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Abstract

Poor dietary habits can lead to obesity and insulin resistance—both of which can impair basal
heat shock protein (HSP) expression and the HSP stress response in skeletal muscle. It remains
unclear if impairments in HSP expression occur during the early stages of diet-induced obesity
and metabolic dysfunction. We determined if basal HSP expression (HSP70, HSP60, HSP25)
was impaired in sedentary or exercised rats following the onset of diet-induced obesity. Male
Long-Evans rats (N=6-7/group) were assigned to a Western diet (WD) or purified diet (PD).
Animals were divided into sedentary (WD and PD) or exercise-trained (WD+Ex and PD+Ex)
groups and fed ad libitum for 12-weeks. WD animals displayed higher body mass, fat mass,
blood glucose, and HOMA-IR scores compared to PD (p<0.05). Exercise attenuated elevations
in HOMA-IR and body mass for WD+Ex (p>0.05) but did not prevent elevations in fat mass or
blood glucose when compared to controls. Basal HSP (HSP70, HSP60, HSP25) expression was
not impaired in sedentary WD animals when compared to PD (p>0.05) or when WD+Ex was
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compared to PD+Ex (p>0.05). Exercise training elevated HSP70 expression in the
gastrocnemius muscle (GAST) (p<0.05), but not in the soleus (SOL) (p>0.05) in WD+Ex and
PD+Ex animals. HSP60 and pHSP25 were unaffected by exercise training (GAST and SOL,
p>0.05). The onset of diet-induced obesity does not impair skeletal muscle HSP expression in
sedentary or exercised animals. Thus, obesity and symptomology of metabolic dysfunction
may occur before reductions in skeletal muscle HSP expression.
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1. Introduction

Physical inactivity and poor dietary choices often lead to significant weight gain over time.
Obesity is a well-known risk factor for the development of insulin resistance (IR) and type 2 diabetes
(T2D). A growing body of evidence suggests that the development of obesity, IR, and T2D is closely
tied to a family of molecular chaperones, known as heat shock proteins (HSP) [1, 2]. Specifically,
HSP70 gene polymorphisms are associated with the development of obesity [3]. Additionally,
subjects with IR and diabetes display marked reductions in basal skeletal muscle HSP expression [2].
However, findings are conflicting in high-fat-fed animal models [2]. While it remains unclear what
precise effect obesity has on HSP expression, it is possible that obesity-related impairments in HSP
expression may contribute to the etiology of IR and T2D. Thus, there is a strong rationale to
understand how the stress of obesity can affect HSP expression.

While reduced HSP expression is tied to obesity, IR, and T2D, restoration of skeletal muscle HSP
expression via heat, pharmacologic intervention, and transgenic overexpression can restore glucose
tolerance and insulin sensitivity in models of high-fat feeding [4-6]. Therefore, research has focused
on interventions that can improve HSP expression in skeletal muscle. Aerobic exercise is an example
of an intervention that both increases skeletal muscle HSP expression and restores insulin
sensitivity/metabolic function [7]. While previous investigations suggest that the HSP and metabolic
responses to exercise are blunted in diabetic animals and those with a low aerobic capacity [8, 9], it
is unknown if this paradigm is true during obesity. Understanding the temporal decline in HSP
expression during the progression from obesity to IR and T2D is critical to establish targeted
therapeutic avenues for these conditions.

Due to conflicting data within the field and a lack of knowledge regarding the temporal change
in HSP expression during the progression from obesity to IR, we have taken the approach of focusing
on changes in HSP expression during a state of diet-induced obesity. In addition, we have expanded
our analysis to include HSP70, as well as pHSP25, HSP25, and HSP60. Our goals with the present
study were two-fold: 1) determine if diet-induced obesity impairs basal expression of HSPs in
skeletal muscle, and 2) determine the effects of chronic exercise training on the basal expression of
HSPs in the skeletal muscle of obese animals. We hypothesized that the induction of obesity
following ad libitum Western Diet (WD) feeding would lead to impaired basal HSP expression in
sedentary animals. As exercise is shown to increase HSP expression [7], we hypothesized that
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exercise training would enhance the basal HSP expression in the WD-fed animals and animals fed a
purified (vegan) diet (PD).

