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We used a Cre-loxP approach to generate mice with varied expression of hepatic Irs1 and Irs2 to establish
the contribution of each protein to hepatic nutrient homeostasis. While nutrient-sensitive transcripts were
expressed nearly normally in liver lacking Irs2 (LKO2 mice), these transcripts were significantly dysregulated
in liver lacking Irs1 (LKO1 mice) or Irs1 and Irs2 together (DKO mice). Similarly, a set of key gluconeogenic
and lipogenic genes was regulated nearly normally by feeding in liver retaining a single Irs1 allele without Irs2
(DKO/1 mice) but was poorly regulated in liver retaining one Irs2 allele without Irs1 (DKO/2 mice). DKO/2
mice, but not DKO/1 mice, also showed impaired glucose tolerance and insulin sensitivity—though both Irs1
and Irs2 were required to suppress hepatic glucose production during hyperinsulinemic-euglycemic clamp. In
contrast, either hepatic Irs1 or Irs2 mediated suppression of HGP by intracerebroventricular insulin infusion.
After 12 weeks on a high-fat diet, postprandial tyrosine phosphorylation of Irs1 increased in livers of control
and LKO2 mice, whereas tyrosine phosphorylation of Irs2 decreased in control and LKO1 mice. Moreover,
LKO1 mice—but not LKO2 mice—that were fed a high-fat diet developed postprandial hyperglycemia. We
conclude that Irs1 is the principal mediator of hepatic insulin action that maintains glucose homeostasis.

Insulin regulates systemic metabolism by activating the in-
sulin receptor tyrosine kinase, resulting in the activation of
pathways that coordinate metabolic flux, cellular growth, and
survival (42, 43). Cell-based and mouse-based experiments
have shown that the insulin signal is transduced largely through
tyrosine phosphorylation of insulin receptor substrates 1 and 2
(Irs1 and Irs2), and other scaffold proteins including SHC,
CBL, APS and SH2B, GAB1, GAB2, DOCK1, and DOCK2
(2, 4, 15, 19, 23, 27, 46). However, work with knockout mice
shows that most insulin responses associated with nutrient
homeostasis are mediated through Irs1 or Irs2 (42). Systemic
Irs2 null mice display metabolic defects in liver, muscle, and
adipose tissues (32) but develop diabetes owing to pancreatic
�-cell failure (44). In contrast, systemic Irs1 null mice display
growth retardation and develop peripheral insulin resistance
mainly in skeletal muscle but avoid diabetes owing to robust
Irs2-dependent pancreatic �-cell growth and compensatory in-
sulin secretion (1, 38).

Insulin signaling initially promotes the storage of circulating
glucose as glycogen in muscle and liver, while persistent insulin
signaling promotes the conversion of excess glucose into he-
patic fatty acids (35). During fasting, insulin falls while gluca-
gon rises to stimulate hepatic glycogenolysis and gluconeogen-
esis to maintain circulating glucose concentrations in the
normal range at the expense of hepatic fatty acid oxidation (9).
Upon feeding, insulin regulates the transition from the fasting

to the postprandial state by reducing the activity and concen-
tration of rate-limiting metabolic enzymes, including phos-
phoenolpyruvate carboxykinase (Pck1), glucose 6-phosphatase
(G6pc), and carnitine palmitoyltransferase-1 (Cpt1a) (35).
This transition fails without hepatic insulin signaling, at least in
part, because forkhead box O1 (Foxo1) remains active in the
nucleus to prevent gene expression changes that attenuate
hepatic glucose production (6). Insulin also acts upon hypo-
thalamic neurons to suppress hepatic gluconeogenesis, but it is
unknown whether this mechanism is independent of direct
hepatic insulin signaling (25, 28).

Both Irs1 and Irs2 contain multiple YXXM motifs that are
phosphorylated by the activated insulin receptor kinase (43).
In cell-based experiments, Irs1 and Irs2 display similar capac-
ities to bind to the 85-kDa regulatory subunits (PIK3R1 or
PIK3R2) of the phosphatidylinositol 3-kinase (PI3K), which
activate the associated 110-kDa catalytic subunits (PIK3C2A
or PIK3C2B) that produces phosphatidylinositol-3,4,5-triphos-
phate (PI-3,4,5-P3) (43). PI-3,4,5-P3 recruits the Ser/Thr ki-
nases PDK1 and Akt to the plasma membrane where Akt is
activated by PDK1-mediated phosphorylation (22). Cell lines
derived from embryonic hepatocytes suggest that Irs2 is the
principal mediator of the PI3K3Akt cascade in the liver (33,
41). Regardless, recent work in adult mouse liver or isolated
hepatocytes shows that Akt is activated by Irs1 and Irs2, in
either case promoting the phosphorylation of glycogen syn-
thase kinase-3� (GSK3�) and GSK3�, FOXO transcription
factors, and components of the mTOR pathway (5, 6, 16).
Activation of atypical protein kinase C isoforms by insulin-
stimulated PI3K3PDK1 signaling contributes to hepatic fatty
acid homeostasis and, unexpectedly, depends entirely upon the
Irs2 branch of the insulin signaling cascade (7, 37).
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Recent data suggest that Irs2 functions mainly during fasting
and immediately after feeding to suppress hepatic glucose out-
put (16), whereas Irs1 functions mainly during feeding to reg-
ulate hepatic glucose homeostasis and promote lipogenesis
(16). Indeed, acute reduction of Irs2 expression—accom-
plished via adenovirus-mediated short hairpin RNA (shRNA)
delivery—causes mild steatosis (40). Thus, persistent Irs1 sig-
naling without Irs2 might promote excess lipid synthesis. We
used the Cre-loxP approach to produce mice with different
hepatic concentrations of Irs1 or Irs2. This experimental ap-
proach can reveal how mice adapt to partial Irs1 or Irs2 defi-
ciency—which, unlike the acute reduction achieved by tran-
sient expression of shRNA (40), might resemble the
physiologic state developed during the prolonged period of
metabolic dysregulation preceding overt type 2 diabetes.

