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Obesity and metabolic syndrome result from excess calorie intake
and genetic predisposition and are mechanistically linked to type II
diabetes and accelerated body aging; abnormal nutrient and insulin
signaling participate in this pathologic process, yet the underlying
molecular mechanisms are incompletely understood. Mice lacking
the p66 kDa isoform of the Shc adaptormolecule live longer and are
leaner than wild-type animals, suggesting that this molecule may
have a role inmetabolic derangement andpremature senescence by
overnutrition. We found that p66 deficiency exerts a modest but
significant protective effect on fat accumulation and premature
death in lepOb/Ob mice, an established genetic model of obesity and
insulin resistance; strikingly, however, p66 inactivation improved
glucose tolerance in these animals, without affecting (hyper)insuli-
naemia and independent of body weight. Protection from insulin
resistance was cell autonomous, because isolated p66KO preadipo-
cytes were relatively resistant to insulin desensitization by free
fatty acids in vitro. Biochemical studies revealed that p66shc pro-
motes the signal-inhibitory phosphorylation of the major insulin
transducer IRS-1, by bridging IRS-1 and the mTOR effector p70S6
kinase, a molecule previously linked to obesity-induced insulin re-
sistance. Importantly, IRS-1 was strongly up-regulated in the adi-
pose tissue of p66KO lepOb/Ob mice, confirming that effects of p66
on tissue responsiveness to insulin are largely mediated by this
molecule. Taken together, these findings identify p66shc as a major
mediator of insulin resistance by excess nutrients, andby extension,
as a potential molecular target against the spreading epidemic of
obesity and type II diabetes.
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Obesity and metabolic syndrome represent ramping public
health issues in the Western world, due to overnutrition and

reduced physical activity, coupled with genetic susceptibility (1).
Although a correct lifestyle remains themainstream solution to this
problem, pharmacological strategies are also being actively seeked;
to this end, a better knowledge of the molecular players and bio-
chemicalmechanisms linking excess body fat to glucose intolerance
and an increased cardiovascular risk is critically needed.
Genetic and diet-induced disturbances in insulin and nutrient

signaling have been compellingly linked to diabetes, obesity, and
accelerated aging (2–4). In particular, deregulated activity of the
nutrient-sensitive kinasemTOR (mammalian target of rapamycin)
and of its downstream effector S6 kinase (S6K) by high-fat diet or
leptin deficiency promotes fat accumulation, induces insulin re-
sistance, and shortens mouse lifespan (5, 6). On the other hand,
calorie restriction and hypomorphic mutations or pharmacological
blockade within the insulin and mTOR/S6 kinase signaling cas-
cades increase longevity both in lower model organisms and in
mammals (7–11), and adipose-specific deletion of the insulin re-
ceptor (IR) extends lifespan of FIRKO mice (12).
Mice lacking the 66-kDa isoform of the adaptor Shc (Src ho-

mology and collagen) are also long lived and resistant to a number
of age-related pathologies mostly associated with tissue oxidative
damage (13, 14). In a current model in fact, p66shc translocates to

the mitochondria of stress-challenged cells where it catalyzes the
formation of hydrogen peroxide (15, 16).However, only amarginal
fraction of cellular p66shc is associated with the organelle, sug-
gesting that additional mechanisms may contribute to the connec-
tion between loss of p66shc and organismal longevity and health.
Along parallel lines of investigation, p66shc has been shown to

participate in insulin signaling and in particular to promote in-
sulin-induced fat accumulation (17); thus, because excess adi-
posity limits animal lifespan and causes feedback desensitization
of the insulin receptor cascade and insulin resistance (2, 12, 18),
effects of p66shc on mouse lifespan and on age-related pathol-
ogies including vascular dysfunction (19) may be a consequence
of the role of p66shc in nutrient-related signaling rather than of
the redox properties of this molecule.
Prompted by this possibility we investigated the molecular in-

teraction of p66shc with signaling cascades triggered by insulin and
nutrients and evaluated the consequence of p66 deletion in an
established mouse model of metabolic dysfunction by nutrient
overload (leptin-deficient LepOb/Ob mice), with the goal of verify-
ing whether p66shc may participate in obesity-induced insulin
desensitization and, by extension, in animal susceptibility to met-
abolic syndrome and type 2 diabetes.

