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Aging	is	a	major	risk	factor	for	the	progression	of	neurodegenerative	diseases,	including	Huntington	dis-
ease	(HD).	Reduced	neuronal	IGF1	or	Irs2	signaling	have	been	shown	to	extend	life	span	in	mice.	To	deter-
mine	whether	Irs2	signaling	modulates	neurodegeneration	in	HD,	we	genetically	modulated	Irs2	concentra-
tions	in	the	R6/2	mouse	model	of	HD.	Increasing	Irs2	levels	in	the	brains	of	R6/2	mice	significantly	reduced	
life	span	and	increased	neuronal	oxidative	stress	and	mitochondrial	dysfunction.	In	contrast,	reducing	
Irs2	levels	throughout	the	body	(except	in	β	cells,	where	Irs2	expression	is	needed	to	prevent	diabetes	onset;	
R6/2•Irs2+/–•Irs2βtg	mice)	improved	motor	performance	and	extended	life	span.	The	slower	progression	of	
HD-like	symptoms	was	associated	with	increased	nuclear	localization	of	the	transcription	factor	FoxO1	and	
increased	expression	of	FoxO1-dependent	genes	that	promote	autophagy,	mitochondrial	function,	and	resis-
tance	to	oxidative	stress.	Mitochondrial	function	improved	and	the	number	of	autophagosomes	increased	in	
R6/2•Irs2+/–•Irs2βtg	mice,	whereas	aggregate	formation	and	oxidative	stress	decreased.	Thus,	our	study	suggests	
that	Irs2	signaling	can	modulate	HD	progression.	Since	we	found	the	expression	of	Irs2	to	be	normal	in	grade	II		
HD	patients,	our	results	suggest	that	decreasing	IRS2	signaling	could	be	part	of	a	therapeutic	approach	to	slow	
the	progression	of	HD.

Introduction
Understanding the molecular mechanisms that coordinate nutri-
ent homeostasis and life span is clinically important and scientifi-
cally challenging (1). In contrast to the lengthy and poorly defined 
degenerative processes associated with mortality during normal 
aging, Huntington disease (HD) is characterized by progressive 
neuronal dysfunction in selected brain regions (2). HD is caused 
by an expansion of unstable CAG repeats in exon 1 of the hunting-
tin gene (HTT) that encodes an elongated polyglutamine repeat 
(polyQ-HTT) (3). Several mouse models have been developed to 
investigate the pathophysiology of HD, including the transgenic 
expression of full-length polyQ-HTT, or R6/2 mice, which express 
a transgene that encodes exon 1 of the human mutant HTT (4–6). 
R6/2 mice are used widely to investigate neurodegeneration of 
HD, as they develop a progressive and fatal neurological disease 
resembling human HD (6). Although all tissues are potentially 
exposed to the consequences of the mutant HTT protein, striking 
neuropathological changes develop within the neostriatum: gross 
atrophy of the caudate nucleus and putamen is accompanied by 
marked neuronal loss and astrogliosis (7). Other tissues in R6/2 
mice, including pancreatic β cells, can degenerate owing to mutant 
HTT, which can lead to glucose intolerance and diabetes (8).

The function of HTT in normal cell biology is unknown (2); 
however, mutant polyQ-HTT disrupts many cellular processes: 
autophagy, energy metabolism, gene transcription, clathrin-depen-
dent endocytosis, intraneuronal trafficking, and postsynaptic sig-
naling (9). In particular, mutant HTT represses the expression of 
PPARγ, coactivator 1 α (Pparγc1α), a transcriptional coactivator 

that regulates several metabolic processes, including mitochondri-
al biogenesis and respiration (10, 11). Recent evidence reveals early 
defects in mitochondrial function and CNS energy metabolism, 
which might initiate oxidative stress before the onset of behavioral 
and neuronal pathology (9, 12). Thus, protection against oxidative 
stress might slow the progression of HD.

A few common interventions consistently extend animal life 
span and attenuate neurodegeneration, including calorie restric-
tion or reduced insulin or IGF signaling (13). Reduced insulin-
like signaling extends the life span of C. elegans, Drosophila, and 
mice (14–16). Moreover, calorie restriction extends the survival 
of polyQ-HTT mutant mice, which suggests that it can protect 
against neurodegeneration (17). Calorie restriction increases 
mitochondrial biogenesis and protects against the effects of 
polyQ-HTT upon mitochondrial gene deletion, enzyme abnor-
malities, and oxidative damage (18–20). Calorie restriction and 
reduced insulin/IGF signaling might be linked, because fewer cal-
ories reduce the intensity and duration of insulin secretion needed 
to maintain peripheral glucose homeostasis, and reduced insulin 
signaling can enhance the expression of antioxidant enzymes and 
proteins that prevent cellular and DNA damage (21, 22).

In mice, insulin and IGF1 signaling have important effects in the 
central nervous system, including the regulation of energy homeo-
stasis, neuronal survival, learning and memory, and animal life 
span (23). Insulin and IGF1 stimulate tyrosine phosphorylation of 
the IRS proteins (mainly Irs1 and Irs2), which activate the PI3K→
AKT and mTOR signaling cascades in peripheral and central tis-
sues (21). In mice, less IGF1 receptor (Igf1r) in the brain extends 
life span (24). Moreover, reduced Irs2 signaling in the brain can 
increase the life span of mice maintained on a high-energy diet by 
nearly 6 months: long-lived brain-specific heterozygous Irs2 knock-
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out (Irs2+/–) mice are slightly overweight and hyperinsulinemic, but 
are more active and display greater systemic glucose oxidation (25). 
Thus, less brain Irs2 signaling can extend life span regardless of 
peripheral insulin resistance or the circulating insulin needed to 
prevent hyperglycemia.

