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Abstract

Heat shock proteins (HSPs) are molecular chaperones with roles in longevity and muscular 
preservation. We aimed to show elevating HSP70 improves indices of health span. Aged C57/BL6 mice 
acclimated to a western diet were randomized into: geranylgeranylacetone (GGA)-treated (100 mg/
kg/d), biweekly heat therapy (HT), or control. The GGA and HT are well-known pharmacological and 
environmental inducers of HSP70, respectively. Assessments before and after 8 weeks of treatment 
included glycemic endpoints, body composition, and muscular endurance, power, and perfusion. An 
HT mice had more than threefold, and GGA mice had a twofold greater HSP70 compared with control. 
Despite comparable body compositions, both treatment groups had significantly better insulin 
sensitivity and insulin signaling capacity. Compared with baseline, HT mice ran 23% longer than at 
study start, which was significantly more than GGA or control. Hanging ability (muscular endurance) 
also tended to be best preserved in HT mice. Muscle power, contractile force, capillary perfusion, and 
innervation were not different. Heat treatment has a clear benefit on muscular endurance, whereas 
HT and GGA both improved insulin sensitivity. Different effects may relate to muscle HSP70 levels. 
An HSP induction could be a promising approach for improving health span in the aged mice.
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Heat shock proteins (HSPs), named after the observed up-regulation 
following heat shock, are a family of protective chaperone proteins 
that maintain normal cellular function when cells are under vari-
ous stressors. During response to stress, the transcription factor heat 
shock factor 1 (HSF1) binds to the promoter region of the HSP 
genes. The HSP70 mRNA transcripts are the most abundant (1), and 
both HSF1 activation and expression of HSP70 have been shown 

to decrease with age (2). Aging is associated with generally reduced 
levels of heat shock protein 70 (HSP70), which plays a conserved 
role in cellular homeostasis in all species (3). Genetic manipulation 
to increase generalized HSP70 levels has improved lifespan in inver-
tebrate models (4), and thus it is the focus of our studies.

It has been demonstrated that aged muscle tissue does not 
increase HSP production in adaptation to normal exercise (5); 
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however, increases in muscle mass and function can be generated 
by pharmacological induction or overexpression of HSP70 (6,7). 
Specifically, increasing HSP70 with the pharmacological agent, gera-
nylgeranylacetone (GGA) has significantly increased muscle mass in 
young rats and improved their obese, insulin resistant phenotype (8). 
Preclinical experiments have demonstrated that systemically admin-
istered HSP70 localizes to skeletal muscle (9), and that overexpres-
sion of muscle HSP70 inhibits forkhead box O which is involved in 
disuse atrophy (10). Sarcopenia, defined as the loss of both skeletal 
muscle mass and function, and affects up to 45% of older adults 
with prevalence increasing with age (11). Sarcopenia, endothelial 
dysfunction, and insulin resistance are all common comorbidities 
seen with aging, and they set the clinical stage for diabetes, cardio-
vascular disease, and fall risk which are all conditions of great public 
health significance. The generalized process of aging is character-
ized by a systemic decline in function and the inability to maintain 
homeostasis. The HSPs are critical for cellular homeostasis; however, 
neither none of the effects of interventions to increase HSP70 pro-
tein levels have been evaluated with respect to age-related muscle 
function or mass, nor is the mechanism known by which observed 
improvements in muscle mass or function occur.

Reduced muscle HSP70 protein and gene expression has also been 
noted in younger insulin-resistant and hyperglycemic people, mon-
keys, and rodents (12–14). Insulin-like signaling influences lifespan 
in lower species and insulin resistance contributes to unhealthy aging 
in humans (15). Recent studies have shown that systemic insulin 
sensitivity can be improved in rodent and nonhuman primate mod-
els through pharmacological and heat induction of HSPs (12,16). 
Improved insulin sensitivity of skeletal muscle has been demon-
strated following HSP induction (17). Improved insulin action at the 
level of the myocyte results from increased capillary recruitment and 
nutritive delivery, and increased anabolic signaling pathways within 
the cell (18,19). The purpose of the current study was to investigate 
whether increases in HSP70 may improve health span by attenuating 
indices of sarcopenia and insulin resistance in aged mice.