Results and Discussion
Mice homozygous for the LepOb mutation are hyperphagic due to
complete deficiency of leptin. These mice, fed ad libitum, develop
overt obesity, hyperinsulinemia, and glucose intolerance, thereby
modeling human metabolic syndrome. To address the impact of
p66shc deficiency on the dismetabolic phenotype of Ob/Ob mice,
double mutant animals (Ob/Ob-p66KO and Ob/Ob-p66WT lit-
termates) were generated by sequencial crossbreeding.
Ob/Ob p66KO mice and their p66WT controls (both in a B6/

129 mixed background) were monitored over time and weight
gain curves recorded. Although both strains developed severe
obesity, the two growth curves diverged by week 34: the p66KO
group displayed a lower plateau and the age-associated weight
loss, expected in the Ob/Ob model (20), started earlier with re-
spect to p66-proficient animals (Fig. 1A). These differences in
total body weight between the two strains occurred independent
of food consumption (Fig. 1C) and were most likely accounted for
by a difference in fat mass, as confirmed by evaluation of inguinal
fat weight and mean adipocyte size and by total body impe-
denziometric analysis (21) of representative animals showing
decreased conductivity (and therefore a higher fat/water ratio) in
older mice proficient for p66shc. (Fig. 1 C, D, and E). Of note,
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these findings, although obtained in a mixed B6/129 genetic
background, are consistent with the previously reported (17) re-
sistance to diet-induced obesity in pure sv129 p66-deficient mice.
In keeping with a cell-autonomous role for p66shc in fat accumu-

lation/storage, primary preadipocytes (mesenchymal stem cells,
MSC) purified from the fat of obese p66KO mice displayed much
reduced triglyceride accumulation in response to an insulin + dexa-
methasone mix, as revealed by Oil Red O staining, compared with
precursors derived from p66+/+ animals (Fig. 1 F andG).
A clear tendency to extended survival (median survival, 72 wk

versus 58 wk; P < 0.005; Fig. 1B) was also observed in obese
p66KO mice compared with p66WT controls, in agreement with
the reported lifespan-extending effect of p66 deletion in mice,
and with the general notion that fat accumulation negatively
affects longevity in mammals and in model organisms (12, 22).
Thus, taken together, these findings reveal p66shc as contribut-
ing to excess fat accumulation and accelerated aging observed in
LepOb/Ob mice.
Obesity is mechanistically linked to hyperglycemia and glucose

intolerance both in humans and laboratory animals. Because
p66shc participates in insulin signaling (17), we reasoned that its
deletion may affect insulin desensitization in obese animals. In 20-
wk-old Ob/Ob mice lacking p66shc, fasting glycemia values were
significantly lower than in p66shc+/+, weight-matched controls
(Fig. 2A, two-way ANOVA, P < 0.05). Moreover, a glucose tol-
erance test (GTT) revealed glucose intolerance to be less severe,
although not completely prevented, in obese, p66-deficient mice
(Fig. 2B). Of note, at the indicated age, body weight and compo-
sition did not differ between the two strains (Fig. 1 A and D), and
weight-matched animals were used for comparisons, which points
to a direct signaling effect of p66shc in the observed differences in
glucose homeostasis. Interestingly, p66 deficiency did not signifi-
cantly affect fasting glycemia in lean mice, nor their response
under GTT (Fig. 2 A and B).

In parallel, peripheral response to insulin, as assessed by an
insulin tolerance test in the same groups as above, was markedly
decreased in p66WT obese mice (P = 0.0018 versus the corre-
sponding lean population), whereas largely preserved in p66-
deficient obese mice of the same weight, with a glycemic curve
largely overlapping that of the corresponding lean controls (P =
0.4, Fig. 2C). Plasma insulin levels were markedly increased, as
expected, in obese animals, but that was irrespective of the p66
status (Fig. S1); hence, collectively, these findings suggest that
p66shc deletion attenuates insulin resistance of Ob/Ob mice in-
dependent of body weight and likely at the level or downstream
of the insulin receptor.
Isolated insulin-responsive cells exposed in vitro to excess free

