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Abstract Peripheral artery disease (PAD), defined
as reduced blood flow to the lower limbs, is a seri-
ous disorder that can lead to loss of function in the
lower extremities and even loss of limbs. One of the
main risk factors for PAD is age, with up to 25%
of adults over the age of 55 and up to 40% over the
age of 80 presenting with some form of the disease.
While age is the largest risk factor for PAD, other risk
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factors include atherosclerosis, smoking, hyperten-
sion, and diabetes. Furthermore, previous studies
have suggested that the incidence of PAD is sig-
nificantly increased in patients with Alzheimer’s
disease (AD). Attenuation of mTOR with rapamy-
cin significantly improves cerebral blood flow and
heart function in aged rodents as well as in mouse
models of atherosclerosis, atherosclerosis-driven
cognitive impairment, and AD. In this study, we
show that rapamycin treatment improves peripheral
blood flow in aged mice and in mouse models of
atherosclerosis and AD. Inhibition of mTOR with
rapamycin ameliorates deficits in baseline hind
paw perfusion in aged mice and restores levels of
blood flow to levels indistinguishable from those of
young controls. Furthermore, rapamycin treatment
ameliorates peripheral blood flow deficits in mouse
models of atherosclerosis and AD. These data indi-
cate that mTOR is causally involved in the reduc-
tion of blood flow to lower limbs associated with
aging, atherosclerosis, and AD-like progression in
model mice. Rapamycin or other mTOR inhibitors
may have potential as interventions to treat periph-
eral artery disease and other peripheral circulation-
related conditions.

Keywords Peripheral blood flow - mTOR - Aging -
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Introduction

Peripheral artery disease (PAD) is defined as a
decrease in blood flow to the lower limbs caused by
the narrowing or blockage of arteries [1]. Age is one
of the main risk factors for PAD that is exacerbated
by age-related diseases such as atherosclerosis, diabe-
tes, and hypertension [2]. If left untreated, PAD can
lead to functional decline in the lower limbs that in
severe cases may require amputation [1]. PAD is com-
mon in elderly adults with approximately 10-25% of
individuals over the age of 55 showing some form of
the disease [3]. The prevalence of PAD increases with
age such that approximately 40% of individuals over
the age of 80 are affected [4]. Although PAD is often
undiagnosed, some studies have suggested that the
prevalence of PAD may increase in AD patients [5].

Rapamycin inhibits the mechanistic/mammalian
target of rapamycin complex 1 (mTORC1), a central
regulator of aging [6-9]. Consistent with the cen-
tral role of mTOR as a driver of aging, attenuation
of mTOR activity with rapamycin blocks or retards
progression of both aging and age-related disease
processes [10-16]. Notably, rapamycin restores cer-
ebrovascular integrity and function in models of AD
[11, 12, 17], negates basal cerebral blood flow (CBF)
and neurovascular coupling deficits associated with
normative aging in rats [16], and ameliorates heart
function deficits in aged mice [13, 15]. In addition,
mTORCI attenuation with rapamycin restores brain
vascular density, CBF, spatial learning, and mem-
ory and reduces aortic plaques in a mouse model of
atherosclerosis and vascular cognitive impairment
while decreasing body weight and fat mass [18]. Ath-
erosclerosis is one of the major underlying causes of
PAD, since atherosclerotic plaques forming in arter-
ies of the lower limbs reduce blood flow and lead to
PAD as well as critical limb ischemia (CLI), a more
severe form of PAD.

We had previously demonstrated that mTORCl1
drives age-associated brain vascular disintegration
and decreased basal and evoked cerebral blood flow
in aged rats [16], in various mouse models of AD [11,
12], and in a model of atherosclerosis and vascular
cognitive impairment [18]. Studies of other groups
showed that mTORC]1 drives heart aging [13, 15]. We
thus hypothesized that mTORC1 may also be caus-
ally involved in the etiology of age-related loss of
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peripheral perfusion similar to PAD in mice. The pre-
sent study tested this hypothesis through the attenu-
ation of mTORCI1 by systemic rapamycin treatment.
Our data show that systemic mTORCI1 attenuation
negates decreases in peripheral blood flow associated
with aging, atherosclerosis, and progression of AD-
like disease in mice. Taken together, our data suggest
that inhibition of mTORC]1 with rapamycin or other
mTORCI inhibitors may delay or treat reduced blood
flow to the lower limbs associated with normative
aging or with cardiovascular and neurological dis-
eases of aging.

