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specific expression of this protein and in inhibition of the insulin-induced activation of Pl 3-K in the liver within 3 days,
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were markedly impaired in mice expressing Ap85. Despite an upregulation of mRNAs for gluconeogenic enzymes
apparent in the liver of these animals, the fasting blood glucose concentration was increased only slightly, and the serum
concentrations of gluconeogenic precursors were reduced. However, administration of pyruvate, a substrate for
gluconeogenesis, resulted in an exaggerated increase in blood glucose concentration. In the fasted state, the mass of
adipose tissue of the mice was about 1.5 times that in control mice. The mice also exhibited marked decreases in the
serum concentrations of FFAs and triglyceride and suppression of insulin-induced Pl 3-K activation in adipose tissue,
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Hyperinsulinemia, glucose intolerance, and dyslipidemia
induced by acute inhibition of phosphoinositide
3-kinase signaling in the liver

Kazuaki Miyake, Wataru Ogawa, Michihiro Matsumoto, Takehiro Nakamura,
Hiroshi Sakaue, and Masato Kasuga

Department of Clinical Molecular Medicine, Division of Diabetes, Digestive and Kidney Disease,
Kobe University Graduate School of Medicine, Kobe, Japan

The physiological relevance of phosphoinositide 3-kinase (PI 3-K) signaling in the liver to fuel home-
ostasis was investigated. Systemic infusion of an adenovirus encoding a dominant negative mutant
of PI 3-K (Ap85) resulted in liver-specific expression of this protein and in inhibition of the insulin-
induced activation of PI 3-K in the liver within 3 days, without affecting insulin signaling in skeletal
muscle. Hepatic expression of Ap85 led to hyperinsulinemia and to a marked increase in blood glu-
cose concentration in response to oral glucose intake. The increases in both glycogen and glucose
6-phosphate content, as well as in Akt and glycogen synthase activities in the liver, that were induced
by glucose intake were markedly impaired in mice expressing Ap85. Despite an upregulation of
mRNAs for gluconeogenic enzymes apparent in the liver of these animals, the fasting blood glucose
concentration was increased only slightly, and the serum concentrations of gluconeogenic precur-
sors were reduced. However, administration of pyruvate, a substrate for gluconeogenesis, resulted in
an exaggerated increase in blood glucose concentration. In the fasted state, the mass of adipose tis-
sue of the mice was about 1.5 times that in control mice. The mice also exhibited marked decreases
in the serum concentrations of FFAs and triglyceride and suppression of insulin-induced PI 3-K acti-
vation in adipose tissue, probably due to the associated hyperinsulinemia. PI 3-K activity in the liver

is thus essential for normal carbohydrate and lipid metabolism in living animals.
J. Clin. Invest. 110:1483-1491 (2002). d0i:10.1172/JC1200215880.

Introduction

Among the various signaling molecules activated by
insulin, a number of in vitro studies indicate that the
class I phosphoinositide 3-kinase (PI 3-K), which con-
sists of a 110-kDa catalytic subunit and an Stc homol-
ogy 2 domain-containing regulatory subunit, plays a
key role in the metabolic actions of this hormone (1, 2).
Wortmannin and LY 294002, inhibitors of both class I
and class I PI 3-Ks, thus prevent a variety of biological
effects of insulin (1, 2). Ectopic expression of a domi-
nant negative form of class I PI 3-K has also revealed
the importance of this enzyme in metabolic control by
insulin (3-6). Furthermore, analysis of human subjects
and animal models has indicated the existence of a
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correlation between impaired activation of PI 3-K in tar-
get tissues of insulin and insulin resistance in vivo (7-9).
These various observations suggest that a disturbance
of signaling mediated by this lipid kinase might con-
tribute to the development of insulin resistance and,
consequently, to the pathogenesis of type 2 diabetes.
Targeted gene disruption is also an important tool for
investigating the role of specific proteins in vivo. Genes
encoding three different isoforms (p110a, p110f, and
p110y) of the catalytic subunit of class I PI 3-K have
been identified (2). Disruption of the p110a gene,
which is widely expressed among tissues, resulted in
embryonic death in mice (10). Three genes encoding
regulatory subunits (p85a, p85f, and pS55y) of class I
PI 3-K have been identified, and that for p85a also gives
rise to two smaller variant proteins known as pS5a and
pS0a (or ASS3) (2). The metabolic phenotypes of mice
lacking the p85a. gene (11, 12) or the p85f gene (13), as
well as of those selectively deficient in the p85a protein
(14), have been described; unexpectedly, all these ani-
mals exhibited lower blood glucose concentrations and
increased insulin sensitivity compared with controls.
Although the mechanism responsible for these pheno-
types remains unclear, the insulin-induced association
of PI 3-K activity with tyrosine-phosphorylated proteins
or with insulin receptor substrate (IRS) proteins, shown
to be important for insulin action by in vitro studies (1,
2), was only partially (11, 14) or minimally (12, 13)
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attenuated in the targeted mice. The metabolic impact
of prevention of the insulin-dependent activation of PI
3-Kin vivo has thus not been elucidated to date.