fatty acids (FFAs) or inflammatory cytokines recapitulate bio-
chemical correlates of insulin resistance in vivo, including inhibitory
phosphorylation of the insulin receptor substrate-1 (IRS-1) on ser-
ines 307 and 636–639, reduced recruitment of the PI3-kinase, and
impaired downstream signaling through the Akt/PKB kinase (18).
Serine phosphorylation of IRS-1 eventually leads to protein degra-
dation (23), accounting in part for decreased IRS content in fat cells
from type II diabetic patients (24). To further investigate p66shc
effects on nutrient-elicited insulin desensitization, vascular stromal
cells (which include vascular cells, macrophages, preadipocytes, and
stem cells) were isolated from adipose tissue of p66+/+ and p66KO
mice and exposed in vitro toFFAandhigh (25mM)glucose for 16 h,
before stimulation with insulin. In these conditions, insulin-induced
phosphorylation of theAkt/PKBkinase on serine 473was blunted in
p66WTcells, but preserved in p66-deficient cells (Fig. 3A andB), in
parallel with a decreased inhibitory phosphorylation of IRS-1 (ser-
ine307+serine 636–639) (Fig. 3A).A similar difference in response
to insulin, based on phosphorylation of Akt (Fig. 3B) and uptake of
2-deoxy-D-[1-3H]glucose (Fig. 3C), was also observed in mature
adipocytes freshly isolated from p66WT and p66KO adipose tissue
and immediately stimulated invitro.Furthermore, siRNA-mediated
knockdown of p66shc in 3T3L1 preadipocytes also significantly

Fig. 1. Effect of p66shc deletion on fat accumula-
tion and longevity of obese mice. (A) Attenuated
pathologic obesity in LepOb/Ob mice lacking
p66shc. Littermatemale and femalemice of the two
genotypes (P66wt LepOb/Ob and p66KO LepOb/Ob)
were caged individually, fed ad libitum, and moni-
tored for weight gain over time (56 wk). Values are
mean body weight ± SEM. Between 34- and 54-wk
weight differences among the two strains were
significant by at least P < 0.05 (two-tailed Student’s
t-test). (B) Kaplan-Meyer survival analysis of obese
(p66WT, n = 20) and obese/p66-deficient (p66KO,
n = 47) mice. Survival median was 58 wk for p66WT
and 72 for p66-deficient animals. Extended survival
of p66KO mice was significant (P < 0.0005) by the
log-rank (Cox-Mantel) test. (C) Table displaying
values for food intake and obesity-related parame-
ters obtained from randomly chosenp66WTandKO
mice in the 34- to 54-wk age range. Total body re-
actance (a correlate of the lean/fat mass ratio) was
measured by bioelectrical impedance analysis (BIA).
Data are mean ± SEM of n animals. P values, calcu-
lated by unpaired t-test, are indicated. (D) Histo-
gram displaying total body conductivity values as
a function of mouse age and genotype. Group sizes
are indicated. P was calculated by unpaired t-test.
(E) Distribution of adipocyte areas (values in pixels)
in sectionsof inguinalwhite fat fromp66WTandKO
obese mice. A total of 50 cells per mouse (5 mice/
group)weremeasured. (F) In vitrodifferentiationof
primary preadipocytes (MSC) from p66WT and
p66KOobesemice; lipid accumulationwas revealed
by Oil Red O staining. (G) Triglycerides were quan-
tified and normalized for protein content.
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reduced IRS-1 serine phosphorylation in response to high glucose
(4.5 g/L for 30 minutes) and glucose + insulin, two conditions
mimicking nutrient replenishment (Fig. 3 D and E) without effects
on total IRS expression level. Conversely, overexpression of p66shc
led to a clear increase in IRS-1 phosphorylation at the above serine
residues (Fig. 3F). Importantly, p66shc and IRS-1 could be coim-
munoprecipitated, albeit at low stoichiometry, in this cell line, con-
firming that the two proteins can form a complex in vivo (25) (Fig.
3G and Fig. S2). This interaction is not significantly modulated by
cell exposure to insulin or the potent insulinomimetic, pervanadate,
although both stimuli induce significant Ser-36 phosphorylation of
p66shc (Fig. 3G Lower).
Unlike in the short-term studies on cultured adipose cells,

