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Aging leads to increased insulin resistance and arterial dysfunction, with oxidative stress playing an important role. This 
study explored the metabolic and arterial effects of a chronic treatment with resveratrol, an antioxidant polyphenol com-
pound that has been shown to restore insulin sensitivity and decrease oxidative stress, in old mice with or without a high-
protein diet renutrition care. High-protein diet tended to increase insulin resistance and atheromatous risk. Resveratrol 
improved insulin sensitivity in old mice fed standard diet by decreasing homeostasis model of assessment-insulin resistance 
and resistin levels. However, resveratrol did not improve insulin resistance status in old mice receiving the high-protein diet. 
In contrast, resveratrol exhibited deleterious effects by increasing inflammation state and superoxide production and dimin-
ishing aortic distensibility. In conclusion, we demonstrate that resveratrol has beneficial or deleterious effects on insulin 
sensitivity and arterial function, depending on nutritional status in our models.
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AGING is characterized by a gradual decline of physio-
logical functions such as glucose homeostasis. Indeed, 

insulin resistance frequently develops in the elderly and 
is often associated with protein malnutrition and cardio-
vascular problems (1). Oxidative stress has been linked to 
multiple forms of insulin resistance (2,3), especially in the 
elderly (4–6), and may decrease the effectiveness of renu-
trition in malnourished elderly patients (3,7). Oxidative 
stress also plays a central role in arterial dysfunction and 
vascular aging (8–10). High-protein supply used in renu-
trition care as recommended by the French health authori-
ties (Haute Autorité de Santé) seems to have a beneficial 
effect on elderly comorbidities (11). However, detrimental 
effects of such diets on the vascular system have already 
been reported, but the effects during elderly renutrition care 
have never been explored (12).

Resveratrol, a polyphenol found in grapes, has been 
shown to prevent oxidative stress and inhibit inflamma-
tion, probably via NFκB inhibition, and to downregulate 
proteins at the interface between redox states and glucose 

metabolism under stressful conditions (8,13–15). Moreover, 
human clinical trials have shown that resveratrol can restore 
insulin sensitivity (16–19). Resveratrol treatment may 
increase NAD+/NADH ratio and/or NAD+ biosynthesis. 
Resveratrol has been claimed to act upstream of AMPK, 
which may increase NAD+/NADH ratio and/or NAD+ bio-
synthesis, and resveratrol has been shown to activate SIRT1 
via NAD+ biosynthesis (20–24). Resveratrol may also 
improve lipid metabolism, reduce the incidence of cardio-
vascular events, and partially reverse age-related metabolic 
conditions. However, there are reports that resveratrol activ-
ity depends on context, especially diet (25–28).

The hypothesis of our work was that resveratrol would 
have different effects on old arterial function according to 
patterns of insulin resistance. To explore this hypothesis, two 
murine models were proposed: old mice fed a standard diet 
and old mice fed a high-protein (HP) diet as renutrition care.

The aim of this study was to compare the effect of res-
veratrol on aging-induced and renutrition-induced insulin 
resistance and its consequences on the arterial system. Our 
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study is original because the effects of resveratrol were 
explored on the molecular stages of endothelial dysfunction 
(by studying molecular modifications caused by oxidative 
stress) and on the arterial consequences in terms of reactiv-
ity and distensibility (by echo-Doppler analysis).

Methods

Experimental Animals
C57BL/6J male mice (6 and 22  months old) were 

obtained from Janvier (Le Genest-St-Isle, France) and 
treated in accordance with the European Parliament and 
Council Directive 2010/63/EU. They were housed in a tem-
perature- and humidity-controlled room with a 12-h/12-h 
light–dark cycle and had food and water ad libitum. After 
10 days of adaptation, they were randomized into five feed-
ing groups for 12 weeks.

Two diets were provided: a standard diet M20 (SDS), 
delivering an 18% protein supply as given to adult mice in 
the animal care unit, or a HP diet (Certificate U8954, Safe), 
delivering a 31% protein supply that corresponds to renutri-
tion care for elderly mice. These diets were supplemented 
or not with resveratrol (0.04% w/w). At the beginning of the 
study, the five groups were set up according to age, diet, and 
resveratrol treatment: a control group (6-month-old mice) 
fed a standard diet (n = 20); old mice (22  months) fed a 
standard diet (OS, n = 21); old mice (22 months) fed a stand-
ard diet plus resveratrol (OSR, n = 20); old mice (22 months) 
fed a HP diet (OD, n = 23); and old mice fed a HP diet plus 
resveratrol (ODR, n = 22). Food intake was measured daily 
to assess caloric and resveratrol intakes. This protocol was 
approved by the local ethics committee (Registration num-
bers: P2.VNA.060.08, CEEA34.SB.008.12).

