depletion is adequate. Unfortunately, there
is no available information on how much aPKC or PKB
protein is required for the specific cellular process of Glut4
translocation (or, for that matter, any cellular process). In this
regard, it must be remembered that these kinases have
evolved over long periods of time and have diverse cellular
functions which, depending on the effectiveness of localiz-
ing mechanisms for each specific function, may vary
considerably in cellular concentration requirements. In the
case of aPKCs, these proteins are required for very basic
aspects of cellular polarity and structural somatic develop-
ment in many species and genera throughout the plant and
animal kingdoms. In addition, it is likely that more
specialized cellular functions, such as insulin-stimulated
glucose transport, may have evolved relatively late in the
course of evolution.

Of course, the introduction of high concentrations of
oligonucleotides into cells in SiRNA studies carries the
added caveat that these substances may be toxic and produce
untoward effects or they may target mRNAs that code for
other proteins. Indeed, we have encountered considerable
toxicity problems with the use of antisense oligonucleotides
in studies on insulin-stimulated glucose transport, and we no
longer employ this experimental approach. Moreover, as
Previously discussed, we have found that the SiRNA
construct used to knock down PKBp in one study of 3T3/
L1 adipocytes (24) potently knocks down PKC-A levels in
these cells. Thus, relevant target specificity of the SiRNA
must be ascertained before drawing conclusions regarding
requirements for insulin-stimulated glucose transport or
other functions. In this regard, it should also be noted that the
use of a scrambled RNA may not be a sufficient control for
SiRNA-mediated protein knockdown studies. In the case of
glucose transport, whenever possible there should be
demonstration that the SiRNA does not inhibit glucose-

transport effects of agents that stimulate Glut4 translocation
by mechanisms that do not require the targeted protein (e.g.,
for studies of PKB requirements, it would be relatively easy
to show that glucose transport effects of factors that do not
require PKB, such as sorbitol, are intact in SiIRNA-treated
cells). [In this regard, we found (unpublished) that the
SiRNA construct used to knock down PKBP (but which
simultaneously knocked down PKC-A levels, as previously
mentioned) in one study of 3T3/L.1 adipocytes (24) inhibited
sorbitol-stimulated, as well as insulin-stimulated, glucose
transport.] Furthermore, for truly compelling evidence, it
would be desirable to show that glucose transport function
can be rescued by the introduction of wild-type protein into
the SiRNA-treated cell; this can most elegantly be achieved
by using a cDNA that uses a degenerate/alternate code that
can restore the wild-type protein but, because of mismatches,
not be recognized by the SiRNA that targets the endogenous
mRNA. Alternatively, a different isoform that does not share
the same SiRNA-targeted coding sequence as the native
protein kinase that is being knocked down can be used to
rescue function, as we have done for studies of aPKC
requirements during insulin action in 3T3/L1 adipocytes and
L6 myotubes, as previously mentioned.

In our view, as has been previously altuded, one of the
better experimental approaches in demonstrating kinase
dependency is to have a complete or nearly complete
knockout of the targeted gene (or a “knock in™ of an altered
dominant-negative gene to replace the normal gene) that
embarrasses the cellular function under question and restore
such function by introduction of the normal wild-type kinase
into the knockout cell. Such studies, as previously noted,
have in fact been performed for both aPKC in PKB in
cultured mouse adipocytes in which these protein kinases
have been knocked out by recombinant methods. Thus, in
our view, it seems clear that both proteins are required for
insulin-stimulated glucose transport, at least in these cultured
cells. Whether this approach will prove to be feasible in
cultured muscle cells is uncertain. Also, whether this
approach of knockout and rescue will be feasible in muscles
and/or adipocytes of intact animals is uncertain,

Tissue-Specific Differences in aPKC and PKB
Activation by IRS-1 and IRS-2

Evidence that IRS-1 operates upstream of aPKC and
PKB during insulin action in skeletal muscle derives from
the observation of diminished activation of aPKC and PKB
in IRS-1 knockout mice (40). In contrast, initial studies in
IRS-2 knockout mice suggest that IRS-2 is not required for
aPKC or PKB activation in skeletal muscle (unpublished).

In contrast to muscle, whereas PKB activation is
markedly diminished in the livers of IRS-1 knockout mice,
aPKC activation is fully intact (40). However, aPKC
activation is diminished in IRS-2-deficient hepatocytes
(41). Thus, it may be surmised that aPKCs are largely
controlled by IRS-2/PI3K, rather than IRS-1/PI3K, in the
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liver. On the other hand, PKB activation in the liver appears
to be dependent on the activation of both IRS-1/PI3K (40)
and IRS-2/PI3K (41), as knockout of either IRS-1 or IRS-2
inhibits PKB activation.

