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Abstract

Aims/hypothesis Oxygen radicals generated by p66Shc drive
adipogenesis, but contradictory data exist on the role of
p66Shc in the development of obesity and the metabolic syn-
drome. We herein explored the relationships among p66Shc,
adipose tissue remodelling and glucose metabolism using
mouse models and human adipose tissue samples.

Methods In wild-type (WT), leptin-deficient (0ob/ob),
p66She™™ and p66She™~ ob/ob mice up to 30 weeks of age,
we analysed body weight, subcutaneous and visceral adipose
tissue histopathology, glucose tolerance and insulin sensitivi-
ty, and liver and muscle fat accumulation. A group of mice on
a high fat diet (HFD) was also analysed. A parallel study was
conducted on adipose tissue collected from patients undergo-
ing elective surgery.

Results We found that p66She’"~ mice were slightly leaner
than WT mice, and p66Shc”~ ob/ob mice became less obese
than ob/ob mice. Despite their lower body weight, p66Shc ™~
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mice accumulated ectopic fat in the liver and muscles, and
were glucose intolerant and insulin resistant. Features of ad-
verse adipose tissue remodelling induced by obesity, includ-
ing adipocyte enlargement, apoptosis, inflammation and per-
fusion were modestly and transiently improved by p66Shc
(also known as Shcl) deletion. After 12 weeks of the HFD,
p66She” mice were leaner than but equally glucose intoler-
ant and insulin resistant compared with WT mice. In 77 pa-
tients, we found a direct correlation between BMI and p66Shc
protein levels. Patients with low p66Shc levels were less
obese, but were not protected from other metabolic syndrome
features (diabetes, dyslipidaemia and hypertension).
Conclusions/interpretation In mice and humans, reduced
p66Shc levels protect from obesity, but not from ectopic fat
accumulation, glucose intolerance and insulin resistance.

Keywords Diabesity - Inflammation - Longevity - Oxidative
stress
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Akt Protein kinase B

ANOVA  Analysis of variance

ATP-III  Adult Treatment Panel III

BMI Body mass index

CLS Crown-like structures

CSA Cross-sectional area

ERK Extracellular signal-regulated kinase

HFD High fat diet

ipGTT i.p. glucose tolerance test

ITT Insulin tolerance test

mTOR  Mammalian target of rapamycin

p66Shc  SHC (Src homology 2 domain containing)
transforming protein 1, 66 kDa isoform

ROS Reactive oxygen species
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S6K S6 kinase

SAT Subcutaneous adipose tissue
VAT Visceral adipose tissue

WT Wild-type

Introduction

The 66 kDa p66Shc is a unique protein isoform of SHC (Src
homology 2 domain containing) transforming protein 1,
encoded by the mammalian ShcA gene (also known as Shcl),
and acts as a receptor tyrosine kinase adaptor and redox enzyme
[1]. Tyrosine phosphorylation of p66Shc mediates downstream
effects of growth factors, whereas serine phosphorylation
causes p66Shce to translocate to the mitochondrial intermem-
brane space, where it interacts with cytochrome C and produces
H,0, [2]. Genetic deletion or knockdown of p66Shc results in
decreased levels of reactive oxygen species (ROS). Thus, in
accordance with the free-radical theory of ageing p66Shc '~
mice live longer than wild-type (WT) mice in a controlled
environment [3]. p66Shc™~ mice are also protected from typical
oxidative stress related diseases, including diabetic complica-
tions [4—7]. ROS generated via p66Shc are required for adipo-
genesis, such that p66Shc '~ mice gain less weight when fed a
high fat diet (HFD), with concomitant adipose tissue browning
and a mildly raised body temperature [8]. Impaired adipogen-
esis and thermo-insulation probably make p66Shc ™’ mice less
resistant to cold and wild environments [9]. Based on these
observations, p66Shc can be considered a ‘thrifty gene’, which
is evolutionarily conserved in mammals [10].

Previous reports show that 20-week-old p66Shc '~ mice
rendered obese by crossing with leptin-deficient (Lep®”?)
mice, are more glucose tolerant and insulin sensitive than their
p66Shc™" counterparts [11]. However, two independent
p66She™ strains respond differently to HFD: while the orig-
inal ShcP strain is protected from fat accumulation [8], the
ShcL strain has a fat phenotype [12].