Given that both humans with diabetes and many ani-
mal models of insulin resistance manifest defects in
insulin responses in multiple tissues, it has been diffi-
cult to determine which impairment in which tissue is
primarily responsible for a particular metabolic distur-
bance. Although several mouse models have been
established that lack a specific protein in a specific tis-
sue, these models have still exhibited abnormalities in
multiple organs, probably due to secondary effects of
chronic metabolic alterations (15, 16).

We have now investigated the metabolic impact of
inhibition of hepatic PI 3-K signaling in vivo by systemic
infusion of an adenoviral vector encoding a dominant
negative mutant of class I PI 3-K in mice. This proce-
dure resulted in liver-specific expression of the mutant
protein and in almost complete inhibition of the insulin-
induced increase in hepatic PI 3-K activity within 3 days,
a time course consistent with minimization of second-
ary effects due to chronic metabolic alterations. The
acute inhibition of hepatic PI 3-K signaling resulted in
several abnormalities in glucose and lipid metabolism.

Methods
Animals, adenoviruses, and statistical analysis. An adenovi-
ral vector (AxCAAp8S) encoding a dominant negative
mutant of class I PI 3-K, consisting of bovine p85a
lacking the binding site for the catalytic subunit, was
described previously (3), and an adenovirus encoding
B-galactosidase (AxCALacZ) was kindly provided by I.
Saito (University of Tokyo, Tokyo, Japan). Male BALB/c
mice (8-10 weeks of age) were injected, via the tail vein,
with adenoviral vectors at a dose of 5 x 10® plaque-
forming units (dissolved in 150 ul of saline) per animal
or with 150 ul of saline. Experiments were performed 3
days after adenovirus injection unless otherwise indi-
cated. Blood glucose and plasma insulin concentra-
tions were determined with a GLUTEST PRO (Sanwa
Kagaku Kenkyusho Co., Nagoya, Japan) and a mouse
insulin ELISA kit (Seikagaku Co. Tokyo, Japan), respec-
tively. For assaying time course of plasma insulin con-
centration in DNPI3K and LacZ mice, a Mouse Insulin
ELISA KIT (Ultra-sensitivity) was used (Shibayagi Co.,
Shibukawa, Gunma, Japan). In those experiments, the
plasma concentration of insulin in mice that had not
been injected with adenovirus was below the limit of
detection (39 pg/ml) of this ELISA kit. Other serum
components were assayed with an autoanalyzer (model
7170; Hitachi High-Technologies Co., Tokyo, Japan).
Statistical analysis was performed with Student ¢ tests.
Immunoblot analysis and assay of PI 3-K activity. Mice
deprived of food for 16 hours were injected with human
regular insulin (5 U/kg of body mass) or saline via the
tail vein. After 2 minutes, the animals were
sacrificed, and the liver, hindlimb muscle, and epididy-
mal fat were removed. Total homogenates were prepared
from each tissue and subjected to immunoblot analysis

(~200 pg of protein) or immunoprecipitation (~5 mg of
protein). An mAb (G12) that recognizes bovine p85, but
not rodent p85, was described previously (17). Polyclon-
al antibodies to p85, to IRS-1, to IRS-2, to phosphotyro-
sine (4G10), or to Aktl were obtained from Upstate
Biotechnology Inc. (Lake Placid, New York, USA); those
to the § subunit of the insulin receptor (IR) or to glyco-
gen synthase kinase-3f (GSK3f) were from Transduc-
tion Laboratories (Lexington, Kentucky, USA); and those
specific for phosphorylated forms of Akt (phospho-
Ser*73) or GSK3 (phospho-Ser?) were from Cell Signaling
Technology (Beverly, Massachusetts, USA). PI 3-K activ-
ity in immunoprecipitates was assayed as described (3).
Oral glucose tolerance, insulin tolerance, and pyruvate chal-
lenge tests. For the oral glucose tolerance test, mice
deprived of food for 16 hours were loaded orally with
glucose (2 g/kg) and killed 120 minutes later. The liver
was removed and subjected to various assays. The
glycogen (18) and glucose 6-phosphate (19) contents
and glycogen synthase activity (20) were determined as
described. For the insulin tolerance test, nonfasted
mice were injected intraperitoneally with human reg-
ular insulin (0.75 U/kg). For the pyruvate challenge
test, mice deprived of food for 16 hours were injected
intraperitoneally with pyruvate dissolved in saline
(2 g/kg); where indicated, 3-mercaptopicolinic acid
(3-MPA; 30 mg/kg), an inhibitor of gluconeogenesis
(21, 22), was administered orally 30 minutes before the
test. The 3-MPA was synthesized as described (23).
Northern blot and real-time quantitative PCR analyses. For
determination of the abundance of glucokinase, glucose-
6-phosphatase, phosphoenolpyruvate carboxykinase
(PEPCK), and GLUT2 mRNAs, total RNA (~15 pg)
extracted from the liver of mice that had been deprived of
food for 16 hours was subjected to Northern blot analy-
sis with 32P-labeled probes. Given that the hybridization
signal intensity for sterol regulatory element-binding
protein-1 (SREBP-1) mRNA from food-deprived mice
was too weak for quantitative analysis, this mRNA was
analyzed with total RNA prepared from nonfasted mice.
Probes for glucokinase (24), SREBP-1 (25), PEPCK (26),
and glucose-6-phosphatase (27) mRNAs were kindly pro-
vided by T. Noguchi (Nagoya University, Nagoya, Japan),
H. Shimano (University of Tokyo), D.K. Granner (Van-
derbilt University Medical Center, Nashville, Tennessee,
USA), and H. Nakajima (Osaka Medical Center for Can-
cer and Cardiovascular Disease, Osaka, Japan), respec-
tively, and that for rat GLUT2 mRNA was synthesized by
PCR. Autoradiograms of Northern blots were visualized
with a Fuji BAS2000 image analyzer (FujiFilm Co.,
Tokyo, Japan). For real-time quantitative PCR analysis,
cDNA was synthesized from total RNA that had been
extracted from the liver of mice deprived of food for 16
hours. The cDNA was then analyzed in a Sequence Detec-
tor (model 7900; PE Applied Biosystems) with specific
primers and SYBR Green PCR Master (Perkin Elmer Life
Sciences Inc., Boston, Massachusetts, USA). The relative
abundance of mRNAs was calculated by the comparative
cycle of threshold (Cr) method with 36B4 mRNA as the
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Figure 1