Methods
Animals

All studies were performed under the approval of
the UT Health San Antonio Institutional Animal
Care and Use Committee (Animal Welfare Assur-
ance Number: A3345-01) and in compliance with the
ARRIVE guidelines (Animal Research: Reporting
In Vivo Experiments) for reporting animal experi-
ments. All mice were housed <5 animals per cage
and maintained on a 12-h light/12-h dark cycle with
ad libitum access to food and water.

Male LDLR™™ (B6.129S7-Ldldr™"e7J,  Jack-
son Laboratories, Bar Harbor, ME) mice were used
as a model of atherosclerosis [18]. Only males were
included in the LDLR™~ cohort because studies of
this cohort that we reported previously [18] included
measures of spatial learning and memory, where
female performance in the Morris water maze could
potentially have increased the variability of the data.
To induce atherosclerosis, LDLR™ mice were fed
a high-fat diet (21% saturated milk fat, 0.2% cho-
lesterol, supplemented into AIN-76A, BioServ)
that was supplemented with either rapamycin (rapa,
14ppm) or vehicle (eudragit), that were incorporated
into the special diet starting at 7 months. Because
LDLR™~ mice are bred in homozygosity, WT ani-
mals for this experiment were bred independently as
age-matched C57Bl/6J mice (controls) and were fed
standard mouse chow. Peripheral cutaneous blood
flow in the hind paw was measured between 14 and
15 months of age of LDLR™~ mice and age-matched
controls.
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Male and female hAPP(J20) mice were bred in
our colony and maintained through heterozygous
crosses with C57BL/6J mice as previously reported
[11, 17, 19]. Non-transgenic littermates were used as
wildtype (WT) controls. Microencapsulated rapamy-
cin (14ppm) or eudragit (vehicle) was supplemented
into the chow of transgenic hAPP(J20) mice and non-
transgenic (WT) littermates beginning at 4 months of
age. Peripheral cutaneous blood flow in the left hind
paw was measured between 20 and 24 months of age,
with no difference in mean age (22 months) among
the treatment groups.

To investigate age-related decline in peripheral
cutaneous blood flow, we used male and female
22-month-old non-transgenic (WT) littermates of the
hAPP(J20) mice fed either eudragit (vehicle) or rapa-
mycin diets, with an additional group of 4-month-old
C57BL/6]J WT male and female mice as young adult
controls for this study. Data from male and female
22-month-old WT+Vehicle mice used in the hAPP
J20 comparisons were used to define the impact of
age in peripheral cutaneous blood flow through com-
parisons with 4-month-old C57BL/6J WT mice as
young adult controls.

Cutaneous blood flow monitoring

Mice were anesthetized and maintained under
~1.5-2% isoflurane in oxygen and were placed on
a mouse heating pad to maintain body temperature.
Blood flow in the left hind paw (foot pad facing up)
was monitored by laser speckle contrast imaging
using the PeriCam PSI high-resolution imager (Per-
imed, Sweden). Animals’ foot pads were uniformly
placed at a constant distance from the detector in all
measurements; thus, potential variability associated
with differences in the distance (i.e., as in meas-
ures of cerebral blood flow) was ruled out. We also
ensured that the instrument would report zero perfu-
sion in tissues from dead animals and used signals
associated with reperfusion to verify the instrument’s
ability to record increases in blood flow. Further, all
animals were measured under the same conditions
and settings and we report baseline foot pad blood
flow values in relative units as measures normalized
to control groups. Our data have very small vari-
ance, delineating differences between experimental
groups and providing additional circumstantial evi-
dence that supports our measurements as not arising

from pervasive measurement error. A stable baseline
was established and recorded for 2 min. To measure
evoked cutaneous vascular perfusion changes, a thin
layer of topical cream containing 10% menthol and
30% methyl salicylate (Icy Hot®) was applied to the
foot pad of the left hind paw and elicited blood flow
was monitored for five minutes.