IRS-1 levels were reduced (down to 40–50%) in white fat, but
not in the liver of p66WT obese mice compared with p66KO
littermates (Fig. 3H). This difference was mirrored by a reduced
recovery of IRS-1 in a pull-down assay using a recombinant
GST–PI3K fusion protein as a bait for the tyrosine-phosphory-
lated form of the protein. (Fig. 3H third panel).
Thus, this evidence collectively indicates that p66 participates

in insulin desensitization of fat cells by excess nutrients and points
to IRS-1 serine phosphorylation as the potential mechanism of
this action. Phosphorylation eventually leads to IRS degradation
in vivo, although this effect is not appreciable in short-term in
vitro studies. Importantly, these effects seem to occur selectively
in adipose tissue.
Among the protein kinases involved in the signal-inhibitory

phosphorylation of IRS-1, the mTOR effector S6 kinase has
attracted the most attention because S6K-deficient mice are re-
sistant to genetic and diet-induced obesity and hypersensitive to
insulin, although insulin deficient (26). Moreover, the mTOR in-
hibitor rapamycin prevents IRS phosphorylation on serine and
degradation by prolonged exposure to insulin (23) and prevents
adipocytic differentiation (27). We hypothesized that p66shc

effects on obesity and insulin resistance may be mediated, at least
in part, by the S6 kinase. In 3T3L1 cells exposed to excess fatty
acids, S6 phosphorylation (Ser-285–286), an indirect correlate of
S6 kinase activity, and phosphorylation of p66 on serine 36, an
event reportedly crucial for most biological action of the protein
(16), occurred concomitantly and in parallel with the establishment
of insulin desensitization (Fig. 4 A and B). More importantly,
constitutive activation of the S6 kinase-S6 cascade in the visceral
white fat of p66WT obese mice (6) was nearly abolished in weight-
matched obese animals lacking p66shc (Fig. 4 C and D). S6 phos-
phorylation, however,was responsive to insulin in thismouse strain,
unlike in p66-proficient obese animals (Fig. 4C lanes 2, 4, and 5).
Thus, nutrient signaling derangement associated with obesity

is attenuated in the absence of p66shc in vivo. Additionally, in
freshly isolate adipocyte precursor cells (1 g/L glucose, 20%
FCS) from p66KO obese mice, the basal phosphorylation of S6
on serines 285–286, but not that of another major mTOR sub-
strate, 4EBP1, and of the upstream mTOR regulator AMPK,
was consistently lower than in p66shc-proficient cells (Fig. 4E).
Furthermore, when these mesenchymal precursors were glucose
starved for 5 h and subsequently restimulated with 25 mM glu-
cose, the presence of p66shc allowed a stronger phosphorylation
of the S6 kinase and its substrate S6 (Fig. 4F). Finally, glucose-
induced increase in cell size, another readout of the mTOR–S6K
cascade, was blunted in p66KO cells (Fig. 4G). Of note, p66KO
cells are permeant to glucose, because they displayed a prompt
metabolic response to refeeding as indicated by a raise in the
generation of reactive oxygen species (Fig. 4H). In a comple-
mentary set of experiments, overexpression of p66 in 3T3L1 cells
by retroviral transduction led to a marked and selective increase
of S6 kinase response to insulin (Fig. S3B) and IGF1 (Fig. S3C)
with no or marginal effects on activation of ERK 1/2 (Fig. S3 B
and C). In this cell line, P66 robust overexpression (over twofold,
Fig. S3A) did not elicit significant oxidative stress in mitochon-
dria, as determined by the oxidation profile of a mitochondrially
targeted redox-sensitive fluorescent protein (rxYFP) (Fig. S4A);
however, microspectrofluorometric analysis of cellular auto-
fluorescence (Fig. S4D) indicated that p66 slightly but signifi-
cantly reduced cellular accumulation of NAD(P)H in cells
exposed to glucose, in keeping with a role for this protein in
accelerating NAD(P)H oxidation in mitochondria (28). More-
over, overexpression of p66shc and p66shcqq, a mutant p66shc
reportedly devoid of prooxidant activity (15), activated S6K to
a comparable extent in serum-stimulated 3T3L1 cells, while
having no effect on the redox-sensitive stress kinase p38 MAPK
(Fig. S4B). Finally, S6K activation by p66shc was not inhibited by
cell treatment with high elevated concentrations of oxidant
scavengers N-acetyl cysteine and catalase (Fig. S4C).
Thus, although p66shc elicits the formation of oxygen species and

