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Abstract
Obesity and age are important risk factors for cardiovascular disease. However, the signaling
mechanism linking obesity with age-related vascular senescence is unknown. Here we show that
mice fed a high-fat diet show increased vascular senescence and vascular dysfunction compared to
mice fed standard chow and are more prone to peripheral and cerebral ischemia. All of these changes
involve long-term activation of the protein kinase Akt. In contrast, mice with diet-induced obesity
that lack Akt1 are resistant to vascular senescence. Rapamycin treatment of diet-induced obese mice
or of transgenic mice with long-term activation of endothelial Akt inhibits activation of mammalian
target of rapamycin (mTOR)–rictor complex 2 and Akt, prevents vascular senescence without
altering body weight, and reduces the severity of limb necrosis and ischemic stroke. These findings
indicate that long-term activation of Akt-mTOR signaling links diet-induced obesity with vascular
senescence and cardiovascular disease.

INTRODUCTION
The risk of cardiovascular diseases increases markedly with age and body mass index (1,2).
Although other risk factors, such as diabetes and hypertension, are associated with age and
obesity, obesity and age per se are direct risk factors for cardiovascular disease (1,2). The
mechanisms linking obesity and age to increased cardiovascular disease, however, remain
unknown.
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Cellular senescence is associated with aging and is often defined biologically as a tendency
toward cell cycle arrest or decreased replicative potential (3). It has been used as a model for
mammalian aging and contributes to tumor suppression (4). Some studies suggest that cellular
senescence may be an important cause or consequence of obesity and obesity-induced vascular
complications (5,6). However, it remains unclear how obesity could induce cellular senescence
and whether vascular dysfunction associated with senescence of cells in the vasculature
(vascular senescence) contributes to diet-induced cardiovascular disease.

Deletion of either protein kinases Akt or mammalian target of rapamycin (mTOR) prevents
cellular senescence in yeast (7,8). mTOR and Akt are nutrient sensors (9,10) that are involved
in regulating cellular metabolism (11), obesity (12), cell survival (13), and cellular responses
to injury (14). Thus, Akt and mTOR could provide a link between obesity, vascular senescence,
and vascular complications of obesity. Akt activation depends on two sequential
phosphorylations: the first on Thr308 by phosphatidylinositol-dependent kinase–1 (PDK-1) and
the second on Ser473 by mTOR complex 2 (mTORC2) (15–17). mTOR exists in two distinct
complexes, mTORC1 and mTORC2. mTORC1, which consists of mTOR and raptor
(regulatory-associated protein of mTOR), regulates cell growth through S6 kinase 1 (S6 K1)
and the eIF-4E–binding protein 1 (4E-BP1); mTORC2, which consists of mTOR, rictor
(rapamycin-insensitive companion of mTOR), and SIN1 (stress-activated protein kinase–
interacting protein 1), phosphorylates Akt, thereby contributing to its phosphorylation-
dependent activation (18). The two mTORC complexes are differentially sensitive to
rapamycin. Because mTORC2 is relatively rapamycin resistant, most of the inhibitory effects
of rapamycin are thought to be due to pathways mediated by mTORC1 (19). However, recent
reports indicate that rapamycin can also suppress the assembly and function of mTORC2 and
thereby inhibit Akt phosphorylation and activation (20–22).

Akt was originally identified as an oncogene (23) and later shown to be important in mediating
vascular function (14). It mediates the effects of vascular endothelial growth factor (VEGF)
on endothelial survival and migration (24). In addition, endothelium-dependent vasodilatation
is mediated by Akt-dependent phosphorylation and activation of endothelial nitric oxide (NO)
synthase (eNOS) (25,26). Indeed, short-term overexpression of constitutively active Akt in the
vascular endothelium increases blood flow, NO production, and vascular protection (27).
However, the long-term effects of Akt activation and its relationship to vascular senescence
and function remain to be determined.

We hypothesized that long-term increase in food intake may increase obesity- and age-related
cardiovascular disease through the induction of vascular senescence. Because Akt is an
important mediator of cell metabolism and obesity, and deletion of Akt can improve yeast life
span, we hypothesized this obesity-related vascular senescence could be related to excessive
Akt activation. Here we show that diet-induced obesity in mice causes vascular senescence
and dysfunction through long-term intermittent activation of Akt.

