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Abstract Obesity is frequently associated with systemic insu-
lin resistance, glucose intolerance, and hyperlipidemia.
Impaired insulin action in muscle and paradoxical diet/
insulin-dependent overproduction of hepatic lipids are im-
portant components of obesity, but their pathogenesis and
inter-relationships between muscle and liver are uncertain.
We studied two murine obesity models, moderate high-fat-
feeding and heterozygous muscle-specific PKC-\ knockout,
in both of which insulin activation of atypical protein ki-
nase C (aPKC) is impaired in muscle, but conserved in liver.
In both models, activation of hepatic sterol receptor element
binding protein-1c (SREBP-1c) and NFkB (nuclear factor-
kappa B), major regulators of hepatic lipid synthesis and sys-
temic insulin resistance, was chronically increased in the fed
state. In support of a critical mediatory role of aPKC, in both
models, inhibition of hepatic aPKC by adenovirally mediated
expression of kinase-inactive aPKC markedly diminished
diet/insulin-dependent activation of hepatic SREBP-1c and
NFkB, and concomitantly improved hepatosteatosis, hyper-
triglyceridemia, hyperinsulinemia, and hyperglycemia.
Moreover, in high-fat—fed mice, impaired insulin signaling
to IRS-1-dependent phosphatidylinositol 3-kinase, PKB/Akt
and aPKC in muscle and hyperinsulinemia were largely
reversed.fill In obesity, conserved hepatic aPKC-dependent
activation of SREBP-1c and NFkB contributes impor-
tantly to the development of hepatic lipogenesis, hyper-
lipidemia, and systemic insulin resistance. Accordingly,
hepatic aPKC is a potential target for treating obesity-
associated abnormalities.—Sajan, M. P., M. L. Standaert,
S. Nimal, U. Varanasi, T. Pastoor, S. Mastorides, U. Braun,
M. Leitges, and R. V. Farese. The critical role of atypical
protein kinase C in activating hepatic SREBP-1c and NFkB
in obesity. J. Lipid Res. 2009. 50: 1133-1145.
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Obesity, particularly when accompanied by systemic in-
sulin resistance, glucose intolerance, and hyperlipidemia
(i.e., a “metabolic syndrome”) is a global health problem
and a frequent forerunner of type 2 diabetes mellitus.
Whereas both exogenous/diet-induced and genetically
determined obesity can produce insulin resistance and
metabolic syndrome features, vice versa, systemic insu-
lin resistance can produce obesity and metabolic syn-
drome features. However, mechanisms underlying lipid
abnormalities and insulin resistance in these situations,
and the critical interplay between muscle and liver, are
poorly understood.

The high-fat—fed (HFF) mouse model is useful for study-
ing diet-induced obesity-related insulin resistance. In our
experience, feeding mice a Western-type 20% milk high-
fat diet for 3—4 weeks leads to diminished insulin activation
of phosphatidylinositol (PI) 3-kinase (PI3K) effectors,
atypical protein kinase C (aPKC) and protein kinase B
(PKB/Akt) in muscle (1, 2), with little or no effect on he-
patic aPKC and PKB/Akt activation (1). In this HFF model,
we have observed no increases in basal (unstimulated) ac-
tivities of conventional (o,32) or novel (0,e) PKCs in liver,
despite observing increases in muscle (unpublished). Ac-
cordingly, our HFF model may partly differ from others
wherein higher dietary fat was used, thereby activating
hepatic novel PKCs.

Insulin signaling to aPKC and PKB/Akt (particularly the
PKB@/Akt2 isoform) is important, as these kinases control
key metabolic processes, viz., glucose transport in muscle is
controlled by both aPKC and PKB/Akt, enzymes regulat-
ing hepatic glucose output are mainly controlled by
PKB/Akt (3, 4), and hepatic sterol receptor element bind-
ing protein-1c (SREBP-1c), which trans-activates multiple
genes involved in lipid synthesis, can be controlled by both
aPKC (3,4) and PKB/Akt (5, 6). Also, hepatic NFkB (nuclear

Abbreviations: aPKC, atypical protein kinase C; SREBP-1c, hepatic
sterol receptor element binding protein-1c; KO, knockout; NFkB, nuclear
factor-kappa B.
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factor-kappa B), which is activated in HFF mice and linked
to systemic insulin resistance (7, 8) and inflammation,
can be activated by aPKC through (a) phosphorylation/
activation of IkB kinase (IKK@), which phosphorylates
IkBp, thereby releasing NFkB for translocation to nuclear
transcription sites (9); and (b) phosphorylation/activation
of the p65/RelA subunit of NFkB (10). However, insulin
effects on IKKB and NFkB are unknown.

Differences in activation of aPKC and PKB /Akt in muscle
and liver in HFF mice most likely reflect tissue-specific var-
iations in PI3K activation by insulin receptor substrates
(IRS), IRS-1 and IRS-2. However, definitive information
on PI3K activation in HFF mice is lacking, and findings in
other HFF models are inconsistent. In rats fed 58% lard,
activation of hepatic IRS-1- and IRS-2—dependent PI3K is
oddly enough enhanced (11); in rats fed 21 % milk fat, acti-
vation of muscle aPKC by insulin in vivo and PI-3,4,5-(POy) 5
(PIPs) in vitro is impaired, but activation of IRS-1— and IRS-2—
dependent PI3K is intact (12); in rats fed 65% fat, aPKC and
PKB activation in muscle is diminished (13).

