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uring the past few years, remarkable progress
D has been made in elucidating the signaling sys-

tems that are used by insulin to regulate glu-
cose metabolism and other metabolic functions. Most
notably, tyrosine kinase functions of the insulin recep-
tor have been more clearly linked to the activation of
a network of interacting proteins, which in turn acti-
vate a number of downstream signaling systems. This
review will focus largely upon a group of downstream,
insulin-sensitive, phospholipid signaling systems that
seem to play important roles in regulating glucose ho-
meostasis. We will first review how these phospho-
lipid signaling systems interdigitate both with each
other, and with other nonphospholipid signaling sys-
tems. We will then examine how these phospholipid
signaling systems may impact glucose transport, pre-
sumably a rate-limiting step in glucose metabolism in
muscle, fat, and a number of other insulin target
tissues.

Overview of Insulin-Sensitive Signaling Pathways

Insulin uses multiple cross-talking and, in some
cases, seemingly redundant signaling systems (Fig. 1)
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to regulate many metabolic processes. Initially, insulin
binds to the a subunit of the insulin receptor (IR) and
activates an intracellular tyrosine kinase contained
within the cytoplasmic domain of the IR B subunit,
leading to tyrosine phosphorylation of the IR itself and
a number of extra-receptor proteins, including IRS-1,
She, pp60, p120, etc. Interactions ensue between spe-
cific phosphotyrosine-containing peptide sequences of
these proteins and SH2 or other (e.g., newly recog-
nized PID and PTB) domains in a second set of pro-
teins (e.g., phosphatidylinositol 3-kinase [PI3K],
GRB2, Shc, Syp, Nck, etc.). These interactions, in
turn, trigger the direct activation of some of these pro-
teins as kinases (PI3K) or phosphatases (Syp), as well
as additional protein/protein interactions, for example,
between SH3 domains of proteins, such as GRB2, and
proline-rich or other amino acid sequences in down-
stream proteins, such as SOS. SOS, for instance, in
turn increases GTP loading of ras, which successively
activates a series of protein kinases (viz., raf-1, MEK,
MAPK, and MAPKAP; this pathway may also be ac-
tivated through other mechanisms).

In addition to the signaling pathways that utilize
phosphotyrosine to activate SH2 and other newly rec-
ognized domains in downstream proteins, there appear
to be other more poorly understood mechanisms
whereby the insulin receptor activates other proteins,
e.g., Gi or another pertussis toxin-sensitive protein
that appears to be involved in the activation of a phos-
pholipase C [PLC] and/or phospholipase D [PLD] that
hydrolyzes glycosyl-phosphatidylinositol [GPI].

As a result of the above-described reactions, a
number of signaling systems are activated by insulin,
including, but not limited to, three systems that are
particularly relevant to the present discussion: (i) the
GRB2/SOS/ras/raft/MEK/MAP kinase cascade; (ii)
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Figure 1. Insulin-sensitive signaling pathways. See text for
abbreviations.

PI3K activation; and (iii) glycosyl-PI hydrolysis (Fig.
1). PI3K in turn activates pp70 S6 kinase, and, as sug-
gested by more recent studies, also activates a phos-
pholipase D (PLD) that hydrolyzes phosphatidylcho-
line (PC), causing increases in phosphatidic acid (PA)
and diacylglycerol (DAG), and activation of protein
kinase C (PKC). Glycosyl-PI hydrolysis also leads to
DAG generation, along with the release of headgroups
which appear to serve as ‘‘mediators’’ that, among
other things, activate de novo PA synthesis through a
protein phosphatase (PPtase) that activates glycerol-3-
PO, acyltransferase (G3PAT). Increases in de novo
PA synthesis also lead to increases in DAG and PKC
activation, as does DAG derived from glycosyl-PI hy-
drolysis. These signaling systems activate other down-
stream protein Kinases and phosphatases, and thus al-
ter the phosphorylation state and activities of many
proteins. In this review, we will focus upon several
insulin-sensitive phospholipid signaling systems (viz.,
PI3K activation, PC hydrolysis, glycosyi-PI hydroly-
sis, and de novo PA synthesis), particularly as they
relate to (i) the generation of lipid signaling substances
(i.e., PA, DAG, PI-3-PO,, and other D-3 phosphate
derivatives of PI); (ii) the activation of protein kinase
C (PKC); and (iii) the stimulation of glucose transport.

Insulin-Sensitive Phospholipid Signaling
Pathways: General Aspects

Insulin provokes rapid changes in phospholipid
metabolism in all target tissues examined, including
BC3H-1 myocytes, L6 myotubes, rat skeletal muscle,
rat adipocytes, rat hepatocytes, 3T3/L1 adipocytes,
HIRCcB rat fibroblasts, C6 glioma cells, and Xenopus

oocytes. In most cell types, all or many of the above-
mentioned effects (viz., PI3K activation, PC hydroly-
sis, glycosyl-PI hydrolysis, and de novo PA synthesis)
have been documented to be activated by insulin,
along with other changes in phospholipid metabolism
(e.g., increased synthesis of PI and glycosyl-PI, as
well as D-3 phosphate derivatives of PI, PIP and PIP,).
As alluded to above, signaling substances that are gen-
erated through the activation of these phospholipid
pathways include: (i) inositol-phospho-glycan (IPG)
mediators released from the headgroups of glycosyl-
PI; (ii) DAG derived from the hydrolysis of both PC
and glycosyl-PI, and from de novo PA synthesis; (iii)
PA derived from PC-PLD activation and from de novo
PA synthesis; and (iv) D-3 phosphate derivatives of PI
PI-4'-PO, and PI1-4',5'-(PO,),. Although DAG derived
from each of the three sources cited above can activate
PKC, there is undoubtedly some compartmentation—
that is, PKC activation in the plasma membrane is
largely due to PC and glycosyl-PI hydrolysis, and PKC
activation in the endoplasmic reticulum is largely due
to de novo PA synthesis (1, 2). In addition, it should be
noted that PC hydrolysis accounts for most of the ini-
tial burst of DAG/PKC signaling that occurs in the
plasma membrane in response to insulin (3, 4).

