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Insulin	receptor	substrates,	including	Irs1	and	Irs2,	integrate	insulin	and	IGF	receptor	signals	with	heterolo-
gous	pathways	to	coordinate	growth	and	metabolism.	Since	Irs2	is	thought	to	be	especially	important	in	hepat-
ic	nutrient	homeostasis,	we	deleted	Irs1	from	hepatocytes	of	WT	mice	(called	LKO)	or	genetically	insulin-resis-
tant	Irs1–/–	mice	(called	LKO::Irs1–/–).	Viable	LKO::Irs1–/–	mice	were	70%	smaller	than	WT	or	LKO	mice,	and	40%	
smaller	than	Irs1–/–	mice.	Hepatic	insulin	receptors	were	functional	in	all	the	mice,	but	insulin	signaling	via	the	
Akt—FoxO1	pathway	was	reduced	in	Irs1–/–	and	LKO	liver,	and	undetected	in	LKO::Irs1–/–	liver;	however,	Gsk3β	
phosphorylation	(Ser9)	and	hepatic	glycogen	stores	were	nearly	normal	in	all	of	the	mice.	LKO	and	Irs1–/–		
mice	developed	insulin	resistance	and	glucose	intolerance	that	never	progressed	to	diabetes,	whereas	LKO::Irs1–/–		
mice	developed	hyperglycemia	and	hyperinsulinemia	immediately	after	birth.	Regardless,	few	hepatic	genes	
changed	expression	significantly	in	Irs1–/–	or	LKO	mice,	whereas	hundreds	of	genes	changed	in	LKO::Irs1–/–		
mice	—	including	elevated	levels	of	Pck1,	G6pc,	Ppargc1,	Pparg,	and	Igfbp1.	Thus,	signals	delivered	by	Irs1	or	Irs2	
regulate	hepatic	gene	expression	that	coordinates	glucose	homeostasis	and	systemic	growth.

Introduction
The liver is central to nutrient homeostasis, because it stores glu-
cose after a meal as glycogen or converts excess glucose to fatty 
acids, while oxidizing fatty acids to provide energy for gluconeo-
genesis during fasting (1). The integration of insulin signals with 
those generated by counterregulatory hormones and neuronal 
inputs establishes a dynamic network that coordinates systemic 
nutrient homeostasis (2–4). Whether the consequences of dys-
regulated  hepatic  metabolism  associated  with  the  metabolic 
syndrome and diabetes arise directly from insulin resistance or 
indirectly from changes in nutrient flux is controversial (5). Acute 
suppression of hepatic insulin receptors does not alter insulin 
action on glucose production; this suggests that other mecha-
nisms, including neuronal inputs, provide sufficient metabolic 
regulation (6). Even genetic deletion of the hepatic insulin recep-
tors (the liver-specific insulin receptor knockout [LIRKO] mouse) 
does not cause diabetes, as fasting glucose levels are nearly nor-
mal — although transient hyperglycemia occurs after meals and 
liver failure develops in old mice (7). Regardless, systemic insulin 
signaling is essential, as complete deletion of the insulin recep-
tor in mice causes hyperglycemia and death immediately after 
birth. These lethal consequences of the systemic insulin receptor 
deletion can be prevented by transgenic expression of the insulin 
receptor in liver, brain, and β cells, which promotes compensatory 
hyperinsulinemia that normalizes hepatic glucose production — 

while other peripheral tissues remain insensitive to insulin (8, 9).  
Thus, cellular signals regulated by insulin receptors are central to 
hepatic nutrient flux (10–12).

Insulin signaling is coordinated with counterregulatory sig-
naling through tyrosine phosphorylation of the insulin receptor 
substrates (Irs’s) — Irs1, Irs2, Irs3, and Irs4 — and other proteins 
including Shc, APS, SH2B, Gab1/2, Grb isoforms, Dock1/2, and 
Cbl (13–21). Although the role of each of these substrates mer-
its attention, work with transgenic mice reveals that many insu-
lin responses, especially those that are associated with somatic 
growth  and  carbohydrate  metabolism,  are  mediated  largely 
through Irs1 and Irs2 (22, 23). In mice, the Irs2 branch of the 
insulin/IGF signaling cascade plays an important role in system-
ic nutrient homeostasis, as it promotes pancreatic β cell function 
and survival, and central nutrient sensing (24–26). The condi-
tional knockout of Irs2 in mouse pancreas β cells and parts of 
the brain, including the hypothalamus, increases appetite, lean 
and fat body mass, linear growth, and insulin resistance that 
progresses to diabetes (26); however, diabetes resolves between 
6 and 10 months of age when functional β cells expressing Irs2 
repopulate the pancreas to restore sufficient β cell function to 
compensate for insulin resistance in the obese mice. Strategies 
to enhance the Irs2 branch of the insulin/IGF signaling pathway 
in β cells and hypothalamus could be a rational approach to pre-
vent obesity and diabetes.

Irs2 is an important regulatory point for the PI3K—Akt cas-
cade in hepatocytes (27, 28). Cell-based experimentation with 
immortalized hepatocytes suggests that Irs2 is the major effec-
tor of both the metabolic and the growth-promoting actions of 
insulin (27). Moreover, Irs2 signaling is essential for the suppres-
sion of gluconeogenesis and apoptosis in immortalized neona-
tal hepatocytes (29, 30). Importantly, Irs2 is highly regulated 
through feedback and counterregulatory cascades. During nutri-
ent deprivation, hepatic Irs2 expression is upregulated by nuclear 
forkhead box O1 (FoxO1) and phosphorylated CREB (28, 31). 
By contrast, SREBPs, transcriptional regulators of lipid synthe-
sis, suppress Irs2 expression, at least in part by interfering with 
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FoxO1 binding to the Irs2 promoter (28). Thus, the depletion of 
Irs2 signaling can explain the relation between nutrient excess 
and dysregulated hepatic metabolism.

Although Irs2 appears to play a critical role in hepatic metabo-
lism, transient suppression of hepatic Irs1 or Irs2 expression by 
more than 70% has only modest effects on murine nutrient metab-
olism (32). To establish whether signals from Irs1 and Irs2 con-
tribute to hepatic metabolic regulation in vivo, we disrupted the 
Irs2 gene in hepatocytes of WT mice (liver-specific knockout [LKO] 
mice) or in hepatocytes of genetically insulin-resistant Irs1–/– mice 
(LKO::Irs1–/– mice). Contrary to expectations, the LKO mice dis-
played mild glucose intolerance, as the hepatic insulin resistance 
was largely compensated for by increased insulin secretion. How-
ever, the LKO::Irs1–/– mice developed diabetes with severe fasting 
hyperinsulinemia immediately after birth. This work reveals the 
central role of the Irs1 and Irs2 branches of the insulin signaling 
cascade in hepatic function and metabolic regulation.

Results
Hepatic disruption of Irs2. Systemic disruption of Irs2 causes insulin 
resistance in mice that progresses to glucose intolerance and dia-
betes, owing to a combination of pancreatic β cell failure, hepatic 
insulin resistance, and dysregulated hypothalamic signaling (23, 
25, 26, 33, 34). By contrast, systemic Irs1–/– mice display periph-
eral insulin resistance that never progresses to diabetes. Hepatic 
and hypothalamic Irs2 signaling is robust in lean Irs1–/– mice, 
and β cell hypertrophy ensures the delivery of sufficient insulin 
throughout life (35–38). To investigate the role of hepatic Irs2 
in nutrient homeostasis of WT and genetically insulin-resistant 
Irs1–/– mice, we disrupted homozygous floxed Irs2 (fIrs2) alleles in 
hepatocytes using a cre recombinase transgene under control of 
the rat albumin promoter (crAlb).

The  crAlb  transgene  progressively  deletes  f loxed  genes  in 
hepatocytes until complete deletion is achieved at 6 weeks of age 
(7, 39). Hepatic specificity was confirmed in our experiments by 
RT-PCR, as Irs2 mRNA was amplified normally in nonhepatic tis-
sues (data not shown) but was undetected in the liver of fIrs2::crAlb 
mice (called LKO mice throughout this report) at 6 weeks of age, 
or at 4, 6, or 11 months of age (Figure 1A). Moreover, Irs2 protein 
detected by specific immunoblotting was expressed at equal levels 
in WT and fIrs2 liver, but it was undetected in LKO liver (Figure 1B).  
Irs2 was always detected in muscle and adipose tissues of these 
mice (data not shown).

Irs1–/– mice lacking hepatic Irs2 (LKO::Irs1–/– mice) were gen-
erated by intercrossing of fIrs2::crAlb and fIrs2::Irs1+/– mice. LKO 
littermates were obtained at the expected frequency of 12.5%, 
whereas one LKO::Irs1–/– littermate was obtained routinely from 
5–6  litters of normal size  (2.7% yield). To have these drastic 
effects on fetal development, crAlb apparently deleted fIrs2 alleles 
in fetal Irs1–/– mice. Regardless, more than half of the viable 
LKO::Irs1–/– mice survived beyond 4 weeks and were used in our 
experiments. RT-PCR analysis and specific  immunoblotting 
confirmed the absence of Irs1 and Irs2 mRNA and protein in 
LKO::Irs1–/– liver (Figure 1, C and D). Irs1 mRNA and protein 
were expressed normally in LKO and fIrs2 liver but were unde-
tected in Irs1–/– liver (Figure 1, C and D). Hepatic Irs4 expres-
sion increases during liver regeneration, suggesting that it could 
compensate for systemic metabolic stress (40). Compared with 
that in control fIrs2 mice, Irs4 mRNA quantified by real-time  
RT-PCR was slightly reduced in Irs1–/– mice but was normal in 
LKO and LKO::Irs1–/– mice (Figure 1E).

