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INTRODUCTION: All body cells rely on blood
vessels (BVs) for the provision of oxygen and
other blood-borne substances and, in certain
settings, also for the provision of endothelial-
derived paracrine factors. Like other organ
systems, the vascular system undergoes aging,
which leads to progressive functional deterio-
ration. Given the centrality of BVs to organ
homeostasis, it has been hypothesized that
vascular aging is an upstream, founding factor
in organismal aging, but experimental support
for this proposition is limited. Vascular aging
involves both large and small vessels, with the

latter marked by capillary rarefaction, i.e., age-
related failure to maintain adequate micro-
vascular density (MVD). A key homeostatic
mechanism preventing MVD reduction relies
on the angiogenic activity of vascular endo-
thelial growth factor (VEGF), which by virtue
of its hypoxic inducibility, constantly acts to
replenish lost vessels andmatch vascular supply
to the tissueneeds. The reason(s) thatVEGF fails
to do so during aging is unknown.

RATIONALE: Compromised vascular function is
expected to perturb organ homeostasis in ways

conducive for the development of age-related
frailties and diseases. Accordingly, counteract-
ing critical facets of vascular aging might be a
useful approach for their alleviation. The pre-
sumption that insufficient vascular supply in
aging is underlined by VEGF signaling insuf-
ficiency, primarily (but not exclusively) because
of its indispensable role in preventing capillary
loss, led us to investigate whether securing a
young-like level of VEGF signaling might rec-
tify capillary loss and its sequelae. On the prem-
ise that deteriorated vascular function is an
upstream driver of multiorgan malfunction-
ing, it is envisioned that its rectification might
confer comprehensive geroprotection.

RESULTS: Although VEGF production is not
significantly reduced during mouse aging,
longitudinal monitoring revealed that VEGF
signaling was greatly reduced in multiple key
organs. This was associated with increased
production of soluble VEGFR1 (sVEGFR1) gen-
erated through an age-related shift in alterna-
tive splicing of VEGFR1 mRNA and its activity
as a VEGF trap. A modest increase of circu-
latory VEGF using a transgenic VEGF gain-
of-function system or adeno-associated virus
(AAV)–assisted VEGF transduction maintained
a more youthful level of VEGF signaling and
provided protection from age-related capil-
lary loss, compromised perfusion, and reduced
tissue oxygenation. Aging hallmarks such as
mitochondrial dysfunction, compromised
metabolic flexibility, endothelial cell senes-
cence, and inflammaging were alleviated in
VEGF-treatedmice. Conversely, VEGF loss of
function by conditional induction of trans-
genic sFlt1 in endothelial cells accelerated the
development of these adverse age-related phe-
notypes. VEGF-treated mice lived longer and
had an extended health span, as reflected by
reduced abdominal fat accumulation, reduced
liver steatosis, reducedmuscle loss (sarcopenia)
associated with better preservation of muscle-
generating force, reduced bone loss (osteo-
porosis), reduced kyphosis, and reducedburden
of spontaneous tumors.

CONCLUSION: The study provides compelling
evidence for the proposition that vascular
aging is a hierarchically high driver of overall
organismal aging. It places VEGF signaling
insufficiency at center stage tomultiorgan aging
and suggests that its undoing might confer
comprehensive geroprotection.▪
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Centrality of VEGF and vascular alterations in age-related phenotypes. Shown is a graphic representation
of age-associated alterations in organ physiology and function (orange arrows) alleviated by VEGF gain of
function (green arrows). Insert shows vascular casts of a native adult mouse myocardium before (control) and
after sVEGFR1 induction, highlighting a failure to maintain adequate MVD in the presence of impaired VEGF
signaling, a process that takes place naturally during aging. OCR, oxygen consumption rate; CH, carbohydrate;
RQ, respiratory quotient; pVEGFR2: phosphorylated VEGFR2.
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Counteracting age-related VEGF signaling insufficiency
promotes healthy aging and extends life span
M. Grunewald1*, S. Kumar1†, H. Sharife1†, E. Volinsky1†, A. Gileles-Hillel1,2,3, T. Licht1, A. Permyakova4,
L. Hinden4, S. Azar4, Y. Friedmann5, P. Kupetz1, R. Tzuberi1, A. Anisimov6, K. Alitalo6, M. Horwitz1,
S. Leebhoff1, O. Z. Khoma7, R. Hlushchuk7, V. Djonov7, R. Abramovitch2, J. Tam4, E. Keshet1*

Aging is an established risk factor for vascular diseases, but vascular aging itself may contribute to the
progressive deterioration of organ function. Here, we show in aged mice that vascular endothelial growth factor
(VEGF) signaling insufficiency, which is caused by increased production of decoy receptors, may drive
physiological aging across multiple organ systems. Increasing VEGF signaling prevented age-associated capillary
loss, improved organ perfusion and function, and extended life span. Healthier aging was evidenced by favorable
metabolism and body composition and amelioration of aging-associated pathologies including hepatic steatosis,
sarcopenia, osteoporosis, “inflammaging” (age-related multiorgan chronic inflammation), and increased tumor
burden. These results indicate that VEGF signaling insufficiency affects organ aging in mice and suggest that
modulating this pathway may result in increased mammalian life span and improved overall health.

