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Skeletal muscle-specific overexpression of heat shock protein
72 improves skeletal muscle insulin-stimulated glucose uptake
but does not alter whole body metabolism
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Aims: The induction of heat shock protein 72 (Hsp72) via heating, genetic manipulation or pharmacological activation is metabolically protective in the setting of obesity-induced insulin resistance across mammalian species. In this study, we set out to determine whether the
overexpression of Hsp72, specifically in skeletal muscle, can protect against high-fat diet (HFD)induced obesity and insulin resistance.
Materials and methods: An Adeno-Associated Viral vector (AAV), designed to overexpress
Hsp72 in skeletal muscle only, was used to study the effects of increasing Hsp72 levels on various metabolic parameters. Two studies were conducted, the first with direct intramuscular
(IM) injection of the AAV:Hsp72 into the tibialis anterior hind-limb muscle and the second with a
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systemic injection to enable body-wide skeletal muscle transduction.
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Results: IM injection of the AAV:Hsp72 significantly improved skeletal muscle insulin-stimulated
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glucose clearance in treated hind-limb muscles, as compared with untreated muscles of the contralateral leg when mice were fed an HFD. Despite this finding, systemic administration of AAV:
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Hsp72 did not improve body composition parameters such as body weight, fat mass or percentage body fat, nor did it lead to an improvement in fasting glucose levels or glucose tolerance.
Furthermore, no differences were observed for other metabolic parameters such as whole-body
oxygen consumption, energy expenditure or physical activity levels.
Conclusions: At the levels of Hsp72 over-expression reported herein, skeletal muscle-specific
Hsp72 overexpression via IM injection has the capacity to increase insulin-stimulated glucose
clearance in this muscle. However, upon systemic injection, which results in lower muscle
Hsp72 overexpression, no beneficial effects on whole-body metabolism are observed.
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1 | I N T RO D UC T I O N

2 | M A T E R I A L S A N D M ET H O D S

Type 2 Diabetes (T2D) is one of the most common metabolic disor-

2.1 | Animals

ders in the world and its prevalence is on the rise.1,2 Predisposing factors such as obesity and physical inactivity can lead to insulin
resistance, a precursor to the development of T2D. Consequently,
research efforts are ongoing to identify appropriate cellular pathways
to pharmacologically activate, in order to combat obesity and insulin
resistance and to prevent the development of T2D. One of these
identified targets is the inducible member of the heat shock protein
70 (HSP70) family of proteins, Hsp72, which is encoded by 2 genes,
Hspa1a and Hspa1b. Hsp72 is downregulated at both the gene3,4 and
protein5,6 level in the skeletal muscle of individuals with T2D, as compared to healthy, non-diabetic individuals, while Hsp72 mRNA expression levels correlate with glucose infusion rates during euglycaemic
hyperinsulinaemic clamp in humans.4 Furthermore, studies in humans,
primates and rodents that have increased endogenous Hsp72 levels
via heat treatment,5,7–12 pharmacological activation5,13–16 or genetic
manipulation5,17 have all led to improvements in metabolic function
while, conversely, the loss of Hsp72 (null for Hspa1a and HspA1b) in
mice leads to insulin resistance and mitochondrial dysfunction.18
While the precise mechanism of action concerning how an elevation in Hsp72 expression leads to metabolic improvements is not fully
understood, evidence suggests that it could involve minimizing
inflammation,5,7,10 altering aspects of mitochondrial function,4,5,10,17–21
and/or involving other yet unidentified mechanism(s). Our own work,
in which we overexpressed Hsp72 using Hsp72 transgenic mice
(Hsp72Tg), has indicated a mitochondrial component to the mechanism
of action. Increases in skeletal muscle mitochondrial oxidative enzyme
activities, mitochondrial number and oxygen consumption have been

