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ABSTRACT 

 The prevalence of type 2 diabetes has risen as access to nutrition as increased and 

physical activity levels have decreased. Low cardiorespiratory fitness (CRF) levels are 

influenced by genetics, but low levels of physical activity also drive down levels of CRF in 

individuals increasing their susceptibility to metabolic disease. Heat shock proteins (HSP) are 

anti-inflammatory, anti-apoptotic molecular chaperones that assist in refolding proteins that have 

become unfolded during stress. HSP72 expression is lower in multiple tissues of obese, type 2 

diabetics and HSP72 ablation results in insulin resistance. 

 The work here confirms that in vivo heat treatments and the induction of HSP72 improve 

whole-body glucose homeostasis, skeletal muscle insulin sensitivity, and suggest that heat 

treatment may protect against metabolic derangements in the white adipose tissue and liver. In 

the WAT, constitutive HSP levels and the induction of HSPs following heat treatment is 

different between WAT depots with abdominal WAT showing greater constitutive HSP levels 

but a lower induction of HSPs following heat treatment. Heat treatment also modified fatty acid 

handling in the WAT in a depot specific fashion. 

Using a rat model to mimic intrinsic low CRF observed in diabetic humans, we examine 

the metabolism of rats selectively bred to be low capacity runners (LCR) or high capacity 

runners (HCR). We observed that LCR rats a particular susceptible to skeletal muscle insulin 

resistance following an acute (3 d) high-fat diet challenge, particularly in the glycolytic muscle 

where we observed lower HSF-1, HSP72, and mitochondrial proteins. In the liver and skeletal 

muscle, a 3 d HFD reduced the induction of HSPs following heat treatment. Finally, we found 

evidence that supports a role for HSP72 in maintaining proper autophagy-mitophagy that may 
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result in an improved pool of functional mitochondria. This work strongly suggests that that 

HSP72 plays a role in protection against insulin resistance and metabolic derangements induced 

by high-fat feeding in multiple organs intimately tied with whole-body glucose homeostasis. 
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1.1. DIABETES & INSULIN RESISTANCE  

Diabetes mellitus is a metabolic disorder characterized by the loss of insulin secretion (insulin 

deficiency – type 1 diabetes) or loss of insulin action (insulin resistance – type 2 diabetes). The 

resulting disruptions lead to hyperglycemia damaging organs ultimately leading to premature 

death. Type 1 diabetes is characterized by the autoimmune destruction of insulin secreting β-cells 

of the pancreas resulting in a loss of circulating insulin and hyperglycemia (42, 249). Type 1 

diabetes is often diagnosed in childhood at which time lifelong insulin treatment is initiated to 

maintain euglycemia (42). Type 1 diabetes makes up 5%-10% of all cases of diabetes and had 

previously been referred to as “insulin-dependent diabetes mellitus” or “juvenile diabetes.” 

 The majority of diabetic cases (90%-95%) are type 2 diabetes. Type 2 diabetes is 

characterized by the loss of insulin action resulting in hyperinsulinemia, post-prandial glucose 

intolerance, and moderate hyperglycemia depending on the severity. This form of diabetes was 

formerly referred to as “non-insulin-dependent diabetes mellitus” or adult onset diabetes 

mellitus.” The loss of insulin action is often referred to as insulin resistance as insulin’s 

intracellular signal transduction is impeded by a variety of mechanisms. Insulin resistance in the 

peripheral tissues results in compensation by the pancreatic β-cells to produce more insulin in 

order to maintain euglycemia. The skeletal muscle is responsible for approximately 75%-80% of 

post-prandial glucose disposal (39, 115), and insulin resistance in the skeletal muscle is an early 

step that may trigger disruption of glucose homeostasis (475). Diabetes is the seventh leading 

cause of death in the U.S., although rates may be underreported as diabetes status is under 

recorded on death certificates (58, 310). Diabetes (both type 1 and 2) is associated with increased 

risk of death and development of a host of other diseases including heart disease, stroke, 
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blindness and other retinopathies, kidney disease, neuropathies, neurodegeneration, amputations, 

and non-alcoholic fatty liver disease (NAFLD), amongst others (145, 146, 472, 542). 

 1.1.1. Epidemiology & Impact. In the last 20 years, the prevalence of type 2 diabetes has 

risen steadily as access to excess nutrition has grown with concurrent wide spread low levels of 

physical activity. The global prevalence of type 2 diabetes has doubled since 1980 to 

approximately 357 million in 2008 (87), with the largest rises occurring in the Middle Eastern 

Crescent, sub-Saharan Africa, and India (366). Thus, type 2 diabetes has become a global 

concern. In the U.S., the prevalence of type 2 diabetes has risen sharply in the last 50 years from 

approximately 1% in 1958 to 9.3% (29.1 million) in 2012 (58). Another 86 million U.S. adults 

over the age of 20 years are pre-diabetic, defined as fasting blood glucose concentration between 

100-125 mg/dl, hemoglobin A1c (HbA1c) 5.7%-6.4%, or impaired glucose tolerance, putting 

these individuals at elevated risk of developing type 2 diabetes (58). Alarmingly, the U.S. Center 

for Disease Control and Prevention (CDC) has predicted that one in three children born after 

2000 will develop type 2 diabetes during their lifetime (76). As the prevalence of diabetes is 

expected to rise in the U.S. and throughout the world, novel prevention strategies and treatments 

are desperately needed to slow the prevalence and improve quality of life for patients. 

1.1.2. Etiology. Type 2 diabetes results from the progressive loss of insulin action over 

many years due to peripheral insulin resistance leading to pancreatic β-cell dysfunction and 

apoptosis culminating in the loss of insulin production. Early in the disease process, the loss of 

insulin sensitivity in the primary metabolic tissues (i.e., skeletal muscle, adipose tissue, and liver) 

results in impaired post-prandial glucose clearance and compensatory hyperinsulinemia to 

maintain euglycemia. Loss of skeletal muscle insulin sensitivity results from defects in 
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intracellular insulin signal transduction (85), defects in glucose transporter content and action 

(176), and ‘lipotoxicity’ (409). In addition to derangements at the skeletal muscle level, hepatic 

insulin resistance results in a loss of insulin’s ability to augment hepatic glucose production 

following a meal while resulting hyperinsulinemia stimulates hepatic de novo lipogenesis (428).  

As whole-body insulin resistance progresses, there is a loss of insulin secretion by 

pancreatic β-cells resulting from deposition of amyloid protein in pancreatic islets (203), 

oxidative stress (413), lipotoxicity (73), and a lack of incretin effects (7, 8). The progression 

from impaired insulin sensitivity to the loss of insulin production takes many years (i.e., 10-25 

years) with a large amount of individual differences in the time to reach pancreatic β-cell failure 

with approximately 50% of individuals requiring insulin treatment within 10 years (496). It is 

important to note going forward, that lifestyle interventions that include increased levels of 

exercise and physical activity, as well as 5%-10% reductions in body weight are effective at 

alleviating diabetic symptomology (21, 250, 366, 456). 

 1.1.3. Risk Factors. The risk of developing type 2 diabetics is multifactorial and a number 

of risk factors have been identified including obesity, ethnicity, socio-economic factors, family 

history, genetics, epigenetics, a history of gestational diabetes, high/low birth weight, age, 

physical inactivity, and low cardiorespiratory fitness (CRF) (34, 104, 171, 196, 253, 258, 453, 

514). 

  1.1.3.1. Ethnicity. In the U.S., minorities are at elevated risk for developing pre-

diabetes and type 2 diabetes. The prevalence of diabetes is 7.6% in non-Hispanic white adults, 

9.0% in Asian Americans, 12.8% in Hispanics, 13.2% in African Americans, and 15.9% in 

Native American Indians and Alaskans (58). Many individuals within these ethnicities live in 
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relative poverty, thus socio-economic status cannot be ignored, as it is also a risk factor for 

developing type 2 diabetes. However, even within the same neighborhoods, Mexican Americans 

have a greater prevalence of type 2 diabetes than their Caucasian neighbors (156). This 

highlights that ethnicity itself is important in assessing an individual’s risk for developing type 2 

diabetes. 

  1.1.3.2. Genetics. There is no doubt that genetics plays a role in the risk of 

developing type 2 diabetes. During the 1960s, James V. Neel hypothesized that a thrifty gene 

would be discovered that explains ethnic differences in susceptibility to obesity and type 2 

diabetes (349). This hypothesis has been revised to a ‘thrifty phenotype’ as it became clear that 

multiple genes would interact with the environment leading to disease. Heritability studies have 

shown that the concordance rate of type 2 diabetes is approximately 70% between monozygotic 

twins and 20%-30% in dizygotic twins (393). Furthermore, the risk of diabetes if one parent has 

type 2 diabetes is 3-fold higher compared to if no parents are affected, but 6-fold higher if both 

parents are affected (315). These studies highlight that inherited risk and genetics certainly play a 

role but cannot alone explain a large portion of the risk.  

In the last 10 years, the combination of multiple genome-wide association studies 

(GWAS) has described over 60 genetic loci associated with type 2 diabetes (34, 393). From these 

studies, a number of candidate genes have been shown to be associated with the risk of 

developing type 2 diabetes including PPARG, KCJN11, TCF2, TCF7L2, CDKAL1, CDKN2A-

CDKN2B, IGFBP2, to name a few (393). The odds ratio of each independent loci is between 

1.10-1.20 or less. Therefore, the risk due to an individual gene loci is relatively small. In 

addition, of the loci identified, inheritability explains less than 20% (393). Thus, the interaction 
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of an individual’s genome with environmental factors is likely to play the largest role in the 

development of type 2 diabetes making environmental and lifestyle choices paramount. 

1.1.3.3. Aging. Insulin resistance is known to increase with advancing age as 

insulin sensitivity falls throughout an individual’s life (93). Although the exact mechanisms are 

not know, aging is associated with increased production of reactive oxygen species (ROS), 

decreased antioxidant protection, lower heat shock protein (HSP) levels (157, 158, 441), 

mitochondrial dysfunction, reduced mtDNA levels, and increased damage to mtDNA (25, 319, 

446, 455, 518). Reduced mitochondrial function has been implicated in the development of 

insulin resistance and diabetes and will be discussed below (376). The loss of insulin action 

during aging has also been intimately associated with neurodegenerative diseases including 

Alzheimer’s disease. 

  1.1.3.4. Obesity. Currently two-thirds of the U.S. adult population are overweight 

and one-third are obese assessed by body mass index (BMI, calculated as weight divided by 

height squared) (119). The CDC and WHO identify a BMI between 25.0 and 29.9 kg/m2 in 

adults as overweight and ≥ 30 kg/m2 as obese. Two alarming statistics should be noted; first, the 

number of individuals classified as morbidly obese (BMI > 40 kg/m2) is rapidly rising and has 

now reached a prevalence of 3% of the U.S. adult population (463, 464). Second, 16.9% of all 

children and adolescents aged 2-19 years are considered obese (BMI ≥ 95th percentile of the 

BMI-for-age growth charts) (360). It has become recognized that increased amounts of adipose 

tissue located in the abdominal cavity around the internal organs, known as visceral adipose 

tissue, confers greater risk of developing insulin resistance and type 2 diabetes compared with 

levels of subcutaneous adipose tissue (121, 159).  