Expression of Ap85 in the liver of mice injected with an adenoviral
vector. (a) Time course of the expression of Ap85 in the liver. The liver
was removed from mice at the indicated times after injection with
AxCAAPp835, or from uninjected animals (day 0), and was subjected
to immunoblot analysis (IB) with an mAb specific for bovine p85. (b)
Total homogenates of the indicated tissues obtained from mice 3
days after injection with AxCAAp85 were subjected to immunoblot
analysis with the mAb to bovine p85. (c) Liver homogenates prepared
from mice 3 days after injection with AXCALacZ or AXCAAp8S5 were
subjected to immunoblot analysis with polyclonal antibodies that
recognize both rodent and bovine p85. Data in a and b are repre-
sentative of results obtained from three mice; those in ¢ were
obtained from four mice for each group.

invariant control. The primers used were as follows:
IRS-1, 5'-GGCTGGCAATACGGT-3' (sense) and 5'-
GCCAAATCC-AGGTCTATGTA-3' (antisense); albumin, 5'-
GACTTTGCACAGTTCCTGGATACA-3' (sense) and S'-
TTGTGGTTGTGATGTGTTTAGGCTA-3' (antisense); and
36B4, 5'-GGCCCTGCACTCTCGCTTTC-3' (sense) and 5'-
TGCC-AGGACG-CGCTTGT-3' (antisense).

Results

Expression of a dominant negative mutant of PI 3-K (Ap8S)
in mice by adenovirus-mediated gene transfer. Systemic infu-
sion of adenoviral vectors has been shown to result in
liver-specific expression of exogenous genes (28, 29).
We therefore attempted to disrupt insulin-induced
activation of PI 3-K in liver by an adenoviral vector
(AxCAAp8S) encoding a dominant negative mutant of
PI 3-K (3). This mutant protein, which corresponds to
bovine p85a without the binding site for the catalytic
subunit, competes with endogenous regulatory sub-
units of class I, PI 3-K in binding to tyrosine-phospho-
rylated proteins (17) and, consequently, prevents intra-
cellular signaling transmitted through this lipid kinase
(3-6). Mice were injected with AxCAAp8S5 via the tail
vein, and expression of Ap85 in liver was examined at
various times thereafter by immunoblot analysis with
an mAb that recognizes bovine, but not rodent, p85.
The Ap85 protein was detected within 1 day of vector
injection; its abundance was maximal at 3-5 days and

decreased thereafter, returning to undetectable levels
within 11 days (Figure 1a). Immunoblot analysis of var-
ious other tissues of the injected mice failed to detect
Ap85 (Figure 1b). The amount of total (bovine and
mouse) p85 protein in the liver of mice injected with
AxCAAp85 (DNPI3K mice) was at least five to six times
that present in the liver of control mice injected with
an adenoviral vector (AXCALacZ) encoding -galactosi-
dase (Figure 1c). The time course and tissue specificity
of p-galactosidase expression in mice injected
with AxCALacZ (LacZ mice) were similar to those of
Ap85 expression in DNPI3K mice (data not shown).
We therefore performed experiments 3 days after
adenovirus injection.