To date, no study has compared adipose tissue histopathol-
ogy during the development of obesity in WT and p66Shc "~
mice. We herein analysed subcutaneous adipose tissue (SAT)
and visceral adipose tissue (VAT) remodelling in parallel with
changes in body weight and metabolic features in WT and
p66She”"™ mice on Lep” ™" and Lep®”® C57BI/6] back-
grounds. These data, together with a parallel study carried
out in humans, suggest that p66Shc deletion protects from
the development of obesity, but not from glucose intolerance
and insulin resistance.

Methods

Animal experiments All procedures involving animals were
approved by the local ethics committee and the Italian

Ministry of Health. Experiments were conducted according
to the National Institutes of Health Principles of Laboratory
Animal Care. Animals were maintained under standard labo-
ratory conditions, kept in 12 h light-dark cycles with ad
libitum access to food and water. The p66Shc knockout mice
were generated by M. Giorgio [3] and correspond to the ShcP
strain [12]. p66Shc ™ and p66Shc”~ Lep®”” animals were
bred at the animal facility of the University of Padua. Lep®”
°> mice were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA). Age- and sex-matched WT animals were
obtained from the in-house colony of the animal facility of the
Venetian Institute of Molecular Medicine (Padua, Italy). In a
separate set of experiments, WT and p66Shc ™~ mice were fed
an HFD with 60% of the total energy derived from fat (ssniff
EF acc. D12492 (I) mod., Spezialdidten, Soest, Germany)
from 4 to 16 weeks of age (12 week HFD duration). Both
male and female mice were used. WT and p66Shc~ were
randomly assigned to the HFD group or standard diet group.

GTTs and insulin tolerance tests were performed in fasted
animals by measuring blood glucose at 0, 30, 60 and 120 min
after injection of 1 g/kg D-glucose, or 0.75 U/kg human re-
combinant insulin (Humulin R; Lilly, Indianapolis, IN, USA),
respectively. Glucose uptake into isolated mouse muscles was
assayed by the uptake of 2-deoxy-D-glucose, using a colori-
metric kit. Serum adipokines were measured using a commer-
cially available multiple suspension assay. For full details on
these procedures, please see the electronic supplementary ma-
terial (ESM) Methods.

HOMA-IR and QUICKI values were calculated as follows:

mmol . . (pmol
glucose X insulin 7
HOMA-IR =

22.5

1
QUICKI =

1
fasting insulin (g)

1
8 6.945

+ log (glucose (ml;ml) X 18>
Investigators were blinded when analysing mouse samples
and when assessing the outcome of experiments. Exclusion

criteria were pre-determined: animals were excluded from
analysis in case of death, cannibalism, or sickness.

Adipose tissue histopathology Histopatology experiments
were performed on at least three biological replicates, and at
least five random fields per sample were analysed.