7	
	
  1.1.3.5. Sedentary lifestyle. Generally it is recommended that adults accumulate a 

minimum of 150 min/wk of moderate intensity exercise and accumulate 30 min/d of physical 

activity. However, in modern society many individual engage in variety of sedentary behaviors 

in addition to not meeting these recommendations. Sedentary behaviors include not participating 

in recommended amounts of weekly exercise, a lack of daily physical activity, as well as 

extended periods of inactivity (i.e., sitting at a desk, television watching). A number of reports 

have linked physical inactivity, sedentary behaviors, and sitting time to chronic diseases 

including hypertension (198, 365, 381), obesity (221, 272, 491, 492), type 2 diabetes (51, 171, 

195, 267), metabolic syndrome (103, 212),  CVD, and all-cause mortality (38, 197, 199, 200, 

284, 364, 444, 454).  

 In the last 50 years, leisure-time physical activity has not changed, but occupational-

related physical activity has decreased sharply (72). As a result, U.S. adults spend 7.7 hr of their 

waking day sitting or lying (305). Bouts of activity interspersed with long periods of sitting are 

commonplace, and recent evidence suggests that long bouts of sitting have negative health 

consequences independent of physical activity levels (103, 160, 196) and participation in 

moderate-to-vigorous intensity exercise (259). Thus, unfortunately, even those individuals 

meeting the recommended exercise goals, but spending large portions of their day sedentary, still 

have elevated risk (499).  

 A number of trials have demonstrated that exercise combined with diet-induced weight 

loss is a powerful tool in preventing the development of type 2 diabetes (250, 367, 494). Exercise 

or increased physical activity can reduce hyperglycemia, improve glucose tolerance, and reduce 

HbA1c levels in type 2 diabetic patients (19, 21, 22, 68, 231). Similarly, breaking up sitting time 



8	
	
can also improve glucose homeostasis (102). Thus, exercise, high levels of physical activity, and 

reduced periods of sitting can all improve aspects of diabetic symptomology and help prevent the 

development of type 2 diabetes (21, 456).  

  1.1.3.6. Cardiorespiratory fitness. Cardiorespiratory fitness (CRF) can loosely be 

described as the body’s ability to take in oxygen, deliver it to the peripheral tissues, and the 

ability of the peripheral tissues to extract and utilize this oxygen. Individuals with a high level of 

CRF have lower risk of all-cause mortality (40, 41, 69), CVD mortality (40, 41, 71), 

hypertension (26, 398), obesity and abdominal obesity (416, 527), metabolic syndrome (270, 

273, 447), and type 2 diabetes (57, 253, 298, 436, 448, 514). Kodama et al. reported in a meta-

analysis of 33 studies that every 1 MET (metabolic equivalent) increase in CRF results in a 13%-

15% reduction in all-cause and CVD mortality (253). The study of the mechanisms by which 

CRF employs this protection is difficult because of the number of metabolic pathways that are 

influenced in parallel. 

 CRF is influenced by many factors including training and physical activity levels, but 

genetics account for > 60% of the equation (46). An interesting model to study the relationship 

between CRF and susceptibility to metabolic diseases is using rats that have been selectively 

bred as high capacity runners (HCR) or low capacity runners (LCR). In brief, Steve Britton and 

Lauren Koch bred rats based on their endurance running capacity for successive generations to 

determine how intrinsic CRF levels influence disease susceptibility. The founder population 

consisted of rats from a genetically heterogeneous N:NIH rat stock which had been developed by 

breeding eight inbred rat strains together (162, 251, 252). Male and female rats from this founder 

population were then tested for endurance running capacity on treadmills. The top 13 (out of 100 
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tested) male runners were mated with the top 13 female runners, and vice versa for the low 

performing rats, to create 13 breeding families of HCR and LCR rats. This breeding scheme has 

been continued for successive generations. After initial testing to determine phenotype for 

breeding, the rats were returned to sedentary, inactive conditions. Thus, the initial testing was the 

only exercise stimulus the rats received.  

 Early the breeding it became clear that a disease phenotype had appeared in the LCR rats. 

The LCR rats showed symptomology of metabolic syndrome including hypertension, elevated 

fasting blood glucose and insulin concentration, dyslipidemia, post-prandial glucose intolerance, 

whole-body and skeletal muscle insulin resistance, and hepatic steatosis (285, 286, 332, 347, 

355, 357, 407, 442, 476, 525), and these conditions are exacerbated in LCR rats by high-fat 

feeding while HCR rats are protected against diet-induced metabolic disruptions (132, 355, 357, 

503). At the skeletal muscle level, LCR rats have lower insulin-stimulated glucose uptake and 

lower mitochondrial functionality and content (285, 286, 347, 355, 407, 442). As lower 

mitochondrial function and content have been implicated in insulin resistance and type 2 diabetes 

(376), the skeletal muscle of the LCR rats may be particularly susceptible to metabolic insults. 

Thus, there is no doubt that low CRF puts an individual at risk for developing metabolic 

diseases, and it is important to map out the mechanisms by which this susceptibility occurs to 

fully understand how high CRF protects against insulin resistance. 
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1.2. INSULIN & INSULIN SIGNALING 

The discovery of insulin was truly a game changer in medicine for the treatment of 

diabetes. Before the discovery of insulin, diabetes was a wasting disease resulting in emaciation 

and early death. Insulin’s major role is to regulate blood glucose levels in normal ranges [fasting 

glucose 4 mM – 7 mM, 80 – 100 mg/dl], and to control post-prandial glucose redistribution from 

the circulation into the peripheral tissues. Type 2 diabetes is characterized as fasting blood 

glucose > 126 mg/dl and pre-diabetes is defined as fasting blood glucose between 100-125 

mg/dl. 

 1.2.1. History of diabetes & insulin. Descriptions of diabetic patients can be dated back to 

the ancient Egyptians (1500 BCE) (137, 392). The word ‘diabetes’ derives from the Greek word 

siphon as the Greek physician Aretaeus of Cappadocia described patients having polydipsia 

concurrent with polyuria (137). The word ‘mellitus’ is derived from the Latin for “honey sweet” 

because of the sweet tasting urine and blood in these patients (137). It was not until the late 19th 

century and early 20th century when insulin was discovered and determined to be the root cause 

of diabetes was described and treatment options become a reality. 

Edward Albert Sharpey-Schafer hypothesized that the loss of a single chemical produced 

from the pancreas was responsible for diabetes, calling this chemical insula, meaning ‘land’ 

(392). Frederick Banting and Charles Best discovered insulin in the 1920s (24, 392), and along 

with James Collip and John Macleod, purified bovine insulin and successfully treated patients 

using insulin (138, 392). These accomplishments resulted in Banting & Macleod being awarded 

the 1923 Nobel Prize in Medicine. A description of type 2 diabetes emerged as Harold 

Himsworth in 1936 described that insulin resistance, not insulin deficiency, occurs in some 
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diabetic patients (179). Later in 1988, Gerald Reaven described a constellation of metabolic 

disorders that put an individual at increased risk for developing diabetes including insulin 

resistance, upper body obesity, hypertension, hypertriglyceridemia, and low high-density 

lipoprotein (HDL) levels (399, 400). These discoveries set the stage for the piecing together of 

the complicated intracellular insulin signaling pathway that would occur as it became accepted 

that insulin signal and that this signal transduction was blunted in insulin resistant type 2 diabetic 

patients. 

 1.2.2. Insulin release. Following a meal, insulin secretion from the pancreatic β-cells 

increases circulating levels of insulin. The release of insulin occurs in two phases. The first phase 

occurs rapidly in response to rising blood glucose levels following a meal. The second phase is 

more sustained arising from glucose-independent signals. Glucose entry into β-cells through 

glucose transporters, specifically glucose transporter-2 (GLUT2), increases ATP levels, closes 

ATP-sensitive potassium channels, increases intracellular potassium levels ultimately, resulting 

in depolarization of the plasma membrane. Depolarization results in opening of voltage-gated 

Ca2+-channels leading to an influx of Ca2+ ions from the extracellular fluid. This influx of Ca2+ 

ions activates phospholipase C which cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) into 

inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DAG). IP3 binds to IP3-gated channels of the 

SR releasing greater amounts of Ca2+ into the cytosol. The increase in cytosolic Ca2+ 

concentration induces the translocation of insulin secretory vesicles to the plasma membrane 

releasing insulin into the circulation.  
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Figure 1. Insulin signaling pathway activation results in translocation of GLUT4 to the 
plasma membrane to facilitate glucose uptake in skeletal muscle and adipocytes. 
Abbreviations: Akt (protein kinase B, PKB), AMPK (AMP-activated protein kinase), AS160 
(Akt-substrate of 160 kDa), CaMKKβ calcium/calmodulin-dependent protein kinase II), DAGs 
(diacylglycerols), GLUT4 (glucose transporter-4), GSK3 (glycogen synthase 3), IKKβ (inhibitor 
of kappa B kinase subunit β), IRS-1/2 (insulin receptor substrate), LKB1 (liver kinase B1), JNK 
(c-Jun N-terminal kinase), mTORC2 (mammalian target of rapamycin complex 2), PDK1 
(phosphatidylinositol-dependent kinase 1), PI3K (phosphatidylinositol 3-kinase), PIP2 
(phosphatidylinositol-3,4 bisphosphate), PIP3 (phosphatidylinositol-3,4,5 triphosphate), PTEN 
(phosphatase and tensin homolog). 
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1.2.3. Insulin Signaling. Circulating insulin binds to its plasma membrane receptor 

resulting in activation of an intracellular signaling cascade that in adipocytes and myocytes 

results in increased glucose uptake from the circulation into these cells. More specifically, 

insulin induces the translocation of glucose transporter molecules to the plasma membrane from 

intracellular storage compartments (84, 469). This transporter was later identified as glucose 

transporter-4 (GLUT4) (36, 218, 219). Over the course of many years the molecules involved in 

transmitting insulin’s signal from the plasma membrane to the intracellular compartments 

containing GLUT4 molecules have been mapped. 

 The plasma membrane insulin receptor itself is a tyrosine kinase composed of two 

extracellular α-subunits that bind insulin, and two transmembrane β-subunits with intrinsic 

tyrosine kinase activity (35, 74, 232, 389). Insulin binding to the α-subunits results in auto-

phosphorylation of tyrosine residues on the β-subunits further activating the receptor’s kinase 

activity (1, 27, 35). The insulin receptor then phosphorylates effector proteins such as insulin 

receptor substrate-1/2 (IRS-1/2) (417, 465, 522). The IRS proteins contain a pleckstrin homology 

(PH) domain, protein tyrosine-binding (PTB) domain, and numerous tyrosine residues (35). 

Upon insulin stimulation and IRS phosphorylation by the insulin receptor, IRS-1/2 associates 

with phosphatidylinositol 3-kinase (PI3K) increasing the activity of PI3K leading to the 

conversion of PIP2 to phosphatidylinositol-3,4,5 triphosphate (PIP3) (20, 418, 487, 488). PI3K 

consists of a regulatory p85 subunit and a catalytic p110 subunit, and it is the Src-homology-2 

(SH2) domain of the p85 subunit that facilitates the interaction between IRS-1/2 and PI3K (74). 