Data and statistical analysis

The recorded data was analyzed using the manu-
facturer’s software, PIMSoft (Perimed, Sweden). A
region of interest (ROI) was selected around the left
hind paw to include the tarsus and metatarsus, exclud-
ing the calcaneus and phalanges. The average perfu-
sion intensity per second for the entire ROI was cal-
culated automatically by the software. Baseline data
are expressed as percentage of wildtype or young
control perfusion and these data were analyzed with
a one-way ANOVAs followed by Tukey’s multiple
comparison post hoc tests. Time course data assess-
ing evoked perfusion was measured + 5 s at each
I-min interval after topical menthol/methyl salicylate
application. The evoked perfusion was analyzed with
a two-way repeated measures ANOVA with Tukey’s
multiple comparison post hoc tests. P<0.05 was con-
sidered significant.

Results

Peripheral blood flow is restored with mTOR
inhibition by rapamycin in aged mice

Numerous reports have shown that peripheral blood
flow declines with age in humans [1, 20-22]. To
determine a role of mTOR in the etiology of age-
related declines in peripheral perfusion, skin blood
flow was measured using laser speckle contrast imag-
ing in the left hind paw of young (4 mo.) and aged (22
mo.) mice as well as in aged (22 mo.) mice systemi-
cally treated with the mTORCI inhibitor, rapamycin.
We found a significant reduction in baseline cutane-
ous blood flow in aged WT mice (p=0.034, Fig. 1A,
B) that were negated by chronic mTOR inhibition as
peripheral blood flow in aged WT mice treated with
rapamycin was indistinguishable from that of young
mice (Fig. 1A, B). No significant difference was
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Baseline Perfusion

Fig. 1 mTOR contributes to age-related peripheral blood
flow deficits. A Representative images of baseline hind paw
perfusion in 4- and 22-month-old animals captured with laser
speckle contrast imaging. B Baseline blood flow is signifi-
cantly reduced in 22-month-old animals treated with vehicle
(22 mo. Veh) relative to 4-month-old animals (4 mo. Veh.)
(*, Tukey’s g(17)=3.91, p=0.034). The age-dependent defi-
cit is abolished with mTOR inhibition in 22-month-old mice
treated with rapamycin (22 mo. Rapa) (*, Tukey’s ¢(17)=3.81,

observed with sex (p=0.28, main effect by 2-way
ANOVA). These data indicate that mTOR is causally
involved in the decline in peripheral vascular function
associated with normative aging.

To define the impact of age and the role of
mTORC1 on evoked peripheral vascular responses, we
stimulated skin blood flow in the left hind paw with
topically applied vasodilators. As expected, cutane-
ous perfusion of the hind paw significantly increased
with time in all groups after topical application of 10%
menthol and 30% methyl salicylate (Fig. 1C, D), which
have been shown to acutely increase skin blood flow
[23]. Menthol increases blood flow through endothe-
lial NO and hyperpolarization factor/s (EDHF) release
and through sensory nerve responses [24] and also
acts on transient receptor potential melastatin-related
8 (TRPMBS) calcium channels in smooth muscle cells
to elicit vasoconstriction [25]. Methyl salicylate is a
transient receptor potential voltage 1 (TRPV1) agonist
[26]; thus, it is expected to have a distinct impact on
different types of vascular cells.

Although baseline cutaneous blood flow was sig-
nificantly decreased in vehicle- but not in rapamycin-
treated 22-month-old mice, neither the rate of evoked
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p=0.039). C Representative images of evoked hind paw perfu-
sion after 5 min of the application of a menthol/methyl salic-
ylate cream. These images correspond to the same animals
shown in respective images of panel A. D All groups showed
increased blood flow with time (F(3, 51)=33.2, p<0.0001), but
no significant group differences were detected (F(2, 17)=1.86,
p=0.18) using two-way repeated measures ANOVA. Data are
mean + SEM. n= 6-7 per group

blood flow increase nor its magnitude was affected by
age or treatment (Fig. 1C, D). Taken together, these
data indicate that baseline peripheral cutaneous per-
fusion is impaired in 22-month-old mice and that
this deficit is largely driven by mTORCI. In contrast,
responses to pleiotropic vasodilators menthol and
methyl salicylate are not impaired in 22-month-old
mice.