Hepatic gene expression. Insulin regulates the expression of vari-
ous hepatic genes involved in nutrient homeostasis and growth 
control, and Irs2 is thought to play an important role (28, 31). 
To investigate the effect of Irs2 deletion on hepatic gene expres-
sion, we used Affymetrix Mouse Genome 430 2.0	GeneChips to 
compare mRNA levels in liver extracts from overnight-fasted WT 
mice versus fIrs2, LKO, Irs1–/–, or LKO::Irs1–/– mice. Two mice were 
used in each group, and ANOVA was performed across the groups 
of replicate samples, without multiple testing corrections, using 
GeneSpring 7.2. This analysis revealed 1,414 probe sets that were 
statistically different (P < 0.05) across at least 1 group-pair. Next, 
a 1-sample Student’s t test was used to determine whether the 
mean normalized expression for these probes was statistically dif-
ferent from the WT. Only 15 probe sets in the fIrs2 sample were 
significantly different from the WT, and only 1 increased (probe 
set 141949_at: defensin 1β) or decreased (probe set 1425521_at: 
polyadenylate binding protein–interacting protein 1)	more than 
2-fold  (Figure 2A). The similarity between WT and  fIrs2 was 
consistent  with  the  indistinguishable  metabolic  parameters 

Figure 1
Deletion of the liver Irs2 gene. (A) Irs1 and Irs2 mRNA from WT or LKO 
livers was analyzed by RT-PCR using gene-specific primers. (B) Irs1 
and Irs2 proteins in liver extracts (1 mg) from WT, fIrs2, and LKO mice 
were identified by immunoblotting with specific antibodies. (C) Identifica-
tion of Irs1 and Irs2 mRNA in the LKO::Irs1–/–, Irs1–/–, LKO, and fIrs2 liver 
extracts by RT-PCR. (D) Irs1 and Irs2 proteins in liver extracts (1 mg)  
from LKO::Irs1–/–, Irs1–/–, LKO, and fIrs2 mice were identified by immunob-
lotting with specific antibodies. (E) Irs4 mRNA in the livers of LKO::Irs1–/–,  
Irs1–/–, LKO, and fIrs2 mice was analyzed by real-time PCR. The mean 
± SEM of normalized data is plotted.
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reported previously (26). By contrast, 197 probe sets changed 
significantly in the Irs1–/– sample, 23 of them more than 2-fold 
(Figure 2C); 290 probe sets changed significantly in the LKO 
sample, 33 of them more than 2-fold (Figure 2D); and 970 probe 
sets changed significantly in the LKO::Irs1–/– sample, 335 of them 
more than 2-fold (Figure 2B). After correction for redundant 
probe sets, 254 genes changed significantly, more than 2-fold,  
in the LKO::Irs1–/– sample; 14 did so in the Irs1–/– sample; and 24 
did so in the LKO sample (Table 1).

The binding of nuclear FoxO1 transcription factor to the canon-
ical insulin response element (G/CAAAAT/CAA) is an important 
mechanism of gene regulation in the liver (41). However, only 36% 
of the probe sets that changed significantly in the LKO::Irs1–/–  

samples contain this element within the first 2,500 bp of the pro-
moter region (Table 1). Three genes in this group are known to 
be induced in hepatocytes by nuclear FoxO1: IGF-binding pro-
tein-1 (Igfbp1, 5-fold change compared with control), glucose-6-
phosphatase (G6pc, 2-fold change compared with control), and 
pyruvate dehydrogenase kinase 4 (Pdk4, 21-fold change compared 
with control) (42, 43). Other genes in this group are expected to 
regulate hepatic metabolism: Grb10 (5-fold change compared with 
control), serum- and glucocorticoid-inducible kinase (Sgk, 5-fold 
change compared with control), PPARγ coactivator 1 (Ppargc1, 8-fold  
change compared with control), the regulatory subunit of PI3K 
(Pik3r1, 0.2-fold change compared with control), and the leptin 
receptor (Lpr, 150-fold change compared with control) (Table 1). 

Figure 2
Analysis of liver gene expression on Affymetrix Mouse Genome 430 2.0 GeneChips. The mRNA was isolated from the livers of overnight-fasted 
WT, fIrs2, LKO, Irs1–/–, and LKO::Irs1–/– mice (2 mice per genotype). Each sample was labeled and analyzed on Affymetrix Mouse Genome 430 
2.0 GeneChips at the Harvard Medical School Biopolymers Facility. ANOVA without a multiple testing correction identified 1,414 probe sets that 
changed significantly (P < 0.05) across all of the groups, and a 1-sample Student’s t test was used to determine whether the mean normalized 
expression value for each of the 1,414 probes was statistically different from the WT control. (A–D) The P value for each probe set was plotted 
against its fold change (D) fIrs2, LKO::Irs1–/–, Irs1–/–, and LKO. Probe sets falling outside the gray zone (P < 0.05 and at least a 2-fold change) 
are listed in Table 1. (E) Real-time PCR was used to estimate the expression of several candidate genes known to play a role in hepatic glucose 
homeostasis — Pck1, Glut2, G6pc, Gck, and Ppargc1 — or lipid homeostasis — Pparg, Srebp1, Acc1, Fasn, carnitine palmitoyltransferase 1a 
(Cpt1a), and Hmgcs1. Data represent the average of replicate determinations from fasted mouse liver extracts normalized against 18S. Expression  
relative to the fIrs2 liver is presented by log 2 (fold change). *P < 0.05 (ANOVA).
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Table 1
Genes that changed significantly in liver