Ten micrometre thick sections of paraffin-embedded
mouse VAT and SAT were cut with a Leica microtome.
Sections were deparaffinised in xylene, rehydrated in serial
dilutions of ethanol and, finally, rinsed with tap water. An
antigen retrieval step was applied for F4/80 and TUNEL stain-
ing, by incubating sections for 10 min with 10 pmol/l protein-
ase K diluted in 0.1 mol/l Tris-HCI. TUNEL staining was then
performed following manufacturer’s protocol (ApopTag;
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Millipore, Temecula CA, USA). For F4/80 antibody staining
(Abcam, Cambridge, UK), sections were saturated with 1%
BSA and 10% donkey serum in PBS for 1 h at room temper-
ature, and then incubated in a 1:150 dilution of primary anti-
body at 4°C overnight. Sections were then washed three times
with PBS and endogenous peroxidase activity was quenched
by immersing sections for 30 min in 0.3% H,O, in ethanol,
and then washing twice with PBS. Secondary donkey anti-rat
HRP-conjugated antibody was used (Jackson
ImmuoResearch Europe, Suffolk, UK). Samples were then
washed and incubated with 3,3'-diaminobenzidine substrate
(ImmPACT DAB; Vector Laboratories, Peterborough, UK)
following the manufacturer’s instructions. Haematoxylin and
eosin staining was performed using a Rapid Frozen
Section Kit (Bio-Optica, Milan, Italy), following the manufac-
turer’s instructions. Picrosirius red staining was performed by
immersing sections in Direct Red 80 (Sigma-Aldrich, Milan,
Italy) dissolved in a saturated aqueous solution of picric acid
(Sigma-Aldrich) for 1 h at room temperature, and then wash-
ing in two changes of acidified water (0.5% v/v glacial acetic
acid in distilled water). Samples were then dehydrated in three
changes of absolute ethanol, cleared in two changes of xylene
and mounted with mounting medium (Bio-Optica).
Histological images were taken with a Leica DM5000B mi-
croscope equipped with a DFC300 FX charge-coupled device
camera. Morphometric analysis of adipocyte size was per-
formed using a semiautomated procedure with Fiji/Imagel
(1.48r, National Institutes of Health, Bethesda MD, USA).
For full details, please see the ESM Methods.
Triacylglycerol content was determined in lysed liver and
muscle samples using an automated spectrophotometer. Oil
Red O staining of tissue sections was also performed.
Adipose tissue haemoglobin content was measured using a
spectrophotometer and normalised to protein content. A cus-
tom multiplex suspension phospho-protein array was used to
assess signalling pathways, determined the ratio of phosphor-
ylated vs total protein kinase B (Akt) (Ser*”?), extracellular
signal-regulated kinases 1 and 2 (ERK1/2) (Thr*%%/Tyr***,
Thr'®%/Tyr'®”), mammalian target of rapamycin (mTor;
Ser***®) and S6 kinase (S6K; Thr’™). For full details on these
procedures, please see the ESM Methods.

Clinical study The protocol was approved by local ethics
institutions and conducted in accordance with the
Declaration of Helsinki. Patients undergoing elective surgery
for morbid obesity or cholecystectomy were recruited at the
1st General Surgery Unit of the University Hospital of Padua.
All patients provided informed consent for the collection of
adipose tissue samples during surgery. We recorded the fol-
lowing clinical data: age, sex, baseline BMI, prevalence of
diabetes (diagnosed according to ADA criteria),
dyslipidaemia (defined in this population as total cholesterol
>5.18 mmol/l, triacylglycerol >1.69 mmol/l), hypertension
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(defined as systolic BP >140 mmHg or diastolic BP
>90 mmHg), the metabolic syndrome (defined according to
revised Adult Treatment Panel III [ATP-III] criteria).
Prevalence of cardiovascular disease was defined as a history
of myocardial infarction, angina, stroke or peripheral arterial
disease, or evidence of significant stenosis in the coronary,
carotid or leg arteries.

RNA isolation and qPCR analysis Total RNA was extracted
from fat samples using an RNeasy kit (Qiagen, Venlo, the
Netherlands) following the manufacturer’s instructions. Total
RNA was reverse transcribed using Superscript II reverse tran-
scriptase (Thermo Scientific, Monza, Italy) and the cDNA was
analysed by quantitative real-time PCR (qPCR) using primers
specific for p66Shc and TagMan chemistry (Universal probe
library no. 8; Roche Diagnostics, Milan, Italy) and the primers
FW, 5-CTGGAGGAAGGGGCTTCT-3"; RV, 5-AGGCAG
AGGAGGCAGGAT-3'. Results were expressed as fold
change relative to the controls after normalisation using 18S
rRNA (Life Technologies, Monza, Italy) gene expression
levels.

Western blotting Tissue extracts were prepared by homoge-
nisation and lysis with extraction buffer, protease inhibitor
(Roche Diagnostics), and phosphatase inhibitor (Sigma-
Aldrich). The protein concentration was determined using
standard Bradford reagent (Sigma-Aldrich). Proteins were
separated by 10% SDS-PAGE and transferred onto a nitrocel-
lulose membrane. This was incubated in PBS containing
0.1% Tween-20 and 5% non-fat dry milk with the primary
anti-Shc polyclonal antibody (BD Transduction
Laboratories, Milan, Italy) for 3 h at room temperature.
Membranes were then incubated with HRP-conjugated
secondary antibody (Cell Signaling, Leiden, the
Netherlands). Membranes were reprobed with an anti-f3-
actin antibody to control for protein loading (Sigma-
Aldrich). Immunoreactive proteins were visualised with a
chemiluminescence substrate (Pierce, Rockford, USA) and
captured on x-ray film.