Rapamycin ameliorates peripheral vascular deficits in
the LDLR ™~ mouse model of atherosclerosis

Atherosclerosis is frequently accompanied by
peripheral vascular disease in humans [27]. To
determine if mTOR attenuation with rapamycin
can ameliorate peripheral blood flow deficits in ath-
erosclerosis, we measured basal blood flow in the
left hind paw of LDLR ™~ mice [18, 28] fed with a
high-fat diet to induce atherosclerosis and treated
with rapamycin or with eudragit (vehicle) using
laser speckle contrast imaging. Baseline flood flow
in the left hind paw was significantly decreased in
LDLR ™~ mice fed a high-fat diet and treated with
vehicle as compared to WT controls (p = 0.028,
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Fig. 2 mTOR drives peripheral blood flow deficits in a mouse
model of atherosclerosis. A Representative images of base-
line perfusion of the left hind paw captured with laser speckle
contrast imaging. B LDLR™~ mice with vehicle (LDLR™~
Veh) have significantly reduced baseline perfusion relative
to WT controls (*, Tukey’s ¢(21)=3.97, p=0.028). Inhibition
of mTOR improves perfusion in LDLR ™~ mice on a high-fat
diet with rapamycin (LDLR ™'~ Rapa) to a level that is not sig-
nificantly different from WT controls (Tukey’s ¢(21)=2.11,
p=0.31, n.s.). C Representative images of evoked hind paw

Fig. 2A, B). In contrast, the baseline left hind paw per-
fusion of LDLR™~ mice fed with a high-fat diet and
treated with rapamycin was indistinguishable from
that of age-matched WT control mice, suggesting that
mTORCI1 drives peripheral vascular impairment associ-
ated with atherosclerosis in the LDLR ™~ mouse model.

While topical application of vasodilators
increased microperfusion in all groups, evoked
blood flow was significantly lower in vehicle-
treated, high-fat diet-fed LDLR ™~ group (p<0.009),
but not in rapamycin-treated, high-fat diet-fed
LDLR ™~ animals as compared to WT controls at
all times after stimulation (Fig. 2)C, D. These data
indicate that decreased basal cutaneous peripheral
blood flow as well as deficits in evoked blood flow
in LDLR™'~ mice modeling atherosclerosis can be
mitigated by mTOR inhibition. Furthermore, these
data suggest that mTOR drives peripheral vascular
impairment in the LDLR™~ model of atheroscle-
rosis which recapitulates reduced blood flow to
the lower limbs of peripheral artery disease (PAD)
patients.
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perfusion after 5 min of the application of menthol/methyl
salicylate cream. These images are from the same animals
shown in the respective images of panel A. D LDLR™~ Veh
mice on high-fat diet have consistently reduced blood flow
at all time points relative to WT (**, Tukey’s g(84)>4.33,
p<0.009, applied to significant main effects of group
(F(2,21)=4.98, p=0.02) and time (F(3,63)=30.32, p<0.0001)
via two-way repeated measures ANOVA). Data are mean +
SEM. n= 6-9 per group

Inhibition of mTOR restores peripheral blood flow in
a mouse model of Alzheimer’s disease

Previous studies have suggested that the incidence
of PAD is increased in patients with Alzheimer’s
disease (AD) [5] and our prior work [11, 12, 17, 29]
demonstrated an involvement of mTORCI1 in the
etiology of brain vascular dysfunction in models of
AD. Because our studies of Figs. 1 and 2 suggested
a role for mTOR in the etiology of reduced periph-
eral blood flow both in aging and in cardiovascu-
lar disease, we next sought to determine whether
decreased peripheral blood flow would be present in
a model of AD and, if so, whether mMTORC1 would
be causally involved. To this aim, next we examined
peripheral cutaneous circulation as both baseline
perfusion and evoked blood flow in the left hind
paw of mice modeling Alzheimer’s disease (AD,
hAPP(J20) mice, [30, 31]) with laser speckle con-
trast imaging. Similar to our observations in aged mice
(Fig. 1) and in mice modeling atherosclerosis (Fig. 2),
we found profound deficits in peripheral circulation
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in hAPP(J20) as compared to WT littermates at 22
months of age (p=0.044, Fig. 3A, B). Attenuation of
mTOR with systemic rapamycin, however, restored
baseline blood flow in the hind paw of hAPP(J20)
mice to levels indistinguishable from littermate con-
trols. No significant difference was observed with sex
(p=0.85, main effect by 2-way ANOVA). These data
indicate that hAPP(J20) mice recapitulate impaired
peripheral blood flow of AD and that these deficits are
driven by mTORCI (Fig. 3A, B).