T
he vascular system is the largest cellular
network that is shared by all organs. All
cells in our body depend on blood ves-
sels (BVs) for the provision of oxygen
and other blood-borne substances, waste

removal, and supply of essential angiocrine
factors secreted by endothelial cells (ECs)
(1). Like other organ systems, BVs undergo
aging that is associated with reduced func-
tionality (2). Therefore, age-related loss of
vascular function is likely to affect organ phys-
iology, prompting a “vascular theory of aging”
(3), i.e., the proposition that vascular aging is
a high driver of aging, but experimental proof
is limited.
Pathologies affecting the arteries, which in-

clude arterial stiffening, atherosclerosis, and
other vascular occlusive events, lead to a host of
cardiovascular diseases (CVDs) the prevalence
of which increases with age (4). The most
substantial age-related process affecting capil-
laries in all organs is a progressive reduction
in microvascular density (MVD), a phenome-
non known asmicrovascular rarefaction (2, 5).
Alleviation or aggravation of age-associated

pathologies other than “classical” CVDs by
vascular manipulation have been demonstra-
ted in a few animal studies (6–11).
Vascular endothelial growth factor (VEGF)

is a highly pleiotropic growth factor with both
vascular and nonvascular functions (12). In
addition to its angiogenic activity, VEGF plays
essential roles in controlling vascular perme-
ability, sustaining the survival of newly formed
BVs,maintaining organ-specific vascular traits
such as the formation and maintenance of
capillary fenestrations and other EC barrier
functions, and the induction of certain organ-
specific angiocrine factors (1). VEGF can be
produced in many adult tissues, and its cog-
nate receptors, which are expressed in ECs
and in a host of nonvascular cells, are often
constitutively phosphorylated, suggesting ac-
tive VEGF signaling (13). Because it is induced
by hypoxia, VEGF constantly acts and is in-
dispensable in matchingMVD to changes in
tissue needs (14). Previous studies have shown
that age-dependent decline of hippocampal
neurogenesis (15), liver regeneration (16), and
skeletal muscle exercise capacity (8) can be
alleviated by improved VEGF signaling. In
this study, we investigated whether counteract-
ing age-related impairment of VEGF signaling
may confer comprehensive geroprotection.

Maintenance of VEGF signaling in aged mice
prevents microvascular rarefaction and
improves tissue perfusion and oxygenation

To determine whether the failure to maintain
adequate MVD in aging is caused by insuffi-
cient VEGF signaling,we investigatedwhether
securing a young-like level of VEGF signaling
through a compensatory, mild increase of
systemic VEGF levels might prevent micro-
vascular rarefaction and its adverse sequelae.

A bi-transgenic “Tet-off” mouse platform was
used in which transgenic VEGF produced by
hepatocytes is continuously released into the
systemic circulation and is accessible to all
peripheral tissues (see the supplementary ma-
terials and methods for a description of the
Tet-off system used). Circulating VEGF levels
in these mice (designated “VEGF mice”) from
early to middle adulthood and throughout
their life span, are twofold higher than the
homeostatic levels of circulatory VEGF (Fig. 1A
and fig. S1). Allmeasurements and phenotypes
are based on pairwise comparisons of VEGF
mice and littermate controls maintained under
identical conditions. Serving as controls were
littermates that inherited only one of the two
transgenes required for transgenic VEGF in-
duction, thus arguing against possible influ-
ences exerted by transgene integration sites.
In control mice, systemic VEGF levels and

VEGF levels inmajor peripheral organs (fig. S2)
did not significantly decrease with age in most
examined organs. To determine the status of
VEGF signaling in aging, wemeasured relative
levels of VEGF receptor 2 (VEGFR2) phospho-
rylation of tyrosine 1175, a site shown to be
essential for VEGF-promoted EC proliferation
(17). VEGF signaling was compromised in
24-month-old (Mo) control mice but not in
VEGF mice littermates, which maintained a
young-like level of VEGFR2 phosphorylation
not just in the liver (the organ from which
transgenic VEGF emanates) but also in remote
organs, as represented here by hindlimb mus-
cle (Fig. 1B).
To understand the discordance between