Different from muscle and liver, knockout of IRS-1 in
white adipocytes results in partial decreases in aPKC
activation (and glucose transport), but no apparent loss of
PKB activation (42). Similarly, in immortalized brown
adipocytes in which either IRS-1 or IRS-2 has been knocked
out, there is a 60%-70% loss of aPKC activation and
glucose transport but, as in white adipocytes, PKB
activation is not compromised with knock out of either
IRS-1 or IRS-2 (42). Therefore, it appears that (i) both IRS-
1 and IRS-2 are required for activating aPKCs and glucose
transport in white and brown adipocytes, (ii) either IRS-1 or
IRS-2 (= IRS-3, possibly) is sufficient for fully activating
PKB in white and brown adipocytes, and (iii) defects in
glucose transport in IRS-1- or IRS-2-deficient adipocytes
are explicable by deficient activation of aPKC, but not PKB.

In keeping with an important role for IRS-1 during
aPKC activation in muscle and adipocytes by insulin is the
finding of concomitant defects in activation of both IRS-1/
PI3K and aPKC in adipocytes (43) and skeletal muscles (44,
45) of GK-diabetic rats, adipocytes (unpublished), and
skeletal muscles (45) of ob/ob mice and high-fat—fed mice
(45), skeletal muscles of Type II diabetic humans (46, 47)
and monkeys (48), and cultured adipocytes of obese humans
(49). Interestingly, despite impaired aPKC and IRS-1/PI3K
activation, PKB activation by maximally effective concen-
trations of insulin is only mildly, if at all, impaired in
musciés of Type II diabetic GK rats (43, 44), monkeys (48),
and humans (46, 47). This suggests that PKB is activated at
levels of IRS-1/PI3K activation that are lower than those
needed for aPKC activation or factors other than IRS-1/
PI3K activate PKB in these conditions.

Activation of aPKCs via Cbl During TZD and
Insulin Action in Adipocytes

In 3T3/L1 adipocytes, TZDs increase tyrosine phos-
phorylation of Cbl (3, 4, 6) and activate Cbl-dependent
PI3K, which participates in activating aPKC (but not PKB)
and Glut4 translocation/glucose transport (4, 5). Note that
this is not the only effect of TZDs on glucose transport in
adipocytes, as TZDs also potentiate insulin activation of
IRS-1/PI3K and IRS-2/PI3K in 3T3/L1 adipocytes (4). With
respect to activating Cbl, TZDs, apparently via peroxisomal
proliferator-activated receptors, induce increases in CAP,
which assists in coupling Cbl to tyrosine kinases.

Unlike adipocytes, Cbl/PI3K activation does not appear
to occur in muscle (6). Nevertheless, TZDs activate aPKC
and glucose transport in muscle via other mechanisms,
undoubtedly at least in part by altering the release of
adiponectin and other factors (e.g., TNFa, resistin, free fatty
acids) from adipose tissue. In this regard, adiponectin is
known to activate muscle AMPK, thereby altering general

insulin signaling mechanisms or specifically increasing
aPKC responsiveness to PIP3, as later discussed.

In addition to TZDs, insulin increases tyrosine
phosphorylation of Cbl and activates Cbl-dependent PI3K
and Cbl binding to both the p85 subunit of PI3K and Crk
which, in turn, activates Crk, C3G, and TC10 (3, 6, 42). The
activation of Cbl-dependent PI3K, along with IRS-1- and
IRS-2-dependent PI3K, appears to be required for insulin-
stimulated Glut4 translocation/glucose transport (6, 42). In
this regard, it seems likely that there is an integrated
signaling complex and interdependence among IRS-1/2/
PI3K, Cbl/PI3K, and Cbl/Crk/C3G/TCI10 signaling path-
ways in adipocytes. Whether comparable signaling com-
plexes are operative in muscle cells is unknown.