We next evaluated the effects of adenovirus infection
on metabolic parameters. Mice were injected with
AxCALacZ or saline, and various metabolic parameters
were measured at 3 days after the injection in the fast-
ed state. There was no significant difference in plasma
insulin and serum concentrations of triglycerides, cho-
lesterol, and albumin (Table 1). Moreover, blood glu-
cose concentrations in the fasted state and after oral
glucose intake did not significantly differ between LacZ
mice and saline-injected mice. Although the serum lev-
els of aspartate aminotransferase (AST) (36 + 3.9 IU/1
vs. 37.5 £ 5.1 IU/1) did not significantly differ between
LacZ mice and saline-injected mice, those of alanine
aminotransferase (ALT) were higher in LacZ mice than
in saline-injected mice (149 + 28 vs. 82.2 + 7.3 IU/I,
P <0.05), probably due to the effect of adenovirus infec-
tion (data are means + SEM of values from four LacZ
and five saline mice). We therefore performed most
experiments with the use of LacZ mice as control here-
after. The serum levels of AST and ALT in DNPI3K
mice (221 + 33 IU/I and 80 + 2.0, respectively) were
higher than in LacZ mice (data are means + SEM of val-
ues from four mice; P < 0.01). Histological analysis
revealed no signs of acute hepatic damage, such as infil-
tration of mononuclear cells, hepatocyte necrosis, or
biliary congestion, in LacZ mice and DNPI3K mice
(data not shown). The mass of the liver of DNPI3K

Table 1

Metabolic parameters in the fasted state and glucose concentrations
during oral glucose tolerance test of LacZ mice and saline-injected
mice 3 days after injection of AxCALacZ or saline

Parameter LacZ Saline
Fasted  Insulin (ng/ml) 0.30 +0.04 0.41+0.11NS
Triglyceride (mg/dl) 108.7 £9.7 117.6 £ 12.8 NS
Total cholesterol (mg/dl)  104.2 + 4.1 93.0+4.3NS
Albumin (g/dl) 3.02+0.06 3.11£0.02 NS
OGTT  Glucose (mg/dl)
0 min 58.2+3.5 60.4 £ 1.4 NS
30 min 298.6 £15.9 293.2 £34.1NS
60 min 286.8 £34.2 323.6 £ 23.1NS
120 min 138.8+17.0 159.0 £ 14.3 NS

Data are means + SEM of values obtained from five mice. NS, not significant
versus the corresponding value for LacZ mice. OGTT, oral glucose tolerance test.
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Table 2

Metabolic parameters of DNPI3K and LacZ mice measured in the
fasted or nonfasted state 3 days after injection of AXCAAp8S5 or
AxCALacZ

Parameter LacZ Ap85
Fasted Glucose (mg/dl) 44.8 £2.2 52.4+2.6°
Insulin (ng/ml) 0.37 +0.08 1.50+£0.188
Triglyceride (mg/dl) 83.5+13.1 21.0+5.07
FFA (mEq/I) 2.05+0.21 0.53+0.058
Total cholesterol (mg/dl)  136.7 + 5.3 70.5£4.58
Glycerol (mg/dl) 6.50 +0.75 4.50£0.114
Lactate (mg/dl) 129+1.6 9.0+ 1.2NS
Albumin (g/dl) 3.00 £ 0.04 2.50+0.018
Nonfasted Glucose (mg/dl) 110.5+5.8 97.5+4.7 NS
Insulin (ng/ml) 3.22+0.57 5.86+0.418

Data are means + SEM of values obtained from four to eight mice. AP < 0.05,
BP < 0.01; NS, not significant versus the corresponding value for LacZ mice.

mice was approximately 70% of that of LacZ mice
(3.55% % 0.09% vs. 5.06% + 0.10% body weight; means +
SEM of values from six mice; P < 0.01).

Effects of Ap85 on insulin-induced activation of signaling mol-
ecules and gene expression in liver. DNPI3K and LacZ mice

were deprived of food for 16 hours and then injected
with insulin or saline; then the liver was removed and
subjected to various assays. Immunoprecipitation and
immunoblot analysis revealed no difference in either
the abundance of the IR or the extent of insulin-
induced tyrosine phosphorylation of the IR between
the two groups of mice (Figure 2a). Unexpectedly, the
abundance of IRS-1 was reduced by about 60% in
DNPI3K mice; however, the extent of tyrosine phos-
phorylation of IRS-1 in the basal state was higher,
and that in the insulin-stimulated state was only
slightly lower, in DNPI3K mice than in LacZ mice. The
amount of IRS-1 mRNA in the liver, as determined
by real-time quantitative PCR analysis, did not differ
between DNPI3K mice and LacZ mice (0.091 + 0.008 vs.
0.083 + 0.015 U, respectively, relative to the amount of
36B4 mRNA; means + SEM of values from four mice),
suggesting that the reduced abundance of IRS-1 protein
in DNPI3K mice was attributable to a posttranscrip-
tional event. Whereas the amount of IRS-2 did not dif-
fer between the two groups of mice, the extents of both
basal and insulin-induced tyrosine phosphorylation of
IRS-2 were increased in DNPI3K mice (Figure 2a).
Although the mechanism responsible for the enhanced
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tyrosine phosphorylation of IRS proteins in DNPI3K
mice is unknown, it is possible that prevention by Ap85
of negative feedback regulation of IRS phosphorylation
may be a contributing factor.

The insulin-induced association of PI 3-K activity with
either IRS-1 or IRS-2 was almost completely abolished
in DNPI3K mice (Figure 2b), likely as a result of a dom-
inant negative effect of Ap85. Furthermore, the insulin-
induced phosphorylation of Akt, a protein kinase that
functions downstream of PI 3-K (1, 2), was markedly
inhibited in DNPI3K mice (Figure 2d); the abundance
of Akt did not differ between DNPI3K and LacZ mice.
These results thus indicate that almost complete inhi-

adipose tissue was reduced by approximately 40% in
DNPI3K mice compared with that apparent in LacZ mice
(Figure 3b). The insulin-induced phosphorylation of Akt
in adipose tissue, however, did not differ between the two
groups of mice (Figure 3c). These results indicate that
expression of Ap85 in the liver resulted in impairment of
the activation of PI 3-K by insulin in adipose tissue and
that the mass of this tissue in the fasted state was greater
than that of control animals.

