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Abstract Age is the single greatest risk factor for most
causes of morbidity and mortality in humans and their
companion animals. As opposed to other model organ-
isms used to study aging, dogs share the human envi-
ronment, are subject to similar risk factors, receive com-
parable medical care, and develop many of the same
age-related diseases humans do. In this study, 24
middle-aged healthy dogs received either placebo or a
non-immunosuppressive dose of rapamycin for

Silvan R. Urfer and Tammi L. Kaeberlein contributed equally to
this work.

Electronic supplementary material The online version of this
article (doi:10.1007/s11357-017-9972-z) contains supplementary
material, which is available to authorized users.

S. R. Urfer - T. L. Kaeberlein - D. E. L. Promislow -

M. Kaeberlein (D<)

Department of Pathology, University of Washington, Seattle, WA,
USA

e-mail: kaeber @uw.edu

S.R. Urfer - T. L. Kaeberlein - S. Mailheau - K. E. Creevy *
D. E. L. Promislow * M. Kaeberlein
Dog Aging Project, Seattle, WA, USA

P. J. Bergman
VCA Clinical Studies, Los Angeles, CA, USA

K. E. Creevy
College of Veterinary Medicine, Texas A&M University, College
Station, TX, USA

D. E. L. Promislow
Department of Biology, University of Washington, Seattle, WA,
USA

10 weeks. All dogs received clinical and hematological
exams before, during, and after the trial and echocardi-
ography before and after the trial. Our results showed no
clinical side effects in the rapamycin-treated group com-
pared to dogs receiving the placebo. Echocardiography
suggested improvement in both diastolic and systolic
age-related measures of heart function (E/A ratio, frac-
tional shortening, and ejection fraction) in the
rapamycin-treated dogs. Hematological values
remained within the normal range for all parameters
studied; however, the mean corpuscular volume
(MCV) was decreased in rapamycin-treated dogs. Based
on these results, we will test rapamycin on a larger dog
cohort for a longer period of time in order to validate its
effects on cardiac function and to determine whether it
can significantly improve healthspan and reduce mor-
tality in companion dogs.

Keywords Dogs - Cardiac aging - Rapamycin -
Echocardiogram - Blood chemistry - Healthspan -
Sirolimus

Introduction

Age is the single greatest risk factor for nearly every
major cause of morbidity and mortality in humans and
their companion animals (Kaeberlein et al. 2016; Pitt
and Kaeberlein 2015). Recent advances in the field of
geroscience have identified several hallmarks of aging
that begin to explain the molecular mechanisms linking
aging with disease (Lopez-Otin et al. 2013; Kennedy

@ Springer


http://orcid.org/0000-0002-1311-3421
http://crossmark.crossref.org/dialog/?doi=10.1007/s11357-017-9972-z&domain=pdf
http://dx.doi.org/10.1007/s11357-017-9972-z

118

GeroScience (2017) 39:117-127

et al. 2014; Sierra and Kohanski 2017). Interventions
that target these hallmarks of aging in laboratory ani-
mals are emerging as potential therapeutic strategies for
delaying age-related disability and disease and increas-
ing healthy lifespan (Kaeberlein et al. 2015). Among
these, rapamycin is the drug that has been shown to most
robustly and reproducibly increase lifespan and
healthspan in laboratory mice (Kaeberlein 2014).

Rapamycin (also referred to as sirolimus) is a specific
inhibitor of the mechanistic target of rapamycin com-
plex I (mTORC1), a central regulator of cell growth and
nutrient response (Laplante and Sabatini 2012). It is an
FDA-approved drug that has been used clinically in
human medicine for many years to prevent organ trans-
plant rejection (Kaeberlein 2013). Rapamycin and
rapamycin derivatives are commonly labeled as immu-
nosuppressants, although more recent data indicates that
the effect of mTOR inhibitors on immune function is
complex and, depending on dose and delivery regimen,
may enhance immune function in some contexts
(Mannick et al. 2014). Rapamycin is also used clinically
for some rare forms of cancer (Xie et al. 2016), to treat
tuberous sclerosis complex, and in cardiac stents, to
prevent restenosis (Kaeberlein 2013). Several side ef-
fects have been associated with rapamycin and
rapamycin derivatives at the doses used in human med-
icine, including stomatitis (Boers-Doets et al. 2013),
impaired wound healing (Weinreich et al. 2011), hyper-
lipidemia (Brattstrom et al. 1998), hyperglycemia (Khan
et al. 2016), and thrombocytopenia (Alexandre et al.
1999).