All activities involving the use of animals for research were approved
by the Alfred Medical Research Education Precinct Animal Ethics
Committee (AMREP AEC) and were conducted according to guidelines of the National Health and Medical Research Council of Australia
for animal experimentation. For the metabolic experiments (IM and
systemic) we have included flow charts for the reporting of animal use
and analysis in preclinical studies based on the template proposed by
Drucker22 (Figures S3 and S4). Studies of physical activity (beam
breaks) utilized male Hsp72Tg mice carrying a transgene for the rat
inducible HSP72 gene regulated by a β-actin promoter23 (Figure 1A).
These mice were on a BALB/c background and were compared to
BALB/c wildtype control mice. Data were derived as part of a previous study,17 but are as yet unpublished. Studies involving the administration of AAV:Hsp72 to skeletal muscle utilized male C57BL/6J mice
sourced from Alfred Medical Research and Education Precinct Animal
Services. Mice were fed either a normal chow diet (NC) (14.0 MJ/kg,
75.2% kJ from carbohydrate, 4.8% from fat, 20% from protein)
(Specialty Feeds, Glen Forrest, Western Australia, Australia) or a high
fat diet (HFD) (19 MJ/kg, 36% kJ from carbohydrate, 43% from fat,
21% from protein (also high in sucrose: 20% by weight of sucrose)
(Specialty Feeds) for a total of 10 weeks, begining at 7–8 weeks of
age. During the experiment, mice had free access to food and water,
with the exception of fasting periods before a glucose tolerance test,
and were housed at 22  C 1  C on a 12-hour light/dark cycle.

2.2 | Production of AAV vector and delivery

observed with Hsp72 overexpression.5,17 Furthermore, we have dem-

A recombinant AAV vector plasmid containing a skeletal muscle-

onstrated that Hsp72 knockout mice (Hsp72KO) have enlarged mito-

specific creatine kinase promoter (pCK624), a gift of S. D. Hauschka to

chondria and reduced skeletal muscle respiratory capacity.18 While

P. Gregorevic, and the cDNA construct for mouse Hspa1a (Figure 1C)

these studies support the notion that skeletal muscle Hsp72 improves

was designed and generated using standard cloning techniques,25 and

metabolism via a mitochondrial-linked process, interpretation of the

was used subsequently to prepare recombinant AAV6:Hsp72 viral

findings may have been confounded by a number of variables. Firstly,

vectors.26 Animals received either this vector (AAV:Hsp72) or a vector

while we were aware that the Hsp72Tg model had skeletal and cardiac

containing a multiple cloning site (MCS) as control (AAV:CON). The

muscle Hsp72 overexpression without overexpression in other insulin-

viral vectors were administered to different cohorts of mice via 2 dif-

sensitive peripheral tissues such as adipose tissue and the liver,5 we

ferent methods. Study 1: for the intramuscular (IM) study, 30 μL of

now know that the model also has overexpression of Hsp72 in the

AAV:HSP72 or AAV:CON were injected into the right or left tibialis

brain. It is potentially possible, therefore, that the observed improve-

anterior (TA) muscle, respectively, at a dose of 1 × 1011 vector

ments in metabolic control originated from the brain rather than skele-

genomes (vg). Study 2: for the systemic study, AAVs were adminis-

tal muscle. This likelihood is amplified by the finding from metabolic

tered via tail vein injection at 2 doses, 4 × 1012 vg or 8 × 1012 vg in a

caging analysis indicating that Hsp72Tg mice had increased physical

total volume of 150 μL, using a 26G needle and a 0.3 mL syringe.

activity levels which may have been driven by the brain Hsp72 overexpression. Further, it is unknown whether there is a critical level of
expression of Hsp72 that is necessary for metabolic effects to be
observed. Consequently, in order to determine whether skeletal
muscle-specific induction of Hsp72 leads to protection against HFD-

2.3 | Body composition analysis
Fat mass and lean mass were measured using a 4-in-1 EchoMRI
(Houston, Texas) and standard laboratory scales were used for body
mass (Mettler Toledo, Greifensee, Switzerland).

induced obesity and insulin resistance, independent of any central or
physical activity-dependent effects, we aimed to perform a series of
experiments to specifically examine the metabolic consequences of

2.4 | Intravenous insulin tolerance test (ivITT)

muscle-specific Hsp72 overexpression using adeno-associated viral

Intravenous insulin tolerance tests (ivITTs) with glucose tracer were

technology.

performed as previously described.27 Briefly, mice were anesthetized
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FIGURE 1