Tissue-Specific Differences in Activation of aPKCs,
PKB, IRS-1, and IRS-2 in Skeletal Muscle,
Adipocytes, Liver, and Heart Muscle in Models of
Obesity and Diabetes

Muscle and Adipocytes. There are both tissue- and
species-specific differences in the activation of aPKC and
PKB in various forms of obesity and diabetes. In some
cases, differences in aPKC and PKB activation reflect
differences in the activation of IRS-1/PI3K and IRS-2/PI3K.
This is not true, however, in skeletal muscle of Type II
diabetic rats (44), monkeys (48), and humans (46, 47);
adipocytes of Type II diabetic rats (43); and cultured
adipocytes and myocytes of obese humans (49), wherein
there are defects in activation of IRS-1/PI3K and aPKC, but
not PKB, at least at maximally effective insulin concen-
trations. On the other hand, defects in PKB activation
accompany defects in aPKC and IRS-1/PI3K activation in
the skeletal muscle of ob/ob (45) and db/db (50) mice and
high-fat-fed mice (45, 51), adipocytes of oblob mice
(unpublished), and adipose tissue of obese monkeys
(unpublished). The finding that IRS-1/PI3K and aPKC,
but not PKB, activation is impaired most likely reflects the
fact that PKB activation occurs at relatively low levels of
IRS-1/PI3K activation; alternatively, factors other than IRS-
1/PI3K may substitute for PKB activation. In any event, in a
number of instances the defect in aPKC activation is the
only post-PI3K defect that seems to account for defects in
glucose disposal and/or glucose uptake into muscle observed
in the experimental conditions used in these cases.

Unlike the situation in high-fat—fed mice (45, 51), both
feeding rats the same high-fat diet (40% fat calories) and
STZ-induced diabetes in rats led to defects in aPKC
activation and glucose transport ‘in skeletal muscle, in the
absence of defects in activation of IRS-1/PI3K, IRS-2/PI3K,
and PKB (52). In these cases, an isolated defect in aPKC
responsiveness to PIP; appears to be the major mechanism
for diminished activation of aPKC and glucose transport.

Of further note, acute administration of iv lipids over 5
hrs to rats leads to an impairment in insulin-stimulated
glucose disposal in clamp studies, and this is accompanied
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by defects in activation of IRS-1/PI3K, aPKC, and PKBa,
but no significant change in activation of PKBB or
phosphorylation of its target, glycogen synthase kinase-3f
in rat muscle (53). Because PKB has been proposed to be at
least quantitatively more important than PKBa for insulin-
Stimulated glucose transport, it may be surmised that the
impaired activation of aPKC is likely to be responsible for
diminished effects of insulin on glucose disposal in this
€xperimental paradigm.

As has been previously alluded to, in a number of cases
defects in muscle aPKC activation, but not PKB activation,
have been observed, particularly in studies in which
relatively maximally effective insulin concentrations were
employed. In these cases, the observed defects in insulin-
stimulated glucose transport and/or disposal would appear to
reflect the defect in aPKC activation, rather than PKB
activation. On the other hand, we have recently found
(unpublished) that, in human diabetic muscle, despite being
unable to observe a defect in PKB activation at higher
(probably supraphysiologic) levels of serum insulin (200
300 HU/ml), there is clear-cut defect in PKB activation at
lower insulin concentrations (50-100 pU/ml; ie., high
PhYSiologic or approximately half-maximal for insulin-
Stimulated glucose disposal). In contrast to PKB activation,
fhere are defects in aPKC activation at both higher and lower
Insulin concentrations. We interpret these findings as
Suggesting that (i) the dose-dependent defect in PKB
activation is reflective of an upstream-signaling defect(s)
involving the insulin receptor or immediate postreceptor
factors, which are known to have “spareness” (i.e., to be
Present in excess of that degree of saturation needed to elicit
maximal biologic effects); and (ii) the dose-independent
fiefeCt in aPKC activation is reflective of defects directly
Involving aPKCs that would be apparent regardless of the
insufin concentration and activation of upstream-signaling
factors, Stated differently, to use a parlance that was
Previously used to describe findings in studies of receptor
function, the defect in PKB activation would be classified as
a “receptor” defect, whereas the latter defect in aPKC
activation would be classified as a “postreceptor” defect. The
defect in aPKC activation is most likely reflective of the poor
Tesponsiveness of aPKCs to PIP;.