RESULTS
High-fat diet increases vascular senescence and Akt signaling

To determine whether obesity and vascular senescence are linked, we first investigated whether
obesity could increase vascular senescence in mice fed a high-fat diet, where 60% of the total
calories consumed is in the form of fat. Two parallel sets of independent experiments were
performed on mice (three to five per group) fed chow or a high-fat diet for 12 weeks (from 4
to 16 weeks of age). Compared to mice fed a chow diet, mice fed a high-fat diet developed a
53% increase in body weight and had increased concentrations of serum cholesterol,
triglyceride, glucose, and insulin (Table 1). Endothelial cells isolated from the aortas of these
mice were subjected to serial passages to test their replicative capacity as a measure of cellular
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senescence. Endothelial cells from mice fed a high-fat diet showed early replicative senescence
compared to that of endothelial cells from mice fed chow diet. The cumulative population
doublings of endothelial cells from mice on a high-fat diet were 30% less than those from mice
fed a chow diet (8.13 ± 0.27 versus 11.94 ± 0.45) (Fig. 1A). This decrease in cumulative
population doubling correlated with increased cellular senescence as determined by the fraction
of cells showing senescence-associated β-galactosidase (SA-β) staining. Whereas, after five
passages, more than 80% of the cells from the group fed a high-fat diet were positive for SA-
β staining, even when maintained for 10 passages, less than 10% of the cells from the groups
fed a chow diet showed positive SA-β staining (Fig. 1, B and C). To verify that the endothelial
cell phenotype was maintained through repeated passages, we stained the cells with endothelial
cell–specific CD31 antibody. CD31-positive cells accounted for around 95 to 97% of cells
after isolation and around 90 to 92% of cells after five passages. The en face aortic surface,
which is composed mostly of endothelial cells, of the high-fat diet group also showed increased
SA-β staining compared to that of the chow diet group (Fig. 1C), excluding the possibility of
false-positive results caused by isolation, propagation, and clonal outgrowth of different
populations of endothelial cells. Aortic lysates from the 20-week group of mice fed a high-fat
diet also showed increased p16 and p21, features consistent with increased cellular senescence
(Fig. 1D).

We then examined whether Akt activity was altered by a high-fat diet and whether this
correlated with increased vascular senescence. We first investigated the acute effects of a high-
fat meal on Akt activation. Mouse aortas were isolated 30 min before and at selected intervals
from 30 min to 12 hours after a meal. The postprandial activation of aortic Akt, assessed by
phosphorylation of Akt and that of its substrate glycogen synthase kinase (GSK), was
substantially greater and remained increased for a longer duration in 8-week–old mice fed a
high-fat meal compared to those fed a meal of regular chow (high fat versus chow, P < 0.001)
(Fig. 1E). Twenty-week–old mice that had previously been on a high-fat diet (12 weeks on
high-fat followed by 4 weeks on regular chow diet) developed insulin resistance (Table 1) and
showed decreased postprandial Akt phosphorylation but increased GSK phosphorylation
compared to mice fed for 16 weeks on chow (high fat versus chow, P < 0.05) (Fig. 1F). The
discordance between postprandial Akt and GSK phosphorylation is unknown, but may be due
to additional GSK regulation by GSK phosphatases (28). To determine if the increase in
phosphorylated Akt (pAkt) was sustained or occurred only after a high-fat meal, we followed
the effect of repeated high-fat meals over 24 hours from different mice that were fed at the
same time. On day 1, the baseline fraction of pAkt to total Akt before a meal was similar.
Postprandial Akt phosphorylation increased to a similar degree after each meal. On day 2,
baseline pAkt was increased 1.3 times compared to baseline on day 1 (day 1 versus day 2, P
< 0.05) (fig. S1A). These findings suggest that pAkt and Akt activity in the mouse aorta are
persistently increased after a high-fat diet meal.

Endothelial Akt activation increases vascular senescence
To determine whether Akt activation could lead to increased vascular senescence in vivo, we
assessed vascular senescence in a line of transgenic mice in which we could conditionally
induce activation of endothelial Akt to mimic endothelial Akt activation during excessive long-
term food intake (27). Wild-type (WT) mice, single transgenic mice [tet-myrAkt without
vascular endothelial cadherin (VE-cadherin)-tTA] and double transgenic Akt mice (VE-
cadherin-tTA/tet-myrAkt) in which Akt expression was not induced were used as controls. For
short-term activation, the Akt transgene was induced for 2 weeks from age 14 to 16 weeks.
For long-term activation, the Akt transgene was induced for 8 weeks from age 8 to 16 weeks.
To control for immediate vascular effects secondary to Akt activation, the Akt transgene was
then suppressed in both groups of mice for an additional 4 weeks by reinstitution of doxycycline
(Fig. 2A). The induction and suppression of the Akt transgene as well as the consequent changes
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in Akt activity [assessed by phosphorylation of GSK and of eNOS (also a downstream target
of Akt)] were confirmed in aortic tissue from both short- and long-term groups at 16 and 20
weeks (Fig. 2B). In contrast to control and double transgenic mutant mice with short-term Akt
activation, double transgenic mutant mice with long-term Akt activation showed increased
aortic vascular senescence, with increased SA-β staining in en face aortic surface and isolated
aortic endothelial cells (SA-β–positive cells in long-term versus short-term: 67% versus 2.3%,
respectively, P < 0.01) (Fig. 2C). Aortic endothelial cells isolated from mutant mice with long-
term Akt activation also showed a decrease in cumulative population doubling (long-term
versus other four control groups, P < 0.01) (Fig. 2D). This was associated with increased
expression of p16 and p21 and decreased expression of p27 and trimethyl histone—features
that are consistent with increased cellular senescence (29–32) (Fig. 2E). Mitochondrial
membrane potential, which is reduced in senescent cells, was decreased by long-term, but not
short-term, Akt activation and by a high-fat diet (fig. S2). These findings suggest that long-
term Akt activation, either by transgene induction or by a high-fat diet, leads to vascular
senescence.