The PI3-phosphates generated by PI3K target a number of downstream molecules including PI-

dependent kinase 1 (PDK1), glycogen synthase kinase-3 (GSK3), protein kinase C (PKC), 
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proteins involved in actin remodeling, and protein kinase B (PKB)/Akt (35, 52, 74, 79, 122, 248, 

520). 

 Akt is essential for transduction of insulin’s signal intracellularly, has a diverse number 

of targets, and plays a central role in several intracellular signaling pathways (62, 74). Upon 

insulin stimulation, Akt is recruited to the plasma membrane and interacts with PIP3 via its PH 

domain, but this interaction alone is not responsible for the activation of Akt itself (220). Rather, 

Akt is phosphorylated on Thr308 and Ser473 residues as a result of insulin receptor activation 

(10), with PDK1 responsible for phosphorylating Thr308 (11, 461) and mammalian target of 

rapamycin complex 2 (mTORC2) responsible for phosphorylating Ser473 (193, 433). With 

respect to glucose uptake, Akt phosphorylates the Rab GTPase activating protein (GAP) AS160 

(also known as TBC1D4) which has been described as the brake to insulin signaling (248). 

AS160 is a GAP that promotes cognate Rab GTPases to hydrolyze GTP and remain inactive 

(248, 322, 431). Phosphorylation of AS160 by Akt eliminates AS160’s GAP activity allowing 

Rab proteins to become active by exchanging GDP for GTP inducing GLUT4 translocation. 

AS160 mutants that cannot be phosphorylated by Akt or knockdown of AS160 in vitro results in 

a constitutively active AS160 that blocks GLUT4 translocation to the plasma membrane (61, 

213, 431, 466). 

Akt not only induces translocation of GLUT4 molecules to the plasma membrane, Akt 

activates glycogen synthesis by phosphorylating GSK3α on Ser21 and GSK3β on Ser9 resulting 

in inhibition of GSK3 activity (78, 311). Constitutively GSK3α/β phosphorylates and inhibits 

glycogen synthase reducing glycogen synthesis. However, when Akt inhibits GSK, GSK3’s 

inhibition over glycogen synthase is relieved allowing glycogen synthesis to become active.  
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 Glucose uptake is also stimulated by other stressors including muscle contractions and 

increased intracellular Ca2+ levels. This represents a redundant biological pathway by which 

glucose uptake is stimulated independent of insulin. A number of molecules have been shown to 

activate insulin signaling independent of insulin including calcium/calmodulin-dependent protein 

kinase II (CaMKII), AMP-activated protein kinase (AMPK), protein kinase C (PKC) isoforms α, 

β, γ, and ϛ, and p38 mitogen-activated protein kinase (MAPK) (136, 384, 528). AMPK has 

received a great deal of attention for its many metabolic roles. AMPK is an ancient energy sensor 

that senses increases in AMP and ADP levels within the cell and phosphorylates downstream 

targets ultimately resulting in increased ATP production to maintain energy homeostasis (163, 

226). Activation of AMPK has wide spread biological effects including decreased glycogen 

synthesis and increased glycolysis (304), decreased fatty acid and cholesterol synthesis (55, 56, 

130), decreased lipolysis (127, 130, 131), increased fatty acid oxidation (321, 501, 523, 524), and 

increased mitochondrial biogenesis (226, 430). Upon activation, AMPK targets downstream 

proteins including AS160, which AMPK phosphorylates and inhibits allowing for GLUT4 

translocation to the plasma membrane.  

 1.2.4. Insulin resistance. The loss of insulin action resulting in type 2 diabetes begins 

long before diagnosis. The resistance to insulin affects multiple tissues, but in the context of the 

early stages in the development of type 2 diabetes, insulin resistance largely affects the skeletal 

muscle, liver, and adipose tissue. It has become clear that blunted insulin signal transduction is a 

key aspect of type 2 diabetes. A number of mechanisms are being actively studied as the cause of 

insulin resistance and blunted insulin signal transduction including, but certainly not limited to, 

inflammation and activation of intracellular pro-inflammatory pathways, generation of fatty acid 

metabolites, and mitochondrial abnormalities (408). Although the skeletal muscle is responsible 
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for most of post-prandial glucose disposal, evidence from animal models suggest that altered 

liver metabolism and reduced insulin sensitivity occur prior to skeletal muscle following high-fat 

feeding (262, 427). Thus, resistance to insulin in the skeletal muscle and liver has been widely 

studied although the adipose tissue’s role is often underappreciated. 

  1.2.4.1. Inflammation. A state of low-grade, chronic inflammation has been 

postulated to occur early in the etiology of type 2 diabetes and possibly cause aspects of 

metabolic dysfunction (519). It had been known for many years that anti-inflammatory 

salicylates (e.g., aspirin) could restore insulin signaling (129, 536). This hypothesis was 

supported by the findings that a circulating inflammatory cytokine, tumor necrosis factor α 

(TNFα), secreted from immune cells and adipocytes could itself induce insulin resistance. TNFα 

levels are elevated in obese humans (192, 241, 422), and knockout of TNFα or its receptor 

results in protection against obesity (192, 497). Subsequently, TNFα was shown to activate 

intracellular pro-inflammatory stress kinases (i.e., PKC, c-Jun N-terminal kinase, JNK, and 

inhibitor of kappa B kinase β, IKKβ) that phosphorylate inhibitory serine residues on IRS-1/2 

blocking insulin signal transduction (5, 6, 90, 147, 191, 378, 536, 541). Several other circulating 

cytokines/adipokines have also been described to be pro-inflammatory and induce insulin 

resistance.  

 JNK-1, -2, and -3 are members of the MAPK family of proteins that control transcription 

via AP-1 proteins c-Jun and JunB (89). JNK activity is increased in the liver, adipose tissue, and 

muscle of obese rodents and humans, and whole-body JNK knockout mice are protected against 

insulin resistance (180, 493). Specifically, JNK activation results in Ser307 phosphorylation of 

IRS-1 blocking insulin signal transduction (5, 6, 128, 363). Although adipose tissue specific JNK 
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knockout protects against diet-induce insulin resistance (419), the direct role of JNK as a cause 

of insulin resistance has been questioned as the use of hepatic and skeletal muscle specific 

knockouts of JNK has yielded different results from the adipose tissue knockout model (419, 

420, 428). Thus, JNK activation may have tissue specific roles in the puzzle of insulin resistance 

and the blockade of JNK activity specifically in the adipose tissue may yield the greatest 

rewards. 

  1.2.4.2. Altered lipid metabolism and the generation of fatty acid derivatives. 

Altered lipid metabolism has become well established in the development of insulin resistance. It 

has been known for some time that circulating free fatty acids (FFAs) can induce insulin 

resistance and lowering circulating FFAs improves insulin resistance (44, 240, 432). The 

association with insulin sensitivity is stronger between intramuscular lipid content than 

circulating FFA concentration (268), and intramuscular lipid storage has become a heavily 

researched field in the context of insulin resistance. The proper functioning of the adipose tissue 

to sequester fatty acids plays a role in whole-body lipid metabolism and prevents inappropriate 

lipid storage in the skeletal muscle and liver (149). It should be noted that exercise uses 

intramuscular lipids and that athletes store equal to or even greater amounts of lipids in the 

skeletal muscle compared to type 2 diabetics despite being insulin sensitive, a phenomenon now 

known as the ‘athlete’s paradox’ (143).  

 As a great deal of lipid oxidation occurs in the skeletal muscle, mismatches between lipid 

and glucose oxidation may result in the generation of fatty acid derivatives (341). Feeding a 

high-fat diet to rodents actually increases skeletal muscle mitochondrial biogenesis, likely as a 

means to increase oxidative capacity to handle excess dietary lipids (161, 495). This 
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compensatory mechanism leads to differential increases in components of fatty acid metabolism 

resulting in a mismatch between fatty acid β-oxidation with the downstream TCA cycle and 

oxidative phosphorylation. This mismatch leads to increased generation of acetyl-CoA, long-

chain acyl-CoAs and acyl-carnitines, DAGs, ceramides, and phosphatidic acid, which activate 

pathways leading to inhibited insulin signaling.  

 As lipid excess builds up, acetyl-CoA and acyl-CoAs from β-oxidation accumulate and 

disrupt mitochondrial and cytosolic metabolism, and the generation of acyl-carnitines that are 

readily exported from the mitochondria, further disrupt cellular metabolism and contribute to 

insulin resistance (261, 339). Elevation of these metabolites, DAGs, and ceramides via 

pharmacological and genetic methodologies induces insulin resistance, and inhibition of the 

generation of DAGs and ceramides restores insulin sensitivity (181, 342, 428). DAGs activate 

members of the PKC family of molecules that inhibit insulin signaling (342, 428) by 

phosphorylating IRS-1/2 on multiple serine residues and decreasing tyrosine phosphorylation 

(164, 214, 229). Ceramides are sphingolipids that inhibit insulin signaling by impairing Akt2 

activation (428, 439). Thus, DAG and ceramide accumulation may be a powerful mechanism to 

inhibit insulin signaling but their inhibition would be difficult due to their varying roles in 

multiple tissues.  

  1.2.4.3. Mitochondrial abnormalities. At the heart of the above-mentioned 

alterations in lipid metabolism is the mitochondria. The mitochondria are double membraned 

organelles that regenerate ATP by oxidizing carbon substrates (276, 376). The mitochondrial 

matrix contains the enzymatic machinery of the TCA cycle and β-oxidation which provide 

reduced NADH and FADH2 to the electron transport chain (ETC) which creates the proton 
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gradient across the inner mitochondrial membrane (376). The ETC complexes (I-IV) shuttle 

electrons from donors (NADH at complex I and FADH2 at complex II) to a final electron 

acceptor, oxygen, to form water at complex IV. This process results in transport of protons from 

the matrix to the intermembrane space creating an electrochemical gradient across the inner 

membrane that is coupled to ATP production by moving protons back into the matrix via 

mitochondrial ATPase (complex V) (376). To match energy demands, changes in mitochondrial 

enzyme content and mitochondrial density are coordinated by the mitochondrial transcription 

factor, mtFAM, and by nuclear coactivators such as peroxisome proliferator-activated receptor γ 

coactivator 1α (PGC-1α), PGC-1β, and peroxisome proliferator-activated receptor γ coactivator-

related 1 (PPRC1) (376, 531).     

 A number of published reports have linked the susceptibility to developing insulin 

resistance and type 2 diabetes to aberrant skeletal muscle mitochondrial functionality, reduced 

activity of oxidative phosphorylation and PGC-1α expression in type 2 diabetic patients (238, 

260, 327, 375, 387, 388, 406). These traits are also present in offspring of diabetic parents and in 

glucose tolerant monozygotic twins of diabetic patients (30, 388). These deficits can be repaired 

by lifestyle interventions, especially weight loss and exercise, and the improvements in 

mitochondrial mass correlate with improvements in insulin sensitivity (314, 390, 479, 480). Thus 

the reductions in mitochondrial mass and functionality may be a result of environmental 

conditions (e.g., physical inactivity and caloric excess) rather than ingrained in one’s genetic 

makeup alone. 