Liver. Considering that aPKC activation is consistently
diminished in muscle and adipocytes in each of the
Previously stated forms of high-fat feeding, obesity, and
Type 11 diabetes, it was most surprising to find that aPKC
activation ig fully intact or enhanced in the livers of Type Il
diabetic GK rats, oblob diabetic mice, high-fat—fed mice
(45), and STZ-diabetic rats (submitted for publication). It
Was equally surprising to find that, regardless of whether

B activation is preserved or impaired in muscle, PKB
activation is diminished in the livers of GK-diabetic rats and
oblob mice (45) and STZ-diabetic rats (submitted for
Publication). Subsequent studies in GK-diabetic and STZ-
diabetic rats have further revealed that the activation IRS-1/
PI3K, but not IRS-2/PI3K, is diminished in the liver. Thus, it

seems likely that in GK-diabetic and STZ-diabetic rats (i)
defects in hepatic PKB activation are due to diminished IRS-
1/PI3K activation, and (ii) the conservation of hepatic aPKC
activation is due to the apparently intact activation of IRS-2/
PI3K in livers of these diabetic rats. As previously discussed,
this postulation is in keeping with findings in IRS-1 (40) and
IRS-2 (unpublished) knockout mice. However, the postu-
lation that a fully intact IRS-2/PI3K maintains aPKC
activation in the liver, as seen in GK-diabetic and STZ-
diabetic rats, may not be applicable in the livers of oblob
mice, wherein activation of both IRS-1/PI3K and, to a lesser
extent, IRS-2/PI3K is reported to be impaired (54). On the
other hand, in preliminary studies we have seen marked
defects in IRS-1/PI3K, but not IRS-2/PI3K, activation in
livers of ob/ob mice.

In contrast to models of Type 11 diabetes, the activation
of IRS-1/PI3K, IRS-2/PI3K, aPKC, and PKB is apparently
normal (or increased) in livers of high-fat—fed mice (45),
high-fat—fed rats (55), and obese monkeys (submitted for
publication). As previously discussed, because of skeletal
muscle—dependent insulin resistance and hyperinsulinemia,
conserved insulin signaling in the liver in these conditions
may result in excessive synthesis of liver-derived lipids,
along with essentially normal insulin signaling to factors
controlling hepatic glucose handling. On the other hand,
impairments in insulin-regulated processes that influence
hepatic glucose output in obese or high-fat—fed animals have
been observed, but this probably reflects alterations in
metabolites (e.g., free fatty acids or other factors such as
glucagon which may influence, oppositely to insulin,
gluconeogenesis and/or glycogen metabolism rather than
altered insulin-signaling mechanisms).

Heart. In preliminary (unpublished) studies of heart
muscle, we have found that there are defects in aPKC
activation in high-fat-fed mice, GK-diabetic rats, ob/ob
diabetic mice, and STZ-diabetic rats. Defects in PKB
activation are also evident in hearts of GK-diabetic rats,
but not in hearts of high-fat—fed mice or STZ-diabetic rats. In
association with defects in aPKC and PKB activation, a
defect in IRS-1/PI3K activation, but not IRS-2/PI3K
activation, is seen in heart muscle of GK-diabetic rats.
However, in hearts of STZ-diabetic rats, there are no defects
in activation of IRS/1/PI3K, IRS-2/PI3K, or PKB (56).
Although further studies are in progress to examine other
signaling factors, it appears that there are consistent defects
in insulin signaling to aPKC in heart muscle that are similar
in many respects to those observed in skeletal muscle. The
clinical importance of defects in insulin signaling to aPKC
and, in some cases, to PKB, and the subsequent defect in

insulin-stimulated glucose transport in the heart, is presently
uncertain.

Activation of aPKCs via AMPK

Certain agents including sorbitol, high concentrations
of glucose, AICAR, dinitrophenol (DNP), and exercise
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activate Glut4 translocation/glucose transport independent
of PI3K and PKB. The effects of AICAR, DNP and, perhaps
to a lesser but still undefined extent, exercise on glucose
transport are at least partly (more likely largely) mediated
via AMPK, whereas the effects of sorbitol and glucose may
involve an “osmotic stress” sensor. Interestingly, high
glucose (57), AICAR (58), and sorbitol (59) provoke
increases in phosphorylation (activation) of the nonreceptor
tyrosine kinase (i.e., PYK2), which activates the GRB2/
SOS/RAS/RAF/MEKI/ERK pathway and apparently there-
by activates phospholipase D (PLD) to generate phospha-
tidic acid (PA) which, like PIP;, directly activates aPKCs.
Indeed, more recently we have found that the adenoviral-
mediated expression of dominant-negative PYK?2 (but not
wild-type PYK2) blocks AICAR-induced activation of
ERK, PLD, aPKCs, and Glut4 translocation/glucose trans-
port in L6 myotubes (unpublished). Further, from studies of
expression of kinase-inactive aPKCs, it appears that aPKCs
are required for sorbitol-, glucose-, and AICAR-dependent
increases in Glut4 translocation/glucose transport (57-59).