Long-term activation of endothelial Akt impairs vascular function
To determine whether endothelial senescence has pathophysiological relevance, we
investigated whether angiogenesis and blood flow recovery in response to limb ischemia are
altered in mutant mice with long-term activation of endothelial Akt. Previous studies have
shown that endothelial Akt regulates pathological angiogenesis and vascular permeability
(22,33). However, in contrast to previous studies showing that short-term Akt activation of
less than 2 weeks promotes angiogenesis (14), long-term endothelial Akt activation decreased
microvessel sprouting from aorta ex vivo (Fig. 3, A and B), caused greater distal limb necrosis
(Fig. 3, C and F), and decreased blood flow recovery (Fig. 3, D and G) after hindlimb ischemia.
The reduced angiogenic response corresponded with a 46% decrease in capillary density
formation in the ischemic limb (Fig. 3, E and H). In isolated aortas, long-term Akt activation
led to a 58% decrease in eNOS activity (Fig. 3I) and a 45% decrease in NO production (Fig.
3J). This correlated with increased vascular oxidative stress as determined by tiron-inhibitable
lucigenin chemiluminescence (Fig. 3K) and increased tyrosine nitrosylation of manganese
superoxide dismutase (MnSOD) (Fig. 3L) in the isolated mouse aorta and aortic lysates.
Interestingly, the total MnSOD concentration was also reduced by long-term Akt activation.
Consistent with the decrease in NO production, endothelium-dependent, but not endothelium-
independent, relaxation was impaired in aortas from mutant mice with long-term Akt activation
(Fig. 3, M and N).

Akt inhibition decreases cellular senescence and enhances vascular function
Although mTORC2, which phosphorylates and activates Akt (16,34), is relatively rapamycin
insensitive, several studies suggest that under certain conditions, rapamycin can inhibit
mTORC2 and, thereby, Akt activation (20–22). Using implantable subcutaneous pumps, we
administered rapamycin to mice for varying amounts of time and determined aortic Akt activity
30 min after a meal. We found that aortic Akt phosphorylation was decreased after 1 week of
treatment with rapamycin (0.2 mg/kg per day) (Fig. 4A). Furthermore, immunoprecipitation
of mTOR showed that like mTORC1, mTORC2 complex dissociated after treatment with
rapamycin (Fig. 4A).

To confirm whether this inhibition of Akt activation by rapamycin has pathophysiological
relevance and could prevent the senescence phenotype and impaired angiogenesis caused by
a high-fat diet or long-term Akt activation, we treated WT mice on a high-fat diet or double
transgenic mice with long-term Akt activation with rapamycin (35,36). In both cases,
rapamycin or vehicle was administered (Fig. 4B) and inhibition of aortic Akt phosphorylation,
but not Akt expression, was confirmed by Western analysis (Fig. 4C). Rapamycin (0.2 to 1
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mg/kg per day) did not alter food intake, body weight, blood glucose, or serum insulin and
lipid concentrations (Table 2). Endothelial cells from transgenic mice with long-term Akt
activation that were treated with rapamycin (1 mg/kg per day, 4 weeks) showed an increased
replicative life span (Fig. 4D), endothelial sprouting (Fig. 4E), eNOS activity (Fig. 4, F and
G), and endothelium-mediated vasorelaxation (Fig. 5, G and H) and decreased SA-β staining
(Fig. 4, H and I) and oxidative stress (Fig. 4J). This correlated with improved angiogenic
response (Fig. 5A), blood flow recovery (Fig. 5B), limb necrosis (Fig. 5C), and capillary
density (Fig. 5D) after hindlimb ischemia.

Similar findings were observed in a mouse model of another vascular disease associated with
aging—ischemic stroke. Following transient middle cerebral artery occlusion, transgenic mice
with long-term Akt activation had substantially larger cerebral infarct size and worse
neurological deficits than did WT or the various control mice (Fig. 5E). Treatment with
rapamycin reduced cerebral infarct size and attenuated neurological deficits in mutant mice
with long-term Akt activation (Fig. 5F).

To determine whether inhibition of Akt activation attenuates obesity-induced vascular
senescence, mice fed a high-fat or chow diet were treated with rapamycin (0.2 mg/kg per day)
or vehicle for 4 weeks (Fig. 6A). Inhibition of Akt activation by a high-fat diet was confirmed
in aortic tissue by Western analysis (Fig. 6B). Mice receiving rapamycin did not show changes
in systemic blood pressure, body weight, blood glucose, insulin, and lipid concentrations (Fig.
6, C and D, and Table 2). Aortic endothelial cells from WT mice on a high-fat diet treated with
rapamycin showed increased cumulative population doublings (10.8 versus 7.4, P < 0.01) (Fig.
6E) and decreased SA-β staining (Fig. 6F) compared to those from WT mice on a high-fat diet
not given rapamycin treatment. Indeed, limb ischemia and necrosis were attenuated by
rapamycin in WT mice on a high-fat diet (Fig. 6G), suggesting that rapamycin can ameliorate
obesity-induced vascular senescence.