Effects of Ap85 on metabolic parameters. There was no sig-
nificant difference in body mass between DNPI3K and
LacZ mice (22.8 £ 0.5 vs. 21.8 + 0.4 g, respectively; means
+ SEM of values from eight mice). The fasting blood

bition of the insulin-induced activation of PI 3-K
and of downstream effectors was achieved in the
liver within 3 days after injection of AxCAApS8S.

Northern blot analysis of total RNA isolated
from the liver of DNPI3K and LacZ mice revealed
that the abundance of mRNAs for glucokinase
and SREBP-1 was reduced whereas that of PEPCK
and glucose-6-phosphatase mRNAs was increased
in DNPI3K mice (Figure 2c). These data indicate
that PI 3-K signaling contributes to the regulation
of these genes in vivo, consistent with results
obtained with cultured cells (5, 6, 30, 31). In con-
trast, the amount of GLUT2 mRNA did not differ
between the two groups of mice.

Effects of Ap8S on insulin-induced activation of signaling
molecules in skeletal muscle and adipose tissue. Neither
the abundance of the IR nor the extent of insulin-
induced tyrosine phosphorylation of the IR in skele-
tal muscle differed between DNPI3K and LacZ mice
(Figure 3a). In addition, no marked differences were
apparent in the amounts of IRS-1 or IRS-2, in the
extents of basal or insulin-induced tyrosine phos-
phorylation of IRS-1, or in the insulin-induced asso-
ciation of PI 3-K activity with IRS-1 or IRS-2 between
skeletal muscle of DNPI3K mice and that of LacZ
mice (Figure 3,a and b). The insulin-induced phos-
phorylation of Akt in skeletal muscle was also not
impaired in DNPI3K mice (Figure 3c). Insulin sig-
naling in skeletal muscle thus did not appear to be
affected by expression of Ap85 in the liver.

The mass of epididymal adipose tissue in fasted
DNPI3K mice was about 1.5 times that in fasted
LacZ mice (1.67% + 0.04% vs. 1.09% + 0.07% body
weight, P <0.01), whereas this parameter did not dif-
fer significantly between nonfasted DNPI3K and
LacZ mice (1.74% + 0.09% vs. 1.69% = 0.10% body
weight, respectively; all data are means + SEM of val-
ues from six mice). Neither the abundance of the IR,
IRS-1, or IRS-2 nor the extents of insulin-induced
tyrosine phosphorylation of the IR or IRS-1 in adi-
pose tissue differed substantially between DNPI3K
and LacZ mice (Figure 3a). The extent of insulin-
induced tyrosine phosphorylation of IRS-2 in both
skeletal muscle and adipose tissue was too small for
analysis (data not shown). The insulin-induced
association of PI 3-K activity with IRS-1 or IRS-2 in
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Figure 3

Effects of Ap85 expression in the liver on insulin-induced activation of sig-
naling molecules in skeletal muscle and adipose tissue. DNPI3K and LacZ
mice were deprived of food for 16 hours and then injected with insulin (+)
or saline (-). Skeletal muscle (left panels) and adipose tissue (right pan-
els) were removed 2 minutes later, homogenized, and subjected to analy-
sis of the abundance and tyrosine phosphorylation of the IR, IRS-1, or IRS-
2 (a), of the association of Pl 3-K activity with IRS-1 or IRS-2 (b), and of
phosphorylation of Akt (c) as described in the legend to Figure 2. Data in
a and c are representative of results obtained from three mice; those in b
are means = SEM of values from four mice. *P < 0.05, **P < 0.01 versus
the corresponding value for LacZ mice.
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Figure 4

Time course of plasma insulin concentration in DNPI3K and LacZ mice, as well as
the effects of Ap85 expression in the liver on responses to oral glucose intake. (a)
Plasma insulin concentration was measured at the indicated times after adenovirus
injection and food deprivation for 16 hours. (b-g) DNPI3K and LacZ mice were
deprived of food for 16 hours and then loaded orally with glucose (2 g/kg) at 3 (b,
¢, and e-h) or 11 (d) days after the adenovirus injection. Blood glucose (b) and plas-
ma insulin (¢) concentrations were determined at the indicated times after glucose
intake. Glycogen (e) and glucose 6-phosphate (f) contents, glycogen synthase activ-
ity (g), and phosphorylation of Akt (d, inset; and h) and of GSK3 (h) in the liver were
assayed before (Pre) and 120 minutes after (Post) glucose load. Glycogen and glu-
cose 6-phosphate (G-6-P) contents are expressed per gram of liver mass. Glycogen
synthase activity is expressed as the ratio of values determined in the absence of glu-
cose 6-phosphate to values determined in the presence of glucose 6-phosphate.
Data are means + SEM of values from three (a), ten (b), four (¢, e and f), five (d) or
six (g) mice, or are shown for two mice and representative of six mice (h) or shown
for one mouse and representative of five mice (d, inset). *P < 0.05, **P < 0.01 com-
pared with the corresponding value for LacZ mice.

