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Hepatic insulin resistance is a critical component in the development of type 2 diabetes mellitus. In many cases, 
insulin resistance in liver is associated with reduced expression of both major insulin receptor substrate (IRS) 
proteins, IRS-1 and IRS-2. To investigate the specific functions of IRS-1 and IRS-2 in regulating liver function in 
vivo, we developed an adenovirus-mediated RNA interference technique in which short hairpin RNAs (shRNAs)  
are used to knock down IRS-1, IRS-2, or both, by 70–80% in livers of WT mice. The knockdown of IRS-1 
resulted in an upregulation of the gluconeogenic enzymes glucose-6 phosphatase and phosphoenolpyruvate 
carboxykinase, as well as a marked increase in hepatic nuclear factor–4 α. Decreased IRS-1 was also associated 
with a decrease in glucokinase expression and a trend toward increased blood glucose, whereas knockdown of 
IRS-2 resulted in the upregulation of lipogenic enzymes SREBP-1c and fatty acid synthase, as well as increased 
hepatic lipid accumulation. The concomitant injection of IRS-1 and IRS-2 adenoviral shRNAs resulted in 
systemic insulin resistance, glucose intolerance, and hepatic steatosis. The alterations in the dual-knockdown 
mice were associated with defective Akt activation and Foxo1 phosphorylation. Taken together, our results 
demonstrate that hepatic IRS-1 and IRS-2 have complementary roles in the control of hepatic metabolism, 
with IRS-1 more closely linked to glucose homeostasis and IRS-2 more closely linked to lipid metabolism.

Introduction
Insulin resistance in liver contributes greatly to the development of 
type 2 diabetes mellitus (1–3). Decreased hepatic insulin sensitivity 
leads to postprandial hyperglycemia and increased hepatic glucose 
production, which exacerbates an already deleterious situation of 
hyperglycemia and chronic hyperinsulinemia in diabetics (4). In 
addition to affecting glucose levels, hepatic insulin resistance may 
also lead to dysregulated lipid synthesis, which can lead to hepatic 
steatosis and further systemic insulin resistance (5).

Hepatic insulin resistance may stem from compromised sig-
naling through the insulin receptor substrate (IRS) proteins, a 
family of docking molecules that connect insulin receptor acti-
vation to essential downstream kinase cascades, such as the PI3K 
or MAPK pathways. The 2 major IRS isoforms, IRS-1 and IRS-2, 
are highly expressed in livers of normal mice but are downregu-
lated to various extents in livers of diabetic animals and humans 
(6–10). Since IRS proteins are a critical link in hepatic insulin 
signaling, it has been hypothesized that the decreased expres-
sion of IRS proteins in liver may be a key molecular lesion of 
hepatic insulin resistance (5, 11).

Despite many physiologic and molecular studies, it is still 
unclear whether the downregulation of IRS proteins is causative, 

or merely correlative, with pathophysiology and whether IRS-1 
or IRS-2 play unique roles in hepatic insulin action. Individual 
global knockouts of IRS-1 (12) and IRS-2 (13) do not exhibit an 
obvious hepatic phenotype, and IRS-1/IRS-2 KO mice die in utero 
(14). The lack of a liver phenotype in the individual-knockout ani-
mals is partially explained at the molecular level, since IRS-1–KO  
mice have no defects in hepatic phosphotyrosine-associated 
(PY-associated) PI3K activity because a constitutive increase in 
IRS-2 protein levels is able to fully compensate for defects in 
IRS-1 expression (15). On the other hand, the restoration of 
IRS-1 expression in the livers of IRS-1–KO mice is sufficient to 
completely normalize insulin sensitivity, which indicates that 
hepatic IRS-1 is critical to metabolic homeostasis (16). Euglyce-
mic clamp studies have suggested that IRS-2–KO mice may have 
a greater defect in the insulin-mediated suppression of hepatic 
glucose production than IRS-1–KO mice (17), and IRS-2–KO  
mice exhibit a 50% decrease in PY-associated PI3K activity in the 
liver, with no increase in IRS-1 levels (18). These data must be 
interpreted cautiously, however, since lifelong knockout of either 
IRS protein could result in pleiotropic changes that might con-
found the interpretation of the molecular functions of IRS-1 and 
IRS-2. For instance, IRS-2–KO mice exhibit central leptin resis-
tance (19, 20), a defect that, by itself, may compromise hepatic 
insulin signaling (21).

To better understand the roles of IRS-1 and IRS-2 in hepatic insu-
lin action, we developed an adenovirus-mediated RNA interference 
(RNAi) technique that utilizes short hairpin RNAs (shRNAs) to 
substantially and stably knock down IRS-1 and IRS-2 expression 
specifically in the livers of WT mice. While RNAi has been an effec-
tive tool for in vitro studies of gene function, its in vivo use has 
been limited. Transgenic (22) and lentiviral (23) shRNA systems 
have proven to be effective in abrogating gene expression in all tis-
sues in mice, but only recently have techniques been developed to 
use RNAi in a tissue-specific manner (24–26).
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In the present study, we have taken advantage of the relative tis-
sue specificity of adenovirus for liver and the genetic specificity 
of shRNA-mediated RNAi to create liver-specific hypomorphs of 
IRS-1 and IRS-2. By knocking down IRS-1 and IRS-2 separately 
and together in liver, we show that IRS-1 and IRS-2 work togeth-
er via mutual compensation to maintain total PI3K activity and 
also have unique roles in gene regulation. IRS-1 signaling may be 
more closely linked to the regulation of genes involved in glucose 
homeostasis, whereas IRS-2 signaling may have specific roles in 
the regulation of hepatic lipid metabolism. Moreover, the con-
comitant knockdown of IRS-1 and IRS-2 in liver results in fasting 
hyperglycemia, fasting hyperinsulinemia, insulin resistance, glu-
cose intolerance, dyslipidemia, and other characteristics consistent 
with the metabolic syndrome.