Insulin-sensitive phospholipid pathways appear to
be separable but nevertheless integrated. A pertussis
toxin-sensitive protein, most likely G;, apparently cou-
ples the insulin receptor to a PLC or PLD that specif-
ically hydrolyzes glycosyl-Pl. In contrast, PC hydro-
lysis is not sensitive to pertussis toxin (3, 4) but, as
discussed more fully below, seems to be activated by
PI3K, perhaps through increases in PI-3-PO,, PI-3,4-
(PQ,),, and PI-3,4,5-(PO,),, or by activation of small G
proteins, such as rho, rac, and ARF. Like glycosyl-PI
hydrolysis, the effect of insulin on de novo PA synthe-
sis is pertussis toxin sensitive (3, 5) and is due to rapid
activation of G3PAT (5), apparently through IPG
headgroup mediators that are released from glycosyl-
PI by a specific PLC or PLD (5, 6). Accordingly, the
effect of insulin on G3PAT is blocked not only in intact
cells by pertussis toxin (3, 5) but also in cell-free sys-
tems by antibodies that inhibit either (i} G;, (5), (ii)
glycosyl-Pl-specific phospholipase (5), or (iii) IPG me-
diators (6). To reiterate, insulin-induced activation of
the de novo PA synthesis pathway appears to be a
secondary consequence of glycosyl-PI hydrolysis.

In addition to G3PAT (6), IPG mediators also ap-
pear to activate glycogen synthase and pyruvate de-
hydrogenase, and probably other enzymes, most likely
through the activation of specific protein phosphatases
(7, 8). Glycogen synthase and pyruvate dehydrogenase
may also be activated by insulin through other mech-
anisms, e.g., MAP kinase, MAPKAP kinase, and/or
other protein kinases, may activate a glycogen-
associated phosphatase (PP-IG), and/or may inhibit
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glycogen synthase kinase (GSK) a and B, ultimately
resulting in glycogen synthase activation (9, 9a). In
addition, there may be other, presently less defined,
mechanisms for glycogen synthase activation by
insulin.

As stated above, pertussis toxin does not inhibit
PC hydrolysis but nevertheless inhibits the resynthesis
of PC through the de novo pathway during insulin ac-
tion (3-5). Since de novo PA synthesis is a conse-
quence of glycosyl-PI hydrolysis, it may be surmised
that the rapid replenishment of PC, from PA and DAG,
during insulin action requires the concomitant activa-
tion of glycosyl-Pl hydrolysis and, subsequently, de
novo PA synthesis. Similarly, both PC hydrolysis and
de novo PA synthesis provide substrate (viz., PA and
DAG) to replenish both glycosyl-PI and PI (10), which
are initially decreased during insulin action. The im-
portance of PC hydrolysis for PI synthesis is further
underscored by our recent finding (see below) that
wortmannin, a PI3K inhibitor, blocks both PC hydro-
lysis and subsequent PI resynthesis during insulin ac-
tion; on the other hand, wortmannin does not block
insulin effects on glycosyl-PI hydrolysis and de novo
PA synthesis.

To summarize, insulin-sensitive phospholipid
pathways are integrated to provide for (i) rapid hydro-
lysis and resynthesis of both glycosyl-PI and PC, and
(ii) the generation of phospholipid-derived signaling
substances (viz., IPG mediators, PA, DAG, D-3 phos-
phate derivatives of PI, and PKC).

PC Hydrolysis

Insulin-induced decreases in PC levels in rat adi-
pocytes (3, 11), BC3H-1 myocytes (3, 4), and rat he-
patocytes (12-14) are surprisingly large (viz., 5%-10%
of total membrane PC). The initial decreases in PC are
maximal within seconds and are generally very short-
lived, apparently because of the rapidity of de novo
PA/DAG/PC synthesis (3, 15, 16). However, in pertus-
sis toxin-treated BC3H-1 myocytes (3, 4) and in dia-
betic GK rat adipocytes (that have a genetic defect in
glycosyl-PI hydrolysis and secondary de novo PA syn-
thesis [6]), the decreases in PC are more exaggerated
and prolonged.

In addition to rat adipocytes (3, 11), BC3H-1 myo-
cytes (3, 4), and rat hepatocytes (12-14), insulin-
induced increases in PC hydrolysis have been ob-
served in C6 glioma cells (17), Xenopus oocytes (18),
and rat skeletal muscle L6 cells (19). Moreover, in rat
hepatocytes (14, 15), C6 glioma cells (17), BC3H-1
myocytes (4), rat adipocytes (20), and L6 cells (19),
PC-PLD activation (as evidenced by choline release
and/or phosphatidylethanol formation in cells incu-
bated in the presence of ethanol) has been documented
to occur very rapidly in response to insulin. Whether

or not a PC-PLC is also activated by insulin is pres-
ently less certain.