concentrations of DNPI3K mice in the fast-
ed and fed states were approximately 4 and
1.8 times, respectively, those of LacZ mice,
suggesting that the inhibition of insulin-
induced activation of PI 3-K in the liver
resulted in insulin resistance. The serum
concentrations of FFAs, cholesterol, triglyc-
erides, and glycerol (a precursor for gluco-
neogenesis) were significantly lower in
DNPI3K mice than in LacZ mice. The
serum concentration of lactate, another
gluconeogenic substrate, was also lower in
DNPI3K mice than in LacZ mice, but the
difference was not statistically significant.
The serum albumin concentration was
reduced by approximately 17% in DNPI3K
mice. The abundance of albumin mRNA in
the liver was also reduced by more than 60%
in DNPI3K mice compared with that in
LacZ mice (42.8 £ 8.4 vs. 119.0 £ 13.7 U rel-
ative to the amount of 36B4 mRNA; means
+ SEM of values from four mice; P < 0.01),
consistent with the observation that the
expression of albumin is regulated by
insulin at the transcriptional level (32).

The plasma insulin concentration of
DNPI3K mice was already higher than
that of LacZ mice 1 day after vector injec-
tion, was maximal at 3-5 days, and had
decreased markedly by 7 days (Figure 4a).
The similarity in kinetics between the plas-
ma insulin concentration and the expres-
sion of Ap85 in the liver suggests that the
metabolic changes in DNPI3K mice result
from inhibition of insulin-induced PI 3-K
signaling in the liver.

Effects of Ap85 on glucose and insulin toler-
ance. The blood glucose concentrations
of DNPI3K mice were significantly
greater than those of LacZ mice after oral
glucose intake (Figure 4b). The marked
hyperglycemia of DNPI3K mice persist-
ed even 120 minutes after initiation of
the test, when blood glucose concentra-
tion had returned to almost basal values
in LacZ mice. Plasma insulin concentra-
tions of DNPI3K mice were higher than
those of LacZ mice at all times examined
after oral glucose intake, although the
difference was statistically significant
only at 120 minutes (Figure 4c); these
results are consistent with the notion
that glucose intolerance in DNPI3K
mice is attributable to insulin resistance.
However, the glucose-lowering effect of

glucose concentration of DNPI3K mice was only slight-
ly, but significantly, higher than that of LacZ mice (Table
2). In the nonfasted state, blood glucose concentrations
were similar in both groups of mice. Plasma insulin

exogenously administered insulin was similar in the
two groups of mice (Figure 5a). At 11 days after the
injection of the adenoviruses, at which time the abun-
dance of Ap8S5 protein had returned to undetectable
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levels (Figure 1a), the blood glucose concentrations
after oral glucose intake did not differ between
DNPI3K and LacZ mice (Figure 4d).

Effects of Ap85 on glycogen and glucose 6-phosphate accumu-
lation during the glucose tolerance test. Hepatic glycogen con-
tent increased by a factor of about 40 within 120 min-
utes of oral glucose intake in LacZ mice, whereas this
effect was reduced by more than 80% in DNPI3K mice
(Figure 4e). The hepatic content of glucose 6-phosphate,
an initial metabolite of glucose, in DNPI3K mice was
also reduced by 60% and 80% before and after oral intake
of glucose, respectively, compared with the correspon-
ding values for LacZ mice (Figure 4f).

Phosphorylation of Akt and that of GSK3, both of
which are thought to contribute to the activation of
glycogen synthase (20, 33), were stimulated in the liver
of LacZ mice by glucose intake (Figure 4h). In contrast,
the phosphorylation of both of these kinases in
response to oral glucose intake was markedly impaired
in the liver of DNPI3K mice. At 11 days after the aden-
ovirus injection, phosphorylation of Akt induced by
glucose intake did not differ between DNPI3K and
LacZ mice (Figure 4d, inset). Oral glucose induced an
approximately 2.5-fold increase in the activity of glyco-
gen synthase in the liver of LacZ mice (Figure 4g). The
hepatic activity of glycogen synthase in DNPI3K mice
before glucose intake was only about 50% of the corre-
sponding value for LacZ mice, and the glucose-induced
activation of this enzyme in the liver of DNPI3K mice
was also markedly impaired.