increases cell oxidative stress in several pathophysiological settings,
data displayed in Fig. 4H andFig. S4 suggest that redox properties of
p66shc unlikely account for the observed stimulatory effects on the
mTOR–S6 kinase cascade in response to nutrients and insulin. Al-
ternatively, p66shc may operate as an adaptor molecule by partici-
pating in the assembly of supramolecular complexes relevant to the
propagation of insulin signaling.
Prompted by evidence of physical association between p66shc

and IRS-1 in 3T3 L1 preadipocytes (Fig. 3G), we investigated the
possibility that p66 may promote the interaction of IRS-1 with S6
kinase. To facilitate biochemical analysis of protein interactions,
p66shc and an HA-tagged form of the human S6 kinase 1 were
overexpressed inHEK293T cells, a cell line responsive to insulin and
largely used for the investigation of metabolic signaling cascades
(29). Importantly, also in this cell line overexpression of p66 is ac-
companied by robust phosphorylation of S6K on Thr-389, whereas
another major mTOR substrate, 4EBP1, appears to be unaffected
(Fig. 5A). We readily detected both IRS-1 and p66shc in anti-HA-
S6K immunocomplexes precipitated from insulin-stimulated 293-T

Fig. 2. Absence of p66 partially prevents glucose intolerance in obese p66
KO mice. (A) Fasting glycemia was recorded in 20-wk-old lean and obese
mice, either proficient (WT, black columns) or deficient (KO, white columns)
for p66shc. Obese mice of different p66 genotype were weight matched to
avoid the confounding effect of fat mass on insulin sensitivity. N values for
each group are indicated. Values are mean ± SEM. Significance was deter-
mined by 2 × 2 ANOVA followed by Tukey HSD post hoc test. (B) Glucose
tolerance test (GTT) was performed on the same animals as in A, by injecting
1 g /kg glucose in peritoneum after overnight starvation. Glycemia was re-
corded at the indicated times. Values are mean ± SEM. Curves were com-
pared by two-way ANOVA with repeated measures on one factor. (C) In-
sulin tolerance test (ITT) after 16 h starvation mice were injected with 2 U/kg
body weight insulin in peritoneum. Glycemia was recorded at the indicated
time points. Data are expressed as percentage of basal glycemia. Values are
mean ± SEM of n mice.
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cells (Fig. 5C). Of note, the amount of S6K-bound IRS was greatly
increased by the concomitant expression of p66shc (Fig. 5C Upper).
Transient overexpression of the adaptor, however, did not impact on
the total input IRS-1 (Fig. 5B), indicating that the efficiency of the
IRS–S6K interaction, rather than IRS stability or expression, were
being modified by p66shc in these experimental conditions. In par-
allel with in vivo findings displayed in Fig. 3H, IRS-1 tyrosine
phosphorylation and IRS recovery in a GST–PI3K pulldown assay
were reduced by p66shc in this cell line (Fig. 5D), confirming that
S6K recruitment to IRS-1 negatively impacts on downstream signal
propagation through the PI3 kinase cascade. Of note, interaction
between endogenous p66shc, S6K, and IRS-1, expressed at physio-
logical levels, could also be demonstrated in 3T3L1 cells (Fig. S2).

Conclusion
Taken together, the above evidence provides a mechanism for two
major observed effects of p66 (i) increased inhibitory phosphor-
ylation of IRS-1 and (ii) enhanced activity of S6K in the context of
nutrient replenishment. These effects conceivably account, at least
in part, for improved glucose tolerance and insulin action in the
context of obesity and for reduced adipose cell differentiation and

triglyceride accumulation by excess nutrients in p66-deficient mice
(model in Fig. S5).
In our opinion, our findings are not in conflict nor overlap with

