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Abstract
Previous investigations have demonstrated that treatment of animals with rapamycin 
increases levels of autophagy, which is a process by which cells degrade intracellular 
detritus, thus suppressing the emergence of senescent cells, whose pro-inflammatory 
properties, are primary drivers of age-associated physical decline. A hypothesis is 
tested here that rapamycin treatment of mice approaching the end of their normal 
lifespan exhibits increased survival, enhanced expression of autophagic proteins; and 
klotho protein—a biomarker of aging that affects whole organism senescence, and sys-
temic suppression of inflammatory mediator production. Test groups of 24-month-old 
C57BL mice were injected intraperitoneally with either 1.5 mg/kg/week rapamycin or 
vehicle. All mice administered rapamycin survived the 12-week course, whereas 43% 
of the controls died. Relative to controls, rapamycin-treated mice experienced minor 
but significant weight loss; moreover, nonsignificant trends toward decreased levels of 
leptin, IL-6, IL-1β, TNF-α, IL-1α, and IGF-1, along with slight elevations in VEGF, MCP-1 
were observed in the blood serum of rapamycin-treated mice. Rapamycin-treated 
mice exhibited significantly enhanced autophagy and elevated expression of klotho 
protein, particularly in the kidney. Rapamycin treatment also increased cardiomyocyte 
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1  |  INTRODUCTION

The present investigation is a continuation of efforts to characterize 
the underlying basis for the physical deterioration associated with 
normal multicellular aging, which includes painful and debilitating 
chronic diseases such as cardiovascular syndromes, cancer, and 
neurodegeneration.1,2 A novel concept explored here is the capac-
ity of rapamycin to increase expression of klotho protein as a cor-
relate of increased survival of the drug-treated animals, along with 
autophagic biomarker proteins and other effects described here. 
The major focus of this work is the extent to which treatment of 
mice approaching the end of their normal expected median lifespan 
with rapamycin, an inhibitor of the serine threonine kinase mTOR, 
affects the survival of the animals and several critical indicators of 
age-related physical deterioration. Special attention is given to the 
effects of this treatment on expression of the Klotho gene, expres-
sion of which in mice correlates strongly with median lifespan and 
whole organism viability.3 Previous research analyzing the klotho 
protein's influence on age-associated physical decline revealed that 
mice deficient in this molecule exhibited accelerated rates of aging.4 
Moreover, silencing Klotho expression was observed to dramatically 
increase the incidence of age-related diseases such as arterioscle-
rosis, osteoporosis, decreased physical activity, pulmonary emphy-
sema, atrophy of skin, and muscle and impaired cognitive function. 
Moreover, decreased klotho levels were found in elderly mice lead-
ing to age-related cardiac complications including heart failure, 
hypertrophy, and remodeling, which were reverted by exogenous 
klotho.5 Conversely, overexpression of klotho mediated increased 
life expectancy.3,6

Physical aging may be best described as an increasingly severe 
deterioration in organ function occurring in most animals once the 
peak reproductive timeframe has passed. Conceptually, this process 
may be most comprehensively visualized as a progressive shift in cel-
lular phenotypes within each tissue of an individual to cells that ei-
ther fail to contribute to organ function or disrupt healthy tissue and 
organ homeostasis. Aging also influences cardiac contractility at the 
cellular level via altering cardiac ion homeostasis and expression of 
contractile proteins.7 Furthermore, recently enhanced cardiac aging 
was demonstrated in Klotho deficient mice, which was mediated 
by impaired autophagy.8 Increasing the level of autophagy through 
mTOR inhibition is potentially a potent clinical tool for a wide range of 
disorders, as demonstrated, for example, by the success of Hyttinen 
et al. in reducing the severity of macular degeneration by rapamycin-
mediated mTOR suppression and autophagy amplification in retinal 

cells of patients afflicted with the disorder.9 Furthermore, inhibition 
of mTOR signaling by rapamycin was shown to suppress vascular cal-
cification, in which upregulation of klotho was found to play a major 
role.10 Based on the outcome of this and similar clinical evidence, the 
major working hypothesis for the present study is that treatment of 
mice with rapamycin will cause systemic mTOR suppression, with 
resulting general increases in autophagy. Further, it is expected that 
this treatment will cause “senolytic” effects—a reduction in senes-
cent cell burden in each animal.