	 LKO::Irs1–/–	 	 	 LKO::Irs1–/–	 	 	 LKO::Irs1–/–	 	 	 Irs1–/–	 	 	 	 LKO

Gene	 D	 	 FoxO	 Gene	 D	 	 FoxO	 Gene	 D	 	 FoxO	 Gene	 D	 	 F o x O 	 Gene	 D	 	 F o x O
Abcc10 2.1 --- 1940 Fabp2 0.3 --- 1323 Mylip 2.1   Cyp2c40 2.1   Aqp4 0.4  
Abcc4 9.1   Fabp4 2.7 --- 585 Myom1 3.5   Egfr 3.5   Arntl 2.2  
Abcd2 3.7   Fabp5 0.3   Nagpa 0.3   Elovl6 2.4   Asns 2.8 --- 1924
Abcg2 0.4   Fgfr2 2.0   Ncl 2.5   Fabp5 2.1   Cdkn1a 2.8  
Acas2 0.5   Figf 2.6   Nfe2l2 2.3   Hsd3b4 3.9   Clpx 2.2 --- 663
Acsl1 0.5   Fmo2 3.7   Nola1 2.0 --- 2018 Keg1 3.4 --- 1553 Coxvib2 8.0  
Actg 3.2   Fmo3 120 --- 1008 Nope 3.6   Nudt7 2.3   Cte1 2.5 --- 2142
Adh7 2.3 --- 1427 Fos 3.0   Nox4 0.2 --- 1829 Paip1 0.4 --- 2202 Cyp2a4 0.3  
Adra2a 5.0   Fst 35 --- 157 Nr4a2 4.5   Pfkfb3 2.1   Dbp 0.3 --- 2136
Afp 7.6   Fus 2.2   Nrg4 2.9   Rgs16 2.6   Elovl3 2.4  
Agxt2l1 3.5 --- 1524 G6pc 2.1 --- 745 Nt5e 2.0   Serpina4 6.1   Gas5 2.3  
AI132709 27   Gadd45b 7.0   Ntf3 4.9   Slc25a30 2.2   Ifit1 0.5  
AI313915 0.3 --- 2500 Gadd45g 3.3   Nudt7 0.2   Socs2 2.9   Igfbp1 2.2  
AI414736 2.1   Gas5 2.6   Nupl1 3.9 --- 1231 Treh 0.4   Lepr 2.6 --- 937
AI450757 2.0 --- 2488 Ggcx 2.1   Olig1 4.4 --- 1112     Mthfr 2.9  
AI452195 2.8   Ghr 0.3   Ovgp1 3.0       Nt5e 2.8  
AI848705 0.5   Gig1 3.2   Pabpc4 2.3       Pigt 3.0  
Akr1b7 11 --- 2187 Gp49b 2.5 --- 907 Pde7a 2.9       Rn18s 5.9  
Aldo1 2.9   Gpi1 2.1   Pdk4 21 --- 1893     Spon2 2.1  
Ankrd27 2.0 --- 1846 Gpr64 3.9   Peg3 5.0       Thrsp 0.5  
Apcs 0.3 --- 1629 Gpx3 50   Pigq 2.1       Tob2 0.5  
Arhgap12 2.1   Grb10 4.7 --- 585 Pik4ca 2.2 --- 609     Tubb2 2.8  
Arl4 2.0 --- 1811 Gsta2 4.6   Pitpnm 2.1       Upp2 0.4 --- 2140
Arntl 2.6 --- 81 Gsta4 2.5   Plagl1 2.6       Usp2 0.5 --- 2321
Atad3a 2.3 --- 2019 Gucy2c 2.0 --- 1765 Postn 3.3 --- 1066    
Atp6v1b2 2.0   H19 3.4   Ppargc1a 8.1 --- 2280    
B2m 0.5 --- 1399 Hagh 0.4 --- 2077 Pprc1 2.2      
Bace1 2.2   Hao1 0.3   Prdx4 0.5      
Bax 2.3   Hba-a1 2.2 --- 1522 Prlr 0.4      
Bsf3 2.8 --- 1535 Hexb 3.1   Proz 0.3 --- 1704 	 	 	
Bucs1 0.4   Hmox1 2.4 --- 1422 Prp19 2.5   
C1qb 2.1 --- 1867 Hnrpdl 2.2   Prpf39 2.2   
C1qr1 3.0   Hod 0.3   Ptbp2 3.2 --- 2397 
C4bp 0.1 --- 1459 Hps4 2.0 --- 2371 Rab20 2.1   
C6 0.1 --- 819 Hsd17b12 0.4 --- 1476 Raet1a 0.4   
C8b 0.2   Hsd17b9 5.3   Rassf4 5.6   
Calr3 2.5 --- 1832 Hsd3b4 0.1   Rbpms 2.4 --- 2500 
Car3 0.2   Htatip2 3.1 --- 923 Rdh13 2.1 --- 2468 
Card10 2.0   Iap 4.2   Rgn 0.4 --- 420 
Cbr1 3.0 --- 837 Idh3a 2.4 --- 563 Rgs1 2.1 --- 2333 
Ccnf 0.4   Ifi1 0.4   Rgs16 12   
Cd14 2.1   Ifi47 0.5 --- 1818 Rhoc 2.6  
Cd1d1 0.4 --- 606 Ifit1 0.3   Rnf125 2.1 --- 2466
Cd36 7.2 --- 2500 Ifrd1 4.7 --- 2334 Rnu22 3.9  
Cd38 2.0   Igf1 0.2   Serpina10 0.5  
Cd44 2.2   Igf2bp3 5.8   Serpina12 0.2  
Cd9 4.0 --- 721 Igfals 0.3   Serpina3g 2.6  
Cdc42ep5 6.3 --- 1863 Igfbp1 5.0 --- 99 Serpina4 0.4  
Cdh1 3.1   Igk-V28 2.5   Serpinb1a 11  
Cdkn1a 2.1   Igtp 0.4   Serpinb6a 3.4  
Cerk 3.3   Il10rb 2.2   Set7 7.5 --- 501
Clasp2 2.1   Il1rap 0.4   Sfpq 2.3  
Cmah 0.4   Irf2bp2 2.6   Sgk 5.4 --- 1708
Col3a1 2.5   Isyna1 2.9   Slc16a2 0.5  
Cpt1b 2.1    Jun 3.6   Slc20a1 2.6  
CRG-L1 2.5   Keg1 0.3 --- 1553 Slc24a6 2.0      
Csda 2.4 ---  Klkb1 0.4 --- 1937 Slc25a4 9.9      
Ctgf 2.5 --- 451 Krt1-23 2.6   Slc4a9 20      
Ctla2b 3.2 --- 1502 Ktn1 2.3   Slc9a3r1 0.3 --- 1554    
Ctps2 2.8 --- 1875 Ldh2 12.1 --- 1017 Sparc 3.0      
Ctsl 3.7   Lepr 153 --- 937 Spata13 2.0      
Cugbp2 0.4 --- 1359 Lgals3 2.3   Sptlc2 2.1 --- 1195    
Cyp17a1 4.1   Lgals7 4.0   Srrm2 2.1      
Cyp2b13 2.6 --- 382 Lgmn 2.4 --- 392 St5 2.1      
Cyp2b19 49   Lifr 0.4   Steap2 3.8      
Cyp2d13 0.3   Lmyc1 2.3   Stk17b 2.5      
Cyp2f2 0.5 --- 712 Lpin2 2.1   Sulf2 2.1 --- 386    
Cyp39a1 3.9 --- 1758 Lpl 16   Sult1e1 23      
Cyp4a10 3.3   Lrrc16 0.4 --- 2158 Tardbp 2.3 --- 1871    
Cyp4v3 0.4 --- 1937 M6prbp1 2.2   Tbc1d8 4.6  292    
Dapk1 2.6 --- 2013 Mafb 0.4   Tfpi2 0.5      
Dbp 0.2 --- 2136 Map4k4 4.3 --- 2061 Tgfbr2 4.1      
Ddah1 3.0 --- 1861 Marco 6.1   Tk1 0.3 --- 603    
Ddit4 11   Mat2a 2.1   Tmem20 2.0      
Ddx21 2.8   Max 2.3   Tpr 2.3 --- 1506    
Defb1 11 --- 686 Mftc 2.0   Treh 0.5      
Drctnnb1a 2.2 --- 1859 Mgat2 2.1 --- 1530 Trpm4 3.2      
Dtr 2.3   Mif 2.5 --- 616 Tuba8 3.4 --- 1557    
Ear2 2.9   Mkrn1 2.5   Txnip 3.6 --- 1870    
Ednrb 3.0 --- 1061 Mpzl1 3.4   Ugp2 3.3      
Egr1 6.8   Mtch2 3.2 --- 312 Usp2 0.5 --- 2321    
Eif3s10 2.2   Mtpn 2.7   Vcam1 2.2 --- 587    
Ela1 0.5   Myadm 2.2   Wac 2.1 --- 1898    
Enc1 4.6 --- 2197 Mybph 4.5   Xlkd1 4.0      
Ets2 2.4

D, mRNA ratio of experimental group over WT. The distribution of the FoxO1 consensus binding sites was analyzed in the promoter region (between –10 
and –2,500 bp) defined in the Ensembl database build NCBI 32 (http://www.ensembl.org/index.html). 
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Although a complete analysis of these data is beyond the scope 
of this report, the results show how the systemic deletion of Irs1 
or the liver-specific deletion of Irs2 has relatively small effects on 
liver gene expression by comparison with the dramatic changes 
that develop in the fasted LKO::Irs1–/– mice.

Next we used RT-PCR to measure the expression of specific 
candidate genes known to regulate glucose and lipid metabo-
lism (Figure 2E). The expression of phosphoenolpyruvate car-
boxykinase 1 (Pck1), glucokinase (Gck), and Pparg increased 
significantly (approximately 2-fold) in LKO liver. In LKO::Irs1–/–  

Figure 3
Body growth, bone mineral density, and adiposity. (A) Growth curves were constructed by plotting of the mean ± SEM body weight of each group. 
*P < 0.05 for Irs1–/– versus LKO::Irs1–/–; **P < 0.001 for Irs1–/– versus LKO::Irs1–/–. (B) A representative picture of 4-week-old LKO, Irs1–/–, and 
LKO::Irs1–/– mice. (C) The average ± SEM bone density (g/cm2) determined by dual-energy x-ray absorptiometry scanning. (D) Tissue weight —  
liver, pancreas, and perigonadal fat pad — normalized to body weight. (E) Average ± SEM serum leptin levels for each group were determined 
in the random-fed mice using mouse leptin ELISA. (F) Igf1 mRNA levels were determined by real-time PCR in liver extracts from each group. (G) 
Serum Igf1 levels (average ± SEM, n = 6) in six 8-week-old male mice in each group were determined using a mouse Igf1 ELISA kit.

Figure 4
Glucose homeostasis. (A and B) Nonfasting (A) and fasting (B) blood glucose (average ± SEM) was measured in at least 8 male mice (6 weeks 
old) per group. (C) Glucose tolerance tests were performed at 5 weeks of age in male mice fasted for 16 hours (at least 8 mice per genotype). The 
average ± SEM blood glucose was plotted at the indicated time intervals after i.p. injection of 2 g d-glucose/kg body weight. *P < 0.05, LKO vs. 
control. (D) Fasting blood glucose levels (average ± SEM, n = 8) were measured in 16-week-old male mice in each group. (E and F) Blood glucose 
levels (average ± SEM, n = 8) were measured in fasted and nonfasted male mice of each group at 8 weeks of age. (G) Glucose tolerance tests 
were conducted on at least 6 male mice in each group (6 weeks old) after a 16-hour overnight fast. Blood glucose levels (average ± SEM) were 
determined at the indicated time points after i.p. injection of 2 g d-glucose/kg body weight. (H) Insulin tolerance tests were performed in nonfasted 
8-week-old male mice in each group. Blood glucose (average ± SEM, n = 6) was plotted against the time after the i.p. insulin injection.
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liver, G6pc, Pparg, and Ppargc1 increased significantly, Pck1 
increased 5 ± 2–fold (P = 0.07), and Gck became undetectable 
(Figure 2E). In Irs1–/– liver, gene expression was either unchanged 
or decreased (Glut2, Srebp1, Fasn, and 3-hydroxy-3-methylgluta-
ryl-CoA synthase 1 [Hmgcs1]) (Figure 2E). Only the increases 
for G6pc and Ppargc1 in LKO::Irs1–/– liver were confirmed on the 
GeneChips (Table 1).