2. Materials and Methods
2.1 Materials

Cell extraction buffer (CEB) and protease inhibitor cocktail (Pl) were purchased from Invitrogen
(Carlsbad, CA). Phenylmethanesulphonylfluoride (PMSF), sodium orthovanadate (SOV), and sodium
fluoride (NaF) were purchased from Sigma Aldrich (St. Louis, MO). Bradford protein assay reagent
was purchased from Bio-Rad (Hercules, CA). 5X lane reducing sample buffer was purchased from
Fisher Scientific (Pittsburgh, PA). HSP70 primary antibody (ADI-SPA-810-F) was purchased from Enzo
Life Sciences (Farmingdale, NY). Phospho-HSP25 (Ser82) (#2406), HSP25 (#2442), and B-Tubulin
(#2146) primary antibodies, as well as Anti-rabbit IgG (#7074) and Anti-mouse IgG (#7076) HRP-
conjugated secondary antibodies, were purchased from Cell Signaling Technology (Danvers, MA).
The chemiluminescent agent was purchased from Millipore (Billerica, MA). The rat insulin ELISA (80-
INSRT-EO01) and enzymatic glucose assay reagents were purchased from Alpco (Salem, NH) and
Thermo Fisher Scientific (Waltham, MA) respectively.

2.2 Animals

Twenty-eight male Long-Evans rats (3-4 weeks old) were obtained from Harlan Laboratories
(Indianapolis, IN). Animals were housed in a climate-controlled room (21°C) on a 12:12-h light-dark
cycle (lights on at 0300 h) and were allowed to acclimate for two weeks. Individual activity levels
were not monitored outside of exercise training and animals did not have access to any additional
training apparatuses (i.e. running wheels) for the duration of the study. All housing and
experimental procedures were in accordance with the 8™ edition of the Guide for the Care and Use
of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee of
the University of Memphis.

2.3 Diets

The animals were randomly assigned to one of four intervention groups; Purified Diet without
exercise (PD; n =7); Purified Diet with exercise (PD+Ex; n = 7), Western Diet without exercise (WD;
n=7); Western Diet with exercise (WD+Ex; n=7). Upon group assignment, animals were fed ad
libitum and given a two-week transition period into their respective diet groups. Following the
dietary transition, animals were subjected to a 12-week dietary and exercise intervention phase. Ad
libitum feeding was chosen, as it sufficiently represents the normal feeding patterns for humans
that develop metabolic syndrome. The PD (#D13092801) and WD (#D12079B) were purchased in
pellet form from Research Diets, Inc. (New Brunswick, NJ). The PD diet was comparable to that of a
standard human vegan diet (15% protein [soy based], 60% carbohydrate [low glycemic index/high
fiber], and 25% fat [primarily mono- and poly-unsaturated]). The WD diet was comparable to that
of a standard human Western Diet (17% protein [casein based], 43% carbohydrates [high glycemic
index/low fiber], and 40% fat [primarily saturated]). The PD group was set as the experimental
control, as it is a plant-based diet that has beneficial effects on cardio-metabolic parameters and
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antioxidant/oxidative status in human subjects [10-12]. A summary of all groups and experimental
procedures is presented in Figure 1.

PD (n=7)
- Unpowered Treadmill for 5 min
S 3 days/week
Male Long- — WD (n=7)
Evans Rats <
(N=28) o
PD+Ex (n=7) 20 m/min 25 m/min 25 m/min
15 min/day 30 min/day 35 min/day
WD+Ex (n=T7) 3 days/week 3 days/iweek 3 days/week
‘ Week 1 | ‘ Week 2 ‘ | Weeks 3-12
End of Week 12:
2 Week Dietary DXA, Blood
Transition Phase Samples, and
and Treadmiill Tissue Collection
Familiarization Completed
(72 h After Last
Bout of Exercise)

Figure 1 Summary of experimental design. All animals were sacrificed at the end of the
12-week dietary and exercise intervention phase (72 h after the last bout of exercise).
Food was removed from cages 2 h before sacrifice.