data generated by Berniakovitch and colleagues, indicating a ROS-
dependent positive role of p66shc in normal insulin signaling (17).
In fact, those authors have not investigated the role of p66shc in
the context of insulin resistance, and it is conceivable that p66shc
promotes insulin responses in physiological contexts by its redox
activity, while favoring, as an adaptor, molecular interactions rel-
evant to IR desensitization under nutrient and insulin overload.
Interestingly, the same authors reported, in keeping with our
results in obese animals, that p66KO mice fed a high-fat diet have
better glucose control in spite of lower plasma insulin levels,
compared with WT mice (17).
Molecular aspects of the signaling complex involving IRS-1, S6

kinase, and p66shc certainly need to be further elucidated; in par-
ticular, it is not clearwhether these interactions aredirector involve
other yet unidentified molecular partners and whether they also
operate in physiological nutrient signaling or exclusively in the
context ofobesity-associatedhyperinsulinemiaanddysmetabolism.

Fig. 3. p66shc regulates IRS-1 and insulin desensitization in vitro and in vivo. (A) Phospho-specific immunoblot analysis of protein lysates of undifferentiated
preadipocytes (passages 1–3) from p66WT and p66KO mice exposed overnight to excess free fatty acids and restimulated with insulin (100 ng/mL). Phos-
phorylation of Akt on Ser-473 and of IRS-1 on serines 636–639 and 307 (pool of two distinct antisera) were investigated. Total Akt was used as a protein loading
control (Lower). (B) Immunoblot analysis of Akt/PKB phosphorylation in insulin-stimulated adipocytes from the inguinal fat of p66WT and KO mice. The same
filter was rehybridized with an anti-total Akt antiserum to confirm protein loading. Panel representative of two independent experiments. (C) Glucose uptake
assay on the same cell populations as in B. Primary adipocytes isolated frommice after overnight fast were stimulated with 250 ng/mL (50 nM) insulin for 30 min
and uptake of 2-deoxy-D-[1-3H] glucose was determined by liquid scintillation counting. Values are mean ± SD of triplicate samples. Picture representative of
two independent experiments. (D) siRNA-mediated knockdown of p66shc in 3T3L1 preadipocytes reduces IRS-1 serine phosphorylation by glucose and insulin.
Immunoblot analysis of total lysates reveals reduced phosphorylation but not expression of IRS-1, a significant decrease of p66shc content and equal protein
loading (actin band) throughout the gel. (E) Densitometric quantitation of p-IRS (Ser-307 + Ser-636–639) bands in Ins + glucose samples from three independent
experiments; values are expressed as percentage of mock-silenced cells (siCtrl). (F) Overexpression of p66 in 3T3L1 increases serine phosphorylation of IRS-1. IRS
phosphorylation (Ser-307 + Serine 636–639) and expression of p66shc and actin (loading control) were assessed by Western blotting with specific antisera.
Representative of several experiments. (G) Immunoblot analyses revealing the presence of IRS-1 in anti p66shc immunoprecipitates. Phosphorylation of p66 on
serine 36 in response to treatments [Ins, insulin 100 ng/mL; Per, pervanadate (sodium orthovanadate + H2O2, 1 mM)] is also displayed. All images are repre-
sentative of at least two independent experiments. (H) Immunoblot analysis of total IRS-1 content in liver and visceral white fat homogenates, and in a PI3K–
GST pull-down from visceral fat. Anti actin immunoblotting (Bottom) indicates equal protein content in the two WAT homogenates. (I) Immunoblot analysis
comparing p66shc expression in the liver and white fat of p66WT mice. Actin was used as an internal protein loading control.
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Notwithstanding these limitations, we propose that the above
outlined circuitry represents a critical component of the nutrient
signaling derangement underlying metabolic syndrome and in-
sulin resistance, with crucial implications for the understanding
of the intricate connection between diabetes and aging.

Materials and Methods
Mice. The c129/sv mice harboring a p66shc homozygous null mutation, pre-
viously described (13), were kindly provided by P. G. Pelicci and M. Giorgio
(European Institute of Oncology, Milan, Italy). C57BL/6 LepOb/Ob mice were
obtained from the Jackson Laboratories through Charles River Laboratories
(Calco, Italy). P66KO/LepOb/Ob double-mutant mice were derived by initially
crossing p66KO males with LepOb/+ females. [(p66−/+; LepOb/+)] offspring were
further breeded to obtain the desired genotypes. Only littermates were com-
pared in the experimental groups, to minimize potential confounding effects
deriving from the mixed (c129 × C57Bl6) genetic background of the animals.