The role of insulin/IGF→IRS2 signaling in the progression of 
neurodegeneration and life span is controversial (26, 27). Cell-
based studies showed that activation of the IGF→AKT pathway 
protects neurons from polyQ-mediated toxicity (28, 29). However, 
the inactivation and nuclear exclusion of forkhead box O (FoxO) 
transcription factors by AKT signaling reduces the expression of 

genes that protect against oxidative stress and 
promote macroautophagy, which might exac-
erbate the accumulation and deleterious effects 
of polyQ-HTT (30–33). Consistent with this 
observation, autophagy-mediated clearance of 
polyQ-HTT triggered by Irs2 includes a PI3K-
independent mechanism (34). Regardless, less 
neuronal Irs2 signaling attenuates the progres-
sion of neurodegeneration through the IGF1 
signaling pathway in aggregate-prone mouse 
models of Alzheimer disease (35–37). In this 
report, we established the relation between Irs2 
signaling and mitochondrial dysfunction dur-
ing the progression of behavioral and neuronal 
pathology in R6/2 mice.

Results
Effect of Irs2 signaling on R6/2 mouse life span. 
Many components of the insulin/IGF signal-
ing cascade, including Irs2, are expressed in the 
striatum of patients with grade II Huntington 
disease (HD; Supplemental Figure 1; supple-
mental material available online with this arti-
cle; doi:10.1172/JCI46305DS1). To investigate 
whether neuronal Irs2 modulates the progres-
sion of HD, we intercrossed transgenic B6CBA-
Tg(HDexon1)62Gpb/3J mice (a strain of R6/2 
mice with a transgene composed of the human 
HTT gene promoter and exon 1 with 120 ± 5 
CAG repeats) with mice that express transgenic 

Irs2 in the CNS (Irs2ntg mice) to generate R6/2•Irs2ntg mice (Supple-
mental Figure 2A). R6/2 mice display a neurological phenotype that 
mimics many of the features of HD (5). The Irs2ntg mice grew to a 
normal body weight and displayed normal blood glucose concentra-
tions (Supplemental Figure 2, B and C). Compared with control and 
R6/2 mice, Irs2 concentration and AKT phosphorylation increased 
significantly in brain extracts from random-fed Irs2ntg mice and 
R6/2•Irs2ntg mice (Supplemental Figure 2, D–F). Conversely, the 
mRNA concentration of the R6/2 transgene was indistinguishable 
in the extracts from R6/2 and R6/2•Irs2ntg mice (Supplemental Fig-
ure 2E). The body weights of male and female R6/2 mice increased 

Figure 1
Effect of Irs2 signaling on life span and motor func-
tion. (A) Average body weight of male and female 
control (CNTR; B6CBAF1/3J without the R6/2 
transgene), R6/2, R6/2•Irs2ntg, and R6/2•Irs2+/–

•Irs2βtg mice (n = 20 per group). (B) Kaplan-Meier 
plots showing survival probability for R6/2 and 
R6/2•Irs2ntg male and female mice. (C) Kaplan-
Meier plots showing survival probability for R6/2, 
R6/2•Irs2βtg, R6/2•Irs2+/–, and R6/2•Irs2+/–•Irs2βtg 
male and female mice. See Supplemental Tables 
1 and 2 for details on statistical analysis. (D) Motor 
performance was measured biweekly using an 
accelerating Rotarod apparatus, and latency to 
fall was recorded for control, R6/2, R6/2•Irs2ntg, 
and R6/2•Irs2+/–•Irs2βtg male mice. Average time 
on the rod for each study group is shown (n = 20). 
(E) Representative images of limb clasping of 
experimental mice.
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Figure 2
Effect of Irs2 signaling on brain neuropathology. (A) Sections of the cortex and dentate gyrus (DG) from 11-week-old age-matched control, R6/2, 
R6/2•Irs2ntg, and R6/2•Irs2+/–•Irs2βtg mice immunostained with GFAP antibody. Scale bars: 100 μm (cortex); 20 μm (cortex, insets); 50 μm (DG). 
(B) GFAP signal, quantified from A. (C) Cortex from 6- and 11-week-old R6/2, R6/2•Irs2ntg, and R6/2•Irs2+/–•Irs2βtg mice stained with anti-Htt 
antibody (red). Nuclei are stained with DAPI (blue). Representative images of cortical neurons are shown. Scale bars: 50 μm. (D–G) Quantifica-
tion of inclusion body frequency (D and E) and size (F and G) in cortex (D and F) and striatum (E and G). (H) Western blots of brain extracts 
prepared from 11-week-old control, R6/2, R6/2•Irs2ntg, and R6/2•Irs2+/–•Irs2βtg mice solubilized in Triton or SDS, resolved by SDS-PAGE, and 
probed with Htt antibody. Tubulin was used for normalization. (I) SDS-insoluble Htt from H, normalized to tubulin and expressed as a percent-
age of R6/2 (n = 4). *P < 0.05; **P < 0.01.
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normally until 12 weeks of age, then declined almost 40%, until the 
mice died between 15 and 16 weeks of age (Figure 1, A and B, and 
Supplemental Table 1). In contrast, the body weights of R6/2•Irs2ntg 
mice increased normally until 7 weeks, but afterward declined rap-
idly, and half the mice died between 11 and 12 weeks of age (Figure 
1, A and B, and Supplemental Table 1). Based on Cox regression, 
neuronal Irs2 in R6/2•Irs2ntg mice significantly increased the risk of 
death 3.6-fold compared with R6/2 mice; sex of the mice was not a 
significant covariate (Supplemental Table 2).

Next, we intercrossed R6/2 mice with Irs2+/– mice to generate 
R6/2•Irs2+/– mice. Male and female Irs2+/– mice express half the 
normal concentration of Irs2 throughout the body and live about 
20% longer than controls (25). Consistent with the inverse relation-
ship between Irs2 and life span, male and female R6/2•Irs2+/– mice 
displayed a longer life span than did R6/2 mice, even though the 
mRNA concentration of the human HTT transgene was unchanged 
(Supplemental Figure 2E). Most of the female R6/2•Irs2+/– mice 
survived to a mean age of 22.4 ± 0.4 weeks (Figure 1C) and never 
displayed hyperglycemia (blood glucose >200 mg/dl); however, 3 of 
the female and all of the male R6/2•Irs2+/– mice developed hyper-
glycemia between 4 and 8 weeks of age and survived to a mean age 
of 17.1 ± 0.5 and 19 ± 1 weeks, respectively (Supplemental Figure 3A 
and Supplemental Table 1).