As shown in other systems, PLC- and PLD-
dependent PC hydrolysis can occur secondary to prior
PKC activation and/or increases in Ca™ ™, but these
mechanisms do not account for the initial effects of
insulin on PC hydrolysis (3, 13). On the other hand,
small G proteins such as rho (21) and ARF (22) have
been found to play a role in the activation of PLD-
dependent PC hydrolysis in other systems, and we
have recently found (unpublished) that insulin rapidly
translocates Rho and ARF from the cytosol to the
membrane fraction in rat adipocytes and soleus mus-
cles. It is therefore likely that Rho and ARF are im-
portant in insulin-induced activation of PLD. More-
over, since the PI3K inhibitor, wortmannin, blocks in-
sulin-induced PC-PLD activation (22), it is possible
that PI3K may act through rho/ARF to activate PC-
PLD and DAG/PKC signaling in the plasma mem-
brane. Alternatively, PC-PLD activation may occur
secondarily to PI3K-mediated increases in D-3 phos-
phate derivatives of PI PIP and PIP, (see below).

PI3K Activation

As stated above, insulin increases the synthesis of
PI, glycosyl-PI, and polyphosphoinositides PIP and
PIP, (10, 23-25). Initially, it was assumed that the lat-
ter substances were simply 4’-PO, and 4',5'-(PO,), de-
rivatives of PI and that increases in their levels largely
reflected increases in net PI synthesis resulting from
PC hydrolysis and increases in de novo PA synthesis.
Subsequently, it was found there were increases in D-3
phosphate derivatives of PI (viz., PI-3'-PO,, PI-3',4'-
[PO,], and PI1-3',4',5'-[PO,]; [26]), and this was ulti-
mately found to be due to the activation of the cata-
lytic 110-kDa subunit of PI3K, apparently through in-
teractions of the SH2 domains of the regulatory p85
subunit of PI3K and IRS! and/or other phosphoty-
rosine-containing proteins. These D-3, and probably
D-4 as well, phosphate derivatives of PI are of consid-
erable interest, as they may function in several ways:
(i) by directly activating certain enzymes such as
PKC-{ (27), other PKCs (28), and PC-PLD (29); and
(i) by perturbing membrane curvature and serving as
budding and/or docking factors to regulate the traffick-
ing of organelles such as GLUT 4 glucose transporter
vesicles (30). In addition to increasing the synthesis of
D-3 phosphate derivatives of PI, activated PI3K may
interact with other proteins through SH3 or other do-
mains, and PI3K may also serve as a serine/threonine
protein kinase. With respect to interacting with other
proteins, we have recently found (unpublished) that
PI3K co-immunoprecipitates with a small G protein,
Rho, which is rapidly translocated to the plasma mem-
brane by insulin. Rho in turn, along with ARF and
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possibly D-3-PO, derivatives of PI, activates PC-PLD
(see above).

In contrast to PLD activation, PI3K is not re-
quired for insulin-induced activation of G3PAT and de
novo PA synthesis (20). Nevertheless, PI3K and PC
hydrolysis (as discussed above) appear to be required
for PI synthesis, presumably to supply PA and DAG
during the initial phases of insulin action.

To summarize, PI3K activation seems to play a
pivotal role in insulin-induced activation of PLD and
subsequent PC hydrolysis and DAG/PKC signaling.
This pathway, as will be discussed below more fully,
may play an important role in glucose transport during
insulin action, at least in some cell types. On the other
hand, in contrast to glucose transport, glycogen syn-
thase activation is clearly not dependent upon PC hy-
drolysis and DAG/PKC signaling; in fact, the latter
may inhibit glycogen synthase, perhaps by direct
phosphorylation of this enzyme.

DAG Production

In BC3H-1 myocytes, insulin provokes rapid in-
creases in DAG mass, as well as the labeling of DAG
by glycerol, myristate, and arachidonate (3, 15, 16, 24,
25). Rapid increases in labeled and in most cases total
DAG content have also been observed in the rat soleus
(31-33, 33a), diaphragm (31), and gastrocnemius (33)
muscles, rat liver (12, 13, 34), HIRc-B cells (35), Swiss
3T3 fibroblasts (36), CHO - IR cells (37), L.6 myotubes
(19), 3T3/LL1 adipocytes (unpublished), and highly pu-
rified plasma membranes and microsomes of rat adi-
pocytes (1, 20). Insulin-induced increases in DAG pro-
duction, in most cell types tested, occur very rapidly,
do not require extracellular glucose, and therefore
cannot be attributed simply to glucose transport-
dependent increases in DAG production through the
de novo pathway.

As alluded to above, most of the initial large burst
in DAG production that occurs during the first 0.5-1
min of insulin action is due to PLD-dependent PC hy-
drolysis in the plasma membrane (1, 3, 4, 20) and is
clearly not due to glucose transport effects of insulin.
On the other hand, at subsequent times, de novo PA
synthesis in the endoplasmic reticulum becomes an
important source of DAG (1-3), and, at least in some
cell types, this effect can be amplified by insulin-
induced increases in glucose transport, glycolysis, and
fatty acyl-coenzyme A production, each providing
substrate for the de novo pathway. Along these lines,
in situations in which glucose transport is not rate-
limiting, simple increases in extracellular glucose can
increase DAG and consequent PKC activity. The lat-
ter mechanism appears to be important for certain
pathological consequences of persistent hyperglyce-
mia in the diabetic state.

