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Tissue-specific knockout (KO) of atypical protein kinase C-\ (PKC-A) impairs insulin-stimulated glucose transport in
muscle (M) and lipid synthesis in liver (L), thereby producing insulin resistance in MAKO mice and insulin-hypersensitivity
in LAKO mice. Here, we generated mice with KO of PKC-\ in adipocytes, i.e., ANKO mice. In isolated adipocytes of ANKO
mice, insulin-stimulated aPKC activity and glucose transport were diminished, as were ERK levels and activity. Insulin-
stimulated glucose transport and insulin activation of ERK in adipocytes of wild-type mice were similarly inhibited
by acute inhibition of PKC-A with a highly-specific chemical inhibitor. With impairments in glucose transport and ERK
activation, ANKO mice had diminished adiposity and serum leptin levels. In addition, AAKO mice had normal glucose
tolerance and insulin hypersensitivity owing to enhanced suppression of hepatic glucose output, which apparently
reflected increases in Akt activity and FoxO1 phosphorylation, and subsequent decreases in expression of gluconeogenic
phosphoenolpyruvate carboxykinase. We conclude that: PKC-\ is required for insulin-stimulated glucose transport
and ERK signaling in mouse adipocytes; and diminution of these processes is attended by leanness and therefore
hypoleptinemia. How these and perhaps other PKC-\-dependent processes communicate to liver and improve insulin

suppression of hepatic gluconeogenesis remains unclear.

Introduction

Adipocytes are major sites for synthesis and storage of lipids,
and, moreover, release adipo/cytokines that influence metabolic
processes in distant organs. Insulin regulates multiple processes
in adipocytes, most notably, transport of glucose, which pro-
vides the glycerol backbone for glycerolipid synthesis. Insulin is
postulated to stimulate glucose transport in adipocytes through
activation of Akt/protein kinase B and atypical protein kinase C
(aPKC) by phosphatidylinositol 3-kinase (PI3K). However, stud-
ies involving expression of kinase-inactive forms, or knockdown,
of Akt and aPKC in cultured 3T3/L1 adipocytes have yielded
conflicting results on requirements for these kinases (see review
through 2005 in ref. 1 and follow-up report of knockdown
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studies in ref. 2). Presumably, clonal or methodological differ-
ences underlie the differences in findings.

Despite the usefulness of cell-culture studies, the determina-
tion of signaling requirements for insulin-regulated processes in
tissues of intact animals is of paramount importance. An impor-
tant approach to this end is tissue-specific knockout of a signal-
ing factor, particularly in mice in which total body knockout
is lethal. For example, muscle (M)-specific knockout (KO) of
PKC-A (MAKO), the major aPKC in mouse muscle (note that
total body KO of PKC-\ is embryonic lethal), impairs insulin-
stimulated Glut4 translocation and glucose transport. More-
over, this isolated defect in muscle induces a systemic syndrome
of glucose intolerance, insulin resistance, islet B-cell hyperpla-
sia, and hyperinsulinemia. In turn, hyperinsulinemia causes
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excessive activation of hepatic aPKC, which, in liver, inordinately
increases: (a) activity and expression of sterol receptor element
binding protein-lc (SREBP-1c), thereby increasing expression
of multiple lipogenic enzymes, e.g., fatty acid synthase (FAS);
and (b) activity of nuclear factor k-B (NFkB), thereby increas-
ing expression of hepatic proinflammatory cytokines.’” Also,
as MAKO mice develop more overt diabetes, there are increases
in expression of hepatic gluconeogenic enzymes, phosphoenol-
pyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
(GG6Pase) .45

The above-described increases in hepatic aPKC activity and
expression of lipogenic, proinflammatory, and gluconeogenic
factors in MAKO mice apparently contribute importantly to the
development of clinical abnormalities, viz., abdominal obesity,
hepatosteatosis, hypertriglyceridemia, and hypercholesterolemia.
In support of this idea, inhibition of hepatic aPKC in MAKO
mice by either adenovirally mediated expression of kinase-
inactive aPKC* or chemical PKC-\ inhibitors® rapidly reverses
aberrant increases in hepatic enzyme expression and associated
clinical abnormalities. Similarly, inhibition of hepatic aPKC in
high-fat-fed mice* and rodents with type 2 diabetes mellitus
(T2DM)® diminishes expression of lipogenic, proinflammatory
and gluconeogenic enzymes.

Opposite to findings in MAKO mice, liver-specific KO of
PKC-N (LAKO) is attended by diminished ability of insulin to
activate hepatic SREBP-1c, diminished expression of SREBP-1c
and SREBP-1c-dependent lipogenic enzymes, enhanced insulin
sensitivity, increased glucose tolerance, and metabolic protection
during high-fat feeding.” Similarly, liver-specific KO of PKC-\
induced acutely by administration of adenovirus encoding Cre-
recombinase to PKC-A-floxed mice diminishes insulin-stim-
ulated activation of both SREBP-1c and NFkB.? Furthermore,
direct inhibition of aPKC in hepatocytes of T2DM humans
with two specific aPKC inhibitors reverses T2DM-dependent
increases in activity of SREBP-1c and NFkB, and expression of
SREBP-1¢, FAS, interleukin-1B (IL-1B), tumor necrosis factor-a
(TNF-a), PEPCK, and G6Pase.?