Decreased obesity-induced vascular senescence in mice lacking Akt1
High-fat diet could activate many signaling pathways other than those involving Akt. For
example, S6 K phosphorylation by mTOR could be increased by a high-fat diet through
mechanisms independent of Akt activation (fig. S1, B and C). To determine whether Akt
mediates obesity-induced vascular senescence, we assessed vascular function and senescence
in mice lacking Akt1 (Akt1 null mice) fed a high-fat diet. The Akt1 null mice were used because
Akt1 is the predominant Akt isoform in vasculature (33). In agreement with previous studies
(37, 38), we found that Akt1 null mice had a 31% smaller body weight than did WT mice but
showed no differences in glucose tolerance test when fed a high-fat diet (Fig. 7A). The
percentage weight gain in Akt1 null mice on a high-fat diet was comparable to that of WT
mice. Although aortas from Akt1 null mice showed decreased Akt phosphorylation, S6 K
phosphorylation was comparable to that of WT mice (Fig. 7B). Furthermore, endothelial cells
from Akt1 null mice fed a high-fat diet exhibited improved cumulative population doublings
compared to that of WT mice (14% versus 40% decrease compared to mice fed chow,
respectively) (Fig. 7C). Finally, treatment with rapamycin has no effect on vascular function
or senescence in Akt1 null mice. These findings indicate that Akt is the predominant mediator
of obesity-induced vascular senescence and that inhibition of Akt by rapamycin can prevent
obesity-induced vascular senescence.

DISCUSSION
Obesity and age-related vascular senescence are evolving processes, which are mechanistically
linked and involve the long-term intermittent activation of Akt. Our findings indicate that a
high-fat diet not only leads to obesity, but also to premature vascular senescence, as defined
by vascular dysfunction due to cellular senescence of vascular wall cells. Although the
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canonical role of Akt is in cell growth and survival (18,39), under chronic conditions, Akt
activation may also increase cellular senescence and impair vascular function (30,40). Vascular
senescence is a phenotype of aging (41); however, the mechanistic link between aging and
vascular senescence is not known. Nevertheless, vascular senescence could impair vascular
function and thereby increase the susceptibility to age-related vascular pathologies such as
peripheral ischemia and stroke.

Previous work has shown that Akt activation increases angiogenesis and that total loss of Akt
is detrimental to vascular function (22,24,42). Our data indicate that excessive activation of
Akt is also detrimental to vascular function. These observations suggest that a fine balance of
Akt signaling is crucial in cellular physiology. Consistent with our study, over-activation of
Akt by VEGF receptor-2 or mutation of the circadian gene, Per2, leads to increased vascular
senescence (40,43). We found that rapamycin inhibited aortic Akt phosphorylation induced by
a high-fat diet. This was surprising because rapamycin is generally thought to target only
mTORC1 (19,44), which is downstream of Akt. However, recent studies showed that, in some
cases, prolonged treatment with rapamycin could inhibit mTORC2 assembly and function
(21,22). Indeed, mTORC1 and mTORC2 are both important in endothelial function (45), and
TORC2 has been shown to be critical in regulating Akt activity in Drosophila (46) and mice
(17). Therefore, our findings that rapamycin inhibits mTORC2 complex strongly suggest that
aortic Akt phosphorylation is directly inhibited by rapamycin and that rapamycin can prevent
vascular senescence induced by a high-fat diet or long-term Akt activation.

Although mTOR signaling in the hypothalamus regulates food intake (10) and absence of S6
K enhances insulin sensitivity and protects against diet- and age-related obesity (12), our
findings in Akt1 null mice fed a high-fat diet suggest that Akt, rather than mTOR, is the critical
mediator of vascular senescence because mTOR activity was increased to a similar extent by
a high-fat diet in WT and Akt1 null mice. However, we cannot completely exclude an additional
role of mTOR or S6 K in this process. Despite mTOR's role as a homeostatic nutrient sensor
(9), rapamycin, at the concentrations used in this study, did not alter food intake or body weight.
These findings, therefore, provide a mechanistic link between diet-induced obesity and cellular
senescence and suggest that inhibition of Akt signaling with rapamycin therapy may have
clinical benefits in obesity- and age-related vascular disease.

We conclude that chronic, long-term activation of Akt is an important mediator of vascular
senescence. Furthermore, blocking Akt phosphorylation with rapamycin leads to inhibition of
vascular senescence in both the transgenic mice and high-fat diet–induced obese mice,
suggesting that rapamycin may be a useful therapy. Because rapamycin is not a specific Akt
inhibitor, it is possible that rapamycin could affect other signaling pathways that mediate
senescence. However, rapamycin had no effect on vascular function and senescence in Akt1
null mice, suggesting that Akt is the rapamycin target for reducing vascular senescence and
improving vascular function. Nevertheless, further studies are required to determine whether
rapamycin could exert other effects, such as preventing mitochondrial dysfunction or reducing
oxidative stress, which could contribute to its antisenescent effect.

The downstream target of Akt that mediates vascular senescence is not known. Previous studies
have shown that alterations in the expression of important cell cycle regulators, such as p16,
p21, p27, and trimethyl histone, are correlated with increased vascular senescence (29–32).
Indeed, expression of p16, p21, p27, and trimethyl histone was altered in the vasculature of
diet-induced obese mice. Furthermore, FOXO transcription factors, which mediate oxidative
stress and cellular senescence signaling, are also phosphorylated by Akt and thus may involved
in mediating vascular senescence (47). In addition, Akt has been shown to inhibit the
transcriptional coactivator peroxisome proliferator–activated receptor coactivator 1α
(PGC-1α) (48). PGC-1α is a global regulator of mitochondrial function, energy expenditure,
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skeletal muscle type switching, and hepatic metabolism, which are important contributors to
the development of obesity and diabetes mellitus (49,50). Because PGC-1α, FOXO, p21, and
p27 signaling pathways are downstream of Akt and are implicated in cellular senescence,
modulation of Akt may have therapeutic benefits in preventing age-related cardiovascular
disease. However, the vascular senescence induced by obesity may not be exclusively due to
Akt. Indeed, the decrease of population doublings in endothelial cells caused by long-term
activation of Akt in double transgenic mice was less than that observed in endothelial cells
from WT mice fed a high-fat diet. This suggests that other factors could contribute to obesity-
induced vascular senescence. It remains to be determined what other signaling pathways are
involved in obesity-induced senescence and whether these pathways complement the Akt
pathway.