At the end of the trial, 12 weeks later, after a 6-hour 
fasting period (from 6–12 am), blood samples were taken 
from tail sections, and glucose levels were measured using 
a glucometer (One Touch Easy, Life Scan glucometer; One 
Touch Ultra test strips).

Biochemical Analyses
The vena cava was sectioned from anesthetized mice (5% 

isofluran inhalation). Blood samples were collected and stored 
for analyses of serum triglycerides, cholesterol, HDL choles-
terol (Architect Ci8200, Abbott), and albumin (green bromo-
cresol method) levels. HDL fractions were measured with a 
Lipoprint HDL kit (Eurobio) following the manufacturer’s 
instructions. HDL cholesterol was divided into two subfrac-
tions: a large HDL cholesterol fraction and a nonlarge HDL 
cholesterol fraction, corresponding to the sum of small and 
intermediate HDL cholesterol. A  liquid-phase multiplexed 
technique (Luminex Bioplex, Biorad) was used to determine 
the systemic parameters. Three kits were used in accord-
ance with the manufacturer’s instructions: a Mouse Serum 
Adipokine-3-plex kit (insulin, resistin, and leptin), a Cytokine/

Chemokine kit for KC (Keratinocyte derived Chemokine, 
CXCL1) and RANTES (Regulated on Activation, Normal 
T cell Expressed and Secreted, CCL5), and a Gut-Hormone 
kit for peptide YY (PYY), Lincoplex. An insulin resistance 
index (homeostasis model of assessment-insulin resist-
ance [HOMA-IR]) was calculated as HOMA-IR = blood glu-
cose level (mmol/L) × insulin (mUI/L)/22.5.

Staining the Aorta With Dihydroethidium
Superoxide production was measured using dihydroeth-

idium, as described previously (29). Briefly, one segment 
of aorta was fresh frozen in Tissue Tek OCT Compound 
medium and stored at −80°C. Unfixed frozen sections (10 
µm thick) were incubated for 1 hour at 37°C in a humidi-
fied chamber with dihydroethidium (10 µM in phosphate-
buffered saline). Sections were counterstained with Alexa 
Fluor 488 Phalloidin (Invitrogen, dilution 1/100) to delimit 
the artery. Pictures were recorded on a Leica TCS SP2 con-
focal microscope (excitation wavelength 488 nm, emission 
wavelengths of 580 and 520 nm for dihydroethidium and 
phalloidin, respectively). Quantification of superoxide pro-
duction was carried out using NIH ImageJ software. The 
intensity of the dihydroethidium stain was measured within 
the aorta mask and divided by the surface area to obtain 
fluorescence-density values (arbitrary units/µm2).

Quantitative Real-time PCR Analysis
Frozen segments of the liver and aorta were crushed with 

an Ultra-Turrax J25 instrument (Fisher-Bioblock) for 1 
minute in Trizol (Invitrogen). RNA was extracted as described 
elsewhere (30). An aliquot of 1 µg of total RNA was treated 
with DNAse I  (Invitrogen) and converted into cDNA using 
Superscript II reverse transcriptase, oligo (dT) 

12–18
 prim-

ers, and RNAse Out Recombinant Ribonuclease Inhibitor 
(Invitrogen). cDNA products were subjected to real-time PCR 
(ABI 7900HT Fast Real-Time PCR). Quantitect SYBR Green 
PCR and Quantitect primer assay (Qiagen, Courtaboeuf, 
France) kits were used to quantify TNFα gene expression.

All reactions were carried out in triplicate in a final 
volume of 20 µL, following the manufacturer’s instructions. 
Ribosomal Protein L4 was used as a housekeeping gene 
after a validation step to verify equal loading of RNA and 
cDNA for the reverse transcription and PCR reactions. Data 
were analyzed using the 2-ΔΔCt method (31).