(A) Physical activity levels in wildtype (WT) and Hsp72 Tg mice on a BALB/c background. Activity was measured by ambulatory beam
breaks in a metabolic caging unit over 24 hours. #P = <.05 main effect for genotype; n = 5–6 per group. (B) Brain Hsp72 protein levels measured via
western blotting in Hsp72Tg or WT mice. Representative image of n = 4 per group. (C) Diagrammatic representation of the AAV:Hsp72 used in the
study. (D) Representative western blots of overexpression of Hsp72 and FLAG in the TA muscle in response to AAV:Hsp72 injection compared to
AAV:CON injection; 2 blots per treatment per diet displayed. (E) Quantification of Hsp72 overexpression induced by the AAV:Hsp72 compared to
AAV:CON; n = 5 per condition. *P ≤ .05, **P = < .01. Two-way ANOVA used for comparisons. Data presented as mean SEM

with sodium pentobarbital and the jugular vein was cannulated. Fol-

Cambridge, UK) and GAPDH, phospho-AKT Ser 473, total AKT,

lowing basal glucose measurements, a single injection of 0.6 U/kg lean

Phospho-GSK-3α/β (Ser21/9), total GSK-3β (27C10) (Cell Signalling,

body mass with [3H]2-deoxyglucose (10 μCi) (PerkinElmer, Waltham,

Danvers, Massachusetts). Quantification was performed using Quan-

Massachusetts) was injected via the cannula. Blood was sampled from

tity One 1-D Analysis Software (BioRad, Hercules, California).

the tail at indicated time points for the determination of blood glucose
and plasma radioactivity of [3H]2-DG. At endpoint, the TA muscles
were snap frozen and stored at −80  C for analysis.

2.8 | Determination of plasma and tissue
radioactivity

2.5 | Oral glucose tolerance test

Blood samples (10 μL) collected from mice were immediately deprotei-

Oral glucose tolerance tests (oGTTs) were performed on fasted
(6 hours) mice. Mice received an oral gavage of 2 g glucose/kg lean

nized with barium hydroxide and zinc sulfate and [3H]2-DG radioactivity was determined via liquid scintillation counting (Insta-Gel Plus,

body mass (25% w/v glucose solution) and blood glucose levels were

PerkinElmer). Accumulation of [3H]2-DG radioactivity in the TA sam-

measured via a glucometer (AccuCheck, Roche Diabetes Care, NSW,

ples was determined by scintillation counting in an aqueous extract of

Australia) at indicated time points using blood that was collected from

the tissue after homogenisation. Free and phosphorylated [3H]2-DG

the tail.

were separated by ion exchange chromatography on Dowex 1-X8 columns (Sigma-Aldrich). The area under the tracer disappearance curve

2.6 | Metabolic caging analyses

for [3H]2-DG and radioactivity for the phosphorylated [3H]2-DG from
TA muscles were used to calculate glucose concentration-dependent

A Comprehensive Laboratory Animal Monitoring System (CLAMS,

(Rg') and glucose concentration-independent (Kg') indexes of muscle

Columbus Instruments, Columbus, Ohio) was utilized to measure vari-

glucose uptake as previously described in mice.29

ous metabolic parameters. Mice were placed into individually housed
chambers and oxygen consumption (VO2), respiratory exchange ratio
(RER), energy expenditure (heat) and total movement (beam breaks)

2.9 | Statistical analysis

were recorded over 48 hours. The first 24 hours served as an acclima-

Data are presented as mean standard error of the mean (SEM). For

tisation period and the 24–48 h period served as the period we
analysed.

the IM study, differences between the normal chow (NC) and high fat
diet (HFD) (diet effect) were analysed via an unpaired Student's t-test.
Glucose clearance data were analysed via a paired t-test as this was a

2.7 | Western blot analysis

within-subject design. For the systemic study, two-way analysis of

Muscle samples were lyzed and protein concentration was determined

variance (ANOVA) was used to detect main effects for diet (NC vs

28

Immunoblotting was performed using the

HFD) and treatment (AAV-Hsp72 vs. AAV:CON). Post-hoc analyses

following primary antibodies: Hsp72 and Hsp90 (Enzo Life Sciences,

(Tukey's) were performed when a significant result occurred. Analyses

New York, New York [formerly SRESSGEN]), FLAG and α-tubulin

were performed using the statistical programme, Sigmastat 3.5. A

(Sigma Aldrich, St. Louis, Missouri), OXPHOS cocktail (Abcam,

P value less than .05 was considered statistically significant. An

as previously described.
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asterisk indicates a diet effect and hash represents a treatment or
genotype effect.
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To determine whether this overexpression of Hsp72 could influence glucose metabolism in a setting of obesity, insulin resistance and
glucose intolerance, we fed mice either NC or HFD for 10 weeks. As
expected, body weight, fat mass and body fat percentage were