Methods

Animals
Aged (20-month old) female C57BL/6 mice sourced from the NIH 
NIA rodent colony were used for this study. Females were used as 
sex differences in mouse sarcopenia are not consistently reported 
(20). Mice were housed 2 to 5/tub in 11.5 × 7.25 × 5 in tubs in 
accordance to treatment group. Lights were on 600–1800 hours. 
Experimental diet that was constructed in-house was supplied at 7 
g/mouse/d and water was available ad libitum. Diet intake was esti-
mated by weekly measurement of the difference between diet fed 
and that remaining at the end of 24 hours. All animal manipula-
tions were performed according to the guidelines of state and federal 
laws, the U.S. Department of Health and Human Services, and the 
Animal Care and Use Committee, Wake Forest School of Medicine. 
Wake Forest University is fully accredited by the Association for 
Assessment and Accreditation of Laboratory Animal Care.

Study Design
All animals consumed a western diet consisting of 36% of calories 
as fat, 48% calories as carbohydrate, and 16% of calories as protein. 
This diet was chosen to accentuate age-related deficits in glucose 
tolerance and ensure the study was conducted under a nutritionally 
relevant context for the human population.

Twelve mice were used to evaluate the time course of the heat 
shock response after a single hyperthermia session. Three mice were 
randomized to be assessed as control (CTL), 24, 48, or 72 hours post-
heat treatment (HT). The HT mice received dry-heat therapy (HT) by 
a radiant heat lamp placed over a closed container, which was kept at 
41 ± 2°C for 20–30 minutes. Mice were sacrificed with collection of 
their gastrocnemius muscle for HSP70 concentration determinations.

Forty-two aged mice were assessed after chronic, repeated, HSP 
induction by pharmacological or by hyperthermia as described ear-
lier. Mice underwent a 6-week acclimation period consuming the 
western diet before being randomized by body weight into one of 
three treatment groups (n = 12–15/group) for an 8-week study: GGA-
treated, heat-treated (HT), or CTL. Mice were nearly 24 months of 
age at study end. During the study, mice were maintained on the 
western diet; GGA mice received 100 mg/kg/day compounded into 
their diet. Estimates of dose delivered was made by calculating aver-
age diet intake per mouse. The HT mice were exposed twice weekly. 
Body temperature data was recorded using implantable temperature 
transponder chips inserted subcutaneously on the dorsum between 
the shoulder blades (Bio Medic Data Systems, Seaford, DE). All mice 
were scanned twice weekly, prior to heat treatment, to obtain body 
temperature measurements. All mice were moved and handled along 
with the HT mice on treatment days to ensure comparable stress 
exposure. Bodyweight data was recorded once weekly. Assessments 
were done at 96 hours after the final heat treatment.

Skeletal Muscle HSP70
Tissue levels at study end were quantified by immunoblotting. 
Gastrocnemius muscle was homogenized (Tissue-Tearor BioSpec 
Products Inc., Bartlesville, OK) using optimized buffers (Bioscource, 
Invitrogen Inc., Carlsbad, CA) with added reducing agents and pro-
teinase inhibitors (all reagents Sigma, St. Louis, MO). Following pro-
tein concentration quantification, equal amounts (40 μg) were resolved 
by SDS-PAGE and transferred to nitrocellulose membranes, using the 
Novex Mini-Cell Electrophoresis system (Invitrogen). Membranes 
were blocked overnight and probed with primary antibodies for 
HSP70 (StressMarq Biosciences, Victoria, CA) and appropriate sec-
ondary antibodies conjugated to fluorescent signals. The signal was 
detected, quantified (Odyssey CLx, Li-Cor Biosciences, Lincoln, NE), 
and normalized for GAPDH levels (Imgenex Corp., San Diego, CA).