Results
Adenovirus-mediated RNAi significantly and specifically reduces IRS 
expression in the liver. Five days after tail-vein injection of an 
adenovirus expressing shRNAs against IRS-1 (IRS1U6), there 
was an average 80% decrease in IRS-1 protein levels in liver, as 
compared with mice injected with a control adenovirus that 
expressed shRNAs against GFP (siGFP; Figure 1A). This knock-

down of IRS-1 was specific. There was no associated decrease in 
actin expression, and IRS-2 protein levels actually increased by 
20% in mice treated with IRS1U6. Similarly, recombinant RNAi 
adenovirus against IRS-2 (IRS2U6) specifically reduced IRS-2 
protein expression by approximately 70%, without altering IRS-1  
levels or actin controls.

Although others have used this shRNA approach on single 
genes with success (27), there are no known published stud-
ies that use adenoviral shRNAs to knock down multiple genes 
simultaneously. Consequently, we were concerned that dual 
knockdown could result in greater nonspecific effects than 
single viral treatment. We found that concomitant treatment 
with both IRS1U6 and IRS2U6 caused substantial knockdown 
of both IRS-1 and IRS-2 at levels similar to single treatments, 
without inducing any decreases in levels of actin protein. Dual 
adenoviral treatment also did not cause any nonspecific changes 
in protein expression of other insulin signaling molecules, such 
as the insulin receptor β subunit, GSK3β, and MAPK (data not 
shown), nor did they cause an appreciable increase in serum 
levels of the liver enzymes alanine aminotransferase (ALT) and 
aspartate aminotransferase (AST; see Methods). Moreover, the 
effects of adenoviral shRNAs were also tissue specific, as there 

Figure 1
RNAi adenoviruses cause substan-
tial and specific knockdown of IRS-1 
and IRS-2 in liver. (A) Western blots 
for IRS-1, IRS-2, and actin in liver 
lysates from mice treated with siGFP, 
IRS1U6, IRS2U6, or both IRS1U6 
and IRS2U6 (1+2). Livers were col-
lected from mice after an overnight 
fast, and proteins were extracted and 
processed as described in Methods. 
Each lane represents liver lysates 
from a different mouse. (B) Muscle, 
fat, kidney, and brain lysates of the 
mice represented in A were sub-
jected to immunoblots for IRS-1 and 
IRS-2. (C) Quantitative RT-PCR 
analysis of IRS-1 and IRS-2 mRNA 
levels in livers 5 days after treatment 
with siGFP, IRS1U6, IRS2U6, or both 
viruses simultaneously (n = 6). Total 
RNA was extracted from livers and 
made into cDNA, and primers spe-
cific to IRS-1 and IRS-2 were used 
to determine levels of expression, as 
described previously (58). (D) Time 
course of effect of RNAi adenovirus. 
Liver lysates were made from mice 1, 
3, 5, 7, or 14 days after viral injection 
and blotted for IRS-1 and IRS-2 pro-
teins levels. Day 0 liver lysates were 
obtained from age-matched mice 
injected with saline. These results 
are representative of 3 independent 
experiments.
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were no observed differences in IRS-1 or IRS-2 protein levels in 
muscle, fat, kidney, and brain between control mice and mice 
treated with IRS1U6, IRS2U6, or both (Figure 1B).

RNAi may regulate gene expression by several mechanisms, 
including the inhibition of translation and by degradation 
of mRNA (28, 29). To confirm that mRNA levels were also 
decreased, we measured the mRNA expression of IRS-1 and IRS-2  
by quantitative RT-PCR (Figure 1C) 5 days after adenovirus 
injection. We found that IRS-1 mRNA was decreased by 56% 
when IRS1U6 was injected either as a single treatment or along 
with IRS2U6. Similarly, IRS2U6 caused a 53% drop in IRS-2 
mRNA levels when it was given alone and a 66% decrease when 
IRS1U6 was also injected.

Since the effect of adenovirus-mediated gene transfer is tran-
sient, we wanted to confirm that the RNAi effect against IRS-1 
and IRS-2 would last long enough to allow us to perform subse-
quent metabolic studies. Interestingly, the IRS1U6 virus caused 
downregulation of IRS-1 levels for up to 2 weeks, while IRS2U6 
decreased IRS-2 levels for a more modest 7 days (Figure 1D).

Glucose homeostasis is impaired by the liver-specific downregulation 
of IRS-1 and IRS-2. To investigate how liver-specific defects in 
IRS-1 and IRS-2 affect glucose homeostasis, we measured blood 
glucose and serum insulin levels in the fasting and random-fed 
states. Single treatments with IRS1U6 or IRS2U6 did not cause 
any statistically significant changes in blood glucose levels in 
fasting or fed mice (Figure 2, A and C), but dual knockdown 
of IRS-1 and IRS-2 caused hyperglycemia in both states. The 
serum insulin levels in the RNAi adenovirus–treated mice par-
alleled the changes in blood glucose, as mice treated concomi-
tantly with IRS1U6 and IRS2U6 exhibited hyperinsulinemia in 
both the fasting and fed states. While there was no difference in 

insulin levels between mice treated with IRS2U6 and controls 
(Figure 2, B and D), the levels trended higher in IRS1U6-treated 
mice compared with controls, although the difference was not 
statistically significant.