VEGF protein and VEGF signaling levels in
aging, we investigated whether natural decoy
receptors such as soluble VEGF receptor
1 (sFlt1) (18) might have trapped VEGF (18).
Longitudinal monitoring revealed progressive
buildup of sFlt1 in plasma such that by 1 year
of age, sFlt1 levels were already twofold higher
than during early adulthood (Fig. 1C). Age-
associated increase of sFlt1 expression in the
aorta, hepatic central veins, hepatic sinusoidal
ECs, and muscle capillaries were identified as
the major, albeit not the exclusive, sources of
circulatory sFlt1 (Fig. 1D). There was no sig-
nificant age-associated change in tissue ex-
pression of full-length VEGFR1 mRNA (fig. S3).
Increased sFlt1 production could be attributed
to an age-associated shift in alternative splicing
toward increased sFlt1 mRNA production at
the expense of mRNA encoding the full-length
receptor (Fig. 1E).
To prove a causal relationship between ex-

cessive sFlt1 production and reduced VEGF
signaling, sFlt1 was conditionally induced in a
bi-transgenic Tet-off system composed of an
endothelial-specific driver transgene and a
sFlt1 responder transgene (mice designated as
“sFlt1 mice”). Earlier accumulation of sFlt1
in adult mice to levels comparable to those
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Fig. 1. VEGF signaling is essential to maintaining adequate tissue MVD.
(A) Plasma VEGF protein levels determined longitudinally in control and VEGF male
mice. (B) Quantification of the phosphorylated fraction (pVEGFR2: position Y1175)
relative to total VEGFR2 in liver and muscle lysates obtained from male mice of
the indicated ages. Top: representative immunoblots. Bottom: pVEGFR2/VEGFR2
ratio. (C) sFlt1 protein levels in plasma of control mice pooled in the indicated age
groups. (D) Representative tissue sections of control male mice immunostained with
sFlt1-specific antibody and counterstained with hematoxylin and eosin (H&E).
Arrowheads indicate sFlt1-positive endothelial cells, white asterisks are sFlt1-positive
medial cells, and black asterisks are sFlt1-positive adventitial cells (E) sFlt1/Flt1
mRNA ratio in the indicated organs and ages. (F) VEGFR2 phosphorylation in liver and
muscle of 16 Mo mice in which sFlt1 was induced 8 months earlier. Top: representative
immunoblots. Bottom: pVEGFR2/VEGFR2 ratio. (G) MVDs in the indicated organs

retrieved at the indicated ages and expressed as the relative area covered by
CD31+ BVs in the respective tissue sections. For WAT, MVDs are expressed as the
number of CD31+ ECs per milligram of tissue as enumerated by flow cytometry.
(H) MVDs in muscle (left) and liver (right) isolated from sFlt1-induced mice.
(I) Densities of perfused vessels marked by uptake of intravenously injected
fluorescent VE-cadherin antibodies, calculated as the relative area covered by stained
capillaries. Each dot represents the average of 10 tissue sections per mouse.
(J) Blood oxygen saturation levels (sO2) determined by ultrasound photoacoustics
in the hindlimbs of 3 and 24 Mo control and VEGF male and female mice. Left:
representative images. Right: quantification of sO2. Values are shown as mean ± SEM.
P values were derived from two-way ANOVA and Bonferroni posttests (A); one-way
ANOVA and Tukey posttests [(B), (C), and (F) to (J)]; or two-tailed Student’s t test
(E). *P < 0.05; **P < 0.01; ***P < 0.001; P values > 0.05 are not indicated.
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produced naturally in older mice (fig. S4)
resulted in further reduction of VEGF sig-
naling in liver and hindlimb muscle (Fig. 1F).
Microvascular densities in young, old, and

old VEGF mice were compared by direct vi-
sualization of immunostained BVs in tissue
sections and, independently, by flow cytom-
etry–aided EC quantification. We validated a
substantial microvascular rarefaction in the
liver, muscle, and brown and white adipose
tissues of 24 Mo mice. By contrast, micro-
vascular rarefaction was almost fully pre-
vented in age-matched VEGF mice (Fig. 1G
and fig. S5). Conversely, experimental VEGF

blockade through conditional sFlt1 induction
led to accelerated capillary loss, reinforcing a
requirement for ongoing VEGF signaling for
MVD maintenance (Fig. 1H).
To examine age-associated changes in per-

fusion, the luminal surfaces of perfused BVs
were selectively tagged by intravenously in-
jected, fluorescently labeled vascular endothe-
lial (VE)–cadherin antibodies and subsequently
visualized in tissue sections. Reduced perfusion
was observed in 16 Mo control mice but not in
age-matched VEGF mice, which maintained a
young-like level of perfusion (Fig. 1I and fig. S6).
Compromised perfusion and its VEGF-aided

amelioration were functionally reflected in
tissue oxygenation, as measured by ultra-
sound combined with photoacoustic imaging.
The severe reduction in hindlimb muscle
oxygenation observed in 24 Mo mice was
alleviated in age-matched VEGFmice (Fig. 1J).