 The mitochondrial role in insulin resistance has shifted towards an understanding of 

metabolic flexibility. Metabolic inflexibility represents inappropriate physiological and cellular 
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fuel selection during periods of rest or stress. Kelley & Simoneau showed that obese diabetics 

had lower activity of mitochondrial enzymes during fasting, but increased activity of glycolytic 

enzymes. Along with these observations, in leg balance studies, diabetics had lower lipid 

oxidation when fasting (higher RQ) and an inability to switch to carbohydrate utilization during 

the post-prandial state or upon insulin stimulation. These traits were subsequently termed 

“metabolic inflexibility” (239, 376), and this disruption in whole-body metabolism has been 

linked to inappropriate substrate selection at the mitochondrial level (339).  

 

1.3. HEAT SHOCK PROTEINS & THE HEAT SHOCK RESPONSE   

The induction of the heat shock response was first described by Italian scientist Ferruccio 

Ritossa when an inadvertent application of heat was applied to Drosophila salivary glands by 

accidental incorrect incubator settings (9, 175, 288, 405). The heat shock led to chromosomal 

puffing that was later characterized as increased transcription leading to increased protein 

translation of a specific family of proteins later coined heat shock proteins (HSPs). The heat 

shock response is a classical stress response that detects, monitors, and responds to 

environmental cues and changes, in its simplest form temperature, and then modifies the 

intracellular environment to compensate for the environmental changes (329).  

It has become clear that the activation of the heat shock response, or constitutive 

overexpression of the HSPs themselves, is protective against cell death from a variety of 

stressors (329). The HSPs produced as a result of heat stress directly assist in thermotolerance 

and protection against further stress. This protection is extended to a number of other conditions 
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in addition to heat including (i.e., ethanol, hypoxia, sodium arsenite, and cadmium chloride), 

which condition against successive heat stress, and vice versa, prior heat stress protects against 

these stressors (287, 288, 391, 502).  

The induction of HSPs in vivo, specifically HSP72, occurs in most mammals and humans 

following heat stress in in skeletal muscle, cardiac muscle, liver, lungs, brain, different regions 

and cells of the central nervous system, adrenal glands, spleen, lymphocytes, small intestine, 

bladder, and in this dissertation, adipose tissue (54, 81-83, 105, 118, 125, 154, 155, 206, 230, 

265, 266, 295, 300, 301, 323, 351, 410, 412, 425, 438, 452, 508, 509). Exercise is also a potent 

activator of the heat shock response (297). The physiological and cellular sensors responsible for 

activating the heat shock response have not been fully elucidated, but unfolded or misfolded 

proteins, protein aggregation, and ER stress have been described as the major culprits (9, 329). 

Thus, protein damage caused by either heat shock itself or other factors resulting in protein 

unfolding result in activation of heat shock factor-1 (HSF-1), the primary transcription factor 

responsible for the induction of the heat shock response. 
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Figure 2. The heat shock response. (A) Unstressed, HSF-1 is held in the cytosol as an inactive 
monomer by transient binding of HSP72 and HSP90. (B) Upon application of stress, HSP72 and 
HSP90 dissociate from HSF-1, and HSF-1 trimerizes, becomes hyperphosphorylated, and 
translocates to the nucleus where it binds heat shock response (HSEs) in the DNA increasing 
transcription of HSPs. (C) During insulin resistance and inflammation, the heat shock response is 
blunted due to inhibitory phosphorylation of HSF-1 by JNK, ERK, PKC, and GSK3. 
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1.3.1. Heat shock factor-1. HSF-1 is a winged helix-turn-helix transcription factor that 

upon activation translocates to the nucleus and binds to heat shock response elements (HSE) in 

the promoter regions of heat responsive genes resulting to the induction of HSP gene 

transcription (329, 371, 380, 529). HSF-1 is expressed in most tissues and cell types (116), and is 

the master regulator of the heat shock response as HSF-1 is generally required for stress-induced 

increases in HSPs (290, 312, 328, 504, 530). However, HSPs are still constitutively expressed in 

HSF-1 null cells and animals (211, 312, 352, 533, 534, 543, 544). In addition, HSF-1 plays a role 

in development, life span and aging, immune responses, circadian rhythms, and some malignant 

cancers. 

HSF-1 is regulated by multiple protein-protein interactions, post-translational 

modifications, and subcellular localization (9). HSF-1 exists in the cytosol as an inactive 

monomer prior to the application of stress by transient binding of HSP90 and HSP70 (Figure 

2A) (12, 396, 547). Upon application of stress, HSF-1 becomes an active trimer, 

hyperphosphorylated on multiple serine residues including Ser230 and Ser326 (77, 148, 172, 

186, 434), and translocates to the nucleus and binds HSEs in the DNA (Figure 2B) (23, 547). 

HSF-1 nuclear localization and DNA-binding can also be inhibited by phosphorylation on 

several serine residues by stress kinases such as JNK, extracellular signal-regulated kinase 

(ERK)-1/2, GSK-3, PKCα, and PKCϛ which lead to HSF-1 sequestration to the cytosol (Figure 

2C) (65, 66, 86, 369, 513). In negative feedback fashion, increased levels of HSP90 and HSP70 

following heat stress inhibit continued HSF-1 activation by blocking trimerization and nuclear 

translocation (337, 396, 445). HSF-1 DNA binding is also inhibited by acetylation by p300-

CREB binding protein (CBP), and HSF-1 is deacetylated by the NAD+-dependent sirtuin 1 

(Sirt1), which promotes longer DNA binding (521).  
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1.3.2. Heat shock proteins. In general, the HSPs function as molecular chaperones that 

aid in proper folding, refolding, and transport of newly translated proteins or proteins that 

become unfolded (334). HSPs are generally arranged into different families based upon 

molecular weight: 1) small HSPs (8-27 kDa), 2) HSP60 (60 kDa), 3) HSP70 (70-73 kDa), and 

HSP90 (90 kDa).  

 1.3.2.1. Small heat shock proteins. HSP25/27 (herein referred to as HSP25) has a 

number of cellular functions not limited to its role as a molecular chaperone including 

microfilament stabilization, the glutathione system, signal transduction, growth and 

differentiation, and protects against oxidative and thermal stress (32, 107, 126, 204, 205, 274, 

280, 281, 325, 437, 516). αB-crystallin (20 kDa), another small molecular weight HSP, is from 

the family of crystallin proteins found in mammalian eye lenses (334). HSP25 and αB-crystallin 

share great sequence similarity (91, 320), directly associate with one another (234), share 

common cellular responsibilities, and both are induced in response to heat and oxidative stress 

(169, 210, 233). Like HSP25, αB-crystallin has also been shown to be involved in cytoskeletal 

stabilization and together HSP25 and αB-crystallin appear to be important for skeletal muscle 

recovery from exercise and protection against atrophy by stabilizing components of the 

sarcomere (18, 100, 254, 377). 

  1.3.2.2. Heat shock protein 60. HSP60 is a nuclear encoded mitochondrial 

chaperone that is essential for proper folding and assembly of proteins imported into the 

mitochondria (95, 187, 334). HSP60 is essential for proper mitochondrial function as proteins 

imported into the mitochondrial matrix directly interact with HSP60 (166, 275, 299) and deficits 

in HSP60 result in disease phenotypes. In humans, a few rare genetic disorders are associated 
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with HSP60 deficiency including congenital lactic acidaemia (4, 47). Homozygous deletion of 

HSP60 in mice is lethal; however, heterozygous mice display an insulin resistant, pro-

inflammatory phenotype with mitochondrial deficits (63, 247). Intracellular and extracellular 

location of HSP60 likely drives many of its roles. Although the majority of HSP60 is located in 

the mitochondria of cardiomyocytes (~80%), there is a fraction of HSP60 located 

extramitochonrially (~20%) that is anti-apoptotic (151). Extracellular HSP60 is pro-

inflammatory and HSP60 can be released from adipose tissue activating inflammatory pathways 

in adipocytes and skeletal muscle (302, 303). HSP60 is increased by heat stress and other 

stresses that induce the heat shock response such as exercise (334, 348, 489).  

  1.3.2.3. Heat shock protein 70/72. HSP72 is the most highly conserved HSP 

between species with human sharing 96.6%, 73%, and 60% amino acid sequence similarity with 

rodent HSP72, Drosophila HSP72, and  bacterial DnaK, respectively (288, 404, 507). There are 

four members of the HSP70 family, two cytosolic forms, a constitutive/cognate form (HSC70, 73 

kDa) and an inducible form (HSP72, 72 kDa), as well as the ER chaperone glucose-regulated 

protein 78 (GRP78 or Bip, 78 kDa), and a mitochondrial chaperone HSP75 (mtHSP70, also 

known as mortalin, 75 kDa) (294).  

 HSP72 is expressed by two genes: hspa1a and haspa1b. The protein contains an N-

terminal ATPase domain, which is necessary for its chaperone functions, a C-terminal protein 

binding domain, and a linker domain connecting the two (356, 423). A number of co-chaperones 

(i.e., DnaJ/HSP40, Bag1, Hip) are present with HSP72 and assist in its chaperone function (95, 

356). Although HSP72 is best described for its role as a molecular chaperone, HSP72 interacts 

with a number of cell signaling pathways, is involved in mRNA stabilization and degradation, 
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assists in protein degradation, helps to regulate cell death, and has been described to deliver 

substrate proteins to translocases that transport these proteins across organelle membranes (423, 

539). Recently, HSP72’s role in insulin resistance, mitochondrial function, and type 2 diabetes 

has been partially characterized and will be described below. 

  1.3.2.4. Heat shock protein 90. HSP90 is involved in folding substrate proteins 

(i.e., protein kinases), as well as activation of transcription factors, steroid hormone receptors, 

and oncogenic proteins (i.e., tumor suppressor p53) (423, 516), but HSP90 also plays a role in 

cell signaling and cell death pathways including chaperone-mediated autophagy (98). HSP90 

levels are high in the cytosol and are further increased upon stress (517). HSP90 plays an 

important role in inhibiting constitutive HSF-1 activity, along with HSP72, by preventing HSF-1 

trimerization and translocation to the nucleus. This function makes HSP90 an attractive target for 

inhibition to elicit a heat shock response pharmacologically.  

 1.3.3. HSPs in the primary metabolic tissues. Much of the research surrounding HSPs 

and the induction of HSPs has been performed in skeletal muscle, but less has been performed in 

the liver and adipose tissue. These tissues are extremely important for maintaining whole-body 

glucose homeostasis and insulin sensitivity, but have different roles in the progression of insulin 

resistance and type 2 diabetes. HSPs, specifically HSP72, have been shown to play a protective 

role in the development of insulin resistance and type 2 diabetes primarily in skeletal muscle, but 

few studies have examined the role of HSP72 in the liver and adipose tissue.  

 1.3.3.1. HSPs in the skeletal muscle. Most of the work regarding HSP expression, 

especially as it relates to insulin resistance, has been performed in skeletal muscle. HSP levels 

are greater in more metabolically active muscle fibers. We and others have observed the 
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constitutive HSP72 and HSP60 levels are greater in red, oxidative skeletal muscle compared to 

white, glycolytic skeletal muscle (45, 152, 278, 296, 361). Furthermore, the induction of HSPs 

following heat treatment is greater in glycolytic muscle where constitutive levels are low. HSP25 

and αB-crystallin are also more highly expressed in cardiac muscle and oxidative skeletal muscle 

fibers compared to glycolytic muscle fibers (202, 209, 350).  