The simultaneous knockdown of IRS-1 and IRS-2 also result-
ed in insulin resistance and glucose intolerance. Insulin toler-
ance tests (ITTs) of mice treated with either IRS1U6 or IRS2U6 
detected only mild insulin resistance that did not reach statistical 
significance (Figure 2E). Double knockdown, however, caused a 
measurable level of insulin resistance that was statistically differ-
ent from that resulting from siGFP treatment, as determined by 
quantitation by area under the curve (Figure 2F). Glucose toler-
ance tests (GTTs) also revealed that mice receiving both IRS1U6 
and IRS2U6 were moderately glucose intolerant as compared with 
siGFP-treated controls, while there was no statistical difference 
when single viruses were injected, as determined by area under the 
curve (Figure 2, G and H).

Hypomorphic expression of IRS-1 and IRS-2 causes significant 
defects in insulin signaling in liver but not in other tissues. To better 
understand the molecular mechanisms of these physiologi-
cal defects, we measured PY levels and PI3K activity in IRS 
immunoprecipitates from liver. As expected, IRS-1 PY levels in 
liver were substantially decreased in insulin-stimulated mice 
treated with IRS1U6. Moreover, IRS-1–associated PI3K activity 
was decreased by 35% in mice injected with IRS1U6, while mice 
treated with both RNAi adenoviruses showed a 45% decrease in 
IRS-1–associated PI3K activity (Figure 3A). In addition, IRS1U6 
caused a modest 20% increase in IRS-2–associated PI3K activity 
along with a similar increase in IRS-2 expression (Figure 3B). 
These increases in IRS-2–associated PI3K activity and expression 
were both statistically significant.

Figure 2
Dual knockdown of IRS-1 and IRS-2 results in defects in glucose homeostasis. Fasting blood glucose (A) and insulin levels (B) as well as ran-
dom-fed blood glucose (C) and insulin levels (D) of mice treated with RNAi adenovirus. Glucose and insulin levels are plotted as the mean ± SEM  
(n = 10–20 mice per treatment group in both fasted and fed state). (E) Insulin tolerance tests (1 U/kg, i.p.) were performed 5 days after adenovirus 
injection. Results represent blood glucose concentration as a percentage of starting value at time point 0 and are expressed as mean ± SEM (n = 8).  
(F) Results from E expressed as area under ITT curves. AUC, area under the curve. (G) Glucose tolerance tests (2 g/kg, i.p.) were performed on 
mice following a 16-hour fast 5 days after adenovirus injection. Blood samples were collected and glucose measured at the times indicated. (H) 
Results shown in G expressed as area under GTT curves. Open circles, siGFP; closed squares, IRS1U6; open diamonds, IRS2U6; closed circles, 
both IRS1U6 and IRS2U6. *P < 0.05 vs. siGFP; **P < 0.01 vs. siGFP; #P = 0.06 vs. siGFP.
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Similar patterns of tyrosine phosphorylation and PI3K activity 
were observed in IRS-2 immunoprecipitates. IRS2U6 treatment 
diminished insulin-stimulated IRS-2 phosphorylation when 
administered either alone or in combination with IRS1U6. A 
25% decrease in IRS-2–associated PI3K activity was also observed 
in mice treated with only IRS2U6, and mice injected with both 
adenoviruses exhibited a 40% decrease in IRS-2–associated PI3K 
activity. Interestingly, when IRS-2 was knocked down acutely, 
IRS-1–associated PI3K activity increased by 30%, without any 
increase in IRS-1 expression.

Despite these reductions in IRS tyrosine phosphorylation and 
IRS-specific changes in PI3K activity, there were no detectable 
differences in PY-associated PI3K activity when IRS-1 and IRS-2 
expression were individually reduced (Figure 3C). Furthermore, 
insulin stimulation increased PY-associated PI3K activity by 
approximately 3.5-fold in mice treated with siGFP, IRS1U6, or 
IRS2U6. However, when IRS-1 and IRS-2 were both knocked down, 
there was a 40% decrease in PY-associated PI3K activity.

The changes in total PI3K activity correlated with the downstream 
activation of Akt. Thus, Akt phosphorylation and insulin-stimu-
lated Akt activity were decreased only in mice with dual defects in 
IRS-1 and IRS-2 expression (Figure 4, A and B). The administration 
of either IRS1U6 or IRS2U6 alone did not result in any detectable 
changes in Akt activation compared with control siGFP treatment. 

Concomitant treatment with IRS1U6 and IRS2U6, on the other 
hand, caused a 50% decrease in serine 473 phosphorylation of Akt 
(Figure 4A) and a 60% decrease in Akt kinase activity (Figure 4B) 
compared with control siGFP treatment.

These defects in Akt activation translated downstream to the 
decreased phosphorylation of Foxo1 but not of MAPK (Figure 4C).  
No reproducible decrease in Foxo1 phosphorylation was observed 
whether mice were treated with control siGFP or any single 
adenovirus, as determined by the average of 3 independent den-
sitometric experiments, but dual knockdown resulted in a 50% 
decrease in Foxo1 phosphorylation. On the other hand, MAPK 
phosphorylation surprisingly remained constant despite substan-
tial knockdown of IRS-1 and IRS-2 protein levels.