Evidence that rapamycin can delay aging and in-
crease healthspan comes primarily from studies in lab-
oratory organisms. Treatment with rapamycin increases
lifespan in evolutionarily divergent organisms including
yeast, nematodes, fruit flies, and mice (Johnson et al.
2013; Johnson et al. 2015). In addition to increasing
lifespan, treatment with rapamycin has also been shown
to improve a variety of age-associated conditions in
mice, including reducing cancer incidence (Anisimov
et al. 2011), improving cognitive function (Halloran
et al. 2012; Majumder et al. 2012), reversing cardiac
(Dai et al. 2014; Flynn et al. 2013; Neff et al. 2013) and
immune (Chen et al. 2009) declines, restoring stem cell
function (Chen et al. 2009; Yilmaz et al. 2012), and
improving muscle function (Bitto et al. 2016; Fischer
etal. 2015) in aged animals. Of particular note, initiating
treatment with rapamycin late in mid-life appears to
increase longevity to an extent comparable to treatment
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beginning early in life (Harrison et al. 2009), and one
recent study reported increases in life expectancy from
20 to 60% following single transient treatments with
rapamycin from 20 to 23 months of life in mice (Bitto
et al. 2016).

The beneficial effects associated with low-dose
rapamycin treatment in mice occur generally in the
absence of significant side effects, although long-term
treatment with rapamycin in mice is associated with
defects in spermatogenesis, poorer performance follow-
ing a glucose tolerance test, and may increase the risk of
cataracts (Wilkinson et al. 2012; Lamming et al. 2012).
One report found no significant clinical side effects in
marmoset monkeys (Callithrix jacchus) treated with up
tol mg/kg/day rapamycin for up to 14 months (Tardif
etal. 2015). Limited studies in companion dogs indicate
that low doses of rapamycin (0.08 mg/kg/day) are well-
tolerated (Paoloni et al. 2010), and one study of a canine
glycogen storage disease treated laboratory dogs with
1 mg/kg/day rapamycin for several months without side
effects (Yi et al. 2014). Taken together, these observa-
tions raise the possibility that non-immunosuppressive
doses of rapamycin or rapamycin derivatives could re-
duce morbidity and mortality in larger animals, includ-
ing companion dogs and people, at an acceptably low
risk of side effects. Consistent with this possibility, one
recent study found that 6 weeks of treatment with a
rapamycin derivative was sufficient to rejuvenate im-
mune function in healthy elderly people as measured by
response to an influenza vaccine (Mannick et al. 2014).

Compared to the commonly used model organisms,
companion dogs (Canis lupus familiaris) have great
translational potential for geroscience because they
uniquely recapitulate many aspects of human aging,
including sharing our environment, receiving compara-
ble medical care, and often having detailed medical
records available (Pitt and Kaeberlein 2015; Neff and
Rine 2006; Gilmore and Greer 2015; Kaeberlein 2015).
In this context, the Dog Aging Project seeks to carry out
both longitudinal and interventional studies of aging in
the privately owned domestic dog, both to gain new
insights into mechanisms of human aging and to en-
hance healthspan and lifespan in dogs (Kaeberlein et al.
2016; Kaeberlein 2015).

Recently, we carried out a randomized double-blind
veterinary clinical trial to assess dosing, safety, and
effects of rapamycin treatment for 10 weeks in healthy
middle-aged companion dogs. Here, we report the re-
sults of this study, finding that 10 weeks of rapamycin



GeroScience (2017) 39:117-127

119

treatment at either 0.05 or 0.1 mg/kg delivered orally
three times per week did not cause significant clinical
side effects or abnormal hematological changes, but did
result in favorable changes in cardiac left ventricular
function during both diastole and systole.

Methods

All procedures were approved by the University of

Washington Institutional Animal Care and Use Com-

mittee (IACUC) under protocol number 4359-02. All of

the owners completed a written informed consent prior
to their first study-related veterinary visit.