Statistical analysis Data are reported as the mean+SE for
continuous variables or as a percentage for categorical vari-
ables. Normal distribution of the variables of interest was
checked using the Kolmogorov—Smirnov test. Non-normal
continuous variables were log-transformed before analysis.
Comparison of data between two or more groups was per-
formed using a two-tailed unpaired Student’s ¢ test or two-
way ANOVA (with post hoc Bonferroni correction), respec-
tively. ITT and ipGTT curves were compared using the
repeated-measure ANOVA and by calculating the AUC.
Linear correlations were checked using the Pearson’s r coef-
ficients, which were compared using Fisher transformation. A
multivariable linear regression analysis was carried out using
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IBM SPSS Statistics software (version 22.0, Chicago, IL,
USA). Statistical significance was set at p<0.05.

Results

Development of obesity in p66Shc”’~ and WT mice
p66She”’ mice were slightly leaner (~10% lower body
weight, n=15-30 mice/time point) compared with WT mice
from about 10-24 weeks of age (Fig. la). In the Lep” """
strain, p66Shc”’~ mice had markedly reduced plasma leptin
concentrations at both 18 and 30 weeks of age (ESM
Fig. 1). When leptin-deficient mice (Lep®”?, from now on
referred to as ob/ob) were analysed, starting from week 18,

p66She”™ ob/ob mice gained less weight compared with b/
ob mice, and body weight was reduced by 20% at week 30
(Fig. 1a).

Metabolic features of lean and obese p66Shc”’™ and WT
mice We analysed ectopic fat accumulation in metabolically
active organs, such as the liver and skeletal muscle. Ob/ob
mice showed severe hepatic triacylglycerol overload (> ten-
fold increase), which was nonsignificantly improved by
p66Shc deletion at 18 (p=0.35) and 30 (p=0.06) weeks
(Fig. 1b, c). Further evidence was provided by Oil Red O
staining, which indicated that p66Shc '~ mice are not
protected from hepatic lipid accumulation induced by over-
feeding (Fig. 1f, g). An increase in triacylglycerol content

a h I J
80 2 3 * 2 30 T 3,000
S . 25 * 8 _ 25 * € 2,500
— 532 « 5320, * O x 2,000
o g 151« o g 15 & — 7 2= 1500
60 QEWI e ZBEW0T T <2 1,000
= 8= 5 8= 514 t g 500
2 o 0 o 0 = 0
-:S’ 40 0 30 60 120 0 30 60 120 WT p66Shc”
é’ LEEEE Time (min) Time (min)
20
7z k I m
* g 15 g 15 f = 1,500 .
0 S = . S= T T [
0 10 20 30 S 10 S= 10 1,000 *
) 279 * 279 o o x
Time (weeks) o £ o o £ N D=
TE 5| gE 5 o <35 50| +
8~ * 8~ A i E
b c m o @ o @ * £ 0
oy et 0 30 60 120 0 30 60 120 WT p66Shc*
g @ 150 * g o 150 Time (min) Time (min)
o 3 o >
>0 * >0 *
5.2 100 5.2 100 «
&5 35 n o P
& 5 50 T > 50 © ® =
=2 £2 @ 30 2 30 < 3,000
5 2 5 g §=25 g =25 € 2,500
z2= 0 == 0 53 20 33 2 O x 2,000 * *
r WT  pesshc: 3 WT  p66Shc" & € 15 /;\:\ S 15 D= 1500
QEWF I —— TEI < 2 1,000
8= s = 8= 5 £ 500
d e o o' m o' é 0
S 5 0 30 60 120 0 30 60 120 WT p66Shc*
§ o 150 § < 150 Time (min) Time (min)
=2 *t =2
2.2 100 22 100 *
O O
2% 8% q r S
E‘\E 50 * §\§ 50 g s g s ’g 1,500
o 4] = S=
Q= 0 2= 0 33 10 >3 10
2 WT  pegShet 2 WT pesshct o 2 \ . ., B¢ X 1,000 « 1
~ =
"ég 5 L '§§ 5 g 500 =
f g ) 0 o 0 £ 0
0 30 60 120 0 30 60 120 WT p66Shc”
Lean Obese Lean Obese . . ) .
Time (min) Time (min)
=
=
kY
%
8
Q