Knockdown of hepatic IRS proteins causes indirect changes in adipocyte 
function. We also addressed the possibility that part of the insu-
lin-resistant phenotype of the dual-knockdown mice may also 
be due to indirect effects in adipose tissue. Previous studies have 
shown that an adenovirus-mediated disruption of hepatic PI3K 
activity caused an indirect increase in epididymal fat pad mass 
with decreased PI3K activity in adipose tissue (30). IRS1U6 or 
IRS2U6, however, did not cause changes in epididymal fat pad 
size compared with control siGFP (Supplemental Figure 1A; sup-
plemental material available online with this article; doi:10.1172/
JCI200523187DS1). Moreover, knockdown of IRS proteins in 

Figure 3
Hypomorphic expression of IRS-1 and IRS-2 causes defects in PI3K activation. (A) IRS-1 immunoprecipitates blotted with 4G10, an anti-PY 
antibody (top panel). PI3K activity was also measured from these IRS-1 immunoprecipitates (bottom panel, n = 4). (B) As in A, but with IRS-2 
immunoprecipitates. (C) PI3K activity in PY-immunoprecipitates (bottom panel), and a representative phosphatidylinositol-(3,4,5) trisphosphate 
(PIP3) level (top). Bars represent mean ± SEM (n = 4). *P < 0.05 vs. siGFP treatment; **P < 0.01 vs. siGFP.
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liver did not alter tyrosine phosphorylation of IRS-1, IRS-2, and 
the insulin receptor, as well as the insulin-stimulated S473 phos-
phorylation of Akt (Supplemental Figure 2, A and B).

These findings, however, did not preclude the possibility that adi-
pokine or FFA levels were altered in response to the acute knock-
down of hepatic IRS-1 or IRS-2. The liver-specific knockdown of 
IRS-1 or IRS-2 did not result in a statistically significant change in 
serum adiponectin (Figure 5A). In contrast, serum leptin levels were 
significantly decreased in mice treated with IRS2U6 or receiving dual 
treatment, compared with siGFP treatment (Figure 5B). Decreas-
ing hepatic IRS-1 expression exerted no effect on serum leptin lev-
els. Interestingly, we detected a statistically significant increase in 
serum FFA levels in IRS-1– or IRS-2–knockdown mice and a 1.8-fold 
increase in dual-knockdown mice compared with controls.

Increased expression of gluconeogenic enzymes and decreased expres-
sion of glucokinase with IRS-1 knockdown. Since the phosphorylation 
of Foxo1 by Akt inhibits its ability to activate gluconeogenesis 
(31), we reasoned that the decreased Foxo1 phosphorylation in 
the dual-knockdown mice may have caused increased expression 
of gluconeogenic genes. Using quantitative RT-PCR analysis, we 
measured the mRNA levels of several key gluconeogenic enzymes, 
phosphoenolpyruvate carboxykinase (PEPCK), glucose-6 
phosphatase (G6Pase), and fructose-1,6-bisphosphatase (F-1,6BP) 
(Figure 6, A, B, and C, respectively). Indeed, all 3 gluconeogenic 

genes were upregulated 
in livers of double-knock-
down mice by more  
than 2-fold compared 
with controls. These 
results were confirmed 
by Northern blot analy-
sis (data not shown). 
Interestingly, treatment 
with IRS1U6 alone also 
increased mRNA levels 
of PEPCK and G6Pase 
expression by 1.7- and 
1.6-fold, respectively.

Glucokinase (Gck) plays 
a key role in regulating 
glucose homeostasis, 
and Gck gene mutations 
in humans cause matu-
rity onset diabetes of the 
young, type 2 (MODY-2). 
The MODY phenotype 
may arise partly from 
dysregulated hepatic 
glucose disposal, since 
mice with a liver-specific 
ablation of glucokines 
exhibit severe hypergly-

cemia (32, 33). Thus, we directly measured Gck expression in livers 
of mice treated with RNAi adenovirus and found that Gck expres-
sion was tied closely with IRS-1 expression (Figure 6D). Treatment 
with IRS1U6 alone caused a 40% drop in Gck expression, while dual 
treatment resulted in a 46% decrease in Gck levels. These RT-PCR 
results were also confirmed by Northern blot analysis (data not 
shown). Treatment with IRS2U6 resulted in a modest 25% down-
regulation of Gck, which was not statistically significant.

Figure 4
Significant defects in Akt activation and downstream targets of Akt in mice treated with IRS1U6 and IRS2U6.  
(A) Insulin-stimulated liver lysates from mice treated with RNAi adenovirus blotted with anti-phospho Akt (S473) 
antibody (top panel). Blots were then stripped and reprobed for total Akt (bottom panel). The blot is representative 
of 3 independent experiments. (B) Akt kinase activity was measured in Akt immunoprecipitates using Crosstide as 
a substrate (56). Bars represent mean ± SEM (n = 3). *P < 0.01 dual treatment vs. siGFP. (C) Insulin-stimulated liver 
lysates from mice treated with RNAi adenovirus blotted with antibodies against phospho-Foxo1 (S256) or phopsho-
MAPK (T202/Y204). The blots for the phosphorylated proteins were then stripped and reprobed with antibodies for 
total Foxo1 or total MAPK. These Western blots are representative of 3 independent experiments.

Figure 5
Decreased leptin and increased FFA levels in IRS-knockdown mice. 
(A) Serum adiponectin levels of random-fed mice treated with RNAi 
adenovirus. (B) Serum leptin levels of random-fed mice treated with 
RNAi adenovirus. (C) Serum free fatty acid levels in random-fed knock-
down mice. Bars represent mean ± SEM (n = 5). *P < 0.05 vs. single 
treatment vs. siGFP treatment; **P < 0.01 vs. siGFP treatment.
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We postulated that the association between decreased IRS-1 
expression and increased gluconeogenic gene transcription might be 
explained by the altered expression of transcription factors upstream 
of PEPCK and G6Pase. Hepatic nuclear factor-4 α (HNF-4α) is a tran-
scription factor that coordinates with the forkhead transcription fac-
tors to activate the gluconeogenic gene cassette (34), and, moreover, 
mutated versions of HNF-4α are thought to cause MODY-1. RT-PCR 
analysis revealed a striking correlation between IRS-1 knockdown 
and the mRNA levels of HNF-4α, as the expression of HNF-4α was 
increased approximately 3-fold in the livers of mice treated with 
IRS1U6 alone and elevated by 4-fold in dual-treated mice (Figure 6E). 
Conversely, IRS2U6 resulted in a 50% decrease in HNF-4α mRNA 
expression, which was not statistically significant.