MATERIALS AND METHODS

Animals. Generation of animals with floxed (flanked by loxP) Irs2 has been
described previously (17); a similar strategy was used to generate the floxed Irs1
allele (6). Mice of six different genotypes were selected and analyzed in this
study. Mice homozygous for the floxed Irs1 and Irs2 alleles (Irs1lox/lox::Irs2lox/lox)
were used as control (CNTR) mice. LKO1 mice are liver-specific Irs1 knockout
mice, while LKO2 mice are liver-specific Irs2 knockout mice; each was generated
by breeding the respective floxed mice (Irs1lox/lox or Irs2lox/lox) with Alb-Cre
transgenic mice [Jackson Laboratory strain B6.Cg-Tg(Alb-cre)21 Mgn/J] that
express the Cre recombinase cDNA from the rat albumin promoter (31). The
DKO mice are those in which both Irs1 and Irs2 are simultaneously deleted in the
liver (Irs1lox/lox::Irs2lox/lox::Alb-Cre). DKO/1 mice are DKO mice in which one
wild-type (�) allele of Irs1 is retained (Irs1�/lox::Irs2lox/lox::Alb-Cre), while DKO/2
mice are DKO mice in which one wild-type Irs2 allele is retained
(Irs1lox/lox::Irs2�/lox::Alb-Cre). All the mice were maintained on a mixed back-
ground derived from C57BL/6J and 129/Sv. Genotyping was performed by PCR
using genomic DNA isolated from the tail tip as previously described in refer-
ences 6 and 17. Animals were housed on a 12-h/12-h light/dark cycle and were fed
a standard rodent chow ad libitum. For high-fat diet (HFD) feeding, 4-week-old
male mice were fed a diet containing 45% fat-derived calories (D12451; Re-
search Diet) for 12 weeks. All protocols for animal use and euthanasia were
approved by the Institutional Animal Care and Use Committee of Children’s
Hospital Boston and in accordance with NIH guidelines.

Metabolic analysis. Blood glucose levels were measured in random-fed (ad
libitum) or overnight-fasted mice using a glucometer (Elite XL; Bayer). Plasma
insulin and leptin levels were measured using rat insulin and leptin enzyme-
linked immunosorbent assay (Crystal Chem Inc.), respectively. Plasma triglycer-
ides, free fatty acids, and total cholesterol from overnight-fasted mice were
measured using the L-type triglyceride, nonesterified fatty acid, and cholesterol E
kits from Wako Diagnostics (Richmond, VA), respectively. Serum albumin levels
were assessed using BCG reagent (Bioassay System, Hayward, CA). Glucose
tolerance tests were performed on overnight-fasted mice. Animals were injected
intraperitoneally (i.p.) with D-glucose (2 g/kg of body weight), and blood glucose
levels were measured at indicated time points. For insulin tolerance tests, mice
were fed ad libitum, and diluted insulin (1 U/kg Humulin R; Lilly) was injected
i.p.; blood glucose concentrations were measured at 0, 15, 30, and 60 min after
insulin injection. Bone mineral density and fat accumulation were determined
using dual-energy X-ray absorptiometry with a Lunar Piximus II mouse den-
sitometer (GE LUNAR Corp., Madison, WI) as described by the manufac-
turer. Mice were anesthetized using Avertin (0.25 mg/g body weight, i.p.)
before scanning. Hepatic glycogen content in liver was analyzed in fed mice,
and hepatic triglyceride concentrations were analyzed in overnight-fasted
mice, as previously described (6).

Hyperinsulinemic-euglycemic clamp. To assess glucose metabolism in vivo,
mice were subjected to hyperinsulinemic-euglycemic clamp analysis after cathe-
ters were implanted into the right jugular vein 5 days prior to the clamp. The
procedure was performed essentially as previously described for overnight-fasted
mice (17).

Intracerebroventricular (ICV) insulin stimulation with pancreatic insulin
clamp. For ICV insulin infusion and pancreatic insulin clamp, a catheter was
implanted in the third cerebral ventricle 3 weeks prior to the clamp experiment.
Additional catheters were implanted in the right jugular vein and left carotid

artery a week before the clamp. The clamp procedure was performed as previ-
ously described (30).

Antibodies. Antibodies against Akt, Foxo1, Gsk3�/�, ribosomal S6 kinase
(S6K), and �-actin or phosphospecific antibodies against Akt(T308), Akt(S473),
Foxo1(S256), Gsk3�(S9), and S6K(T389) were obtained from Cell Signaling
Technology. Antibodies against Irs1, Irs2, and p85 were obtained from Millipore
(Billerica, MA).

RNA isolation and quantitative real-time PCR. Total RNA was isolated from
liver using the Trizol reagent (Invitrogen) according to the manufacturer’s pro-
tocol. For real-time PCR analysis, 1 �g of total RNA was treated with RNase-
free DNase and subsequently reverse transcribed with random hexamer primers
(Bio-Rad). Relative mRNA abundance levels normalized to cyclophillin levels
were determined with the threshold cycle (��CT) method after amplification,
using an iCycler IQ real-time PCR detection system (Bio-Rad) and SYBR green
(Bio-Rad). The data are presented as means � standard errors of the means
(SEM).

Affymetrix GeneChip analysis. Liver mRNA expression in LKO1, LKO2, and
DKO mice fasted for 16 h (n � 2) or fed for 4 h (n � 2) was determined on
MG430 2.0 GeneChips (Affymetrix); for CNTR mice, a total of six fasted and six
fed mice were used. RNA labeling and microarray hybridizations were per-
formed at the Harvard Medial School Biopolymers Facility, using the Affymetrix
model 450 fluidics station and model 3000 scanner. Affymetrix Mircroarray
Suite 5.0 was used to generate cell intensity (CEL) files that were analyzed by
robust multichip average analysis implemented in GeneSpring 7.2 (Agilent
Technologies).

Immunoprecipitation and Western blot analysis. Livers were removed and
homogenized in homogenization buffer (25 mM Tris-Cl [pH 7.4], 50 mM sodium
pyrophosphate, 100 mM sodium fluoride, 10 mM EDTA, 1% NP-40, 1 mM
phenylmethylsulfonyl fluoride, 10 mM sodium orthovanadate, 10 �g/ml aproti-
nin, and 10 �g/ml leupeptin). Samples were allowed to solubilize for 30 min on
ice, and particulate matter was removed by centrifugation at 14,000 � g for 15
min at 4°C. Immunoprecipitations and Western blot analyses of insulin signaling
proteins were performed as previously described (11) using 100 �g (immuno-
blots) or 500 �g (immunoprecipitations) of each liver lysate. Liver lysates or
immunoprecipitates were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes for immunoblotting
with specific antibodies. Representative blots, developed using enhanced chemi-
luminescence, were quantitated using ImageQuant TL (2003) software.

aPKC activity. Atypical protein kinase C (aPKC) activity was measured as
previously described (37).