Fig. 1 (a) Body weight change over time in WT (lean, black; ob/ob,
blue) and p66Shc™ (lean, green; ob/ob, red) mice. *p<0.05 comparing
ob/ob with lean mice (either WT or p66Shc ). (b—e) Ectopic fat accu-
mulation in the liver (b, ¢) and muscle (d, e), measured as tissue triacyl-
glycerol content at 18 (b, d) and 30 (c, e) weeks of age. ¥*p<0.05 for ob/
ob vslean. p<0.05 for p66Shc™~ vs WT. (f—g) Representative Oil Red O
staining of liver sections obtained from lean and ob/ob WT and p66Shc "~
mice at 18 (f) and 30 (g) weeks of age. Each picture (f, g) shows an area of

670%670 um. (h—s) Metabolic function tests performed at 18 (h—-m) and
30 (n—s) weeks of age. (h—j, n—p) ipGTTs; (k-m, q—s) ITTs. (h, k, n, q)
Data from WT mice; (i, 1, 0, r) data from p66Shc_/ "~ mice; (j, m, p,s) AUC
data for all groups. Following two-way ANOVA, *p<0.05 for ob/ob vs
lean, Tp<0.05 for p66Shc¢”~ vs WT. White bars and dashed lines with
white circles indicate lean mice; black bars and continuous lines with
black circles indicate 0ob/ob mice
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(~ threefold) was also found, as expected, in the skeletal
muscles of ob/ob compared with WT mice; this was
significantly worsened by p66Shc deletion at both 18
and 30 weeks (Fig. 1d, e). As determined by ex vivo
insulin-induced glucose uptake, the p66Shc '~ skeletal
muscle was insulin resistant compared with WT, espe-
cially at 30 weeks of age (ESM Fig. 2).

Fasting blood glucose levels were higher in 0b/ob com-
pared with lean mice, and were significantly higher in lean
p66She”~ compared with WT mice at both 18 and 30 weeks
and in ob/ob p66Shc”~ compared with WT mice at 18 weeks
(ESM Fig. 3). At both 18 and 30 weeks, ob/ob mice showed
glucose intolerance compared with WT mice in ipGTTs
(Fig. 1h—j, n—p). Glucose tolerance of 18-week-old lean
p66She” mice was worse than that of WT mice of the same
age, and p66Shc deletion did not prevent the effects of obesity,
as p66Shc™"~ ob/ob mice were less glucose tolerant compared
with lean mice (Fig. 1h, j). At the same time, p66Shc ™~ ob/ob
mice showed insulin resistance in ITTs compared with lean
mice (Fig. 1k-m, g-s), especially at 18 weeks, when they were
more insulin resistant than WT obese mice (Fig. 1k—m). No
significant differences were detected between male and fe-
male mice (not shown).