Hepatic tNfα Western Immunoblot

Liver sample preparations.—Liver fragments were crushed 
while still frozen, then homogenized in 10 mM phosphate 
buffer (pH 7.8) containing 1 mM EDTA and protease inhibitor 
cocktail (1%; Sigma) for 30 seconds, using an Ultra-Turrax 
homogenizer (Fisher-Bioblock). Homogenates were separated 
into several aliquots and conserved at −80°C until analysis.
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Western immunoblot analysis of liver tNfα.—Samples 
(40 µg of protein) were loaded onto a sodium dodecyl sul-
fate–acrylamide gel (15%) and subjected to electrophoresis. 
Gels were electroblotted to nitrocellulose membrane and 
probed for TNFα using rabbit anti-mouse TNFα (Abcam; 
1/200) and for β-actin using chicken anti-β-actin (Abcam; 
1/500), horseradish peroxidase-conjugated anti-rabbit IgG 
(Sigma; 1/50,000), and anti-chicken IgG (Abcam; 1/4,000) 
secondary antibodies followed by chemiluminescence 
detection on the ECL kit using Hyperfilm MP (Amersham). 
Blots were scanned and their band surface areas analyzed 
on NIH ImageJ software using the same-sized section of the 
blot for each scan. The data were expressed as densitomet-
ric units relative to β-actin protein.

tNfα Aorta Labeling
Segments of aorta were embedded in Tissue Tek OCT 

Compound, frozen at −40°C and stored at –80°C. After fix-
ing (paraformaldehyde 4%) and blocking, 20-µm-thick sec-
tions were incubated with a primary antibody raised against 
TNFα (Abcam; 1/100). Labeling was revealed with Alexa 
Fluor 488 goat anti-rabbit IgG (Invitrogen; 1/200). The 
endothelium was labeled with rat monoclonal anti-CD31 
antibody (BD Pharmingen; 1/100) and revealed with Alexa 
Fluor 555 goat anti-rat IgG (dilution 1/200). Nuclei were 
counterstained with To-Pro3 (Invitrogen; 1/500). Negative 
controls (primary antibodies substituted by nonimmune 
IgG isotype) did not yield any detectable labeling.

Images were recorded on a Leica TCS SP2 confocal micro-
scope. Endothelial TNFα protein expression was quantified 
using NIH ImageJ software. Three sections of each aorta 
were recorded, and four independent sectors of each section 
were analyzed. TNFα−staining intensities were measured 
within the endothelium and divided by surface area to give 
fluorescence-density values (in arbitrary units/µm2).

Arterial Reactivity Experiments
Aorta and mesenteric artery vasoreactivity experiments 

were carried out as previously described (32,33). Briefly, 
a 2-mm-long segment of aorta or second-order mesenteric 
artery was dissected and mounted on a wire myograph. 
Two wires were inserted into the lumen of the arteries and 
fixed to a force transducer and a micrometer, respectively. 
The arteries were bathed in a 5-mL organ bath containing a 
physiological salt solution maintained at a pH of 7.4, a pO

2
 

of 160 mmHg, and a pCO
2
 of 37 mmHg. The optimal wall 

tension was then applied. Artery viability was tested using a 
potassium-rich solution (80 mmol/L).

A cumulative concentration–response curve to phenyle-
phrine (0.001–10 µmol/L) was then plotted. After a washout, 
a concentration–response curve for the endothelium-depend-
ent relaxing agent, acetylcholine (0.001–10  µmol/L), was 
plotted following phenylephrine-induced preconstriction 
(3 µmol/L). To determine the role played by oxidative stress 

in the aorta and the reactivity of the mesenteric arteries, the 
same experiments were then performed after preincubation 
with catalase (80 U/mL) and tempol (superoxide dismutase 
analog; 10  µmol/L). The lack of arterial responsiveness to 
phenylephrine preconstriction revealed arterial aging and left 
us only a small number of workable mesenteric artery sec-
tions (50% could not be used for experiments). The major 
damage suffered by these arteries also limited the possibility 
of statistical analyses due to insufficient sample numbers.

Aortic Distensibility
Doppler echography was carried out on anesthetized 

mice (isofluran inhalation, induced at 3.5%, then main-
tained with 1.5%) with an Ultrasound Biomicroscope Vevo 
770, Visual Sonic, probe 704. Internal and external diame-
ters of the aortas were measured during systole and diastole. 
Distensibilities were calculated as distensibility = [systole 
diameter − diastole diameter]/diastole diameter.