Enrollment and selection for this study has been
described previously (Urfer et al. 2017). Briefly, 40
companion dogs from the greater Seattle area were
recruited through owner submission of an internet-
based form on the Dog Aging Project website (www.
dogagingproject.com) and were selected for further
consideration if the owners reported that they met the
following criteria:

1. the owners agreed to bring the dog to the study
veterinary clinic three times during an 11-week
period,

2. the dog weighed at least 18 kg (40 Ibs),

3. the dog was at least 6 years old (no upper age limit),
and

4. the dog did not have any prior or current significant
health problems or current medication that might be
contraindicated with rapamycin.

Eighty-three dogs were identified that lived within
approximately 50 miles of the study clinic and met the
age and weight criteria. Seventeen of these dogs were
excluded at this stage based on owner-reported pre-
existing health conditions or current medications that
might be contraindicated with rapamycin, and six dogs
were excluded at the recommendation of the clinical
trial monitor (SM) based on owner-reported information
regarding personality and/or aggression. Sixty owners
were invited to participate in the study, 48 were sched-
uled for an initial exam, ten were non-responsive to
email follow-up, and two were unable to schedule an
appointment at a mutually agreeable time. Of the 48
owners scheduled for an initial exam, seven canceled
their appointments prior to enrollment, and one failed to
appear and was non-responsive to follow-up
communication.

Forty dogs attended an initial study-related veterinary
exam at the VCA Specialty Clinic in Lynnwood, WA,
between August 2015 and December 2015 (Fig. 1). At
the first examination, medical history was taken and a
physical examination performed for each dog. A stan-
dard minimum database including a complete blood
count, chemistry profile, serum total T4 and free T4gp
concentration, and urinalysis was performed on each
dog using a commercial reference laboratory (Antech
Diagnostics, Kent, WA). Standard echocardiography
with continuous ECG monitoring was performed by a
board-certified veterinary cardiologist using a GE Vivid
i, GEMS ultrasound machine with a 3.0 MHz phased-
array transducer (GE Healthcare, Chicago, IL). Standard
right parasternal short axis, right parasternal long axis,
and left apical views were obtained while the dogs were
gently restrained in lateral recumbency without sedation
or anesthesia. Color flow Doppler was used to deter-
mine the presence or absence of valvular regurgitation.
If valvular regurgitation was detected, continuous wave
(CW) spectral Doppler imaging was used in the left
apical view to measure the peak regurgitant velocity
and velocity-derived pressure gradients. CW Doppler
recordings were made at a sweep speed of 100 mm/s.
The average of three consecutive regurgitant profiles
was then calculated, and the severity of the valvular
regurgitation was subjectively classified as trace, mild,
moderate, or severe for each dog.

After the initial visit, each dog was evaluated to
determine whether it met the study criterion of being
free from a significant pre-existing health condition.
Eleven dogs were excluded at this stage (Fig. 1); seven
dogs were excluded because of valvular regurgitation
(Urfer et al. 2017), and four dogs were excluded because
of abnormal blood work (two hypothyroid, one elevated
creatinine, one elevated liver enzymes).

Twenty-nine dogs were randomized into a placebo
group, a low rapamycin group, or a high rapamycin
group according to a pre-established randomization
schedule (Table 1). Randomization was performed by
the clinic director. Other study personnel (including the
cardiologist) and the owners were blind to the random-
ization. The owners were instructed to administer the
study drug to their dogs orally three times per week on
Monday, Wednesday, and Friday in the morning at
breakfast time and were provided with a dosing log to
record study drug administration. The placebo group
received a sugar pill (Katterman’s pharmacy, Seattle,
WA). The low rapamycin group received 0.05 mg/kg
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Assessed for Eligibility

(n=40)

(n=11)

( Excluded
L Not meeting inclusion criteria

Randomized
(n=29)

Allocated to Placebo
(n=8)

Allocated to Low Rapa
(n=8)

Allocated to High Rapa
(n=13)

Lost to follow-up (n=0)
« Discontinued Intervention (n=0)
» Non-responsive (n=0)

» Excluded (n=0) * Excluded (n=0

Lost to follow-up (n=3)
+ Discontinued Intervention (n=1)
* Non-responsive (n=2)

Lost to follow-up (n=2)

+ Discontinued Intervention (n=0)
* Non-responsive (n=1)

* Excluded (n=1

Completed Study (n=8)
Analyzed (n=8)
Excluded (n=0)

Completed Study (n=5)
Analyzed (n=5)
Excluded (n=0)