To further explore consequences of aPKC deficiency in key
insulin-sensitive tissues, we developed mice with adipocyte-
specific knockout of PKC-\, the major aPKC in adipocytes, i.e.,
(ANKO) mice. The major objective of this study was to deter-
mine whether aPKC is required for insulin-stimulated glucose
transport and perhaps other processes in adipocytes. We also
wanted to examine phenotypic consequences of loss of aPKC in
adipocytes. The latter objective is important, not only for com-
parison of ANKO mice to MAKO and LAKO mice, but also for
comparison to mice with: (a) adipocyte-specific KO of the Glut4
glucose transporter (AG4KO), which is surprisingly attended by
impairments in insulin signaling and actions in muscle and liver
and induction of an insulin-resistant, hyperinsulinemic, glucose-
intolerant state;” and (b) fat-specific KO of the insulin receptor
(FIRKO), which, very differently from AG4KO, have reduced

adipose mass and increased longevity.?
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Results

aPKC levels and activity in adipocytes

Relative to WT mice, PKC-\ levels were diminished (mean +
SEM relative values: 1 + 0.05, WT vs. 0.51 + 0.03 in AANKO mice;
[# = 8; P < 0.001; KO vs. WT; ¢ test]) in adipocytes of ANKO
mice; in contrast, PKC-{ levels were comparable (mean + SEM
relative values: 1 + 0.17, WT vs. 1.04 = 0.17, ANKO; #n = 8) in
WT and ANKO mice (blots in Fig. 1A). Consonant with the idea
that PKC-\ is the major aPKC in mouse adipocytes, total aPKC
levels (i.e., PKC-N/{), like PKC-\ levels, were diminished in
ANKO mice (mean + SEM relative values: 1 + 0.13, WT vs. 0.50
+0.12, ANKO; [# = 15; P < 0.01; £ test]) (blots in Fig. 1A and B).
The residual immunoreactivity seen in PKC-\ blots of isolated
adipocytes of ANKO mice probably largely reflects incomplete
knockdown of PKC-\, but may also be due to contamination
of adipocytes with fibroblasts or other cells that contain a full
complement of PKC-A. Different from adipocytes, PKC-\ and
PKC-N/ levels in muscle and liver were comparable in WT and
ANKO mice (blots in Fig. 1C).

As with total aPKC levels insulin-stimulated total aPKC
activity was markedly diminished in adipocytes isolated from
ANKO mice, relative to WT mice, as evidenced by decreases
in insulin-stimulated immunoprecipitable total aPKC enzyme
activity (Fig. 2A) and diminished phosphorylation of threonine-
555/560-PKC-N/¢, (Fig. 1A; quantitative phosphorylation data
are given below), the autophosphorylation site, required for, and
reflective of, aPKC activation.!!

Glucose transport in adipocytes

In conjunction with decreased aPKC activity, insulin-stimu-
lated [°H]-2-deoxyglucose uptake and translocation of the Glut4
transporter to the plasma membrane were diminished in adipo-
cytes of ANKO mice, relative to WT adipocytes (Fig. 2A). In
this regard, note that immunoreactive Glut4 levels (mean + SEM
relative values: 1 + 0.13 in WT mice [# = 10] vs. 0.94 + 0.14 in
AXKO mice [n = 8]) and Glutl levels (mean + SEM relative val-
ues: 1 +0.08 in WT mice [7 = 14] vs. 1.08 + 0.12 in ANKO mice
[ = 14]) were comparable in adipocytes of WT and ANKO mice
(blots in Fig. 1B).

Glucose uptake in vivo

As in isolated adipocytes, insulin-stimulated glucose uptake
in vivo was impaired in adipose tissues of ANKO mice, relative
to uptake in adipose tissues of WT mice, (Fig. 2B). In contrast,
insulin-stimulated glucose uptake in vivo was comparable in skel-
etal and heart muscles of WT and ANKO mice (Fig. 2B).

Insulin activation of Akt in adipocytes

Opposite to the deficiency in aPKC activation, basal and insu-
lin-dependent phosphorylation of the PDK2-dependent activa-
tion site, Ser-473, in Akt was comparable in adipocytes of ANKO
and WT mice (mean + SEM relative values: 1 + 0.10 basal and
1.58 + 0.13 insulin-stimulated in WT mice [n# = 13; P < 0.001;
basal vs. insulin; ¢ test], as compared with 1 + 0.12 basal and
1.73 + 0.16 insulin-stimulated in ANKO mice [7z = 11; P < 0.005;
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basal vs. insulin; # test]; more Akt phosphorylation data are given
below) (blots in Fig. 1A and B). Moreover, insulin-stimulated
phosphorylation of Akt substrate, AS160, required for glucose
transport, was similarly comparable in adipocytes of WT and
ANKO mice (mean + SEM relative values: 1 + 0.22, insulin-stim-
ulated in WT mice [# = 11] vs. 1.04 + 0.25 insulin-stimulated in
ANKO mice [# = 11]) (Fig. 1B).

As to upstream factors required for both aPKC and Akt acti-
vation, IRS-1 levels were increased in adipocytes of ANKO, rela-
tive to W, mice (mean percent increase + SEM, 111% + 27%
[# = 6; P < 0.001; paired # test]); on the other hand, IRS-2 levels
(mean percent increase = SEM, 27% + 17% [n = 6]) and levels
of the p85 subunit of PI3K (mean percent increase + SEM, 5%
+ 5% [n = 11]) were not significantly different in adipocytes of
ANKO and WT mice (Fig. 1B).

Intraperitoneal glucose tolerance test (GTT)

Glucose tolerance in both male and female ANKO mice, mea-
sured following intraperitoneal administration of 2 mg glucose/
kg body weight, was not significantly different (as per compari-
son of values at each time point) from that observed in WT mice
(Fig. 2C).