3 | RESULTS

increased in HFD- fed mice compared with NC-fed mice, while lean
mass remained unchanged (Figure 2A–D). We next performed an ivITT

3.1 | Hsp72Tg mice have increased physical activity
and Hsp72 brain protein expression
We had previously determined that Hsp72Tg mice exhibited
increased whole-body VO2 and energy expenditure,17 and that this
was a potential mechanism for the observed protection from HFDinduced weight gain and insulin resistance. A potential factor contributing to this phenotype is the increase in physical activity levels
observed in Hsp72Tg mice (Figure 1A). As the main initiator of physical activity is “central-drive,” we probed brain homogenates of these
Hsp72Tg mice to determine whether the transgene also promoted
Hsp72 overexpression in the brain. These analyses confirmed that the
Hsp72Tg model also involves brain Hsp72 overexpression (Figure 1B),
prompting 2 intriguing new potential mechanisms by which Hsp72
overexpression may improve metabolic control in these mice: (1) skeletal muscle Hsp72 overexpression may induce hyperactivity and
(2) brain-derived Hsp72 overexpression may be driving the metabolic
benefits. Thus, we designed an experiment to determine the consequence of Hsp72 overexpression, specifically in skeletal muscle, which
would allow for discrimination of the action of Hsp72 overexpression
between the brain and skeletal muscle.

in the presence of a radiolabelled glucose tracer ([3H]2-DG) to assess
whole-body insulin tolerance and insulin-stimulated glucose clearance
in skeletal muscle. While blood glucose and plasma 2-DG concentration decreased over the 30-minute post-insulin stimulation in both NC
and HFD cohorts, the rate and magnitude of the reduction was greater
in NC-fed mice, indicating a greater insulin sensitivity in NC-fed mice
(Figure 2E and F). When examining estimates of skeletal muscle glucose uptake, muscles from HFD-fed mice exhibited reduced glucose
clearance compared with NC-fed mice (Figure 2G and H). In NC-fed
mice, Hsp72 overexpression did not alter rates of glucose clearance
compared to AAV:CON; however, in HFD-fed mice, where glucose
clearance was compromised, Hsp72 overexpression led to partial restoration of glucose clearance in the AAV:Hsp72-treated muscle compared to AAV:CON (Figure 2G and H). To determine whether the
change in muscle glucose clearance corresponded to changes in the
insulin signalling cascade, we measured the phosphorylation of AKT
and GSK-3. This western blot analysis (Figures S1A–S1C) demonstrated no detectable difference between the groups, possibly reflective of the acute nature of the experimental design and the dynamic
nature of this intracellular process. As mitochondrial dysfunction has
been linked to skeletal muscle insulin resistance, and alterations in
Hsp72 expression levels have been associated with alterations in

3.2 | Intramuscular injection of AAV:Hsp72 partially
restores HFD-induced defective glucose clearance in
skeletal muscle
We specifically designed the AAV:Hsp72 using a skeletal musclespecific promoter (CK6) as opposed to the ubiquitous cytomegalovirus

mitochondrial function, we next measured markers of both of these
processes. Measurement of proteins involved in OXPHOS (CI, II, IV
and V) did not reveal any differences with diet or Hsp72 expression,
suggesting no increase in mitochondrial content or these individual
mitochondrial OXPHOS machinery components (Figure 2I and J).

(CMV) promoter or the muscle creatine kinase (MCK) promoter, which

Hsp72 in skeletal muscle. Our first study was designed to examine

3.3 | Systemic injection of AAV:Hsp72 increases
Hsp72 protein expression, specifically in skeletal
muscle

whether elevated Hsp72 could improve skeletal muscle insulin-

Given the encouraging results from the direct muscle injection of

stimulated glucose clearance, independent of the alterations to physi-

AAV:Hsp72, we next sought to determine the effect of whole muscu-

cal activity levels observed in the Hsp72Tg mice. Accordingly, we

lature overexpression of Hsp72 using the AAV:Hsp72. Following

directly injected one tibialis anterior hindlimb muscle with the AAV:

10 weeks of systemic tail vein injection of AAV:Hsp72 at concentra-

Hsp72 and the contralateral tibialis anterior muscle with AAV:CON. As

tions of 4 × 1012 and 8 × 1012 vg, we observed significant overex-

mice are quadrupeds and do not hop, each leg, in effect, would be

pression of Hsp72 and FLAG in gastrocnemius, quadriceps and tibialis

exposed to the same amount of physical activity, ruling this out as a

anterior muscles when compared with AAV:CON (Figures 3A–C).