MATERIALS AND METHODS
Materials and reagents

Antibodies directed against phospho-Akt (Ser473/Thr308), Akt, phospho-GSK (GSK 3β/Ser9),
GSK, phospho-S6 K (Thr389), S6 K, mTOR, rictor, raptor, nitrotyrosine, p16, p21, and p53
were purchased from Cell Signaling Technology, Inc. (Beverly, MA). Unless specified, the
phospho-Akt antibody used was directed against Ser473. Antibodies against phospho-eNOS
(Ser1177) and eNOS were from BD Biosciences (San Jose, CA). Antibodies against Sirt1 and
trimethyl histone H3 were from Upstate Bio-technology (Lake Placid, NY). Doxycycline was
from American Bioanalytical (Natick, MA). Rapamycin was from LC Laboratories (Woburn,
MA). Miniosmotic pumps were from Alzet (Cupertino, CA). The 60% high-fat diet was from
Purina Mills (St. Louis, MO). The Nitric Oxide Synthase Kit was from Calbiochem (San Diego,
CA).

Mouse models and isolation of aortic endothelial cells
The double transgenic mouse model that expresses myrAkt1 in endothelial cells under
doxycycline control (VE-cadherin-tTA/tet-myrAkt) has been previously described (22,27).
The Akt1 null mice were obtained from Jackson Laboratory (Bar Harbor, ME). All
experimental protocols were approved by the Standing Committee on Animal Care at Harvard
Medical School (Boston, MA). The isolation of mice aortic endothelial cells was previously
described by using two-step sorting with antibody-coated magnetic beads [Dynabeads coated
with antibodies specific for platelet endothelial cell adhesion molecule–1 (PECAM-1) and
intercellular adhesion molecule–2) (51). We generally obtain 5 × 104 cells from individual
aortas. Endothelial cells are identified by immunofluorescence with an antibody to von
Willebrandt factor.

Protocol for diet-induced obesity in mice
Male C57BL/6 J mice were trained for 7 days to consume a meal when it was presented. On
day 7, animals were analyzed at seven different time points relative to the start of the meal.
For high-fat diet experiments, mice were fed a high-fat diet (D12492, Research Diets, New
Brunswick, NJ) or chow diet from 4 to 16 weeks.

In vitro cell life-span analysis and cellular marker of senescence
Aortic endothelial cells were passaged weekly. Population doubling at each passage was
calculated from the cell count by using the equation (52):
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where N1 is inoculum number, NH is cell harvest number, and X is population doublings. The
calculated population doublings were added up to yield cumulative population doubling.
Replicative senescence was defined by X <1 for 3 weeks. SA-β staining was performed at pH
5.5 as previously described for endothelial cells and en face aortas (53).

Physiological and biochemical analyses
NOS activity assay—NOS activity was determined in aortic lysages by measuring the
conversion of L-[3H]arginine to L-[3H]citrulline with the use of a NOS assay kit (Calbiochem)
as previously described (27).

NOS activity assayed through NO production—Nitrite accumulation in the culture
media was determined by chemiluminescence with the use of a nitric analyzer (NOA280i;
Sievers Instruments, Inc). Nonspecific chemiluminescence was determined in the presence of
L-NG-arginine methylester (L-NAME; 2 mmol/liter).

Lucigenin chemiluminescence—Oxidative stress as measured by NADPH (reduced form
of nicotinamide adenine dinucleotide phosphate) oxidase activity in aortic lysates was
determined with a microplate luminometer (MicroLumat Plus LB96 V; Berthold Technologies,
Oak Ridge, TN) (54). Proteins or aortas were collected in modified Hepes buffer (140 mM
NaCl, 5 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2, 1 mM Na2HPO4, 25 mM Hepes, and 1%
glucose, pH 7.2) and distributed (100 mg per well) into a 96-well microplate. NADPH (100
mM) and dark-adapted lucigenin (5 mM) were added just before reading. Lucigenin
chemiluminescence was recorded for 5 min and was expressed as units per minute per
milligram of weight. Experiments were performed in triplicate.

Organ chamber experiments—Thoracic aortas were carefully dissected and placed in ice-
cold Krebs solution with the following composition (mM): NaCl 121, KCl 4.7, NaHCO3 24.7,
MgSO4 12.2, CaCl2 2.5, KH2PO4 1.2, and glucose 5.8. Isolated aortic rings (5 mm) were
mounted vertically in organ chamber myographs filled with Krebs solution. Isometric tension
was recorded with a force transducer. To evaluate the basal release of endothelial NO,
contractile response to cumulative concentrations of L-NAME was determined. Contractions
were normalized and expressed as percentage of the amplitude of precontractions elicited by
saline containing 100 mM KCl.