Effects of specific inhibition of PKC-\ on glucose transport
in WT adipocytes

To further test the requirement for PKC-\ during insulin-
stimulated glucose transport in mouse adipocytes, we used a
highly specific, potent inhibitor of PKC-N/v, viz., 1H-imidazole-
4-carboxamide, 5-amino-1-[2,3-dihydroxy-4-[(phosphonooxy)
methyl]cyclopentyl-[1R-(1a,2b,3b,4a)] (ICAPP). Note that
ICAPP binds to the catalytic domain of PKC-N/v and thereby
diminishes autophosphorylation and substrate phosphorylation;
in contrast, ICAPP does not inhibit PKC-{, conventional PKCs,
« and B, novel PKCs, 8, &, and 0, Akt, or AMPK >3

In adipocytes isolated from WT mice, ICAPP potently (Ki,
approx 10 nM) inhibited insulin activation of aPKC (Fig. 3B),
but not Akt2 (Fig. 3C). Most importantly, the inhibition of
aPKC in WT mice was attended by a comparable dose-dependent
inhibition of [PH]-2-deoxyglucose uptake (Fig. 3A). As in studies
of ANKO mice, residual effects of insulin on glucose transport
in ICAPP-treated WT adipocytes may reflect activity of residual
PKC-A, unaltered PKC-{, or an aPKC-independent mechanism.

Alterations in ERK

Insulin activation of ERK in rat adipocytes is dependent on
PI3K'>" and aPKC," but not Akt." Similarly, insulin-stimulated
phosphorylation/activation of ERK in adipocytes of WT mice
was blocked by a specific inhibitor of PKC-N, ICAPP, in a dose-
dependent manner comparable to decreases in insulin-stimulated
phosphorylation of aPKC (Fig. 4A); (mean + SEM relative val-
ues: basal and insulin-stimulated ERK phosphorylation in con-
trol/uninhibited adipocytes, 1 + 0.003; [ = 4] and 1.77 + 0.09
[n = 4; P < 0.001; basal vs. insulin-stimulated; ANOVA]; and
basal and insulin-stimulated ERK phosphorylation in adipocytes
inhibited by 100 nM ICAPDP, 0.81 = 0.05 [ = 4] and 0.94 + 0.25;
[ = 4; not significant, basal vs. insulin-stimulated]). Also note in
Figure 4A: (a) comparable level of ERK1 in these samples indi-
cates equal sample loading; (b) insulin-stimulated phosphoryla-
tion/activation of Akt was not diminished by ICAPP; and (c)
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Figure 1. Levels of aPKCs and other insulin-sensitive signaling and effec-
tor factors in adipocytes and liver and muscle tissues of of control and
insulin-stimulated wild-type (WT) and adipocyte-specific PKC-\ knock-
out (KO) mice. In (A and B), adipocytes were isolated from WT and KO
mice and incubated for 30 min = 10 nM insulin. In (C), tissues taken from
of WT and KO mice treated for 10 min * insulin (1 mU/g body weight),
and were analyzed directly. Blots representative of 4 or more determina-
tions are shown here. Constant levels of immunoreactivity in blots for
PKC-¢, Glut1, and tubulin show equal sample loading in (A and B). Mice
in these studies were 5-7 mo old.

the marked inhibitory effects of ICAPP, a specific inhibitor of
PKC-A, on the stimulatory effects of insulin on phosphorylation
of PKC-N/{ (i.e., on total aPKC), provides further evidence that
PKC-N is the major aPKC in mouse adipocytes.

As seen in Figure 4B, in adipocytes of ANKO mice, the loss
of PKC-\ was surprisingly attended not only by diminished
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Figure 2. Effects of adipocyte-specific knockout (KO) of PKC-A on: (A) basal and insulin-stimulated glucose transport, Glut4 translocation to the plasma
membrane and aPKC activity in isolated adipocytes of wild-type (WT) and KO mice; (B) basal and insulin-stimulated glucose transport in vivo in adipose
and muscle tissues of wild-type (WT) and KO mice; and (C) glucose tolerance in vivo in of wild-type (WT) and KO mice. Mice in these studies were 5-7 mo
old. In (A), adipocytes were isolated from ad lib fed WT and ANKO mice and incubated for 30 min + 10 nM insulin prior to measurement of Glut 4 trans-
location and glucose transport, i.e., [*H]2-deoxyglucose uptake over 1 min, as described in Methods. In (B), after an overnight fast, mice were injected
with 0.2 ml physiologic saline containing, each per gram body weight, 0.05 wCi [*H]2-deoxyglucose (DOG; NEN/Life Science Products), 0.005 n.Ci [**C]
L-glucose (NEN/Life Science Products), + T mU insulin (Sigma), was administered intraperitoneally 10 min before killing. Glucose uptake into pooled
abdominal, retroperitoneal, and perigonadal adipose tissues, and into hind limb muscle and heart muscle was measured by dividing the tissue [*H]-cpm
(corrected for non-specific trapping of extracellular water as per [“C]-L-glucose radioactivity) by the specific *H-radioactivity of serum glucose. In (C),
glucose tolerance was measured after a 6-h fast by intraperitoneal injection of 2 mg p-glucose per kg body weight and tail vein blood samples were
obtained at 0, 30, 60, 90, and 120 min for determination of blood glucose levels (glucometer method). Values are mean + SEM of the number of deter-
minations shown in parentheses. Asterisks indicate P values: *P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations: p, phospho-; Ins, insulin; WT, wild type;

KO, knockout; PM, plasma membrane; Glut4, glucose-4 transporter.