IRS-2 may specifically regulate lipid homeostasis by regulating lipogenic 
enzyme expression. The inappropriate activation of gluconeogen-

esis in insulin-resistant states is often accompanied by defects 
in hepatic lipid regulation. We measured the expression of key 
lipogenic genes such as Srebf1c and fatty acid synthase (Fasn) in 
response to IRS-1 and IRS-2 knockdown by adenoviral shRNAs. 
Whereas IRS-1 knockdown alone did not have any effect on Srebf1c 
or Fasn expression, decreased hepatic IRS-2 expression alone was 
sufficient to induce a 1.6-fold upregulation of Srebf1c. Moreover, 
dual knockdown increased SREBP and Fasn expression by 3.2- and 
2.6-fold, respectively (Figure 7, A and B).

Insulin may also regulate lipogenic gene transcription through 
pathways independent of the IRS proteins, most notably through 
liver X receptor (LXR) activation (35). Using quantitative RT-PCR 
analysis, we found that LXRα (Nr1h3) mRNA levels were unchanged 
after treatment with IRS1U6, IRS2U6, or both (Figure 7C). This 
result, however, does not preclude the possibility that LXRα activity 

Figure 6
Downregulated IRS protein expression in liver results in changes in expression of gluconeogenic genes and Gck. The relative mRNA levels 
of indicated genes in the livers of fasting mice treated with RNAi adenovirus, as measured by quantitative RT-PCR: (A) PEPCK, (B) G6Pase, 
(C) F-1,6BP, (D) Gck, and (E) HNF-4α. Vertical axes represent the fold change in mRNA levels compared with siGFP treatment. The bars 
represent the fold change in expression of each gene relative to the mean expression in siGFP-treated controls ± SEM (n = 8). *P < 0.05 vs. 
siGFP treatment; **P < 0.01 vs. siGFP.

Figure 7
Decreased IRS-2 and hyperinsulinemia combine to cause increased lipogenic gene expression and activation of downstream LXR genes. The 
relative mRNA levels of lipogenic genes in the livers of fasting mice treated with RNAi adenovirus, as measured by RT-PCR: (A) SREBP-1c, (B) 
FAS, (C) LXR, (D) ABCA1, (E) ABCG8, and (F) CYP7A1. The vertical axes represent the fold change in mRNA levels compared with siGFP treat-
ment. The bars represent the fold change in expression of each gene relative to the mean expression in siGFP-treated controls ± SEM (n = 8).  
*P < 0.05 vs. siGFP treatment; **P < 0.01 vs. siGFP.
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may be increased. As a proxy for LXR activation, we measured the 
expression of downstream LXRα genes, such as ATP-binding cassette, 
subfamily A1 (Abca1; Figure 7D), Abcg8 (Figure 7E), and cytochrome 
P450, isoform 7A1 (Cyp7a1; Figure 7F). Indeed, dual knockdown of 
IRS-1 and IRS-2 resulted in a 2- to 3-fold increase in all of these LXR 
downstream genes compared with control siGFP treatment.

These increases in lipogenic gene expression correlated with 
increased triglyceride (TG) accumulation in the liver and serum. 
The simultaneous knockdown of IRS-1 and IRS-2 in liver resulted 
in elevated serum TG levels by 1.5-fold compared with control 
siGFP adenovirus treatment (Figure 8A). In contrast, there was 
no statistical difference in serum TG levels between mice receiving 
single RNAi adenoviral treatments and controls. Liver TG content 
paralleled those of serum, with hepatic TG content elevated more 
than 3-fold by dual treatment compared with siGFP treatment, 
while the increases in liver TG content in mice treated with either 
IRS1U6 or IRS2U6 alone were more modest (Figure 8B). To assess 
whether this increased lipid in the serum and liver resulted in 
changes in liver morphology, we analyzed H&E-stained sections 
of fixed liver from mice treated simultaneously with IRS1U6 and 
IRS2U6. Indeed, dual-treated mice exhibited a microvesicular 
hepatic steatosis that resembles fatty hepatic lesions observed in 
human patients with type 2 diabetes mellitus. Mice treated with 
only IRS2U6 showed mild fatty liver change, and IRS1U6-treated 
livers were similar to control siGFP-treated livers (Figure 8C).

Discussion
We have utilized a novel in vivo RNAi technique that uses an 
adenoviral vector to deliver shRNAs against IRS-1, IRS-2, or both, 
in the livers of WT mice. This adenovirus-mediated RNAi technique 
affords us spatio-temporal control over the expression of IRS-1 
and IRS-2 in the liver and allows us to define their individual roles 
in hepatic insulin signaling and hepatic metabolism without the 
pleiotropic side effects that could occur in global-knockout animals.