2.4 Exercise Training & Testing

The current study utilized aerobic exercise, as it is a widely accepted treatment modality for
obesity and IR [13], and has been shown to induce HSP expression [7]. During the two-week dietary
transition period, animals in the exercise groups (PD+Ex and WD+Ex) were familiarized with the
treadmill (Exer-6M Treadmill, Columbus Instruments, Columbus, OH), and exercised 3 days/week
for 5 min at 15-20 m/min. During the 12-week dietary and exercise intervention phase, the WD+Ex
and PD+Ex groups performed aerobic exercise on a treadmill 3x/week (Monday-Wednesday-Friday).
During week 1, animals trained at a speed of 20 m/min for 15 min/day; during week 2, 25 m/min
for 30 min/day; and during the remainder of the intervention phase (weeks 3-12), 25 m/min for 35
min/day. The duration, intensity, and frequency of the exercise program were based on previous
literature showing that treadmill running at a volume and intensity of 20m/min for 20min/day
completed 3x/week significantly improved exercise capacity after 8 weeks [14]. Animals in the
sedentary groups (PD and WD) were placed on an unpowered treadmill 3x/week (Monday-
Wednesday-Friday) for five minutes, for the duration of the study.

2.5 Anthropometric Measurements

Following the 12-week dietary and exercise intervention phase, all animals were subjected to a
dual-energy x-ray absorptiometry (DXA) exam using a Hologic Discovery QDR series device (Hologic
Inc., Bedford, MA). Animals were anesthetized with isoflurane (3%; 1L/min 02) for the duration of
the DXA examination (~10 min). DXA reliability was determined prior to individual examinations,
having a threshold value set at <1.5% variance between preliminary scans. Two scans were
performed for each animal during the DXA examination period. If the variation between scans was
greater than 1.5% an additional scan was performed. Mean values were calculated for total body
mass, lean body mass, and fat mass. We defined obesity as a significant accumulation of fat mass
(body fat >30%) over controls [15].
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2.6 Blood Collection, Muscle Dissection, and Tissue Storage

After the study, the rats were euthanized (CO2 inhalation) at approximately 72 hours after the
last exercise bout to avoid acute responses to exercise and evaluate the adaptive responses to the
treatment regimes. Food was removed from all cages (2 h before sacrifice) and blood samples were
collected immediately after death from the wvena «cava in tubes containing
ethylenediaminetetraacetic acid (EDTA). Tubes were centrifuged for 15 min at 1,500g (4°C) to obtain
plasma. Plasma samples were aliquoted into individual microtubes and stored at -70°C until analysis.
Upon analysis, samples were thawed and analyzed for plasma glucose and insulin levels. The soleus
(SOL) and gastrocnemius (GAST) were surgically removed, immediately frozen in liquid nitrogen,
and stored at -70°C until analysis.

2.7 Blood Glucose and Insulin

Plasma glucose and insulin were quantified using commercially available assay kits/reagents. All
procedures were performed per the manufacturer’s instructions and sample values were
determined using a BioTek PowerWave Microplate Spectrophotometer (Winooski, VT). Following
previous literature, we deemed hyperglycemia as a plasma glucose value >150 mg/dL [16]. The
metabolic function was inferred using the HOMA-IR [17]. The HOMA-IR was scaled to fit a rodent
model and calculated as (Plasma Glucose [mg/dL] x Plasma Insulin [uU/mL])/2,658 as described
previously [18].