Mouse genotyping was performed by allele-specific PCR using the fol-
lowing primer sets, as previously described (13, 30):

p66shc WT Fw 5′-CCT CCC CAG GTC ATC TGT TAT CAC-3′;
p66shc MUT Fw 5′-GGG TGG AGA GGC TTT TTG CTT C-3′;
p66shc Rv 5′-CTC GTG TGG GCT TAT TGA CAA AG-3′;
Lep WT Fw 5′-TGA CCT GGA GAA TCT CC-3′;
Lep MUT Fw 5′-TGA CCT GGA GAA TCT CT-3′; and
Lep Rv 5′-CAT CCA GGC TCT CTG GC-3′.

Metabolic studies. All studies involving animals were previously approved
by the institutional ethical committee and the ItalianMinistry of Health. P66
(WT)-LepOb/Ob and p66KO-LepOb/Ob mice were fed ad libitum a standard
chowandmonitoredweekly forweight gain and food consumption, starting
fromweaning. Survival curveswere calculated by theKaplan-Meyermethod,
using WINSTAT software (Microsoft).
Glucose tolerance test. Groups of 4- to 5-male 15- to 20-wk-oldmicewere starved
for16h (overnight)andbasal valuesofbloodglucosemeasured inadropofblood
from tail vein, using a microglucometer (Accu-check, Aviva, Roche Diagnostics).
Glucose was given intraperitoneally at 1 g/kg body weight and glycemia again
measured after 30, 60, and 120min. Data from twoor three independent experi-
ments were pooled for analysis.
Insulin tolerance test. Groups ofmice as abovewere starved for 16 h (overnight)
and basal glycemia measured. Insulin (Humulin, Eli-Lilly, 100 U/mL) was given
intraperitoneally at 2U/kg bodyweight, andblood samples collected from the
tail vein at 30, 60, and 120 min for blood glucose determination. A few mice
displaying seizures by hypoglycemia were immediately given glucose and
excluded from the study. Data were collected and expressed as percentage of
basal (i.e., unstimulated) glycemia to minimize mouse-to-mouse variability.
Data from independent experiments conducted in identical conditions were
pooled and analyzed together.

Plasma insulin concentration was determined by an Ultrasensitive (Mouse)
Elisa kit (Alpco immunoassays). Blood sampleswere collected from the tail vein
with an heparizined micropipette tip. After centrifugation, 5 μL of plasma
were used for the assay.

For determination of body composition, lightly anesthesized obese mice
were subjected to single frequency bioelectrical impedance analysis (BIA) (21)
(SI Materials and Methods).

For biochemical analysis of tissue response to insulin, mice were given
10 U/kg insulin i.p. and killed 10 min after insulin injection. Tissues (liver, mus-
cle, and visceral fat pads) were quickly removed and immediately frozen in
liquid nitrogen.
Isolation of primary adipocytes and of WAT stromal cells. Mature adipocytes and
their precursors were isolated from visceral fat pads of obese mice by standard
procedure. Briefly, pads were rinsed in cold PBS and blood vessels carefully re-
moved. Fat tissue wasminced with scissors and resuspended in complete DMEM