Completed Study (n=11)
Analyzed (n=11)*
Excluded (n=0)*

Fig. 1 Dog Aging Project Rapamycin Intervention Phase I Trial
Flow Diagram. Forty dogs were assessed for eligibility at the first
veterinary visit, and 11 dogs were excluded due to pre-existing
conditions that were inconsistent with the study protocol. Twenty-
nine dogs were allocated into treatment groups according to the
pre-determined randomization schedule based on their chronolog-
ical order of entry into the study. Two dogs were lost to follow-up
in the low rapamycin group because the owners failed to complete
the required veterinary visits. One dog was lost to follow-up in the
low rapamycin group because the owner discontinued the medi-
cation. Two dogs were lost to follow-up in the high rapamycin

rapamycin (sirolimus, Dr. Reddy’s Laboratories,
Shreveport, LA) at each dosing. The high rapamycin
group received 0.1 mg/kg rapamycin at each dosing.
The dogs in the rapamycin treatment groups were dosed
to the nearest 0.5 mg based on their body weight at the
initial exam.

Eight dogs were randomized into the placebo group,
and all eight dogs completed the entire 10-week treat-
ment period and were included in subsequent analyses.

Eight dogs were randomized into the low rapamycin
group, and five dogs completed the entire 10-week
treatment period and were included in subsequent anal-
yses. Two dogs were lost to follow-up because the
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group because one owner failed to complete the required veteri-
nary visits and it was discovered during the study period that one
owner failed to disclose a pre-existing skin condition requiring
medication, resulting in removal of this dog from the study.
Asterisk signs indicate a dog in the high-dose rapamycin group
completed the entire 10-week study, but it was discovered upon
reviewing the dosing log that the owners had mistakenly provided
the dog with 0.025 mg/kg three times each week, one quarter the
intended dose of the study drug. This dog was removed from
analysis of the high rapamycin group, but was included in analysis
of the pooled (low and high dose) rapamycin-treated dogs

owners failed to complete the required veterinary visits.
One dog was lost to follow-up because the owner
discontinued the medication. One dog was diagnosed
with putative geriatric onset laryngeal paralysis
polyneuropathy during the study but completed the
study without complications.

Thirteen dogs were randomized into the high
rapamycin group, and 11 dogs completed the entire 10-
week treatment period and were included in subsequent
analyses. Two dogs were lost to follow-up, one because
the owner failed to complete the required study visits and
one because it was discovered during the study period
that the dog did not meet the enrollment criteria, as the
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Table 1 Randomization schedule for the Dog Aging Project Rapamycin Intervention Phase I Trial

Dog no. Randomized treatment group Dog no. Randomized treatment group Dog no. Randomized treatment group
1 placebo 11 placebo 21 0.1 mg/kg
2 0.05 mg/kg 12 0.1 mg/kg 22 0.1 mg/kg
3 0.05 mg/kg 13 0.1 mg/kg 23 0.1 mg/kg
4 0.05 mg/kg 14 placebo 24 0.1 mg/kg
5 placebo 15 0.1 mg/kg 25 placebo

6 0.05 mg/kg 16 0.1 mg/kg 26 0.1 mg/kg
7 0.05 mg/kg 17 placebo 27 0.1 mg/kg
8 0.05 mg/kg 18 0.1 mg/kg 28 0.1 mg/kg
9 0.05 mg/kg 19 0.1 mg/kg 29 placebo
10 0.05 mg/kg 20 placebo

The dogs were randomized into the study in chronological order following the first exam upon determination that they met the study criteria,
including no significant pre-existing conditions. The study medication was allocated at the corresponding dose according to the dog weight
at the first visit, and the owners were given instructions to provide the study medication three times each week on Monday, Wednesday, and
Friday in the morning. The owners and study staff, with the exception of the clinic director, were blinded to the randomization groups

owner had failed to disclose a pre-existing skin condition
requiring medication. One dog in the high-dose group
completed the entire 10-week study, but it was discov-
ered upon reviewing the dosing log that the owners had
provided the dog with 0.025 mg/kg rapamycin three
times a week instead of 0.1 mg/kg. The data correspond-
ing to this dog were removed from analysis of the high
rapamycin group but were included in analysis of the
pooled data for all rapamycin-treated dogs.