Statistical Analyses
One-way ANOVA and Dunn’s multiple comparisons 

test were used for statistical analyses (GraphPad Prism). 
Results were expressed as means ± SEM; statistical signifi-
cance was set at p ≤ .05.

Results

Longitudinal Study
OS group mice showed lower caloric intake (p < .001; 

12.3 ± 0.2 kcal/mouse/d) than controls (13.2 ± 0.2 kcal/
mouse/d). OS mice exhibited weight loss during the study, 
whereas control mice exhibited weight gain (Table 1). There 
was no significant difference between the OS group and the 
control group in terms of survival rates at 84 days.

The caloric intake of the OD group was greater than 
that of OS mice (13.5 ± 0.2 kcal/mouse/d; p < .001) though 
there were no significant differences between their weights. 
Compared with OS mice, the survival rate of OD mice at 
84 days was significantly decreased.

Resveratrol-treated mice (OSR and ODR) ingested 
approximately 40 mg/kg/d of resveratrol. Compared with 
their respective untreated matched groups, neither the OSR 
group nor the ODR group showed any weight modification 
during the 12 weeks of the study, nor changes in their caloric 
intake. Resveratrol treatment did not modify survival rates.

Nutritive Parameters
OS mice showed decreased (−15%) serum albumin 

levels and tended to show increased (+52%) serum PYY 
levels (Table  1). Serum leptin levels were decreased by 
67%. Compared with OS mice, the OD group did not show 
changes in albuminemia or PYY serum levels although the 
serum leptin level tended to increase (+13%).
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The OSR and ODR groups showed a trend of increasing 
PYY serum levels, at +65 and +41%, respectively, but no 
changes in albuminemia. Serum leptin level increased by 
65% in OSR mice compared with OS mice, but it decreased 
by 59% in ODR mice compared with OD mice.

Glucose Regulation Parameters
Compared with the control group, OS mice had increased 

serum insulin and resistin levels (+73% and +56%, respec-
tively) and increased HOMA-IR (+41%; Figure  1). OS 
mice had decreased fasting glycemia (−22%) compared 

with controls. Compared with OS mice, OD mice showed 
increased insulinemia, HOMA-IR, and resistinemia (+37%, 
+20%, and +24%, respectively) but no changes in fasting 
glycemia levels.

Compared with the matched untreated group, OSR mice 
exhibited a trend toward decreased insulin that resulted 
in 30% lower HOMA-IR with a 25% lower resistin level, 
associated with increased fasting glycemia (+8%).

The ODR group showed no significant differences to 
the OD group in terms of serum insulin, resistin levels, 
HOMA-IR, or fasting glycemia.

Table 1. Longitudinal Study and Nutritive Parameters

Control OS OD OSR ODR

Survival rate at Day 84 (%) 100 95 70$ 100 68
Weight (Day 0) (g) 30.3 ± 0.4 31.4 ± 0.4 31.6 ± 0.7 31.9 ± 0.5 30.6 ± 0.8
Weight change at Day 84 (g) +1.7 ± 0.2 −1.0 ± 0.2*** −1.3 ± 0.7 +0.1 ± 0.3 −1.9 ± 0.9
Serum albumin (g/L) 29.7 ± 0.7 25.2 ± 1.0* 29.0 ± 1.4 27.1 ± 1.0 25.9 ± 0.7
Serum peptide YY (ng/L) 85.5 ± 23.2 130.2 ± 27.2 152.2 ± 34.5 197.1 ± 13.5 215.1 ± 35.2
Serum leptin (ng/L) 2727 ± 466 891 ± 57** 1005 ± 120 1472 ± 193# 415 ± 59###

Notes: Control group (9-month-old mice fed a standard diet) and groups of aged mice: OS(R), 25-month-old mice fed a standard diet, with or without resveratrol; 
OD(R), 25-month-old mice fed a high-protein diet, with or without resveratrol. OS mice were compared with control-group mice (*p < .05; **p < .01; ***p < .001); 
OD mice were compared with OS mice ($p < .05); OSR and ODR mice were compared with OS and OD mice, respectively (#p < .05; ###p < .001). Mean ± SEM 
(Weight and Weight change [g]; Serum albumin [g/L]; Serum peptide YY and Serum leptin [ng/L]); n = 8–23 per group.