2  | MATERIALS AND METHODS

2.1  | Animals

Animals used in the present study were male C57Bl6 mice with an 
average weight of 42.5 ± 8.5 g. C57Bl/6 mice are commonly used in 
aging research, and males typically outlive females.11-13 The age of 
these animals, based on information provided by the vendor (Charles 
River Laboratories), was between 650 and 750 days, with an average 
value of 24 months, an age range near the end of the observed me-
dian lifespan for this species, which may be extended by treatment 
with rapamycin.14 Accordingly, within this report, the mice used for 
these experiments are designated “elderly.” They were provided 
with standard rodent chow pellets (R/M-Z + H, ssniff Spezialdiäten 
GmbH, Soest, Germany) and water ad libitum and housed at an am-
bient temperature of 25 ± 2°C, with a relative humidity of 55% ± 5%, 
and a 12-h light–dark cycle. These housing conditions were selected 
as optimal for mice based on previous research by the authors using 
this model. Mice are known to thrive well at or slightly below their 
thermoneutrality range of ~29–32°C, which exceeds that of humans 
(~22°C).15 All mice used in the present study had been acclimatized 
in the investigator's facility for at least 18 months prior to the initia-
tion of the study.

2.2  |  Treatment protocol, survival assessment, and 
biospecimen collection

Twenty-four-month-old C57BL male mice, were segregated into 2 
groups of 7–8 animals each: a treatment group, members of which, 
beginning at 24 months, were administered 1.5 mg/kg rapamycin 
via interperitoneal (IP) injection once per week; and a control co-
hort, treated weekly with injection vehicle IP. Rapamycin (Tocris 

Ca2+-sensitivity and enhanced the rate constant of force re-development, which may 
also contribute to the enhanced survival rate in elderly mice.
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Bioscience) was dissolved in ethanol as a stock solution of 15 mg/mL, 
then further diluted to 0.15 mg/mL in PBS containing 5% Tween-80, 
5% PEG400, and 4% ethanol as described by Leontieva et al.16 
Treatment regimens were 12 weeks in duration. Body weight of mice 
was measured every week prior to the treatment. 8 days after the 
final injection of either rapamycin or vehicle, mice were anesthe-
tized with an intraperitoneal pentobarbital sodium injection (60 mg/
kg), and blood samples were obtained. After blood collection, under 
deep anesthesia, adipose tissue, brain, kidney, liver, muscle, lung, 
and heart were isolated and placed in liquid nitrogen. Blood and tis-
sue samples were subsequently stored at −80°C. Molecular biologi-
cal analyses is described below in the present report. Time course 
assessments of survival for each group of mice were conducted ac-
cording to the methods of Harrison et al.14 This experimental strat-
egy as described by Harrison et al. was selected by authors of the 
present report as an optimal approach to providing solid preliminary 
data on rapamycin-mediated survival in this study.15

2.3  |  Blood solute measurement

Following 12-week treatment with rapamycin or vehicle and prior 
to sacrifice, peripheral blood was collected from left external jugu-
lar vein of each animal using separator tube. After collection of the 
whole blood, it was allowed to clot by leaving it undisturbed at room 
temperature for 15 min. After that, it was centrifuged at 1500g for 
15 min in a refrigerated centrifuge at 4°C. Mouse obesity enzyme-
linked immunoassay (ELISA) Strip for profiling cytokines (Signosis 
Inc.) kit was used to determine the levels of leptin, TNF-α, IL-6, IGF-
1, IL-1α, IL-1β, VEGF and MCP-1. Samples were applied in one strip of 
a 96 well plate and were incubated for 2 h at room temperature with 
gentle shaking. After 3 washings, 100 μL of diluted biotin-labeled an-
tibody mixture was added to each well and incubated for 1 h at room 
temperature with gentle shaking. After 3 washings, 100 μL of diluted 
streptavidin-HRP conjugate were added to each well and incubated 
for 45 min at room temperature. Repeating the washing step, 100 μL 
of substrate was added to each well and incubated for 30 min. Then 
50 μL of stop solution was added to each well, and the optical den-
sity of each well was determined with a microplate reader at 450 nm.