Muscle fiber type is often related to the predominate expression of a particular isoform of 

myosin heavy chain (MHC) within a muscle fiber. Based in this, there are three basic muscle 

fiber types in skeletal muscle of humans: type I, IIa, and IIx; and a forth fiber type is expressed 

in rodents that is not expressed in humans (IIb). Oxidative skeletal muscle contains a greater 

preponderance of type I fibers, and glycolytic skeletal muscle contains a greater preponderance 

of type II fibers. In general, type I muscle fibers generate less force and fatigue more slowly 

when stimulated to contract repeatedly compared to type II muscle fibers. Oxidative muscles 

contain greater content of myoglobin, oxidative enzyme content, and greater mitochondrial 

density while glycolytic muscles contain less myoglobin, greater content of glycolytic enzymes, 

and fewer mitochondria.  

In humans, most muscles are mixed and contain approximately 50% type I fibers and 

50% type II fibers. In rodents, particular muscles contain a large content of a particular muscle 

fiber type making it easier to study particular muscle fiber types without dissecting individual 

muscle fibers. For instance, the soleus of a rat contains approximately 84% type I fibers, 7% type 

IIa fibers, and 9% type IIx fibers while the extensor digitorum longus (EDL) contains 4% type I 

fibers, 20% type IIa fibers, 38% type IIx fibers, and 38% type IIb (13, 94). Of particular 

importance for type 2 diabetes is that diabetic patients undergo a shift from type I, oxidative 
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muscle fibers to expressing a greater number of type II, glycolytic muscle fibers (178, 474). The 

opposite occurs with endurance training, where there is a shift towards a greater number of type I 

oxidative muscle fibers (457). 

 One of the most widely described treatments for insulin resistance and type 2 diabetes is 

exercise (2). Acute exercise increases skeletal muscle lipid oxidation and increases insulin 

sensitivity for 24-48 hr (167, 183, 424, 440, 526, 545). In addition to its influence at the whole-

body and cardiovascular levels, chronic endurance exercise increases mitochondrial enzyme 

activity and mitochondrial density in multiple tissues (120, 140, 182, 185, 467), modifies skeletal 

muscle fiber type towards a more oxidative phenotype (88, 140), and increases skeletal muscle 

capillary density (279). The reverse of these adaptations is observed during physical inactivity, a 

lifestyle undertaken by many insulin resistant individuals.  

For a number of years it has been known that exercise, which typically results in a 

transient increase in body and muscle temperature (48), increases HSP transcription and protein 

levels. A single bout of aerobic exercise increases HSP72 transcription and expression in skeletal 

muscle of humans and rodents (60, 112, 177, 242, 245, 295, 335, 353, 359, 372, 373, 395, 425, 

449, 452, 506), but also in the myocardium (245, 297, 316-318, 324, 353, 425, 452), blood 

vessels (324, 449), liver (142, 265, 425), brain (509), and multiple other tissues. HSP60 levels 

increase in skeletal muscle following endurance exercise. This increase in HSP60 precedes any 

changes in mitochondrial protein content, but coincides with increased mitochondrial enzyme 

activity and levels of positive regulators of mitochondrial biogenesis (187, 242, 295, 335). 

Chronic endurance training also results in increased HSP levels and levels of HSF-1 (141, 177, 

244, 317, 345, 359, 395, 426, 459). An important aspect to the increase in HSPs is the question 
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as to whether these increases are due to temperature or contractile activity. Muscle contractions 

in the absence of rises in body and muscle temperature increase HSP levels (245, 336, 452), 

indicating that molecular mechanisms independent of temperature can induce the heat shock 

response.   

A number of potential mechanisms have been explored besides temperature that explains 

increases in HSPs levels following exercise. These mechanisms include hypoxia (31), glycogen 

depletion (113), oxidative stress (110, 117), energy depletion/ATP pools (334), mechanical 

damage (144), decreased pH (338), calcium ion influx (338), and increased circulating 

catecholamines (372). An attractive hypothesis would be that calcium ions induce the heat shock 

response as calcium ion concentration increases in the cytosol to initiate muscle contractions and 

is a powerful activator of a number of signaling pathways that induce mitochondrial biogenesis 

and influence metabolism (i.e., AMPK). As skeletal muscle metabolic health is intimately tied to 

the development of type 2 diabetes, the role of inducible HSPs in insulin resistance is important. 

 1.3.3.2. Adipose tissue dysfunction and the role of HSPs in white adipose tissue. 

Once thought to be a benign tissue that’s only responsibility was to store fatty acids to be 

released when called upon by other organs in stress, the adipose tissue is now known to play a 

far larger role in whole body physiology and insulin sensitivity (43, 540). Adipose tissue is 

important for thermoregulation and for protection of vital organs, and is also well recognized as 

an endocrine organ. Since the characterization of leptin, adipose tissue has been found to secrete 

over 600 adipokines and hormones, many of which are pro-inflammatory and can themselves 

induce insulin resistance, including adiponectin, retinol binding protein 4 (RBP4), interleukin-6 

(IL-6), IL-1β, and TNFα. Now with an abundance of nutrition available for consumption, obesity 
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(or increased adiposity) has become a large problem in the modern world. Although obesity is 

associated with many co-morbidities, its distribution within the body may be of greater 

importance. 

 Adipose tissue has different forms, including white (WAT) and brown adipose tissue 

(BAT), and a newer described beige adipose tissue. WAT is dispersed into different depots in 

mammals with prominent SCAT and abdominal or visceral WAT depots appearing in humans. In 

male rodents, there is also a large epididymal WAT (eWAT) depot, which is largely absent in 

humans that are commonly studied in rodents as a model of abdominal WAT. Visceral WAT 

content has been correlated with risk of type 2 diabetes and CVD while SCAT is thought of as 

protective against metabolic disease as implantation of SCAT into the visceral compartment 

improves insulin sensitivity (415, 485). These depots have different intrinsic metabolic activities 

as adipocytes from abdominal depots have greater secretion of inflammatory cytokines (108, 

207, 385, 505), greater lipolysis and fatty acid re-esterification (14, 170, 277, 481), greater 

oxygen consumption and mitochondrial protein content (96, 264), but lower insulin sensitivity 

(546). HSP levels are greater in the visceral WAT compared to other WAT depots, but this is 

complicated by HSP content in other components of the adipose tissue such as the stromal-

vascular fraction (SVF) (379, 383, 421, 458).  

 During obesity and caloric excess, triglyceride storage increases in the WAT, especially 

in the SCAT depots. In susceptible individuals, when the SCAT becomes overloaded, fatty acid 

storage is redistributed into the visceral depots as well as into the skeletal muscle, cardiac 

muscle, liver, and pancreas contributing to whole-body and hepatic insulin resistance (43, 149, 

415). The liver triglyceride content is intimately tied to the visceral WAT as the release of pro-
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inflammatory cytokines and fatty acids from the visceral WAT enters the portal circulation prior 

to the systemic circulation bathing the liver in exaggerated concentrations of these molecules. 

 During obesity and insulin resistance, the adipocytes themselves become dysfunctional as 

the WAT itself becomes inflamed. Adipocytes hypertrophy to increase the capacity to store 

triglycerides, but larger adipocytes have greater basal lipolytic rates and are less insulin sensitive 

than smaller adipocytes reducing proper fatty acid uptake and storage (15, 106). Increases in 

capillarity cannot keep pace with increased cell size to supply sufficient oxygen levels leading to 

hypoxia of the adipocytes, especially in the SCAT, where increased capillarization cannot keep 

pace with hypertrophy (43, 133, 374, 486). Hypoxic, dysfunctional adipocytes release 

chemoattractant molecules including monocyte chemotactic protein-1 (MCP-1), chemerin, 

progranulin, and monocyte colony stimulating factor-1 (CSF-1) (43, 227, 435). These molecules 

recruit macrophages to the adipose tissue which release pro-inflammatory cytokines (80, 165, 

515, 532) causing the adipocytes themselves to become dysfunctional and secrete their own pro-

inflammatory cytokines/adipokines (149). These pro-inflammatory cytokines activate lipolysis, 

reduce triglyceride storage, and disrupt peroxisome proliferator-activated receptor-γ (PPARγ) 

expression, a transcription factor essential for proper adipose tissue function, leading to 

redistribution of fatty acid storage from the SCAT into the visceral WAT and finally into other 

tissues such as skeletal muscle (149). Hyperinsulinemia results in a loss of insulin’s inhibition of 

lipolysis, also contributing to the release of fatty acids into the circulation.  

 The role of HSPs in the adipose tissue has not been well described. We previously 

observed that HSP72 is induced in the eWAT of heat treated rats(154). Elsewhere, it has been 

reported that six wk of voluntary wheel running does not to increase HSP72 levels in WAT in 
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the absence of other stress (i.e., tail shock) (458). Cold exposure has been shown to increase HSP 

levels in BAT and this appears to be regulated by α-adrenergic receptor activation (306-309). 

Despite skeletal muscle HSPs being implicated in the development and protection type 2 

diabetes, few reports have explored WAT HSPs as it relates to diabetes. One report did find that 

although HSP72 expression in the skeletal muscle was positively associated with insulin 

sensitivity, this association was not found in the adipose tissue (174).   

  1.3.3.3. HSPs in the liver and NAFLD. As briefly mentioned previously, HSPs or 

heat treatment have been shown to protect the liver from injury, but much of this research has 

been centered upon damage induced by toxins and ethanol. Very little work has been performed 

in the liver regarding what role HSPs play in metabolic syndrome and insulin resistance. NALFD 

is the increase in hepatic triglyceride accumulation in the absence of excess alcohol consumption 

(> 20 g/d for men, > 10 g/d for women) (49), and is strongly associated with obesity, metabolic 

syndrome, and type 2 diabetes. The prevalence of NAFLD in the U.S. adult population is 

approximately 30% and is particularly high in obese patients (>75%) (16, 201, 222).  

 NAFLD is the hepatic manifestation of metabolic syndrome and encompasses a range of 

severity from simple hepatic steatosis, to non-alcoholic steatohepatitis (NASH), to fibrosis, and 

finally cirrhosis (16, 75, 401, 477). Increased triglyceride deposition occurs as a result of an 

imbalance between lipid accumulation and lipid disposal (326, 343). Lipid accumulation occurs 

as lipids are taken up from the circulation in the form of FFAs and dietary lipoproteins, but lipids 

also accumulate as a result of de novo lipogenesis. Lipid disposal occurs in the form of very-low 

density lipoproteins (VLDL) release and β-oxidation of fatty acids in the mitochondria (326, 

343). Hepatic insulin resistance occurs early in the progression of type 2 diabetes possibly 
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preceding skeletal muscle insulin resistance. This results in a blunted ability of the liver to reduce 

glucose output following a meal contributing to post-prandial glucose intolerance. 

 Low levels of physical activity have been implicated in the development of NAFLD (194, 

282, 386), and exercise has been touted as a treatment option for NAFLD (225, 402, 403, 498). 

In addition, low levels of CRF have been shown to be inversely associated with the prevalence of 

NAFLD (70, 228, 263, 313). HSP72 expression in the liver has been negatively associated with 

severity of NASH (97). Exercise can induce HSP72 expression in the liver, which may play a 

protective role in the face of hepatic insulin resistance (142, 265, 425). Improved mitochondrial 

function plays a role in the protective effects of exercise as decreased mitochondrial function has 

been implicated in the development of NAFLD in animal models of obesity or low CRF (402, 

476). 