Germane to tissue-specific differences in aPKC/PKB ac-
tivation, findings from knockout mice suggest that IRS-1
and IRS-2 activate separate PI3K pools that couple differ-
ently to these downstream effectors during insulin action,
depending upon the tissue. Thus, in IRS-1 knockout mice,
insulin activation of both PKB/Akt (14, 15) and aPKC (15)
is impaired in muscle, whereas in liver, PKB/Akt activation
is impaired (14, 15), but aPKC activation is conserved (15).
In IRS-2-deficient hepatocytes, activation of aPKC, as well
as PKB/Akt, is impaired (16). To summarize, IRS-1 con-
trols both aPKC and PKB/Akt in muscle, whereas in liver,
IRS-2 controls aPKC, and both IRS-1 and IRS-2 control
PKB/AKkt activation by insulin.

In HFF mice, we found that inhibition of hepatic aPKC
by adenovirally mediated expression of kinase-inactive
(KI) aPKC largely reversed excessive increases in hepatic
SREBP-1c and IKKB/NFkB activities, thereby improving
downstream targets of SREBP-1c and NFkB, hyperlipidemia,
insulin signaling in muscle, hyperinsulinemia, and hyper-
glycemia. Similarly, in a genetic obesity model, hetero-
zygous muscle-specific knockout of PKC-A (MA-Het-KO)
mice [wherein (a) aPKC activation is selectively impaired
in muscle, thereby compromising insulin-stimulated glu-
cose transport, (b) insulin signaling and actions in liver
and adipocytes are intact, and (c) feeding- and insulin-
dependent activation of hepatic SREBP-1c and IKK(3 /NF«B
are excessive, thereby producing abdominal obesity,
hepatosteatosis, hyperlipidemia, and glucose intolerance
(17)], we observed comparable dependency of hepatic
SREBP-1c and IKKB/NFkB on hepatic aPKC and, more-
over, similar phenotypic improvements following adminis-
tration of adenovirus expressing Kl-aPKC.

EXPERIMENTAL PROCEDURES
Experimental mice

In HFF studies, male C57Bl/6 mice, 8—12 weeks of age, were
obtained from Harlan Industries, housed in a temperature-
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controlled environment with alternating 12-h light and dark cy-
cles, and fed ad lib with either a standard low-fat laboratory chow
diet [Harlan Teklad 20/18 with 5% fat (i.e., 10% of calories)] or a
moderately high-fat Western-type diet [Harlan Teklad T01064
with 20% by weight anhydrous milk fat and 1% corn oil (i.e.,
42% of calories with fatty acid composition in g fatty acid-length:
unsaturation/kg diet as follows: butyric-4:0, 7.6; caproic-6:0,
4.6; caprylic-8:0, 2.2; capric-10:0, 4; capric-11:0, 0.2; lauric-12:0,
6.2; myristic-14:0, 23.4; myristic-14:1, 1.6; myristic-15:0, 3.2; palmitic-
16:0, 53.6; palmitoleic-16:1, 3.8; margaric-17:0, 1.4; margaric-17:1,
0.4; stearic-18:0, 25.2; oleic-18:1, 59.15; linoleic-18:2; 11.5; linolenic-
18:3, 1.1; linolenic-20:1, 0.4; arachidonic-20:4; 0.2)] for 3—4 weeks
prior to experimental use. In some cases, where indicated as “fasted,”
food (but not water) was withheld overnight for approximately
16-20 h before killing.

Wild-type and heterozygous muscle-specific PKC-A knockout
(MA-Het-KO) were generated as described (17).

All experimental procedures were approved by the James
A. Haley Veterans Administration Medical Center Research and
Development Committee; Institutional Animal Care and Use
Committees of the University of South Florida College of Medi-
cine; and the Roskamp Research Institute.

In vivo insulin treatments

Where indicated, mice were injected intraperitoneally (IP) 5 min
before killing, or intramuscularly (IM) 15 min before killing, with
either physiological (0.9%) saline or saline containing 1U insulin/
kg body weight. IRS-1/2—-dependent PI3K activation in liver is
maximal at 2-5 min after IP insulin treatment, but 15 min is op-
timal for studies of insulin stimulation of IRS-1/2—dependent
PISK in muscle and for aPKCs and PKB/Akt in both muscle and
liver (1, 2,12, 15, 17-23).

Tissue and immunoprecipitate preparations

As described (1, 2, 12, 15, 17-23), vastus lateralis muscles and
liver were rapidly removed and homogenized (Polytron) in ice-cold
buffer containing 0.25 M sucrose, 20 mM Tris/HCI (pH 7.5), 2 mM
EGTA, 2 mM EDTA, 1 mM phenylmethylsulfonlyfluoride (PMSF),
20 pg/ml leupeptin, 10 pg/ml aprotinin, 2 mM Na,PsO7, 2 mM
NagVOy, 2 mM NaF, and 1 wM microcystin. After centrifugation
for 10 min at 700 g to remove unbroken cells, debris, nuclei, and
floating fat, the resulting cell lysates were stored at —70°C. After
addition of 1% TritonX-100, 0.6% Nonidet, and 150 mM NaCl,
lysates were cleared of insoluble materials by low-speed centrifu-
gation and subsequently immunoprecipitated with antibodies that
target (a) aPKCs (rabbit polyclonal antiserum from Santa Cruz
Biotechnologies; recognizes C termini of both PKC-\ and PKC-(;);
(b) PKB/Akt; and (c) IRS-1 or IRS-2 (rabbit polyclonal antisera
from Upstate Cell Signaling, Inc.). Immunoprecipitates were col-
lected on Sepharose-AG beads (Santa Cruz Biotechnologies) and
activities of aPKC, PKB, and PI3K were assayed as described below.