Furthermore, topical application of vasodilators
to the hind paw increased cutaneous microvascular
perfusion in all groups (Fig. 3C, D) but the magni-
tude of this increase was significantly decreased in
hAPP(J20) mice as compared with WT littermates.
This deficit, however, was negated by rapamycin
treatment (Fig. 1D), suggesting that, in addition
to its role in regulating basal peripheral perfusion,
mTOR mediates reduced peripheral -circulation
responses to vasodilators in late stages of AD-like
disease.

Q

WT

AD Vehicle

Baseline Perfusion

Evoked Perfusion (g)

Fig. 3 Cutaneous vascular impairments due to Alzheimer’s
disease are driven by mTOR. A Representative images of
baseline hind paw perfusion captured with laser speckle con-
trast imaging as measured in 22-month-old animals. B Base-
line blood flow is significantly reduced in hAPP(J20) mice
treated with vehicle (AD Veh) compared to WT littermates (¥,
Tukey’s q(15)=3.77, p=0.044). Inhibition of mTOR with rapa-
mycin in hAPP(J20) mice (AD Rapa) mice restored baseline
perfusion to levels not significantly different from those of WT
mice (Tukey’s g(15)=1.07, p=0.73, n.s.). C Representative
images of evoked blood flow 5 min after topical application of
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Discussion

Our studies show that attenuation of mTORCI by
rapamycin ameliorates profound age-dependent
(Fig. 1), atherosclerosis-associated (Fig. 2), and AD-
like disease-related (Fig. 3) deficits in basal peripheral
blood flow. These data provide strong evidence that
mTOR is a central mediator of peripheral vascular
dysfunction associated with normative aging as well
as with two distinct disease processes, atherosclero-
sis and AD, modeled in mice. These observations are
consistent with previous studies showing that mTOR
attenuation with rapamycin improves heart function
in aged mice [13, 15, 32, 33]. Conversely, hyperacti-
vation of mTOR in tuberous sclerosis complex (TSC)
patients may lead to premature vascular aging [34].

A recent study showed that the severity of age-related
peripheral vascular dysfunction correlates with cognitive
dysfunction in older adults [35]. In agreement with these
observations, our laboratory previously showed pro-
found brain vascular dysfunction and damage associated
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a 10% menthol and 30% methyl salicylate cream. These images
correspond to the same animals shown in panel A, respec-
tively. D The time course of evoked blood flow demonstrates
that 22-month-old AD Veh mice have consistently reduced
blood flow at all time points relative to age-matched WT litter-
mate controls (** indicates Tukey’s ¢>4.32, p<0.009, applied
to significant main effects of time (F(3, 45)=43.74, p<0.0001)
and group (F(2,15)=5.55, p=0.016) via two-way repeated
measures ANOVA. AD Rapa peripheral blood flow was not
significantly different than WT littermate controls (p>0.30 at
each time point). Data are mean + SEM. n= 5-7 per group
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with cognitive impairment in LDLR™~ mice, where
hypercholesterolemia and pro-atherosclerotic vascular
lesions are proportional to the severity of cerebromicro-
vascular dysfunction and BBB breakdown [18, 29].

Our data are also consistent with prior studies from
our laboratory that showed that attenuation of mTOR
with rapamycin relieves profound deficits in cerebro-
vascular function and restores brain vascular integ-
rity in normative aging [16, 36], in mice modeling
atherosclerosis [18], and in several different mouse
models of AD [11, 12, 17, 29]. These data indicate
that mTOR mediates brain vascular disintegration
and dysfunction leading to cognitive decline in nor-
mative aging and also cognitive dysfunction arising
from distinct brain disease processes. Together, these
observations suggest the existence of mTOR-medi-
ated mechanisms that are common to brain dysfunc-
tion in aging and brain vascular dysfunction associ-
ated with atherosclerosis and AD. We further propose
that mTOR-dependent mechanisms underlying brain
aging, brain vascular dysfunction associated with ath-
erosclerosis, and AD may overlap with mechanisms
by which mTOR regulates aging itself [6, 810, 16,
36]. Whether the mechanisms by which mTOR drives
vascular aging in the brain and periphery are the
same, however, remains unclear.