Glucose Utilization
At week 8, glycated hemoglobin chain A1c was measured from 
whole blood to indicate long term glycemic control and a glucose 
tolerance test was performed as described previously (21). Glycated 
hemoglobin (A1c%) levels were measured through high-perfor-
mance liquid chromatography (Primus PDQ; Primus Diagnostics, 
Kansas City, MO). Fasting insulin was also measured by mouse-
specific ELISA assay (Mercodia, Uppsala, Sweden) and glucose by 
the glucose oxidase assay. Unstimulated gastrocnemius muscle tissue 
was assayed for total and tyrosine phosphorylated insulin recep-
tor substrate 1 (IRS1) and Akt (also known as protein kinase B) by 
ELISAs (Invitrogen, Camarillo, CA). Results are expressed as total 
and percent activated for each receptor.

Skeletal Muscle Performance
Treadmill endurance
During the initial acclimation period mice were introduced to the 
treadmill by placing the mice on the unmoving belt for 15 minutes. 
Acclimation continued for 4 days with speeds between 5 and 10 m/
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min and an incline set to 5°. Treadmill endurance was recorded at 
baseline and week 8. The belt was started at a slow speed (6 m/min) 
and accelerated by 1⅓ m/min every 3 minutes with the incline set to 
10°. Mice were run until exhaustion, defined as when the mouse was 
willing to sustain 2 seconds or more of sitting on hard bristles placed 
at each lane end, rather than return to the treadmill for a third time. 
Total run time was recorded for each mouse.

2-Limb and 4-limb hang time
Muscular endurance was evaluated at baseline and week 8 by 2-limb 
and 4-limb hang times. For 2-limb testing mice were suspended 
by the forelimbs from a high wire with padding below. Time was 
recorded from when the mouse initially gripped the wire with both 
forelimbs until the animal fell onto the padding below. If a mouse’s 
hind limb made contact with the wire, time was stopped, the mouse 
was repositioned, and the timer restarted. The 4-limb test was similar 
with the exception that mice were suspended by all four limbs onto 
wire mesh. The animal was placed onto the mesh, the timer started 
when the mesh was inverted, and was stopped when the mouse fell 
onto the padding below.

Grip strength
Muscle power was evaluated at baseline and week 8 by forelimb 
grip strength (Columbus Instruments Grip Strength Meter DFIS 10, 
Columbus, OH). Mice gripped a force plate by both forelimbs and 
were pulled away from the plate by their tail. Mice were tested 15 
times, and the nine highest force values were averaged. All tests were 
administered by the same technician.

Muscle contractility
Maximum muscle force, maximal fatigue, and time to reach 50% 
of maximum contractile response were induced by in situ peroneal 
nerve stimulation protocols. Force measurements were made with an 
in vivo force transducer (Aurora Scientific, Aurora, Ontario, Canada). 
In brief, this apparatus measured force production by dorsiflexion of a 
foot plate to which the mouse’s hind foot was attached. Animals were 
anesthetized with an isoflurane chamber and subsequent isoflurane 
vaporizer (1%–3% isoflurane) and given analgesia with ketoprofen. 
Fur was removed on the limb of interest, the common peroneal nerve 
was located, and an electrode placed over the nerve. Resting tension, 
muscle length, and stimulation current were iteratively adjusted for 
each muscle to obtain optimal twitch force. To obtain force–fre-
quency curves, the nerve was stimulated with 250 ms trains of pulses 
at increasing frequencies every 2 minutes. Following a 5-minute rest 
period, the muscle was stimulated to fatigue by delivering tetanic 
trains (60 Hz for 100 ms) every 2 seconds for 5 minutes (22). Force 
recordings were normalized by lower limb muscle cross-sectional area 
determined from computed tomography scans and bodyweight.