Since mutant HTT can have a negative effect upon β cell function, 
and β cells without Irs2 fail sooner in males than in females (38, 39), 
we reasoned that Irs2 heterozygosity promoted β cell failure that 
contributed to the reduced life span of male R6/2•Irs2+/– mice. Based 
on our previous work showing that Irs2 promotes β cell growth, 
function, and survival (40), we intercrossed the R6/2•Irs2+/– mice 
with transgenic mice overexpressing Irs2 in pancreatic β cells (Irs2βtg 
mice). As expected, male R6/2•Irs2+/–•Irs2βtg mice displayed normal 
blood glucose (Supplemental Figure 3B). Moreover, the mean life 
span of male and female R6/2•Irs2+/–•Irs2βtg mice was indistinguish-
able and equal to that of the nondiabetic R6/2•Irs2+/– female mice 
(Figure 1C and Supplemental Table 1). Transgenic expression of Irs2 
in β cells alone did not change the mean life span of R6/2•Irs2βtg 
compared with R6/2 mice (Figure 1C and Supplemental Table 1). 
Based on Cox regression using glucose, sex, and genotype as covari-
ates, 50% less Irs2 expression throughout the body (except in β cells, 
where it was needed to prevent diabetes) significantly reduced the 
risk of death of R6/2 mice 13-fold; however, hyperglycemia (glucose 
>200 mg/dl) was a significant covariate that increased the risk of 
death about 3.4-fold (Supplemental Table 2). To avoid the compli-
cations of hyperglycemia in R6/2•Irs2+/– mice, we conducted subse-
quent experiments with male R6/2•Irs2+/–•Irs2βtg mice, which never 
developed high circulating glucose.

Effect of Irs2 signaling on motor function of R6/2 mice. Motor function 
deteriorates as HD progresses, which we evaluated in mice by stabil-
ity on the Rotarod, hind limb clasping, and paw print intensity (6). At 
all ages tested, control mice remained on the rod for about 300 sec-
onds (Figure 1D). In contrast, 8-week-old R6/2 mice fell off the rod 
after 150 seconds, and fell sooner with increasing age. R6/2•Irs2ntg 
mice were less capable on the rod than were R6/2 mice, consistent 
with negative effects of more neuronal Irs2. Conversely, R6/2•Irs2+/–

•Irs2βtg mice remained on the rod longer than R6/2 mice, but not as 
long as the controls (Figure 1D). Compared with R6/2 mice at 11 
weeks of age, R6/2•Irs2+/–•Irs2βtg mice displayed fewer tremors and 
less frequent episodes of hind limb clasping while held in vertical sus-
pension, whereas R6/2•Irs2ntg mice displayed more tremor and hind 
limb clasping (Figure 1E and Supplemental Figure 4, A and B).

Next, abnormal movement characteristic of HD was investi-
gated using hind paw print patterns (41). The 11-week-old R6/2 
and R6/2•Irs2ntg mice displayed weak and disperse paw prints, 
characteristic of HD, whereas paw print intensity and dispersion 
of R6/2•Irs2+/–•Irs2βtg mice were normal (Supplemental Figure 4, 
C–E). Consistent with these results, the fore limb grip of R6/2 and 
R6/2•Irs2ntg mice was significantly weaker than those of control 
and R6/2•Irs2+/–•Irs2βtg mice (Supplemental Figure 4F). Thus, 
reduced expression of Irs2 reduced the progression of motor 
abnormalities in R6/2 mice.

Effect of Irs2 signaling on brain neuropathology. Serial brain sec-
tions were examined to assess astrogliosis (GFAP immuno-
staining), degenerated neuron accumulation (f luoro-jade 
immunostaining), and polyQ-HTT aggregate formation (5, 6). 
GFAP-positive astrocytes increased significantly in cortex and 
hippocampus sections from 11-week-old R6/2 and R6/2•Irs2ntg 
mice compared with controls, whereas the number of GFAP-
positive astrocytes in R6/2•Irs2+/–•Irs2βtg sections was indis-
tinguishable from the control (Figure 2, A and B). Punctate 
fluoro-jade immunostaining, which was entirely absent in con-
trol sections, was strongly detected in sections from 11-week-
old R6/2 and R6/2•Irs2ntg mice, but was reduced significantly 
in R6/2•Irs2+/–•Irs2βtg sections (Supplemental Figure 5, A and 
B). Thus, relative to impaired motor function in short-lived 
R6/2•Irs2ntg mice, the neuropathological sequela did not worsen  
compared with R6/2 mice.

Htt antibody never detected inclusions in control mice (data not 
shown), whereas approximately the same number of inclusions, 
characteristic of HD, were detected in the neocortex and striatum 
of 6-week-old R6/2 and R6/2•Irs2ntg mice, and these increased 
equally by 11 weeks of age (Figure 2, C–E). However, compared 
with R6/2 mice, the frequency and size of the inclusions pro-
gressed more slowly in R6/2•Irs2+/–•Irs2βtg mice (Figure 2, D–G, 
and Supplemental Figure 5C). Consistent with these results, brain 
extracts from R6/2•Irs2+/–•Irs2βtg mice contained significantly less 
detergent-insoluble aggregated Htt than did R6/2 and R6/2•Irs2ntg 
mice (Figure 2, H and I). These findings showed that decreased 
expression of Irs2 reduced the progression of neuropathology in 
R6/2•Irs2+/–•Irs2βtg mice.