Figure 1. Glucose regulation parameters: A, insulinemia; B, fasting glycemia; C, insulin-resistance index “HOMA-IR”; D, resistinemia in the control group 
(9-month-old mice fed a standard diet) and in old mice (OS(R): 25-month-old mice fed a standard diet, with or without resveratrol; OD(R): 25-month-old mice fed 
a high-protein diet, with or without resveratrol). OS mice were compared with control mice (*p < .05; **p < .01; ***p < .001); OSR and ODR mice were compared 
with OS and OD mice, respectively (#p < .05; ##p < .01). Mean ± SEM (insulinemia [ng/mL]; fasting glycemia [mmol/L]; resistinemia [ng/mL]); n = 8–14 per group.
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Lipid Metabolism Parameters
OS mice showed decreased levels of triglycerides (−41%), 

total cholesterol (−21%), and HDL cholesterol (−27%) 
compared with controls (Figure 2). HDL cholesterol:total 
cholesterol ratio was decreased by 10% (57.0 ± 1.2% vs 

51.5 ± 1.0%, p < .05) without any modifications in HDL 
subfraction partitioning.

The OD group showed higher levels of triglycerides 
(+85%), total cholesterol (+79%), HDL cholesterol (+65%), 
and non-HDL cholesterol (+100%) than the OS group. HDL 
cholesterol:total cholesterol ratio was stable (49.5 ± 0.9%). 
There was no significant change in HDL subfraction partition-
ing even though large HDL and nonlarge HDL cholesterol con-
centrations were increased by +113% and 59%, respectively.

OSR and ODR mice did not show any changes in lipid 
parameters compared with their matched untreated groups. 
The only clear difference was that nonlarge HDL fraction 
decreased significantly (−14%), whereas large HDL fraction 
increased by 28% in ODR mice compared with the OD group.

Serum KC (CXCL1) and RANtES (CCL5) Levels and 
Liver tNfα Expression

OS mice showed no significant change in serum KC 
(CXCL1) or RANTES (CCL5) levels compared with con-
trols, but hepatic TNFα gene expression was increased 2.7-
fold (Figure 3). OD mice showed no significant change in 
serum KC or RANTES levels or hepatic TNFα gene and 
protein expression compared with OS mice.

OSR mice showed similar serum KC and RANTES lev-
els to the matched non-resveratrol-treated group, whereas 
ODR mice showed very strongly increased serum KC 
(+363%) and RANTES (+55%) levels compared with OD 
mice. Resveratrol treatment had no effect on liver TNFα 
gene and protein expressions in OSR and ODR mice com-
pared with OS and OD mice, respectively.

Aorta tNfα Expression
Compared with controls, OS mice showed 3.8-fold 

higher TNFα gene expression in the aorta (Figure 4) and 
52% higher TNFα protein expression in the endothelium.

In OD mice, neither aortic TNFα gene expression nor 
endothelial TNFα protein expression were statistically dif-
ferent from OS.

Neither OSR nor ODR mice showed any differences in 
TNFα gene or protein expressions in the aorta compared 
with OS and OD groups, respectively.

Aorta Superoxide Generation
Superoxide production rose by 50% in OS mice com-

pared with controls (Figure  5). Superoxide production in 
the aortas of OD and OS mice did not significantly vary. 
Resveratrol treatment had no effect on OSR mice, whereas 
ODR mice showed 55% higher superoxide production.

Arterial Reactivity
OS mice did not show any significant change in acetylcho-

line-induced dilation of the aorta, but they did show decreased 
dilation of the mesenteric arteries (p < .01) compared with 

Figure 2. Lipid metabolism parameters: A, triglyceridemia; B, serum choles-
terol level (total cholesterol is the sum of high-density lipoprotein [HDL] choles-
terol plus non-HDL cholesterol); C, share of each fraction of HDL cholesterol 
(large and nonlarge HDL cholesterol) in the control group (9-month-old mice 
fed a standard diet) and in old mice (OS(R): 25-month-old mice fed a standard 
diet, with or without resveratrol; OD(R): 25-month-old mice fed a high-protein 
diet, with or without resveratrol). OS mice were compared with control mice 
(**p < .01); OD mice were compared with OS mice ($$p < .01; $$$p < .001); OSR 
and ODR mice were compared with OS and OD groups, respectively (##p < .01; 
###p < .001). Mean ± SEM (triglyceridemia and serum cholesterol level [mmol/L]);  
Percentage (share of each fraction of HDL cholesterol [%]); n = 8–14 per group.