Body Composition
Computed tomography  scans were used to measure fat and lean tissue 
volume for the entire mouse and hind limb sections at week 8. Scans 
were performed on a Toshiba 32-slice Aquilion scanner (Toshiba 
America Medical Systems, Tustin, CA). The images were recon-
structed with TeraRecon Aquarius Intuition software (TeraRecon, 
Foster City, CA), and then converted into a dicom format for analysis. 
Animals that exhibited observable tumors on computed tomography 
imaging (n = 5) were excluded from analysis. Thresholds of −140 to 
−40 Hounsfield units (HU) were applied to isolate the fat-containing 
voxels and screening thresholds of −5 to 135 HU were used to isolate 

lean tissue. Fat mass was calculated from volume results (corrected 
for fat density of 0.918 g/cm3) and expressed as a percentage of the 
animal’s total body weight. Lean tissue was similarly calculated 
from volume results (corrected for muscle density of 1.055 g/cm3). 
Additionally, hind limb muscle mass, composition, and attenuation 
values were separately estimated by applying the aforementioned 
thresholds, and regions of interest for attenuation values, for muscle 
by selecting only image slices distal to the pubic symphysis. The maxi-
mal cross-sectional area of the musculature midtibia was measured 
by manually tracing the outline of the muscle-fat interface and the 
total area and average attenuation was recorded (23). At termination, 
muscles were dissected out and weighed.

Muscle Perfusion by Microsphere Dispersion
As a terminal procedure, 15 μm dark-colored microspheres diluted 
to 100 μL volume in 0.9% sterile saline were injected slowly over 
10 seconds into the jugular vein (200,000 spheres/mouse; Stason 
Pharmaceuticals, Irvine, CA) (24). Injections occured after blood 
sampling of 100 μL to normalize blood volumes. After 10 minutes, 
the mouse was euthanized and hind limb muscle tissue removed. 
Muscle tissue was ethanolic potassium hydroxide digested in glass 
tubes for 4 hours at 75°C prior to filtering. Spheres were manu-
ally counted using a hemocytometer and expressed as number of 
spheres/g muscle tissue. A  minimum of 400 microspheres was 
counted to ensure accuracy. Nitrite and nitrate levels were measured 
in plasma samples, using an Eicom NOx analyzer (eNO-20) as per 
the manufacturer instructions. eNO is a sensitive instrument that can 
detect nitrite/nitrate up to 10 nM × 10 µl (0.1 pmol) concentration 
in the injected samples. Data are reported as the sum of nitrite and 
nitrate measured in plasma (NOx).

Innervation to Skeletal Muscle
Muscle performance is in part dictated by neurological activation of 
the myofibers and so neuromuscular junctions  were quantified in 
three mice from each group by immunohistochemistry at study end. 
Gastrocnemius, soleus, and anterior tibial muscles were dissected out 
after 2% paraformaldehyde perfusion and fixation overnight at 4°C. 
Tissue was rinsed twice with PBS and placed in 30% sucrose for at 
least 72 hours at 4°C. The muscles were then sucrose embedded and 
cut at 40 μm. Antigen retrieval was achieved using an SDS pretreat-
ment and the sections then stained for the vesicular acetylcholine 
transporter protein (Santa Cruz Biotechnology, Santa Cruz, CA) and 
α-bungarotoxin (Invitrogen, Eugene, OR). The total endplates and 
percentage of innervated neuromuscular junctions  was determined 
using previously established counting criteria (17).

Data Analysis
Data was log transformed if required to achieve statistical assump-
tions of normality. Data are expressed throughout as means ± 
standard error of the mean. Group differences were analyzed using 
one-way analysis of variance with alpha level set at .05 for statistical 
significance. Post hoc analyses were conducted using Tukey’s honest 
significant differences testing. Correlation coefficients were deter-
mined by Pearson’s r statistics for association. All statistical testing 
was performed using Statistica V10 (StatSoft Inc., Carlsbad, CA).