Macroautophagy might regulate the clearance of HTT aggre-
gates in HD (42). Macroautophagy sequesters damaged organ-
elles and unused long-lived proteins — including soluble and 
aggregate forms of mutant HTT — into double-membrane struc-
tures (autophagosomes) for degradation (42, 43). The expression 
of light chain type 3 (LC3; responsible for assembly of autopha-
gosomes) and autophagy-related gene–6 (Beclin; involved in the 
recruitment of membranes to form autophagosomes) increased 
significantly in R6/2•Irs2+/–•Irs2βtg mice (Supplemental Fig-
ure 6). We used LC3 immunostaining to assess the assembly of 
autophagosomes in brain sections (44). LC3 immunostaining 
was barely detected in control samples, but increased substan-
tially in neurons of R6/2 and R6/2•Irs2ntg mice (Figure 3A). 
Compared with control and R6/2 mice, the number of neurons 
stained by LC3 antibody increased significantly in R6/2•Irs2+/–

•Irs2βtg mice (Figure 3, A and B). Moreover, the level of LC3-II, a 
marker of autophagosome induction, also increased significant-
ly in R6/2•Irs2+/–•Irs2βtg mice (Figure 3, C and D). These find-
ings show that increased macroautophagy might be responsible 
for the reduced HTT aggregates and slower HD progression in 
R6/2•Irs2+/–•Irs2βtg mice.
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Effect of Irs2 signaling on FoxO1 activity in brains of R6/2 mice. FoxO 
transcription factors induce the expression of genes that promote 
autophagy (LC3 and Beclin), mitochondrial function (Ppargc1a), 
and resistance to oxidative stress (Sod2), which can protect cells 
and tissues against physiologic stress (45). Insulin/IGF1 acti-

vates the PI3K→AKT signaling cascade, which includes the phos-
phorylation and nuclear exclusion of FoxO1 and FoxO3 (46). We 
immunostained striatum sections with specific FoxO1 antibodies 
to distinguish neurons without nuclear FoxO1 from those with 
nuclear FoxO1 (47). We identified neurons in these sections by 

Figure 3
Effect of Irs2 signaling on autoph-
agy in brains of R6/2 mice. (A) 
Cortex sections from 11-week-
old R6/2, R6/2•Irs2ntg, and 
R6/2•Irs2+/–•Irs2βtg mice stained 
with LC3 antibody (green). For 
each genotype, anti-NeuN anti-
body (as a neuronal marker) and 
anti-Htt antibody are also shown 
(both red). Nuclei were stained 
with DAPI (blue). Representa-
tive images of cortical neurons 
are shown. Arrows indicate LC3 
puncta. Scale bars: 50 μm (top); 
10 μm (bottom). (B) Quantifica-
tion analysis of LC3 puncta per 
neuron in 10 sections per mouse 
(n = 5 per genotype). (C) Rep-
resentative Western blot of LC3 
of soluble fractions of total brain 
lysates. (D) LC3-II, normalized 
to tubulin (n = 4). *P < 0.05;  
**P < 0.01.
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immunostaining with NeuN and verified the location of the nucle-
us by DAPI staining (Figure 4A). Based on manual scoring, 30% of 
the neurons in control sections displayed nuclear FoxO1 staining, 
and 70% of the neurons displayed no evidence of nuclear FoxO1 
staining (Figure 4, A and B). This distribution was not changed 
significantly in R6/2 and R6/2•Irs2ntg mice; however, R6/2•Irs2+/–

•Irs2βtg sections displayed significantly more neurons with nuclear 
FoxO1 (Figure 4, A and B). The fractionation of brain homogenates 
and immunoblotting confirmed that phosphorylated FoxO1 was 
largely cytoplasmic in R6/2 and R6/2•Irs2ntg mice, whereas FoxO1 
was weakly phosphorylated and most strongly detected in the 
nuclear (laminin-containing) fractions from R6/2•Irs2+/–•Irs2βtg 
brains (Figure 4C). Compared with control mice, levels of SOD2 

and Ppargc1α (products of FoxO1-regulated genes) decreased in 
brain extracts of R6/2 and R6/2ntg mice, but significantly increased 
in brains of R6/2•Irs2+/–•Irs2βtg mice (Figure 4, D and E). Thus, 
reduced Irs2 signaling attenuated phosphorylation and cytoplas-
mic retention of FoxO1, which can increase the expression of genes 
in R6/2 mice that promote mitochondrial function and attenuate 
oxidative stress (11).

Effect of Irs2 signaling on oxidative energy balance in R6/2 mice. Pre-
vious work in livers of mice lacking both Irs1 and Irs2 suggests 
that nuclear FoxO1 attenuates oxidative stress, at least in part, 
by promoting mitochondria biogenesis that is modulated by 
the capacity of the electron transport chain (ETC) to control the 
[NAD+]/[NADH] ratio (48). Energy deficit is a well-known char-

Figure 4
Effect of Irs2 signaling on FoxO1 activity in brains of R6/2 mice. (A) FoxO1 localization (red) in brain sections of 11-week-old control, R6/2, 
R6/2•Irs2ntg, and R6/2•Irs2+/–•Irs2βtg mice. Sections were also stained with neuronal marker NeuN (green); nuclei were stained with DAPI (blue). 
A representative confocal cell image of FoxO1 localization is shown at right. Cyt, cytoplasmic; Nuc, nuclear. Scale bars: 20 μm; 5 μm (far right). 
(B) FoxO1-positive neurons were sorted into nuclear/cytoplasmic or cytoplasmic localization. (C) Western blot analysis of phospho-FoxO1S256 
and total FoxO1 in cytoplasmic and nuclear fractions. Tubulin was used for normalization; laminin was used to confirm purity of the nuclear frac-
tion. (D) Western blot of SOD2 and Ppargc1α expression in brains of 11-week-old mice. (E) Quantification of Ppargc1α and SOD2 expression, 
normalized to tubulin (n = 6). *P < 0.05 vs. control.
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acteristic of HD, and oxidative damage was reported in early-stage 
HD progression in R6/2 mice, suggesting that mitochondrial dys-
function might promote neurodegeneration (9). Before evidence 
of overt neuronal dysfunction, full-length mutant polyQ-HTT 
can promote mitochondrial fission by interacting with dynamin-
related protein–1 (12, 49). Thus, we next determined whether Irs2 
modulates the concentration of ROS in the brains of R6/2 mice. 
Compared with 11-week-old control mice, ROS was slightly but 
significantly increased in age-matched R6/2 mice and increased 
3-fold in R6/2•Irs2ntg mice; however, ROS in R6/2•Irs2+/–•Irs2βtg 

mice was indistinguishable from the control (Figure 5A). Increased 
ROS was detected in 5-week-old R6/2•Irs2ntg mice when the ROS 
concentration in age-matched R6/2 mice equaled that in controls 
(data not shown).