2.4  |  Protein isolation

Approximately 100 mg of white adipose tissue, brain (cerebellum), 
kidney, muscle, lung, and heart (left ventricle) was lysed in 400 μL of 
isolating buffer (RIPA buffer containing 50 mM Tris–HCl, 1% NP-40, 
0.5% Na-deoxycholate, 0.1% SDS, 150 mM NaCl, 2 mM EDTA, 50 mM 
NaF, 1 mM orthovanadate (a phosphatase inhibitor), 10 mM okadaic 
acid, 1 mM PMSF, and 1× protease inhibitor cocktail) using a pol-
ytron homogenizer. Homogenates were incubated for 60 min at 4°C. 
After that, they were centrifuged at 15142 g at 4°C for 10 min. The 
supernatant was transferred to a new tube. The protein concentra-
tion was determined by a BCA Protein Assay Kit (Thermo Scientific) 

using bovine serum albumin (BSA) as the standard. Samples were 
mixed with Laemmli buffer and boiled for 10 min.

2.5  | Western Blot analysis

Western blot analysis was carried out according to the Chemidoc 
Touch Imaging System protocol (Bio-Rad Laboratories). A total of 
75 μg of protein from each sample were loaded and separated on 
7.5% TGX Stain-Free gel for klotho (Bio-Rad Laboratories) and 12% 
TGX Stain-Free gel for p62 and LC3B-II. After separation, gels were 
exposed to UV light (thereby, trihalo compounds contained in stain-
free gels covalently bind to tryptophan residues in proteins, allow-
ing total protein quantification), and proteins were transferred to 
polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories, 
Hercules, CA, USA). After blocking the membranes with 5% nonfat 
dry milk in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h, 
membranes were incubated with the primary antibody solution at 
4°C overnight. Membranes were washed with TBST 3 times and in-
cubated with horseradish peroxidase (HRP)-conjugated secondary 
antibody solution (1/2000, Cell Signaling Technology) for 1.5 h at 
room temperature. After washing, the membranes were developed 
using Clarify Western ECL Substrate (Bio-Rad Laboratories) and the 
optical density of the bands was measured by using the ChemiDoc 
Touch Imaging System. The expression of the protein of interest 
was normalized against the total amount of protein in each lane.17,18 
The results were evaluated by Image Lab 5.2.1 software (Bio-Rad 
Laboratories).

2.6  |  Immunohistochemistry

The kidney samples were fixed in PBS buffered formaldehyde solu-
tion (4%) at pH 7.4 for 1 day. After that, samples were embedded in 
paraffin wax, and 4 um slides were made and deparaffinized using 
xylol and ethanol. Slides were treated with H2O2 (0.5%, 20 min) 
to inhibit endogenous peroxidase activity, then subjected to anti-
gen retrieval in a buffer solution (pH 9.0, RE7119, Leica, Wetzlar, 
Germany). For immunohistochemistry, samples were incubated with 
Dako EnVision FLEX Peroxidase-Blocking Reagent (Dako, Glostrup, 
Denmark) for 5 min in a wet chamber, and washed with EnVision™ 
FLEX Wash Buffer. Antigen retrieval was performed in the epitope 
retrieval solution (RE-7119, Leica, Wetzlar, Germany) at pH 9.0 with 
a pressure cooker. Slides were then washed with distilled water and 
EnVision™ FLEX Wash Buffer. Samples were then incubated with 
Klotho (ab 154 163, Abcam, USA) primary antibody at a dilution 
of 1:200 in EnVision™ FLEX Antibody Diluent at pH 6.0 for 1 h in a 
wet chamber at room temperature. Slides were then washed with 
EnVision™ FLEX Wash Buffer 3 × 5 min. The samples were then in-
cubated with EnVision™ Flex+ Rabbit linker (15 min), and EnVision™ 
Flex/HRP enzyme (30 min) in the wet chamber followed by another 
washing step. Detection of antibody binding was achieved by incu-
bation with the EnVision™ FLEX/HRP for 30 min, in the wet chamber 
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followed by another washing step. Slides were then incubated with 
DAB solution for 1–10 min (EnVision™ FLEX DAB+ Chromogen). 
Rinse in running tap water for 2–5 min. Dehydrate through 95% eth-
anol for 1 min, and 100% ethanol for 2 × 3 min. Clear in xylene for 
2 × 5 min and cover with mounting medium. The intensity and dis-
tribution of immunostaining was assessed by light microscopy (Leica 
DM2500 microscope, DFC 420 camera, and Leica Application Suite 
V3 software, Leica).19