How AICAR activates PYK2 and thereby activates
ERK, PLD, aPKCs, and glucose transport is uncertain.
Presumably, these activations require AMPK activation
because the expression of kinase-inactive AMPKo2 blocks
the effects of AICAR on ERK, aPKC, and glucose transport
(unpublished).

In addition to AICAR, other substances that activate
AMPK include TZDs (60), adiponectin (which is released
from adipocytes in response to TZDs; Ref. 61), and
metformin (60, 62). Interestingly, these substances, via
AMP‘?, inhibit lipid synthesis and promote glucose uptake,
glycolysis, and fatty-acid oxidation (59-61), each of which
may improve aPKC activation.

Interestingly, we have found that TZDs increase aPKC
activation by insulin in muscles of Type H diabetic humans
(46), Type II diabetic rats (44), and obese monkeys
(submitted for publication). In the latter two cases, TZD-
induced increases in muscle aPKC activation occur without
improvement in either IRS-1/PI3K or PKB activation and,
moreover, in obese monkeys such increases in aPKC
activation are at least partly due to increased responsiveness
to PIP3;, Moreover, the administration of adiponectin to mice
for 4 hrs provokes increases in basal- and insulin-stimulated
aPKC activity in muscle, without change in activation of
IRS-1/PI3K or PKB (unpublished).

In addition to adiponectin, we have found that the
AMPK activator metformin initially activates basal aPKC
activity and, with more prolonged treatment, improves the
defect in insulin-stimulated aPKC activation in skeletal
muscles of human Type II diabetic subjects without altering
IRS-1/PI3K or PKB activation (submitted for publication).
Of further note, aPKC responsiveness to PIP; is improved
by metformin. In addition to aPKC, metformin concom-
itantly activates basal-stimulated ERK, but not insulin-
stimulated ERK, in these muscles, which may be relevant to

metformin-induced increases in basal aPKC activity (i.e.,
via AMPK or PYK2).

From these findings, it appears that AICAR, TZDs,
metformin, and adiponectin operate via AMPK to directly
activate aPKCs and improve aPKC activation by both
insulin and PIP;. The increase in aPKC responsiveness to
PIP; is most likely due to AMPK-dependent decreases in
inhibitory intramyocellar lipids and, possibly, to the
diminished activation of conventional and novel PKCs.
This diminished activation can inhibit insulin actions (most
likely at several levels and, perhaps directly, at the levels of
aPKCs, the insulin receptor, and IRS-1), particularly when
chronically activated by excesses of lipids and/or glucose.

The Role of aPKCs During Exercise-Stimulated
Glucese Transport

Along with others, we have reported that exercise
activates aPKCs and ERK in mouse muscle (58) and human
muscle (46, 63). Unlike AICAR, exercise does not activate
PYK2 and may largely use an AMPK-independent
mechanism to stimulate glucose transport (64, 65). How-
ever, the issue of the importance of AMPK in exercise-
stimulated glucose transport is still unsettled and, regardless
of the role of AMPK, exercise, like AICAR, may use ERK,
PLD, and PA to activate aPKCs and glucose transport,
particularly in fast-twitch muscles.

Defects in Activation of aPKCs by Insulin and PIP;
in Obesity and Type II Diabetes

Insulin-stimulated aPKC activation is defective in
adipocytes (43) and muscles of Type II diabetic rats (44);
muscles of Type II diabetic monkeys (48) and humans (46,
47); cultured myocytes of obese, glucose-intolerant humans
(49, 66); muscles of obese, glucose-intolerant humans (46);
muscles of obese, glucose-tolerant women (47, 67); muscles
of obese women who have polycystic ovary syndrome (67);
and cultured adipocytes of obese humans (49). Whereas
defects in muscle aPKC activation in overt diabetes are
associated with defects in IRS-1/PI3K activation (46-48),
significant defects in IRS-1/PI3K activation are not readily
apparent in at least some cases (e.g., in muscles of obese,
glucose-intolerant humans [46]; obese, glucose-tolerant
humans [47]; and cultured myocytes of obese, glucose-
intolerant humans [66]).

In view of the failure to find consistent, readily
demonstrable defects in IRS-1/PI3K activation in all
insulin-resistant conditions, it was interesting to find that
PIP; poorly activates aPKCs immunoprecipitated from
muscle lysates obtained from Type II diabetic humans
(46) and monkeys (48), obese humans (67) and monkeys
(48), and cultured adipocytes and myocytes of obese
humans (49). This defect in aPKC responsiveness to PIP;
in these muscles is in marked contrast to the insulin-like
increases in aPKC activity seen with PIP; treatment of
aPKCs immunoprecipitated from muscles of normal sub-
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Jects (46, 48). Of further note, defects in aPKC responsive-
ness to PIP; are also seen in muscles of high-fat-fed,
insulin-resistant rats (53) and mice (submitted for publica-
tion) and STZ-diabetic rats (53).