ROS promotes cellular damage owing to lipid peroxidation, nitro-
sylation, and carbonylation (50, 51). Consistent with these previous 
results, the concentration of lipid peroxides, protein carbonyls, 
and 3-nitrotyrosine increased significantly in R6/2 mice (Figure 5, 
B–D). In contrast, these markers of oxidative damage increased fur-
ther in R6/2•Irs2ntg brain extracts, but decreased to control levels 

Figure 5
Effect of Irs2 signaling on oxidative energy balance in R6/2 mice. (A–D) ROS concentration (A), lipid peroxidation (B), 3-nitrotyrosine levels (C), 
and carbonyl content (D) in brains of 11-week-old R6/2, R6/2•Irs2ntg, and R6/2•Irs2+/–•Irs2βtg mice (n = 6). (E–G) Mitochondrial aconitase activity 
(E), ATP levels (F), and [NAD+]/[NADH] ratio (G) of mitochondria from 11-week-old mice. (H) RT-PCR analysis of genes encoding mitochondrial 
proteins involved in oxidation phosphorylation (ETC). CI, complex I (mt-Nd6); CII, complex II (Sdha); CIII, complex III (Uqcrc1); CIV, complex IV 
(mt-Co1). (I) Expression pattern of protein markers of complexes I–IV (as in H). (J) Density quantification of bands in I, normalized to porin. (K) 
Cytochrome C oxidation rate (n = 3). *P < 0.05 vs. control.
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in R6/2•Irs2+/–•Irs2βtg samples. Mitochondrial aconitase activity 
is highly sensitive to oxidative damage and can reflect the progres-
sion of cellular and tissue damage (52, 53). Compared with that in 
11-week-old control mice, aconitase activity in the striata decreased 
2-fold in R6/2 mice and 4-fold in age-matched R6/2•Irs2ntg mice, 
but was indistinguishable from control in R6/2•Irs2+/–•Irs2βtg mice 
(Figure 5E). Thus, less Irs2 signaling consistently reduced the oxida-
tive stress induced by mutant polyQ-HTT in R6/2 mice.

Mitochondria are the principal source of ROS in cells (9). In HD, 
mitochondrial dysfunction is associated with ATP depletion and 
increased ROS (54). Compared with that in control brains, ATP 
concentration decreased 2- and 4-fold in R6/2 and R6/2•Irs2ntg 
brains, respectively, but increased significantly in R6/2•Irs2+/–

•Irs2βtg brains (Figure 5F). Moreover, the [NAD+]/[NADH] ratio 
in the brains of R6/2 and R6/2•Irs2ntg mice decreased 1.5- and  
2-fold, respectively, compared with the normal ratio in control 
and R6/2•Irs2+/–•Irs2βtg brains (Figure 5G). Thus, Irs2 signaling 
can augment the deleterious effects of mutant HTT upon mito-
chondrial function in R6/2 mice, whereas less Irs2 signaling can 
attenuate these damaging effects.

Next, we investigated the integrity of the ETC in brain extracts 
from control and R6/2 mice. The ETC is composed of a series of 
sequentially acting electron carriers that consist of integral mem-
brane proteins with prosthetic groups (55). Complexes I and II 
pass electrons from NADH and FADH2 to complexes III and IV 
to generate the electrochemical proton gradient that drives ATP 
generation by complex V (55). Previous studies reveal deficiency of 
complexes II–IV in the caudate and putamen of symptomatic HD 
patients, and the reduction of complex II might precede the death 
of HD neurons (56). Consistent with the relative progression of 
mitochondrial dysfunction in R6/2 and R6/2•Irs2ntg mice, the 
expression and protein concentration of succinate dehydrogenase 
complex, subunit A, complex II (Sdha), ubiquinol-cytochrome c 
reductase core protein I, complex III (Uqcrc1), and cytochrome c 
oxidase subunit 1, complex IV (mt-Co1), were reduced in R6/2 and 
R6/2•Irs2ntg mice compared with controls. Importantly, these com-
ponents were restored to normal concentrations in age-matched 
R6/2•Irs2+/–•Irs2βtg mice (Figure 5, H–J), consistent with improved 
mitochondrial function. The effect of Irs2 on the terminal step in 
the ETC was confirmed by progressive loss of cytochrome c oxida-
tion rate in R6/2 and R6/2•Irs2ntg brain that was restored to con-
trol levels in R6/2•Irs2+/–•Irs2βtg mice (Figure 5K). Thus, less Irs2→
PI3K→AKT signaling could attenuate the progression of HD in 
R6/2 mice by promoting mitochondrial function and diminishing 
oxidative stress associated with polyQ-HTT.

Discussion
Our results show that increased IRS2 signaling in the CNS (i.e., in 
Irs2ntg mice) exacerbates the deleterious consequences associated 
with mutant HD exon 1 in the brains of male and female R6/2 
mice. Mice of the R6/2 strain used herein died between 15 and 16 
weeks of age; however, 2-fold more Irs2 in the CNS decreased the 
life span of R6/2•Irs2ntg mice significantly, to 11–12 weeks. Among 
age-matched mice, R6/2•Irs2ntg mice were least capable dur-
ing behavior tests and displayed the most severe oxidative stress 
and mitochondrial dysfunction. In contrast, R6/2•Irs2+/–•Irs2βtg  
mice — in which glucose intolerance owing to decreased insu-
lin concentrations is prevented by transgenic β cell–specific  
Irs2 — showed delayed progression of all mutant HD-induced 
defects investigated, including behavioral and neuronal pathol-

ogy, oxidative stress, and mitochondrial dysfunction. Based on 
these results and previous reports (25, 35, 36), we conclude provi-
sionally that strategies to reduce neuronal Irs2 signaling have the 
potential to slow the progression of neurodegeneration, whether 
induced acutely by mutant HTT, chronically by Alzheimer disease,  
or by natural aging.