Statistics. All data are presented as means � SEM or as estimated marginal
means � SEM determined by generalized linear regression (SPSS, version 16.0).
Pairwise comparisons of the estimated marginal means were made, and P 	 0.05
was taken as a significant difference. The Bonferroni method was used to adjust
the observed significance levels for the fact that multiple contrasts were being
tested. Serial measurements made during glucose and insulin tolerance tests
were summarized by determining the area under the curve using Medcalc
v10.0 (6).

RESULTS

Differential regulation of gene expression by hepatic Irs1
and Irs2. To distinguish the contributions of Irs1 and Irs2 in
the liver, we investigated the effect of 4 h of feeding upon the
concentration of Irs1/2-sensitive transcripts in livers of mice
lacking hepatic Irs1 (LKO1) or Irs2 (LKO2). To select a set of
informative transcripts that depended upon Irs1 or Irs2 signal-
ing for normal expression, we analyzed previously published
results obtained from these mice, using Affymetrix MOE430
GeneChips (ArrayExpress database accession number E-MEXP-
1649) (6). Thousands of probe sets were previously reported to
change significantly across all possible test conditions. In this
analysis, we restricted the list to the 319 probe sets (109 genes)
that changed significantly—more than �1.5-fold (false discov-
ery rate [FDR] of 	0.01)—in CNTR liver but changed less
than �1.4-fold—in practice not at all (FDR 
 0.05)—between
fasted and fed DKO mouse liver (Fig. 1). This set of transcripts
contained well-known insulin-sensitive genes, including the
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Igfbp1, G6pc, Pck1, Pgc1�, Xbp1, and Gck genes (Fig. 1).
Inspection of the heat map showed that the responses of these
transcripts to feeding were similar in CNTR and LKO2 mice,
as Pearson’s correlation coefficient (r) was nearly perfect (r �
0.95; 95% confidence interval [CI], 0.92 to 0.97; P 	 0.0001). In
comparison, the response of the reporter transcripts to feeding
in LKO1 mice was less correlated to that in the CNTR (r �
0.86; 95% CI, 0.79 to 0.90; P 	 0.001). Thus, either Irs1 or Irs2
could regulate the transition of hepatic gene expression from
the fasted to postprandial state, but Irs1 was required for a
near normal response.

Since Irs2 was proposed recently to play a dominant role
during fasting (16), we compared the concentrations of the
reporter transcripts specifically in fasted liver samples (Fig. 1).
Inspection of the heat map indicated that deletion of either
Irs1 or Irs2 influenced the overall expression of these reporter
transcripts during fasting. Since the Pearson’s correlation co-
efficients were indistinguishable between LKO1 and LKO2
mice, we conclude that both Irs1 and Irs2 contribute to the
regulation of these genes during fasting (Fig. 1).

Feeding-stimulated signaling in DKO/1 and DKO/2 mice.
Previous work shows that liver-specific knockout of Irs1 or Irs2
has a moderate effect upon hepatic insulin action at the phys-
iologic level (5, 6, 16). To establish whether incomplete loss of
Irs1 or Irs2 affects the hepatic insulin response, we used a
Cre-loxP strategy to produce mice that retained one allele of
Irs1 without Irs2 (DKO/1 mice) or one allele of Irs2 without
Irs1 (DKO/2 mice). Immunoblotting confirmed the complete
absence of Irs1 and Irs2 in the DKO liver (Fig. 2A and B).
Compared to liver extracts from CNTR mice, DKO/1 liver
extracts had a low concentration of Irs1 and undetectable Irs2,
whereas DKO/2 liver extracts had a low concentration of Irs2
without Irs1 (Fig. 2A and B). The phosphorylation of several
proteins in the Irs1/23PI3K3Akt signaling cascade was ana-
lyzed in liver extracts from mice fasted 20 h or mice fasted 20 h
and allowed access to food for a further 4 h (Fig. 2C to G). In
CNTR mice, feeding increased the phosphorylation of Akt
(T308 and S473), Foxo1(S253), GSK3�(S9), and S6K(T389).
As previously shown, the phosphorylation of Akt(T308) and
Foxo1(S253) was completely absent in the fed DKO liver (Fig.
2C and E). In contrast, Akt(S473) phosphorylation was ele-
vated significantly in fasted DKO liver but did not increase
during the postprandial period (Fig. 2D). Feeding significantly
stimulated phosphorylation of Akt(T308) in DKO/1 or DKO/2
liver; however, in the fasted state, Akt(T308) phosphorylation
was significantly higher in the DKO/1 liver (Fig. 2C). Regardless,
downstream phosphorylation of Foxo1(S253) was indistinguish-
able in DKO/1 and DKO/2 livers under fasting or postprandial
conditions (Fig. 2E). Finally, stimulation of GSK3�(S9) and
S6K(T389) phosphorylation by feeding was detected in DKO/1,
DKO/2, and DKO liver (Fig. 2F and G).

Hepatic gene expression in DKO/1 and DKO/2 mice. We
investigated the concentrations of transcripts encoding specific

insulin-sensitive genes—including the G6pc, Pck, Gck, Fasn,
Hmgcr, Acc, Srebp1c, and Srebp2 genes in livers from CNTR
mice or from DKO/1, DKO/2, and DKO mice. Under fasting
conditions, the expression of the tested genes in DKO/1 and
DKO/2 livers was barely different than that in the CNTR (Fig.
3A to H). As expected, the concentration of G6pc and Pck
transcripts decreased significantly in CNTR mice after feed-
ing—consistent with the suppression of gluconeogenesis by
insulin (Fig. 3). In contrast, the transcript concentrations of
Gck, Fasn, Acc, Hmgcr, Srebp1c, and Srebp2 increased after
feeding CNTR mice, which is consistent with the utilization of
glucose by the postprandial liver for the synthesis of glycogen,
fatty acids, and cholesterol (Fig. 3). In comparison, the effect of
feeding upon these genes was largely lost in DKO liver, con-
firming that the postprandial concentrations of these tran-
scripts were regulated largely by Irs1 or Irs2 signaling (Fig. 3).
In several cases—G6pc, Pck, Gck, Fasn, and Srebp1c (Fig. 3A,
C, E, G, and F)—the retention of Irs1 (DKO/1 mice) allowed
a more normal postprandial response than did the retention of
Irs2 (DKO/2 mice). In the case of Hmgcr and Srebp2, the
response to feeding was significantly reduced in both DKO/1
and DKO/2 livers. Thus, both Irs1 and Irs2 contributed to
gene expression in the liver, but in most cases, Irs1 appeared
to be dominant, as suggested by the Affymetrix analysis
results (Fig. 1).