potential variable. This study design is also advantageous as it allows

Interestingly, we observed no overexpression in soleus muscle

for comparison of skeletal muscle Hsp72 overexpression in the pres-

(Figure 3D), highlighting the unusual nature of this muscle compared

ence of a control muscle that has the same genetics, hormonal milieu,

with other muscles in mice. No overexpression was observed in other

blood flow and receives the same quantity of any treatment (i.e. in this

metabolic tissues including the liver, heart, white adipose tissue and

case, anaesthesia agent and insulin). Injection of AAV:Hsp72 success-

brain (Figures 3E–H), suggesting that the AAV:Hsp72-mediated

fully resulted in elevated expression of Hsp72 compared to AAV:CON

Hsp72 overexpression was restricted to skeletal muscle. As there was

injection (Figure 1D and E). This was validated by blotting for the

no additive effect of using the higher AAV:Hsp72 dose, we used the

FLAG tag, which was engineered as a fusion epitope into the AAV:

4 × 1012 vg dose to test the effect of systemically overexpressing

Hsp72 construct (Figure 1D).

Hsp72 on metabolic outcomes.

targets all striated muscle including cardiac muscle.24 Therefore, by
using this construct, any findings would be restricted to the role of
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FIGURE 2

5

Characterisation of mice used for intramuscular AAV experiments. Mice were fed a normal chow (NC) diet or high-fat diet (HFD) for
10 weeks. (A) Body weight, (B) fat mass, (C) lean mass, (D) body fat percentage. Responsiveness to intravenous insulin injection (ivITT). (E) Plasma
glucose levels over 30 minutes following intravenous insulin injection. (F) Plasma 2-deoxy-glucose counts following insulin injection. Tissuespecific glucose clearance into TA muscles. (G) Skeletal muscle-specific glucose clearance (kg). (H) Metabolic index (Rg). ***P < .001, **P = < .01,
*P = < .05, n = 5 per condition. Graphs indicate mean SEM. (I) Western blots of oxidative phosphorylation system (OXPHOS) complexes in the
TA muscle in response to AAV:Hsp72 injection compared to AAV:CON injection and (J) corresponding quantification of complex expression.
Complex V (ATP5A), complex IV (UQCRC2), complex II (SDHB) and complex I (NDUFB8) detected, note complex III (MTCO1) could not be
detected. *P = < .05, **P = < .01; n = 5 per group (a-H), n = 6–8 (I-J). Unpaired t-test used for NC vs HFD comparisons, paired t-test for within
animal analysis (CON vs Hsp72:AAV). Graphs indicate mean SEM

FIGURE 3

Representative western blots demonstrating overexpression of Hsp72 and FLAG in skeletal muscle, but not in other organs, in
response to AAV:Hsp72 injection compared to MCS CON injection at 2 different doses, with respective quantification. Animals were fed a
normal chow (NC) diet and were tail vein injected with 4 × 1012 or 8 × 1012 vg of either AAV:Hsp72 or MCS-AAV (control); tissues were
harvested after 10 weeks. Overexpression of Hsp72 was observed after injection with the AAV:HSP72 in (a) gastrocnemius (B) quadriceps and
(C) tibialis anterior muscles when compared to AAV:CON injection. Western blotting for FLAG additionally confirmed AAV:Hsp72 over
expression. No overexpression of Hsp72 was observed in (D) soleus, (E) liver, (F) heart, (G) brain or (H) white adipose tissue. There was no
significant dose effect between the 2 concentrations used. **P ≤ .01; n = 3 per condition. Two-way ANOVA used for comparisons. Graphs
indicate mean SEM

6

MARSHALL ET AL.

3.4 | Skeletal muscle specific overexpression of
Hsp72 does not protect against HFD-induced weight
gain or adiposity

glucose intolerance, but no effect of the AAV:Hsp72 on improving

As Hsp72Tg overexpression has been shown to protect against HFD-

3.6 | Skeletal muscle-specific overexpression of
Hsp72 does not alter metabolic parameters such as
VO2, RER, energy expenditure or physical activity
levels

induced weight gain,5,17 various aspects of body composition were
determined 10 weeks after mice initiated NC or HFD and were
injected with AAV:CON or AAV:Hsp72. There was an increase in

glycaemic control in either NC- or HFD-fed mice (Figures 4H–J).

body weight, fat mass and percentage body fat (Figure 4A, C and D)
in the HFD-fed mice compared with NC-fed mice; however,
Hsp72-overexpression did not provide protection against this accumulation of fat. In terms of lean body mass, there was no dietary
effect observed, but there was a significant main effect, that is, the
AAV:Hsp72 mice had greater lean mass (Figure 4B).