PolyQ-HTT causes pathological sequela in R6/2 mice that devel-
op progressively until death — including mitochondrial dysfunc-
tion and oxidative stress, accumulation of protein aggregates in 
the CNS, neuroinflammation, and abnormal behavior and move-
ment (6, 53, 57, 58). However, only mitochondrial dysfunction and 
oxidative stress increased significantly in the CNS of R6/2•Irs2ntg 
mice, revealing a major consequence of excess IRS2 signaling on 
acute neurodegeneration and early death of these HD mice. Irs2 
signaling in the CNS can modulate the life span of normal mice, 
as partial or complete deletion of brain Irs2 increases life span by 
20% (25). Our previous work shows that less neuronal Irs2 signal-
ing preserves a youthful diurnal transition between glucose and fat 
oxidation ordinarily lost in old wild-type mice (25). Thus, excess 
Irs2 signaling might have negative effects on energy homeostasis 
during normal aging. Whether central IRS2 signaling exacerbates 
neuronal mitochondrial damage and oxidative stress during nor-
mal aging might have broad consequences for the progression of 
debilitating disease in an aging population.

Consistent with the inverse relationship between Irs2 expres-
sion and life span established in ordinary mice, less Irs2 signaling 
also significantly extended the life span of R6/2 mice. Whereas the 
molecular effects of Irs2 upon neuronal function are difficult to 
establish in ordinary mice, less Irs2 signaling was shown to have 
many protective effects in R6/2 mice. Mitochondrial function 
deteriorated more slowly in the R6/2•Irs2+/–•Irs2βtg brain, as the 
negative effects of PolyQ-HTT on ATP concentration and [NAD+]/
[NADH] ratio were largely normalized in age-matched mice. More-
over, nuclear FoxO1 increased in the R6/2•Irs2+/–•Irs2βtg brain, 
which led to higher expression of Ppargc1α and SOD2, both of 
which have strong effects on energy homeostasis and prevention 
of oxidative stress: Ppargc1α promotes mitochondrial biogenesis 
and function needed for normal oxidative phosphorylation, and 
SOD2 reduces ROS damage (59–61).

The presence of polyQ-HTT aggregates in the striatum is one of 
the hallmarks of HD (62, 63). Aggregate accumulation is thought 
to reflect cellular damage, as cells that form aggregates earlier 
tend to die earlier (64). PolyQ-HTT aggregates might impair 
mitochondrial oxidative phosphorylation and contribute to free 
radical damage (53); however, aggregate formation could be a 
protective mechanism that sequesters damaged toxic monomers 
and small oligomers (65, 66). The accumulation of protein aggre-
gates during HD progression might be caused by the instability 
of polyQ-HTT exacerbated by the effects of progressive oxidative 
stress. Although more Irs2 signaling exacerbated oxidative stress 
in R6/2•Irs2ntg mice, more Irs2 did not increase the aggregate 
load; however, comparable amounts of insoluble polyQ-HTT in 
R6/2 and R6/2•Irs2ntg mice does not rule out differences in the 
levels of toxic species in these mice.

The accumulation of fewer inclusions in the R6/2•Irs2+/–•Irs2βtg 
brain might be related to the improved redox status (67); however, 
we cannot exclude other modes of protection, such as increased 
autophagy to facilitate the clearance of protein aggregates. 
Increased nuclear FoxO-mediated gene expression owing to less 
Irs2 signaling can increase the expression of genes that medi-
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ated autophagy, including LC3 and Beclin. Compared with R6/2 
or R6/2•Irs2ntg mice, more autophagosomes accumulated in the 
striatum of R6/2•Irs2+/–•Irs2βtg mice, consistent with fewer Htt 
aggregates in these samples.

Recent findings show that mutant polyQ-HTT causes mito-
chondrial fragmentation before aggregates accumulate in a mouse 
model of HD (12). Furthermore, 8-week-old R6/2 mice display 
overt lipid peroxidation in parallel with impaired motor abilities 
(9). Similar to this, the alterations in brain and muscle metabolism 
in patients with presymptomatic stages of HD suggest energy defi-
cit to be an early phenomenon in the cascade of events leading to 
HD pathogenesis (68, 69). In agreement with these observations, 
the most vulnerable target of oxidative stress, mitochondrial acon-
itase, decreased and ATP synthesis fell in short-lived R6/2•Irs2ntg 
mice. Although we did not detect mitochondrial fragmentation in 
our EM studies (data not shown), the respiratory chain complexes 
II and III were progressively damaged in R6/2 and R6/2•Irs2ntg 
mice, but protected in R6/2•Irs2+/–•Irs2βtg mice. Studies of symp-
tomatic HD patients showed marked deficiency of complexes 
II and III and lesser deficiency of complex IV in the caudate or 
putamen (53, 70, 71). Thus, reduced mitochondrial capacity 
caused by the physiological stress of polyQ-HTT can cause stress-
induced cellular death pathways and organ failure (72). Less Irs2 
signaling can attenuate this destructive cascade.

We do not believe there is a physical interaction between Irs2 
protein and HTT; instead, our results suggest that the interface 
between their functions occurs at the mitochondrial level. For 
example, mutant HTT abnormally interacts with the mitochon-
drial fission GTPase dynamin-related protein–1 (12), whereas less 
Irs2 signaling promotes mitochondrial oxidative phosphoryla-
tion capacity. Moreover, the protective effects of calorie restriction 
could be affected by transcription factors with redox sensitivi-
ties, such as Sirt1 (73). Sirt1 activation is neuroprotective in sev-
eral models of HD (74, 75). In a HD C. elegans model, Sir2/SIRT1 
deacetylate DAF16, which induces genes that promote oxidative 
stress resistance (76). Taken together, these data suggest that the 
point of interaction between Irs2 signaling and polyQ-HTT is at 
the level of transcription regulation.

Published reports construct a complicated relation between 
IGF1 signaling and progression of neurodegeneration. Recently, 
it was suggested that IGF1 expression is under the direct control of 
HTT, since IGF1 levels correlated with either wild-type or mutant 
HTT levels (77). However, the data collected on centenarians show 
that modulations in serum IGF1 does not necessarily correlate 
with IGF1R signaling (78). Reduced neuronal IGF1 might predict 
HD progression (77), whereas more plasma GH and IGF1 levels 
might predict a faster progression of cognitive decline in HD (79). 
In contrast, cell-based experiments suggest that more IGF1→
PI3K/Akt signaling can inhibit mutant HTT–induced cell death 
and formation of intranuclear inclusions of polyQ-HTT in HD 
(28, 29). Regardless, heterozygous deletion of the IGF1R increases 
longevity in mice (80). Moreover, a recent study showed that a 
protection mechanism in an AD animal model involves effects of 
reduced IGF1 signaling on Aβ toxicity (37), pointing to the pos-
sibility that manipulation of the IGF signaling pathway can be a 
promising target for AD therapy.