Metabolic regulation in DKO/1 and DKO/2 mice. As previ-
ously shown, DKO mice were about 30% smaller than CNTR
mice (Fig. 4A). Although DKO/1 and DKO/2 mice were
slightly smaller than the CNTR mice, the difference did not
reach statistical significance (Fig. 4A). At 6 weeks of age, the
DKO mice displayed �40% greater adiposity and �20% less
bone mineral density than CNTR mice, whereas adiposity and
bone density were indistinguishable between CNTR, DKO/1,
and DKO/2 mice (Fig. 4B and C). In 8-week-old DKO mice,
fasting plasma concentrations of insulin and leptin and fasting
blood glucose concentrations were significantly elevated (Fig.
4D to F), whereas the concentrations of triglyceride, free fatty
acids, and free cholesterol decreased (Fig. 4G to I). In contrast,
each of these measures was normal in the DKO/2 and DKO/1
mice (Fig. 4D to I), as well as in LKO1 and LKO2 mice of the
same age (Table 1). Thus, even a low concentration of Irs1 or
Irs2 in the liver was sufficient to maintain normal circulating
hormone and metabolite concentrations.

Next, we compared glucose tolerance and insulin sensitivity
in 8-week-old mice. In comparison with DKO mice—which
displayed severe glucose intolerance—DKO/1 and DKO/2
mice displayed intermediate glucose intolerance—DKO/1
mice being significantly better than DKO/2 mice (Fig. 4J and
K). As previously shown (6), the DKO mice displayed severe
insulin resistance during the i.p. insulin tolerance test (Fig. 4L
and M). The DKO/1 and DKO/2 mice were significantly more
sensitive to insulin than DKO mice; however, compared to the
CNTR mice, the DKO/1 mice displayed a stronger response to

FIG. 1. Heat map of annotated reporter transcripts dependent upon Irs1 and Irs2 signaling for normal expression. Data are from Affymetrix
GeneChips (MOE430 2) analysis. Expression was determined in chow-fed mice after 16 h of fasting with or without refeeding for 4 h. Transcript
expression was determined in the fasting state, log2[fast]—or the change between fed and fasted states, log2[fed/fast]. The Pearson correlation
coefficient was calculated versus CNTR samples together with the 95% CI.
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insulin than did the DKO/2 mice (Fig. 4L and M). Thus,
hepatic Irs1 mediated a stronger response than did Irs2 to
injected glucose or insulin in mice.

Roles of hepatic Irs1 and Irs2 in direct and central control
of hepatic glucose production. A hyperinsulinemic-euglycemic
clamp was used to establish the relative contribution of Irs1
and Irs2 to systemic glucose homeostasis. During peripheral
insulin infusion (2.5 mU kg�1 min�1), the circulating glucose
concentration in CNTR mice was maintained at 5 mM by
infusing 275 �mol kg�1 min�1 glucose. The DKO mice re-
quired a much lower glucose infusion rate than did the CNTR
mice, whereas the LKO1 or LKO2 mice were maintained at 5
mM by the infusion of 195 � 20 and 183.8 � 12 �mol kg�1

min�1 glucose, respectively. Thus, insulin sensitivity was par-
tially impaired in the LKO1 and LKO2 mice but markedly
dysregulated in the DKO mice (Fig. 5A).

Compared to the CNTR mice, basal hepatic glucose produc-

tion was slightly—but not significantly—increased in fasted
LKO1, LKO2, and DKO mice (Fig. 5B). The peripheral insulin
infusion completely suppressed hepatic glucose production in
the CNTR mice but had no effect upon LKO1, LKO2, or DKO
mice (Fig. 5B). Thus, both Irs1 and Irs2 were required for the
normal inhibition of hepatic glucose production during the
hyperinsulinemic-euglycemic clamp. In comparison, the whole-
body glucose disposal rate (Rd) decreased significantly in the
DKO mice but increased slightly in LKO1 mice compared to
the normal rate in the CNTR and LKO2 mice (Fig. 5C).

Hepatic glucose production can also be regulated by the
indirect effects of insulin in the hypothalamus (8). In the brain,
insulin suppresses hepatic glucose production via vagus nerve-
mediated signals generated by insulin-stimulated closure of
K-ATP channels (25, 30). To establish whether the central
effect of insulin to inhibit hepatic glucose production also re-
quires direct hepatic insulin signaling, we performed ICV in-

FIG. 2. Feeding-stimulated signaling in livers of DKO/1 and DKO/2 mice. Liver lysates from duplicate male mice fasted for 20 h or fed 4 h after
the 20-h fast were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted with antibodies against Irs1 (A) or
Irs2 (B) and p85, or total Akt, Foxo1, GSK3�, and S6K plus phospho-specific antibodies against Akt(T308) (C), Akt(S473) (D), Foxo1(S253) (E),
GSK3�(Ser9) (F), and S6K(Thr389) (G). Bars represent averages � SEM; the quantitated signals are shown beneath each graph. The intensity
of each signal (numerator) was analyzed using a general linear model with genotype and fasted or fed state as factors and expression as a numerical
covariate to correct the signal for variable expression. Statistical significance was set at P 	 0.05 using the Bonferroni correction for multiple
comparisons; �, P 	 0.05 versus the same genotype and fasted state; �, P 	 0.05 versus CNTR fasted state.
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sulin infusion while endogenous insulin secretion was inhibited
by a pancreatic insulin clamp (30). Before initiating the ICV
insulin infusion, the circulating glucose concentration was
maintained at 5 mM in CNTR, LKO1, and LKO2 mice by
infusing about 90 �mol kg�1 min�1 glucose; �50% less glu-
cose was required by the DKO mice (Fig. 5D). ICV insulin
increased by twofold the rate of glucose infusion required to
maintain the circulating glucose at 5 mM in CNTR, LKO1, and
LKO2 mice (Fig. 5D); however, ICV insulin had no effect upon
the DKO mice (Fig. 5D). Consistent with these results, ICV
insulin significantly reduced hepatic glucose production in
CNTR, LKO1, and LKO2 mice but had no effect upon the
DKO mice (Fig. 5E). As expected, ICV insulin had no effect
upon peripheral glucose disposal (Fig. 5F). Thus, a direct he-
patic insulin signal through Irs1 or Irs2 was required to observe
the inhibitory effect of ICV insulin upon hepatic glucose pro-
duction.