We find that IRS-1 and IRS-2 play complementary roles in the 
liver at the level of intermediate signaling, such as PI3K activation 
and Foxo1 phosphorylation. Thus, 70–80% reductions of IRS-1 or 
IRS-2 individually do not perturb total PI3K or Akt activity because 
a reciprocal increase in PI3K activity through the unaltered IRS 
antipode helps to maintain full PI3K signal. Similar compensatory 
mechanisms also occur in the livers of IRS-1–KO mice, where IRS-2  
expression significantly increases to maintain total PI3K activity 
and Akt activation (15). In contradistinction, IRS-1 levels do not 
increase when IRS-2 is decreased by either RNAi or global genetic 
deletion (13). Thus, it is interesting to find that IRS-1–associated 
PI3K activity and IRS-1 tyrosine phosphorylation levels increase 
by 30% in our IRS-2–knockdown animals. IRS-2–KO mice do not 
exhibit this increase in IRS-1–associated PI3K activity in liver (36), 
which indicates that a lifelong loss of IRS-2 could produce differ-
ent chronic adaptive changes in gene expression and signaling that 
would not occur in an acute loss of IRS-2, such as that induced 
by our shRNAs. This difference in compensatory responses may 
help to explain why IRS-2 downregulation by adenoviral shRNAs 
does not disrupt Akt activation, whereas IRS-2 KO results in an 
approximately 50% decrease in hepatic Akt activation (36).

Interestingly, the knockdown of either IRS-1 or IRS-2 did not 
affect the insulin-stimulated phosphorylation of MAPK. The 
maintenance of MAPK signaling in the face of compromised 
upstream activation of the insulin receptor and IRS proteins has 
been previously observed in humans with diabetes (37). That sub-
stantial reductions in IRS proteins did not alter MAPK phosphory-
lation indicates that other docking proteins, such as Shc (38), may 
be interchangeable with the IRS proteins in maintaining MAPK 
signaling but not PI3K signaling.

In insulin-resistant and hyperinsulinemic states, there are usu-
ally simultaneous reductions in IRS-1 and IRS-2 in liver (8). Dual 
knockdown of IRS-1 and IRS-2 closely mimics this situation and 
has allowed us to explore how this molecular defect affects systemic 

Figure 8
Dual knockdown of hepatic IRS-1 and IRS-2 causes dyslipidemia, increased liver TG content, and hepatic steatosis. (A) Dual knockdown causes 
increased serum TG levels. Each bar represents the mean serum TG content ± SEM (n = 6). (B) Increased TG accumulation in the livers of mice 
treated with IRS1U6 and IRS2U6. Each bar represents the mean value of measured liver TG content per gram liver ± SEM (n = 6). (C) H&E 
staining of livers from fasted mice, 5 days after treatment with RNAi adenovirus. *P < 0.05 vs. siGFP treatment. Magnification, ×400.
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metabolic homeostasis. The hypomorphic expression of both IRS-1 
and IRS-2 at levels equivalent to the depleted levels in livers of obese 
diabetic animals (6) led to decreased Akt activation and Foxo1 phos-
phorylation in response to insulin, which would be expected to lead 
to inappropriate hepatic glucose production. Indeed, hyperglycemia 
and hyperinsulinemia were observed in dual-knockdown animals, 
along with components of the metabolic syndrome, such as insulin 
resistance, glucose intolerance, dyslipidemia, and hepatic steatosis. 
Thus, the data demonstrate that decreased hepatic IRS expression 
has a direct causative role in the pathobiology of diabetes.

The dual knockdown of IRS-1 and IRS-2 in liver also affected the 
function of other metabolic tissues. Although IRS tyrosine phos-
phorylation and protein levels in muscle and fat were not affected 
by the knockdown of IRS proteins in liver, serum leptin levels were 
dramatically decreased in mice receiving either IRS2U6 or dual treat-
ment. The decrease in serum leptin in these mice cannot simply be 
explained by changes in adipose mass, since epididymal fat pad mass 
did not change. Consequently, this interesting effect of hepatic IRS-2 
signaling must be a result of the complex systemic metabolic altera-
tions that stem from hepatic insulin resistance. One possible expla-
nation may be that the elevated serum lipids may adversely affect 
leptin release from white adipose tissue (39). Indeed, we did find that 
serum FFA levels were elevated approximately 1.5-fold in the single 
knockdowns and almost 2-fold in the dual knockdown mice com-
pared with controls. This increased FFA concentration in the serum 
may also partially explain the mild insulin resistance observed by ITT 
in the single-knockdown animals and the more severe insulin resis-
tance observed in the dual-knockdown mice, since serum FFAs have 
been shown to cause insulin resistance in muscle and liver (40, 41).

Interestingly, although IRS-1 and IRS-2 work in a complemen-
tary fashion to maintain PI3K signaling, they have unique individ-
ual roles in regulating key genes in glucose and lipid homeostasis. 
The acute reduction of IRS-1 expression resulted in a significant 
increase in the mRNA abundance of the essential gluconeogenic 
enzymes PEPCK, G6Pase, and F-1,6BP. The increased expression 
of these genes may be a consequence of the striking upregulation 
of HNF-4α mRNA that occurs with IRS-1 downregulation. Our 
data also indicate that IRS-1 is more prominent than IRS-2 in the 
regulation of Gck expression, since IRS1U6, either alone or in com-
bination with IRS2U6, caused an approximately 50% decrease in 
Gck expression. A similar IRS-1–specific regulation of glucokinase 
mRNA levels has been observed in cultured hepatocytes (42), in 
which IRS-1 associated PI3K activity was specifically ablated by 
overexpression of an N-terminal IRS-1 fragment.