insulin-stimulated phosphorylation/activation of ERK (mean +
SEM relative values: basal and insulin-stimulated in WT mice,
1+0.08 [z=10] and 1.42 + 0.11 [z = 13; P < 0.01; ¢ test; basal
vs. insulin-stimulated], as compared with basal and insulin-stim-
ulated values in ANKO mice, 0.66 + 0.08 [z =9) and 0.70 + 0.11
[ = 10; basal vs. insulin-stimulated, not significant]), but also by
low levels of immunoreactive ERK (mean + SEM relative values:
1 +£0.09 in WT mice [z = 8] vs. 0.33 + 0.07 in ANKO mice [# =
8; P < 0.001; £ test; WT vs. ANKO]). Note that comparable levels
of PKC-{ in these samples of WT and ANKO mice indicate equal
loading of samples in Figure 4B.
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Hyperinsulinemic—euglycemic clamp studies

Characteristics of the male ANKO mice used in clamp studies
(which were older, [owing to shipping and scheduling delays for
clamp studies] than mice used in other studies) are illustrated
in Figure 5A-C. Relative to WT mice, these ANKO mice had
significantly lower fed and fasted body weights, and dimin-
ished total body fat content, as determined by proton-NMR. In
contrast to adipose tissue, the weights of liver and muscle (not
shown), and basal levels of serum glucose (Fig. 5D), serum insu-
lin (Fig. 5E), and basal hepatic glucose output (Fig. 5K) were not
significantly different in ANKO and WT mice.
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Figure 3. Effects of PKC-\-specific inhibitor, ICAPP, on (A) insulin-stimulated glucose transport, (B) aPKC activity, and (C) Akt2 activity in adipocytes of
wild-type (WT) mice. Mice in these studies were 5-7 mo old. Adipocytes were isolated from ad lib fed WT mice and incubated for 30 min with indicated
concentrations of PKC-\ inhibitor ICAPP, and then for 30 min + 10 nM insulin prior to measurement of [*H]2-deoxyglucose uptake over 1 min as described
in Methods. Values are mean + SEM of the number of determinations shown in parentheses. Asterisks indicate P values: *P < 0.05; **P < 0.01; ***P < 0.001.

During the clamp, despite significantly lower insulin lev-
els (Fig. 5F), insulin suppression of hepatic glucose output
(Fig. 5M) was enhanced and was attended by an increase in the
glucose infusion rate needed to maintain euglycemia in ANKO
mice (Fig. 5G and I). Also note: (a), whereas total body glucose
uptake (presumably largely in muscle) in ANKO mice was com-
parable to that of WT mice (Fig. 5N), 2-deoxyglucose uptake
in white adipose tissue trended downward (P < 0.08) during the
prolonged clamp period (140 min) in ANKO mice (Fig. 50),
in concert with the finding of significantly impaired glucose
transport observed above in Figure 2A, wherein uptake was
measured over a much shorter 10 min period.

Finally, note (a) in these fasted ANKO mice, that basal levels
of serum free fatty acid (FFA) levels were comparable to those of
WT mice (Fig. 6A), but, during the clamp, insulin suppression of
serum FFA was significantly enhanced (Fig. 6B and C).

Weight, adiposity, food intake, and clinical findings

In ad lib fed males and females (findings were combined,
as there were no significant sex-related differences in the mea-
sured parameters), body weight (Fig. 7A) and abdominal fat
content (Fig. 7F) were diminished in ANKO mice, relative to
WT littermates. On the other hand, ANKO and WT mice had
comparable levels of liver triglycerides (Fig. 7K) and serum
levels of glucose (Fig. 7B), insulin (Fig. 7G), triglycerides
(Fig. 7H) and cholesterol (Fig. 7D, I, and L). In conjunc-
tion with lower body weight and diminished adiposity, serum
leptin, but not resistin or adiponectin, levels were diminished
in ANKO mice (Fig. 7E, ], and M, respectively). Of further
note, daily food consumption trended 12% lower in ANKO
vs. WT mice, but statistical significance was not achieved (not
shown).

Hepatic enzyme expression

In comparisons of ad lib fed ANKO and WT mice, there were
no significant differences in: (a) active nuclear levels of either the
SREBP-Ic fragment (Fig. 8A) or the NFkB p65/RelA subunit
(Fig. 8B); or (b) mRNA levels of SREBP-1c (Fig. 8D) and FAS
(Fig. 8E). On the other hand, expression of the gluconeogenic
enzyme, PEPCK (Fig. 8C), but not G6Pase, was diminished in
ANKO mice (Fig. 8F).
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Figure 4. (A) The effects of PKC-\-specific inhibitor, ICAPP, on insulin-
stimulated phosphorylation/activation of ERK in adipocytes of wild-type
(WT) mice and (B) the effects of adipocyte-specific knockout (KO) of
PKC-\ on ERK activity and levels in adipocytes of WT and KO mice. Mice
in these studies were 5-7 mo old. In (A), adipocytes were isolated from
ad lib fed WT mice and incubated for 30 min with indicated concentra-
tions of PKC-\ inhibitor ICAPP, and then for 10 min + indicated concentra-
tions of insulin. In (B), adipocytes were isolated from ad lib fed WT and
KO mice.

Effects of insulin on phosphorylation of hepatic Akt and
FoxO1

Insulin diminishes hepatic PEPCK expression largely by acti-
vation of Akt and subsequent phosphorylation, and nuclear exclu-
sion/inhibition of FoxO1.'® It was therefore interesting to find
increases in basal FoxO1 phosphorylation and insulin-stimulated
phosphorylation/activation of Akt and aPKC in livers of ANKO
mice (Fig. 9).
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Discussion

Our findings showed that PKC-\ is at least partly required
for insulin-stimulated glucose transport in mouse adipocytes,
as the loss of PKC-X in adipocytes of ANKO mice was attended
by substantial impairment of insulin-stimulated glucose
transport in both adipose tissues harvested in vivo and isolated
adipocytes incubated in vitro. Moreover, acute inhibition
of insulin-stimulated glucose transport in adipocytes of WT
mice by a highly specific PKC-N/uv inhibitor suggested that
the requirement for PKC-\ seen in adipocytes of ANKO mice
was not due to chronic PKC-\ deficiency or factors other than
PKC-A.