Roless of hepatic Irs1 and Irs2 during nutrient stress. Obe-
sity causes insulin resistance that can progress to diabetes. To
establish the roles of Irs1 and Irs2 in response to this nutrient

stress, we compared glucose homeostasis and feeding-stimu-
lated signaling in LKO1 and LKO2 mice maintained for 12
weeks on a normal chow or HFD (Fig. 6). Chow-fed LKO1 and
LKO2 mice showed a fasting metabolic profile indistinguish-
able from that of CNTR mice (Table 1). In contrast, all HFD-
fed mice displayed elevated circulating glucose concentrations
during the fasting state—though only the DKO mice were
significantly hyperglycemic relative to the CNTR mice (Fig.
6A). During the HFD, postprandial blood glucose was elevated
in the LKO1 and DKO mice, whereas that of LKO2 mice
remained indistinguishable from that of CNTR mice (Fig. 6A).
We previously showed that, when maintained on a regular
chow diet, both LKO1 and LKO2 mice were normally sensitive
to injected insulin, but LKO1 mice were mildly glucose intol-
erant (6). Consistent with these findings, HFD-fed LKO1 mice
displayed severe glucose intolerance indistinguishable from
that of DKO mice, while glucose tolerance of HFD-fed LKO2
mice was barely different from that of the CNTR mice and
significantly better than that of the LKO1 mice (Fig. 6B and
C). The HFD-fed LKO1 mice were also significantly less sen-

FIG. 3. Gene expression in fasted or fed livers from CNTR, DKO/2, DKO/1, and DKO mice maintained on the chow diet. Real-time PCR data
for each gene were normalized against the corresponding fasted CNTR mouse values. Open circles represent expression in the fasted mice, and
closed circles represent expression in the fed mice. Each graph is annotated with the value of the vector defining the expression change between
fasted and fed mice (n � 3 mice per group). �, P 	 0.05 versus feeding-stimulated change in CNTR mice.
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sitive to injected insulin than were the LKO2 mice (Fig. 6D
and E). Chow-fed LKO1 and LKO2 mice each exhibited nor-
mal fasting plasma insulin, triglyceride, and liver tissue triglyc-
eride concentrations (Table 1). Among the HFD-fed mice,
fasting plasma insulin concentrations in LKO1 and DKO mice
were significantly elevated compared to those in the CNTR
mice (Fig. 6F), whereas plasma and liver tissue triglyceride
concentrations were significantly decreased (Fig. 6G and H); in
contrast, each of these measurements was unchanged between

HFD-fed LKO2 and CNTR mice (Fig. 6F to H). Thus, LKO2
mice exhibited responses to HFD feeding that were similar to
those seen in CNTR mice, whereas LKO1 mice responded
similarly to DKO mice.

Next, we investigated the effect of the HFD upon fasting and
postprandial expression of several insulin-sensitive genes—in-
cluding the G6pc, Pck, Gck, Fasn, Hmgcr, Acc, Srebp1c, and
Srebp2 genes (Fig. 7). During fasting, gene expression was
indistinguishable between CNTR, LKO1, and LKO2 mice, and

FIG. 4. Metabolic characterization of CNTR, DKO/1, DKO/2, and DKO mice: body weight (A), percent body fat (B), and bone mineral density
determined by dual-energy X-ray absorptiometry at 8 weeks of age (C); plasma insulin (D), leptin (E), and blood glucose (F) concentrations,
circulating triglyceride (G), free fatty acids (FFA) (H), and total cholesterol (I) in 8-week-old male mice. Values are averages � SEM (n � 8 mice
per group). Significance was calculated using a general linear model with genotype and fasting or feeding state as factors. �, P 	 0.05 versus CNTR
mice, using the Bonferroni correction for multiple comparisons. (J and K) Glucose tolerance tests performed at 8 weeks of age with male mice
fasted for 16 h (n � 6/genotype); the results were summarized by determining the area under each curve (AUC), using Medcalc (v10). One-way
analysis of variance (ANOVA) was used to compare the groups. �, P 	 0.05. (L and M) Insulin tolerance tests performed with nonfasted
8-week-old male mice; the results were summarized by determining the area between 100% and each curve (AOC) using Medcalc. One-way
ANOVA was used to compare the groups. �, P 	 0.05.
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postprandial gene expression in HFD-fed CNTR mice changed
in the expected direction; that is, the G6pc and Pck genes
decreased upon feeding, whereas the Hmgcr, Acc, Gck,
Srebp1c, Srebp2, and Fasn genes increased upon feeding (Fig.
7A to H). However, compared to chow-fed mice, the effect of

feeding upon Gck was reduced about threefold in the HFD-fed
CNTR mice (compare Fig. 7E and 3E). The LKO1 liver—
which retains only Irs2—displayed markedly impaired post-
prandial changes in expression of the G6pc, Pck, Gck, Fasn,
Hmgcr, and Srebp2 genes (Fig. 7A, C, E, G, B, and H). In
contrast, postprandial gene expression in the LKO2 liver re-
sembled more closely the expression in the CNTR liver. The
Acc and Srebp1c genes were notable exceptions, as these genes
dysregulated similarly in LKO1 and LKO2 livers (Fig. 7D and
F). Overall, however, Irs1 played a more dominant role in
postprandial liver gene expression during HFD feeding.