IRS-2, on the other hand, may be more essential to insulin’s regu-
lation of lipogenesis than IRS-1. The observed inverse relationship 
between IRS-2 protein levels and SREBP transcription in our study 
has also been reported in IRS-2–KO mice (increased SREBP-1c) and 
in primary hepatocytes from SREBP-1–KO mice (increased IRS-2) 
(5, 19, 43). A key difference in our in vivo model, however, is that the 
hypomorphic IRS-2 expression is limited to liver and is not com-
plicated by effects of hyperinsulinemia, which also depletes IRS-2 
(44), or the pleiotropic effects of a global lack of IRS-2 (19). Thus, 
decreased expression of IRS-2 in liver alone is sufficient to elevate 
levels of Srebf1c and can occur independently of the known positive 
regulatory effects of insulin on Srebf1c expression (45).

That decreased IRS-2 and hyperinsulinemia synergistically 
increase Srebf1c expression implies that insulin and IRS-2 affect 
Srebf1c levels through different regulatory pathways. There are sev-
eral distinct pathways that likely contribute to the dysregulated 

lipogenesis and hepatic steatosis observed in the dual-knockdown 
mice: the LXR pathway, the MAPK pathway, and leptin signaling. 
The increased LXR activity, as detected by increased expression of 
downstream LXR genes, in the dual-knockdown mice probably 
contributed significantly to the increased Srebf1c expression, since 
insulin-stimulated LXR activity has recently been shown to increase 
SREBP-1c transcription via a signaling-independent mechanism 
(35). The unfettered activation of MAPK in these RNAi knockdowns 
may have also contributed to the activation of lipogenesis, since 
MAPK has been known to be an important regulator of Srebf1c tran-
scription (46). Last, the decreased serum leptin must have comple-
mented the other noted defects to produce the hepatic dyslipidemia 
observed in the dual-knockdown mice, as leptin has been shown to 
have potent regulatory effect on hepatic steatosis (21).

Consequently, the dyslipidemia and hepatic steatosis that often 
accompany diabetes and the metabolic syndrome may be a result of 
several important changes in the liver caused by hyperinsulinemia: 
decreased IRS-2 expression, increased LXR activity, unaltered 
MAPK activity, and decreased leptin action. We cannot rule out the 
possibility, however, that the dyslipidemia of the dual knockdowns 
may have been caused by uncharacterized effects of the IRS proteins 
on fatty acid oxidation or TG clearance, rather than increased TG 
synthesis through upregulated SREBP-1c and FAS. The former sce-
nario may be less likely, since the mRNA expression of these impor-
tant fatty acid oxidation genes medium chain acyl-CoA dehydroge-
nase (Acadm) and carnitine palmitoyl transferase–1 (Cpt1a) were not 
changed by knockdown of IRS-1 or IRS-2 (Supplemental Figure 2, 
B and C), though these qualitative data do not rule out the possibil-
ity of multiple or alternative defects in lipid homeostasis.

The signaling pathways by which IRS-1 and IRS-2 might dif-
ferentially regulate glucose and lipid homeostasis are not clearly 
understood. Although their overall protein structure and signaling 
functions appear to be quite similar, IRS-1 and IRS-2 are known to 
differ in their cellular compartmentalization (47, 48) and activa-
tion kinetics (49). Furthermore, IRS-1 and IRS-2 may have intrin-
sically different abilities to bind various SH2-containing partners 
(50). Further studies must be performed to determine whether the 
changes in gene expression brought about by decreased IRS-1 or 
IRS-2 are due to differential partnering, compartmentalization, or 
some other feature of these proteins.

In summary, we have developed an adenovirus-mediated RNAi 
technique to knock down IRS-1 and IRS-2 in the livers of WT mice. 
The tissue and genetic specificity of this technique has enabled 
us to demonstrate that hepatic IRS-1 and IRS-2 maintain meta-
bolic homeostasis through their complementary roles in regulat-
ing insulin signaling and gene expression, with IRS-1 more closely 
linked to the regulation of gluconeogenesis and Gck expression 
and IRS-2 is more closely linked to the regulation of lipogenesis. 
Thus, the differential modulation of hepatic IRS expression and 
signaling may represent an important component of the molecular 
pathophysiology that underlies both type 2 diabetes mellitus and 
the metabolic syndrome. Moreover, adenovirus-mediated RNA 
interference represents a promising technique to further under-
stand the complex network of hepatic gene function and how it 
relates to in vivo physiology.

Methods
Animals. Eight-week-old male C57BL/6 mice were purchased from Taconic 
Laboratories. All animals were kept on a 12-hour light-dark cycle and fed 
a standard rodent chow. All protocols for animal use and euthanasia were 
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approved by the Animal Care Use Committee of the Joslin Diabetes Center 
and Harvard Medical School in accordance with NIH guidelines.

Quantitative RT-PCR analysis. Total RNA was isolated from mouse tissues 
using an RNeasy kit (QIAGEN). cDNA was prepared from 1 μg of RNA 
using the Advantage RT-PCR kit (BD) with random hexamer primers, 
according to the manufacturer’s instructions. The resulting cDNA was 
diluted 10-fold, and a 5-μl aliquot was used in a 20-μl PCR reaction (SYBR 
Green; BD) containing primers at a concentration of 300 nM each. PCR 
reactions were run in triplicate and quantitated using the ABI Prism 7700 
Sequence Detection System (ABI). Cycle threshold (Ct) values were normal-
ized to TATA box binding protein expression, and results were expressed as 
a fold change of mRNA compared with siGFP control mice.