2.7  |  Force measurement in permeabilized left 
ventricular cardiomyocytes

Force measurements were performed as described by Papp et al.20 
Briefly, frozen left ventricular (LV) tissue samples from control and 
rapamycin-treated mice were mechanically disrupted in isolating 
solution (ISO) (1 mM MgCl2, 100 mM KCl, 2 mM EGTA, 4 mM ATP, 
10 mM imidazole, pH 7.0) containing 0.5 mM phenylmethylsulfonyl 
fluoride, 40 μM leupeptin, and 10 μM E-64 protease inhibitors (Sigma-
Aldrich). The mechanically isolated cardiomyocytes were incubated 
in ISO supplemented with 0.5% (v/v) Triton X-100 (Sigma–Aldrich) 
for 5 min at 4°C. Single permeabilized cells were attached with sili-
cone adhesive (DAP 100% all-purpose silicone sealant) between two 
thin, stainless steel stylus (‘insect’) needles, connected to a sensitive 
force transducer (SensoNor, Horten, Norway) and an electromag-
netic high-speed length controller (Aurora Scientific Inc.) in ISO at 
15°C. Isometric force measurements were performed by transfer-
ring the cardiomyocytes from relaxing to activating solutions. The 
compositions of activating and relaxing solutions were calculated as 
described previously.21 All solutions were supplemented with pro-
tease inhibitors (0.5 mM phenylmethylsulfonyl fluoride, 40 μM leu-
peptin, and 10 μM E-64 (Sigma-Aldrich). Ca2+ concentrations were 
estimated as −log10 [Ca2+] (M) (pCa) units accordingly, the pCa of 
the activating and relaxing solutions was 4.75 and 9.0, respectively. 
At a given Ca2+ concentration, one contraction was measured in 
each myocardial cell. When testing stability, individual myocar-
dial cells were activated at the beginning and end of the measure-
ment series with the solution with the highest Ca2+ concentration 
(pCa = 4.75). During the evaluation of the measurement results, only 
those preparations were evaluated where, at the end of the experi-
mental protocol, the maximum contractile force of the cell reached 
80% of the initial value. The intermediate Ca2+ concentration (pCa 
5.4) was calculated from the mixture of activating (pCa 4.75) and 
relaxing solutions (pCa 9.0) by a previously reported approxima-
tion.21 Accordingly, pCa 4.75 corresponds to approx. 18 micromoles, 
pCa 6 corresponds to a concentration of about 1 micromol, and pCa 
9 corresponds to 0 micromoles of Ca2+. Each Ca2+ -activated con-
traction was followed by relaxation. Maximal Ca2+-activated force 
(Fmax,) was registered at pCa 4.75, while submaximal Ca

2+-activated 
force (Factive) was determined at intermediate [Ca

2+] (pCa 5.2–7.0) 
to construct pCa-force relationships. Factive values at intermediate 
[Ca2+] were normalized to Fmax (normalized Factive) and then fitted to 
a modified Hill equation (Origin 6.0, Microcal Software), creating a 

sigmoidal curve, to determine the Ca2+ sensitivity of the contractile 
machinery (pCa50). The Ca

2+-independent passive force (Fpassive) of 
cardiomyocytes was measured by shortening the preparations to 
80% of their original lengths for 8 sec in relaxing solutions. The sar-
comere length (SL) was adjusted to 2.3 μm; additionally, Fpassive was 
measured in relaxing solution. During single Ca2+ contractures, once 
the peak force was reached, the rate constant of force redevelop-
ment (ktr, max) was determined by a quick release–restretch maneuver 
in the activating solution. The original forces of every individual cell 
were normalized to myocyte cross-sectional-area, calculated by the 
width and height of the cardiomyocyte. Values of active or passive 
contractile force (Factive and Fpassive, respectively) were expressed as 
F = kN/m2, as described by Fabiato et al21).

2.8  | Data analysis

All data were analyzed by GraphPad Prism version 7 (GraphPad 
Prism Software). The unpaired t-test was used for comparisons be-
tween two groups. For most of the data shown in this report, 2–4 
measurements of a particular outcome were taken. Error bars on 
the figures represent the standard error of the mean (S.E.M.). The 
Kaplan–Meier method provided descriptive analysis of survival 
curves for the groups; survival curves were compared using log-rank 
tests.

Cardiomyocyte force generation was measured with a custom-
built system (utilizing the DAQ platform produced by National 
Instruments) and recorded by a custom-built LabVIEW (National 
Instruments) module. Results were evaluated in Excel (Microsoft, 
2007) and GraphPad Prism 5.0 (GraphPad Software). Error bars on 
the figures represent the standard error of the mean (S.E.M.). The 
values presented in this study were expressed as mean ± S.E.M. 
Statistical significance was calculated by an unpaired t-test. The 
level of statistical significance was p < 0.05.