Growth of LKO and LKO::Irs1–/– mice. Insulin and IGF signaling 
plays an important role in body and brain growth during develop-
ment and adult life (44). Previous reports show that Irs1 signaling 
promotes body growth (35, 37, 38). By contrast, Irs2–/– mice are 
born with a normal body size, but with a small brain, and gain 
adipose mass until β cell failure causes severe diabetes (38, 45). 
LKO mice had a normal brain and body size at birth and grew 
normally between 6 and 12 weeks of age (Figure 3A and data not 
shown). As expected, systemic Irs1–/– mice were consistently 50% 
smaller than controls, whereas viable LKO::Irs1–/– mice were 70% 
smaller than controls, reaching only 10 g by 12 weeks of age and 
never exceeding 15 g (Figure 3, A and B, and data not shown). 
Compared with the normal bone density observed in control and 
LKO mice, bone density was reduced 30% in the Irs1–/– mice, as pre-
viously shown (46), and further reduced in the LKO::Irs1–/– mice 
(Figure 3C). The liver and pancreas of LKO::Irs1–/– mice grew in 
proportion to the body size, whereas the perigonadal fat mass was 
disproportionately reduced by 83%, exceeding the 59% reduction 
in systemic Irs1–/– mice (Figure 3D). Leptin levels were normal in 
LKO and lean Irs1–/– mice, but leptin decreased 50% in the lipodys-
trophic LKO::Irs1–/– mice (Figure 3E).

Changes in hepatic gene expression were consistent with small 
and lipodystrophic LKO::Irs1–/– mice. RT-PCR revealed a signifi-
cant reduction in Igf1 mRNA levels that was confirmed on the 

GeneChips (Figure 3F and Table 1). The serum Igf1 level was also 
decreased by 64% in the LKO::Irs1–/– mice compared with control 
fIrs2 mice (Figure 3G). The GeneChips revealed additional expres-
sion that was consistent with growth retardation — the growth 
hormone receptor (Ghr, 0.33-fold change compared with con-
trol), the IGF-binding protein–acid labile subunit (Igfals, 0.33-
fold change compared with control), and IGF-binding protein-1 
(Igfbp1, 5-fold change compared with control) (Table 1). Strategies 
to normalize these hepatic genes could establish their contribu-
tion to the growth of LKO::Irs1–/– mice.

The effect of Irs2 on hepatic glucose homeostasis. Previous reports sug-
gest that Irs2 plays an important role in hepatic glucose homeo-
stasis (27, 28, 30, 32, 34). Regardless, at 6 weeks of age, blood 
glucose was normal in both fasting and fed LKO mice (Figure 4,  
A and B). However, mild glucose intolerance was detected by an i.p. 
glucose tolerance test at 5 weeks of age (Figure 4C). By 16 weeks 
the LKO mice developed mild fasting hyperglycemia (Figure 4D 
and data not shown). By contrast, LKO::Irs1–/– mice were severely 
hyperglycemic when the first measurements were conducted at 
2 weeks of age (blood glucose: LKO::Irs1–/–, 267 ± 20 mg/dl; fIrs2, 
144 ± 10 mg/dl). Hyperglycemia occurred in viable fasted and 
nonfasted LKO::Irs1–/– mice at 8 weeks of age and persisted until 
the experiments were terminated at 6 months (Figure 4, E and F). 
Glucose tolerance was severely impaired in 6-week-old LKO::Irs1–/–  
mice, in striking distinction to the LKO and Irs1–/– mice (Figure 4G).  
Intraperitoneal injections of insulin had no effects on hyper-
glycemia of the LKO::Irs1–/– mice, whereas they reduced blood 
glucose normally in the LKO mice and nearly normally in the 
Irs1–/– mice (Figure 4H). Thus, genetic deletion of Irs2 in the liver 
of Irs1–/– mice completely abolished insulin response and glucose 
tolerance in the LKO::Irs1–/– mice.

Figure 5
Islet growth and β cell size. (A) Representative 
pancreas sections from 9-week-old nonfasted 
male mice of each group were immunostained 
with antibodies against insulin (green) or gluca-
gon (red). Magnification, ×100. (B) Plasma insu-
lin levels (average ± SEM) were measured in 
8-week-old male mice (at least 8 per genotype) 
after a 16-hour overnight fast. Morphometric 
analysis was performed on 20 immunostained 
pancreatic sections from WT, LKO, Irs1–/–, and 
LKO::Irs1–/– mice. (C) The β cell area is the mean 
± SEM percentage of the total pancreatic area 
surveyed. (D) The β/α cell ratio represents the 
total β cell number divided by the α cell number 
in at least 5 pancreatic sections surveyed. (E) 
Islet size is expressed as the average ± SEM in 
square micrometers.
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In addition to the increased expression of Pck1 and G6pc and 
decreased  expression  of  Gck  that  promoted  gluconeogenesis  
(Figure 2E), the GeneChips revealed that expression of 3 other 
genes involved in glycolysis/gluconeogenesis increased signifi-
cantly in the fasted LKO::Irs1–/– liver:	aldolase (Aldo1, 3-fold change 
compared with control),  lactate dehydrogenase (Ldh2, 12-fold 
change compared with control), and pyruvate dehydrogenase 
kinase 4 (Pdk4, 21-fold change compared with control) (Table 1). 
Pdk4 inhibits the mitochondrial pyruvate dehydrogenase complex 
to preserve pyruvate for gluconeogenesis (47). The importance of 
Pdk4 for dysregulated gluconeogenesis awaits more direct experi-
ments with the LKO::Irs1–/– liver.

Insulin secretion and β cell morphology. Consistent with the severe 
insulin resistance that developed in the LKO::Irs1–/– mice, circulat-
ing insulin levels were elevated 10-fold compared with those in 
the control fIrs2 mice at 8 weeks of age (Figure 5B). By contrast, 
insulin levels were increased 2-fold in the Irs1–/– and LKO mice, 
revealing  compensation  for  the  less  severe  insulin  resistance  
(Figure 5B). Compensation for systemic insulin resistance ordinar-
ily includes expansion of pancreatic β cell mass (48). Compared 
with the controls, the β cell area in the LKO pancreas increased 
slightly, whereas  it  increased 3-fold  in 8-week-old  Irs1–/– mice  
(Figure  5C).  LKO::Irs1–/–  islet  area  also  increased  3-fold,  even 
though  these  mice  were  significantly  more  resistant  to  insu-
lin (Figure 5C). At 3 months of age, when the Irs1–/– islets had a 
normal appearance by immunostaining with antibodies against 

insulin, the LKO::Irs1–/– islets displayed a disordered morphol-
ogy with weak and inconsistent insulin staining and misplaced α 
cells (Figure 5A). Thus, compensatory islet hypertrophy did not 
progress in the LKO::Irs1–/– mice beyond that observed typically 
in the systemic Irs1–/– mice. In addition, the number of α cells 
increased significantly and the glucagon staining was strong in the  
LKO::Irs1–/– mice, suggesting that glucagon levels could be elevated 
in these mice to promote hyperglycemia (Figure 5, A and D).

The role of Irs2 in hepatic insulin signaling. To establish whether 
Irs1 and Irs2 are the central mediators of insulin signaling in 
hepatocytes, fasted mice were treated i.v. with regular human 
insulin before the liver was dissected 4 minutes later and frozen 
in liquid nitrogen. Portions of the liver were homogenized, and 
signaling events were assessed in specific immunoprecipitates 
by immunoblotting. As expected, insulin stimulated tyrosine 
phosphorylation of the insulin receptor β subunit in all of the 
extracts (Figure 6A). Tyrosine autophosphorylation occurred 
normally in Irs1–/– liver; however, compared with the controls, 
receptor autophosphorylation — normalized to β subunit pro-
tein levels — was stronger in LKO::Irs1–/– and strongest in LKO 
liver, suggesting that Irs2 might mediate an inhibitory feedback 
to the insulin receptor (Figure 6A).