In keeping with previous reports showing that insulin acti-
vation of ERK in rat adipocytes is dependent on PI3K'>'* and
PI3K-dependent aPKC,"? we found that: (a) ERK activation by
insulin in adipocytes of wild-type mice was blocked by a highly
specific PKC-N inhibitor; and (b) activation and activity of ERK
was diminished in adipocytes of ANKO mice. In this regard, we
have not observed any dependence of insulin-stimulated ERK
activation on aPKC in either muscle or liver (unpublished). On
the other hand, the activation of ERK by a variety of agonists in
a number of cell types has been found to be dependent on PI3K
and aPKC.

It was surprising to find that the decreases in ERK phos-
phorylation and activity in adipocytes of ANKO mice were
due in part to diminished ERK levels. In this regard, we did
not observe any alteration in ERK levels in muscles of MAKO
mice, and we are unaware of reports of dependency of ERK lev-
els on aPKC or other kinases in other cell types. The reason for
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multiple experiments with multiple mice in each experiment were analyzed. Values depicted in bargrams are mean + SEM of the number of determina-
tions shown in parentheses. Abbreviations: WT, wild type mice; KO, knockout mice.

A : B 2 C 2
E =~ —
~
ERC T 58 5 28 5
u%: €2 é:
— = = = <0.
a2 &5 ! §E> : g > TPOOS
M= o 1 o = 2 1 o 1
= - I ] 2 I M >
255 ~ 2% Q%F
©ngg 5 > .
égo‘s z & Eé:“'s
0 0 0
2
D ! E 2 F
< ~
ég 15 <'§1.s- %‘%‘1.5-
S S
E= = =
2% 1 I §> 1 L : g~ L
Ol e g2 T
P = 2R~ g€
° é'ﬁ e 3
§bo.s T o ST v
7
0 0 0
WT AAKO WT AAKO WT AAKO

Figure 8. Effects of adipocyte-specific knockout of PKC-\ on expression of indicated hepatic enzymes in ad lib fed mice. Mice in these studies were
5-7 mo old. Values depicted in bargrams are mean + SEM of 8 determinations. Abbreviations: WT, wild type mice; ANKO, knockout mice.

diminished ERK levels (i.e., altered stability or expression) in adi-
pocytes of ANKO mice requires further study.

An important alteration in ANKO mice was the decrease in
adipose mass. This diminution in adiposity is probably at least
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partly due to the impairment in insulin-stimulated glucose trans-
port, which, via glycolysis, supplies glycerol-3-PO, needed for de
novo synthesis of phosphatidic acid, the major glycerolipid pre-
cursor. Consonant with the idea that diminished lipid synthesis,
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Figure 9. Effects of adipocyte-specific knockout of PKC-\ on and basal and insulin-stimulated (treat-
ment for 10 min with 1 mU/g body weight injected intraperitoneally) phosphorylation states of
hepatic aPKC, Akt1/2 and FoxO1 in ad lib fed mice. Mice in these studies were 5-7 mo old. Values
are mean + SEM of 6 determinations, and representative blots are shown above bargrams. Asterisks
indicate P values: *P < 0.05; **P < 0.01; ***P < 0.001. Abbreviations: WT, wild type mice; ANKO, knock-

hepatic responsiveness to insulin in
ANKO mice appeared to be largely attrib-
utable to diminished hepatic expression
of PEPCK, and this, in turn, appeared
to reflect increased FoxOl phosphoryla-

rather than increased lipolysis, was responsible for decreases in
adipose mass is the fact that the anti-lipolytic effect of insulin in
adipocytes is dependent on Akt,' whose activation was intact in
ANKO mice. Nevertheless, other reasons for diminished adipos-
ity may be operative in ANKO mice, including: decreased food
intake (such a trend was presently noted here and see below)
despite diminished serum leptin levels (suggesting enhanced sen-
sitivity or exposure of hypothalamic appetite-centers to leptin);
diminished levels of serum insulin, which increases fat synthesis
and storage in adipose tissue; and diminished adipocyte levels
and activity of ERK, which controls adipogenesis.'”'®

The decrease in adiposity in ANKO mice may be relevant to
increases in insulin sensitivity during clamp studies and trends to
lower serum insulin levels. However, decreases in serum insulin
levels during the hyperinsulinemic clamp procedure further sug-
gested that insulin turnover is increased in ANKO mice. What-
ever the reason, sensitivity to infused insulin was clearly increased
during the clamp procedure in ANKO mice, and the glucose infu-
sion rate needed to maintain euglycemia was increased, despite
diminished serum insulin levels. Moreover, this increase in glu-
cose infusion rate was largely explained by enhanced insulin sup-
pression of hepatic glucose output, as total body glucose uptake,
presumably reflecting disposal largely in muscle, was similar in
WT and ANKO mice.