 1.3.4. Heat shock proteins protect against insulin resistance in the skeletal muscle, liver, 

and adipose tissue. For centuries, treating diabetics with ‘healing hot waters’ was popular in 

Eurasia (189). What is known about the relationship between HSPs and insulin resistance/type 2 

diabetes has grown throughout the last 15 years. The seminal recent work in this field occurred 

in 1999 with the publication of a small study by Dr. Philip Hooper in the New England Journal 

of Medicine. This small study showed that 30 min hot tub treatments, 6 d/wk, for 3 wk could 

significantly improve diabetic symptomology in type 2 diabetic patients (188). Since this report, 

a number of reports have described reduced HSP levels or blunted induction of HSPs following 

stress in diabetic patients and other models of diabetes. In addition, it has been shown that an 

increase in HSP levels can improve glucose-insulin homeostasis and insulin sensitivity.  
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 Kurucz et al. and Patti et al. were the first to report that HSP72 mRNA levels were lower 

in the skeletal muscle of type 2 diabetics compared to non-diabetics, and HSP72 mRNA levels 

positively correlated with insulin sensitivity (269, 375). Elsewhere, lower HSP72 mRNA or 

protein levels in skeletal muscle of human diabetics and animal models of diabetes have been 

reported, including reduced expression in the liver, heart, and adipose tissue (17, 50, 67, 97, 237, 

283, 382, 473). The protein levels of HSF-1 are also lower in the skeletal muscle of diabetic 

humans and rats (17, 411). In the adipose tissue, the expression HSP72 in obese and type 2 

diabetic individuals is complicated. Perez-Perez et al. reported that HSP levels are higher in 

obese non-diabetics but lower in obese type 2 diabetics compared to lean non-diabetics (382, 

383), and this has been confirmed elsewhere that HSP levels are increased in obese non-diabetics 

(478). Little is known about how the WAT function is influenced directly by HSPs or heat 

treatment. 

 The induction of HSPs appears to be blunted in diabetic models as well. Atalay et al. 

showed that the exercise induced increases in skeletal muscle HSP72 and HSF-1 levels were 

lower in STZ-induced diabetic rats compared to controls (17). In diabetic monkeys, the 

activation of HSF-1 is lower when liver samples are exposed to heat stress (235). In contrast, 

Najemnikova et al. observed that the induction of HSP72 and HSP25 was greater in the heart, 

kidney, and liver of heat-treated STZ-induced diabetic rats compared to controls. Differences 

between these two studies in diabetic rodents included the length of time following STZ 

treatment, age, and strain of rats. HSP72 can be glycated, which inhibits its function (28), thus 

the duration of diabetes and poorly controlled glucose levels may play a role reducing the 

function and induction of HSP72. More work is needed to determine the mechanisms behind the 



35	
	
blunting of the heat shock response in diabetes. Whether the induction of HSPs is blunted in 

WAT of diabetics or whether the induction is different between WAT depots has not been tested. 

The induction of HSP72 and in vivo heat treatments that increase HSP72 levels have been 

touted as a viable treatment option for insulin resistance and type 2 diabetes. In addition to 

Hooper’s seminal work, in vivo heat treatment has been shown by our laboratory and others to 

improve whole-body glucose-insulin homeostasis and lipid profile, increase skeletal muscle 

insulin sensitivity, and reduce adipose tissue mass (3, 28, 67, 154, 188, 256). Transgenic 

overexpression of HSP72 in the skeletal muscle improves insulin sensitivity, reduces adipose 

tissue mass, increases mitochondrial content and activity of mitochondrial proteins (67, 173). 

Pharmacological induction of HSP72 using geranylgeranylacetone (GGA) improves 

hyperglycemia, reduces liver and muscle JNK activation, improves hepatic insulin signaling, and 

reduces adipose tissue mass (3, 235). Using a model of heat stress combined with mild electrical 

shock (MES), another group has reported improvements in whole-body insulin resistance, 

reduced hepatic JNK activation and hepatic fat content, increased hepatic insulin responsiveness, 

reduced adipose tissue mass, and reduced β-cell apoptosis and ER stress in mice fed a high-fat 

diet (330). In humans, few trials have been performed using heat treatment. In one trial, sauna 

treatment (20 min, 3x/wk, for 3 mo) improved quality of life scores in diabetic patients (29), and 

in another repeated sauna treatments (60˚C, 15 min) reduced body weight and body fatness in 

obese individuals while improve overall hemodynamics (37). Other trials have investigated 

sauna treatment for its role in improving endothelial function in patient populations with 

cardiovascular disease (208, 243). Thus, while more work is needed in human models, heat 

treatment improves diabetic symptomology. 
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From a mechanistic standpoint, HSPs have multiple physiological roles making their true 

beneficial role in different tissues elusive. Our laboratory has focused on the anti-inflammatory 

role of HSPs in skeletal muscle insulin sensitivity. HSP72 has been shown to bind to and inhibit 

JNK activation, and HSP25 has been shown to inhibit IKKβ activation, both of which inhibit 

insulin signaling when active (368, 370). Previously, we showed that weekly in vivo heat 

treatments reduced JNK and IKKβ activation in the skeletal muscle in rats fed a HFD and insulin 

resistant aged rats (154, 155). Others have shown that heat treatment or GGA administration 

reduces JNK activation in the skeletal muscle and liver (3, 330). We also showed that lipoic acid, 

an HSP co-inducer, reduced JNK and IKKβ activation in the skeletal muscle in rats fed a HFD 

(153). Febbraio & colleagues have shown that transgenic overexpression of HSP72 in the 

skeletal muscle and in vivo heat treatment of mice fed a HFD reduced JNK activation, as did 

administration of BGP-15 another HSP co-inducer, to ob/ob mice (67, 173). This same group has 

recently shown that incubation of muscle with palmitate to activate JNK was not lower in HSP72 

overexpressing mice (173). Thus, the role of HSP72 in inhibiting JNK activation may be 

situationally dependent. 

Another potential mechanism by which heat treatments and increased HSP72 levels 

improve glucose homeostasis is by increasing mitochondrial biogenesis and/or function. As 

defective mitochondrial function has been implicated in the pathology and etiology of type 2 

diabetes, this is of potential therapeutic relevance. Our laboratory has shown that weekly in vivo 

heat treatments increase activity of mitochondrial enzymes in skeletal muscle while reducing 

PGC-1α levels, and that heat treatment of L6 cells increased mitochondrial fatty acid oxidation 

(154). The reduction in PGC-1α levels may indicate a reduced requirement for mitochondrial 

biogenesis due to improved functionality. Transgenic overexpression of HSP72 in the skeletal 
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muscle increases mitochondrial enzyme activity, mitochondrial content, and increases running 

capacity nearly two-fold (67, 173). Elsewhere, Chen et al. and Tamura et al. have observed that 

heat stress increases mitochondrial enzyme activity in vivo (59, 471). Furthermore, Liu & Brooks 

have found that heat treatment of C2C12 myotubes increased mitochondrial biogenesis by 

transiently activating AMPK leading to increased content of mitochondrial respiration chain 

complexes after repeated heat treatments (293). An increase in the expression of HSP72 may 

improve mitochondrial oxidative capacity by modulating mitophagy. 

Recently, HSP72 has been shown to be involved in regulating autophagy/mitophagy and 

this may provide a mechanism for the role of HSP72 in mitochondrial functionality and oxidative 

capacity. Protein degradation occurs in eukaryotic cells by – 1) the ubiquitin-proteasome 

pathway and 2) the autophagy-lysosomal pathway. When a protein or organelle is targeted for 

degradation by the autophagy-lysosomal pathway, a double membraned autophagic vacuole is 

formed called an autophagosome which merges with the lysosome to form an autolysosome and 

the autophagosome is degraded by the lysosomal enzymes (397, 429). Defects in the autophagic 

processes have been implicated in liver failure, neurodegenerative diseases, muscle atrophy, and 

metabolic syndrome (397, 470). Recently, it has been shown that proper autophagy is essential 

for glucose homeostasis (168). Several studies have now shown that acute exercise and exercise 

training increase markers of autophagy in the skeletal muscle (168, 215-217, 246, 289). In 

addition, autophagy has been shown to regulate hepatic lipid metabolism (53, 451). In a process 

known as lipophagy, autophagy breaks down lipid droplets to mobilize fatty acids potentially for 

oxidation in the mitochondria (397, 451). Thus, proper autophagy is likely necessary to mobilize 

triglycerides from lipid droplets, but also for proper formation of the lipid droplets. 
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Mitophagy is the autophagic process of clearing damaged and/or depolarized 

mitochondrial. Defective mitophagy is a cause of a number of diseases. Pink1 and Parkin 

regulate Mitophagy, and mutations in these proteins result in recessive familial Parkinson’s 

disease (99, 333, 537). Pink1 is recruited and docks on dysfunctional mitochondria recruiting the 

E3 ubiquitin ligase Parkin, which polyubiquinates the outer mitochondrial membrane targeting it 

for degradation (99). HSP72 has been shown to associate with Parkin and facilitate Pink1 

binding allowing for the mitochondria to be targeted for degradation through mitophagy. HSP72 

knockout mice have increased levels of Parkin, but the ability to degrade mitochondria is 

hampered and dysmorphic, dysfunctional mitochondria accumulate. Thus, the autophagy-

mitophagy pathway may be influenced by HSP72 and heat treatments maintaining a greater pool 

of functional mitochondria. 

 

1.4. RESEARCH QUESTIONS 

In lieu of our previous experiments showing that the induction of HSP72 following in vivo heat 

treatment improves whole-body insulin glucose-insulin homeostasis, skeletal muscle insulin 

sensitivity, and reduces epididymal fat pad mass in high-fat fed rats, it is necessary to perform a 

number of follow-up experiments. First, to investigate the role of HSPs as well as acute and 

chronic heat treatment on WAT HSP levels and WAT fatty acid handling. Second, we will 

determine whether heat treatment or the induction of HSPs plays any role in protection against 

hepatic steatosis. Finally, in a model of low intrinsic aerobic capacity, we will investigate 

whether constitutive HSP levels and the induction of HSPs are different between rats with high 

and low endurance running capacities, and whether heat treatment improves skeletal muscle 
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insulin signaling and hepatic steatosis in a model of lower aerobic capacity. The answers to these 

questions will further advance the role of HSPs, especially HSP72, as an alternative treatment 

modality of metabolic diseases by expanding their protective role beyond the skeletal muscle. 
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2.1. ABSTRACT 

Heat treatments (HT) and the induction of heat shock proteins (HSPs) improve whole-

body and skeletal muscle insulin sensitivity while decreasing white adipose tissue (WAT) mass. 

However, HSPs in WAT have been understudied. The purpose of the present study was to 

examine patterns of HSP expression in WAT depots, and to examine the effects of a single in 

vivo HT on WAT metabolism. Male Wistar rats received HT (41˚C, 20 min) or sham treatment 

(37˚C), and 24 hr later subcutaneous, epididymal, and retroperitoneal WAT depots (SCAT, 

eWAT, and rpWAT, respectively) were removed for ex vivo experiments and Western blotting. 