D
ow

nloaded from
 https://academ

ic.oup.com
/biom

edgerontology/article/69A/3/260/705559 by guest on 23 April 2024



 EffECtS Of RESvERAtROL ON ARtERIAL AGING IN MICE 265

controls group (data not shown). Acetylcholine induced dila-
tion did not significantly change in the aorta or the mesen-
teric arteries in the OD group compared with OS mice.

Acetylcholine-induced dilation of the aorta and mes-
enteric arteries was unaffected by resveratrol treatment in 

OSR and ODR mice. In OD mice, catalase–tempol preincu-
bation did not affect acetylcholine-induced dilation of the 
aorta or mesenteric arteries (Figures 6A and B).

In the ODR group, catalase–tempol preincubation tended 
to increase acetylcholine-induced dilation of both the aorta 

Figure 3. Systemic and hepatic inflammation: A, Serum KC level; B, Serum RANTES level; C, liver TNF alpha mRNA expression (results are represented as 
fold change compared with the control group); D, liver TNF alpha Western Blot; E, Densitometric analysis of Western Blot. Control group (9-month-old mice fed 
a standard diet); old mice (OS(R): 25-month-old mice fed a standard diet, with or without resveratrol; OD(R): 25-month-old mice fed a high-protein diet, with or 
without resveratrol). OS mice were compared to control mice (*p < .05); OSR and ODR mice were compared with OS and OD mice, respectively (#p < .05; ##p < .01). 
Mean ± SEM (Serum KC and RANTES levels [ng/mL]; liver TNF alpha mRNA expression [fold change]; liver TNF alpha Western blot [densitometric arbitrary 
units]); n = 6–8 per group.

Figure 4. TNF alpha expression in aorta: A, aortic TNF alpha mRNA expression (results are represented as fold change compared with the control group); B, 
immunofluorescence in the aorta for TNF alpha (×40); C, quantification of TNF alpha protein expression in endothelium, expressed as fluorescence density. All plots 
represent the control group (9-month-old mice fed a standard diet) and groups with old mice (OS(R): 25-month-old mice fed a standard diet, with or without resvera-
trol; OD(R): 25-month-old mice fed a highprotein diet, with or without resveratrol). OS mice were compared with control mice (*p < .05). Mean ± SEM (aortic TNF 
alpha mRNA expression [fold change]; quantification of protein expression in endothelium [fluorescence arbitrary units]); n = 6–8 per group.
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and mesenteric arteries compared with the nonpreincubated 
group. Phenylephrine-induced contraction in the aorta 
tended to increase in the ODR group compared with the 
OD group (Figure 6C).

Aortic Distensibility
OS mice did not show modified aortic distensibility com-

pared with controls (Figure 6D). Aortic distensibility did not 
change in OD mice compared with OS mice. Resveratrol 
treatment had no effect on OSR mice but decreased disten-
sibility in the ODR group.

Discussion
Protein–energy malnutrition affects the great majority of 

elderly people and is the most prevalent disorder in hospi-
talized elderly participants (34). This undernutrition state 
is associated with worse prognosis of associated chronic 
diseases, including cardiovascular disease that is the main 
cause of death in this elderly population (34,35).

Renutrition could improve morbidity and mortality in 
old age (36), but it proves difficult to achieve in elderly 
patients (37). One possible explanation is that renutrition 
could depend on the degree of insulin resistance, which is 
closely related to oxidative stress (3,10) and has already 
been incriminated in endothelial cell dysfunction (38,39) 
and vascular aging (9).

Resveratrol, a well-known antioxidant and anti-
inflammatory molecule, has been shown to improve insulin 
sensitivity. This molecule could be a good candidate 
for slowing down the impairment of glucose tolerance 
and vascular aging, and a combination resveratrol with a 
renutrition strategy could have potential benefits for elderly 
patients.