aPKC activity assay

aPKC activity was measured as described (1, 2, 12, 15, 17-23).
Briefly, aPKCs were immunoprecipitated from lysates with a rab-
bit polyclonal antiserum (Santa Cruz Biotechnologies) that rec-
ognizes C termini of both PKC-{ and PKC-\ [whereas mouse
muscle contains mainly PKC-\ and little PKC-{ (22), mouse liver
contains substantial amounts of both PKC-{ and PKC-\ (11)], col-
lected on Sepharose-AG beads (Santa Cruz Biotechnologies), and
incubated for 8 min at 30°C in 100 pl buffer containing 50 mM
Tris/HCI (pH,7.5), 100 uM NazVOy, 100 wM Na, PsO7, 1 mM NaF,
100 wM PMSE, 4 pg phosphatidylserine (Sigma), 50 uM [y-**P]ATP
(NEN Life Science Products), 5 mM MgCls,and, as substrate,
40 uM serine analog of the PKC-¢ pseudosubstrate (BioSource).



In some cases, assays were conducted in the presence of 10 uM
PIP3, which maximally (like exogenous insulin treatment) activates
aPKCs immunoprecipitated from muscles of control noninsulin-
treated rodents (12, 17). After incubation, **P-labeled substrate
was trapped on P-81 filter papers and counted.

PKB/AKkt activation

Total PKBa/B (Aktl/2) enzyme activity was measured using
a kit obtained from Upstate Cell Signaling, as described (1, 2,
12, 15, 17-23). In brief, PKB/Akt was immunoprecipitated from
lysates with rabbit polyclonal antibodies, collected on Sepharose-AG
beads, and incubated as per kit directions. Total PKB/Akt ac-
tivation was also assessed by immunoblotting for phosphorylation
of serine-473.

PI3K activation

IRS-1-dependent and IRS-2—dependent PI3K activities were
determined as described (1, 2, 12, 15, 17-23). In brief, IRS-1
and IRS-2 immunoprecipitates were incubated with PI and exam-
ined for incorporation of %2pQ, into PI-3-PO,, which was purified
by thin layer chromatography and quantified with a BioRad
Molecular Analyst Phosphor-Imager system.

Western analyses

Western analyses were conducted as described (1, 2, 12,
15, 17-23) using the following antibodies and antisera for im-
munodetection after resolution of lysate proteins on SDS-PAGE:
(a) rabbit polyclonal anti-PKC-{/\ antiserum (Santa Cruz Bio-
technologies); (b) rabbit polyclonal anti-PKB antiserum (Upstate
Cell Signaling); (c) rabbit polyclonal anti-phospho-serine-473-
PKB antiserum (New England BiolLabs); (d) rabbit polyclonal
anti-IRS-1 antiserum (Upstate Cell Signaling); (e) rabbit poly-
clonal anti-IRS-2 antiserum (Upstate Cell Signaling); (f) rabbit
polyclonal anti-p85/PI3K antiserum (Upstate Cell Signaling);
(g) rabbit polyclonal anti-thr-410-PKC-{ (or thr-411-PKC-\) anti-
serum (Upstate Cell Signaling); (h) rabbit polyclonal anti-
SREBP-1 (Neomarkers, Inc.); and anti-p65/RelA subunit of NFkB
(Santa Cruz Biotechnologies).

Glucose uptake into skeletal muscle in vivo

Glucose uptake was determined as described (12, 17, 20, 21).
Briefly, mice were injected IP with 0.9% saline containing tracer
amounts of [*H]2-deoxyglucose (transported and phosphory-
lated but not metabolized hexose) and [14C]L-glucose (a non-
transported hexose used to correct for nonspecific trapping of
extra-cellular fluid in muscle), and where indicated, insu-
lin (1U/kg). 10 min later, muscle samples and serum were ob-
tained. Total hexose (largely glucose) uptake was calculated from
the specific activity of serum hexose (i.e., [?’H]Q-deoxyglucose
radioactivity divided by serum glucose level) and muscle uptake
of [*H]2-deoxyglucose.

Adenoviral studies

Adenoviruses were propagated in HEK-293 cells, purified by
cesium chloride centrifugation and dialyzed against Krebs Ringer
phosphate buffer. Adenovirus vector or adenovirus encoding
KI-PKC-{ [2.5 X 10'? plaque-forming units (PFU)/kg body
weight] was administered intravenously (IV; tail vein) to HFF mice
or MA-Het-KO mice. After 4 days, mice were subjected to over-
night fasting or continued feeding of their usual diet for 24 h,
as indicated. On the fifth day, where indicated, mice were in-
jected IM with saline or insulin in saline, and 15 min later, mice
were killed and liver and muscle samples were obtained. Note

that (a) adenoviral treatments did not increase serum liver-
derived enzymes, aspartate aminotransferase (AST), or alanine
aminotransferase (ALT), ruling out a nonspecific hepatitis; (b) in
HFF mice, insulin signaling in muscle dramatically increased after
administration of adenovirus encoding KI-PKC-{, corroborating
that adenovirus did not substantially enter or produce untoward
effects in muscle; (c) in HFF mice, aPKC activity was diminished
in liver, but substantially increased in muscle following administra-
tion of adenovirus encoding KI-PKC-{, in keeping with exclusive
functional localization of adenovirus in liver; (d) aPKC levels were
increased in liver but not in muscle, further attesting to liver locali-
zation of adenovirus encoding KI-PKC-{; (e) unlike hepatic aPKC
activity, hepatic PKB/Akt activity was unchanged or, if anything,
slightly increased above normal after administration of adenovirus
encoding KI-PKC-{, indicating that insulin signaling to nonaPKC
factors was not impaired; and (f) food intake was unaffected by
adenoviral treatments. In attempts to analogously use adenovirus
encoding KI-PKB, there were marked decreases in food intake and
body weight, thus invalidating this approach. PKC-\ and PKC-{ can
function interchangeably during insulin action, and KI forms of
either isoform inhibit both aPKC isoforms.