In mammals, Irs2 signaling plays an important role in maintain-
ing peripheral nutrient homeostasis and pancreatic β cell func-
tion. Deletion of Irs2 in the liver causes glucose intolerance, and 
deletion in pancreatic β cells causes diabetes (25, 81, 82). Thus, 

more Irs2 protected β cell function in R6/2 mice. However, insu-
lin→Irs2 signaling displays tissue-specific effects, as less Irs2 sig-
naling in the brain extends life span (25), consistent with the role 
of insulin/IGF1 signaling in the brain during aging. In support 
of this notion, several recent studies demonstrated that less Irs2 
signaling also ameliorates the pathologies associated with AD (35, 
36). Although the expression levels of Irs2 and other insulin sig-
naling components were comparable in normal and grade II HD 
patients, we cannot rule out that their expression or activation 
might change with the pathologic grade. While we do not suggest 
that IRS2 signaling defects are the cause of HD, our murine stud-
ies nevertheless suggest that Irs2 signaling might modulate HD 
progression, which is consistent with our previous results on the 
healthy life span of old mice.

Taken together, our findings demonstrated that reduced Irs2 
protected against oxidative stress, mitochondrial dysfunction, and 
neuropathology and delayed lethality in a mouse model of HD. 
Since Irs2 and other insulin signaling components are expressed 
in the human striatum, our findings in mice might be relevant to 
the progression of human HD. Since calorie restriction also delays 
HD progression in mice (17), we conclude provisionally that brain 
Irs2 signaling might integrate the effects of peripheral nutrient 
homeostasis and insulin signaling with life span in HD. This is 
an important conclusion, as work in the field moves forward to 
establish strategies to prevent neurodegeneration in general, and 
HD progression in particular. Although is it not obvious how to 
modulate Irs2 signaling in the brain, it is important to appreciate 
that increased neuronal Irs2 signaling is not a desirable goal in the 
intact mammal battling neurodegeneration.

Methods
Animals. Male transgenic B6CBA-Tg (HDexon1)62Gpb/3J mice (Jackson 
Laboratories), a strain of R6/2 mice founders with a transgenic line of the 
human HD gene carrying approximately 120 ± 5 CAG repeat expansions, 
were bred with females from their background strain (B6CBAF1/3J). The 
length of the CAG repeats was monitored (Laragen) throughout the study. 
Brain Irs2 transgenic female mice expressing recombinant Irs2 under the 
control of the neural enolase promoter (Irs2ntg) were crossed to R6/2 male 
mice to generate R6/2•Irs2ntg mice. In addition, Irs2+/– mice (39) were 
crossed to Irs2βtg mice (40) to generate female Irs2+/–•Irs2βtg mice. Female 
Irs2+/–•Irs2βtg mice were further crossed to R6/2 male mice to generate 
R6/2•Irs2+/–•Irs2βtg mice.

Generation of Irs2ntg mice. The FLAG tag sequence was added to the 3′ end 
of mouse Irs2 by PCR, and the tagged cDNA was then inserted directly 
after the rat neuronal enolase promoter using the SalI/HindIII sites. A 
linearized DNA fragment containing the Nse-Irs2 transgene was excised 
and microinjected into fertilized eggs of C57BL/6 mice according to stan-
dard techniques by the Beth Israel Deaconess Transgenic Mouse Facility. 
Germline transmission was confirmed by Southern blotting. Founders 
were bred with C57BL/6 mice and maintained on this pure background. 
Routine genotyping was executed by PCR using primers derived from an 
internal Irs2 sequence.

Survival analysis. Mice were undisturbed except for routine cage mainte-
nance until their date of death (the day when they no longer had a heart-
beat). Although we did not determine the median life span of B6CBAF1/3J 
control mice, all control mice were alive at 18 months of age, when our 
observations were terminated (data not shown). Mice used for invasive 
experiments were maintained in the same facilities but not included in the 
life span study. To establish whether gender and date of birth influenced life 
span, we used semiparametric (Cox) regression (COXREG, version 18; SPSS) 
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to control for these covariates (83). Categorical independent variables — rep-
resenting genotype, sex, and blood glucose concentration — were replaced 
with a set of indicator variables, representing the presence or absence of cat-
egory membership, and entered into the model as a single step. Backward 
stepwise removal of the covariates produced similar results; and the log-
minus-log plots confirmed that the baseline hazard functions were propor-
tional across groups of categorical variables. Based on the Cox regression, 
glucose was a significant confounder, whereas sex was not significant. Thus, 
Kaplan-Meier plots were used to estimate median and mean life span of the 
life span data stratified for blood glucose (version 15; SPSS).

Motor performance and body weight assessment. The Rotarod apparatus 
(Columbus Instruments) was used to assess motor performance. Mice 
were evaluated weekly from 4 weeks of age. Mice were tested in 3 5-minute 
trials with an accelerating speed (0–40 rpm in 5 minutes) separated by a 
30-minute interval. The time until a fall from the rod was recorded. Mice 
remaining on the rod for more than 300 s were removed, and their time 
was scored as 300 s. Body weights were obtained once a week at the same 
day and time.

Histological evaluation. Experimental mice were anesthetized and perfused 
with 4% PFA. The brains were postfixed at least overnight in the same fixa-
tive solution plus 20% sucrose and cryoprotected as previously described 
(6). Immunofluorescent detection of mutant HTT, GFAP, LC3, and FoxO1 
was performed as previously described (6, 11, 47). Sections were incubat-
ed overnight in mouse anti-HTT recognizing the N-terminal portion of 
human and murine HTT (Chemicon), rabbit anti-GFAP (Chemicon), rab-
bit anti-LC3 (Abgent), or rabbit anti-FoxO1 (Cell Signaling). Fluoro-jade B 
staining was performed according to the manufacturer’s protocol (Milli-
pore). All fluorescent images were acquired with an Imager Z1 microscope 
(Zeiss) equipped with an AxioCam Mrm (CCD camera) and a LSM 510 
(confocal). The images were quantified using Imaris (versions 6.4 and 7.0; 
Bitplane), using the function spot to count nuclei and surface to measure 
the area or the volume of the different objects.