Effect of Ap8S on the pyruvate-induced increase in blood glu-
cose concentration. Finally, we investigated the blood glu-
cose response to administration of pyruvate, a precursor
for gluconeogenesis. In LacZ mice, the blood glucose
concentration was increased 30 minutes after pyruvate
injection and had returned to almost basal levels within
120 minutes (Figure 5b). In DNPI3K mice, the increase
in blood glucose concentration persisted at 120 minutes
after pyruvate injection. The pyruvate-induced increase
in blood glucose concentration was abolished by prior
administration of 3-MPA, an inhibitor of gluconeogen-
esis (21, 22), in both groups of mice, suggesting that this
effect of pyruvate was dependent on gluconeogenesis.
These observations, together with the reduction in the
serum concentrations of gluconeogenic precursors in

120

Figure 5

Effects of Ap85 expression in the liver on insulin tolerance and
pyruvate challenge. (a) DNPI3K and LacZ mice were injected
intraperitoneally with insulin, and blood glucose concentra-
tion was measured at the indicated times thereafter. Data are
expressed as a percentage of the initial glucose concentration
and are means + SEM of values obtained from six mice. (b)
DNPI3K and LacZ mice were deprived of food for 16 hours,
orally administered with 3-MPA (or not), and, after 30 min-
utes, injected intraperitoneally with pyruvate. Blood glucose
concentration was measured at the indicated times thereafter.
Data are means = SEM of values obtained from four mice.

*P < 0.05 versus the corresponding value for LacZ mice.

DNPI3K mice, suggest that a shortage of gluconeogenic
precursors may prevent DNPI3K mice from increasing
the fasting blood glucose level.

Discussion

Although in vitro studies have suggested that class I
PI 3-K plays an essential role in the metabolic actions
of insulin (1, 2), targeted disruption of regulatory sub-
units of this enzyme resulted in apparently paradoxical
phenotypes (11-14). We have now shown that systemic
infusion of an adenoviral vector encoding a dominant
negative mutant of PI 3-K (Ap835) resulted in, within 3
days, liver-specific expression of the mutant protein
and prevented both the insulin-induced association of
PI 3-K with IRS proteins and the insulin-induced phos-
phorylation of Akt in liver. Selective expression of Ap85
in the liver also resulted in dyslipidemia and hyperin-
sulinemia and potentiated the increase in blood glu-
cose concentration induced by oral glucose intake.
These results provide direct evidence that the insulin-
induced activation of PI 3-K in the liver is required for
metabolic actions of insulin in vivo.

An important characteristic of frank diabetes is fast-
ing hyperglycemia, which is associated with an increase
in hepatic glucose production (34). Although the
insulin-induced activation of PI 3-K was almost com-
pletely abolished in the liver of DNPI3K mice, the fast-
ing blood glucose concentration of these animals was
increased only slightly. Similarly, in mice with liver-spe-
cific knockout of the IR gene (LIRKO mice), in which
insulin action in the liver should be virtually abolished,
basal hepatic glucose production was not increased and
the fasting blood glucose concentration was only slight-
ly increased, despite an enhanced expression of gluco-
neogenic enzymes in the liver (35). The abundance of
gluconeogenic enzyme mRNAs in the liver was
increased and the serum concentrations of gluco-
neogenic precursors were reduced in DNPI3K mice. In
addition, the pyruvate-induced increase in blood glu-
cose concentration, which was sensitive to a pharmaco-
logical inhibitor for gluconeogenesis, was enhanced in
DNPI3K mice. These observations suggest that, in
DNPI3K mice, and probably in LIRKO mice, a shortage
of gluconeogenic substrates may prevent the develop-
ment of marked fasting hyperglycemia.
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The exaggerated hyperglycemia apparent after oral
glucose intake in DNPI3K mice might be attributable
to a reduced ability of the liver to dispose of glucose as
a result of multiple hepatic defects. Conversion of glu-
cose to glucose 6-phosphate, catalyzed by gluco-kinase,
is the initial step of glucose utilization, and the oppo-
site reaction, catalyzed by glucose-6-phosphatase, is the
final step of glucose production in the liver (36). The
abundance of glucokinase mRNA was reduced and that
of glucose-6-phosphatase mRINA was increased in the
liver of DNPI3K mice. Changes in the amounts of these
two key enzymes of glucose metabolism might thus
account for a substantial proportion of the insufficien-
cy of hepatic glucose disposal in DNPI3K mice. Indeed,
the increase in hepatic glucose 6-phosphate content in
response to oral glucose intake was markedly impaired
in these animals. In addition, the activation of glycogen
synthase, as well as the phosphorylation of Akt and of
GSK3 in the liver, induced by oral glucose intake was
also greatly attenuated in DNPI3K mice. Suppression
of glycogen synthase activity and the reduced ability to
accumulate glucose 6-phosphate likely contribute to
the impaired hepatic glycogen storage in these animals.
Glucose 6-phosphate is a potent allosteric activator of
glycogen synthase (36). The reduction in glycogen syn-
thase activity in DNPI3K mice might thus be attributa-
ble both to direct inhibition of the insulin-induced acti-
vation of PI 3-K and the consequent prevention of
Akt-GSK3 signaling, and to the reduction in hepatic
glucose 6-phosphate content.

Despite the pronounced hyperglycemia observed in
response to oral glucose intake in DNPI3K mice, the
blood glucose concentration of these animals in the ran-
dom-fed state was not significantly increased. This obser-
vation suggests that, whereas normal hepatic PI 3-K sig-
naling is essential for disposal of an acutely administered
energy source, glucose homeostasis in the random-fed
state was adequately compensated in DNPI3K mice. Mice
eat smaller quantities of food but eat more frequently
over a longer portion of the day than do humans. Our
data are thus consistent with the improvement of
glycemic control apparent in diabetic individuals taking
smaller but more frequent meals (37).