Measurement of SREBP-1¢, FAS, ACC, IL-1f3,
and TNFa mRNA

As described (17), tissues were added to Trizol reagent
(Invitrogen), and RNA was extracted and purified with the
RNA-Easy Mini-Kit from Qiagen (Valencia, CA) and RNAase-free
DNAase set (Qiagen) as per kit instructions, quantified by mea-
suring Asgo/Aggo, further checked for purity by electrophoresis
on 1.2% agarose gels, and mRNA quantified by quantitative real-
time reverse transcriptase-polymerase chain reaction (RT-PCR).
Reverse transcription was accomplished with TagMan reverse tran-
scription reagent from Applied Biosystems (Foster City, CA).
SREBP-1c mRNA was measured with a SYBR Green kit (Applied
Biosystems) using nucleotide primers ATCGGCGCGGAAGCT-
GTCGGGGTAGCGTC (forward) and ACTGTCTTGGTTGAT-
GAGCTGGAGCAT (reverse). Mouse fatty acid synthase mRNA
(FAS) was measured with primers GAGGACACTCAAGTGGCTGA
(forward) and GTGAGGTTGCTGTCGTCTGT (reverse). Mouse
acetyl CoA carboxykinase (ACC) mRNA was measured with prim-
ers GACTTCATGAATTTGCTGAT (forward) and AAGCT-
GAAAGCTTTCTGTCT (reverse). Mouse interleulin-13 (II-1B)
mRNA was measured with primers TTGGACGGACCCCAAAA-
GATG (forward) and AGAAGGTGCTCATGTCCTCA (reverse).
Mouse tissue necrosis factor-a (TNFa) mRNA was measured with
primers ACGGCATGGATCTCAAAGAC (forward) and AGATAG-
CAAATCGGCTGACG (reverse). Mouse glucose-6-phosphatase
(G6Pase) mRNA was measured with primers TGCTGCTCA-
CTTTCCCCACCAG (forward) and TCTCCAAAGTCCACAG-
GAGGT (reverse). Mouse phosphoenolpyruvate carboxykinase
(PEPCK) mRNA was measured with primers GACAGCCTGCCCC-
AGGCAGTGA (forward) and CTGGCCACATCTCGAGGGTCAG
(reverse). The housekeeping gene, hypoxanthine phosphoribosyl-
transferase (HPRT; used for recovery correction), was measured
with primers TGAAAGACTTGCTCGAGATGTCA (forward) and
AAAGAACTTATAGCCCCCCTTGA (reverse).

Nuclear fraction preparation

As described (17), liver nuclei were prepared with NE-PER Nu-
clear and Cytoplasmic Extraction Reagents obtained from Pierce
Biotechnology (Cat. No. 78833). Levels of the active SREBP-1
fragment and active p65/RelA subunit of NFkB were measured in
these nuclear preparations, which were also used for electrophoretic
mobility shift assays (EMSA).
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Fig. 1. Effects of adenoviral-mediated expression of kinase-inactive (KI) PKC-{ on basal and feeding-
induced activities of aPKC (A), PKB (B), and IRS-1-dependent PI3K (C) in vastus lateralis muscle, serum
insulin levels (D), and basal and feeding-induced activity of aPKC (E), expression and nuclear levels of
SREBP-1c (F), and expression of FAS (G) and ACC (H) in liver of high-fat—fed mice. High-fat—fed mice were
injected IV with adenovirus vector (Vec) or adenovirus encoding KI-PKC-{ (KI-{) and 4 days later (to allow
time for expression), mice were fasted overnight 16-20 h (clear bars) or maintained on the high-fat diet
(shaded bars). For comparisons in assays, normal-chow—fed mice were similarly fasted or maintained on their
usual normal chow (low-fat) diet. The mice were killed on the next day (fifth day after initial virus treatment),
and muscles, livers, and sera were harvested. In the inset in panel A, aPKCs were immunoprecipitated from
muscles of normal-chow—fed (LO) or high-fat—fed (HI) mice treated with adenovirus vector (VEC) or adeno-
virus encoding KI-{, and assayed in absence (clear bars) or presence (shaded bars) of 10 uM PIPg. Values are
mean = SEM of (N) determinations. Asterisks indicate P << 0.05 (*), P < 0.01 (*%*), and P < 0.001 (***) for
feeding-stimulated values versus adjacent fasting values of mice fed a comparable high or normal (low fat) diet,
or in the inset of panel A, PIPs-treated versus untreated. Portrayed P values depict comparisons of indicated
groups (viz., insulin-stimulated adenovirus vector versus insulin-stimulated adenovirus encoding KI-PKC-{ in
high-fat—fed mice). All P values were determined by ANOVA. Insets show 10 uM PIPs-dependent activation of
aPKC immunoprecipitated from muscles of indicated mice (Panel A); representative autoradiograms of
PI-3-*2POy, the lipid product of the PISK assay (C); expressed KI-PKC-{—induced increases in levels of hepatic
total aPKC (E); and a representative immunoblot of the active nuclear SREBP-1 fragment (F).
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Electrophoretic mobility shift assays

NFkB-dependent shifts in mobility of specific 32pQ labeled
DNA sequences was measured with a kit and NFkB consensus
nucleotide probes (5'-AGTTGAGGGGACTTTCCCAGGC-3" and
3'TCAACTCCCCTGAAAGGGTCCG-5’) obtained from Invitrogen
[Cat. Nos. E3050 (kit) and E3291 (probe)].