VEGF-treated mice have an extended life
span and favorable metabolism and
body composition

VEGFmice of both sexes displayed an extended
median survival and a greatermaximal life span
comparedwith their control littermates (Fig. 2A).
A litter-by-litter account and levels of circulating
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Fig. 2. Increased life span and improved
body composition and metabolism of aged
VEGF-treated mice. (A) Kaplan-Meier survival
curves of male and female mice. The control
group was subdivided into mice harboring only the
driver transgene and mice harboring only the
responder transgene. Curves shown also included
mice censored for reasons outlined in tables S1
and S2. Percentage indicated is of increased
median survival of VEGF mice (P < 0.0001).
(B) Body weights of male mice divided in age
groups of 5 to 6 months each. (C) Lean-to-fat
body mass ratio calculated on the basis of echo-
MRI measurements in male mice. (D) Circadian
changes in carbohydrate (CHO) and fat oxidation
(FO) and in RQ individually measured in 4 and
16 Mo male mice. (E) Circadian changes in CHO
and FO and in RQ in 8 Mo mice infected 6 months
earlier with a low titer of AAV-VEGF164. Control
mice were injected with the same titer of
AAV-control. (F) TEE of 4 Mo control mice and
16 Mo male controls and VEGF mice normalized to
effective body mass. (G) Thermogenic brown
and beige adipocytes in BAT and WAT. Top:
representative H&E–stained BAT sections
resected from 3 and 20 Mo mice. Bottom:
representative UCP1-immunostained sections
of abdominal WAT. Values are shown as
mean ± SEM. P values were derived from log-rank
(Mantel-Cox) test (A); two-tailed unpaired
Student’s t test [(B) and (D) to (F)]; or one-way
ANOVA and Tukey posttests (C). *P < 0.05;
**P < 0.01; ***P < 0.001; P values > 0.05
are not indicated.
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Fig. 3. Age-related alterations in fat distribution and liver pathology negated
by VEGF. (A) Progressive accumulation of abdominal fat in a representative pair of
control and VEGF male mice littermates visualized by MRI (fat appears white).
(B) Combined weights of epididymal and inguinal fat resected from young and old
male mice. (C) Left: representative Masson-Trichrome–stained skin sections
from 3 and 24 Mo male mice. Arrowheads indicate subdermal capillaries.
E, epidermis; D, dermis; M, muscle. Right: number of subdermal adipocyte layers.
(D) Representative liver sections from 3 and 24 Mo mice stained with Oil
Red O and counterstained with H&E. Right: quantification of lipid accumulation
in hepatocytes. Each dot represents the average area covered by Oil Red O

staining from three to six different sections per mouse. (E) Quantification of lipid
accumulation in hepatocytes in livers isolated from 3 and 16 Mo control and
sFlt1 mice (F) Serum levels of the liver enzymes alanine transaminase (ALT) and
aspartate transaminase (AST). (G) Representative liver cryosections stained for
SA-b-gal. (H) Fraction of senescent ECs (Cd45–Ter119–CD31+ SA-b-gal+ cells) from
total ECs (Cd45–Ter119–CD31+ SA-b-gal– cells) enumerated by fluorescence-
activated cell-sorting analysis. (I) Relative levels of p16 mRNA expression in liver
measured by RT-PCR. Values are shown as mean ± SEM. P values in (B) to (F)
and (H) and (I) were derived from one-way ANOVA and Tukey posttests.
*P < 0.05; **P < 0.01; ***P < 0.001; P values > 0.05 are not indicated.
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VEGF for each mouse used in longevity meas-
urements are provided in tables S1 to S4.
Unlike in most other life span–prolonging

interventions characterizedby a rightward shift
of a sigmoidal curve, VEGF mice (particularly
females) presented an atypical survival curve
distinguished by its “rectangularization,” re-
flecting that most VEGF mice were still alive
when their control littermateswere allmoribund
or dead. This apparent compressed morbidity
period indicated that, independent of longevity,
VEGFmicemay have an increased health span.

Age-associatedweight gainwas significantly
lower in VEGF mice and accelerated weight
loss typifying moribund mice did not take
place in VEGF mice, which maintained a
stable weight up to a few weeks before their
death (Fig. 2B and fig. S7). Echo-magnetic
resonance imaging (echo-MRI)–based anal-
ysis of fat-to-lean body mass ratio indicated
that the fat gain observed during the second
year of life in control mice was reduced in
age-matched VEGF mice of either sex (Fig.
2C and fig. S8).