2.8 Protein Extraction, Protein Quantification, and Western Blotting

GAST and SOL segments were cut on dry ice (50 mg pieces) and homogenized in a 12:1
(volume/weight) CEB solution containing Pl, 200mM PMSF, 200mM NasV0Os4, and 200mM NaF.
Samples were put into individual microtubes, placed on ice, and homogenized in Kontes glass, and
then vortexed (every 10 min for 30 min). Samples were then centrifuged for 10 min at 3,000 g. Total
protein concentration was assessed using the Bradford method [19]. Sample concentrations were
corrected to 8ug/uL in 5X Lane Marking Reducing Sample Buffer and then heated at 95°C for 5 min.
Samples (60 pg/lane) were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE, 10% gel) [20]. Following SDS-PAGE, gels were cut into multiple strips (based on protein
size) to fit on the same polyvinylidene fluoride (PVDF) membrane [21], and proteins were
transferred for 90 min (250 mA). Membranes were blocked with 5% non-fat dry milk (NFDM) in Tris-
buffered saline-0.1% Tween 20 (TBST) for 60 min. Samples were then incubated overnight at 4°C
with the appropriate primary antibodies (diluted 1: 1,000 in 5% BSA-TBST). All blots were washed
and exposed to the appropriate HRP-conjugated secondary antibody (1:10,000 in 2% NFDM-TBST)
for 90 min at room temperature. Protein bands were visualized with a chemiluminescent agent and
imaged using a Fotodyne® 60-7020 (FOTODYNE Incorporated, Hartland, WI) benchtop image and
gel documentation system. All bands were quantified 5 times via densitometry (AlphaEaseFC™, San
Leandro, CA, USA) and mean values were analyzed. Mean values for all groups were normalized to
B-Tubulin. When necessary, blots were stripped with Restore™ Western Blot Stripping Buffer
(Thermo Fisher Scientific, Waltham, MA) for 30 min at 37°C, blocked with 5% NFDM-TBST (60 min),
and re-probed with the appropriate primary antibody. HSP70, HSP60, pHSP25 were chosen as they
have been previously associated with obesity and insulin resistance [1, 2, 22-24].
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3. Statistical Analysis

All statistical procedures were performed using GraphPad Prism 6® software (GraphPad Software
Inc., La Jolla, CA). All data are presented as mean + SEM. Statistical significance was set at a = 0.05.
Mean values for blood markers of metabolic function, anthropometric measures, and HSP
expression were analyzed by two-way analysis of variance (ANOVA) and follow-up t-tests using the
modified Holm’s sequential Bonferroni method [25]. A Pearson product-moment correlation
coefficient (r) was performed to determine if there was a correlation between anthropometric data
and HOMA-IR, HSP expression and HOMA-IR, and HSP expression and fat mass.

4, Results

A total of 27 animals completed all aspects of this study. One rat in the WD+Ex group died during
week two of the intervention, approximately 30 min after an exercise session. The necropsy
revealed the abdomen was filled with blood, with the likely cause of death a suspected aneurism.
All other animals completed the 12-week intervention.