Insulin increased tyrosine phosphorylation of Irs1 and Irs2 in 
fIrs2 liver extracts. Irs1 phosphorylation was not detected in the 
Irs1–/– liver, Irs2 phosphorylation was not detected in LKO liver, 
and neither phosphoprotein was detected in LKO::Irs1–/– liver 

Figure 6
Insulin signaling in liver, muscle, and white adipose tissue. Mice in each experimental group were fasted overnight and stimulated with insulin 
(Ins) by i.v. injection. Four minutes after injection, the liver, muscle, and perigonadal white adipose tissue were isolated and frozen immediately 
in liquid nitrogen. (A) Insulin receptor level and tyrosine phosphorylation in liver extracts. Each sample was immunoprecipitated with antibodies 
against the insulin receptor (αIR), Irs1, or Irs2. After SDS-PAGE, the samples were immunoblotted with αIR, or with antibodies against phospho-
tyrosine (αpY). (B) Erk1 and Erk2 and their phosphorylated forms (phospho-Thr202/Tyr204) were analyzed with specific antibodies in the liver 
lysates of each experimental group. (C) PI3K activity was assayed in vitro using the liver extracts from each group after immunoprecipitation with 
anti-phosphotyrosine antibodies. The data represent the percentage of PI3K activity normalized against that measured for the fIrs2 mice. PIP3, 
32P-labeled phosphatidylinositol-3,4,5-triphosphate. (D) The phosphorylation of Akt, FoxO1, and Prkaa1 was determined in the liver lysates of 
each experimental group. After SDS-PAGE, the samples were immunoblotted with phosphospecific antibodies against Akt (αpAkt, phospho-
Ser473), FoxO1 (αpFoxO1, phospho-Ser256), or Prkaa1 (αpPrkaa1, phospho-Thr172). The expressions of Akt and Prkaa1 were also determined 
in the liver extracts by immunoblotting with specific antibodies. (E and F) Phosphorylation of Akt and Erk1/2 was analyzed by immunoblotting as 
described for liver using tissue lysates from epididymal fat or hind-limb skeletal muscle of LKO::Irs1–/–, Irs1–/–, LKO, and control fIrs2 mice.
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(Figure 6A). Similar to previous results in systemic Irs2–/– mice 
(23), basal Irs1 tyrosine phosphorylation was increased in the 
LKO mice, whereas basal Irs2 phosphorylation was not elevated 
in the Irs1–/– mice (Figure 6A).

The effect of insulin on the MAPK cascade in untreated and 
insulin-treated liver extracts was examined with phosphospe-
cific antibodies against Erk1 and Erk2. Erk1 and Erk2 protein 
levels were identical in the liver extracts of all the mice examined  
(Figure 6B). Insulin stimulated the phosphorylation of Erk2 
more strongly than that of Erk1 in control liver and in Irs1–/–  
liver. Erk1 phosphorylation was undetected  in  the LKO  and 
LKO::Irs1–/– liver, whereas insulin weakly stimulated Erk2 phos-
phorylation (Figure 6B). Additional work is required to establish 
whether Gab1, Shc, or Irs4 mediates Erk2 phosphorylation in 
the LKO::Irs1–/– liver (49–51).

Irs1 and Irs2 play an important role in the activation of the 
hepatic PI3K—Akt cascade, which controls glucose homeostasis 
through direct effects on FoxO1 phosphorylation (12, 13). As 
expected, insulin stimulated PI3K in the control fIrs2 liver; how-
ever, this effect was reduced by 25% in the Irs1–/– and LKO liver 
extracts, and by 70% in LKO::Irs1–/– liver (Figure 6C). Whether the 
insulin receptor directly activates PI3K in LKO::Irs1–/– liver — or 
whether Irs4 or other scaffold proteins are involved — remains 
to be established (40, 52).

Phospholipids  produced  by  PI3K  during  insulin  stimula-
tion promote the phosphorylation of Akt and FoxO1 (53). As 
expected, insulin strongly stimulated the phosphorylation of Akt 
(Ser473) and FoxO1 (Ser256) in the control fIrs2 liver. Akt and 
FoxO1 phosphorylation was reduced in Irs1–/– and LKO liver and 
was undetected in LKO::Irs1–/– liver (Figure 6D). The complete 
reduction of the Akt—FoxO1 cascade was most likely related to 
a signaling defect rather than depletion of hepatic ATP levels, as 
the phosphorylation of AMP-activated protein kinase, catalytic 
subunit α1 (Prkaa1; Thr172),	was normal in the Irs1–/– and LKO 
liver extracts and reduced 15% in the LKO::Irs1–/– liver (Figure 6D) 
(54). The loss of FoxO1 phosphorylation in the LKO::Irs1–/– liver 
can explain the increased expression of several hepatic genes that 
promote hepatic glucose production, including G6pc, Pck1, Pdk4, 
and Ppargc1 (Figure 2E	and Table 1).

Finally, we measured insulin-stimulated phosphorylation of Akt 
and Erk1/2 in adipose tissue and skeletal muscle of control (fIrs2), 
Irs1–/–, LKO, and LKO::Irs1–/– mice. Akt was stimulated strongly 
after the insulin injection in epididymal fat and in muscle from 
each group, including the LKO::Irs1–/– mice (Figure 6, E and F). 
Erk phosphorylation was unchanged in adipose tissues but barely 
increased above the basal by insulin (Figure 6E). By contrast, insu-
lin strongly stimulated Erk1 and Erk2 phosphorylation in fIrs2 
and Irs1–/– muscle, whereas Erk1/2 phosphorylation was reduced 

Figure 7
Glycogen synthesis in the LKO::Irs1–/– liver. Liver extracts were prepared from 6 nonfasted mice in each experimental group at 6 weeks of age. (A) 
Liver sections from all the mice were stained with PAS reagent, and representative sections are shown. Magnification, ×200. (B) Liver glycogen 
contents (average ± SEM, n = 6 mice per group) were measured in the liver lysates. (C) G6P contents (average ± SEM, n = 6) were determined in 
the liver extracts. (D) Liver glycogen synthase (GS) activity is reported as the average ± SEM of the ratio of the enzymatic activity in the absence of 
G6P over that in the presence of G6P. (E and F) Liver extracts described in Figure 6 were used to measure the expression and phosphorylation of 
Gsk3α (Ser21) and Gsk3β (Ser9). The intensity of each relevant band was determined using ImageQuant to analyze the scanned autograph. The 
ratio of phosphorylated to total protein was plotted. One of 2 individual experiments is shown. Sgk was also identified by immunoblotting (F).
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in LKO and LKO::Irs1–/– muscle (Figure 6F). Regardless of these par-
tial changes, insulin signaling in muscle and fat was never com-
pletely lost in the LKO::Irs1–/– mice, suggesting that these periph-
eral tissues continue to respond to insulin.

The regulation of glycogen synthesis. Liver sections stained with 
periodate suggested that hepatic glycogen content was nearly 
unchanged in the 4 experimental groups of mice — normal in 
Irs1–/– liver, but reduced 12% in LKO liver and 17% in LKO::Irs1–/–  
liver (Figure 7, A and B). The presence of glycogen in the LKO::Irs1–/–  
liver was unexpected owing to the absence of insulin-stimulat-
ed Akt signaling and the extreme hyperglycemia of this mouse. 
Reduced  hepatic  glucose-6-phosphate  (G6P)  might  contrib-
ute to reduced glycogen content, as glycogen synthase activity 
is stimulated allosterically by G6P (55). However, the hepatic 
G6P level correlated poorly with glycogen content, as G6P was 
decreased about 27% in the liver of Irs1–/– or LKO mice, and 60% in  
LKO::Irs1–/–  liver  (Figure  7C).  By  comparison,  glycogen  syn-
thase activity was reduced 24% and 34% in the liver of LKO and  
LKO::Irs1–/– mice, respectively, which correlated more closely to 
the hepatic glycogen levels (Figure 7D).

During insulin stimulation, glycogen synthase is activated by 
dephosphorylation, which is mediated at least in part when gly-
cogen synthase kinase 3β (Gsk3β)	is inhibited by Akt-mediated 
phosphorylation (56). Since Akt was not activated in LKO::Irs1–/– 
mice, we were surprised that glycogen levels were nearly normal. 
Consistent with the level of Akt phosphorylation, insulin-stimu-
lated phosphorylation of Gsk3βSer9 was normal in Irs1–/– and LKO 
mice (Figure 7F). Moreover, insulin-stimulated phosphorylation 
of Gsk3αSer21, a closely related kinase, was also detected in these 
mice (Figure 7E). However, Gsk3αSer21 phosphorylation correlated 
with Akt phosphorylation and was barely detected in LKO::Irs1–/–  

liver (Figure 7E). By contrast, basal and insulin-stimu-
lated  phosphorylation  of  Gsk3βSer9  was  comparable 
to that in control fIrs2 liver, although the protein levels 
were decreased (Figure 7, E and F). Thus, a normal level 
of phosphorylation of Gsk3βSer9 could promote glycogen 
synthase activity needed to preserve the hepatic glycogen 
levels in LKO::Irs1–/– mice.

GeneChip  analysis  revealed  some  explanations  for 
the storage of glycogen in LKO::Irs1–/–  liver. One pos-
sibility  was  the  increased  expression  of  Sgk  (5.4-fold 
change compared with control), an Akt homolog, in the  
LKO::Irs1–/– liver (Table 1). Immunoblotting confirmed 
that Sgk protein was increased and migrated as a doublet 
during SDS-PAGE (Figure 7F). The upper band, believed 
to be the hyperphosphorylated form, can phosphorylate 
and  inactivate  Gsk3β  to  promote  glycogen  synthesis 
(57). Another possibility was the increased expression of 
UDP-glucose pyrophosphorylase (Ugp2, 3.3-fold change 
compared with control), one of the key enzymes in glyco-
gen synthesis (Table 1).