Cutaneous menthol increases skin blood flow
through endothelial NO and hyperpolarization
factor/s (EDHF) release, as well as sensory nerve
responses [24]. Because attenuation of mTOR activ-
ity is sufficient to negate these deficits, our data sug-
gest that mTOR mediates age- or disease-associated
reduced NO or EDHF bioavailability. In agreement
with this notion, previous studies have shown that
mTOR represses eNOS activation in cerebral micro-
vasculature during aging [16], during progression of
AD [11, 12, 17], and in cognitive dysfunction asso-
ciated with atherosclerosis [18] such that attenuation
of mTOR with rapamycin restores cerebral blood in
all these conditions. The impact of mTOR attenua-
tion is abolished if nitric oxide synthase (NOS) activ-
ity is blocked pharmacologically, demonstrating that
relief of mTOR inhibition of NOS is essential for
the restoration of brain vascular integrity and func-
tion by rapamycin [11]. Further studies are needed
to determine the cellular mechanisms by which sys-
temic mTOR inhibition restores baseline peripheral
blood flow in aging, atherosclerosis, and AD-like
disease. Consistent with our observations, a negative

association between AD and cutaneous vasodilation
has been suggested [21, 37].

Reduced bioavailability of NO has been associ-
ated with cerebral, extracranial, and peripheral vas-
cular dysfunction in AD [38], suggesting that vascu-
lar dysfunction associated with AD may also involve
deficits in peripheral circulation. Our previous studies
showed that mTOR inhibits eNOS activation and thus
decreases NO bioavailability in brain microvascula-
ture and restores brain vascular function in aging and
in AD [11, 12, 17]. Consistent with this notion, it was
recently reported that exercise can improve peripheral
vascular function in AD patients [39]. Taken together,
these studies suggest that, similar to our observations
in cerebrovasculature, mTOR attenuation alleviates
mTOR-mediated inhibition of eNOS activity, restor-
ing NO bioavailability and peripheral blood flow.

mTOR is a signaling hub for various cellular pro-
cesses that could be involved in the regulation of
peripheral circulation, including increased autophagy
and improved proteostasis [40, 41]. Indeed, reduction
of mTORCI by either rapamycin treatment, caloric
restriction, or intermittent fasting increases autophagy
[41, 42]. In addition to rapamycin, caloric restriction,
dietary restriction, and intermittent fasting (time-
restricted feeding) are also known to reduce mTOR
activity either chronically or transiently [43, 44]
and have been shown to improve vascular health in
humans, non-human primates, and rodent models [43,
45]. Moreover, attenuation of mTOR signaling by
rapamycin increases endothelial nitric oxide synthase
(eNOS) activity [11], and an increase in nitric oxide
availability has been observed with caloric restriction
[45] and in association with intermittent fasting [46].
Increased nitric oxide bioavailability in the periph-
eral vasculature as a result of mTOR attenuation with
rapamycin could thus underlie the observed improve-
ment in baseline peripheral blood flow in aged mice
and in mouse models of atherosclerosis and AD.
Thus, rapamycin may improve all NO bioavailabil-
ity, thus negating one of the central impairments in
endothelial cell dysfunction [47], leading to restored
vascular function in both brain and the periphery.
Caloric and dietary restriction, intermittent fasting,
and treatment with rapamycin could thus be used as
potential interventions to improve peripheral blood
flow and prevent peripheral artery disease [48].

In conclusion, our studies suggest that, in addi-
tion to central vascular impairment in aging and
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age-associated neurological diseases such as AD and
vascular dementia [11, 12, 17, 18, 29], peripheral vas-
cular decline is mediated by mTOR. Interventions
that reduce mTOR activity in the vasculature thus
have significant promise to prevent or treat PAD. Fur-
thermore, the primary way that humans regulate body
temperature is via skin blood flow which is signifi-
cantly reduced in aged individuals [20, 21]. Thus, in
addition to the potential translational impact of phar-
macological mTOR attenuation on the incidence of
peripheral artery disease (PAD), our studies may also
have implications for the prevention of hyperthermia
in the elderly.
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