Carbohydrate utilization and respiratory
quotient (RQ) were much higher in VEGF
mice (Fig. 2D and fig. S9). The choice of
substrates used for energy production at old
age correlates with a substrate preference
toward lipids, reflecting a reduced capacity
for carbohydrate oxidation (19). VEGF treat-
ment significantly improved flexibility in
substrate usage in old age, as also evidenced
by the higher dynamic circadian changes in RQ
(fig. S10). A similar metabolic phenotype was
observed in an independent, non-transgenic
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Fig. 4. Alleviation of sarcopenia
and osteoporosis in old VEGF-
treated mice. (A) Left: represen-
tative H&E–stained sections of
hindlimb muscle showing mispo-
sitioned, centrally located nuclei
(arrowheads) in muscle fibers of
24 Mo control mice but rarely in
3 Mo or 24 Mo VEGF mice. Right:
fraction of centrally located nuclei
measured in three sections for
each mouse. (B) Density of sub-
sarcolemmal mitochondria (Ss),
determined as the relative area in
a sarcolemma segment occupied
by Ss. (C) OCR measured ex vivo
in myofibrils isolated from hin-
dlimb muscle using a Seahorse
platform and normalized to total
protein content. Each dot repre-
sents pooled myofibers isolated
from a mouse (compiled from
four independent experiments).
(D) Mice of the indicated ages
were tested for the time that they
were able to stay on a rotating
rod. (E) Rotarod analysis per-
formed on mice preinfected with
AAV-VEGF or with AAV-control.
(F) MVDs in muscle of the same
mice used in (E). (G) Left: repre-
sentative micro-CT bone images
of hindlimb tibias of 24 Mo female
control and VEGF littermates.
Images shown are a transverse
view at the level marked on
the left with a red line. Right: bone
volumes calculated and expressed
as the fraction of total area
occupied by bone. (H) Represent-
ative images of whole-body
x-rays of 24 Mo male control and
VEGF littermates. Kyphosis indices
were measured from x-ray images in
mice of the indicated ages. Values
are shown as mean ± SEM. P values
were derived from one-way ANOVA
and Tukey posttest [(A) to (C) and
(H)] or two-tailed unpaired Stu-
dent’s t test [(D) to (G)]. *P < 0.05; **P < 0.01; ***P < 0.001; P values > 0.05 are not indicated.
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VEGF gain-of-function systembased on adeno-
associated virus (AAV)–mediated VEGF164

delivery. A low titer of VEGF164-encoding AAV
(AAV-VEGF) was used, yielding the targeted lev-
el of 150 to 200 pg/ml (fig. S11) (i.e., a level com-
parable to the one attained in the transgenic
platform). Increased carbohydrate oxidation
and a significantly higher RQ were observed
using two different time frames for AAV in-
jections: (i) at the age of 2 months with the
metabolic phenotype examined 6months later
(Fig. 2E) or (ii) at the age of 8 months with
examination 2 months later (fig. S12).
The observed metabolic changes were not

associated with differences in food and water
intakes except that aged control mice ate
significantly less than younger mice (fig. S13).
Although wheel running was not significantly
different between control and VEGFmice, total
distance covered, reflecting both voluntary and
nonvoluntary activities, was higher in male
mice and lower in female mice compared
with control littermates (fig. S14). Whereas
there was no significant difference in daily
total energy expenditure (TEE) at 12 months
of age (fig. S15) or at 16 months of age be-
tween control and VEGFmales (Fig. 2F), aged-
matchedVEGF femalemice had a significantly
higher TEE than their controls (fig. S16). The
basis for these apparent sexual dimorphisms
in physical activity and daily TEE is unknown.
Next,we investigated thepotential for energy

expenditure through thermogenesis, i.e., heat
production by uncoupling protein 1 (UCP1)–
mediated mitochondrial uncoupling. Because
thermogenesis mostly takes place in inter-
scapular brown adipose tissue (BAT), we
examined age-associated changes in BAT
histology. A higher BAT mass was observed
in 24Mo control mice (fig. S17) but wasmostly
composed of large white-like adipocytes that
had undergone whitening indicative of lost
thermogenic capacity. By contrast, BAT in 24Mo
VEGF mice maintained a classic histology
of activated BAT characterized by smaller,
multi-vacuolated adipocytes (Fig. 2G). Like-
wise, thermogenic UCP1-expressing beige
adipocytes interspersed in white adipose tis-
sue (WAT) were frequently observed in 24 Mo
VEGF mice but not in 24 Mo control mice
(Fig. 2G).