Methods for assessing angiogenesis
Aortic explants—The aortic explant studies were performed as previously described (51).
Descending thoracic aortas were harvested and placed in ice-cold phosphate-buffered saline
(PBS). The aorta was flushed with ice-cold PBS until free of blood. The adventitia was
dissected free, and the aorta was cut into multiple 1-mm rings under a dissecting microscope.
Twenty-four–well culture plates were coated with 500 μl per well of growth factor–reduced
Matrigel (BD Bioscience) and then allowed to polymerize for 30 min at 37°C. Rings were then
embedded on the growth factor–reduced Matrigel supplemented with Medium 199, 1% fetal
bovine serum, heparin (10 U/ml), antibiotics, and VEGF (50 ng/ml, Peprotech Inc.).
Quantitative analysis of endothelial sprouting was performed using images from day 6, and
sprout length was quantified in NIH Image program with a calibrated micrometer. The greatest
distance from the aortic ring body to the end of the vascular sprouts was measured at three
distinct points per ring and in three different rings per treatment group. Experiments were
performed with aortic rings from six mice per group. The presence of endothelial cells in the
sprouting microvessels was confirmed by Isolectin IB4 and Dil-Ac-LDL staining.

Surgical induction of hindlimb ischemia—The left femoral artery and vein were excised
from the proximal portion of the femoral artery to the distal portion of the saphenous artery.
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The remaining arterial branches, including the perforator, were also excised. Blood flow was
monitored with a laser Doppler blood flow (LDBF) analyzer (Moor LDI; Moor Instruments)
before and 30 min after surgery and on postoperative days 7, 14, and 28. Hindlimb blood flow
was expressed as the ratio of left (ischemic) to right (nonischemic) LDBF. Microcapillary
density was measured with Alexa 568–linked Isolectin IB4 (Molecular Probe) (51). The
clinical score after hindlimb ischemia was categorized at day 28 using the following criteria:
0, normal; 1, pale foot or gait abnormality; 2, gangrenous tissue in less than half the foot without
lower limb necrosis; 3, gangrenous tissue in less than half the foot with lower limb necrosis;
4, gangrenous tissue in more than half the foot; 5, loss of half lower limb.

Model of ischemic stroke: middle cerebral artery occlusion
Transient intraluminal occlusion of the middle cerebral artery (MCA) was performed as
described (55). Mice were anesthetized with 2% halothane in 70% nitrogen oxide and 30%
oxygen and then maintained on 1% halothane in a similar gaseous mixture. Transient focal
cerebral ischemia was performed by using an 8−0 nylon monofilament coated with silicone,
which was introduced into the internal carotid artery via the external carotid artery and then
advanced 10 mm distal to the carotid bifurcation to occlude the MCA. Laser Doppler flowmetry
of cerebral blood flow was used to verify successful occlusion (<20% baseline value). The
MCA was occluded for 2 hours followed by withdrawal of filament and reperfusion for 22
hours.

Cerebral infarct volume and neurological deficit score (NDS) were measured after reperfusion.
Infarct area was measured in 2-mm–thick coronal brain sections stained with 2,3,5-
triphenyltetrazolium chloride and quantitated with an image-analysis system (Bioquant IV,
R&M Biometrics, Nashville, TN). Cerebral infarct volume was determined by summing the
infarcted areas. To eliminate the effects of edema, infarct size was also calculated as the
(contralateral hemisphere – ipsilateral nonischemic hemisphere)/contralateral hemisphere.
NDS was determined as follows: 0, no motor deficits (normal); 1, flexion of the contralateral
torso and forelimb on lifting the animal by the tail (mild); 2, circling to the contralateral side
but normal posture at rest (moderate); 3, leaning to the contralateral side at rest (severe); 4, no
spontaneous movement (critical).