Asalluded to above, aPKC is required for stimulatory effects of
both insulin and feeding on: (a) activation/expression of hepatic
SREBP-1c and expression of lipogenic enzymes; (b) hepatic
NF«kB activation and expression of proinflammatory cytokines;
(c) fasting-dependent increases in PEPCK and G6Pase."* It was
therefore interesting to find in ad lib fed mice that, except for
diminished expression of the hepatic gluconeogenic enzyme,
PEPCK, in ANKO mice, hepatic activities (nuclear levels of active
moieties) of SREBP-1c and NFkB, and mRNA levels of lipogenic
enzymes, SREBP-1c and FAS, were comparable in ANKO and
WT mice. Thus, except for diminished expression of the gluco-
neogenic enzyme, PEPCK, the activities of hepatic and lipogenic
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tion secondary to increased activity and/

or effectiveness of Akt, which phosphory-
lates ser-256 of Foxol. In this regard, liver-specific knockout of
the leptin receptor increases insulin sensitivity, as evidenced by
enhanced Akt activation and decreased hepatic glucose output
in clamp studies”; by analogy, a similar hepatic alteration may
exist in hypoleptinemic ANKO mice. Additionally, alterations in
other adipokines or cytokines may have participated in hepatic
sensitization to insulin in ANKO mice.

It may be noted that ANKO mice, derived from the same line
of PKC-\-floxed mice used in our study, have also been studied by
another group,”” and, as in our study, were found to have normal
glucose tolerance and a trend to diminished food intake. These
ANKO mice were also found to have energy expenditure, respi-
ratory quotients, and locomoter activity indistinguishable from
that of wild-type mice.?” However, unlike the present finding of
leanness, these ANKO mice did not have significant alterations
in either adiposity during the first 25 weeks of life, or in body
weight during the first 40 weeks of life.?” The reasons for these
differences are unclear. In our studies, although we did not study
mice younger than 5 mo of age, significant decreases in both
adiposity and body weight mice were observed by 2 independent
laboratories in ANKO that were approximately 5-7 mo of age in
studies at Tampa, and approximately 10 mo of age in clamp stud-
ies at New Haven. As data on adiposity of ANKO mice were sup-
plied only for the first 25 weeks of life in the previous report,' it
is entirely possible that differences in ages of ANKO mice used in
the present and previous study may account for observed differ-
ences in adiposity. On the other hand, the previous failure to see
a decrease in body weight in 40-week-old mice directly contrasts
with our findings in 10-mo-old mice, and factors other than age
may be operative. In any case, future longitudinal studies are
needed to determine if loss of PKC-N\ in adipocytes provides pro-
tection from developing age-related increases in adiposity.

The requirement for PKC-N during insulin stimulation of
glucose transport in adipocytes of ANKO mice is similar to the
requirement found in muscles of MAKO mice.? However, ANKO
and MAKO mice are decidedly different, in that MAKO mice
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are glucose-intolerant, insulin-resistant, obese, and hyperinsulin-
emic, and, moreover, have hepatosteatosis, and increased serum
levels of triglycerides, cholesterol, and fatty acids;® in contrast,
these abnormalities were absent in ANKO mice. Relevant to these
differences, whereas the activation and expression of hepatic lipo-
genic, proinflammatory, and gluconeogenic factors are increased
in MAKO mice;*” these abnormalities were absent in ANKO
mice.

The difference in metabolic abnormalities that ensue from
impairments in glucose transport in MAKO vs. ANKO mice
may, in part, reflect that muscle is quantitatively more important
than adipose tissue in determining overall extra-hepatic glucose
disposal, and MAKO mice are therefore more likely to develop a
greater degree of glucose intolerance and systemic insulin resis-
tance. However, additional factors are probably in play, as the
enhanced suppression of hepatic glucose by insulin presently seen
in ANKO was not present in MAKO mice.’

To some extent, ANKO mice are similar to LAKO mice in
that overall insulin sensitivity is increased in both models. Never-
theless, whereas LAKO mice have diminished activity of hepatic
SREBP-1¢c, ANKO did not; and, whereas LAKO mice display
increased glucose tolerance, ANKO mice did not. The latter dif-
ference may reflect that the glucose tolerance test is particularly
dependent on extrahepatic glucose disposal, which was unaltered
in ANKO mice.

As insulin-stimulated glucose transport is similarly impaired
in adipocytes of ANKO and AG4KO mice, and, as both knock-
outs were generated with mice harboring the same FAB4/aP2-Cre
transgene, it is interesting that ANKO and AG4KO mice are very
different. Thus, in contrast to findings of normal adiposity, insu-
lin resistance, hyperinsulinemia, and impaired action of insulin
in both muscle and liver in AG4KO mice,” ANKO mice displayed
diminished adiposity, increased hepatic insulin sensitivity, nor-
mal or diminished serum insulin levels, normal insulin effects
on glucose uptake in muscle, and increased insulin signaling and
action in liver. Whereas the difference in adipose mass may partly
reflect differences in insulin levels of ANKO and AG4KO mice,
other differences most likely reflect alterations in adipokines and
cytokines that influence glucose homeostasis in distant organs,
such as liver and the CNS. How PKC-\ and Glut4 deficiency
differentially regulate these adipokines and cytokines remains for
future investigations.

It is also interesting that ANKO mice are similar to FIRKO
mice (similarly developed with mice harboring a transgene con-
taining a FAB4/aP2 promoter driving Cre-recombinase) in that
adipose mass is diminished in both cases. Also note that FIRKO
mice are protected from diet-induced obesity and have increased
longevity,"
multiple enzymes in adipocytes, including, increases in peroxi-

presumably reflecting alterations in abundance of

some proliferator-activated receptor-y coactivator-la/f (PGC-
la/B) and mitochondrial oxidative enzymes.?"** It remains to
be seen if deficient insulin signaling to aPKC contributes to these
expression alterations in FIRKO mice.