General Aspects of PKC Activation

Before discussing insulin effects on PKC, it may
be helpful to review some current thoughts about PKC
structure and activation. Multiple PKCs have now
been recognized (see Refs. 41 and 41a for reviews),
and they may be grouped into four types: ‘‘conven-
tional’’ or ‘‘classical’”’ cPKCs (a, By, B2, v), ‘‘novel”’
or nPKCs (3, €, m, 0), ‘‘atypical’’ or aPKCs (L, \), and
membrane-anchored PKCs (PKC-w and PKD). Within
their N-terminal regulatory domain, cPKCs have two
zing fingers, one that contains a Ca™ * -binding site in
the C, region (C = conserved) and a second that con-
tains DAG-binding or phorbol ester-binding site in the
C, region: accordingly, the cPKCs can be activated by
Ca®™" and DAG or phorbol esters. nPKCs lack C,/
Ca* *-binding site, and consequently are not activated
by Ca™ * but nevertheless respond to DAG and phor-
bol esters through binding sites in their C, region.
aPKCs have neither C,/Ca™ *-binding nor C,/DAG-
binding sites but, like other PKCs, require phospho-
lipids (e.g., phosphatidylserine) for activation and
moreover can be activated by cis-unsaturated fatty ac-
ids and phospholipids such as PI-3',4',5'-(PO,),; and
PA. Membrane-anchored PKCs lack the C,/Ca™™*-
binding sites but have C,/DAG-binding sites. Both
c¢PKCs and nPKCs are activated by DAG which is
exclusively or largely found in plasma membranes and
other cellular membranes; this explains why these
PKCs are translocated from the cytosol to the mem-
brane fraction during DAG-induced PKC activation,
and why translocation is generally accepted as an in-
dicator of PKC activation. Simple increases in intra-
cellular Ca™ ™ can also result in the translocation of
cPKCs but not nPKCs. In the case of insulin, in-
creases in intracellular Ca* * concentrations are ab-
sent, minimal, or delayed. In addition, insulin translo-
cates both ¢cPKCs and nPKCs. It therefore seems
likely that insulin-induced PKC translocations are
largely due to DAG or other membrane-associated
lipids.

In addition to DAG, PKC can be activated by cer-
tain other lipids and phospholipids (e.g., oleic acid,
arachidonic acid, fatty acyl-CoA, phosphatidylserine,
PA, lyso-PC, PI-4',5'-(PO,),, P1-3'-PO,, PI-3',4'-
(PO,), and PI-3',4",5'-(PO,);. In the case of atypical
PKCs, such as PKC-{, increases in PA, fatty acids,
and polyphosphoinositides may be responsible for
their activation. Interestingly, insulin provokes in-
creases in many of these PKC activators. Several
PKCs (e.g., PKC-a and PKC-8) have also been found
to be activated by tyrosine phosphorylation, and cer-
tain serine/threonine phosphorylations of PKC are re-
quired for intrinsic PKC activity. In addition, the in-
sulin receptor seems to directly bind and activate over-
expressed PKC-a in CHO cells (38). Obviously,
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insulin may use multiple mechanisms to activate spe-
cific PKCs in specific cellular domains.

Upon activation by DAG and possibly other lipids,
there is an unfolding of PKC at the V; (V = variable)
hinge region, and a dissociation of a V, (N-terminal)
inhibitory pseudosubstrate peptide sequence from the
substrate binding site in catalytic C-3 domain: this al-
lows PKC to bind and phosphorylate specific serine/
threonine residues (usually flanked by basic amino ac-
ids) in its substrates, which may vary for each PKC.
The open hinge region also becomes more vulnerable
to membrane-associated proteases, leading to cleav-
age and release of regulatory (30 kDa) and catalytic (50
kDa; ‘“M-kinase’’ or PKM) fragments. As may also be
surmised, prolonged activation may lead to PKC de-
pletion, or ‘‘downregulation,’’ unless there is a com-
mensurate balance between degradation and new PKC
synthesis. Interestingly, insulin acutely increases
M-kinase in rat adipocytes (39), and prolonged contin-
uous insulin action (e.g., as in hyperinsulinemic GK
diabetic, aged/obese and genetically obese Zucker [fa/
fa] rats) can lead to downregulation of certain PKC
isoforms (submitted for publication). Of further inter-
est, insulin increases mRNAs that encode PKC-a and
PKC-B in rat adipocytes, skeletal muscle, and liver
(40; unpublished observations), which probably con-
tributes to the maintenance of PKC levels during in-
sulin action.