3  |  RESULTS

3.1  |  Effect of rapamycin treatment on 12-week 
survival of elderly mice, and bodyweight

Figure 1A shows a comparison of the percentage of elderly mice in 
the group treated by IP injection with 1.5 mg/kg/week rapamycin 
versus the group of control animals receiving injection vehicles. As 
displayed, 43% of the control animals died during the 12-week eval-
uation period, whereas all of the rapamycin treated mice survived. 
As shown in Figure 1B, during the 12-week treatment period, the 
rapamycin-treated mice experienced a weight loss that was small but 
significantly more than the average weight lost by control animals 
(p < 0.05). At the outset of the treatment period, 7 animals were pre-
sent in the vehicle-treated control group, decreasing to 4 surviving 
animals after 12 weeks. Eight mice were present in the rapamycin 
group, all of which survived for 12 weeks.
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3.2  |  Rapamycin effect on humoral mediators of 
immune activity

Figure 2 shows the effect of IP rapamycin injections (one per week 
for 12 weeks) in elderly mice on serum content of immunoactive pro-
teins such as leptin, TNF-α, IL-6, IGF-1, IL-1α, IL-1β, VEGF, and MCP-1 
were evaluated using cytokine ELISA analysis of whole blood serum 
from the mice. Data outcomes of this experiment, shown in Figure 2, 
demonstrated that although no statistically significant differences 
in the content of any of the 8 solute molecules were detected, a 
nonsignificant trend toward levels of leptin (2A), IL-6 (2C), IL-1α (2E), 
TNF-α (2B), IL-1β (2F), and IGF-1 (2D) slightly decreased in the serum 
of rapamycin-treated mice versus controls was observed; moreover, 
a nonsignificant trend toward slightly elevated serum levels of VEGF 
(2G), MCP-1 (2H) and in rapamycin-treated mice versus control ani-
mals was also seen, as shown in Figure 2.

3.3  |  Influence of rapamycin on Klotho protein 
expression in liver, kidney, lung, muscle, adipose, 
brain, and heart tissue

Western blot data shown in Figure 3 depicts klotho protein content 
in selected tissues from elderly (24-month-old) C57BL6 mice, either 
treated with 1.5 mg/kg rapamycin or vehicle via intraperitoneal (IP) 
injection once per week; for 12-week time course regimens. Klotho 
protein expression in samples from rapamycin-treated mice was 
observed to significantly exceed klotho content in control mice for 
kidney (p < 0.001; Figure 3A); adipose (p < 0.005; Figure 3B); brain 
(p < 0.005) (Figure  3E) and heart (p < 0.05) (Figure  3F). Figure S1 
shows immunohistochemical staining of klotho protein in kidney ob-
tained from treated and control animals.

3.4  |  Effect of rapamycin treatment on autophagy-
related proteins in selected tissues

Figure  4 shows Western blot evaluation of selected tissues from 
rapamycin-treated, versus vehicle-treated control mice for the 
content of the apoptosis-associated proteins p62 and LC3B-II. The 
major findings include an observation of significantly elevated levels 
of LC3B-II in adipose tissue and kidney from rapamycin-treated mice 
(Figure 4A,B); and a rapamycin treatment reduction in adipose tissue 
and kidney expression of p62 relative to that in the same tissues 
of vehicle-treated control mice (Figure 4A,B) (p < 0.05). Rapamycin 
treatment enhanced the level of LC3-II and decreased p62 in heart 
and brain, however, it did not reach a significant level.

3.5  |  Effect of rapamycin treatment on 
cardiomyocyte contractility

To determine the effect of rapamycin on myofilament protein func-
tion Ca2+-activated, active (Factive), Ca

2+-independent, passive force 
(Fpassive), Ca

2+-sensitivity of isometric force production (pCa50), and 
the rate constant of force redevelopment at the maximal level of Ca2+ 
activation (ktr,max) were measured in left ventricular permeabilized 
cardiomyocytes. Measurements were taken at a sarcomere length of 
2.3 micrometers because this corresponds to the physiological sar-
comere length.22 The precise adjustment of the sarcomere lengths 
was performed using a video microscopy system, which allows the 
sarcomere length to be accurately measured by selecting the entire 
myocardial cell. Factive values in rapamycin-treated animals did not 
differ from those of drug-treated mice and vehicle-treated control 
animals. Moreover, Fpassive did not differ between the control and 
rapamycin-treated groups, either. The above results are illustrated in 