4.1 Plasma Glucose and HOMA-IR

Significant main effects were observed for diet and exercise when comparing plasma glucose
values after the intervention phase (p<0.05). However, there was no interaction between diet and
exercise when comparing plasma glucose values. Plasma glucose was significantly higher in the WD
(+41.15%) and WD+Ex (+40.21%) groups when compared to the PD and PD+Ex controls (p<0.05,
Figure 2a). Also, the WD group had significantly higher plasma glucose (+61.65%) compared to the
PD+Ex group (p<0.05, Figure 2a). No significant variations in plasma glucose were noted between
PD and PD+Ex, nor between WD and WD+Ex (Figure 2a). Plasma glucose values revealed that the
WD (182.50+18.27 mg/dL) and WD+Ex (158.30+24.39 mg/dL) groups developed hyperglycemia
(plasma glucose >150 mg/dL), while the PD and PD+Ex did not develop hyperglycemia
(129.00+22.86 mg/dL and 112.90+7.19 mg/dL respectively). Plasma insulin for the WD, WD+Ex and
PD+Ex groups were not significantly different when compared to the PD control group (Figure 2b).
When comparing HOMA-IR scores, the ANOVA revealed a significant main effect of diet on the
HOMA-IR score (p<0.05). Follow-up tests showed significant elevations in the degree of HOMA-IR
for the WD group compared to the PD and PD+EX groups (+316.33% and +249.00% respectively,
p<0.05, Figure 2c). Exercise did not significantly affect HOMA-IR scores within dietary conditions (PD
vs PD+Ex and WD vs WD+Ex) (Figure 2c) but did attenuate the degree of HOMA-IR in the WD+Ex
group compared to the PD group (p<0.05, Figure 2c). Finally, no significant interaction was observed
between diet and exercise when comparing HOMA-IR scores.
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Figure 2 12-week ad libitum feeding of WD induces obesity and elevates surrogate
markers of metabolic dysfunction. a) Plasma glucose levels were unaffected in animals
consuming the PD; however, animals consuming the WD had elevated levels of fasting
plasma glucose. b) Fasting plasma insulin did not change significantly across the assigned
groups. c) A WD induced a significant increase in HOMA-IR score, which was attenuated
with exercise. d) Ad libitum WD feeding caused significant increases in body mass for
sedentary animals. e) Fat mass increased substantially in WD-fed animals, and exercise
was not able to significantly reduce the accumulation of fat mass. f) Lean mass was not
affected by diet or exercise. g) Fat mass to lean mass ratios were significantly higher in
both WD and WD+Ex groups. h) There was a large correlation between body mass and
HOMA-IR. i) There was a moderate correlation between fat mass and HOMA-IR. j) There
was a weak correlation between lean mass and HOMA-IR. Data are shown as mean %
SEM, as well as linear regression line and r? (n=5-7 samples/group). *indicates p<0.05
compared to the PD control, # indicates p<0.05 compared to the PD+Ex control.

4.2 Body Mass, Fat Mass, Time to Exhaustion

A significant main effect of diet was observed when comparing body mass after the 12-week
dietary and exercise intervention phase (p<0.05). Follow-up tests revealed that body mass was
significantly higher in the WD group compared to the PD and PD+Ex controls (+16.24% and +14.05%
respectively, p<0.05, Figure 2d). Exercise attenuated elevations in body mass for the WD+Ex group
(WD+Ex vs PD, Figure 2d). PD and PD+Ex groups did not differ when comparing body mass (Figure
2d). Fat mass was significantly elevated in the WD and WD+Ex groups compared to the respective
PD and PD+Ex controls (+58.56% and +55.95% respectively, p<0.05, Figure 2e). Exercise did not
significantly affect fat mass within dietary conditions (PD vs PD+Ex and WD vs WD+Ex). The lean
mass remained consistent between all groups (Figure 2f). Fat mass to lean mass ratios were
significantly higher in both WD and WD+Ex groups (p<0.05, Figure 2g). Body mass, fat mass, and
lean mass were positively correlated to HOMA-IR (r?=0.71, r?=0.49, and r>=0.14 respectively, p<0.05,
Figure 2h-j). Regular exercise training improved treadmill time to exhaustion in the PD+Ex and
WD+Ex groups by 80.5% and 36.1%, respectively (data not shown). Conversely, we noted a
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worsening of performance in the sedentary PD and WD groups by -14.3 % and -14.9%, respectively
(data not shown).

4.3 Basal HSP Expression and the HSP Response to Exercise

Asignificant main effect of exercise was observed when comparing HSP70 expression in the GAST
(p<0.05). Specifically, HSP70 expression was significantly higher in the PD+Ex and WD+Ex groups
compared to their respective PD and WD groups (+95.78% and +93.84% respectively, p<0.05, Figure
3a). Additionally, HSP70 expression was significantly higher when comparing the PD and WD+Ex
groups, as well as the WD and the PD+Ex groups (+120.54% and +72.08% respectively, p<0.05,
Figure 3a). Exercise did not affect HSP60 and pHSP25 expression in the GAST (Figure 3b and 3c). Diet
did not have any effect on basal or exercise-induced HSP expression in the GAST (Figure 3a-c). We
did not observe an interaction between diet and exercise when comparing HSP expression levels in
the GAST. There was no correlation between HSP70, HSP60, or pHSP25 expression and HOMA-IR in
the GAST (r?=0.00, r?=0.03, and r?=0.02, p>0.05, Figure 4a-c respectively). Additionally, there was
no correlation between HSP70, HSP60, or pHSP25 expression and fat mass in the GAST (r?=0.00,