Collectively, the aforementioned findings in clamp/
muscle biopsy studies in humans (46, 47) and monkeys
(48), and studies in cultured myocytes and adipocytes of
obese humans (49), strongly suggest that the impaired
activation of aPKCs importantly contributes to the patho-
genesis of defects in insulin-stimulated glucose transport
and systemic insulin resistance as seen in obesity, the
associated metabolic syndrome, and Type II diabetes.

In addition to causing signaling defects that limit
glucose transport in skeletal muscle and adipocytes,
preliminary findings suggest that there is a similar defect
in aPKC activation in heart muscle that limits glucose
uptake in this vital organ in states of obesity and diabetes.

Remarkably, it appears that, unlike muscle, aPKC
activation in the liver is conserved in both obesity and Type
Il diabetes. Because aPKCs mediate, at least in part, insulin
effects on hepatic lipid synthesis, this conservation of
hepatic aPKC activation may explain the overproduction of
lipids (i.e, VLDL triglycerides) by the liver in obesity,
metabolic syndrome, and diabetes. Moreover, coupled with
the fact that PKB activation in the liver appears to be
Compromised as obesity progresses to diabetes, the
conservation of aPKC activation could explain how the
diabetic liver generates excessive amounts of both glucose
and VLDL lipids, which is a particularly lethal combination
for abetting the development of macrovascular disease.

Finally, given the importance of defective muscle
aPKC activation in causing systemic insulin resistance, it
is imperative to better understand the mechanisms whereby
insulin—sensitizing agents improve aPKC activation in
Mmuscle. We believe that AMPK will prove to be important
in this regard.

Conclusions

We believe that the large number of positive findings
and presently available evidence weigh heavily in support of
the hypothesis that aPKC and PKB are corequired for
insulin-stimulated glucose transport. It also seems likely that
the Cbl/Crk/TC10 pathway is required, very possibly to
localize and activate aPKC in specific cell organelles that
function in insulin-stimulated Glut4 translocation. Although
there are some experimental findings that could be construed
to suggest that neither aPKC nor PKB nor Cbl is required for
insulin-stimulated glucose transport, particularly in 3T3/L1
adipocytes, the findings in these studies are not compelling
and appear to be more than adequately counterbalanced by a
large number of positive findings independently observed by
Multiple investigators. Moreover, unless aPKC, as well as
PKB, is required for insulin-stimulated glucose transport,
Particularly in muscle, we would have to accept that we are
Presently no closer to understanding the post-PI3K defect in

insulin action in insulin-resistant states of high-fat feeding,
obesity, and Type Il diabetes mellitus. Indeed, a defect in
aPKC activation is the most consistent defect that has been
found to be present in most, if not all, insulin-resistant
conditions thus far studied. In many cases, PKB activation, at
least as measured at high insulin levels (e.g., as used in many
clamp studies), is not or is only marginally defective and it is,
therefore, unlikely that the defective activation of PKB per se
is responsible for the defects in insulin-stimulated glucose
disposal observed in these clamp studies and other studies.
Similarly, there are some instances in which defects in
glucose transport appear to be explained by the impaired
activation of PKB, rather than aPKC. Stated differently, the
defects in insulin action in insulin-resistant states are
presently understandable only if we accept positive roles
for both aPKC and PKB in insulin-stimulated glucose
transport. Without this acceptance, we are forced to deny the
importance of very large amounts of data that are otherwise
very coherent and consistent, and we would have to
acknowledge that we presently are no closer to under-
standing why insulin fails to act effectively in insulin-
resistant syndromes than we were 4 decades ago when the
insulin receptor was discovered.

At this point, we are working under the conviction that
our opinions on aPKC and PKB are correct, and we
optimistically believe that we are at, or close to, an
understanding of why insulin fails to work effectively in
stimulating glucose uptake in muscle and, on the other hand,
is overactive in stimulating lipid synthesis in the liver in
insulin-resistant hyperinsulinemic states. Accordingly, we
believe that we are on the threshold for devising beiter
programs for treating the “metabolic™ or “insulin resist-
ance” syndrome seen in obesity and Type II diabetes
mellitus.
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