F IGURE  1 Effect of injected rapamycin on the survival of elderly mice, and body weight. The Kaplan–Meier assessment protocol was 
used during a 12-week period to evaluate the effect on survival of a test group of 24-month-old C57BL6 mice, treated once weekly with 
1.5 mg/kg rapamycin injections IP (n = 8), versus a group of control animals administered IP administration of injection vehicle (n = 7). Data 
outcomes are shown as the percentage of animals alive from each of the 2 groups at selected time points (A). Average body weight is shown 
in (B). Results are expressed as mean ± SEM. n = 4 in control. n = 8 in rapamycin-treated group. *p < 0.05 in comparison with the control group.
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Figure 5A–D, in detail. Nevertheless, pCa50 was higher in cardiomyo-
cytes isolated from hearts in the rapamycin-treated group than in 
vehicle-treated control animals (Figure 5E). Additionally, ktr,max was 
significantly higher in the rapamycin treated group than in controls 
(Figure 5F).

4  | DISCUSSION

The data shown here constitutes a starting point for examining the 
relationship between klotho activity and autophagy as a component 
of age-associated physical deterioration. Findings reported here 
and by other investigators raise the possibility of potential exploi-
tation of the bioactive properties of klotho in future strategies for 
prevention and therapy of age-associated pathologies. Moreover, 

recent demonstrations of cardio protection through induction of in-
creased klotho expression23 underscore the potential clinical value 
of research initiatives such as the effort on which the present re-
port is based, which expand understanding of the klotho protein and 
its possible preventive and therapeutic applications in the future. 
Indeed, the findings described here offer potentially enormous clini-
cal applications in the future development of rapamycin and klotho 
as increasingly versatile tools in the management of age-associated 
chronic illness and in possible life extension strategies. It is neverthe-
less important to understand that this prediction is subject to a sig-
nificant caveat regarding the clinical use of the Klotho gene product. 
The Klotho gene encodes α, β, and Klotho-related proteins.24 The 
extracellular domain of α-Klotho may be cleaved to release a soluble 
form into blood, urine, and cerebrospinal fluid, where it exerts its 
biological function as a humoral factor with weak ß-glucoronidase 

F IGURE  2 Effect of rapamycin 
treatment on the serum content of 
humoral immune mediators in peripheral 
blood of elderly mice. Whole blood serum 
obtained through centrifugation and 
clot expression, was assayed by ELISA 
for the immunoactive proteins leptin (A), 
TNF-a (B), IL-6 (C), IGF-1 (D), IL-1a (E), 
IL-1b (F), VEGF (G), and MCP-1 (H). Serum 
content of each protein is here displayed 
graphically as relative absorbance units 
at 450 nm expressed as mean ± SEM for 
serum from the test and control groups 
(n = 4–8).
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and sialidase activity and is an activator of TRPV5 and TRPV6 ion 
channels. It also inhibits growth factor signaling and oxidative stress. 
Additionally, the Klotho gene product exists as a type-I membrane 
protein that regulates the inflammatory response through interac-
tion with the transcription factor nuclear factor-kappa beta (NF-kB) 
proteins, with overexpression observed to extend vertebrate life 
span through modulation of the insulin/insulin-like growth factor-
1 (IGF-1) signaling pathway.25 Recently, researchers reported that 
Klotho exhibited a potent ability to suppress potentially pathologi-
cal apoptotic depletion of cardiac cells. Klotho protein was observed 
to mediate this effect through induction of the heat shock protein 
(hsp) 70 gene, with downstream inhibition of caspase-3 activation, 
increased expression of the pro-survival proteins Bcl-2, phosphoryl-
ated (p-)Akt, and Bad, and concomitantly reduced expression of the 
pro-apoptotic protein Bax.26 Findings of the present investigation 
with potential relevance to the development of improved strate-
gies for the management of diseases in which autophagic activity 
plays a role, include an observation of significantly elevated levels 
of LC3B-II in adipose tissue and kidney from rapamycin-treated mice 
and a reduction in rapamycin treatment in adipose tissue and kidney 

expression of p62 relative to that in the same tissues of vehicle-
treated control mice. Furthermore, similar trends were observed in 
the heart and brain. The critical relevance of p62, LC3B-II, and other 
regulators and biomarkers for autophagic processes is based on the 
(mostly) reciprocal relationship autophagy has with the underlying 
cellular and molecular pathogenesis exhibited by diseases of old age. 
Autophagy is the major countermeasure evolved by cells to defend 
against this process and is significantly diminished with advancing 
age.27,28 Accordingly, increased autophagy participates in the re-
moval of damaged and toxic proteins and organelles and protects 
against age-related chronic disease.29,30