SCAT, eWAT, and rpWAT from a subset of rats were also cultured separately and received a 

single in vitro HT or sham treatment. HSP72 and HSP25 expression was greatest in more 

metabolically active WAT depots (i.e., eWAT and rpWAT) compared to the SCAT. Following 

HT, HSP72 increased in all depots with the greatest induction occurring in the SCAT. In 

addition, HSP25 increased in the rpWAT and eWAT, while HSP60 increased in the rpWAT only 

in vivo. FFA release from WAT explants was increased following HT in the rpWAT only, and 

fatty acid re-esterification was decreased in the rpWAT but increased in the SCAT following 

HT. Heat treatment increased insulin responsiveness in eWAT, but not in SCAT or rpWAT. 

Differences in HSP expression and induction patterns following heat treatment further supports 

the growing body of literature differentiating distinct WAT depots in health and disease. 

Keywords: 

HSP72, metabolism, stress response, lipolysis, fatty acid re-esterification 
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2.2. INTRODUCTION 

 We previously demonstrated that in vivo heat treatments improve whole-body glucose 

homeostasis and insulin-stimulated glucose uptake in skeletal muscle (154, 155). Heat treatments 

increased HSP72 expression in slow- and fast-twitch skeletal muscle in parallel with 

improvements in insulin-stimulated glucose uptake. HSP72 induction was also observed in 

epididymal adipose tissue and liver (154). Our findings and others demonstrate that in vivo heat 

treatments and transgenic overexpression of skeletal muscle HSP72 reduced epididymal fat pad 

mass in rodents fed a high-fat diet (67, 154), and heat treatment reduced plasma triglycerides and 

free fatty acids in db/db mice (256). Drew et al. recently expanded upon these observations by 

showing that global knock-out of HSP72 induced an insulin resistant phenotype with increased 

adipose tissue mass (101). Despite the observed induction of HSPs in epididymal adipose tissue, 

and the reduction in free fatty acids and adipose tissue mass with in vivo heat treatments, very 

little is known about the expression patterns and function of HSPs in adipose tissue.  

 HSPs are molecular chaperones that aid in protein refolding and prevent protein 

aggregation (135, 354). HSP72 is a cytosolic chaperone, is highly inducible following heat 

stress, and has anti-inflammatory and anti-apoptotic properties (135, 354). HSP25 is another 

cytosolic chaperone that plays a role in cytoskeletal dynamics and also has anti-inflammatory 

functions (135, 354). HSP60 is largely a mitochondrial chaperone shown to be essential for 

proper folding of imported mitochondrial proteins (95, 354). HSP expression in skeletal muscle 

corresponds with oxidative capacity with higher constitutive, or basal/unstressed levels, of HSP 

expression observed in slow-twitch oxidative skeletal muscle compared to fast-twitch glycolytic 
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skeletal muscle (45, 278, 296, 361). As a result, muscle fiber type and constitutive HSP 

expression levels play an important role in determining HSP function in skeletal muscle (154).  

 There are significant metabolic differences between WAT present in the subcutaneous 

depots and WAT present in the abdominal cavity (retroperitoneal and epididymal depots) (139, 

207). Adipocytes from abdominal depots have greater secretion of inflammatory cytokines (108, 

207, 385, 505), greater lipolysis and fatty acid re-esterification (14, 170, 277, 481), and greater 

oxygen consumption and mitochondrial protein content (96, 264). It is currently unknown as to 

whether HSP expression corresponds with metabolic activity in adipose tissue depots.  

The purpose of the present study was two-fold: First, to determine if HSP expression 

varied across WAT depots (subcutaneous, epididymal, and retroperitoneal); and second, to 

determine if the induction of HSPs following a single heat treatment was WAT depot-specific. 

We also examined the impact of an acute bout of heat treatment on adipose tissue lipolysis and 

insulin responsiveness. We hypothesized that HSP expression patterns would parallel the 

metabolic activity of the WAT depots, with greater HSP expression demonstrated in more 

metabolically active depots (i.e., retroperitoneal and epididymal depots) (139, 207). Additionally, 

we hypothesize that HSP induction would be greatest in WAT depots where constitutive HSP 

levels were low. These differences between WAT depots could have potential implications for 

HSP function in adipose tissue health and disease.  
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2.3. MATERIALS AND METHODS 

Materials. HSP72 primary antibody (Cat # SPA-810) was purchased from Enzo Life 

Sciences (Farmingdale, NY, USA). Phospho-HSP25 (Ser-82) (Cat # 905-642), total HSP25 (Cat 

# SPA-801), and HSP60 (Cat # SPA-807) primary antibodies were purchased from Stressgen 

(Victoria, British Columbia, Canada). Phospho-AMPK (Thr-172) (Cat # 2535), total AMPK (Cat 

# 2603), phospho-HSL (Ser-660) (Cat # 4126), total HSL (Cat # 4107), phospho-Akt (Ser-473) 

(Cat # 9271), total Akt (Cat # 9272), phospho-AS-160 (Thr-642) (Cat # 4288), and ATGL (Cat # 

2138) primary antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, 

USA). PEPCK primary antibody (Cat # 100004943) was purchased from Cayman Chemicals 

(Ann Arbor, MI, USA). PDK4 primary antibody (Cat # ab89295) and horseradish peroxidase 

(HRP)-conjugated β-actin primary antibody (Cat # ab20272) were purchased from Abcam 

(Cambridge, MA, USA). Goat anti-rabbit HRP-conjugated secondary antibody (Cat # sc-2004) 

was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Donkey anti-rabbit 

HRP-conjugated secondary antibody (Cat # 711-035-152) was purchased from Jackson Immuno-

Research, Inc. (West Grove, PA, USA). Goat anti-mouse HRP-conjugated secondary antibody 

(Cat # 170-5047) and Bradford protein quantification reagent were purchased from Bio-Rad 

(Hercules, CA, USA). NEFA standard and reagents were purchased from Wako Chemicals 

(Dallas, TX, USA). Insulin and leptin ELISA kits were purchased from Alpco Diagnostics 

(Salem, NH, USA). Cell extraction buffer was purchased from Invitrogen (Camarillo, CA, USA). 

Enhanced chemiluminescence reagents were purchased from Thermo Fisher Scientific (Rockfort, 

IL, USA). Insulin was purchased from Novo Nordisk (Princeton, NJ, USA). Free glycerol 

standard and reagent, epinephrine, and all other reagents were purchased from Sigma (St. Louis, 

MO, USA), unless otherwise specified.  
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Experimental animals & in vivo heat treatment. Fourteen week old male Wistar rats 

(~350 – 375 g each) were purchased from Charles River Laboratories (Wilmington, MA, USA) 

and housed in a temperature controlled facility (22 ± 2˚C) with 12:12 hr light:dark cycles. 

Animals were allowed ad libitum access to water and a standard chow diet (9604; Harlan Teklad, 

Madison WI, USA) and divided into sham- (n = 6) or heat-treated (n = 5) groups. All animals 

were anesthetized with an intraperitoneal injection of pentobarbital sodium (5 mg/100 g body 

weight) prior to treatment. Heat treatment consisted of lower body immersion in a 42˚C water 

bath to gradually increase body temperature to between 41˚C and 41.5˚C where it was 

maintained for 20 min. Sham treatment consisted of immersion in a 37˚C water bath and 

maintaining body temperature at 37˚C for 20 min (154). Body temperature was monitored by a 

rectal thermometer. In earlier preliminary experiments using male Wistar rats of similar age, 

size, and chow diet, the time to reach 41°C rectal temperature ranged from 18 – 24 min. In total, 

the rats were exposed to heat treatment for less than 45 min, a duration that would not typically 

be considered equivalent to heat stroke. Following treatment, 0.5 ml of 0.9% saline were injected 

intraperitoneally to aid in recovery. Twenty-four hours following heat or sham treatment, and 

following a 10-hr overnight fast, animals were again anesthetized with pentobarbital sodium and 

tissues dissected for experimental procedures. All protocols and procedures were approved by 

the Institutional Animal Care and Use Committee of the University of Kansas Medical Center. 

Blood measures. Blood was drawn from the chest cavity during dissection and blood 

glucose concentration determined immediately using a glucose analyzer and the manufacturer’s 

test strips (Accu-Chek Active, Roche Diagnostics, Indianapolis, IN, USA). Blood was then 

allowed to clot for 30 min on ice, spun at 3,000 g for 60 min at 4˚C, and serum drawn off and 

frozen at -80˚C. Serum was analyzed for insulin and leptin concentration by ELISA, and for 
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concentration of non-esterified free fatty acids (FFA) and free glycerol using colorimetric assays 

according to the manufacturer’s instructions.  

Ex vivo adipose tissue explants following in vivo sham or heat treatment. Adipose tissue 

explants were used to assess whether a single in vivo heat treatment altered adipose tissue 

metabolism by examining basal- and epinephrine (Epi)-stimulated lipolysis and fatty acid re-

esterification, as well as responsiveness to insulin (512). In brief, inguinal SCAT, eWAT, and 

rpWAT WAT depots were removed from male Wistar rats 24 hr following a single in vivo sham 

or heat treatment. Adipose was dissected into ~100 mg explants and placed in vials in a 37˚C 

water bath containing 3 ml of oxygenated Krebs-Ringer buffer (118 mmol/l NaCl, 4.8 mmol/l 

KCl, 1.25 mmol/l CaCl2, 1.2 mmol/l KH2PO4, 1.2 mmol/l MgSO4, 25 mmol/l NaHCO3, and 5 

mmol/l glucose; pH=7.4) supplemented with 2.5% FA-free BSA. Temperature was maintained at 

37˚C throughout the experiment. Explants were allowed to recover for 15 min after which 100 µl 

of media was removed and stored at -20˚C. Following recovery, media was supplemented with 

either water (basal), Epi (10 µmol/l), or insulin (100 µU/ml) for 2 hr after which explants and 

media were separated using a cell strainer. Media was frozen and stored at -20˚C. Tissue was 

frozen in liquid nitrogen and stored at -80˚C. Insulin incubated explants were saved for Western 

blotting only. Media was assayed for the concentration of free glycerol and FFA to assess basal 

and Epi-stimulated lipolysis. Free glycerol and FFA release were normalized to mg tissue weight 

for comparisons between sham and heat treated animals and were normalized to µg protein 

content measured by Bradford assay performed in triplicate to compare WAT depots. Epi-

stimulation increased glycerol and FFA release in all adipose tissue depots examined and was 

used as a positive control; however, Epi responsiveness was not changed following a single in 

vivo heat treatment (data not shown). Fatty acid re-esterification was assessed by quantifying the 
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ratio of FFA to free glycerol (FFA/glycerol) where a ratio near 3.0 represents an absence of fatty 

acid re-esterification, and a ratio near 0.0 represents complete re-esterification of fatty acids into 

triglycerides (277, 512). Absolute rates of fatty acid re-esterification were calculated as the 

differences between 3 times glycerol (theoretical fatty acid release) and the measured fatty acid 

release (500, 511). This calculation assumes negligible fatty acid oxidation.  

Adipose tissue organ culture. In a separate set of experiments, SCAT, eWAT, and 

rpWAT were removed and cultured as previously described (124, 468, 511, 512) from 

approximately 14-wk old male Wistar rats weighing ~350 – 375 g each (n = 6). Under sterile 

conditions, adipose tissue from each depot was minced and placed into separate culture dishes 

(approximately 500 mg of adipose tissue per dish), one dish designated for heat treatment per 

depot and one dish designated for sham treatment per depot. This was repeated for each of the 

six animals: sham treatment (n = 6) and heat treatment (n = 6) for each adipose tissue depot. 