Effects of Insulin on PKC

There is still a lingering controversy as to whether
insulin activates PKC. This controversy partly stems
from an initial assumption that only DAG derived from
PI-4',5'-(PO,), hydrolysis activates PKC. However, it
is now abundantly clear that DAG derived from PC
hydrolysis and the de novo PA synthesis can translo-
cate and activate PKC (41, 41a). The controversy also
derives from the failure of some initial studies (42, 43)
to show that insulin provokes measurable decreases in
cytosolic PKC enzyme activity, which was at first con-
sidered as essential evidence for the translocation of
PKC from cytosol to membranes. However, similar
““failures’’ to observe decreases in cytosolic PKC en-
zyme activity have been observed during the activa-
tion of PKC by other agonists in many other systems,
and the fact that increases in membrane PKC activity
were evident, even in the above-mentioned early stud-
ies of insulin action (42, 43) should not be lost sight of.
Moreover, in subsequent studies in which PKC was
partially purified by FPLC Mono Q column chroma-
tography to remove more effectively noncovalent
PKC modulators, typical PKC translocations patterns
were observed in insulin-treated rat adipocytes (44),
BC3H-1 myocytes (45), and various rat skeletal mus-
cles (31-33): that is, increases in membrane, and de-
creases in cytosolic, PKC enzyme activity. Also, using

PKC isoform-specific antisera, insulin-induced trans-
location of PKC-a PKC-g, PKC-¢, PKC-8, and/or
PKC-6 from the cytosol to the membrane has been
observed in the above tissues (4, 31-33, 44-46), as well
as in CHO-IR cells (37), A-10 vascular smooth muscle
(VSM) cells (47), H41IE hepatoma cells (48), 3T3/L1
cells (unpublished), HIRC-B cells (35), Xenopus
oocytes (49), L6 skeletal muscle myotubes (19, 50),
and rat hepatocytes (unpublished). Increases in PKC
enzyme activity have also been observed in chick neu-
rons, but this may not involve translocation and may
rather be due to a covalent modification, of PKC (51).
It should also be noted that insulin provokes rapid
increases in DAG, PKC enzyme activity, and levels of
immunoreactive PKC-a and PKC- in purified plasma
membranes and microsomes of rat adipocytes (1, 20,
46). Egan et al. (52) also observed similar increases in
PKC enzyme activity of purified rat adipocyte plasma
and microsomal membranes. These findings most
likely reflect PC hydrolysis to the greatest extent, and
glycosyl-PI hydrolysis to a lesser extent, in the plasma
membrane and de novo PA synthesis in microsomes.
On the other hand, it is possible that lipid vesicle traf-
ficking between the plasma membrane and interior
membranes may lead to significant mixing of lipid-
derived signaling factors.

Another reason for doubting the importance of
DAG/PKC signaling in insulin action derives from
studies of PKC substrate phosphorylation in intact
BC3H-1 myocytes, HIRc-B cells, and NIH3T3/
HIR3.5 cells. In these studies (53), examination of tri-
chloroacetic acid (TCA)-precipitable [>*P-labeled pro-
teins (and other substances, e.g., lipids, nucleic acids)
did not reveal significant increases in the phosphory-
lation of an endogenous PKC substrate (viz.,
MARCKYS). It was therefore reasoned that insulin did
not truly activate PKC in the intact cells. However, in
BC3H-1 myocytes (1) and HIRc-B cells (35), when
equal amounts of protein rather than equal amounts of
[**P]-label in TCA precipitates were examined, insu-
lin-induced increases in the phosphorylation of immu-
noprecipitable MARCKS were observed. Thus, even
by the criterion of MARCKS labeling, both in intact
cells and in membrane preparations from these cells, it
appears that insulin activates DAG/PKC signaling in
BC3H-1 myocytes (1, 4), HIRc-B cells (35), rat adipo-
cytes (1), rat soleus muscles (1), and probably in other
cell types as well.

In addition to MARCKS, insulin-induced in-
creases in [?P)-labeling of other specific PKC sub-
strates have been observed in a variety of intact cells.
In rat diaphragm (54), insulin and phorbol esters stim-
ulate [*?P]-labeling of identical tryptic peptides of a
15-kDa PKC substrate, and insulin effects are inhib-
ited by PKC inhibitors and phorbol ester—induced
PKC downregulation. Also, more recent studies in the
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rat diaphragm (55) have shown that specific PKC-
dependent sites in phospholemman are phosphorylat-
ed in response to insulin treatment. In 3T3/L1 cells
(56), insulin and phorbol esters in intact cells, and
PKC itself in vitro, have been reported to induce iden-
tical phosphorylations of phosphopeptides in tryptic
fragments of eukaryotic protein synthesis initiation
factors eIF-4F p25 and elF-3 p120; moreover, insulin
effects were lost after phorbol ester-induced PKC
downregulation. In rat adipocyte membranes (57), in-
sulin, phorbol esters, and PKC phosphorylated a 40-
kDa protein identically, as shown in phosphopeptide
mapping of tryptic digests. In CHO - IR cells (37), in-
sulin and phorbol esters stimulated 40-kDa protein
phosphorylation, and these effects were lost after PKC
downregulation. In rat adipocytes (58), insulin and
phorbol esters phosphorylate acetyl-CoA carboxylase
identically, as shown by phosphopeptide mapping of
tryptic digests. Finally, in human mammary epithelial
cells (59), insulin, phorbol esters, and PKC identically
phosphorylate p28 and p220 subunits of elF-4E, as
shown by phosphopeptide mapping of tryptic digests.
Thus, certain insulin-stimulated protein phosphoryla-
tions in intact cells appear to be mediated through
PKC. On the other hand, it is equally clear that MAP
kinase and other kinases are responsible for the phos-
phorylation of many proteins during insulin action.