Following randomization, the owners were asked to
complete weekly email surveys describing any per-
ceived changes in the mood, activity, or health of their
dog. An exam was scheduled for each dog during their
third week in the study. This third week exam included a
physical and a blood draw as during the initial exam;
however, no echocardiographic exam was carried out
during this visit.

A final exam was scheduled for each dog during their
eleventh week in the study (within 1 week after cessa-
tion of the study medication). The procedures carried
out at this time were identical to those used during the
initial exam, including echocardiography.

All age and weight values are given as mean
+ standard deviation. All statistical analyses were
carried out using R (Team RC 2016).

Echocardiographic data were analyzed in a linear
regression model that used dogs at baseline as their
own controls to compare to end-of-study measurements.
This allowed us to correct for the assumption that base-
line levels and end-of-study levels were correlated

within individual dogs. Based on the literature, we fo-
cused on indicators of both diastolic and systolic func-
tions. We also analyzed the differences between end-of-
study and baseline scores between rapamycin and pla-
cebo using two-sided Wilcoxon rank sum tests.
Echocardiographic parameters are defined as
follows:
Ejection Fraction (EF): Percentage of the end-
diastolic left ventricular blood volume that is
ejected from the left ventricle during systole.
Fractional Shortening (FS): Percentage by which
the left ventricular interior diameter is reduced at
peak systole as compared to that of end-diastole.
E/A Ratio: Ratio of early- to late-diastolic velocity
of blood flowing from the left atrium into the left
ventricle.

Clinicopathologic data were analyzed analogous to
the heart data. In addition, we performed a principal
component analysis to differentiate between the placebo
and rapamycin-treated dogs in an attempt to identify
principal components that were associated with ob-
served changes.

Results
Twenty-three dogs completed the 10-week study with
adherence to the study protocol, and one dog completed

the study but was given the drug at one quarter the
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intended dose (Fig. 1). The age at the start of treatment
ranged from 6.6 to 12.7 years (9.7 &+ 1.84), and weight
ranged from 21 to 44 kg (30.6 + 5.88). The demographic
details of the study subjects are provided in Table 2.
For all comparisons throughout the remainder of
this manuscript, the dogs that received the placebo
and completed the study (n = 8) will be referred to

Table 2 Demographic information for all the dogs that completed
the Dog Aging Project Rapamycin Intervention Phase I Trial

Group  Breed Sex  Age (years) Weight (kg)
Placebo  Standard poodle FS 9.7 21
Placebo Mixed breed MN 10 44
Placebo Mixed breed MN 6.6 31
Placebo  Mixed breed FS 72 25
Placebo  Labrador retriever FS 6.8 26
Placebo Mixed breed MN 83 27
Placebo  Great Dane FS 10.4 37
Placebo Mixed breed MN 75 33
Low Mixed breed MN 88 34
Low Mixed breed FS 12.7 34
Low Golden retriever FS 12 31
Low English bulldog MN 72 34
Low Mixed breed FS 10.8 31
High Golden retriever ~ FS 9.2 31
High Mixed breed FS 8 36
High Wheaten terrier MN 83 22
High Labrador retriever MI 7.9 34
High Chow FS 9.6 23
High Mixed breed FS 11.5 22
High Doberman FS 6.8 24
High Labrador retriever MN  11.1 38
High Labrador retriever FS 8 36
High Mixed breed MN 6.8 31
High* Mixed breed MN 11.1 29

The breed indicates owner-reported information. Age is owner-
reported age at the time of the first exam, verified by age indicated
on veterinary records. The weight is the measured weight at the
first exam

Sex is indicated as follows, verified at initial exam. FS female
spayed, FI female intact, MN male neutered, M/ male intact

*A dog that was randomized to the high rapamycin group and
completed the entire 10-week study, but it was discovered upon
reviewing the dosing log that the owners had mistakenly provided
the dog with 0.025 mg/kg rapamycin three times each week. This
dog was removed from analysis of the high rapamycin group, but
was included in analysis of the pooled (low and high dose)
rapamycin-treated dogs
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as the “placebo group”, the dogs that received
0.05 mg/kg rapamycin three times each week and
completed the study (n = 5) will be referred to as the
“low rapamycin group”, and the dogs that received
0.1 mg/kg rapamycin three times each week and
completed the study (n = 10) will be referred to as
the “high rapamycin group”. A forth comparison
group comprised of all dogs that received rapamycin
and completed the study group (n = 16) is referred
to as the “pooled rapamycin group” and includes the
low rapamycin group, high rapamycin group, and
the one dog that was erroneously given 0.025 mg/kg
rapamycin three times each week.