p66Shc”™ mice were only mildly and transiently protected
from hyperinsulinaemia induced by obesity, and showed
hyperglucagonaemia by week 18 compared with WT mice.
The insulin:glucagon ratio, which was increased by tenfold in
ob/ob vs WT mice, was reduced in p66Shc ™ ob/ob mice vs
ob/ob (p=0.005) at 18, but not at 30 weeks of age. HOMA-IR
and QUICKI values showed that lean p66Shc "~ mice were
already insulin resistant compared with controls and were not
protected from obesity-induced worsening in insulin
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Fig. 2 (a—d) Average adipocyte CSA in SAT (a, b) and VAT (c, d) at 18
(a, ¢) and 30 (b, d) weeks of age. White bars, lean mice; black bars, 0b/0b
mice. *p<0.05 for ob/ob vs lean. Following two-way ANOVA, "p<0.05
for 30 vs 18 weeks of age. (e—h) Distributions of adipocytes according to
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resistance (ESM Fig. 1). Lean p66Shc’~ mice showed re-
duced resistin concentrations at 18 and 30 weeks compared
with WT mice, but this difference was lost in obese mice.
Circulating plasminogen activator inhibitor-I (PAI-I) concen-
trations were increased by obesity and tended to be higher in
p66She™ mice (ESM Fig. 1). Metabolic signalling pathways
were investigated using a multiplex phospho-protein array in
extracts from liver and muscle tissues taken under fasting
conditions from lean and ob/ob mice at 18 and 30 weeks.
These showed no substantial effects of p66Shc deletion on
Akt, ERK, mTor or S6K activation (ESM Fig. 4). Taken to-
gether, these data indicate that, despite being significantly
leaner, overfed leptin-deficient p66Shc ™'~ are not protected
from insulin resistance and glucose intolerance, and show ec-
topic fat accumulation in the liver and muscles. To confirm
these findings, we used the HFD model. During a 12 week
HFD, p66Shc”’~ mice gained significantly less weight than
WT mice. At the end of this period, HFD had induced glucose
intolerance and insulin resistance in both WT and p66Shc
mice, with no difference between the two strains (ESM
Fig. 5).

Adipose tissue remodelling in obese p66Shc”’™ and WT
mice The adipocyte cross-sectional area (CSA) is propor-
tional to the degree of insulin resistance. In SAT and
VAT, the average CSA was markedly increased in ob/ob
mice and was overall unaffected by p66Shc deletion at
18 and 30 weeks (Fig. 2a, d). When the distributions of
adipocyte CSA were analysed, lean and obese p66Shc ™~
mice displayed more small adipocytes in SAT and VAT
compared with WT mice at 18 weeks of age, but this
difference was lost at 30 weeks, when p66Shc’~ ob/ob
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mice showed the most right-skewed distribution of adi-
pocyte CSA in both SAT and VAT (Fig. 2e, h).

Adipocyte apoptosis is thought to drive adipose tissue in-
flammation. The frequency of TUNEL" apoptotic nuclei in
SAT and VAT sections was increased in ob/ob compared with
WT mice, and this was blunted by p66Shc deletion only at
18 weeks (Fig. 3a, c, e, g). At 30 weeks, lean but not obese
p66She” mice had fewer apoptotic cells in VAT (Fig. 3b, d,
f, h). TUNEL" nuclei:adipocyte ratios of >1 indicated the
presence of vascular or interstitial cell apoptosis. As shown
by F4/80" staining of adipose-tissue-infiltrating macrophages,
the number of crown-like structures (CLS) per adipocyte was
significantly increased in SAT and VAT from 0b/0b mice. The
increased CLS:adipocyte ratio in p66Shc ™~ ob/ob compared
with p66Shc” lean mice was blunted in VAT, especially at
30 weeks (Fig. 3i—p).

Collagen staining with picrosirius red showed a trend to-
ward induction of fibrosis in VAT but not in SAT of ob/ob
compared with WT mice. Compared with WT ob/ob mice,
p66She”™ ob/ob mice had a higher SAT collagen content
and no protection against VAT fibrosis at 18 and 30 weeks
(Fig. 4a—h).

(V]

Fig. 3 (a—h) Apoptosis,
determined as the number of
TUNEL" nuclei per adipocyte, in
SAT (a, b, e, f) and VAT (¢, d, g,
h) at 18 (a, c, e, g) and 30 (b, d, f,
h) weeks of age. White bars, lean
mice; black bars, 0b/ob mice. (e—
h) Representative histological
images. (i-p) Macrophage
infiltration, determined as the
number of F4/80" CLS per
adipocyte, in the SAT (i, j, m, n)
and VAT (k, 1, o, p) at 18 (i, k, m,
o) weeks of age. (m—p)
Representative histological
images. Following two-way
ANOVA, *p<0.05 for ob/ob vs
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Adipose tissue haemoglobin content was measured as
a surrogate of tissue perfusion. Obesity induced an in-
crease in haemoglobin content, which was blunted by
p66Shc deletion, especially in SAT at 18 weeks and in
VAT at 30 weeks (Fig. 4i, 1).