2=0.00, and r?=0.00, p>0.05, data not shown).
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Figure 4 HSP expression in the GAST does not correlate with HOMA-IR. Pearson product-
moment coefficients (r) were calculated for all animals. There was no correlation
between HOMA-IR and basal HSP70 (a), HSP60 (b), or pHSP25 (c) expression. Data are
reported as linear regression line and r? (n=5-7 animals/group).
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Neither exercise nor diet affected HSP70, HSP60, and pHSP25 expression in the SOL (Figure 5a-
c). We did not observe an interaction between diet and exercise when comparing HSP expression
levels in the SOL. There was no correlation between HSP70 or HSP60 expression and HOMA-IR in
the SOL (r?=0.02 and r?=0.00 respectively, Figure 6a and 6b). However, there was a moderate
positive correlation between pHSP25 expression and HOMA-IR within the SOL (r?=0.32, Figure 6c).
There was no correlation between fat mass and HSP expression in the SOL (HSP70: r?=0.01, HSP60:
r?=0.00, and pHSP25: r>=0.11, data not shown).
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Figure 5 HSP expression in SOL was unaffected by diet and exercise. a) HSP70, b) HSP60,
and c) pHSP25/HSP25 expression were not affected by diet or exercise. Data are shown
as means = SEM (n=6-7 samples/group).
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Figure 6 HSP expression in the SOL muscle was not correlated with HOMA-IR. Pearson
product-moment coefficients (r) were calculated for all animals. There was no
correlation between HOMA-IR and basal HSP70 (a), HSP60 (b), or pHSP25 (c) expression.
Data are reported as linear regression line and r? (n=5-7 animals/group).

5. Discussion

Previous studies have reported contradictory results relating to basal skeletal muscle HSP70
content during states of high-fat feeding, obesity, and IR [2]. The differences between these studies
may be related, in part due to the models employed, the muscle analyzed, the duration of feeding,
and/or the degree of obesity. The goals of this study were to determine if basal skeletal muscle HSP
expression was impaired in sedentary or aerobically exercised animals following the onset of diet-

induced obesity.
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The novel findings of this study are that: 1) basal skeletal muscle HSP70, HSP60, and pHSP25
expression are not significantly altered during the onset of diet-induced obesity, and 2) onset of
obesity does not attenuate the exercise-induced increase in basal HSP70 expression of the GAST.
Importantly, we show that obesity and early symptomology of metabolic dysfunction can occur
without impairment of basal skeletal muscle HSP expression. This suggests that impairments in basal
muscle HSP expression may be a sign of more advanced metabolic disease. Further, we show that
obese animals can increase basal HSP70 expression similar to control animals, which may offer them
temporary protection from stressors associated with metabolic dysfunction.

5.1 Effects of a Western Diet on Blood Biomarkers and Muscle HSP Expression

As expected, we found that consumption of an ad libitum WD leads to obesity (elevated body
mass and fat mass), hyperglycemia, and elevated HOMA-IR in our rodent model. However, these
whole-body metabolic changes did not correlate with alterations in basal HSP70, HSP60, and
pHSP25 expression in the SOL or GAST muscle. This was surprising, as the mean values for plasma
insulin (WD ~360pmol/L and WD+Ex ~290pmol/L) and plasma glucose (WD ~9.99mmol/L and
WD+Ex ~8.88mmol/L) within our WD model were comparable to previous reports suggesting
impairments of the HSP70 response in models fed a high-fat diet [4].