Finally, it may be noted that the FAB4/aP2 promoter used
to drive Cre-recombine production and subsequent generation

of ANKO, AD4KO and FIRKO mice has been found to be
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operational in monocyte-derived macrophages, as well as adipo-
cytes.”? Thus, although findings in isolated adipocytes seem
to reflect the loss of PKC-\ per se in these cells, some of the sys-
temic, particularly hepatic, alterations seen in ANKO mice may
have been dependent on altered production of proinflammatory
cytokines in macrophages, as well as adipocytes. Further work is
needed to examine this question. In either case, improvements in
insulin sensitivity that arise from inhibition of PKC-\ in adipo-
cytes and/or macrophages are important to keep in mind when
evaluating the salutary metabolic effects that are seen in mice
treated with chemical inhibitors of PKC-\.5

To summarize, knockout-induced loss of PKC-\, or acute
chemical inhibition of a normal complement of PKC-\ in iso-
lated mouse adipocytes, resulted in impaired insulin stimula-
tion of glucose transport. Accordingly, it seems clear that that
PKC-N is at least partly required for insulin-stimulated glucose
transport in the mouse adipocyte. Of further note, this defect in
transport of glucose, which provides the glycerol backbone for
glycerolipid synthesis, along with a marked deficiency of ERK,
which is required for adipogenesis, seem likely to have contrib-
uted importantly to decreases in adiposity in ANKO mice. More-
over, this decrease in adiposity, along with alterations in serum
levels of leptin and presumably other adipokines and cytokines
in ANKO mice, was attended by increased Akt-dependent FoxO1
phosphorylation, diminished expression of hepatic PEPCK, and
increased suppression of hepatic glucose output by insulin. Fur-
ther studies are needed to identify the factors responsible for
increases in hepatic insulin sensitivity, in ANKO mice.

Materials and Methods

Adipocyte-specific knockout of PKC-\

ANKO mice were generated essentially as described for MAKO,
FIRKO, and AG4KO mice.**!* In short, C57Bl/6-129P2/Sv
mice with floxed PKC-\ (see ref. 1) were crossed with C57BL/6]
mice (Jackson Laboratory) harboring a fatty acid binding pro-
tein-4(FAB4/aP2)-promoter-regulated, Cre-recombinase trans-
gene to generate homozygous ANKO mice, and wild-type (WT)
lictermates. The presence of the FAB4/aP2-Cre transgene or the
floxxed-PKC-\ allele alone yielded mice indistinguishable from
WT mice and were included in the WT experimental groups.
Genotyping was accomplished with tail-clip DNA and PCR with
primers as described previously.?

Mouse care

Mice were maintained in light- (12 h, 0700-1900 h, light;
12 h, 1900-0700 h, dark) and temperature- (20-24 °C) con-
trolled environments and fed standard chow in Vivaria of the
James A. Haley Veterans Administration Hospital in Tampa,
Florida and Yale University School of Medicine in New Haven,
Connecticut. Mice in Tampa were used at 5-7 mo of age, except
for mice that were sent to Yale, which were approximately 10 mo
old at the time of the clamp studies. In each experiment, mice
were age-matched. Protocols were approved by the Institutional
Animal Care and Use Committees of the University of South
Florida College of Medicine and Yale University School of Medi-
cine. Studies were conducted in accordance with guidelines of
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the National Institutes of Health and Principles of the Declara-
tion of Helsinki.

Glucose transport in vivo

As described in reference 3, following overnight fast, 0.2
ml physiologic saline containing, each per gram body weight,
0.05 pCi [*H]2-deoxyglucose (DOG; NEN/Life Science Prod-
ucts), 0.005 pnCi [“C] L-glucose (NEN/Life Science Products),
+ 1 mU insulin (Sigma), was administered intraperitoneally 10
min before killing. Glucose uptake into abdominal/retroperi-
toneal/perigonadal adipose tissue, hind limb muscle, and heart
muscle was measured by dividing the tissue [?’H]-cpm (corrected
for non-specific trapping of extracellular water as per [““C]-L-
glucose radioactivity) by the specific *H-radioactivity of serum
glucose.

Glucose transport in adipocytes

As described reference 3, in 8 experiments using 4 ANKO
mice, and 13 experiments using WT mice, adipose tissues from
ad lib fed male or female mice were digested with collagenase
and isolated adipocytes were incubated for 30 min in glucose-
free Krebs Ringer phosphate medium + 10 nM insulin, and then
incubated for 1 min with 50 uM [*H]2-deoxyglucose, follow-
ing which label uptake was measured by flotation of adipocytes
through oil.

In experiments, in which ad lib fed WT mice were used, iso-
lated adipocytes were preincubated in glucose-free Krebs Ringer
phosphate medium for 30 min + PKC-\ inhibitor, ICAPP, prior
to incubation as described above for determination of basal and
insulin-stimulated [°H]2-deoxyglucose uptake.

aPKC activation

aPKC activity was measured as described.>** Briefly, aPKCs
were immunoprecipitated with a rabbit polyclonal antiserum
(Santa Cruz Biotechnology) that recognizes the C-termini of
PKC-\ and PKC-{, collected on Sepharose-AG beads, and incu-
bated for 8 min at 30 °C in 100 pl buffer containing 50 mM
Tris/HCI (pH 7.5), 100 M Na,VO,, 100 pM Na,P,O., 1 mM
NaF, 100 uM PMSF, 4 wg phosphatidylserine (Sigma), 50 pM
[y-*PJATP (NEN/Life Science Products), 5 mM MgCl,, and,
as substrate, 40 wM serine analog of the PKC-& pseudosubstrate
(BioSource). After incubation, 3?P-labeled substrate was trapped
on P-81 filter paper and counted in a liquid scintillation counter.
aPKC activation was also assessed by immunoblotting for phos-
pho-threonine (Thr)-555/560-PKC-N/{, the autophosphoryla-
tion site required for, and reflective of,aPKC activation."