Statistical analysis
Results are expressed as mean ± standard deviation. All data except neurologic deficit score
were analyzed by means of Student's t test or analysis of variance (ANOVA) followed by Fisher
exact test for post hoc analyses. Neurologic deficit score was analyzed by Mann-Whitney test.
A value of P < 0.05 was considered statistically significant.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
High-fat diet induces vascular senescence and promotes phosphorylation of endothelial Akt.
(A) Analysis of in vitro life span of aortic endothelial cells from mice fed a high-fat or chow
diet based on cumulative population doubling (CPD). Obtained from two independent sets of
experiments (n = 3 mice in group Aand n = 5 mice in group B). (B) Senescence-free survival
analysis of aortic endothelial cells (assessed by the presence or absence of β-galactosidase
staining). A 100% senescence-free value corresponds to no β-galactosidase staining. (n = 5
mice per group). (C) Aortic endothelial cells and aortic en face staining with senescence-related
β-galactosidase (n = 5 aortas in high-fat or chow group for 12 weeks). (D) Aortic p16, p21,
and p53 abundance assessed by Western blot. C, chow; HF, high fat. (E) Immunoblots showing
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time-dependent effects of high-fat or chow diet on Akt phosphorylation and Akt activity
(determined by phospho-Akt/total Akt (tAkt) and phospho-GSK/total GSK, respectively) after
feeding at 8 and (F) 20 weeks. Densitometric analyses of each blot are shown at the bottom
panels. Results are presented as mean ± SD. Each lane represents one or two mice. Each
experiment was performed three times. *P < 0.05 compared to chow diet.
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Fig. 2.
Chronic Akt activation increases vascular senescence. (A) Strategy for generating double
transgenic mice (VE-cadherin-tTA/tet-myrAkt) with endothelial-specific, inducible
expression of myrAkt transgene. Inducible expression is accomplished by doxycycline (DOX)
withdrawal (left). Protocol for short-term (ST, 2 weeks) and long-term (LT, 8 weeks) induction
of Akt transgene expression followed by its suppression for 4 weeks (right). WT, wild-type;
STG, single transgenic mice (tet-myrAkt); DTG, double transgenic mice (VE-cadherin-tTA/
tet-myrAkt). (B) Immunoblot analyses of transgene marker (HA tag) and phosphorylation of
Akt and its downstream targets, GSK and eNOS, in mice aortic lysates. Actin is included as a
loading control. (C) SA-β staining of aorta and aortic endothelial cells from WT and mutant
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Akt mice with short-term (ST) and long-term (LT) Akt transgene expression. Results are
expressed as mean ± SD, n > 5 aortas per group. *P < 0.01 compared to the other four groups
of mice. (D) Cumulative population doubling analysis of in vitro life span of aortic endothelial
cells from WT and Akt mutant mice. *P < 0.01 compared to the other four groups of mice.
(E) Immunoblot analyses of cell cycle proteins (p16, p21, p27, and p53) and senescence-related
markers (Sirt1 and Trim-H) in endothelial cells from WT and Akt mutant mice.
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Fig. 3.
Impaired vascular function in mice with chronic Akt activation. (A) Sprouting of microvessels
in Matrigel (arrows) from aortas derived from WT, single transgenic (STG), and double
transgenic (DTG) mice with short-term (ST) and long-term (LT) Akt activation (n = 6 mice in
each group). (B) Quantification of the microvessel sproutings from aortic ring. (C and F)
Clinical score and photograph of leg gangrene in WT, STG, and DTG mice with and without
short-term Akt activation and long-term Akt activation. Mice in the first four groups are normal,
with a clinical score of 0. The DTG mice with long-term activation of Akt exhibited leg
gangrene, with a clinical score of 2.9 (n = 6 to 8 mice in each group). (D and G) Laser Doppler
images of hindlimb blood flow and quantification of blood flow in the lower limb after hindlimb
ischemia in WT and mutant Akt mice (n = 6 to 8 mice in each group). (E and H) Representative
images of microcapillaries in the hindlimb adductor muscle with quantification using Alexa
568–linked Isolectin B4 antibody (n = 6 to 8 mice in each group). (I) Measurements of eNOS
activity in aortic lysates of WT and mutant Akt mice. (J) Nitrite accumulation from aortic
endothelial cells (MAEC) derived from WT and mutant Akt mice. (K) Production of
superoxide anion from mouse aorta as determined by lucigenin chemiluminescence assay.
(L) Immunoblot analyses nitrotyrosinylation and expression of MnSOD in WT and mutant
Akt mice. For nitrotyrosinylation of MnSOD, MnSOD was immunoprecipitated (IP) followed
by immunoblotting with nitrotyrosine antibody. Results are presented as mean ± SD, n = 6
mice in each group. *P < 0.05 and **P < 0.01 when compared to other four groups. Relaxation
of aorta to (M) acetylcholine (Ach) (endothelium-dependent) and (N) to sodum nitroprusside
(SNP) in the presence of L-NAME (endothelium-independent) in WT, STG, and DTG mice,
with and without short-term (ST) or long-term (LT) activation of Akt, and DTG mice with
long-term Akt activation with rapamycin (DTG-LT/rapamycin). Relaxation is shown as
percent of residual tone. (n > 6 aortas in each group, *P < 0.05 when compared to other groups,
**P < 0.05 when compared to DTG-LT/rapamycin group.)
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Fig. 4.
Inhibition of Akt-induced vascular senescence by rapamycin. (A) Dose- and time-dependent
inhibition of Akt phosphorylation and mTORC2 complex formation by rapamycin. Mice were
treated with rapamycin for indicated times and duration. Aortic lysates and mTOR
immunoprecipitates were analyzed by Western blot. (B) Rapamycin treatment protocol.
Rapamycin was administered from 12 to 16 weeks. (C) Validation of inhibition of Akt
activation by rapamycin (1 mg/kg per day, 4 weeks) in Akt mutant mice in aorta by Western
blot. Blots are representative of six mice in each group. (D) Cumulative population doublings
of aortic endothelial cells from mutant mice with short-term and long-term Akt activation, with
and without rapamycin (n = 6 mice in each group). *P < 0.05 compared to short-term and
rapamycin group. †P = 0.11 compared to acute group. (E) Microvessel sprouting (arrows) from
aortas of mice with short-term or long-term Akt activation with or without rapamycin treatment.
*P < 0.05 compared to long-term group. (F and G) Aortic NOS activity and NO in mutant
mice with long-term Akt activation with and without rapamycin (Rapa) (n = 6 mice in each
group). (H) SA-β staining of endothelial cells and en face aortas from double transgenic Akt
mutant mice (DTG) with no transgene induction, and with short-term or long-term Akt
induction with or without rapamycin (Rapa) treatment. (I) Quantification of SA-β staining
positive cells (n = 6 mice in each group). *P < 0.05 compared with chronic groups. (J)
Lucigenin chemiluminescence as a measure of intracellular oxidative stress in DTG mice with
short- and long-term Akt activation with and without rapamycin (n = 6 mice in each group).
*P < 0.05 compared with the DTG-LT group.
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Fig. 5.
Reversal of Akt-induced impaired vascular function with rapamycin. (A) Representative laser
Doppler blood flow imaging of hindlimb after femoral artery ligation (PostOP) in double
transgenic (DTG) Akt mutant mice with no, short-term (ST), and long-term (LT) activation of
Akt, with and without rapamycin (Rapa). (B) Blood flow recovery in ischemic limb after
hindlimb ligation. Results are expressed as mean ± SD (n = 7 in each group). †P > 0.05
compared to DTG-ST group. *P < 0.05 and **P < 0.01 compared to DTG-ST and DTG-LT +
rapamycin groups, respectively. (C and D) Quantification of clinical score and capillary
densities after hindlimb ischemia in DTG mice with short-term and long-term activation of
Akt, with and without rapamycin (n = 7 in each group). *P < 0.05 compared with DTG-LT
group. (E) Photomicrographs of coronal triphenyltetrazolium chloride (TTC)–stained brain
sections after transient MCA occlusion (n = 6 to 9 mice in each group). (F) Stroke infarction
volumes and neurological deficit scores in wild-type (WT), single transgenic (STG), and
double transgenic (DTG) Akt mutant mice with and without short- and long-term induction of
myrAkt trans-gene, with and without rapamycin (rapa) treatment (n = 6 to 9 mice per group).
*P < 0.01 compared to DTG-ST mice; †P < 0.05 compared to DTG-LT mice.
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Fig. 6.
Reversal of diet-induced vascular senescence with rapamycin. (A) Schematic diagram showing
the protocol for high-fat and chow diets with and without rapamycin treatment. (B)
Confirmation of Akt inhibition by rapamycin (0.2 mg/kg per day, 4 weeks) in aortas from mice
fed both a chow diet and a high-fat diet. Blots are representative of four mice in each group.
(C) Blood pressure (mmHg) of WT mice on a regular chow or a high-fat diet, with and without
rapamycin treatment (n = 10 mice in each groups). (D) Body weight (grams) of mice fed regular
chow or a high-fat diet, with or without vehicle (control) or rapamycin treatment. Results are
expressed as mean ± SD (n = 10 mice in each group). (E) Cumulative population doublings
(CPDs) of aortic endothelial cells from mice fed regular chow or a high-fat diet, with or without
vehicle (control) or rapamycin treatment (n = 6 mice in each group). †Not significant when
compared to mice fed a chow diet. *P < 0.01 compared to mice fed a high-fat diet without
rapamycin. (F) SA-β staining of aortic endothelial cells isolated from mice fed a high-fat or
chow diet, with and without vehicle or rapamycin (n = 5 mice per group). †Not significant
when compared to chow diet. *P < 0.01 compared to mice fed a high-fat diet without
rapamycin. (G) Blood flow recovery in ischemic limb after femoral artery ligation. Results are
expressed as mean ± SD, n = 4 to 5. †P > 0.05 compared to acute group. *P < 0.05 compared
to the high-fat diet group without rapamycin.
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Fig. 7.
Akt1 null mice are resistant to obesity-induced vascular senescence. (A) Glucose tolerance test
in WT and Akt1−/− mice after 12 weeks on a high-fat diet (n = 10 in each group). (B) Aortic
Akt and S6 K phosphorylation levels in WT and Akt1−/− mice. Blots are representative of six
mice in each group. (C) Cumulative population doublings (CPD) of aortic endothelial cells
from WT and Akt1−/− mice fed a high-fat (HF) or a chow diet (n = 6 mice in each group). *Not
significant when compared to mice fed a high-fat diet. †P < 0.01 compared to WT mice fed a
high-fat diet.
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Table 1
Body weight and serum measurements in mice at 20 weeks of age. Metabolic parameters in mice fed a high-fat or chow
diet. Body weight, serum triglyceride, cholesterol, glucose, and insulin were determined in 20-week–old mice (mean
± SD, n = 8 mice per group).