Outcomes showing a rapamycin treatment-associated increase 
of LC3B-II in adipose tissue and kidney, indicate that autophagic ac-
tivity in these tissues is indeed augmented by rapamycin treatment. 
Moreover, high levels of klotho protein expression by the kidney, 
also increased by rapamycin, suggest the existence of some (as yet 
undefined) mechanism by which klotho may participate in the induc-
tion of autophagy. The existence and nature of such a mechanism 
are speculative and constitute a major objective of the ongoing aging 
research by authors of this article.

F IGURE  3 Influence of rapamycin on tissue-specific klotho protein expression. Western blot was used to detect expression of klotho 
protein, shown as the dependent variable in each graph in this figure as relative protein units. A comparison of klotho protein content of 
tissue from rapamycin-treated, versus vehicle-treated mice is shown for the kidney (A), adipose tissue (B), lung (C), skeletal muscle (D), brain 
(E), and heart (F); and *p < 0.05 **p < 0.01 ***p < 0.001 in comparison of klotho expression in selected tissues from rapamycin-treated mice 
versus the control group.
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Also intrinsic to these broad objectives is an analysis of how 
rapamycin affects cardiac myofilament function. The present in-
vestigation demonstrated, that although experiments conducted in 
the present study, failed to demonstrate significant enhancement 
of cardiomyocyte contractility, as shown in Figure 5. Nevertheless, 
rapamycin treatment increased pCa50, as shown in Figure 5E. This 
outcome confirmed findings by Brenda Schoffstall et al. in their eval-
uation of the capacity of rapamycin to modulate cardiac and skeletal 
muscle contraction.31 A further major outcome of the present in-
vestigation is the demonstration that rapamycin treatment signifi-
cantly increased the rate constant of muscle force redevelopment 
(ktr, max). Nevertheless, it was also observed that rapamycin treat-
ment did not alter Fpassive. Recently, Boldt and colleagues have shown 
a gradual increment in calcium sensitivity during the maturation of 
SD-rats.32 Earlier, results suggested decreased calcium sensitivity in 
myocytes obtained from rats with advanced age.33 These results in-
dicate that calcium sensitivity may be described by a parabola. Our 

results suggest that rapamycin and enhanced klotho expression can 
enhance calcium sensitivity and improve myofilament function in 
advanced age, which may contribute to enhanced survival.

In conclusion, based on the results of the work described here, 
this effect may exhibit a strong positive correlation with enhanced 
survival in the drug-treated group. Similar findings have been re-
ported earlier.14 Key findings of the present study also include ob-
servations that rapamycin treatment exerted a minor but significant 
inhibition of body weight gain; A particularly interesting outcome of 
this investigation is the rapamycin treatment-associated increase in 
klotho protein expression shown by Western blot. Figure 4 shows 
that levels of the apoptosis-associated proteins p62 and LC3B-II may 
be significantly modulated by rapamycin treatment in different tis-
sues. Finally, assessment of rapamycin's effects on cardiomyocyte 
contractile force demonstrates that this outcome may also be modu-
lated by the drug, thus offering future potential for its expanded use 
in cardiovascular medicine.

F IGURE  4 Influence of rapamycin on tissue-specific expression of apoptotic proteins p62 and LC3B-II. Western blot was used to detect 
expression of apoptosis-associated proteins p62 and LC3B-II. Amounts of these proteins in selected tissues is shown as the dependent 
variable in each graph in this figure as relative protein units estimated based on Western blot results. Comparison of p62 and LC3B-II protein 
content of tissue from rapamycin-treated, versus vehicle-treated mice is shown for kidney (A) adipose tissue (B), lung (C), skeletal muscle 
(D), heart (E), and brain (F). Relative protein content of tissues were normalized to the total protein level. *p < 0.05 in comparison of p62 and 
LC3B-II expression in selected tissues from rapamycin-treated mice versus the control group.
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5  |  LIMITATIONS