Fig. 4. Involvement of p66shc in nutrient signaling through
mTOR/S6K. (A and B) Immunoblot analysis of signaling events
relevant to insulin responses in 3T3L1 cells exposed to excess FFA
(oleic + linoleic + palmitic acid) for 16 h. Phosphorylation of Akt,
p66shc, S6 (serine 235–236), and IRS-1 (Ser-636–639 and 307)
were monitored. Image representative of at least two in-
dependent experiments. (C and D) Immunodetection of the S6
kinase substrate S6 (phospho-Ser and total), of p66shc and of
actin as a loading control inWAT homogenates frommice of the
indicated genotypes. Samples are from single animals. Mice in
lanes 2, 4, and 5 were stimulated with 10 U/kg insulin. The blot is
representative of two/three independent experiments. Numbers
indicate band intensities (OD values, background subtracted) for
phospho-S6. (E) Immunoblot analysis showing expression of
p66shc in freshly isolated (1 g/L glucose, 20% FCS) adipocyte
precursor cells. The p66shc band, missing in p66KO-derived cells,
is indicated. Reduced phosphorylation of S6, but unchanged
phosphorylation of 4EBP1 and AMPK α in p66KO cells is also
shown. (F) Reactivation of the S6 kinase–S6 pathway in nutrient-
starved preadipocytes in response to glucose (60 min). (G) Flow
cytometry analysis of cell volume in exponentially growing P66-
deficient and -proficient cells (passage 1–3). (H) Generation of
reactive oxygen species in glucose-refed adipocyte precursors of
different p66 genotype. Serum and glucose-starved cells were
refed with 2 g/L glucose for 2 h (unshaded curve) or left un-
treated (shaded curve). Fluorescence of cells loaded with the redox sensitive dye DCF-DA was analyzed by flow cytometry. Numbers are mean cell fluorescence
intensities. The vertical line indicates overlapping peak positions for stimulated cell populations. Data representative of two independent experiments.

Fig. 5. Analysis of the p66-IRS-S6K interaction in HEK-293T cells. (A) Phosphor-
ylation of endogenus S6K, but not of the othermajor mTOR substrate 4EBP1, in
293-T cells overexpressing p66shc. (B Left). Immunoblot analysis of total protein
lysates confirming equal levels of IRS-1 and S6K1 andoverexpressionof p66shc in
cells cotransfected with an HA-tagged form of the S6K1 kinase together with
p66shc or GFP as a transfection control. (C) Coimmunoprecipitation assay; S6K
was immunoprecipitated with an anti HA antibody, and the presence of IRS1
(Top) and p66shc (Middle) in the immunocomplexes was verified by specific im-
munoblotting. Interactions displayed are specific as confirmed by the complete
absence of bands in the mock immunoprecipitation (lane marked c). (D) p66
overexpression has no effect on the IRS-1 cellular level in these conditions, but
reduces IRS-1 precipitation with an antiserum specific for phosphotyrosine, and
its interactionwith aGST–PI3K fusionprotein, consistentwith reduced IRS-1-PI3K
signaling. Numbers are band intensities (volumes) in arbitrary units.
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medium containing 2.5 mg/mL Collagenase IV (Sigma-Aldrich, cat. no. C-5138).
After 60 min incubation at 37 °C with occasional agitation, tissue suspensions
were passed through nylon filters (100 μm diameter, BD Biosciences) and cen-
trifugedat 500×g for 5min. Floatingmatureadipocyteswere rinsed twice inPBS
and kept for further processing. Stromal cell pellets containing adipocyte pre-
cursors were resuspended for 2 min in hypotonic buffer to lyse red blood cells,
washedoncewithPBS,andplated incompleteDMEMcontaining20%vol/volFCS.
Confocal analysis of cell oxidation and intracellular NAD(P)H. 3T3L1cellswereseeded
in 35-mmglass bottomdishes (Ibidi, Integrated Biodiagnostic) and transducedwith
a retroviral construct encoding a mitochondrially targeted variant of the redox-
sensitiveYellowFluorescentProtein (mt-rxYFP).After 48h, cellswere serumstarved
for2handfluorescent cells analyzedwithaDM-IRE2 (Leica) confocalmicroscopeas
described in detail elsewhere (31). Average R values were calculated over several
regions of interest (ROIs) each comprising single cells or small cell clusters.

Intracellular NAD(P)H was measured by two-photon confocal analysis
of cell green autofluorescence upon excitation at 366 nm, as described by
Patterson et al. (32).
Statistics. Experimental groups of animals were compared by Student’s t-test,
two-way ANOVA, or two-way ANOVA with repeated measures for one factor,
where appropriate, using a web-based computation tool (http://faculty.vassar.

edu/lowry/VassarStats.html) or Microsoft Excel software. Survival curves of
p66WT and p66KO obese mice were compared by the Kaplan-Meyer method
and differences evaluated by the log-rank (Cox-Mantel) test.

Differences were considered significant for a probability of the null hy-
pothesis (P < 0.05).
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