Correlation between p66Shc expression and human adi-
posity In a parallel analysis, we analysed p66Shc gene and
protein expression in VAT biopsies obtained from 77 patients
undergoing abdominal surgery (Table 1). We report that the
correlation between mRNA and protein expression was weak
(*=0.21), suggesting that post-transcriptional regulation ac-
counts for changes in p66Shc protein levels. A mild positive
correlation was found between BMI and p66Shc gene (r=
0.22; p=132; n=46) and protein (r=0.27; p=0.014; n=77)
expression. Although non-obese participants (BMI <30 kg/
m?) had a lower p66Shc protein content in VAT (Fig. 5a, b),
the association between BMI and p66Shc protein levels was
present only in patients without the metabolic syndrome
(Fig. 5c, d). r values between VAT p66Shce protein and BMI
were significantly different in patients with and without the
metabolic syndrome (Z=2.12, p=0.034; Fig. 5c). Finally,
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patients with low (below median) p66Shc protein con-
tent in VAT were less likely to be obese, but tended to
be diabetic, dyslipidaemic and hypertensive (Fig. 5e). A
multivariable analysis indicated that BMI was the only
significant determinant of VAT p66Shc protein levels
(Table 2). These data suggest that low p66Shc protein
levels are associated with a leaner phenotype but do not
confer protection against features of the metabolic
syndrome.

Table 1  Clinical characteristics of study patients
Characteristic Value
Number 77

Age (range), years

Sex, % male

BMI (range), kg/m”

Diabetes, %

Dyslipidaemia, %
Hypertension, %

ATP-III metabolic syndrome, %

Cardiovascular disease, %

51.3+1.6 (25-85)
373

43.1+1.3 (21.9-67.1)
35.1

50.6

64.9

493

337
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Discussion

This study shows that p66Shc ™ mice are protected from obe-
sity and from some adverse features of adipose tissue remod-
elling, but accumulate ectopic fat in the liver and muscles and
are not protected from insulin resistance and glucose intoler-
ance induced by overfeeding. The dysmetabolic phenotype
observed in p66Shc”’~ mice despite the consistently lower
body weight compared with WT mice in both the 0b/ob and
HFD models is reminiscent of lipodystrophy. p66Shc gener-
ates H,O,, and ROS are required for adipocyte differentiation
and lipid storage [8, 13]. Therefore, p66Shc '~ ob/ob mice
gained less weight than their controls, probably because of a
defect in adipocyte growth. As body mass was reduced but the
average adipocyte area was not, adipocyte hyperplasia may be
compromised by p66Shc deletion. Previous data showed that
p66She”” mice fed a standard diet [14] or a HFD had a normal
food intake and a mildly elevated metabolic rate [8], whereas
p66Shc deletion affected only the short-term metabolic effects
of caloric restriction [15]. Therefore, lipids that are not stored
in the adipose tissue are only partly oxidised and accumulate
in ectopic sites, such as the liver and skeletal muscle. This
impaired fatty acid trapping is a likely mechanism by which
p66She”’™ mice become insulin resistant and glucose
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Fig. 5 p66Shc protein levels in VAT of patients (n=77) undergoing elec-
tive surgery. (a, b) VAT p66Shc levels in lean (BMI <30 kg/m?) and obese
(BMI >30 kg/m?) participants (*p< 0.05). (a) Representative western blot
images of three lean and three obese patients. (¢) Correlation between
BMI and VAT p66Shce protein levels in patients with (white circles and
dashed line; #=0.02) and without (black circles and solid line; »=0.48)
the metabolic syndrome (MS). (d) VAT p66Shc protein levels in lean
(BMI <30 kg/m?, white columns) and obese (BMI >30 kg/m?, black
columns) participants classified according to the presence/absence of
the MS. *p<0.05 for obese vs lean. (e) Prevalence of obesity and other
MS components in patients categorised as having low (below median,
white columns) or high (above median, black columns) VAT p66Shc
protein levels. *p<0.05 in a x* test; /p=0.08. RU, relative units

intolerant. In fact, 18-week-old p66Shc™~ mice, which are
about 10% leaner than WT mice, were already glucose intol-
erant even on a Lep” """ background. Previous studies