In agreement with prior work [2], the current study also demonstrated no significant reduction
in HSP expression despite measures of metabolic dysfunction. Specifically, our HSP70 and pHSP25
data in obese rodents are consistent with experimental data in the SOL and extensor digitorum
longus muscles of IR rodents [5, 6]. In both studies by Gupte et al. (2009a-b), there were no changes
in basal HSP expression (HSP70, pHSP25), despite evidence of significant skeletal muscle insulin
resistance. Despite null changes in basal HSP expression (HSP70, pHSP25), Gupte et al. (2009a-b)
demonstrated that HSP induction (HSP70, pHSP25), by lipoic acid and hyperthermia were associated
with improved insulin sensitivity. Whether these improvements in insulin sensitivity were due to
HSP70 or HSP25 specifically remains to be elucidated. Despite only moderate metabolic alterations
in our obese rodents, our data are also consistent with other investigations utilizing streptozotocin
(STZ)-induced diabetes that documents no reductions in basal HSP70 expression for the red
gastrocnemius up to 8-weeks following STZ-injection [8]. It is possible that by using a “healthy” PD,
exercise-induced expression of HSPs was blunted in both dietary conditions — therefore we missed
the “blunting” effect of obesity. However, we believe this is unlikely, as the degree of change in
HSP70 in the GAST muscle for the PD+Ex is comparable to previous work using a standard chow diet
[26].

Interestingly, our data and those mentioned above vary from others who have documented
reductions in basal HSP70 expression for the vastus lateralis muscle in IR and diabetic models [2, 8].
The differences between findings are likely due to several important factors, including muscle fiber
type and time under metabolic stress or severity of the metabolic disease. Basal HSP expression is
known to be higher in slow-twitch muscles with a greater oxidative capacity than fast-twitch
muscles [27] but it is difficult to compare the mixed fibers of the vastus lateralis to the mixed fibers
in the gastrocnemius across these studies. Additionally, time under metabolic stress also appears to
be a likely factor. Work in primates shows impairments in basal skeletal muscle HSP70 expression
do not develop over months but do occur with years of high-fat feeding [28]. Further, glucose
intolerance and obesity occur well before the onset of mitochondrial dysfunction, which takes 4-
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times longer to develop in response to high-fat feeding in mice [29]. The eventual HSP70 decline
may be linked to this dysfunction, as it is shown to be critical for enhanced mitochondrial oxidation,
number, and quality [30, 31]. Therefore, the ability to maintain basal HSP70 expression seems to be
a critical element in preserving mitochondrial function and preventing the transition from IR to T2D.
It is tempting to speculate this is due to the anti-inflammatory effects of HSPs. Specifically, HSP70 is
known to inhibit the pro-inflammatory c-jun terminal kinase (JNK) which amplifies mitochondrial-
derived reactive oxygen species upon activation [32-36].

We suggest a paradigm in which transitory changes in HSP expression occur long after the
development of obesity, and may be more closely tied to the onset of T2D. Finally, to our
knowledge, we are the first to study HSP60 expression in skeletal muscle during a WD intervention.
We were surprised by the lack of change in skeletal muscle HSP60 expression during WD treatment,
as HSP60 is a known marker of mitochondrial stress and is shown to be elevated in the serum of
patients with T2Ds [37]. Future studies should explore the role of HSP60 in models of IR and T2D,
particularly the effects of HSP60 overexpression.

5.2 Effects of a Western Diet on Chronic Aerobic Exercise-Induced HSP Expression

We observed that chronic aerobic exercise yielded a mild, non-significant protective effect on
HOMA-IR and body mass, as well as markedly increased basal HSP70 expression in the GAST muscle.
However, our analysis revealed that this “protective” effect from exercise was not correlated to
basal HSP70 expression in the GAST muscle. Therefore, it’s likely that the positive effects of exercise
may have been a result of increased energy expenditure, enhanced insulin-independent glucose
uptake, and/or improved skeletal muscle insulin sensitivity [13, 38, 39].