Serum insulin, triglyceride, free fatty acids, cholesterol,
and glucose levels

Serum insulin, triglycerides, free (non-esterified) fatty acids
(FFA), total cholesterol, HDL-cholesterol, and glucose levels were
measured as described (17).

Liver triglycerides

Liver triglycerides were measured as described (17).

Statistical evaluations

Data are expressed as mean * SE, and P values were deter-
mined by a two-way ANOVA and the least-significant multiple
comparison method.

RESULTS

HFF mice

Insulin signaling in muscle and liver of HITF mice. Impair-
ments in insulin activation of aPKC and PKB/Akt previously
observed in muscles of HFF mice (1, 2) were presently
found to be associated with (a) markedly diminished ac-
tivation of IRS-1- but not IRS-2—-dependent PI3K (insulin
activation data not shown, but see Fig. 1C for impaired ef-
fects of feeding and Fig. 2B for impaired insulin effects on
aPKC activation); (b) poor responsiveness of aPKC immu-
noprecipitated from HFF muscle to direct addition of the
lipid product of PI3K, PIP; (Fig. 1A inset and Fig. 2B) versus
excellent response in aPKC immunoprecipitated from mus-
cles of normal-chow—fed mice; and (c) marked impairment
in insulin-stimulated glucose transport (Fig. 2A). This impair-
ment in aPKC responsiveness to insulin and PIPs in HFF
muscle was not explained by diminished phosphoinositide-
dependent protein kinase-1(PDKI1)—dependent thr-411
phosphorylation, which was intact and in fact largely acti-
vated even “basally” in HFF mice (Fig. 2C), perhaps by
endogenous hyperinsulinemia (Fig. 1D); rather, the im-
pairment apparently reflected reduced PIPs—dependent
auto-phosphorylation, allosteric modification, and/or
aPKC catalytic activity that occurs subsequent to PDK-1
action (24-26).

In HFF liver, along with reported intactness of insulin
effects on aPKC and PKB/Akt (1), the activation of both
IRS-1- and IRS-2—dependent PISK by insulin was indistin-
guishable from that seen in normal liver (not shown).

Insulin-like signaling effects of feeding in muscle and liver of
normal-chow-fed mice. Relative to overnight-fasted mice, nor-
mal chow feeding was associated with higher activities of
muscle aPKC (Fig. 1A), muscle PKB/Akt (Fig. 1B), muscle
IRS-1-dependent PI3K (Fig. 1C), hepatic aPKC (Fig. 1E),
hepatic PKB/Akt (see Ref. 6), and, moreover, hepatic
SREBP-1c expression, as per mRNA and active nuclear
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Fig. 2. Effects of insulin on [*H]2-deoxyglucose uptake (A), and ef-
fects of insulin and/or PIP3 on aPKC activity (B) and phosphoryla-
tion of the activation loop site in aPKC (C) in vastus lateralis muscles
of high-fat—fed (high fat) and chow-fed (low fat) mice. Mice were
injected IP as described in Experimental Procedures (A). aPKCs
were immunoprecipitated from muscles of mice treated IM with saline
vehicle or insulin (1U/kg) in saline for 15 min, and then assayed in
absence or presence of 10 uM PIPs (B and C). It was necessary to first
immunoprecipitate (IP) aPKC (because other 70—80 kDa PKCs have
similar activation loop phosphorylation sites) before Western analyses
for phospho-thr-411/410-PKC-\/{; shown here is a blot representative
of four determinations (C). Values in panels A and B are mean = SE
of (N) determinations. P values were determined by ANOVA.

fragment levels (Fig. 1F), and SREBP-1c-regulated expres-
sion of hepatic FAS (Fig. 1G) and ACC (Fig. 1H). These ef-
fects of feeding on signaling are qualitatively similar to those
of insulin (1), but overnight fasting diminishes basal ac-
tivities of insulin-sensitive signaling factors (viz., IRS-1/2—
dependent PI3K, aPKC, and PKB/Akt in both muscle
and liver), and feeding elicits submaximal but presumably
physiological increases that can be further amplified by
exogenous insulin treatment.

LEffects of insulin on IKKf/NIB and SREBP-1¢ in liver and
muscle of normal-chow-fed mice. As discussed above, IKKf and
NF«kB are regulated by aPKC (7-10), but insulin effects are
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unknown. We found that, like SREBP-1c¢, insulin treatment
for 6 h activated IKKB and NFkB (active nuclear levels of
the p65RelA/NFkB subunit and NFkB-dependent EMSA
gel-shift activity) in livers of normal-chow—fed mice (Fig. 3).
Different from liver, in muscle, 6-h insulin treatment failed
to increase IKKB and NFkB activation despite increasing
expression and activity of SREBP-1c (Fig. 3).

Dependence of feeding-dependent increases in hepatic activities
of IKKp /NIcB and SREBP-1c on aPKC in normal-chow-fed mice.
It was previously reported that partial depletion of hepatic
aPKC by liver-specific knockout of PKC-\ in mice is accom-
panied by diminished normal-chow-feeding—induced
SREBP-1c activation, and enhanced glucose tolerance and

insulin sensitivity, relative to wild-type mice (4). Presently,
we found that, using Cre-loxP methods (i.e., administration
of adenovirus expressing Cre-recombinase to mice with
floxed PKC-\ genes) (17) provoked a partial but substantial
loss of aPKC selectively in liver (muscle aPKC levels were
unaffected), and this was accompanied by marked inhi-
bition of feeding-induced increases in activities of not only
hepatic SREBP-1c but also of IKKB /NFkB in normal-chow—
fed mice (Fig. 4). With respect to the residual hepatic immu-
noreactive hepatic aPKC (Panel A) after treatment with
adenovirus encoding Cre-recombinase to selectively
deplete hepatic PKC-\, mouse liver contains substantial
amounts of PKC-{ mRNA and protein (see Ref. 17 and
presently confirmed).
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EMSA autoradiographic findings.