Lipid metabolism.  Type  2  diabetes  is  associated  with 
hepatic steatosis owing to decreased fatty acid oxidation 
and increased lipogenesis (7, 32). Histological sections 
obtained at 4 months of age revealed increased triglyc-
eride in the liver of LKO mice, but normal levels in the  
LKO::Irs1–/– liver (Figure 8A). Biochemical analysis con-
firmed that triglycerides were normal in the Irs1–/– liver, 
elevated slightly in the LKO  liver, but decreased in the 
LKO::Irs1–/– liver (Figure 8B). By comparison with the con-

trol, circulating FFA levels were normal in LKO mice, but reduced 
50% in Irs1–/– and LKO::Irs1–/– mice (Figure 8C). Apparently the 
Irs1 branch of the insulin signaling system controls systemic cir-
culating FFA levels. Serum triglyceride levels decreased signifi-
cantly in all the experimental groups, the largest decrease occur-
ring in Irs1–/– and LKO::Irs1–/– mice (Figure 8D).

Discussion
Our results show that hepatic Irs2 is required for efficient insulin 
action in the liver, as its deletion from WT mice (LKO mice) causes 
mild hyperinsulinemia and glucose intolerance that is detected by 
a glucose tolerance test by 5–6 weeks of age. Since LKO mice retain 
Irs2 expression in β cells and the hypothalamus, central nutrient 
homeostasis and β cell function remain intact to provide the need-
ed compensation under ordinary conditions. This result stands in 
striking contrast to the deletion of Irs2 from β cells — and partially 
from the brain (hypothalamus) — which causes obesity and severe 
diabetes between 6 and 8 weeks of age; however, glucose homeo-
stasis is gradually normalized as functional β cells with intact Irs2 
alleles regenerate in the pancreas between 4 and 10 months of age 
(24, 26). By contrast, LKO::Irs1–/– mice develop severe hyperglyce-
mia immediately after birth that persists for at least 6 months, 
when all our experiments were terminated. Moreover, LKO::Irs1–/– 
mice are unresponsive to compensatory hyperinsulinemia or exog-
enous insulin injections. Thus, Irs1 or Irs2 can mediate sufficient 
hepatic insulin action to maintain systemic glucose tolerance — at 
least while β cell function can compensate for insulin resistance. 
Recent reports reveal some effect of neuronal inputs on hepatic 
glucose production, even when insulin receptors are ablated (4, 
9). Regardless, without signals from Irs1 and Irs2, hepatic glucose 
production is largely uncontrolled.

Figure 8
Lipid metabolism in the LKO::Irs1–/– mice. (A) Liver morphology was ana-
lyzed by H&E staining in the liver sections from the experimental groups (total 
magnification, ×100). (B) Liver triglyceride (TG) contents were determined in 
liver extracts and presented as the average ± SEM of 5 overnight-fasted mice  
(8 weeks old) per genotype. (C and D) Serum FFAs (C) and triglycerides (D) 
were measured in overnight-fasted 8-week-old mice.
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Irs proteins coordinate various signals that regulate cell growth, 
survival, and metabolism, including activation of the PI3K—Akt 
and the ras—Erk cascades (11). The PI3K—Akt cascade is one of 
the best-studied pathways  in hepatocytes  (12, 58–60). One of 
the consequences of Akt stimulation is the phosphorylation and 
nuclear exclusion of FoxO1. FoxO1, a member of the O class of 
forkhead/winged helix transcription factor family, promotes the 
expression of genes that contain a canonical insulin response ele-
ment [(G/C)AAAA(T/C)AA] in their promoters. In hepatocytes 
the best-characterized examples include Pck1 and G6pc, which 
strongly promote gluconeogenesis. However,  their expression 
is  suppressed  when  FoxO1  is  excluded  from  the  nucleus  by 
Akt-mediated phosphorylation (12). Signaling experiments in 
liver extracts from control or insulin-stimulated LKO, Irs1–/–, or  
LKO::Irs1–/– mice show that either Irs1 or Irs2 can promote suffi-
cient FoxO1 phosphorylation to suppress the expression of these 
genes, at least during compensatory hyperinsulinemia. However, 
Akt and FoxO1 phosphorylation is undetectable in LKO::Irs1–/– 
liver, and enzymes promoting hepatic glucose production are dys-
regulated even during hyperinsulinemia.

All insulin signals are not completely lost in the LKO::Irs1–/– liver. 
The β subunit of the insulin receptor is rapidly phosphorylated 
after insulin injection; PI3K is activated to about 30% of WT lev-
els; and some Erk2 phosphorylation occurs. Moreover, Gsk3βSer9 
is hyperphosphorylated during starvation, and the stimulation 
by insulin is detectable. Understanding how these signaling cas-
cades are regulated without activating Akt through Irs1 or Irs2 
will require additional work focusing on the role of Gab1, Shc, 
or Irs4, or the direct association of PI3K with the phosphorylated 
insulin receptor β subunit (40, 52).

Previous studies suggest  that PI3K-dependent activation of 
Akt  involves phosphorylation of Thr308 by 3-phosphoinosit-
ide–dependent protein kinase 1 (Pdk1) and of Ser473 by a second 
kinase, possibly the mTOR:Rictor:GβL complex (61–63). Dele-
tion of hepatic Pdk1 prevents insulin-stimulated Akt (Thr308) 
phosphorylation and Gsk3β (Ser9) phosphorylation; however, 
basal Ser473 phosphorylation increases in the Pdk1–/– liver (64). 
Unexpectedly, liver-specific Pdk1–/– mice display normal serum glu-
cose and insulin levels under ordinary experimental conditions, 
whereas liver glycogen is depleted (64). These results contrast with 
those in the LKO::Irs1–/– mice, which	are hyperglycemic with nearly 
normal hepatic glycogen levels. Akt (Ser473) phosphorylation is 
completely lost in the LKO::Irs1–/– liver, suggesting that the phos-
phorylation of the hydrophobic motif in Akt might be essential to 
control hepatic gluconeogenesis (64).

Insulin-stimulated phosphorylation of Gsk3 is an important 
step in the stimulation of glycogen synthase. Gsk3 is generally 
thought to be a direct Akt substrate, and, as expected, Gsk3α and 
Gsk3β phosphorylation is strongly decreased in Pdk1–/– liver (64). 
Consistent with the reduced activation of Akt, Gsk3β phosphory-
lation decreases in LKO and Irs1–/– liver and is barely detected in 
LKO::Irs1–/– liver. By contrast, Gsk3α phosphorylation is normal 
in LKO, Irs1–/–, and LKO::Irs1–/– liver, suggesting that signals inde-
pendent of the Pdk1—Akt pathway might be involved. The 6-fold 
induction in LKO::Irs1–/– liver of Sgk, an Akt homolog that can 
phosphorylate Gsk3β, might promote glycogen synthase activity 
in hepatocytes even when G6P is low (65).

Conservative estimates reveal well over 200 genes that change 
significantly, more than 2-fold,	in the fasted LKO::Irs1–/– liver. 
By comparison, 10-fold fewer changes occur in the fasted LKO 

or Irs1–/– liver extracts, which is consistent with mild glucose 
intolerance observed in these mice. At least some of these genes 
contain an insulin response element [(G/C)AAAA(T/C)AA] that 
could bind nuclear FoxO1 transcription factors — especially 
G6pc, Igfbp1, Pdk4, and Ppargc1 (41, 66, 67). However, the regula-
tion of gene expression in the LKO::Irs1–/– mice is likely to reflect 
the interaction of many factors, some of which are regulated 
by hyperglycemia or other metabolic sequelae. The activity of 
Gsk3α or Gsk3β can also play a role in the regulation of hepatic 
gene expression, in some cases influencing genes expected to 
be controlled by FoxO1 (67). Thus the differential regulation 
of Gsk3α and Gsk3β can complicate the interpretation of gene 
expression in the LKO::Irs1–/– mice (67). Regardless, future exper-
iments with LKO::Irs1–/– mice together with the hepatic-specific 
deletion of Irs1 and Irs2 can provide a model to uncover new 
mechanisms of  insulin-regulated gene expression. Although 
beyond the scope of this report, detailed informatics informed 
by pathway interactions might reveal the importance of other 
significant changes that do not exceed 2-fold.

Viable  LKO::Irs1–/–  mice  are  40%  smaller  than  Irs1–/–  mice, 
reaching only 25–30% of the size of control fIrs2 or WT mice.	
Moreover, the systemic growth retardation is accompanied by 
severe lipoatrophy, particularly in perigonadal fat depots. This 
phenotype might be caused by the intrinsic growth retardation 
of systemic Irs1–/– deficiency exacerbated by reduced Igf1 signal-
ing. Although overall body growth is not reduced upon deletion 
of the hepatic Igf1 gene, hepatic Igf1 knockout reduces systemic 
fat production (68). Moreover, the reduced growth of the Irs1–/–  
mice is likely to be exacerbated in the LKO::Irs1–/– mice by the 
elevated expression of Igfbp1 (5-fold change compared with con-
trol), and the reduced expression of Igfals and Ghr (both reduced 
3-fold compared with control) (Table 1).