Results

Heat treatment increased muscle HSP70 levels (Figure  1A) more 
than twofold at all time points measured in aged mice. Levels 
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remained significantly elevated 3 days after the single heat exposure 
(p = .03) and thus twice weekly HT was pursued in the subsequent 
study. After 8 weeks of study, the HT mice had more than threefold 
the levels of HSP70 compared with CTL (p = .02; Figure 1B). The 
GGA treatment induced higher HSP70 levels compared with CTL  
(p = .03), but was significantly less than HT mice (p = .03).

The HT significantly improved insulin sensitivity as evidenced 
by improved average glycemic control (Figure 2A) compared with 
both GGA and CTL (p = .006 and .02, respectively). No differ-
ences were seen between group baseline A1c% levels (data not 
shown, p = .51). The level of reduction in A1c% seen in the HT 
group ranged between 0.4% and 0.6%, which has high clinical sig-
nificance. The improvement in glycemic control was seen second-
ary to improved insulin sensitivity as evidenced by fasting insulin 
levels in HT mice being approximately half that of CTL. The GGA 
mice also had reduced insulin levels required to maintain normo-
glycemia (Figure 2B). Response to glucose challenge was equivalent 

between groups (Table 1). The glucose tolerance test result suggests 
postglucose load responses are similar, and therefore the reduction 
in A1c values is either due to reduced fasting glucose values that we 
were unable to detect or due to improved disposal of lower glycemic 
loads typical of the postprandial state. We examined basal insulin 
signaling proteins in muscle tissue and HT mice had significantly 
lower activated IRS1 (p = .03) and 46% the amount of activated Akt  
(p = .13) compared with the CTL which is consistent with lower fast-
ing insulin concentrations (Figure 3A and B). The coordinated insulin 
signaling pathway is supported by a significant correlation between 
activated IRS1 and Akt (r = .48, p = .02). We observed that despite 
lower basal insulin and insulin signaling, the capacity for insulin 
receptor activation and glucose uptake appears to be increased with 
HT, as total IRS1 and Akt present in the cytoplasm is significantly 
increased compared with CTL (p = .02 for both; Figure 3C and D). 
In all cases, the potency of HT was highest for insulin sensitizing 
effects, with GGA having similar or intermediate effects, which is in 
line with the HSP70 protein levels observed (Figure 1B).

Improvements in insulin sensitivity were seen in the absence of 
changes in body composition (Table 1). Fasting glucose was signifi-
cantly associated with the amount of lean mass (R = −.84, p = .002) 
suggesting greater musculature is associated with the capacity for 
glucose disposal. Muscle attenuation reflects muscular density and 
fat content. Both treatment groups had nonsignificantly higher mus-
cular density which may relate to insulin sensitivity, as density will 
be positively affected by lower fat content.

Muscular endurance was evaluated by treadmill running and 
duration of hanging both before and after study, as performance was 
expected to decline with aging over the course of the 2-month study 
duration. We observed that HT mice significantly improved their 
running times (p = .03; Figure 4A) by 23% from their baseline. This 
physical ability was reflected in a trend for preserved capacity for 
hanging as compared with CTL (Figure 4B and C). Improvements 
in treadmill running and hanging were not due to improved blood 
flow to the musculature, as microsphere perfusion of the hind limbs 
was not different between groups (Table 2). Further, there was a lack 
of difference in plasma nitrite and nitrate levels that contribute to 
vasodilatory effects. As heat stress causes an increase in heart rate 
and cardiac output, heart weight was examined to see if cardiovascu-
lar preconditioning may have contributed to treadmill performance 
and no differences were observed. Treadmill running was positively 
associated with lean mass (r = .70, p = .02), and change in four-
limb hanging times was negatively associated with A1c% (r = −.47,  
p = .02) such that better glycemic control over study was seen with 
preservation of muscular endurance.

Treatment-related improvements in HSP70 levels, insulin sen-
sitivity, and muscular endurance did not extend to measures of 
muscular power, as measured by grip strength or nerve-stimulated 
contraction (Table  3). Furthermore, any improvements in running 
ability did not appear to be mediated by neuromuscular adapta-
tion as abundance of innervated motor endplates were not different 
between groups (data for gastrocnemius muscle shown, with similar 
results were seen for other muscle tissue examined).