Effects of feeding in muscle and liver of HFI mice. Relative
to normal-chow—fed mice, in HFF mice, feeding-dependent
increases in activities of aPKC (Fig. 1A), PKB/Akt (Fig. 1B),
and IRS-1-dependent PI3K (Fig. 1C) were markedly dimin-
ished in muscle; however, in liver, as with insulin stimulation
(1), feeding-dependent increases in aPKC activity (Fig. 1E)
and PKB/Akt activation/phosphorylation were unaltered
(see Ref. 1 and note in Fig. 7 intact feeding-dependent acti-
vation of PKB/Akt-dependent G6Pase and PEPCK genes).
Thus, even with physiological dietary-induced increases in
insulin secretion, aPKC and PKB/Akt activation was largely
conserved in HFF liver.

In keeping with conserved hepatic aPKC activation and
the presence of insulin resistance and hyperinsulinemia
(Fig. 1D) in HFF mice, fasting and feeding-dependent in-
creases in hepatic SREBP-1c mRNA (Fig. 1F), SREBP-1c ac-
tive nuclear fragment levels (Fig. 1F), and ACC mRNA
(Fig. 1H) were inordinately increased, relative to chow-
fed mice. On the other hand, FAS mRNA was similarly in-
creased in fed HFF and normal-chow—fed mice (Fig. 1G),
perhaps reflecting maximal activation.

In livers of HFF mice, there were marked increases in
activity of IKKp, active nuclear levels of p65/RelA/NF«kB
subunit, and nuclear NFkB-dependent EMSA gel-shift activ-
ity; in contrast to 6-h insulin treatment, NFkB activity was
not altered by acute 15-min insulin treatment (Fig. 5B).

Lffects of KI-PKC{ on hepatic aPKC, PKB, SREBP-Ic, FAS,
ACC, and triglycerides. Following administration of adeno-
virus encoding KI-PKC-{ to HFF mice, whereas total he-
patic aPKC immunoreactivity increased (Fig. 1E inset),
HFF-dependent increases in hepatic aPKC activity were
markedly reduced (Fig. 1E bar gram); in contrast, increases
in hepatic PKB/Akt activation were unchanged (not
shown). Importantly, the reduction in hepatic aPKC activa-
tion in HFF mice was accompanied in liver by decreases in
HFF-dependent increases in SREBP-1¢ mRNA and active nu-
clear fragment levels (Fig. 1F) and expression of SREBP-1c-
regulated genes [viz.; FAS (Fig. 1G) and ACC (Fig. 1H)
mRNA]J; moreover, hepatic triglyceride content diminished
to levels comparable to those of chow-fed mice (Fig. 6A).

Lffects of KI-PKC-{ on hepatic NFxB activation. As with
SREBP-1c activation, treatment of HFF mice with adeno-
virus encoding KI-PKC-{ markedly diminished the inor-
dinate HFF-dependent increases in IKKB (Fig. 5A) and
NFkB activities (Fig. 5B) [total cellular hepatic p65/RelA/
NFkB levels were not altered before or after KI-PKC-{ treat-
ment (not shown)]. In addition, there were decreases
in mRNA levels of hepatic cytokines, IL1-B8, and TNFa
(Fig. 6A), genes regulated by NFkB.

Effects of KI-PKC{ on insulin signaling in muscle. Remark-
ably, in HFF mice the impairments in feeding-dependent
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activation of IRS-1-dependent PI3K (Fig. 1C), aPKC
(Fig. 1A), PKB/Akt (Fig. 1B), and the defect in aPKC re-
sponsiveness to PIP (Fig. 1A inset) in muscle were largely
reversed to or toward normal after treatment with adeno-
virus encoding KI-PKC-{. Levels of aPKC, IRS-1, and PKB/
Akt in HFF muscle were unaltered (not shown).

Effects of KI-PKC{ on serum insulin levels. Feeding pro-
voked increases in serum insulin levels (Fig. 1D), and such
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increases were inordinate in HFF mice. Moreover, ad-
ministration of adenovirus encoding KI-PKC-{ markedly
diminished serum insulin levels of fed HFF mice virtually
to normal. This improvement in serum insulin presumably
at least partly reflected improved insulin action in muscle.

Lffects of KI-PKC{—mediated inhibition of hepatic aPKC on
serum triglyceride, cholesterol, and glucose levels. Along with in-
ordinate increases in HFF-dependent activation of hepatic
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SREBP-1c, the serum levels of triglycerides, total cholesterol,
and glucose were elevated above those seen in normal-chow—
fed mice and, more interestingly, diminished substantially
toward normal after 5 days of treatment with adenovirus
encoding KI-PKC-{ (Fig. 6A).