Metabolic studies. For GTT, blood samples were obtained at 0, 15, 30, 60, and 
120 minutes after i.p. injection of 2 g/kg dextrose. We performed insulin tol-
erance tests by injecting 1 U/kg insulin (Novolin; Novo Nordisk) i.p., with 
blood sampling at 0, 15, 30, and 60 minutes after injection. Blood glucose 
values were determined using a One Touch II glucose monitor (LifeScan Inc.). 
Plasma insulin and leptin levels were measured by ELISA using mouse insulin 
or mouse leptin as a standard (Crystal Chem Inc.). Serum adiponectin lev-
els were also measured by ELISA (Linco Research Inc.). TG levels in liver and 
serum from fasted animals were measured by a colorimetric enzyme assay 
using the GPO Trinder kit (Sigma-Aldrich). Serum FFA levels were measured 
using a colorimetric diagnostic kit (Wako Pure Chemical Industries Ltd.).

Generation of adenoviral shRNA constructs. The sequences of IRS-1 and IRS-2  
mRNA were analyzed for compatible RNAi oligonucleotides using gen-
erally accepted design rules (28, 51). A 19-nt sequence starting from nt 
1752 of IRS-1 and a 21-nt sequence commencing from nt 109 from IRS-2 
were synthesized as complementary antiparallel oligonucleotides with a 
loop sequence (ttcaagaga) and XhoI and XbaI compatible ends (52). The 
oligonucleotides were as follows for IRS1U6: tcgagGATGCACCACTTG-
GAACGTttcaag agaACGTTCCAAGTGGTGCATCttttt (forward) and 
ctagAAAAAGATGCACCACTTG GAACGTtctcttgaaACGTTCCAAGTG-
GTGCATCc (reverse). The oligonucleotides for IRS2U6 were: tcgagGAGT-
CAGCAGTTACCAAGTGttcaagagaCACTTGGTAACTGCTGACACA 
TCttttt (forward) and ctagAAAAAGATGTCAGCAGTTACCAAGTGtctctt-
gaaCACTTG GTAACTGCTGGACATC (reverse). The shRNA sequence 
against GFP for stable expression in vivo was described previously (23). 
The forward and reverse oligonucleotides were annealed and then ligated 
into a pBluescript (Stratagene) vector containing the human U6 promoter 
(IMG-800; Imgenex Corp.). The U6 construct was then placed into the 
SwaI site of the pAdex1CAwt cosmid cassette (Takara Bio Inc.). The recom-
binant adenoviruses, IRS1U6 and IRS2U6, were then formed by homolo-
gous recombination of the expression cosmid cassette and parental virus 
genome in HEK293 cells, as described previously (53).

Adenovirus-mediated RNA interference and in vivo insulin stimulation. Prior 
to in vivo use, all adenoviruses were purified on a cesium chloride gra-
dient and dialyzed into PBS plus 10% glycerol. Eight-week-old male 
C57BL/6 mice were injected via tail vein with a adenoviral dose of 5 × 109  
PFU/g body weight, as described previously (54). For the combined 
IRS1U6 plus IRS2U6 treatments, a mixture containing a half dose of 
each virus was injected to keep the viral load constant between treat-

ment groups. On the fifth day after injection, following an overnight 
fast, the mice were anesthetized with a ketamine/xylazine mixture, and 
injected with 5 U of regular human insulin via the inferior vena cava. 
Five minutes after injection of the insulin bolus, liver, muscle and fat 
were removed and snap frozen in liquid nitrogen. Immunoprecipitation 
and immunoblot analysis of insulin signaling molecules were performed 
using tissue homogenates prepared in a tissue homogenization buffer 
that contained 25 mM Tris-HCl (pH 7.4), 10 mM Na3VO4, 100 mM NaF, 
50 mM Na4P2O7, 10 mM EGTA, 10 mM EDTA, 2 mM phenylmethylsul-
fonyl fluoride, and 1% Nonidet P40 supplemented with the Complete 
protease inhibitor cocktail (Roche Diagnostics) (16). All protein expres-
sion data were quantified by densitometry, and the reported knockdown 
represents the average of at least 3 independent experiments.

Liver enzymes. The serum levels of the liver enzymes AST and ALT were 
measured at Ani Lytics Inc. Since adenoviral treatment and RNAi both may 
trigger inflammation, we measured AST and ALT levels following adenoviral 
treatment and found that serum levels of these enzymes were not elevated 
beyond the normal limits for mouse physiology (data not shown).

Antibodies. Rabbit polyclonal anti–IRS-1 antibody (IRS-1), anti–IRS-2 anti-
body (IRS-2), and anti-IR antibody (IR) were generated as described previ-
ously (55). Rabbit polyclonal anti-Akt, anti–phospho Akt (S473), anti–phos-
pho GSK3 (Ser9), anti-GSK3, anti–phospho Foxo1 (Ser256), anti-Foxo1, 
anti–phospho MAPK, and anti-MAPK antibodies were purchased from Cell 
Signaling Technology Inc. Goat polyclonal anti-Akt1/2 antibody (Akt) was 
purchased from Santa Cruz Biotechnology Inc. The monoclonal anti-PY 
antibody, 4G10, was purchased from Upstate Biotechnology Inc.

In vitro kinase assays. Tissue homogenates from liver, muscle or fat 
were extracted with tissue homogenization buffer and subjected to 
immunoprecipitation with IRS-1, IRS-2, or PY antibodies followed by PI3K 
assay as described previously (16). For Akt kinase activity, the enzyme was 
immunoprecipitated from lysates with a goat polyclonal Akt 1/2 antibody, 
and kinase activity measured using Crosstide (Upstate) as a substrate (56).

Statistics. Statistical significance between the multiple treatment groups 
was determined by ANOVA and Tukey’s t test. Statistical significance of 
ITT and GTT curves was determined by comparing differences in area 
under the curve, which was calculated by the trapezoid method (57).
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