Discussion

Induction of HSP70 preserved insulin sensitivity and running endur-
ance in a relevant mouse model of insulin resistance and aging. By 
using either a heat treatment regimen or GGA, a well-tolerated 
clinical antiulcer drug, we were able to produce a two- to threefold 
increase in muscle HSP70 which were associated with lower A1c%, 

Figure 1.     (A) Heat shock protein 70 (HSP70) levels in gastrocnemius muscle 
from aged mice (n = 3/group) without heat (control [CTL]) or 24, 48, or 72 
hours after a single dry heat session of 30 minutes duration. Levels increased 
within 24 hours and remained elevated throughout 72 hours (*p  =  .03 vs 
CTL). (B) HSP70 levels in gastrocnemius muscle from aged mice consuming 
a western diet (n  = 7–12/group) at the completion of study. CTL mice had 
the lowest HSP70 levels with geranylgeranylacetone therapy having 
approximately twofold higher, and HT having threefold higher levels after 8 
weeks of treatment. Unlike letters denotes significance between groups. (C) 
Representative Western blot from data shown in panel B.
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reduced fasting insulin levels, improved treadmill performance, and 
trends towards preserved hanging ability. Heat treatment was supe-
rior to pharmacological induction of HSP70 and endurance effects 
were independent of muscle mass or composition, as neither hind 
limb muscle mass nor muscle density differed among treatment 
groups. Performance differences may reflect the threefold increase in 
HSP70 levels observed in muscles from HT mice, versus a twofold 
increase in GGA mice, compared with CTL mice. These levels of 

HSP70 were similar to, or exceeded, increases in HSP70 seen with 
chronic exercise training in aged rodents (25), but were significantly 
lower than mice manipulated to overexpress HSP70 in muscle (6,26).

Improvements in insulin sensitivity and glucose handling fol-
lowing HT have been previously observed in rodents (both in vivo 
and in vitro (12,17,27)), and in human patients (28). Improvements 
in glycemic control are likely to reflect preservation of muscle 
metabolic function (26) as muscle takes up ~90% of circulating 

Figure 2.    (A) Average glycemic control (CTL) as measured by percent glycation of hemoglobin chain A1c after 8 weeks of study in aged mice (n = 8–10/group). 
Only HT mice showed significantly better glucose CTL compared with CTL mice (p = .02) and geranylgeranylacetone (GGA; p = .006). Unlike letters denotes 
significance between groups. (B) Fasting insulin concentrations at study end. Both GGA and HT mice had significantly lower insulin levels compared with CTL 
mice (p = .03 for both; n = 6–9/group) which suggest improved insulin sensitivity. Unlike letters denotes significance between groups.

Table 1.  Body Composition, Core Temperature, and GTT Area Under the Curve (AUC) in Aged CTL, GGA, and HT Mice at Study End

BW (g) Body Fat (%BW) Body Temp (°C) Glucose AUC Hind Limb Lean 
Mass (%BW)

Gastrocnemius 
Area (mm2)

Muscle Density (HU)

n/group 8–10 5–9 8–10 8–10 5–9 5–9 5–9
CTL 39.8 (1.61) 22.2 (0.79) 36.7 (0.25) 15761 2.58 (0.15) 2.63 (0.11) 75 (1.6)
GGA 39.4 (1.70) 20.9 (0.36) 36.8 (0.11) 16177 2.66 (0.13) 2.65 (0.13) 79 (1.4)
HT 41.6 (1.80) 22.1 (0.89) 36.4 (0.18) 15838 2.29 (0.10) 2.59 (0.20) 78 (2.3)
p value .64 .32 .40 .93 .24 .96 .22

Notes: CTL = control; GGA = geranylgeranylacetone; GTT = glucose tolerance test; HU = Hounsfield units.
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glucose (29). Prior studies utilizing GGA to induce HSP70 have 
demonstrated increases in muscle mass and glycemic control in 
rodents when dosed at levels twice that used in our study (8,12). 
The use of higher GGA doses may have augmented the HSP70 pro-
tein levels in muscle to be closer to the levels we observed with 
heat treatment, and thus associated with functional and metabolic 
improvements. Our study may support dose-related improvements 
based on cytoplasmic HSP70 abundance, similar to the positive 
relationship observed across species between tissue HSP70 levels 
and life span (30).