Effects of KI-PKC{—mediated inhibition of hepatic aPKC on
hepatic GoPase and PEPCK expression. Like insulin, feeding
in normal-chow—fed mice provoked decreases in expression
of hepatic enzymes important in gluconeogenesis and glu-
cose release [viz., as per PEPCK and G6Pase mRNA lev-
els (Fig. 7)]. In HFF mice, fasting levels of these mRNAs

trended downward, perhaps reflecting inhibitory effects of
hyperinsulinemia, and feeding elicited further decreases in
these mRNAs (Fig. 7). Interestingly, administration of ade-
novirus encoding KI-PKC-{, if anything, caused a further
downward trend (albeit statistically insignificant) in fast-
ing levels of these mRNAs. (However, note statistically sig-
nificant decreases in fasted G6Pase and PEPCK mRNA
levels elicited by adenovirus encoding KI-PKC-{ in studies
of MA-Het-KO mice described below.) Most importantly,
mRNA levels of G6Pase and PEPCK in fed mice were com-
parably low, regardless of either dietary fat content (i.e.,
high fat versus low fat) or treatment with adenovirus
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encoding KI-PKC-{. These findings suggested that feeding/
insulin regulation of these genes in both presently studied
obesity models was essentially intact and, moreover, in con-
certwith the idea that feeding/insulin-induced decreases in
expression of G6Pase and PEPCK genes are independent
of aPKC and instead largely depend on PKB/Akt. In fact,
as further discussed below in studies of MA-Het-KO mice,
as administration of adenovirus encoding KI-PKC-{ clearly
diminished G6Pase and PEPCK mRNA levels in fasting
mice, it is possible that aPKC contributes to the mainte-
nance of higher levels of these mRNAs in fasting conditions;
such maintenance would most likely be independent of but
reversible by insulin treatment.

MA-Het-KO mice

In MA-Het-KO mice, we reported that muscle aPKC
levels are diminished, insulin activation of residual muscle
aPKC activation is impaired, and insulin-stimulated glu-
cose transport in muscle is diminished. On the other hand,
normal-chow-feeding—dependent hepatic SREBP-1c¢ and
FAS activation is inordinately increased, and insulin activa-
tion of PKB/Akt in both muscle and liver is intact or, if
anything, enhanced (17). Moreover, MA-Het-KO mice have
hyperinsulinemia, mild hyperglycemia, hyperlipidemia,
and hepatosteatosis (17). Presently, as in HFF mice, admin-
istration of adenovirus encoding KI-PKC-{ to MA-Het-KO
mice elicited decreases in feeding-dependent activation of
hepatic aPKC (Fig. 8A), and this was attended by decreases
in (a) hepatic levels of SREBP-Ic mRNA (Fig. 8B), active
nuclear SREBP-1c fragment (Fig. 8C), and ACC mRNA
(Fig. 8D); (b) activities of hepatic IKKB (Fig. 8E) and NFkB,
as per EMSA gel-shift activity (Fig. 8F) and levels of the
active nuclear p65/RelA/NFkB subunit (Fig. 8G); and
(c) mRNA levels of NFkB-regulated cytokines, IL-1
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(Fig. 6B) and TNFa (Fig. 6B). Hepatic triglyceride levels,
and serum levels of triglycerides, free fatty acids, and glu-
cose, all of which are elevated in MA-Het-KO mice (17),
were similarly elevated in adenovirus vector-treated
MA-Het-KO mice and, more importantly, diminished to
levels seen in wild-type mice, along with similar downward
trends in serum cholesterol levels following administration
of adenovirus encoding KI-PKC-{ and inhibition of hepatic
aPKC (Fig. 6B). As in HFF studies, hepatic levels of G6Pase
and PEPCK mRNA were comparably low in fed wild-type
and MA-Het-KO mice, regardless of treatment administra-
tion of the latter group with adenovirus encoding KI-PKC-{
(Fig. 7). On the other hand, as discussed above, the fast-
ing levels of these mRNAs were significantly diminished
by treatment with adenovirus encoding KI-PKC-{ in
MM-Het-KO mice, perhaps suggesting that aPKC contributes
to maintaining expression of G6Pase and PEPCK genes in
the fasting state (also note similar downward trends of these
mRNAs with adenoviral /KI-{ treatment in high-fat studies).

DISCUSSION

In livers of both obesity models, HFF and M\A-Het-KO
mice, the expression of SREBP-1c¢ and levels of its active
nuclear fragment were, as expected, inordinately elevated
but, even more importantly, diminished markedly follow-
ing inhibition of hepatic aPKC activity by adenovirally
mediated expression of KI-PKC-{. It therefore seems clear
that aPKC played a critical role in feeding/insulin-dependent
increases in hepatic SREBP-1c expression in both obe-
sity models. Moreover, it was important to see in both obe-
sity models that decreases in activation of hepatic aPKC and
expression of SREBP-1c, within 5 days of treatment with
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adenovirus encoding KI-PKC-{, were attended by (a)
substantial decreases in hepatic mRNA levels of SREBP-1c—
regulated genes, FAS and ACC, and (b) marked improve-
ments (virtually to normal) in hepatic triglyceride levels
and serum levels of triglycerides, free fatty acids, total cho-
lesterol, insulin, and glucose. Thus, it is clear that hepatic
aPKC plays a crucial role in hepatic lipid synthesis and the
pathogenesis of hepatosteatosis and hyperlipidemia in
these murine obesity models.

Perhaps equally important were findings in both obesity
models showing that hepatic IKKB and NFkB activities and
genes of NFkB-regulated cytokines, IL-13 and TNFa,
which collectively have been linked to the development
of systemic insulin resistance in HFF mice (7, 8), were inor-
dinately increased. Again, treatment with adenovirus en-