VEGF treatment ameliorates adverse
age-associated alterations in adipose
tissue and liver

Aging is usually accompanied by an increase
in visceral fat deposition and by a decrease in
subcutaneous fat, and both processes are as-
sociated with negative health outcomes (20).
Progressive fat accumulation in the abdomi-
nal cavity of control mice and reduced aging-
associated fat accumulation in VEGFmicewere
directly visualized using MRI (Fig. 3A) and
were further validated by weighing visceral
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Fig. 5. Inflammaging and tumorigenesis alleviated in VEGF-treated mice. (A) Blood granulocytes in mice
of the indicated ages calculated as a percentage of total leukocyte counts. (B) CRP levels in blood of mice of
the indicated ages. (C) MCP1 levels in blood of control and VEGF mice (left) and of 16 Mo mice and age-
matched sFlt1 mice (right). (D) Left: representative images of H&E–stained WAT and liver sections from
18 Mo control mice. Note multiple foci of perivascular and perinecrotic immune cell infiltrates (boxed areas
enlarged). Right: CD45+ immune cells in WAT and liver of mice of the indicated ages and genotypes.
(E) Percentage of animals remaining spontaneously tumor free at sacrifice in control and VEGF mice. Values
are shown as mean ± SEM. P values were derived from one-way ANOVA and Tukey posttest [(A) to (D)]
or log-rank (Mantel-Cox) test (E). *P < 0.05; **P < 0.01; ***P < 0.001; P values > 0.05 are not indicated.
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WAT harvested at sacrifice (Fig. 3B). Protec-
tion from loss of subdermal fat was evidenced
by counting more layers of subcutaneous adipo-
cytes in skin sections of 24 Mo VEGF mice
compared with control littermates (Fig. 3C).
Aging generally correlates with progressive

accumulation of fat within hepatocytes (liver
steatosis), a condition predisposing older
persons to hepatocyte injury and severe liver
pathologies (21). Inspection of liver sections
from 24 Mo mice, highlighting lipid droplets
by Oil Red O staining, revealed that, in con-
trast to the highly steatotic liver of control
littermates, lipid deposition in hepatocytes
was greatly reduced in VEGF mice, in which
the degree of steatosis resembled more closely
that measured in 3 Mo mice (Fig. 3D). Con-
versely, VEGF loss of function by premature
sFlt1 induction led to aggravation of liver
steatosis (Fig. 3E). Inspection of liver sections
by electron microscopy (EM) corroborated
reduced deposition of lipid droplets in old
VEGF mice livers and revealed additional
adverse alterations reduced by VEGF treat-
ment (fig. S18). Reduced liver injury in 24 Mo
VEGF mice was reflected in reduced serum
levels of the liver enzymes alanine transam-
inase and aspartate transaminase (Fig. 3F).
Because liver steatosis has been linked to

hepatic senescence (22), we examined liver
sections stained for senescence-associated
b-galactosidase (SA-b-gal) activity. SA-b-gal
activity in the livers of old control mice was
mostly associated with sinusoidal BVs and
only rarely with hepatocytes (Fig. 3G). Quan-
tification of SA-b-Gal+/CD31+ double-positive
cells in liver cell suspensions revealed that
senescent ECs had accumulated in the aged
liver. VEGF reduced the fraction of senescent
ECs such that by 2 years of age, VEGF mice
had senescent ECs comparable in number to
those in 6 Mo control mice (Fig. 3H). Con-
sistent with these results, hepatic p16 expres-
sion was up-regulated in the livers of 24 Mo
control mice but greatly reduced in the livers
of age-matched VEGF mice (Fig. 3I).

VEGF treatment protects from age-related loss
of muscle and bone

Aging is associated with progressive loss of
skeletal muscle mass and in reduced muscle
force–generating capacity (sarcopenia). Because
age-related loss of muscle mass in rodents is
much lower than that in humans, with only
~15% loss at mean life span (23), we examined
other anatomical features typifying oldmuscle
(24). Mispositioned, centrally located nuclei,
reflecting a postinjury muscle response in
aged and diseased muscles, were frequently
observed in hindlimb muscles of 24 Mo con-
trol mice but significantly less so in muscles
of VEGF-treated littermates (Fig. 4A). Inspec-
tion of muscle sections by EM revealed ad-
ditional anatomical features frequently observed

in muscles of 24 Mo control mice but less
frequently in muscles of 24 Mo VEGF mice
(fig. S19). Subsarcolemmal-localized mitochon-
dria, which were previously shown to con-
tribute to exercise-induced muscular function
improvement (25), were more abundant in
muscle fibers of old VEGF mice (Fig. 4B and
fig. S19).
To evaluate the functional significance of

structural mitochondrial alterations in mus-
cle, oxygen consumption rates (OCRs) in
young and oldmuscles were compared using
a Seahorse platform. Results showed that
myofibrils isolated from skeletal muscle of
24 Mo VEGF mice had significantly higher
basal and maximal respiration rates and a
higher rate of ATP production than myofi-
brils isolated from age-matched controls. Con-
versely,myofibrils isolated from skeletalmuscle
of 16 Mo sFlt1-induced mice had significantly
lowerOCR than their control littermates (Fig. 4C).
To evaluate differences in force-generating cap-
acity, mice at progressive ages were subjected
to a rotarod analysis. Results showed that
aging VEGF mice stayed on the rotating rod
significantly longer than age-matched con-
trols, with 32 Mo VEGF mice performing as
well as control mice half their age (Fig. 4D).
Improved rotarod performance was similarly
observed using AAV-mediated VEGF delivery
to wild-type mice. The 10 Mo mice that were
infected with AAV-VEGF 2 months earlier
could hold onto a rotating rod 49% longer
than their mock-infected littermates could
(Fig. 4E). Improved rotarod performance was
associated with increased MVD in the muscle
of AAV-VEGF–treated mice (Fig. 4F).
Bone weakening caused by bone tissue loss