General Consequences of Insulin-Induced
PKC Activation

Phorbol esters, as DAG analogs and thus PKC
activators, have many insulin-like effects, including (i)
increases in glucose transport and translocation of
GLUT 1 and GLUT 4 from low density microsomes to
the plasma membrane; (ii) activation of certain en-
zymes important in intracellular glucose metabolism
(e.g., phosphofructokinase, enolase, and pyruvate de-
hydrogenase); (iii} activation of the rate-limiting en-
zyme in fatty acid synthesis, acetyl-CoA carboxylase;
(iv) activation of the Na*/H™ antiport and Na*/K~
ATPase in the plasma membrane, and consequent reg-
ulation of ion fluxes and maintenance of intracellular
ionic/acid milieu; (v) increases in amino acid transport;
(vi) activation of eukaryotic initiation factors (elFs),
S6 ribosomal protein and thus protein synthesis; (vii)
changes in gene expression, including (a) increases in
mRNAs that encode c-fos, c-myc, P-33, IGF-I, c-Ki-
ras, lutropin, B-actin, and ornithine decarboxylase,
and (b) decreases in mRNAs that encode albumin, ty-
rosinase, and phosphoenolpyruvate carboxykinase
(PEPCK); and (viii) activation of DNA synthesis and/
or cellular differentiation in some cell types.

Unfortunately, the simple demonstration that
phorbol esters mimic insulin does not necessarily in-
dicate that insulin effects on the above-mentioned pro-
cesses are mediated by PKC. Indeed, some insulin-

like effects of phorbol esters are undoubtedly medi-
ated through the activation of MAP kinase (via raf-1,
see Fig. 1), rather than by PKC itself as the more
terminal kinase. To confuse matters even more, MAP
kinase may be activated by insulin by both PKC-
dependent (50) or PKC-independent (60, 61) mecha-
nisms, depending upon the cell type. In addition, PKC
and MAP kinase may independently activate a number
of common processes, most notably, alterations in
gene expression. Obviously, there is considerable
room for independent, parallel, additive, nonadditive,
and redundant signaling through the PKC and MAP
kinase pathways. Nevertheless, some effects of insulin
appear to be largely or at least partly PKC dependent,
as suggested by studies with PKC inhibitors or PKC
depletion.

The Role of Lipid-Derived Signaling Substances
in Glucose Transport

Phorbol esters and DAG increase glucose trans-
port in many cell types, including BC3H-1 myocytes,
rat adipocytes, mouse soleus muscles, rat soleus mus-
cles, rat epitrochlearis muscles, cultured L6 muscle
cells, 3T3/L1 cells, Swiss 3T3 cells, BALB/c 3T3 pre-
adipose cells, cultured glial cells, chick embryo fibro-
blasts HeLa cells, brain endothelial cells, lympho-
cytes, polymorphonuclear leucocytes, rat heart, A-10
vascular smooth muscle (VSM) cells, HIRc-B cells,
thyroid cells, and CHO - IR cells. The effects of phor-
bol esters on glucose transport, however, in some but
not all cell types are less than those of insulin. For
example, particularly in some cells that contain GLUT
4 glucose transporters (viz., rat adipocytes, rat or
mouse soleus muscle, L6 myotubes, and 3T3/L1 adi-
pocytes), insulin effects on 2-deoxyglucose uptake are
generally about 3-fold greater than those of phorbol
esters: however, it may also be noted that effects of
exogenously added DAG or PLC (to generate DAG
from PC in the plasma membrane) on glucose trans-
port in some of these cell types are quantitatively more
comparable to those of insulin. In contrast to GLUT
4—containing cells, in many cells that only contain
GLUT 1 glucose transporters (viz., BC3H-1 myo-
cytes, HIRc-B cells, 3T3/L1 fibroblasts, Swiss 3T3
cells, and CHO celis), phorbol ester effects on glucose
transport are generally more comparable in magnitude
to those of insulin and appear to be largely attributable
in most cases to GLUT 1 translocation from internal
stores to the plasma membrane.

The failure of phorbol esters to mimic fully insulin
effects on glucose transport in GLUT 4-containing
cells is not understood. Several possibilities must be
considered. First, insulin may regulate glucose trans-
port independently of PKC, and phorbol ester effects
on this process may be fortuitous or may be mediated
by a non-PKC factor (e.g., PI3K, PC-PLD, or PC-PLD
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activation and PA/DAG production, etc.). Second, in-
sulin and phorbol esters may activate PKC differently:
some reports (62, 62a) suggest that there are different
binding sites for DAG and phorbol esters on PKC,
leading to different substrate preferences. Third, insu-
lin, unlike phorbol esters, may strongly activate DAG-
insensitive, atypical PKCs (e.g., PKC-{) via increases
in PI-3,4-(PO,), and PI-3,4,5,-(PO,);, or through other
mechanisms. Fourth, insulin may use both PKC-
dependent and PKC-independent mechanisms to ei-
ther stimulate GLUT 4 translocation and/or activate
GLUT 4 after its translocation, and dependence on
these mechanisms may vary in different cell types. In
support of a two-step mechanism, some groups have
found that insulin effects on the translocation of
GLUT 4 from low-density microsomes to the plasma
membrane in rat adipocytes are equal to, or only
slightly greater than, those of phorbol esters, despite
the fact that overall glucose transport effects are much
greater with insulin (63-66). In addition, similar equiv-
alence of GLUT 4 translocation in response to insulin
and phorbol esters was found in GLUT 4/myc-
transfected CHO cells (67). On the other hand, other
investigators have found insulin to have much greater
effects than phorbol esters on GLUT 4 translocation
but more comparable or equal effects on GLUT 1
translocation in rat adipocytes and 3T3/L1 adipocytes
(68, 69, 69a).