Finally, we investigated tyrosine phosphorylation of Irs1 and
Irs2 and several downstream responses in the liver of HFD-fed
mice that were fasted (20 h) or fasted for 20 h and fed for 4 h.
Irs1 protein was detected equally by immunoblotting in fasted
and fed CNTR and LKO2 livers, and Irs2 was detected equally
in fasted and fed CNTR and LKO1 livers (data not shown).
Both Irs1 and Irs2 were tyrosine phosphorylated at the end of
the fast (Fig. 8A to D). Tyrosine phosphorylation of Irs1 in-
creased between 1.5- and 2-fold, after feeding in the livers of
CNTR or LKO2 mice maintained on HFD or chow (Fig. 8A
and B). However, Irs2 tyrosine phosphorylation was not sig-
nificantly stimulated by 4 h of feeding in HFD-fed CNTR and
LKO1 mouse livers owing to elevated basal phosphorylation
(Fig. 8C). It was also barely increased following feeding in the
livers of chow-fed CNTR and LKO1 mice (Fig. 8D). Regard-
less, Akt(T308) phosphorylation at 4 h after feeding was equiv-
alently stimulated in HFD-fed CNTR, LKO1, and LKO2 mice,
whereas it was barely detected in fasted or fed DKO mice
(Fig. 8E).

Like Akt, aPKC is activated by the PI3K cascade; however,
aPKC is coupled exclusively to the Irs2 branch of the insulin
signaling cascade (34, 39). Regardless of the diet, feeding stim-
ulated aPKC activity about twofold in the livers of CNTR and
LKO1 mice but had no effect upon aPKC activity in the livers
of LKO2 or DKO mice (Fig. 8F and G). Recent studies suggest
that Akt is primarily responsible for suppressing expression of
the G6pc and Pck genes, whereas aPKC preferentially in-
creases the expression of lipogenic genes, such as Srebp1c (39).
However, 4 h of feeding decreased expression of the Pck gene
by at least 50% in CNTR and LKO2 livers—but not in the
LKO1 liver—even though feeding-stimulated Akt(T308) phos-
phorylation was the same at this time point (Fig. 8E). More-
over, feeding substantially increased expression of the Gck,

FIG. 5. Hyperinsulinemic-euglycemic clamp (A to C) and ICV
clamp analysis (D to F) in CNTR, LKO1, LKO2, and DKO mice.
Graphs show the averages � SEM for each parameter obtained (n �
6 mice per group) as follows. Peripheral glucose infusion rate (GIR)
(A and D); hepatic glucose production (HGP) (B and E); peripheral
glucose disposal (Rd) (C and F). Comparisons were made using a
general linear model with genotype and insulin infusion as factors, and
significant differences were taken at P 	 0.05, using the Bonferroni
correction for multiple comparisons. �, P 	 0.05 versus CNTR mice;
�, P 	 0.05 versus basal (B) or saline infusion (D to F).

TABLE 1. Metabolic parameters for 8-week-old chow-fed micea

Parameter
Value for indicated mice

CNTR DKO DKO/1 LKO2 DKO/2 LKO1

Blood glucose (mg/dl) 57 � 3 142 � 7b 61 � 6 54 � 7 77 � 6 64 � 6
Insulin (ng/ml) 0.36 � 0.02 2.18 � 0.15b 0.39 � 0.07 0.32 � 0.05 0.40 � 0.12 0.38 � 0.06
Leptin (ng/ml) 4.85 � 0.58 36.68 � 6.75b 4.63 � 0.64 4.41 � 1.2 5.17 � 0.85 5.57 � 1.88
Triglyceride (mg/dl) 33.1 � 6.8 12.4 � 0.6b 28.8 � 4.7 29.1 � 5.2 26.9 � 1.6 30.3 � 5.1
FFA (meq/liter) 1.63 � 0.13 0.46 � 0.05b 1.61 � 0.19 1.45 � 0.12 1.63 � 0.05 1.39 � 0.28
Cholesterol (mg/dl) 107 � 8 64 � 4b 99 � 4 98 � 5
Albumin (g/dl) 3.01 � 0.12 2.52 � 0.16b 3.15 � 0.26 3.10 � 0.15
Fed liver glycogen (mg/g) 55.2 � 4.8 26.7 � 1.8b 52.8 � 4.2 54.6 � 6.8 54 � 2.4 57.3 � 5.5
Liver triglyceride (mg/g) 44.2 � 4.3 47.5 � 4.8 49.6 � 3.5 48.7 � 6.5 40.38 � 3.8 44.6 � 4.7

a Unless noted otherwise in the text, measurements come from overnight-fasted mice. FFA, free fatty acid.
b P 	 0.05 versus CNTR mice.
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Fasn, and Hmgcr lipogenic genes in CNTR and LKO2 mice—
but not in LKO1 mice in which aPKC activation was normal
(Fig. 7). Thus, after 4 h of feeding, maintenance of normal
hepatic gene expression was better correlated with Irs1 expres-
sion and tyrosine phosphorylation than with either Akt or
aPKC activation.

DISCUSSION

Our results identify Irs1 as the principal mediator of hepatic
insulin action especially during nutrient excess imposed by
weeks of HFD feeding. Without hepatic Irs1 (LKO1 mice),
fasting and postprandial gene expression is significantly dys-
regulated compared to CNTR mice or mice without Irs2
(LKO2 mice). Indeed, even the low concentration of Irs1 in
DKO/1 mice is sufficient to maintain nearly normal gene ex-
pression, fasting glucose concentrations, and postprandial glu-
cose tolerance. When fed an HFD, LKO1 mice—which retain
normal Irs2 expression—develop severe glucose intolerance
and diabetes that are indistinguishable from those seen in mice

completely lacking Irs1 and Irs2 (DKO mice). Although LKO2
mice also develop abnormal glucose tolerance on the HFD,
they are indistinguishable from CNTR mice—and significantly
better than LKO1 and DKO mice. We conclude that hepatic
Irs1 is a principal mediator of the transition between fasting
and postprandial glucose homeostasis, especially during nutri-
ent excess.