(osteoporosis) is the most common cause of
bone breakage in older persons, especially
postmenopausal women. Imaging the tibias
of 24 Mo female mice by microcomputed
tomography (micro-CT) showed that the sub-
stantial bone thinning observed in old control
mice was reduced in old VEGF mice who had,
on average, 33% more bone than control lit-
termates (Fig. 4G).
Age-related alterations in muscle and bone

are often manifested in kyphosis, which can
be measured from x-ray images: 24 Mo VEGF
mice had a 38% higher kyphosis index (i.e.,
lower outward curve of the spine) than their
control littermates (Fig. 4H).

VEGF treatment reduces “inflammaging” and
spontaneous tumor burden

“Inflammaging,” or age-related multiorgan
chronic inflammation, is a fundamental hall-
mark of aging (26). An elevated fraction of
granulocytes among circulating leukocytes,
indicative of ongoing inflammation, was ob-
served in most old control mice examined
but not in age-matched VEGFmice (Fig. 5A).
Likewise, longitudinal measurements of the

inflammation marker C-reactive protein (CRP)
in blood serum showed that, unlike age-
matched controls, 24 Mo VEGF mice pre-
sented low CRP levels comparable to those
detected in 3 Mo mice (Fig. 5B). Monocyte
chemoattractant protein-1 (MCP-1), also rec-
ognized as a frailty marker (27) and validated
here to be up-regulated in blood of 24 Mo
control mice, was barely elevated in age-
matched VEGF mice (Fig. 5C). Conversely,
sFlt1 induction led to accelerated MCP-1 accu-
mulation in blood by the age of 16 months
(Fig. 5C). Reduced inflammaging in old VEGF
mice was also evidenced by the lower number
of histologically discernable perivascular inflam-
matory infiltrates, fewer foci of necrotic inflam-
mation, and a reduced number of infiltrated
CD45-positive immune cells enumerated in
single-cell suspensionsof liver andWAT(Fig. 5D).
Fewer VEGF mice presented one or more

neoplastic lesions compared with age-matched
control mice when examined at sacrifice
(Fig. 5E). The most abundant tumors included
lymphomas, lung adenocarcinomas, hepato-
cellular carcinomas, lipomas, and fibromas
(tables S1 and S2). This finding eliminated
the concern that transgenic VEGF at the
doses used herein may enhance tumorigenesis.
Whether there is a causal relationship between
reduced inflammaging, a trait recognized as
a major tumor promoter (28), and reduced
tumor burden in old VEGF mice remains to
be determined.

Discussion

Aging-associated processes take place at dif-
ferent levels of the biological hierarchy, not
just at the cellular level but also at the level
of the organ support systems, where vascular
aging appears to play a major role. Placing
vascular aging in a hierarchically high position
in organ aging, as was previously suggested
(3), is strongly supported by our findings that
VEGF-assisted preservation of a young-like
vascular homeostasis alleviates key cellular
aging hallmarks and age-associated pathol-
ogies and, conversely, that premature VEGF
neutralization accelerates aging-associated
phenotypes. Our data suggest the following
sequence of events: increased production of
inhibitory VEGF decoy receptors leads to
VEGF signaling insufficiency and a resultant
failure to maintain adequate MVD. Micro-
vascular deficit, in turn, leads to compromised
perfusion, reduced tissue oxygenation, com-
promised mitochondrial activity, and meta-
bolic alterations. Metabolically active organs,
such as the adipose tissue, skeletal muscles,
and liver, then progressively lose function and,
in the cases of bone and subcutaneous adipose
tissue, this is accompanied by significant tis-
sue loss. Therefore, a small increase in cir-
culating VEGF counteracts many adverse
processes. This suggests that securing proper
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vascular homeostasis during aging might con-
fer a comprehensive geroprotection, i.e., alle-
viation of major age-related pathologies such
as age-associated weight gain, hepatic steato-
sis, osteoporosis, inflammaging, and increased
tumor burden. Further studies might reveal
additional organ systems that benefit from
VEGF and/or vascular manipulations.
VEGF supplementation resulted in increased