Pyridine nucleotide measurements. We analyzed the pyridine nucleotides 
(NAD+ and NADH) in brains with EnzyChrom assay kits according to the 
manufacturer’s instructions (BioAssay Systems).

Nitrotyrosine formation. Detection and quantitation of 3-nitrotyrosine 
in protein samples was carried out with OxiSelect Nitrotyrosine Elisa kit 
(Cell Biolabs).

Protein carbonyls content. The quantity of protein carbonyls in a brain 
protein sample was determined by derivatizing with dinitrophenylhydra-
zine (DNP) and measuring bound DNP according to the manufacturer’s 
instruction (Enzo Life Sciences).

Lipid peroxidation products. The lipid peroxidation products level was 
evaluated using the Bioxytech LPO-586 kit (OxisResearch). The kit uses 
a chromatogenic reagent that reacts with the lipid peroxidation products 
malondialdehyde and 4-hydroxyalkenales.

ROS measurements. ROS concentration in brain extracts was carried out 
using the cell-permeable dye 2′,7′-dichlorofluorescein diacetate (H2D-
CFDA). Brain tissues were snap-frozen in liquid nitrogen followed by quick 
thawing in buffered medium (5 mmol/l HEPES in PBS) to improve probe 
diffusion. After rapid thawing, medium was discarded. Samples were pro-
cessed as previously described (48).

ATP levels. Detection of ATP levels was carried out by StayBrite ATP Assay 
kit, according to the manufacturer’s instructions (BioVision).

Cytochrome c oxidase activity. Cytochrome c oxidase activity in mitochon-
drial samples was determined using Cytochrome c Oxidase Assay Kit 
according to the manufacturer’s instruction (Sigma-Aldrich).

Aconitase activity. Mitochondrial aconitase activity was measured 
using Aconitase Assay Kit according to the manufacturer’s instructions 
(Cayman Chemical).

Immunoprecipitation and Western blot. Immunoprecipitation and immu-
noblotting were performed as described previously (40). Antibodies were as 
follows: rabbit anti-FoxO1, pThr24-FoxO1, Akt, IR, and tubulin (Cell Sig-
naling Technology); rabbit anti-Pparg1α, Irs2, and Irs1 (Millipore); SOD2 
(Santa Cruz Biotechnology); and mouse anti-Sdha, Uqcrc1, mt-Co1, and 
Nd6 (Abcam). Images were analyzed and quantified with Kodak MI software 
4000MM Pro (version 5.02; Carestream Health Inc.). Mitochondria isolation 
and nuclear extracts of the studied brains were carried with Mitochondria 
isolation kit and NE-PER Nuclear and cytoplasmic extraction reagents kit, 
respectively, according to the manufacturer’s instruction (Thermo Scientific). 
Experiments with human samples were performed with postmortem grade II 
HD brains. Age-matched control brains were used in each experiment.

Real-time PCR. Total RNA was extracted from brain with TRIzol (Gibco; 
Invitrogen), and reverse transcribed using iscript cDNA kit. cDNA was ana-
lyzed using SYBR Green real-time PCR (BioRad Laboratories Inc.). Each 
reaction was carried out in triplicate as described previously (40). The 
primers used for the R6/2 transgene were as follows: forward, CCCTG-
GAAAAGCTGATGAAG; reverse, GCTGTTGTTGCTGCTGTTGT.

Metabolic analysis. Blood insulin was determined from tail bleeds using 
a Rat Insulin ELISA kit (Crystal Chem Inc.). Blood glucose levels were 
measured on random-fed or overnight-fasted animals in mouse-tail blood 
using Glucometer Elite (Bayer), and serum samples were collected for the 
insulin measurements. Intraperitoneal glucose tolerance test (d-glucose; 2 
g/kg) was performed on mice fasted overnight for 16 hours as previously 
described (84). Blood glucose was measured 0, 15, 30, 60, and 120 minutes 
after insulin injection.

Gait analysis. Animals’ hind paws were painted with nontoxic paint, and 
the animals were allowed to walk across an 84-cm uncovered corridor lined 
with paper. The amount of dispersion of the footprint reflected the degree 
of tremor and abnormal movements. A decrease in the dispersion of the 
footprints indicated that mice had less tremor and fewer abnormal move-
ments. The intensity of the paw print represented the abnormal posture 
of the paws as well. The mean intensity of 4 steps from individual mice in 
either group was measured. Paw prints were scanned and analyzed using 
Kodak MI software 4000MM Pro (Carestream Health).

Limb movements. Limb movements, in the form of clasping, were recorded 
at 11 weeks of age. Clasping phenotype was measured by suspending each 
mouse by its tail for 30 s and scoring as previously described (5): 0, no clasp; 
1, mild clasp (only fore or hind limbs press into the stomach); 2, severe 
clasp (both fore and hind limbs touch and press into the stomach).

Grip strength analysis. Grip strength analysis was performed as previously 
described (57). Briefly, a 100-g spring balance was supported horizontally in 
a box. One end was permanently fixed; the other was attached to a horizontal 
metal wire that was free to move, whose ends protruded through slots on the 
side of the box. To measure grip strength, a mouse was swung gently by the 
tail so that its fore limbs contacted the wire. The mouse instinctively gripped 
the wire and was pulled horizontally backward, exerting a tension on the 
spring balance. When the tension became too great, the mouse released the 
wire. The scale recorded the maximum load pulled. Each mouse was used for 
5 consecutive tests, and the best 3 scores were used for statistical analysis.

Statistics. All results were analyzed by generalized linear regression 
(version 18; SPSS), using the Bonferroni correction to adjust the 
observed significance level when multiple contrasts were tested, and 
expressed as mean ± SD. A P value less than 0.05 was considered statisti-
cally significant.

Study approval. Animals involved in this study were approved by the 
IACUC of Children’s Hospital Boston. Human postmortem brain tis-
sues were from obtained from the Harvard Brain Tissue Resource Cen-
ter; IRB approval for these tissues was P-0001158 (approved for the use 
of discarded human material).
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