Insulin sensitivity, and its role in longevity, has been studied in a 
number of animal model systems. Caloric restriction in nonhuman 
primates improves life span and notably results in the reduction of 
incident diabetes with aging (31–33). This finding is recapitulated 
in centenarian human populations, and their offspring, which have 
a low prevalence of diabetes (34–36), and points to the impor-
tance of insulin resistance as a driver of age-related comorbidities. 
Insulin sensitivity as a central aging mechanism is supported by 
the longest lived mouse models, which have high insulin sensitiv-
ity through genetic modification of growth hormone biology (37). 

The decrease in insulin sensitivity with age in people is associated 
with increased morbidity and mortality (15) and has been cor-
related to decreased cytoplasmic HSP70 (38). Correspondingly, 
cytoplasmic HSP70 levels have been examined across many dif-
ferent species, and higher levels confer longer maximum life spans 
(15,30). For example, in invertebrates, overexpression of HSP70 
confers >40% extension in lifespan (4). Modulating cytoplasmic 
HSP70 to improve insulin sensitivity appears to be a possible ther-
apeutic modality and our current study supports regular HT as an 
intervention to increase HSP70 and improve health span in aged 
individuals.

The level of insulin resistance is a modifier of the relationship 
between obesity and sarcopenia (39), being a contributor to con-
tinued low-grade inflammation, and impairing anabolic signaling 
in muscle tissue (19). Muscle anabolism and regeneration are both 
impaired in the elderly (18,40,41), setting the stage for loss of muscle 
mass. This relationship between skeletal muscle index and insulin 
sensitivity is also seen in midlife individuals from the Third National 
Health and Nutrition Examination Survey, even after adjusting for 
obesity measures and age (42).

Figure 3.    (A) Basal activated insulin receptor substrate 1 (IRS1) levels in skeletal muscle of aged mice after 8 weeks of study. The HT had significantly lower 
activation (p = .03; n = 8/group) compared with control (CTL). (B) Basal activated Akt levels in skeletal muscle of aged mice at study end (p = .13; n = 8/group). 
The HT mice had 40% lower levels than CTL. (C) Total IRS1 levels in skeletal muscle of aged mice indicate HT mice have greater capacity for insulin receptor 
activation with more than double the levels seen in CTL mice (p = .02; n = 8/group). (D) Total Akt levels in skeletal muscle of aged HT mice are more than twice 
that of CTL and geranylgeranylacetone mice at study end (p = .04 and .02, respectively; n = 8/group).
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The HSP70 levels in muscle with aging are variable, with some 
reports indicating higher or comparable values to younger animals 
(17,43–45). However, rodent studies that specifically increase HSP70 
levels in muscle tissue have consistently resulted in protections from 
atrophy or reduction in function (6,7,10,46). Young high-fat diet fed 
mice that overexpress HSP70 confirm that very high levels of mus-
cular HSP70 have the ability to preserve whole-body insulin sensitiv-
ity, increased number of mitochondria per unit muscle, and superior 
treadmill running ability (26). Preservation of muscle may also result 
of HSP70’s ability to inhibit transcription of atrogin-1 and MuRF-1 
which promote muscle degradation (10,47).

Our heat treatment results diverge from that of previous studies 
in young and aged rodents, which both demonstrated increased hind 

limb muscle mass (44,48). However, these studies differ from ours in 
that we treated mice biweekly for 20–30 minutes, as compared with 
a single 60-minute session and we measured muscle mass through 
both computed tomography and as wet weight after eight weeks of 
repeated treatment, as compared with only measuring wet weight of 
dissected muscle after the single heat session. It is, therefore, possible 
that changes in muscle mass are a short-lived effect of heat treat-
ment, whereas changes in HSP levels, improved metabolism, and 
physiologic performance are more persistent and dominant effects.