Table 2 Results of the multivariable analysis of clinical data

Variable Standardised 3 coefficient p value
Age 0.056 0.700
Sex, male -0.123 0.351
BMI 0.276 0.044
Diabetes —-0.200 0.177
Dyslipidaemia -0.217 0.112
Hypertension —0.149 0.286
Cardiovascular disease —0.018 0.906

VAT p66Shc protein content was the dependent variable, and covariates
were entered as a single block

reported better glucose tolerance and insulin sensitivity in
p66Sh¢”™ mice on the Lep®”°? background [11] or on a
HFD [12] compared with WT mice. Possible reasons for the
discrepancy with our results include differences in housing
environment, the original background (C57Bl/6 vs C57Bl/
6J) and the timing of observation. We would like to emphasise
that this is the first study to analyse the parallel changes in
body weight, glucose/insulin tolerance and adipose tissue his-
topathology during the development of obesity in p66Shc '~
mice, using both leptin-deficient and HFD models. Typical
features of the expanding VAT in obesity include macrophage
infiltration, apoptosis, fibrosis and angiogenesis [16, 17].
These changes favour fatty acid leakage and ectopic storage,
leading to insulin resistance in the muscle and liver. Adipocyte
area is proportional to adipose insulin resistance, is higher in
VAT than in SAT and is increased in obese mice and humans
[18]. Lean and obese p66Shc”’~ mice had smaller adipocytes
at age 18 weeks, but p66Shc ™~ ob/ob mice showed markedly
enlarged adipocytes compared with ob/ob mice at age
30 weeks. Although p66Shc regulates mitochondrial apopto-
sis and p66Shc deletion or knockdown protects from apopto-
sis [19], we only found a partial and transient reduction of
adipocyte apoptosis in p66She’~ mice, possibly because
death of adipocytes may occur passively as they become se-
verely enlarged during weight gain and excess energy storage
[18, 20]. Therefore, worsening of glucose tolerance, insulin
sensitivity and ectopic fat accumulation in p66Shc "~ ob/ob
mice correlated with adipocyte hypertrophy, despite a relative
improvement in more specific inflammatory features, namely
macrophage infiltration and angiogenesis.

In human adipose tissue samples, we found that p66Shc
gene and protein expression were poorly correlated, as previ-
ously shown in studies using peripheral blood mononuclear
cells [21]. In a cohort of 77 patients undergoing elective sur-
gery, we found a direct correlation between BMI and VAT
p66Shc protein levels, especially in the absence of the meta-
bolic syndrome. Despite VAT p66Shc protein levels being
lower in non-obese compared with obese patients, having a
low p66Shc content did not protect patients from other fea-
tures of the metabolic syndrome, which tended to be more
prevalent in patients with low p66Shc levels than in those with
higher p66Shc levels. This finding strikingly parallels those
obtained with p66Shc~ mice, which became less obese than
WT mice but still accumulated ectopic fat and became glucose
intolerant. It should be noted that we used the ShcP knockout
strain originally described to be long-lived and protected from
oxidative stress related diseases [3]. This strain seems to have
a different phenotype compared with ShcL knockout mice
with respect to fat accumulation [12]. This difference has been
attributed to upregulation of p46Shc in the adipose tissue of
p66Shcf/ ~ mice [12]. However, we were unable to confirm
p46Shc upregulation in the adipose tissue of p66She” mice
(ESM Fig. 6), and no role for p46Shc in obesity has been
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demonstrated so far. In addition, p66Shc may have divergent,
and possibly antagonistic, effects in the different organs and
tissues involved in the metabolic response to overfeeding, an
issue that could be addressed only with tissue-specific p66Shc
knockout. For instance, obese p66Shc’~ mice become glu-
cose intolerant despite p66Shc~ beta cells being resistant to
lipotoxicity-induced apoptosis [22]. Therefore, further studies
are still needed to dissect the role of p66Shc in whole body
metabolism.

In summary, our findings in mice and humans collectively
indicate that reduced p66Shc expression protects from obesity,
possibly by inhibiting ROS-dependent adipogenesis, but does
not protect from insulin resistance and glucose intolerance.
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