As alluded to above, in addition to phorbol esters,
exogenously added DAG activates glucose transport
in BC3H-1 myocytes (70, 71) and rat adipocytes (66,
72, 73) and L6 cells (74). Also, exogenously added
PLC, which increases DAG by hydrolyzing PC, acti-
vates glucose transport in BC3H-1 myocytes (71), rat
adipocytes (72, 73), and rat skeletal muscle (31, 75).
Electrical- or exercise-induced DAG and resultant
PKC activation is associated with increases in glucose
transport in rat skeletal muscle (76). A DAG kinase
inhibitor, monoacylglycerol, and arachidonic acid, a
non-DAG PKC activator, increase DAG/PKC signal-
ing and glucose transport in Swiss 3T3 fibroblasts (77).
Other non-DAG PKC activators, mezerein and SC-9,
also increase glucose transport in BC3H-1 myocytes
(71), rat adipocytes (72), and/or 3T3 fibroblasts (77a).
Although not necessarily specific for PKC, the phos-
phatase inhibitor, okadaic acid, which is known to
translocate and activate PKC, also activates glucose
transport in rat adipocytes (78) and rat skeletal muscle
(79). Finally, a long list of agonists that increase DAG
and activate PKC by a variety of mechanisms have
been found to increase glucose transport in their target
tissues, including thyrotropin and carbachol in thyroid
cells; carbachol in pancreatic acinar cells; phenyleph-
rine in BC3H-1 myocytes; bombesin in Swiss 3T3
cells; EGF and IGF-1 in BC3H-1 myocytes; angioten-
sin Il in VSM cells; and platelet-derived growth factor

(PDGF), fibroblast growth factor (FGF) and serum in
Swiss 3T3 cells. On the other hand, it should be rec-
ognized that many of these agonists also have effects
on other signaling processes (e.g., PI3K and MAP ki-
nase activation) that may contribute to the activation
of glucose transport. In addition, increases in DAG
and activation of PKC may in turn lead to other
changes in phospholipid metabolism, for one, in-
creases in PC-PLD activation and PA production; per-
haps these lipid changes, rather than PKC per se, are
important in stimulating glucose transport in some
cases. On the other hand, it seems clear that a protein
kinase that is downstream of PI3K is operative for
insulin effects on glucose transport (20, 79).

In support of a role for PKC in glucose transport,
phorbol ester-induced PKC downregulation (see
above) concomitantly inhibits insulin-stimulated glu-
cose transport in some cell types (i.e., rat adipocytes
[40, 61, 80, 81], mouse soleus [82], rat soleus [unpub-
lished], rat heart [83], rat A-10 VSM cells [47], and
CHO - IR cells [37]. However, in other cell types, in-
sulin effects are retained following such ‘‘downregu-
lation”’ (i.e., in BC3H-1 myocytes [71], HIRc-B cells
{351, 3T3/L1 cells [84], 3T3 fibroblasts [85], and L6
cells [86]). These differences in responses to phorbol
ester-induced ‘‘downregulation” could reflect cell-
specific differences in (i) regulatory mechanisms, (ii)
failure to deplete all insulin-sensitive PKC isoforms
sufficiently during this ‘‘downregulation,”” and/or (iii)
untoward effects of prolonged phorbol ester treat-
ment. With respect to these possibilities, we have re-
cently found that PKC-{, which is not acutely acti-
vated or downregulated by phorbol esters, appears to
play an important role in the activation of glucose
transport in 3T3/L1 fibroblasts and adipocytes.

In addition to phorbol esters, antisense-DNA has
been used to deplete PKC-a and PKC-B in rat adipo-
cytes, and this too inhibits insulin-stimulated glucose
transport (87). Further evidence for a requirement for
PKC in glucose transport comes from the finding that
the introduction of PKC into PKC-depleted rat adipo-
cytes (by electroporation) apparently can restore insu-
lin-stimulated glucose transport (88).

PKC inhibitors, including H7, staurosporine, san-
givamycin, sphingosine, mellitin, polymixin B, R0 31-
8220, acridine orange, bisindolemaleimide, cheleryth-
rine, calphostin C, and, perhaps more specifically, the
PKC pseudosubstrate (89), inhibit insulin- and TPA-
stimulated glucose transport in rat adipocytes, rat so-
leus muscle preparations, L6 cells, 3T3/L1 cells, and/
or other cell types. In some, but not all, cases, the
inhibition of insulin effects on glucose transport re-
quires higher inhibitor concentrations than those re-
quired for phorbol ester effects on glucose transport.
This could be explained variously: (i) PKC isoforms
have different sensitivities to inhibitors (cPKCs >
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nPKCs > aPKCs, in order of sensitivity); (ii) there are
separate binding sites for DAG and phorbol esters and
differential inhibitor sensitivities (62, 62a); and/or (iii)
some PKC inhibitors may inhibit other kinases. Al-
though these PKC inhibitor studies may not unequiv-
ocally implicate PKC in insulin regulation of glucose
transport, it seems clear that a protein kinase is in-
volved, and this protein kinase(s) must be distal to
PI3K, since the latter kinase, and insulin effects on
PI3K, are not blocked by RO 31-8220 (20; also see Ref.
79).