Changes in hepatic gene expression strongly favor hepatic glu-
cose production in the LKO::Irs1–/– mice, including increased G6pc 
and Pck1, and decreased Gck. Deletion of the hepatic insulin 
receptor also induces these gene expression changes, but fasting 
glucose levels are barely elevated at 2 months of age and reduced 
by 6 months. Thus other gene expression changes are likely to 
contribute to the extreme fasting hyperglycemia of LKO::Irs1–/– 
mice. The transcription coactivator Ppargc1 is strongly increased 
in LKO::Irs1–/– liver; this can promote gluconeogenesis and fatty 
acid oxidation through the association of Ppargc1 with the nucle-
ar hormone receptors HNF4 and PPARα, respectively (69).	The 
21-fold increase of Pdk4, a direct target of nuclear FoxO1, is espe-
cially conspicuous. Pdk4 phosphorylates the E2 subunit of the 
pyruvate dehydrogenase complex, inhibiting pyruvate oxidation 
and diverting 3 carbon precursors (pyruvate, lactate, etc.) away 
from fatty acid synthesis and toward glucose production. These 
results suggest that a signal from Irs1 or Irs2, however minimal, 
is essential to maintain the flux of carbon from glucose or its 
metabolites toward fatty acids. During ordinary type 2 diabe-
tes, the oxidation of pyruvate is never completely blocked so the 
liver can accumulate FFAs and triglycerides. Moreover, hepatic 
steatosis accompanies hyperglycemia, because compensatory 
hyperinsulinemia inhibits fatty acid oxidation more readily than 
it inhibits gluconeogenesis (1, 2).

Pparg is considered to be a master regulator of adipocyte dif-
ferentiation and is elevated in the livers of animals that develop 
fatty livers (70). Consistent with this conclusion, Pparg increases 
2-fold in LKO liver, which parallels the mild hepatic steatosis.  
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However,  Pparg  increases  10-fold  in  LKO::Irs1–/–  liver,  so  its 
expression alone cannot predict  the hepatic  steatosis. Pparg 
induces the expression of several lipogenic genes in hepatocytes, 
including adipose differentiation–related protein (Adrp), adipo-
cyte fatty acid–binding protein 4 (Fabp4), sterol regulatory ele-
ment–binding protein-1 (Srebp1), fatty acid synthase (Fasn), and 
acetyl-CoA carboxylase (Acc1) (70). Two of these genes, Srebp1	
and Fasn, decreased significantly, 2-fold, in the Irs1–/– liver but 
were not changed in the LKO or LKO::Irs1–/– liver (Figure 2E); a  
3-fold increase of Acc1 in LKO::Irs1–/– liver was not significant 
(P = 0.11). Thus, hepatic gene expression is difficult to predict 
upon deletion of Irs1 and Irs2.

GeneChip  analysis  reveals  many  significant  changes  that 
might contribute to reduced circulating triglycerides and FFAs 
in  the  LKO::Irs1–/–  mice.  CD36/FAT,  which  can  be  induced 
by Pparg, was  increased 7-fold  in  LKO::Irs1–/–  liver  (Table 1).  
CD36/FAT is a cell surface receptor responsible for the uptake of 
oxidized LDL (in macrophages) and FFAs (in muscle) (71). In the  
LKO::Irs1–/– liver, CD36 might facilitate oxidation of circulat-
ing  lipids. Lipoprotein  lipase  (Lpl),	a key enzyme ordinarily 
expressed in adipose tissues and muscle, but not in the liver, 
was increased 16-fold in LKO::Irs1–/– liver (Table 1). Lpl promotes 
clearance of triglyceride-associated	fatty acids from the circula-
tion. Thus, triglyceride uptake into the LKO::Irs1–/– liver can be 
significantly increased, explaining in part the reduced circulating 
triglycerides. Together, the gene expression changes in LKO::Irs1–/–  
liver are consistent with increased production of glucose and 
clearance of triglyceride.

Unlike the LKO::Irs1–/– mice, LIRKO mice are glucose intolerant 
but not diabetic and develop mild hepatic steatosis (7). Since Irs1 
and Irs2 are expressed in the livers of LIRKO mice, at least a basal 
signal should be produced to suppress some FoxO1-mediated 
gene expression and avoid the dramatic gene expression changes 
that completely dysregulate hepatic metabolism. Clearly, Irs1 
and Irs2 signaling is very sensitive in the liver, as partial knock 
down of Irs1 and Irs2 by short hairpin RNA adenovirus (Irs1 by 
80% and Irs2 by 70%)	produces a measurable but relatively mild 
phenotype (32). The dominant effect of Irs1 and Irs2 signaling 
might explain why acute knock down of the insulin receptor	in 
liver by antisense oligodeoxynucleotide does not dysregulate glu-
cose production (6). The ability of Irs1 and Irs2 to mediate sig-
nals without the usual activation by insulin-stimulated tyrosine 
phosphorylation can explain why liver insulin receptor knockout 
or knock down from hepatocytes displays milder glucose intoler-
ance with hepatic steatosis.

A direct comparison between LKO::Irs1–/– and LIRKO mice is 
probably premature, because LKO::Irs1–/– mice have a systemic Irs1 
deletion that causes systemic insulin resistance. However, severe 
hyperglycemia that develops in systemic insulin receptor knock-
out mice is normalized upon transgenic expression of the insulin 
receptor in liver, β cells, and brain (6, 7, 9). Thus, insulin signaling 
in muscle and fat does not appear to contribute significantly to the 
regulation of hepatic glucose production. Since insulin signaling 
to Akt and Erk1/2 is at least partially retained in the muscle and 
adipose tissue of LKO::Irs1–/– mice, we conclude provisionally that 
the absence of hepatic Irs1 and Irs2 contributes significantly to 
the dysregulated glucose metabolism. However, liver-specific Irs1 
and Irs2 double knockout will need to be investigated to determine 
directly whether dysregulated hepatic signaling is the major cause 
of diabetes in the LKO::Irs1–/– mice.

LKO::Irs1–/– mice develop more severe insulin resistance than Irs1–/–  
mice; however, pancreatic islet compensation — increased β cell 
area, islet size, and density — is approximately equal. In other back-
grounds of persistent insulin resistance, such as the ob/ob mouse, 
islet expansion progresses unabated. What restrains the expansion 
of β cell mass in the LKO::Irs1–/– mice to the level obtained in the 
Irs1–/– mice needs to be investigated. The deterioration of β cells in 
the LKO::Irs1–/– mice could be caused by defects in the communica-
tion between liver and pancreatic β cells (72).

In summary, without Irs2 in the hepatocytes, Irs1 signaling 
mediates a sufficient insulin response to maintain nearly normal 
hepatic glucose homeostasis in LKO mice, at least while the β cells 
can produce sufficient insulin to compensate for the reduced 
signaling, and the muscle and fat can still respond to insulin. 
By contrast,  functional redundancy between Irs2 and Irs1  in 
hepatocytes is not observed in either pancreatic β cells or certain 
hypothalamic nuclei (26). Unlike liver, Irs2 has a predominant 
role in β cell proliferation and hypothalamic nutrient sensing, 
as its deficiency in these tissues causes obesity that progresses to 
diabetes owing to β cell failure (24–26). Additional work might 
reveal a unique role for hepatic Irs2 during physiological stress 
and obesity, since Irs2 is regulated by nutrient status through sev-
eral key transcription factors — FoxO1, SREBPs, and CREB (28, 
31). Particularly during the fasting state, the increased expres-
sion of Irs2 is expected to generate, without the need for elevated 
circulating insulin, basal signals that counterregulate the activity 
of glucagon.	Moreover, elevated hepatic Irs2 can prime the liver 
to respond rapidly to secreted insulin immediately upon feeding, 
which can maximize the effect of first-phase insulin secretion 
and reduce the need for prolonged insulin secretion. However, 
when nutrients are abundant, Irs2 can be inhibited or degraded, 
and its expression can be suppressed by nuclear SREBPs. Under 
such conditions, triglyceride synthesis can be sustained by hyper-
insulinemia through Irs1 signaling (2).	Understanding the bal-
ance between Irs1 signaling and Irs2 signaling and their integra-
tion with neuronal signals will provide a platform to understand 
metabolic disease and its progression to diabetes.

Methods
Animal production and genotyping. The creation of floxed Irs2 (fIrs2) mice has 
been previously described (26). Albumin-cre (crAlb) mice were purchased 
from the Jackson Laboratory. To generate liver-specific Irs2 knockout mice, 
fIrs2 mice were crossed with crAlb mice, and then the generated fIrs2+/–:crAlb 
mice were crossed with fIrs2+/– mice. To create double-knockout (LKO::Irs1–/–)  
mice, previously generated Irs1 heterozygous (Irs1+/–) mice (38) were crossed 
with mice carrying either fIrs2+/–:crAlb or fIrs2+/+. After another round of 
intercrosses, LKO::Irs1–/– mice were generated from the crosses of fIrs2+/+:
crAlb:Irs1+/– and fIrs2+/+:Irs1+/– mice. All the mouse lines were maintained on 
a mixed background derived from C57BL/6J and 129/Sv. The genotyping 
was performed as previously described (26, 38). All animal procedures were 
approved by the Institutional Animal Care and Use Committee of Harvard 
School of Public Health (Boston, Massachusetts, USA).