Previous reports point to Irs2 as the critical mediator of
hepatic insulin action. Hepatocytes with low insulin receptor
concentrations retain significant Irs1 phosphorylation during
insulin stimulation, while typical biological insulin responses
and Irs2 phosphorylation fail (33). Neonatal Irs2�/� hepato-
cyte cell lines retain insulin-stimulated Irs1 tyrosine phosphor-
ylation, while insulin weakly activates PI3K, Akt, or aPKC and
weakly inhibits Gsk3�/� or Foxo1 (41). Moreover, recent work
suggests that Irs2 is an important mediator of fasting insulin
action in adult murine hepatocytes, at least in part because Irs2
mRNA and protein concentrations increase during the fasting
state (16). Presumably, Irs2 amplifies the hepatic insulin signal
generated by a low fasting concentration of insulin—which

FIG. 6. Nutrient homeostasis in HFD-fed LKO1 and LKO2 mice. (A) Blood glucose concentrations (average � SEM; n � 6) determined after
16 h fast with or without 4 h of refeeding in 4-month-old male CNTR, LKO1, LKO2, and DKO mice fed chow or an HFD. (B and C) Glucose
tolerance test results for 4-month-old overnight-fasted mice (n � 6 per group); the results were summarized by determining the area under each
curve (AUC), using Medcalc (v10). (D and E) Insulin tolerance test results for nonfasted 4-month-old male mice (n � 6); the results were
summarized as the average area between 100% and each curve (AOC), determined using Medcalc. Fasting plasma insulin and triglyceride (TG)
concentration (F and G), and liver triglyceride content (H) determined after 12 weeks of HFD feeding (n � 6). One-way ANOVA was used to
compare the groups. �, P 	 0.05 versus CNTR mice; �, P 	 0.05 versus DKO mice; �, P 	 0.05 versus LKO1 mice.
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might attenuate the counterregulatory effects of glucagon and
promote a rapid and complete response to insulin immediately
upon food intake (16).

Regardless, genetic deletion of Irs1 or Irs2 in hepatocytes
suggests that Irs1 is a dominant mediator of feeding-regulated
hepatic gene expression. The concentrations of reporter tran-
scripts—which depend upon insulin signaling for the fasting3
postprandial transition—are slightly dysregulated in the
DKO/1 liver but severely dysregulated in the DKO/2 liver, the
distinct regulation being especially significant for the G6pc and
Pck gluconeogenic genes and the Gck, Fasn, and Srebp1c
lipogenic genes. This difference corresponds to the finding that
DKO/2 mice—or LKO1 mice shown previously (6)—display
dysregulated glucose and insulin tolerance. Thus, in our exper-
imental setting, hepatic Irs1 has a dominant role in coordinat-
ing hepatic gene expression and glucose homeostasis.

Consumption of the HFD causes glucose intolerance in all
of our experimental mice. Regardless, gene expression and
glucose tolerance in LKO2 and CNTR mice are nearly indis-

tinguishable, suggesting that Irs1 is largely responsible for
maintaining hepatic insulin action during chronic nutrient ex-
cess. This conclusion is strengthened by the finding that HFD-
fed LKO1 mice are indistinguishable from DKO mice, suggest-
ing that hepatic Irs2 alone largely fails during chronic nutrient
excess. These results are generally consistent with the previous
conclusion that the Irs1 cascade predominates in hepatocytes
during the postprandial state (16). Nutrient excess imposed by
weeks of HFD feeding might place the mouse in a chronic
postprandial state that preferentially inactivates Irs2, leaving
LKO1 mice with an insufficient insulin response that resembles
the DKO mice. Conventional signaling experiments show that
postprandial phosphorylation of Akt(T308) or Foxo1(S253)—
which is absent in DKO liver—is largely retained in DKO/1 or
DKO/2 liver. In contrast, the phosphorylation of Akt(S473),
Gsk3�(S9), and S6K(pS389) does not absolutely require Irs1
or Irs2, although the increase from the fasting to fed state
occurs more normally in the DKO/1 or DKO/2 mice. The basal
phosphorylation of Akt(T308) is high in the DKO/1 liver but is

FIG. 7. Gene expression in fasted or fed livers from 4-month-old CNTR, LKO1, and LKO2 mice maintained on the HFD. Real-time PCR data
for each gene were normalized against the corresponding fasted CNTR mouse values. Open circles represent expression in the fasted mice, and
closed circles represent expression in the fed mice. Each graph is annotated with the value of the vector defining the expression change between
fasted and fed mice (n � 3 mice per group). �, P 	 0.05 versus feeding-stimulated change in CNTR mice.
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further stimulated by feeding, which might explain the better
glucose tolerance observed for DKO/1 mice. Gsk3�(S9) phos-
phorylation is stronger in the DKO/1 mice than in the DKO/2
mice, whereas Foxo1(S253) and S6K(pS389) phosphorylation
is indistinguishable. In contrast, postprandial aPKC activity
increases normally in CNTR and LKO1 mice but not in fed
LKO2 or DKO mice, consistent with a specific link to Irs2-
mediated PI3K signaling (7, 39). Additional work is needed to
understand how Irs2 couples specifically to aPKC and to iden-
tify the Irs1/2-independent mechanisms that promote phos-
phorylation of Akt(S473), Gsk3�(S9), and S6K(pS389) in fed
DKO mice.

After prolonged maintenance on an HFD, feeding still stim-
ulates Irs1 tyrosine phosphorylation in CNTR and LKO2 mice,
whereas it fails to stimulate Irs2 phosphorylation in CNTR and
LKO1 mice. While Akt(T308) phosphorylation is stimulated in
either case, this seems slightly stronger in LKO2 mice than in
LKO1 mice. Consistent with chow-fed mice, postprandial
aPKC activation proceeds normally in the LKO1 liver but fails
in the LKO2 liver. Earlier data suggest that aPKC—especially
PKC that is most abundant in the liver—mainly promotes
SREBP-1c expression and triglyceride synthesis (20, 39),
whereas Akt suppresses gluconeogenic gene expression via
Foxo1 (12, 21, 36, 45, 47). However, constitutively active Akt

FIG. 8. Feeding-stimulated signaling in livers of HFD- and chow-fed LKO1 and LKO2 mice. Liver tissues from duplicate male mice fasted for
20 h or fed for 4 h after the 20-h fast were analyzed by immunoprecipitation and/or immunoblotting. Tyrosine phosphorylation (pY) of Irs1 (A
and B) and Irs2 (C and D) was determined by immunoprecipitation and immunoblotting with antiphosphotyrosine antibody. Feeding-stimulated
phosphorylation of Akt(T308) (E) and aPKC activity (n � 3 per group) (F and G). Bars represent averages � SEM; the quantitated signals are
shown beneath each graph. The intensity of each signal (numerator) was analyzed using a general linear model, with genotype and fasted or fed
state as factors and expression (or expression of actin for pY) as a numerical covariate to correct the signal for variable expression. Statistical
significance was set at P 	 0.05 using the Bonferroni correction for multiple comparisons; �, P 	 0.05 versus genotype and fasted state; �, P 	
0.05 versus CNTR fasted state; �, P 	 0.05 versus CNTR fed state.
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also increases Srebp1c gene expression and induces marked
hypertriglyceridemia (26). Likewise, activation of aPKC by in-
sulin or by metformin via AMPK phosphorylates CBP/p300 at
Ser436 to disrupt association with the CREB-TORC2 complex,
a key component in the control of gluconeogenic gene expres-
sion (13a). Moreover, phosphorylation of CBP/p300 at Ser1834
by Akt disrupts association of CBP with C/EBP�, inhibiting
hepatic gene expression (10). Thus, Akt and aPKC both con-
tribute substantially to the control of gluconeogenic and lipo-
genic gene expression, as summarized in Fig. 9.