longevity of VEGF mice. It is difficult to
compare the magnitude of life-span extension
obtained by VEGF treatment with that at-
tained by other anti-aging manipulations given
the relatively short life span of the mixed
mouse strain used in this study (originating
from a BALB/cOlaHsd and C57BL/6J cross-
ing) compared with other C57BL/6J–derived
strains. In fact, it has been argued that life-
span–extending manipulations may remedy
deficiencies in the genetic makeup or in the
environment of one particular strain rather
than altering the aging process (29). A non-
genetic experimental factor that could have
affected longevity was the presence of low-dose
tetracycline included in the drinking water.
Although the angiogenic activity of VEGF

plays a critical role in the phenotypes observed
in this study by virtue of securing adequate
perfusion, it is possible that non-angiogenic
functions of VEGF play additional geropro-
tective roles. For example, insufficient VEGF
signals were shown to cause a closure of EC
fenestrations (30) that, when taking place for
example in endocrine organs, is bound to im-
pair systemic hormone distribution. VEGF
activity also functions in vascular permeability
and acts on nonvascular cells (e.g., immune
cells) expressing cognate VEGF receptors. As
an example, monocytes impair arteriogenesis
in aged mice through sFlt1 production (31).
We observed increased production of sys-

temic VEGFR1 (sVEGFR1) caused by an age-
related shift in the alternative splicing of
VEGFR1 mRNA. Alterations in splicing pat-
terns occur frequently in aging (32), and it will
be of interest to identify the splicing factors
responsible for the age-related shift in VEGFR1
mRNA splicing. Additional mechanisms con-
tributing to reduced VEGF signaling in aging
might include impaired HIF1 activation and a
blunted hypoxic VEGF responsiveness (33).
Because the increased levels of systemic

VEGF in the mice studied here were in effect
from 8 months (corresponding to a human
age of 40 years) onward, the VEGF-induced
anti-aging effects described should be viewed
as preventive in nature. Whether VEGF treat-
ments could be harnessed for reversing
established aging phenotypes remains to be
investigated. A correlation between VEGF re-
gulation and age-related human pathologies
and longevity was also suggested by human
studies of polymorphisms in the VEGF gene
promoter region (34).

This study demonstrates that perturbation
ofmicrovascular homeostasis is a critical driving
force in multiorgan aging. Correspondingly,
it suggests that harnessing VEGF-aided resto-
ration of vascular homeostasis may serve as a
method for inducing a multifaceted increase
in health span.

Methods summary

A transgenic Tet-off system was used for liver-
specific, conditional VEGF-A164 induction in
mice originating from a BALB/cOlaHsd and
C57BL/6J crossing, producingmodestly elevated
levels of circulatory VEGF from early adulthood
onward. A comparable level of VEGF (150 to
200 pg/ml of plasma) was attained using AAV-
assisted VEGFdelivery to naivemice. For VEGF
loss of function, transgenic sVEGFR1 was con-
ditionally induced using an EC-specific driving
transgene. VEGF and sVEGFR1 serum levels
were monitored using VEGF and VEGFR1
enzyme-linked immunosorbent assay (ELISA)
and VEGF signaling bymeasuring the fraction
of VEGFR2 phosphorylation from total VEGFR2.
Phenotypic longitudinal analyses performed
in control and manipulated mice littermates
included the following: MRI-based measure-
ments of the fat-to-lean ratio; ultrasound
photoacousticsmeasurement of tissue oxygen-
ation; x-ray bone visualization and micro-CT
measurements of bone volume; OCRmeasure-
ments in isolated muscle fibers using a Sea-
horse platform; rotarod analysis for measuring
muscle-generating force; metabolic analysis,
TEE, and physical activity measured in meta-
bolic cages; endothelial senescence quantified
by measuring SA-b-gal activity in sorted ECs;
inflammaging evaluated by leukocyte infiltra-
tion and by measuring inflammation markers
in blood; and tumor burden evaluated by vis-
ual inspection at sacrifice. Reverse transcrip-
tion polymerase chain reaction (RT-PCR), EM,
and immunohistochemistry were performed
using standard methods. GraphPad Prism
version 7 software was used for statistical
analysis. A detailed account of the methods
used in this study is provided in the sup-
plementary materials.
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Counteracting age-related VEGF signaling insufficiency promotes healthy aging
and extends life span
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More VEGF, more life—and health span
Advanced aging is celebrated but its ill effects, deterioration at the cell, tissue, and organ levels, are not. Grunewald
et al. provide evidence for the vascular theory of aging, which reports that age-related decrease of vascular function is
a driver of organismal aging at large (see the Perspective by Augustin and Kipnis). Vascular endothelial growth factor
(VEGF) signaling insufficiency underlies this vascular insufficiency in aged mice. A modest compensatory increase in
circulatory VEGF was sufficient to preserve a young-like vascular homeostasis, alleviate multiple adverse age-related
processes, and ameliorate a host of age-associated pathologies in mice. —BAP
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