Metabolic analyses. Glucose levels were measured on random-fed (ad 
libitum) or overnight-fasted mice using a glucometer (Elite XL; Bayer). 
Serum insulin levels were measured using rat insulin ELISA (Crystal 
Chem Inc.). Leptin levels were analyzed in the random-fed serum by 
ELISA (Crystal Chem Inc.). Serum IGF-I levels were analyzed using a 
Mouse  IGF-I  EIA  kit  according  to  the  manufacturer’s  instructions 
(Diagnostic Systems Laboratories Inc.). Plasma FFAs and triglycerides 
were measured in the serum from overnight-fasted mice using the NEFA 
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and L-Type triglyceride kits from Wako Diagnostics. Glucose tolerance 
tests were performed on overnight-fasted mice. Animals were injected 
i.p. with d-glucose (2 g/kg), and blood glucose levels were measured at 
indicated time points. For insulin tolerance tests, mice were fed ad libi-
tum, and diluted insulin (regular human insulin from Eli Lilly and Co.; 
1 U/kg) was injected i.p. Blood glucose concentrations were measured at 
0, 15, 30, and 60 minutes after insulin injection.

Islet morphology, immunohistochemistry, and morphometry. Pancreata were 
fixed for 16 hours in 4% paraformaldehyde at 4°C and then embedded 
in paraffin as described previously (73). For general islet histology, par-
affin sections (5 µm) were stained by standard H&E staining procedure 
(Rodent Histopathology Core Facility, Harvard Medical School). To stain 
pancreatic sections for insulin and glucagons, the sections were depa-
raffinized, rehydrated, and permeabilized with 1% Triton X-100. Then 
the sections were incubated with guinea pig anti-insulin and rabbit anti-
glucagon antibodies (Zymed Laboratories Inc.) overnight. After 3 washes 
with PBS buffer, the sections were incubated with FITC-conjugated goat 
anti–guinea pig and rhodamine-labeled donkey anti-rabbit secondary 
antibodies (Jackson ImmunoResearch Laboratories Inc.) for 1 hour. The 
images were captured using a Zeiss Axiovert S100 TV microscope and 
processed with Openlab image analysis software (Improvision). Islet 
morphometric analysis was performed as previously described using the 
Openlab density slice software (74).

Body weight, tissue weight, and bone mineral density. Mice were fasted over-
night before they were weighed. To measure the weights of liver, pan-
creas, and perigonadal fat pads, animals were anesthetized with Avertin 
(0.02 ml/g body weight) by i.p. injection, and then the organ/tissue was 
dissected and immediately weighed. For comparison, the tissue weight 
was normalized to body weight. Bone mineral density was determined 
using dual-energy x-ray absorptiometry (Lunar PIXImus II mouse den-
sitometer; GE LUNAR Corp.)	as described by the manufacturer. The 
machine was calibrated daily using a phantom supplied by the manu-
facturer. Mice were anesthetized using Avertin (0.02 ml/g body weight) 
by i.p. injection before they were scanned.

Liver histology and apoptosis detection. To study the liver histology, mice were 
anesthetized with Avertin (0.02 ml/g body weight), and liver was dissected 
and fixed in the buffered neutral formalin (10%). The fixed tissue blocks 
were embedded in paraffin. The paraffin sections (5 µm) were stained by 
standard H&E staining procedure. The apoptosis assays were carried out 
on the deparaffinized liver sections using ApopTag Plus Peroxidase In Situ 
Apoptosis Detection Kit (Chemicon International). The stained sections 
were viewed and recorded using a Zeiss Axiovert S100 TV microscope and 
Openlab image analysis software (version 3.5).

Liver glycogen and triglyceride content analysis. The procedure of glycogen 
content assay was described previously (75). Briefly, approximately 50 mg  
of liver samples (in triplicates) was weighed and boiled in 400 µl of 2N 
HCl for 2 hours. Then 400 µl of 2N NaOH and 22 µl of 1 M Tris-HCl 
(pH 7.4) were added to neutralize the acid. The glucosyl units from the 
above glycogen breakdown were measured using Amplex Red Glucose 
Assay Kit (Invitrogen Corp.). The liver triglyceride assay was performed 
as previously described (76). Briefly, approximately 100 mg of liver tissue 
was weighed and digested with 350 µl of ethanolic KOH at 55°C over-
night. Then the digest was extracted with 50% ethanol twice. The lysate 
was finally mixed with an equal volume of 1 M MgCl2 and incubated on 
ice for 10 minutes. After the precipitate was removed by centrifugation, 
the supernatant was used for triglyceride assay using the L-Type triglyc-
eride kit from Wako Diagnostics.

Assays for glycogen synthase activity and G6P content. Liver tissue from random-
fed mice was homogenized in buffer consisting of 50 mM Tris, 5 mM EDTA, 
and 100 mM NaF. The homogenate was used for the glycogen synthase assay 

as previously described (77). The glycogen synthase activity was represented 
by the ratio of [14C-UDP-glucose] incorporation in the absence of G6P to 
that in the presence of G6P. For G6P assay, frozen liver tissue was ground 
in a porcelain mortar and deproteinized with perchloric acid. The cleared 
supernatant was assayed according to the method of Lang and Michal (78).

Immunoprecipitation, immunoblotting analyses, and PI3K assay. Mice were 
fasted overnight before they were anesthetized with Avertin (0.02 ml/g 
body weight) by i.p. injection. For insulin stimulation, human insulin (5 U)  
was injected through the inferior vena cava. Liver, epididymal fat, and 
hind-limb muscle were dissected and immediately frozen in liquid nitro-
gen after 4, 4.5, and 5 minutes of insulin stimulation, respectively. To 
prepare tissue lysates, frozen tissue was homogenized in buffer A (25 mM 
Tris-HCl, pH 7.4, 50 mM sodium pyrophosphate, 100 mM sodium fluo-
ride, 10 mM EDTA, 1% NP-40, 1 mM PMSF, 1 mM sodium orthovanadate,  
10 µg/ml aprotinin, and 10 µg/ml leupeptin). For immunoprecipitation 
of Irs1, Irs2, and the insulin receptor, 1 mg of liver extracts were incubated 
with rabbit polyclonal antibodies against Irs1, Irs2, and the insulin recep-
tor for 3 hours at 4°C on a rocker. Then protein A-Sepharose was added 
and incubated for 1 hour at 4°C. After washing 4 times with buffer A, the 
immunocomplexes were resolved on 7.5% SDS-PAGE. Phosphorylated or 
total protein was analyzed by immunoblotting with specific antibodies 
against Irs1, Irs2, the insulin receptor, and phosphotyrosine (Transduction 
Laboratories). Phosphorylated or total protein kinase B, Gsk3, FoxO1, Sgk, 
Prkaa1, and Erk1/2 were analyzed by immunoblotting with specific anti-
bodies (Cell Signaling Technology) after tissue lysates were resolved on 
SDS-PAGE and transferred to nitrocellulose membrane. Bound antibod-
ies were detected with HRP-conjugated secondary antibodies using ECL 
detection system (PerkinElmer). For PI3K assay, 1 mg of liver extract was 
immunoprecipitated with anti-phosphotyrosine antibodies (Transduction 
Laboratories), and the immune complexes were assayed for PI3K activity 
using the phosphatidylinositol (Avanti Polar Lipids Inc.) as substrate.	The 
procedure was performed as previously described (23). The kinase activity 
was quantitated with ImageQuant TL software (Amersham Biosciences).

RT-PCR and real-time PCR. Total RNA was isolated from livers of over-
night-fasted mice using TRIzol (Invitrogen Corp.). cDNA synthesis was per-
formed with the RETROscript kit (Ambion) using random decamers. The 
real-time RT-PCR was carried out using the QuantiTect SYBR Green PCR kit  
(QIAGEN) on an iCycler PCR instrument (Bio-Rad Laboratories) using gene-
specific primers according to the manufacturer’s instructions. The relative 
quantitation analysis was performed by calculation of the ratio of the mRNA 
amount of the gene of interest over the amount of internal control 18S rRNA. 
For regular RT-PCR analysis of gene expression of Irs1 and Irs2, PCR amplifi-
cation was carried out under the following conditions (hot start): 94°C for 15 
minutes; 26 cycles of 94°C for 30 seconds, 60°C for 30 seconds, and 72°C for 
30 seconds; followed by 72°C for 5 minutes. The PCR products were resolved 
on 2% agarose gel and stained with ethidium bromide. The gel image was 
captured using a Gel Logic 100 Imaging System (Eastman Kodak Co.).

Affymetrix GeneChip analysis. Total RNA was isolated from livers of over-
night-fasted 6-week-old mice in each experimental group using TRIzol 
(Invitrogen Corp.). Analysis of mRNA expression was performed on dupli-
cate samples of each group using Mouse Genome 430 2.0 GeneChips 
(Affymetrix). RNA labeling and microarray hybridizations were performed 
at the Harvard Medical School Biopolymers Facility, which operates a full-
service unit to support Affymetrix microarray analysis using the model 
450 Fluidics station and model 3000 Scanner with autoloader. Affymetrix 
Microarray Suite 5.0 was used to generate cell intensity (CEL)	files that 
were analyzed by Robust Multichip Average Analysis (RMA)	implemented 
in GeneSpring 7.2 (Agilent Technologies). The data were further normal-
ized by gene polishing to center the data on unity. The Cross-Gene Error 
Model implemented in GeneSpring 7.2 was applied to the replicate samples. 
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