Since previous studies have shown that Hsp72Tg mice have a reduced
RER, indicative of increased fatty acid oxidation, and higher energy
expenditure and VO2,17 we used metabolic caging (CLAMS) to determine if skeletal muscle-specific Hsp72 overexpression could alter any
of these metabolic parameters. When expressed relative to the entire
animal (mL/h) (Figure 5A) or to lean mass (mL/kg lean mass/h)

3.5 | Skeletal muscle specific overexpression of
Hsp72 does not protect against HFD-induced glucose
intolerance

(Figure 5B), VO2 throughout both the light and dark phase, as well as
over the entire 24-hour measurement period, was significantly higher
in the HFD-fed mice. When expressed relative to body weight, no dietary effect was observed (Figure 5C). Independent of way the VO2

A number of studies have shown that Hsp72 overexpression protects

was adjusted, there was no effect of Hsp72 overexpression. This is

against obesity-induced glucose intolerance,5,17 while deletion of

also evidenced when graphing VO2 data against body composition

18

or a decreased expression in humans, correlates to

characteristics such as body weight (Figure 5D), lean mass (Figure 5E)

an increase in insulin resistance.3,4 To assess this in our model, we

Hsp72 in mice,

or fat mass (Figure 5F) in a scatter plot format. RER was significantly

performed oral glucose tolerance tests (oGTT's) at 5 and 10 weeks

reduced in the HFD cohorts, suggestive of greater fatty acid substrate

post AAV administration. At 5 weeks post injection it was evident that

preference, but was not altered by Hsp72 overexpression (Figure 5G).

the HFD increased fasting glucose and induced glucose intolerance

Energy expenditure was higher because of the increase in body

compared to the NC diet; however, AAV:Hsp72 had no effect

weight in the HFD-fed mice (Figure 5H), while physical activity was

(Figure 4E–G). Similarly, in mice examined 10 weeks after diet imple-

not altered by diet or Hsp72 overexpression (Figure 5I). Collectively,

mentation and AAV administration, we observed HFD-induced

the CLAMS analysis revealed no differences in energy expenditure,

FIGURE 4

Body composition analysis in AAV:CON- and AAV:Hsp72-treated mice fed an NC diet or HFD for 10 weeks. (A) Body weight, (B) lean
mass, (C) fat mass (D) body fat percentage; n = 6–15. Whole-body glucose metabolism analysis. Fasting blood glucose levels and glucose
excursions after an oral gavage glucose tolerance test (2 g/kg LBM) with corresponding incremental area under the curve (iAUC). (E-G) at 5 weeks
post AAV treatment (n = 3-12) and (H-J) 10 weeks post AAV-delivery (n = 6-15). Fasting blood glucose was taken after a 6-hour fast and is the
“0” time value represented in the OGTT. Diet effects between NC and HFD; *P ≤ .05 ***P ≤ .001, # P ≤ .05 treatment effect. Two-way ANOVA
used for comparisons. Graphs indicate mean SEM
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FIGURE 5

Aspects of whole-body energy metabolism measured in a CLAMs system for AAV:CON- and AAV:Hsp72-treated mice fed either an
NC diet or HFD. (A) Raw oxygen consumption (VO2) unadjusted for any factor during light cycle, dark cycle and over the total 24-hour
measurement period (B). VO2 normalized to lean body mass (C). VO2 data normalized to body weight. (D) Correlation between unadjusted VO2
(total 24-hour period) to body weight. (E) Lean mass and (F) fat mass. (G) Respiratory exchange ratio (RER). (H) Energy expenditure (heat). (I) Total
movement/activity as measured via beam breaks (x + Y ambulatory plus z breaks). Diet effect between NC diet and HFD. ***P ≤ 0.001;
n = 3-12. Two-way ANOVA used for comparisons. Graphs indicate mean SEM

substrate oxidation and activity levels when overexpressing Hsp72

such as geranylgeranylacetone (GGA),14,15 matrine,13 or the co-

specifically in skeletal muscle.