Our studies indicate that postprandial expression of the Gck,
Fasn, Srebp1c and Srebp2 genes are, in general, slightly re-
duced in the DKO/1 or LKO2 liver but substantially reduced in
the DKO/2 or LKO1 liver, demonstrating the primary impor-
tance of Irs1 for the control of triglyceride synthetic gene
expression in this system. However, glucose itself can promote
expression of lipogenic genes, including the Fasn and Acc
genes, via an insulin-independent pathway involving Chrebp
(14) (Fig. 9). This pathway is likely to have augmented expres-
sion of these genes in hyperglycemic chow-fed DKO and HFD-
fed LKO1 mice (Fig. 9). Nevertheless, circulating triglyceride
concentrations in these mice were significantly lower than
those in controls.

Although the HFD clearly distinguishes hepatic Irs1 signal-
ing from Irs2 signaling, the moderate cost of deleting hepatic
Irs2 in chow-fed mice can be detected by glucose and insulin
tolerance tests. A joint requirement for Irs1 and Irs2 is de-
tected by the hyperinsulinemic-euglycemic clamp conducted
with a low insulin infusion rate (2.5 mU kg�1 min�1), which
strongly suppresses hepatic glucose production in CNTR mice,
but not in LKO1 or LKO2 mice. Using a higher insulin infu-
sion rate (5.0 mU kg�1 min�1 for their LKO1 mice, or 7.5 mU
kg�1 min�1 for their LKO2 mice), Kubota et al. (16) found
that glucose production is inhibited more strongly in LKO1
liver than in LKO2 liver, suggesting that Irs2 is critical to
suppress glucose production. A conservative synthesis of these
results is that both Irs1 and Irs2 are required for the most
sensitive hepatic response and Irs1 is more important during
nutrient excess or when insulin is limiting.

In addition to directly suppressing gluconeogenesis through
Irs1- and Irs2-mediated signaling in hepatocytes, insulin also
has indirect effects upon hepatic glucose production through
action in the hypothalamus (30). Several reports suggest that

hypothalamic insulin action is mediated via Irs2 and transmit-
ted to the liver through the vagus nerve (24, 25, 29, 30).
Whether this central effect of insulin upon the liver is sufficient
to suppress glucose production is controversial (3). However,
our results indicate that direct hepatic insulin signaling
through either Irs1 or Irs2 is essential for the central effect of
insulin, because glucose production is not inhibited in fasting
DKO mice by central insulin infusion. Unlike peripheral insu-
lin infusion, which requires both Irs1 and Irs2 for full effect,
centrally infused insulin requires either hepatic Irs1 or Irs2.
Our previous work suggests that the normal transition between
the fasting and postprandial states depends upon the inactiva-
tion of hepatic Foxo1 by insulin, which is nearly impossible to
achieve in DKO mice (6). In comparison, insulin-resistant
DKO mice without hepatic Foxo1 display nearly normal fasting
and postprandial glucose homeostasis. Thus, inactivation of
Foxo1—or the deletion of Foxo1 in DKO mice—might be
required for the hepatic response to the central insulin. Direct
experimentation of the triple knockout mice is needed to test
this hypothesis.

The acute suppression of both Irs1 and Irs2 by at least 80%
in the liver, using shRNA, produces effects upon glucose ho-
meostasis that are similar to those in DKO/1, DKO/2, and
DKO mice (40). However, lipid homeostasis is different in
these experimental models; the residual Irs signal in DKO/1
and DKO/2 mice is composed of either Irs1 or Irs2, respec-
tively, while the residual Irs signal in shRNA-treated mice is
composed of mixtures of Irs1 and Irs2. In both models, glu-
coneogenic gene expression is nearly normal in liver retaining
Irs1 but abnormal in liver in which Irs1 is reduced or absent. A
difference is that Srebp1c and Fasn mRNAs increase in liver
treated with shRNA against Irs2 or both Irs1 and Irs2, leading
to the conclusion that Irs2 is the principal regulator of hepatic
lipogenesis (40). Regardless, the transition of these genes from
the fasted state to the postprandial state is nearly normal in
DKO/1 mice but reduced significantly in DKO/2 and DKO
mice; a similar pattern emerges in the LKO1 and LKO2 mice
fed an HFD. Thus, our results support the hypothesis that Irs1
is the dominant regulator of hepatic gene expression control-
ling lipogenesis—probably because it mediates the long-term
effects of insulin needed to induce Srebp1c.

In summary, a low concentration of Irs1 or Irs2 can mediate
the fasting and postprandial hepatic insulin response to feed-
ing under conditions of ordinary nutrition provided by chow
diets. However, a dominant role for Irs1 is seen during nutrient
excess, in conjunction with reduced feeding-stimulated signal-
ing by Irs2. While persistent Irs1 signaling better controls he-
patic glucose homeostasis, it also promotes lipogenesis that can
lead to hepatic steatosis. Thus, characteristics of dyslipidemia
were most prominent in the hyperinsulinemic shRNA-treated
mice—which retain low concentrations of Irs1 and Irs2—sug-
gesting that hyperinsulinemia in the presence of diminished
Irs1/2 signaling might promote steatosis (40). Although our
DKO mice are also hyperinsulinemic, they lack Irs1 and Irs2,
so the chronic effect upon lipogenesis is largely absent (13).
Consistent with the study by Kubota et al. (16), Irs2 appears to
be important in the early postprandial period to augment the
initial response to insulin—not as the exclusive suppressor of
hepatic glucose production—but to reduce the requirement for

FIG. 9. Model of regulation of hepatic gene expression and metab-
olism by Irs1 and Irs2 via Akt and aPKC. AMPK, AMP-activated
protein kinase; 3, activation; �, inhibition.
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long-term insulin action that can lead to Irs1-mediated lipid
production.
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