Renutrition Care Increases Insulin Resistance, 
Disrupts Lipid Metabolism, and Raises Liver and Aorta 
Inflammation

Our aged mice (OS group) exhibited a malnutrition state 
characteristic of aged people, as shown by their reduced 
weight, hypoalbuminemia, and decreased cholesterol and 
leptin levels (7,40). In addition, lower triglyceride concen-
trations and a tendency toward increased PYY levels have 
been observed, as commonly seen in aged people with ano-
rexia (41).

Focusing on glucose metabolism, hyperinsulinemia and 
HOMA-IR reflected a serious insulin-resistant state, which 
was confirmed by increased resistin levels. OS mice showed 
low fasting glycemia, which could be the consequence of low 
glucose production, especially due to insufficient gluconeo-
genesis (42). This may be due to the NAD+-pool depletion 
observed in the elderly, as reported in recent studies (43,44). 
The aortic oxidative stress and inflammation observed in OS 
mice (TNFα expression increased not only in the endothe-
lium but also in whole aorta by 62%; data not shown), has 
been shown to be related to an insulin-resistant state (45).

To fight against malnutrition in human patients, the 
French institution “Haute Autorité de Santé” recommends 
restoring caloric intake with a protein supply (11). The HP 
diet used in this study restored caloric intake. However, the 
renutrition process can be lengthy, and success is tightly 
related to the patient’s age (37). In this study, the renutrition 
process tended to restore serum leptin and albumin levels in 
elderly mice (11,35). However, this HP diet is also known to 
induce insulin resistance (46). The trend toward increased 
insulin and the significantly increased serum IGF-I levels 
(OD 378 ± 13 pg/mL vs OS 283 ± 27 pg/mL, +34%, p < .05) 

Figure  5. Superoxide production in aorta: A, Aorta superoxide generation 
according to immunofluorescence (dihydroethidium, red) and media (phalloidin, 
green) labeling (×40). B, Quantification of superoxide in the aorta, expressed as 
fluorescence intensity (A.U.). The plots represent the control group (9-month-old 
mice fed a standard diet) and groups of old mice (OS(R): 25-month-old mice fed a 
standard diet, with or without resveratrol; OD(R): 25-month-old mice fed a high-
protein diet, with or without resveratrol); OS mice were compared with control 
mice (*p < .05); OSR and ODR mice were compared with the OS and OD mice, 
respectively (##p < .01). Mean ± SEM (quantification of superoxide in the aorta 
[fluorescence arbitrary units]); n = 4–7 per group. Full color version is avail-
able online.
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observed in OD mice is in accordance with the presence 
of an insulin resistance state and with Baur’s observations 
made under another high-calorie diet (47). This insulin 
resistance associated with high triglyceride levels might 
be the consequence of increased free fatty acid levels, as 
described previously (48,49), especially in a context of 
low glucose supply (12). We did observe increased total 
cholesterol and non-HDL cholesterol levels. Large HDL 
fractions are enriched with apolipoprotein E and bind to 
LDL receptors with high affinity; large HDL fractions are 
the major class of plasma lipoproteins that deliver lipids to 
peripheral tissues (50). Thus, the rise of this HDL fraction 
may increase atheromatous risk under this type of HP diet, 
as suggested by Foo (12). Moreover, HDL cholesterol:total 
cholesterol ratio was reduced, which may be predictive 
of increased susceptibility to atherogenesis (51). These 
metabolic disorders are associated with increased oxidative 
stress and inflammation of the aorta induced by aging. 
They could have vascular and potent cardiovascular 
consequences that could be responsible for the increased 
mortality observed in our OD model.

Resveratrol Does not Improve Insulin Resistance and 
Predicts an Increased Susceptibility to Atherogenesis, 
Increased Oxidative Stress in the Aorta, and Diminished 
Aortic Distensibility in OD Mice

The benefits of resveratrol to reduce insulin resistance 
have been investigated in several studies (19,52,53). The 
resveratrol dose administered per os in this study was 
around 40 mg/kg/d for 3  months. Depending on authors, 
this dose would correspond to the dose used in numer-
ous clinical studies (19,47,54) or to a lower daily dose in 
humans (18,55).