To date, there is only fragmentary evidence to sug-
gest which PKC isoforms may be required for the ac-
tivation of glucose transport during insulin action. In-
sulin translocates virtually all DAG-sensitive PKC iso-
forms in certain cell types (e.g., a, B, €, and & in rat
adipocytes [1, 20, 46], and PKC «, B, €, 3, and 0 in rat
soleus muscles [90]). Also, although direct, fully con-
vincing evidence is presently lacking, it is likely that
insulin activates PKC-{ through PI3K activation and
production of polyphosphoinositides, a process which
is known to occur in these and other cell types. Obvi-
ously, any or all of these isoforms could play a role in
glucose transport in these cell types. However, in cer-
tain cultured cells there is more apparent selectivity in
the translocation of PKC isoforms during insulin ac-
tion (e.g., PKC-¢, but not PKC-«, in HIRcB cells [35];
PKC-8, and PKC-¢, but not PKC-q, in BC3H-1 myo-
cytes [4, 91]; and PKC-a and PKC-B, but not PKC-¢,
in 3T3/L1 cells [submitted for publication]). With re-
spect to specific PKCs, studies with phorbol ester (40)
and antisense-DNA (87) induced PKC downregulation
have suggested that PKC-a and PKC-8 may be re-
quired for insulin effects on glucose transport in rat
adipocytes (87), but this evidence can only be consid-
ered suggestive at this time. Also, in recent studies
(unpublished) we have found that transfection of 3T3/
L1 cells with active and inactive forms of PKC-{ leads
to alterations in insulin-stimulated glucose transport.
Thus, PKC-{ seems to be important for glucose trans-
port, and this would explain situations in which phor-
bol ester—induced PKC downregulation does not in-
hibit glucose transport. Clearly, a variety of molecular
biology approaches will be needed to evaluate the
question of involvement specific PKC isoforms in in-
sulin-stimulated glucose transport in specific cell
types.

As stated above, PKC-independent mechanisms
and protein kinases other than PKC may be important
in the activation of glucose transport. Along these
lines, MAP kinase has received considerable atten-
tion, but its activation does not appear to be sufficient
(92, 93) or necessary (94) to account for insulin-
stimulated glucose transport. Some evidence also sug-
gests that ras may contribute to the activation of glu-
cose transport in 3T3/L1 adipocytes (95) and cardio-

myocytes (96), however, this too is not clear, since in
HIRc B cells (97) and CHO cells (98) insulin-
stimulated ras activation can be dissociated from ac-
tivation of PI3K and glucose transport.

As stated above, a growing body of evidence sup-
ports the possibility that PI3K plays a pivotal role dur-
ing insulin-stimulated glucose transport (98-101).
However, what happens downstream of PI3K is not
well understood. PI3K itself has protein kinase, as
well as PI kinase, activity, and, even though the role of
PI3K as a protein kinase is unclear, it seems clear that
a protein kinase downstream of PI3K functions in glu-
cose transport (20, 79). A rapamycin-sensitive 70-kDa
S6 kinase is known to be downstream of PI3K, but this
S6 kinase does not appear to be involved in glucose
transport (102). Another possibility is that GTP-
binding proteins (e.g., rho, ARF, or rac [103]) or D-3
phosphate derivatives of PI might serve to couple
PI3K activation to PLD-dependent PC hydrolysis, PA
production, and DAG-dependent PKC activation (see
above). Another possibility is PI3K-induced increases
in PI-3',4'-(PO,), and PI-3',4',5'-(PO,); may directly
activate PKC-{ or other PKC isoforms. The activation
of PLD, moreover, would result in increases in PA,
which along with PI-3,4-(PO,), PI-3,4,5-(PO,), and
DAG may alter membrane curvature and contribute to
budding, vesiculation, and transport of GLUT 4 vesi-
cles from the endoplasmic reticulum, and subsequent
docking in the plasma membrane (30). PKC and G
proteins may also participate directly in this traffick-
ing, and the activation of glucose transport may occur
through a multifactorial process. Obviously, more in-
formation will be needed to fit the pieces of the puzzle
together, but it is important to keep in mind that the
factors that are downstream of PI3K may vary in im-
portance in regulating glucose transport in different
cell types.

Concluding Remarks

To summarize, there is increasing evidence that
insulin activates a number of phospholipid signaling
systems (viz., PI3K, PLD-dependent PC hydrolysis,
glycosyl-PI hydrolysis, de novo PA synthesis, and
PKC) in most, if not all, target tissues. The major
question is the definition of the role of each of these
phospholipid signaling systems in specific actions of
insulin. The similarity of effects of phorbol esters and
insulin on various metabolic processes suggests that
PKC could play an important role in insulin action.
Moreover, a number of insulin effects on various met-
abolic processes, including glucose transport, in cer-
tain cell types seem to require PKC, though this con-
clusion can only be considered tentative at the present
time. Similarly, a growing and convincing body of ev-
idence suggests that PI3K is involved in effects of in-
sulin on glucose transport. It is therefore of consider-
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able interest that more recent findings suggest that
PLD-dependent PC hydrolysis is downstream of PI3K
activation in the action of insulin. If so, this could
explain how PKC, along with other lipid signaling fac-
tors (e.g., DAG and acidic phospholipids, such as PA
and D-3 phosphate derivatives of PI) could participate
in the PI3K-dependent activation of glucose transport
during insulin action. Needless to say, more definitive
studies will be needed to evaluate the role of each of
these lipid-derived signaling substances in insulin-
stimulated glucose transport.
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