Chow diet High-fat diet P

Body weight (g) 26.3 ± 1.9 40.1 ± 2.5 <0.01

Glucose (mg/dl) 143 ± 5.2 231 ± 21 <0.01

Triglyceride (mg/dl) 65 ± 3.1 113 ± 6.3 <0.01

Cholesterol (mg/dl) 113 ± 23 278 ± 40 <0.01

Insulin (ng/ml) 0.78 ± 0.33 4.78 ± 0.87 <0.01
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Table 2
Body weight and serum measurements in mice with or without rapamycin at 20 weeks of age. Metabolic parameters
in mice fed a high-fat or chow diet. Body weight, serum triglyceride, cholesterol, glucose, and insulin were determined
in 20-week–old mice (mean ± SD, n = 10 mice per group).

Chow/control Chow/rapamycin High fat/control High fat/rapamycin

Body weight (g) 32.7 ± 0.6 31.9 ± 1.1 40.4 ± 2.0 41.1 ± 1.9

Glucose (mg/dl) 123 ± 5.1 118 ± 1.6 146 ± 2.4 154 ± 3.3

Triglyceride (mg/dl) 76 ± 4.2 69 ± 3.0 132 ± 1.7 137 ± 2.3

Cholesterol (mg/dl) 132 ± 32 125 ± 33 181 ± 24 190 ± 39

Insulin (ng/mL) 0.74 ± 0.23 0.69 ± 0.43 5.12 ± 0.42 4.99 ± 0.58
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