Our results show that resveratrol improved glucose metab-
olism in the OSR group. The reduction in insulin resist-
ance in OSR mice receiving resveratrol is highlighted by 
the decreased HOMA-IR and resistin levels. Interestingly, 
these results corroborated a recent study by Crandall JP in 
humans, which reported that resveratrol improves insulin 
sensitivity and postmeal plasma glucose in old participants 
with age-related glucose intolerance (19). These effects 
of resveratrol could be the result of an increase in NAD+ 
levels, as reported by Park (28). In a previous study, we 

Figure 6. A and B, Effect of catalase-tempol preincubation on acetylcholine-induced dilation of the aorta (A) and mesenteric arteries (B) isolated from OD and 
ODR mice (n = 6–8 per group). Data are expressed as percentages of contraction; C, Aortic phenylephrine-induced contraction in OD and ODR groups (n = 6–8 per 
group); D, Aortic distensibility (n = 8–11 per group). All plots represent the control group (9-month-old mice fed a standard diet) and groups of old mice (OS(R): 
25-month-old mice fed a standard diet, with or without resveratrol; OD(R): 25-month-old mice fed a high-protein diet, with or without resveratrol). OSR and ODR 
mice were compared with OS and OD mice, respectively (#p < .05). Mean ± SEM (aorta and mesenteric arteries acetylcholine responses curves [% contraction]; aortic 
phenylephrine-induced contraction [%]; aortic distensibility [%]).
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had shown that resveratrol changes NAD+/NADH balance 
toward increasing NAD+ concentration in the liver mito-
chondria of these OSR mice (personal data, V Procaccio). 
An increase of NAD+ level enhances substrate supply to 
the respiratory chain by both the tricarboxylic-acid cycle 
and fatty-acid oxidation, hence providing more energy. The 
resveratrol-induced improvement of mitochondrial function 
and glucose tolerance could involve AMPK and/or sirtuin 
(20–24). In our study, resveratrol seemed to be beneficial to 
the malnourished state of physiological aging (OS model). 
By restoring insulin sensitivity, it helped maintain body 
weight and restore leptin levels.

Conversely, in mice fed the HP diet (ODR mice), 
resveratrol failed to change fasting glycemia, HOMA-IR, 
resistin levels, or IGF-I level, and the HP diet seemed 
to reduce the beneficial effects of resveratrol on insulin 
resistance. In ODR mice, resveratrol led to a decrease in 
triglyceride and leptin serum levels, in agreement with 
Timmers et  al.’s results in humans (18). Some studies 
have shown that resveratrol modulates the regulation of 
genes related to lipid metabolism, which in the context 
of an atherogenic diet leads to increased lipolysis and 
decreased lipogenesis (23). This increased lipolysis could 
be responsible for the NFκB pathway activation that 
leads to systemic inflammation (48). ODR mice showed 
an inflammatory state, with increased serum KC and 
RANTES levels. KC, through endothelial release, has been 
already shown to promote atherosclerosis (56). Moreover, 
resveratrol supplementation increased systemic RANTES 
levels in ODR mice, suggesting a possible increase in 
monocyte adherence to endothelial cells. Resveratrol 
supplementation increased reactive oxygen species in ODR 
mice arteries, evidencing a deleterious effect of resveratrol 
on oxidative stress and inflammation. These data do not 
confirm those found in other studies (13,14,57). However, 
the effects of resveratrol in these studies were observed on a 
model of acute and pharmacologically induced inflammation 
and oxidative stress, whereas, in our model, the systemic 
low-grade inflammation induced by HP diet was not 
detectable. Even though total and non-HDL concentrations 
of cholesterol were unchanged, the HDL cholesterol 
fraction and the HDL cholesterol:total cholesterol ratio 
tended to decrease in ODR mice, thus possibly increasing 
atherosclerosis risk factors (51). Moreover, regarding 
the HDL subfractions in ODR mice, resveratrol was 
responsible for a shift in HDL fractions from nonlarge to 
larger fractions of cholesterol. Furthermore, resveratrol 
also tended to increase aorta phenylephrine contraction and 
worsened the diminishing aorta distensibility induced by 
aging in OD mice. Taken together, these results strongly 
suggest that resveratrol, when associated with HP diet in 
old mice, may increase the risk factors associated with 
atherogenesis by triggering vascular alterations and could 
represent an additional risk factor for the cardiovascular 
system when added to a HP diet.

Conclusion
Taken together, our data show that resveratrol could 

reduce insulin resistance in old age. However, our study 
also highlights that in a HP diet context, not only are the 
beneficial effects of resveratrol abrogated but, more impor-
tantly, resveratrol supplementation could have deleterious 
effects on arterial function.
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