coding KI-PKC-{ diminished hepatic IKKB and NFkB ac-
tivities and IL-1 and TNFa mRNA levels. In this regard,
it was important to find in normal-chow—fed mice that
(a) insulin treatment over 6 h provoked increases in he-
patic IKKB and NFkB activities and (b) liver-specific knock-
out of PKC-\ (following administration of adenovirus
encoding Cre-recombinase to PKC-A-floxed mice) markedly
diminished feeding effects on hepatic IKK@ and NFkB.
Thus, it appears that both insulin and feeding (perhaps
via endogenous insulin, at least in part) activate hepatic
IKKB/NFkB as well as hepatic SREBP-1c, and both activa-
tions are to a great extent dependent on hepatic aPKC.
Notably, in HFF mice, within 5 days of adenoviral treat-
ment with KI-PKC-{ and subsequent decreases in hepatic
SREBP-1c and IKKB/NFkB activities, there were remarkable
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improvements in insulin signaling to IRS-1-dependent PI3K,
aPKC, and PKB/Akt in skeletal muscle. Moreover, hyperinsu-
linemia in HFF mice was largely reversed by this treatment
with adenovirus encoding KI-PKC-{, presumably reflecting,
at least partly, the improvement of insulin action in muscle.
On the other hand, in MA-Het-KO mice, other than for im-
paired aPKC activation owing to the irreversible depletion of
PKC-A, there are no impairments in insulin signaling in mus-
cle (17), thus precluding our ability to observe alterations (i.
e., improvements) in insulin signaling in muscle following in-
hibition of hepatic aPKC.

Of further interest, ancillary findings in presently used
HFF mice that insulin effects on IRS-1-dependent PI3K
(but not IRS-2-dependent PI3K) were impaired in muscle,
and insulin effects on both IRS-1- and IRS-2—dependent
PI3K were intact in liver suggested that (a) impaired acti-
vation of IRS-1-dependent PI3K accounted for impaired
insulin signaling to aPKC and PKB/Akt in muscle and
(b) intact activation of both IRS-1- and IRS-2—dependent
PI3K in liver accounted for conserved activation of hepatic
PKB/Akt (and subsequent regulation of G6Pase, PEPCK,
and SREBP-1c genes) and hepatic aPKC in HFF mice.
Our findings further suggested that, in addition to im-
paired IRS-1-dependent PI3K activation, impaired respon-
siveness of aPKC to PIP3 contributed to diminished aPKC
activation in HFF muscle.

From the present findings, it may be reasoned that
persistent hyperinsulinemia in obesity and other insulin-
resistant states contributes importantly to increases seen
in hepatic IKKB and NFkB activities through the activa-
tion of hepatic aPKC. However, other aPKC activators
(e.g., cytokines and lipids) may also contribute to increases
in aPKC, IKKB, and NFkB activities in liver and other tis-
sues in these insulin-resistant states. In either case, inhibi-
tion of IKKB by high-dose salicylate therapy improves
insulin action in muscle and liver in insulin-resistant ro-
dents (7, 8), presumably by diminishing NFkB-dependent
circulating inflammatory cytokines, such as IL-6 (7, 8) and
TNF-a.. Accordingly, it is likely that improvements in insu-
lin signaling in muscle presently observed in HFF mice
after treatment with adenoviruses that inhibit hepatic
aPKC at least partly reflect diminished hepatic IKKB/
NFkB activation by insulin and possibly other agonists.

Although we were able to significantly diminish expres-
sion of hepatic lipid-synthesizing enzymes and both hepatic
and serum lipid levels, there were only modest statistically
insignificant decreases in actual liver size during the 5-day
period of treatment of HFF mice with adenovirus encoding
KI-PKC-{. Nevertheless, there was remarkable improvement
in serum insulin levels and the ability of insulin to activate
IRS-1-dependent PI3K, aPKC, and PKB/Akt in muscles
of HFF mice following adenoviral/ KI-PKC-{ treatment.
Whether improvements in insulin signaling in muscle were
caused by decreases in hepatic lipid synthesis and dimin-
ished serum lipid levels, or diminished hepatic NFkB activa-
tion, or both, is uncertain.

From the present findings, it may be surmised that chronic
activation of hepatic aPKC in hyperinsulinemic states is as-
sociated with undesirable consequences of (a) excessive
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synthesis of hepatic enzymes that promote lipid syn-
thesis and thereby enhance tendencies to obesity, hepato-
steatosis, and hyperlipidemia, and (b) excessive activation
of hepatic inflammatory factors that impair systemic insulin
sensitivity and glucose tolerance and promote thrombotic
tendencies in atherosclerotic processes. On the other hand,
the activation of muscle aPKC is critically needed for in-
sulin stimulation of Glut4 glucose transporter translocation
and glucose transport in muscle (17), and an isolated defect
in aPKC action in muscle leads to glucose intolerance,
hyperinsulinemia, abdominal obesity, hepatosteatosis, and
hyperlipidemia, as reported previously (17) and corrob-
orated in the presently used MA-Het-KO model. From
the present results, it is reasonable to propose that hyper-
insulinemia resulting from muscle-specific knockout of
aPKC and subsequent the impairment in glucose trans-
port in muscle provokes inordinate increases in hepatic
lipid synthesis and hyperlipidemia and, perhaps over time,
abdominal obesity in this experimental model. Accord-
ingly, it may be surmised that, in muscle, aPKC serves as
an anti-diabetes/anti-obesity factor, whereas, in liver, when
chronically activated, as in obesity and type 2 diabetes, aPKC
serves as a pro-diabetes/pro-obesity factor. In this regard,
it is important to note that, despite observations of aPKC
deficiency in muscles of type 2 diabetic humans (23, 27),
in initial studies, we have not observed a deficiency of aPKC
in livers of type 2 diabetics (unpublished observations —
U. Varanasi, M.P. Sajan, S. Nimal, R.V. Farese).

Finally, our findings suggest that a therapeutic agent
that selectively inhibits the activation of hepatic aPKC but
spares muscle aPKC activation would be particularly effica-
cious for treating insulin-resistant states of obesity and type 2
diabetes. Development of such an agent will be a challeng-
ing but potentially rewarding endeavor. B
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