In summary, a major objective of this investigation and its unique 
value to ongoing exploration of the underlying features of the aging 
process is that this study provides preliminary insight into how ra-
pamycin affects klotho protein expression in the organs studied 
here – since klotho is also known to mediate processes that affect 
normal aging.3,6 Here, the investigators structured this initial evalu-
ation of rapamycin'seffects on klotho within the same investigative 
venue as an evaluation of rapamycin's effects on the expression 
of proteins involved in regulation of autophagy. The rationale for 
grouping these topics within a single small study is that autophagy 
is a process that is intrinsic to cellular senescence and is promoted 
by rapamycin-mediated inhibition of mTOR (Haines et al, 2013,27), 
making a simultaneous comparison of rapamycin effects on both 
autophagy and klotho useful for ongoing and future research. The 
study on which this report is based was small and preliminary and 
did not seek to define specific cellular and molecular details of 
processes contributing to senescence. Continuing research by the 
authors into pharmacological intervention in mTOR-dependent as-
pects of cellular and whole-organism senescence will build on the 
investigative paradigm used here, while acknowledging that aspects 
of the original experimental design limited the breadth of conclu-
sions that may be drawn from data outcomes shown here. Seven 

major limitations on use of this report as an information source—and 
approaches for overcoming these limitations in future investigation 
of rapamycin effects on age-related processes are summarized as 
follows: (1) Rapamycin-associated suppression of body weight gain 
shown in Figure 1 did not incorporate relative total fat mass meas-
urements. (2) Male C57Bl/6 mice typically outlive females – which 
influenced the model selection for these experiments. Future stud-
ies will nevertheless evaluate the influence of sex differences on 
study outcomes. (3) Three animals from the control group died. No 
gross evidence of lethal pathology was noted, however no autopsies 
were performed—resulting in some ambiguity of outcome. (4) In the 
present study, the investigators typically made 2–4 measurements 
for each outcome displayed and independent t-tests to were used to 
determine significance. For future studies in the same range of sam-
ple size as was utilized in this investigation, nonparametric statistics 
would be more appropriate. (5) It is here acknowledged that descrip-
tion of time course data outcomes of this study, such as survival of 
elderly animals would have benefitted by correlation with monitor-
ing of senescent cells. Nevertheless, despite limitations imposed by 
constraints on sample size and range of testing, the basic objective 
of the study was achieved. Specifically, it was demonstrated that ra-
pamycin treatment of the elderly mouse population utilized, did in 
fact correlate with enhanced survival of the treated, versus control 
mice—along with changes in senescence- and autophagy-associated 

F IGURE  5 Rapamycin treatment effects on cardiomyocyte force production. (A) shows active force in kilonewtons per square meter 
(Factive, kN/m

2) at selected concentrations of calcium ions for rapamycin-treated and vehicle-treated (control) mice. [Ca2+] is expressed as 
pCa (−log [Ca2+] in units of M). The relative active contractile force (Factive (kN/m

2) exerted by cardiomyocytes from vehicle-treated control 
mice versus those receiving rapamycin injections at an arbitrarily selected (representative) pCa of 5.25 is displayed in (B), and a comparison 
of passive contractile force (Fpassive (kN/m

2)) exerted by cells from vehicle-injected control mice, versus those treated with rapamycin at 
a pCa2+ of 5.25 is shown in (C). The Origin 6.0, Microcal Software was used with normalized Factive values to create a sigmoidal curve for 
the determination of the Ca2+-sensitivity of force production (pCa50) (D). pCa50 was considered the [Ca

2+] generating half maximal force 
(E), and the rate constant of force redevelopment (ktr,max) at maximal activation was determined following rapid release and re-stretch (F). 
Data were obtained from cardiomyocytes of vehicle-treated control mice (white columns), and of rapamycin-treated mice (shaded columns). 
Results of measurements in cardiomyocytes from rapamycin-treated animals are expressed as mean ± SEM. *p < 0.05 in comparison with 
cardiomyocytes from vehicle-treated control mice.
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biomarkers consistent with senolytic outcomes. (6) mTOR signaling 
was not measured in the present investigation. Assessment of the 
effects of inhibition of this enzyme by rapamycin would have been 
useful. (7) Senescent cell representation in tissue was not measured 
in the present investigation, a limitation which constrains interpreta-
tion of rapamycin effects on a major driver of age-associated physi-
cal deterioration for each of the tissues examined.
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