Akt activation

Akt activation was assessed, as described,>®* by: (a) west-
ern analysis and immunoblotting for phosphoinositide-depen-
dent protein kinase-2 (PDK2)-dependent phosphorylation of
serine(Ser)-473-Akt1/2; (b) enzymatic activity of immunopre-
cipitable Ake2 using antibodies and assay reagents from Upstate
Cell Signaling Technologies; and/or (c) phosphorylation of Akt
substrate-160 (pAS160).

Western analyses

As described,?® cell lysates were immunoblotted for: PKC-
{/N\ (rabbit polyclonal antiserum; Santa Cruz Biotechnology;
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recognizes C-termini of both aPKCs, N and {); mouse
monoclonal anti-PKC-N\ antibody (Transduction Labs); rabbit
polyclonal anti-PKC-{ antiserum (kindly provided by Dr Todd
Sacktor, State University of New York); rabbit polyclonal anti-
Aktl/2 antiserum (Upstate Cell Signaling Technologies);
rabbit polyclonal anti-phospho-Ser-473-Aktl/2  antiserum
(Upstate Cell Signaling Technology); rabbit polyclonal anti-
phospho-AS160 antiserum (Cell Signaling Technology);
mouse monoclonal anti-GLUT4 glucose transporter antibody
(AbDserotec); mouse monoclonal anti-SREBP-1c antibody
(Neomarkers, Inc.); rabbit polyclonal anti-p65/RelA subunit
of NFkB antiserum (Santa Cruz Biotechnologies); rabbit
polyclonal anti-ERK1/2, ERK1 and ERL2 antisera (Santa
Cruz Biotechnologies); rabbit polyclonal anti-phospho-
ERK1/2 (Santa Cruz Biotechnologies); rabbit polyclonal
anti-IRS-1 antiserum (Upstate Cell Signaling Technology);
rabbit anti-tubulin antiserum (Santa Cruz
Biotechnologies); rabbit polyclonal anti-Glutl antiserum
(Santa Cruz Biotechnologies); and rabbit polyclonal anti-IRS-2
antiserum (Santa Cruz Biotechnologies).

Nuclear preparations

As described in references 4-6 and 8, nuclei were prepared
with NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Pierce Biotechnology).

mRNA analyses

As described,*® tissues were added to Trizol reagent (Invit-
rogen) and RNA extracted and purified with RNA-Easy Mini-
Kit and RNAase-free DNAase set (Qiagen), quantified (A, /
A.,), checked for integrity by electrophoresis on 1.2% agarose
gels, and mRNA quantified by quantitative real-time reverse
transcriptase-polymerase chain reaction (RT-PCR) in a Applied
Biosystem ABI Prism 7900HT instrument, and SYBR Green
Advantage qPCR kit (Clonetech Laboratories). All PCR reac-
tions were run in triplicates and quantitated in the ABI Prism
7900HT sequence detection system. Ct values were normal-
ized to mouse HPRT expression to the corresponding sample,
and the results were expressed as fold change. All the primers
were validated for amplification efficiency. The mouse prim-
ers as follows: SREBP-1c, ATCGGCGCGG AAGCTGTCGG
GGTAGCGTC (forward) and ACTGTCTTGG TTGAT-
GAGCT GGAGCAT (reverse); FAS, GAGGACACTC
AAGTGGCTGA (forward) and GTGAGGTTGC TGTC-
GTCTGT (reverse); ACC, GACTTCATGA ATTTGCTGAT
(forward) and AAGCTGAAAG CTTTCTGTCT (reverse);
PEPCK, GACAGCCTGC CCCAGGCAGT GA (forward)
and CTGGCCACAT CTCGAGGGTC AG (reverse); G6Pase,
TGCTGCTCAC TTTCCCCACC AG (forward) and TCTC-
CAAAGT CCACAGGAGG T (reverse); II-1B, TTGACG-
GACC CCAAAAGATG (forward) and AGAAGGTGCT
CATGTCCTCA (reverse); TNF-a, ACGGCATGGA TCT-
CAAAGAC (forward) and AGATAGCAAA TCGGCT-
GACG (reverse); PKC-{, CATGCAGAGG CAGAGA-
AAAC T (forward) and TTAGGTCCCG GTAGATGATC
C (reverse); PKC-\, TCACTGACTA CGGCATGTGT AA

polyclonal
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(forward) and CGCAGAAAGT GCTGGTTG (reverse); and
housekeeping gene, hypoxanthine phosphoribosyl-transferase
(HPRT), TGAAAGACTT GCTCGAGATG T (forward) and
AAAGAACTTA TAGCCCCCCT T (reverse).

Blood/serum/tissue analyses

The following were used to measure: glucose, Life Scan glu-
cometer; immunoreactive insulin, mouse kit, Linco; free/non-
esterified fatty acids, kit, Wako Chemicals; triglycerides, kit,
Sigma; total cholesterol, LDL-cholesterol and HDL-cholesterol,
Advia 1650 Autoanalyzer, Bayer Instruments; and adiponectin,
leptin, and resistin, Quantikine kits, R and D Systems.

Hyperinsulinemic—euglycemic clamps

Following transfer to the Yale University School of Medicine,
male mice were maintained for several months prior to conduct
of clamp studies, as described.! These mice were approximately
10 mo old at the time of the clamp studies.

Statistical methods

Data are expressed as mean + SEM. Statistical differences
between 2 and 3 or more groups were determined by the Stu-
dent # test and one-way ANOVA (Sigma Stat Statistical Software;
the Tukey test was used for comparison of mean responses),
respectively.
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