The present study is the first to demonstrate preservation of insulin 
sensitivity and skeletal muscle endurance in aged rodents following 
the induction of HSP70. Recent results, using a newer pharmacologi-
cal agent in diabetic rats (BGP-15) to induce muscle HSP70 to similar 
levels as in our study, demonstrate greater insulin sensitivity and mus-
cle mitochondria (26) that supports a primary mechanism of improved 
muscle metabolic capacity with HSP70 induction. A strength of the 
current study was the comprehensive physiological endpoints evalu-
ated relevant to skeletal muscle function. Innervation levels of the 
gastrocnemius muscle were lower than previously reported for the 
tibialis anterior muscle of aged mice, which may reflect the difference 
between muscle groups evaluated, insulin resistance levels, and/or the 
lack of exposure to a running wheel (49). Although our study can-
not directly compare mechanisms between the GGA and HT groups, 
there may be a potential relationship between different HSP70 lev-
els induced by them, and subsequent muscle performance and gly-
cemic control. The GGA group had intermediate levels of HSP70 

Figure 4.     (A) Percent change from baseline of running time on a treadmill in aged control (CTL), geranylgeranylacetone (GGA), and HT mice (n = 8–10/group). 
The HT performance did not decline with age but significantly (p = .03) increased by 23% from study start. (B) Percent change from baseline in forelimb hanging 
ability in CTL, GGA, and HT mice (n = 8–10/group). No significant differences were observed (p = .10); however, a trend for both treated groups to preserve ability 
was seen as compared with CTL. (C) Percent change from baseline in all four-limb hanging ability in CTL, GGA, and HT mice (n = 8–10/group). No significant 
differences were observed (p = .10); however, the decline seen in HT mice was half that seen in CTL mice.

Table  2.  Endpoints Relating to Perfusion From Aged CTL, GGA, 
and HT Mice at Study End

Heart Weight 
(%BW)

Muscle Perfusion 
(microspheres/g)

Plasma NOx 
(μM)

n/group 5–7 4–6 6–9
CTL 0.58 (0.04) 707 (227) 16.6 (2.36)
GGA 0.51 (0.05) 406 (45) 15.9 (1.24)
HT 0.46 (0.05) 339 (114) 18.2 (3.13)
p value .19 .25 .79

Notes: CTL = control; GGA = geranylgeranylacetone.
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and partial improvements in insulin sensitivity, and muscular endur-
ance. Our study had enhanced translational value as compared with 
other rodent studies because we used aged mice fed a western diet to 
accentuate age-related deficits in glucose tolerance and ensure study 
conditions were relevant to geriatric citizens of developed nations. 
However, the use of aged animals was also a study limitation. Loss 
of animals due to age-related illness, mainly neoplasia, resulted in 
small group sizes and decreased statistical power. We saw no group 
differences in tumor burden or type. In addition, we did not evaluate 
other possible heat-mediated effects, such as cardiovascular function, 
which may affect study outcomes. However, heart weights and perfu-
sion was comparable across groups.

We believe the use of heat as an intervention was a strength 
of our study because of its clinical applicability. Few specific clini-
cal interventions exist to combat sarcopenia in the elderly. Dietary 
protein supplementation and resistance exercise are often recom-
mended; however, compliance issues are common. The opportunity 
to explore HSP inducers as an effective therapy for both insulin 
resistance and sarcopenia is exciting as demonstrated by our study 
findings. Furthermore, implementation of HSP70 inducing thera-
peutics late in life is likely to be beneficial. Either HT or currently 
existing pharmaceuticals could be evaluated for HSP70 induction 
and improvements in muscle function and insulin sensitivity, which 
together should improve health span in the elderly.
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