Side effects and clinical pathology

There were no significant differences in body weight
before and after treatment in either the placebo or
rapamycin groups. Adverse events, potential side ef-
fects, and changes in behavior were tracked through
weekly owner surveys. The frequency and percent of
dogs for which a particular symptom or behavioral
change was reported during the study is shown in
Table 3. All reported symptoms and changes in behavior
occurred at similar frequencies in the placebo and treat-
ment groups, with the possible exception of increased
activity, which was reported in 70% (7/10) of the dogs in
the high rapamycin group, 2/5 (40%) of the dogs in the
low rapamycin group, and 25% (2/8) of the dogs in the
placebo group (P = 0.066, linear model).

Routine clinical pathology remained within nor-
mal limits for both hematologic and plasma/
chemistry parameters. The rapamycin-treated dogs
did show a significant decrease in the volume of
the red blood cells over the course of the study
(mean corpuscular volume, MCV) when compared
to placebo (Fy, 2, = 7.54, P = 0.012, linear model;
W =23.5, P =0.0086, Wilcoxon two-sided test). A
full table of blood parameters studied and changes
within treatment groups at weeks 0, 3, and 11 is
provided in Supplemental Table 1.

We also performed principal component analysis of
the clinical pathology data in order to identify possible
principal components that would separate rapamycin-
treated from placebo dogs. Analysis of the first 14
principal components suggested no significant differ-
ences between profiles of placebo and rapamycin-
treated dogs (data not shown).
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Table 3 Owner-reported symptoms and changes in behavior

Symptom/behavioral Placebo Low High
change (%) rapa rapa
(%) (%)
Increased water 3 (38) 1 (20) 4 (40)
consumption
Fatigue/lethargy 1(13) 1 (20) 3 (30)
Vomiting 2 (25) 2 (40) 2 (20)
Diarrhea 3 (38) 1 (20) 4 (40)
Cough 2 (25) 1 (20) 3 (30)
Skin irritation/rash 2(25) 2 (40) 2 (20)
Lipoma 1(13) 0 (0) 0(0)
Limping/slipping 2 (25) 2 (40) 0(0)
Constipation 1(13) 0 (0) 0(0)
Eye irritation 1(13) 0 (0) 1(10)
Increased appetite 1(13) 2 (40) 0 (0)
Decreased appetite 1(13) 0 (0) 0(0)
Weight loss 1(13) 0 (0) 0(0)
Increased energy 2 (25 2 (40) 7 (70)
More affectionate 0 (0) 2 (40) 2 (20)
Increased alertness 0(0) 0(0) 1(10)

Symptoms and changes in behavior reported by owners during the
10 weeks that their dog participated in the study. The number of
different dogs within each treatment for which a particular symp-
tom or change in behavior was reported at least once during the
study is shown with the percentage of dogs shown in parentheses

Echocardiography

Over the 11-week course of the study, we observed
significant changes in both diastolic and systolic func-
tion in rapamycin-treated dogs, but not in those treated
with placebo. Both the low- and high-dose rapamycin
treatment groups showed a trend toward improved frac-
tional shortening (FS), ejection fraction (EF), and E/A
ratio. When considered as a single group, the dogs
receiving rapamycin had improved FS that reached sta-
tistical significance (p < 0.05) relative to the placebo by
both the linear model and the non-parametric Wilcoxon
rank sum test (linear model: /5 5o = 5.05, P = 0.036;
Wilcoxon two-sided test: W= 91.0, P = 0.045). Neither
E/A ratio (linear model: F, 50 = 1.78, P = 0.197;
Wilcoxon two-sided test: W = 93.5, P = 0.029) nor EF
(linear model: F5, 59 = 4.06, P = 0.058; Wilcoxon two-
sided test: W = 77.5, P = 0.27) reached statistical sig-
nificance by linear model; however, E/A ratio did by
Wilcoxon two-sided test (Fig. 2). Low- and high-dose
rapamycin results are presented separately in Supple-
mental Fig. 1.