We did not observe an increase in HSP70 expression from exercise training in the SOL, contrasting
others showing that HSP70 expression increases in the SOL 24 h following a single treadmill run (15-
27 m/min) [40]. There are a few reasons why we may not have seen an increase in SOL HSP70
expression in our study. Previous data show that trained rodents exhibit a diminished HSP70
response in the SOL to customary exercise, because of greater antioxidant protection from training
[41]. Similar patterns of an attenuated exercise-induced HSP70 response have been reported in
well-trained humans [42]. In addition, exercise-induced HSP70 expression is shown to be intensity-
dependent [40] and our animals possibly ran at a greater relative intensity, leading to altered muscle
loading and recruitment patterns. This would shift muscle recruitment towards the fast-twitch
fibers in the GAST to complete the exercise training. A shift in relative intensity possibly amplified
whole-body metabolic effects on insulin resistance in WD+Ex groups, as moderate to high-intensity
exercise results in greater improvements, and persistence, in insulin sensitivity compared with low-
intensity exercise in obese individuals [43-45]. In addition, fast-twitch muscle fibers are primarily
glycolytic and thus become insulin resistant faster than slow-twitch fibers [46]. Thus, their continued
activation could in part explain the amplified benefits of moderate to high-intensity exercise on
insulin sensitivity. All these factors complement our data, showing that chronic exercise increased
HSP70 in the GAST of the WD+Ex animals, as well as results in improved their HOMA-IR scores.

We did not observe changes in the other HSPs measured. Specifically, we found that our
moderate-intensity exercise intervention did not elevate HSP60 and pHSP25 in the GAST or SOL. It
is possible that our intervention was not intense enough to exhibit an increase in HSP60 [47].
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Additionally, it is possible that HSP25 expression, and phosphorylation, are more responsive to
conditions of muscle injury induced by eccentric contractions [48, 49].

The onset of obesity and hyperglycemia in our study did not blunt the basal HSP70 expression
due to exercise training in the GAST. Recent evidence suggests that aerobic capacity may mediate
the impairment of the HSP70 response in animals subjected to a high-fat diet [9]. Rogers et al. (2016)
showed that rodents selectively bred to have a low aerobic capacity begin to develop signs of
metabolic dysfunction and display impairments in the HSP70 response to heat shock after 3 days of
high-fat feeding when compared to rodents selected for high aerobic capacity. As we were
principally concerned with changes in basal HSP expression, we did not test the acute exercise-
induced HSP response in our rats. Therefore, perhaps obese animals would have an impaired HSP
response to a single bout of stress (exercise or heat). Nevertheless, our data show that the enhanced
aerobic capacity of our exercise-trained rodents was observed in combination with increased basal
HSP70 expression in the GAST of the PD+Ex and WD+Ex groups. Thus, it may be possible for obese
subjects to maintain HSP70 expression despite the onset of metabolic dysfunction if aerobic
capacity is maintained.

Findings specific to the role of exercise and HSP expression are important, as obese and insulin-
resistant subjects may be prone to mitochondrial dysfunction [50]. It seems reasonable to
determine if chronic exercise is an effective means to maintain muscle HSP expression in obese
subjects, which in turn could promote better mitochondrial function and ward off metabolic
disease. Thus, future studies are warranted to determine the relationship between aerobic capacity,
HSP expression, and mitochondrial function in models of metabolic disease.

6. Conclusions

In summary, our findings show that the onset of diet-induced obesity does not impair basal HSP
(HSP70, HSP60, pHSP25) expression in the SOL and GAST. In addition, obese rodents can increase
basal HSP70 expression in response to chronic exercise training in the GAST muscles like their non-
obese counterparts. Our data do not support our hypothesis that basal skeletal muscle HSP
expression is impaired during the onset of obesity and hyperglycemia in sedentary or exercised
animals. An examination of the literature suggests that declines in HSP expression, as well as
deficiencies in the HSP response, during IR and T2D may be a result of the time spent under
metabolic strain and/or the severity of the metabolic disease. While the literature seems clear that
HSP induction improves insulin sensitivity [1, 2], further studies are needed to elucidate the
molecular mechanisms by which HSP induction improves glycemic control. Lastly, it is critical to
determine when skeletal muscle HSP impairment occurs on the continuum from obesity to IR and
from IR to T2D. Understanding the temporal decline in HSP expression and induction during the
progression of metabolic dysfunction is critical to establish targeted therapeutic avenues for these
conditions.
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