Inhibition of hepatic insulin signaling for a period as
short as 3 days still influenced the function of other
organs in DNPI3K mice. In the fasted state, the mass of
adipose tissue of DNPI3K mice was about 1.5 times
that of LacZ mice; this is likely attributable to reduced
lipolysis as a result of hyperinsulinemia. Consistent
with this notion, the serum concentrations of FFAs and
glycerol, both of which are produced by hydrolysis of
triglycerides, were reduced in DNPI3K mice. Whereas
the insulin-induced association of PI 3-K activity with
IRS-1 or IRS-2 in muscle was not affected by expression
of Ap85 in the liver, these effects of insulin were
reduced by approximately 40% in adipose tissue. It is
possible that the hyperinsulinemia or the greater adi-
pose tissue mass apparent in DNPI3K mice was respon-
sible for these defects in insulin signaling. Despite the

reduced extent of insulin-induced PI 3-K activation, the
phosphorylation of Akt in response to insulin was not
affected in adipose tissue of DNPI3K mice. A similar
discrepancy between PI 3-K activity and Akt phospho-
rylation has been described in humans with type 2 dia-
betes (8). These observations might be explained if
maximal stimulation of PI 3-K is not necessary for max-
imal phosphorylation of Akt in vivo.

Insulin stimulates the production of triglycerides by
upregulating the expression of lipogenic enzymes in
the liver in an SREBP-1-dependent manner (25, 30). It
also promotes the clearance of serum triglycerides by
stimulating the expression and secretion of lipopro-
tein lipase in adipose tissue (38). The reduced concen-
tration of triglycerides in the serum of DNPI3K mice
may thus be related to the impairment of insulin
action in the liver as well as to an enhanced action of
insulin in peripheral tissues.

The metabolic characteristics of DNPI3K mice
resemble those of LIRKO mice in several respects (35).
Both animal models exhibit hyperinsulinemia, an exag-
gerated increase in blood glucose concentration in
response to glucose challenge, and a relatively minor
alteration in fasting blood glucose concentration.
Moreover, the features of dyslipidemia and the changes
in the amounts of mRNAs for various hepatic enzymes
are similar in the two models. However, the metabolic
abnormalities of LIRKO mice are more pronounced
than are those of DNPI3K mice: The plasma insulin
concentration is much higher in the former animals,
which, unlike DNPI3K mice, also exhibit hyper-
glycemia in the nonfasted state (35).

It is possible that the more pronounced metabolic
alterations in LIRKO mice are due not only to the direct
inhibition of hepatic insulin action but also to second-
ary effects of severe long-term hyperinsulinemia. Indeed,
the glucose infusion rate during a hyperinsulinemic-eug-
lycemic clamp study, which reflects peripheral (but not
hepatic) insulin sensitivity (34), was shown to be reduced
for LIRKO mice, probably as a result of the chronic
hyperinsulinemia (39). In addition, we have found that
expression from an adenoviral vector (AxCADNIR) of a
dominant negative mutant of the IR in liver, which
resulted in greater-than-90% inhibition of the insulin-
induced increase in PI 3-K activity in this organ, led to
hyperinsulinemia and glucose intolerance similar to
those apparent in DNPI3K mice (K. Miyake et al,
unpublished observations). In LIRKO mice (35), but not
in DNPI3K mice or in AxCADNIR-injected mice (K.
Miyake et al., unpublished observations), the acute glu-
cose-lowering effect of exogenous insulin was severely
impaired. These differences also may be explained by the
peripheral insulin resistance apparent in LIRKO mice.

The abundance of IRS-1, but not that of IRS-2, was
reduced in the liver of DNPI3K mice. Although the mech-
anism of this effect is not clear, it is likely mediated at the
posttranscriptional level, given that the amount of IRS-1
mRNA was not reduced. We cannot exclude the possibil-
ity that inhibition of IRS-1 signaling pathways other than
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that mediated by PI3-K contributes to the metabolic fea-
tures of DNPI3K mice. However, heterozygous knockout
of the IRS-1 gene, which resulted in an approximately
50% decrease in the abundance of IRS-1 protein through-
out the body, did not induce marked changes in meta-
bolic parameters (40, 41), suggesting that the metabolic
characteristics of DNPI3K mice are dependent on the
inhibition of PI 3-K signaling, not on suppression of
other signaling pathways mediated by IRS-1.

In summary, liver-specific expression of a dominant
negative mutant of class I PI 3-K resulted in insulin
resistance, exaggerated hyperglycemia in response to
oral glucose intake, and a reduced capacity of the liver
to accumulate glucose 6-phosphate and glycogen. The
mass of adipose tissue of DNPI3K mice in the fasted
state was greater than that of control animals. The
DNPI3K animals also exhibited impaired activation of
PI 3-K in adipose tissue, probably as a result of the
hyperinsulinemia induced by inhibition of insulin sig-
naling in the liver. We believe our results provide the
first evidence that PI 3-K is essential for metabolic reg-
ulation by insulin in living animals.
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