Discussion

Interventions that delay or reverse molecular mecha-
nisms of aging have the potential to greatly improve
health for companion animals and humans alike; how-
ever, major challenges must be overcome before such
interventions can be brought from the laboratory to the
clinic (Kaeberlein et al. 2015). In this study, we have
taken a first step toward this goal by testing the effects of
rapamycin, the most effective pharmacological agent for
increasing lifespan and healthspan in mice and on age-
related cardiac function in companion dogs. We find that
10 weeks of low-dose rapamycin treatment in middle-
aged dogs is well-tolerated, with no overt side effects
relative to placebo, and with improvements in left ven-
tricular cardiac function that are comparable to what has
been previously reported from a similar regimen in
middle-aged mice (Dai et al. 2014; Flynn et al. 2013;
Neff et al. 2013).

Side effects

Rapamycin has been reported to cause certain clinico-
pathologic changes when given to human patients at
immunosuppressive doses (Brattstrom et al. 1998;
Khan et al. 2016; Alexandre et al. 1999), but this study
provides the first comparable data for dogs given
rapamycin in non-immunosuppressive doses.

While the pharmacokinetics and pharmacodynamics
of both orally and parenterally administered rapamycin in
dogs are known (Paoloni et al. 2010; Larson et al. 2016),
no data on its use for periods exceeding 7 days in com-
panion dogs have been previously published. Thus, the
primary goal of this study was to determine whether low,
non-immunosuppressive doses of rapamycin would
cause significant clinical side effects in privately owned
domestic dogs when given orally over a 10-week period.
This included screening the dogs for clinical changes, as
well as hematological and echocardiographic changes.

In this study, all parameters considered in routine
bloodwork remained within normal limits in both the
treatment and the placebo groups for the duration of the
study period. This mirrors findings in marmosets, where
14 months of oral rapamycin treatment did not result in
significant changes to the animals’ hematocrit and red
and/or white blood cell counts (Tardif et al. 2015), their
blood lipids, or their blood glucose (Ross et al. 2015).
Changes in behavior such as increased water consump-
tion and altered appetite occurred with similar frequencies
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Fig. 2 Differences in fractional
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in the placebo and treatment groups in the dogs of our
report, as did minor adverse events such as vomiting,
fatigue, diarrhea, lethargy, and skin irritation (Table 3).
It is interesting to note that the mean corpuscular
volume was significantly diminished in rapamycin-
treated dogs after 10 weeks when compared to that of
placebo. Hematocrit did not change significantly be-
tween treatment and placebo (P = 0.803), which in
combination with the observed decrease in the MCV
may indicate longer red blood cell survival, as the MCV
tends to decrease as the red blood cells age. A decrease
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in red blood cell size in response to treatment with
rapamycin has previously been described in vitro
(Edinger et al. 2003). It is also interesting to note that
older humans have lowered red blood cell survival
times, which are reflected in an MCV increase with
age, and increased MCV has also been linked to de-
creased cognitive performance in older humans
(Gamaldo et al. 2013). This may indicate an attenuation
by rapamycin of an age-related change in red blood cell
volume that is known to predict adverse outcomes in
humans, and it provides additional justification for
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studying cognitive function in future studies of
rapamycin in aging dogs.

Effects on cardiac function

Both systolic and diastolic functions are known to dete-
riorate with age in dogs (Templeton et al. 1976) as well
as in humans (Xu and Daimon 2016; Parikh et al. 2016).
Among these age-associated changes are reduced stroke
volume and cardiac output as signs of systolic dysfunc-
tion (though not necessarily accompanied by a reduced
EF), and a reduced E/A ratio as a sign of diastolic
dysfunction. Additionally, age increases the risk of de-
generative valve disease (DVD) in both humans (Singh
et al. 1999) and dogs (Urfer et al. 2017; Detweiler and
Patterson 1965; Jones and Zook 1965).