inducing compound BGP-15,5,16,17,31 have shown efficacy in improving metabolic control. As hyperthermic and pharmacological treatment

3.7 | Comparative expression between Hsp72
overexpression models

are global in nature, identifying the precise organ(s) where elevation in
Hsp72 is beneficial for protection against obesity and/or insulin resistance is of interest. Studies investigating muscle overexpression of

One potential explanation for observed improvements in glucose

Hsp725,17 have suggested that it is the muscle where Hsp72 likely

clearance with IM administration, but none in whole-body glucose

asserts its metabolically protective effects. However, these studies

metabolism in systemically treated mice, is that the expression of

may have been confounded by a number of factors, including overex-

Hsp72 in the systemic experiment was not at a level high enough to

pression of Hsp72 in the brain, as well as by increased levels of physi-

elicit a metabolic response. To gauge differences in muscle Hsp72

cal activity. Subsequently, the current study was designed to test the

expression levels between the IM and systemic condition, and also

hypothesis that skeletal muscle-specific overexpression of Hsp72

against those from Hsp72Tg mice, we conducted a side-by-side com-

improves metabolic control in a model of diet-induced obesity. While

parison. The level of expression derived from systemic administration

we demonstrate that increasing Hsp72 does indeed have the capacity

was markedly lower than both the IM injection and transgenic mouse

to improve insulin-stimulated skeletal muscle glucose uptake (Study 1)

models (Figures S2A and S2B).

in HFD-fed mice, it has no effect on adiposity or whole-body glucose
homeostasis (Study 2).
Local overexpression of Hsp72 via IM injection led to the partial

4 | DISCUSSION

restoration of insulin-stimulated glucose uptake in the AAV:Hsp72
treated leg in HFD-fed mice. This finding suggests that, under HFD

Hsp72, has emerged as a potential target for therapeutic treatment of

conditions, the overexpression of Hsp72 is able to somewhat buffer

obesity-induced insulin resistance. This is based on observations that

the muscles' ability to take up glucose into the muscle fibres. Given

Hsp72 levels are decreased in patients with T2D3–6 and that hyper-

this finding, we continued to investigate whether whole-body skeletal

thermic treatment, which leads to a robust increase in endogenous

muscle overexpression can protect against HFD-induced obesity and

Hsp72, has been shown to be beneficial in maintenance of metabolic

glucose intolerance. In contrast with results from the IM study, we did

homeostasis.5,7–12,30 Treatments with compounds that target Hsp72,

not find any protective effects of systemic Hsp72 skeletal muscle
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overexpression on any parameter tested in relation to metabolic
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genic mice (Figure S2). Potentially, this high level of expression, similar
to that observed in transgenic models, is needed for the full effect of
Hsp72 in muscle. In the current study, it was not possibe in the systemic model to achieve the same extent of Hsp72 expression as in the
IM model. This is evidenced by the fact that the higher dose of AAV:
Hsp72 in our pilot study (Figure 3) did not increase Hsp72 expression
levels to a greater degree than the lower dose.
While previous Hsp72Tg studies have demonstrated protection
against the deleterious metabolic effects of obesity, our systemic
administration of AAV:Hsp72 did not reproduce such results. This
could be explained by a number of different factors. Firstly, Hsp72Tg
mice overexpress Hsp72 from conception. Therefore, it is possible
that, during embryogenesis and/or early life, increased Hsp72 primes
the body for increased metabolism. Secondly, we now know that the
transgenic model has increased levels of Hsp72 in the brain. We are
unsure of the precise consequences of this, although we do know
that it does not alter eating behaviour.5,17 However, we cannot rule
out that this provides some sort of neural regulation that is beneficial for metabolic processes. As the CNS controls physical activity
patterns and the Hsp72Tg mice have increased activity, it is an
intriguing thought that Hsp72 in the brain may play a role in this
phenotype.
Together, despite the promising results from our IM study, our
research shows that skeletal muscle-specific overexpression of
Hsp72 at the levels reported herein, was not sufficient to protect
against HFD-induced obesity and glucose intolerance. Consequently,
given these findings and our identification of brain Hsp72 overexpression in Hsp72Tg mice, it may be warranted to study the effects of
brain-specific Hsp72 elevation in relation to metabolic control and
physical activity. Alternatively, there may be a critical level of skeletal
muscle Hsp72 expression that is required before beneficial metabolic
effects are achieved.
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