While there is evidence that rapamycin improves
age-related deterioration of cardiac function in laborato-
ry mice (Dai et al. 2014; Flynn et al. 2013), no such
effect has been demonstrated in dogs or other animals
existing in a natural environment. Our study provides
the first evidence that rapamycin may partially reverse
age-related heart dysfunction in dogs by improving
measures of both diastolic and systolic functions. Al-
though the effects reported here do not reach statistical
significance (p < 0.05) for each measure, likely due to
the relatively small sample size and high individual
heterogeneity (see Supplemental Fig. 2 for power
analysis), all three of the outcomes (EF, FS, and E/A
ratio) showed trends toward improved function follow-
ing rapamycin treatment, and two of them (FS and E/A
ratio) reached statistical significance. In this context,
caloric restriction (CR) is known to inhibit mMTOR and
also shows beneficial effects on heart function in aged
mice that are similar to those induced by rapamycin (Dai
et al. 2014), and one study reports lifespan and
healthspan extension from CR in dogs maintained in
the laboratory (Kealy et al. 2002), possibly also through
the inhibition of mTOR. Our results thus indicate that
pharmacological inhibition of mTOR in older dogs like-
ly has effects on heart function that are consistent with a
reversal of age-related functional changes.

Comparing the scatter plots in Fig. 2, it appears that
FS improvement was most prominent in rapamycin-
treated dogs with lower baseline values, while dogs that
had higher values at baseline did not improve as much in
response to rapamycin. This may point toward the exis-
tence of a physiological upper limit to FS during systole,
which would make using individual dogs as their own

controls (as in the linear model applied here) a more
powerful approach to detect improvement. In addition,
this may suggest that at least for certain functional pa-
rameters, the impact of rapamycin on age-related decline
in heart function will depend on the degree of decline
already present in each individual. It will be of interest to
determine whether differential individual outcomes are
observed for other functional measures following
rapamycin treatment in future studies.

Possible effects of rapamycin on behavior

The relatively small number of dogs studied here pro-
hibits us from reaching a definite conclusion regarding
any behavioral effects of rapamycin. However, it is
interesting to note that some changes in behavior that
were considered to be positive by owners appeared to
occur with greater frequency in the rapamycin-treated
dogs. Seventy percent (7/10) of the owners whose dogs
received the higher rapamycin dose reported that their
dog displayed increased activity and energy, as did 40%
(2/5) of those whose dogs received the lower dose,
compared to 25% (2/8) of owners whose dogs received
the placebo. While we make no claims as to whether this
represents a real effect of rapamycin in these dogs, such
an effect would reflect previous reports of increased
activity in rapamycin-treated mice (Flynn et al. 2013;
Miller et al. 2011) and would be consistent with anec-
dotal reports from owners who have independently be-
gun treating their dogs with rapamycin (Cohen 2016).

Similarly, 20% (2/10) of owners in the high
rapamycin group and 40% (2/5) of owners in the low
rapamycin group reported that their dogs’ behavior
changed in a way they interpreted as more affectionate,
while none of the owners in the placebo group reported
this behavioral change. If such an effect can be con-
firmed in a future larger scale trial, one possible expla-
nation could be the anti-inflammatory effects of
rapamycin reducing pain associated with arthritis.
Rapamycin is also known to improve cognitive function
in middle-aged mice (Halloran et al. 2012; Majumder
etal. 2012), and it is possible that rapamycin could alter
cognitive function in dogs in a way that induces these
behavioral changes. It will be of particular interest to
determine whether similar effects are observed in future
longer term studies and to directly assess cognitive
function and inflammatory state in dogs receiving
rapamycin.
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Conclusion

To summarize, this initial study of rapamycin in healthy,
middle-aged dogs showed that low-dose rapamycin
treatment is safe over a period of 10 weeks and appears
to recapitulate some of the same beneficial effects that
have been described for mTOR inhibition in mice. The
low number of dogs and multiple comparisons per-
formed limit our statistical power, and the relatively
short duration did not allow us to determine whether
the rapamycin-treated dogs had increased lifespan and
healthspan compared to placebo. The absence of signif-
icant side effects here is consistent with findings from
studies on marmosets in captivity (Ross et al. 2015) as
well as prior studies of rapamycin in laboratory dogs (Yi
et al. 2014). Unlike these prior studies, however, the
dogs in this study were living in their normal home
environment, providing an important demonstration that
rapamycin can be safely administered to companion
dogs with the potential for significant health benefits.
Based on these findings, we are planning additional
randomized clinical trials involving larger cohorts of
middle-aged dogs that will be studied over a longer
period of time. This will allow us to perform more
powerful analyses of rapamycin’s effects on heart func-
tion and behavior and help us determine whether there
are differences in mortality, as well as the onset and
prevalence of the various diseases that share aging as
their common risk factor.
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