Culture dishes contained 15 ml of M-199 supplemented with 1% antibiotic-penicillin-

streptomycin, 50 µU/ml insulin, and 2.5 nmol/l dexamethasone. Culture dishes were placed in an 

incubator overnight maintained at 37˚C with a gas phase of 5% CO2. After a 24-hr recovery 

incubation, adipose tissue cultures from each depot were placed either in a 42˚C water bath for 

30 min or maintained at 37˚C. After heat treatment, cultures were placed back into the incubator 

and 24-hr later culture medium containing the adipose tissue was poured into ice-cold PBS, 

filtered, and remaining adipose tissue samples were frozen at -80˚C. 

Western blotting. WAT from in vivo sham- and heat-treated animals not used for ex vivo 

adipose tissue explants, as well as minces from ATOC were frozen in liquid nitrogen and stored 

at -80˚C to be processed for Western blotting by methods previously described (154, 155). WAT 
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was homogenized in a 2:1 (volume-to-weight) ratio of ice-cold cell extraction buffer containing 

10 mmol/l Tris·HCl (pH 7.4); 100 mmol/l NaCl; 1 mmol/l each of EDTA, EGTA, NaF, and 

phenylmethylsulfonyl fluoride; 2 mmol/l Na3VO4; 20 mmol/l Na4P2O7; 1% Triton X-100; 10% 

glycerol; 0.1% SDS; 0.5% deoxycholate; and 250 µl/5 ml protease inhibitor cocktail. 

Homogenates were sonicated for 3 – 5 s, rotated for 30 min at 4˚C, and then centrifuged for 20 

min at 3,000 rpm at 4˚C. The infranatent was removed and protein concentration determined by 

Bradford assay performed in triplicate. Samples were diluted in HES buffer (20 mmol/l HEPES, 

1 mmol/l EDTA, 200 mol/l sucrose, pH 7.4) and 5 x Laemmli buffer containing 100 mmol/l 

dithiothreitol (Thermo Scientific, MA, USA) based on protein concentration to generate samples 

containing the same concentration of protein for analysis by SDS-PAGE. Samples were heated in 

a boiling water bath for 5 min. 

Protein (10 – 30 µg) was separated on 7.5% – 10% SDS-PAGE gels, followed by a wet 

transfer to a nitrocellulose membrane for 60 – 90 min at 200 mA. Membranes were Ponceau 

stained to verify even protein loading. Membranes were blocked for 1 hr at room temperature in 

Tris-buffered saline, 0.1% Tween 20 (TBST), and 5% nonfat dry milk or 1% BSA, followed by 

an overnight incubation with the appropriate primary antibodies. Primary antibodies were diluted 

in TBST with 1% nonfat dry milk or 1% – 5% BSA at a concentration of 1:500 or 1:1,000. 

Following three brief washes with TBST, blots were incubated for 1 hr at room temperature in 

TBST 1% nonfat dry milk supplemented with an appropriate HRP-conjugated secondary 

antibody at a concentration of 1:5,000 or 1:10,000. Blots were then washed twice with TBST and 

once with TBS. Blots were visualized by Enhanced chemiluminescence (ECL). Bands were 

quantified using Image J densitometry. Blots for in vivo experiments were then stripped and re-

probed for β-actin as a loading control. Blots for in vitro experiments were normalized to 
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Ponceau staining. Blots were stripped for 15 – 20 min at 55˚C in buffer containing 62.5 mmol/l 

Tris·HCl, 2% SDS, and 100 mmol/l 2-mercaptoethanol.  

Statistical analyses. Results are presented as mean ± SEM. Statistical significance was set 

at P<0.05 and analyses performed using Sigma Plot for Windows, version 12.0 (Systat Software 

Inc., Chicago, IL, USA). One-way ANOVAs were performed to test for significant differences 

between treatment groups and between adipose tissue depots. Tukey’s post hoc comparisons 

were performed when necessary. A paired t-test was performed to test for significant differences 

between basal free glycerol release, FFA release, and FFA/glycerol ratio, between basal- and 

insulin-stimulated protein phosphorylation, and between ATOC treatment groups. Linear 

regression was performed to determine correlations between constitutive, unstressed HSP levels 

and basal glycerol release from ex vivo WAT explants, as well as FFA/glycerol. Where raw 

values did not meet the ANOVA assumptions of normally distributed data or equal variance, the 

raw values were transformed logarithmically or by square root to meet these assumptions. Raw 

values are presented in all figures. 

 

2.4. RESULTS  

Basal HSP expression. We observed that HSP72 levels were greatest in eWAT, 

intermediate in rpWAT, and lowest in SCAT from sham treated animals (eWAT and rpWAT: 

~5.4-fold and ~2.9-fold greater than SCAT, respectively, and eWAT: ~1.9-fold greater than 

rpWAT) (Fig. 3A). Total HSP25 levels were ~5.8-fold greater and ~6.0-fold greater in the 

eWAT and rpWAT compared to SCAT, respectively (Fig. 3B). There were no differences in 



50	
	
phospho-HSP25 (Ser-82) relative to HSP25 and in HSP60 between WAT depots (Figs. 3C & 

3D).  

Induction of HSPs by heat treatment. HSP72 content was significantly increased in all 

three depots 24 hr following in vivo heat treatment, and the induction of HSP72 was greatest in 

the SCAT (~6.8-fold increase) (Fig. 3A). Total HSP25 levels were increased in the eWAT and 

rpWAT, but not different in SCAT (Fig. 3B). There were no changes in phospho-HSP25 relative 

to total HSP25 following heat treatment (Fig. 3C). HSP60 levels were increased following heat 

treatment in the rpWAT, but unchanged in the other depots (Fig. 3D).  
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Figure 3. HSP expression and induction following a single heat treatment in vivo. 
HSP72 (A), HSP25 (B), phospho-HSP25 (C), and HSP60 (D) levels between WAT from SCAT, 
eWAT, and rpWAT depots. Male Wistar rats received a single heat treatment (41˚C for 20 min) 
or sham treatment (37˚C for 20 min). Twenty-four hours following heat or sham treatment, WAT 
depots were removed and protein expression measured by Western blot. Protein levels were 
normalized to β-actin protein levels. * P < 0.05, ** P < 0.01 denotes a significant increase 
following heat treatment determined by ANOVA. † P < 0.05, †† P < 0.01, ††† P < 0.001 
denotes that eWAT or rpWAT are significantly different from SCAT determined by ANOVA. # 
P < 0.05, ## P < 0.01 denotes that eWAT is significantly different from rpWAT determined by 
ANOVA. Values are means ± S.E.M. N = 3-6 samples per group in SCAT, N = 5-6 samples per 
group in eWAT and rpWAT. 
 



52	
	

To determine if the observed differences in the induction of HSP expression across WAT 

depots were influenced by variable distribution of heat in vivo, we performed heat treatment on 

adipose tissue organ cultures. We removed adipose tissue from a subset of control rats, placed 

the depots in culture, and then exposed each depot to heat treatment in vitro. Similar to what was 

observed in vivo, HSP72 increased following heat treatment in all three depots with the greatest 

induction in HSP72 occurring in the SCAT (Fig. 4A). HSP25 expression significantly increased 

in all three depots (Fig. 4B) while phospho-HSP25 relative to total HSP25 was unchanged (Fig. 

4C). HSP60 significantly increased following heat treatment in the SCAT and rpWAT, while in 

vivo only the rpWAT showed an induction in HSP60 with heat treatment (Fig. 4D). In vitro, the 

basal expression of HSPs was not significantly different between depots. Overall, the induction 

of HSP72 is most robust in SCAT both in vivo and in vitro, and the HSP induction patterns in 

rpWAT and eWAT were consistent between in vivo and in vitro experiments. Interestingly, the 

SCAT was more responsive to in vitro heat treatment with significant increases in both HSP25 

and HSP60, a pattern not observed in vivo.  
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Figure 4. Induction of HSPs in response to in vitro heat treatment   
HSP72 (A), HSP25 (B), phospho-HSP25 (Ser-82) (C), and HSP60 (D) expression in white 
ATOCs following a single in vitro heat treatment. Adipose tissue from SCAT, eWAT, and 
rpWAT, were removed from anesthetized male Wistar rats, minced, and placed in separate 
culture dishes. HSP expression was determined by Western blotting and protein levels 
normalized to Ponceau staining. * P < 0.05, ** P < 0.01, *** P < 0.001 denotes a significant 
increase following heat treatment determined by paired t-test. † P < 0.05 denotes that the 
induction of HSP expression is significantly greater in the SCAT compared to the eWAT and 
rpWAT. # P < 0.05 denotes that the induction of HSP expression is significantly greater in the 
SCAT compared to eWAT only determined by ANOVA. Values are mean fold change ± S.E.M. 
N = 5-6 samples per group. 
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The impact of heat treatment on lipolysis and fatty acid re-esterification. Twenty-four 

hours after a single in vivo heat treatment, circulating glucose, insulin, glycerol, NEFA, or leptin 

concentrations were not significantly altered (Table 1).  

Table 1: Blood measures following a single in vivo heat treatment. 

 Sham treated Heat treated P-value 
Glucose (mg/dl) 137.0 ± 3.7 133.2 ± 4.6 P = 0.53 
Insulin (ng/ml) 1.3 ± 0.3 1.3 ± 0.3 P = 0.96 
Leptin (ng/ml) 0.53 ± 0.13 0.57 ± 0.13 P = 0.82 
Glycerol (mmol/l) 0.17 ± 0.04 0.22 ± 0.03 P = 0.44 
NEFA (mmol/l) 0.37 ± 0.06 0.45 ± 0.05 P = 0.31 
Values are means ± S.E.M. N = 5-6 samples per group. 

 

When examining markers of lipolysis in individual depots, basal free glycerol release 

from ex vivo adipose tissue explants was greatest in eWAT, intermediate in rpWAT, and lowest 

in SCAT when expressed relative to total protein content (eWAT: 0.054 ± 0.002 µmol/µg 

protein/2 hr, rpWAT: 0.042 ± 0.003 µmol/µg protein/2 hr, SCAT: 0.014 ± 0.001 µmol/µg 

protein/2 hr, P < 0.01). In addition, basal glycerol release was significantly correlated with 

constitutive HSP72 (Fig. 5A) and HSP25 levels from sham treated animals (Fig. 5B). There 

were no differences in FFA release across adipose depots (data not shown). Paralleling lipolysis, 

basal FFA/glycerol was lowest in eWAT, intermediate in rpWAT, and greatest in SCAT from 

sham treated animals (Figs. 6A – 6C), indicative of greater fatty acid re-esterification in eWAT, 

intermediate in rpWAT, and lowest in SCAT. We also observed that basal FFA/glycerol 

negatively correlated with constitutive HSP72 (Fig. 5C) and HSP25 levels (Fig. 5D), indicating 

that constitutive HSP72 and HSP25 levels in WAT were positively correlated with fatty acid re-

esterification.  
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Following a single heat treatment, fatty acid re-esterification was changed in a depot 

specific fashion. Basal FFA/glycerol in rpWAT was significantly increased following heat 

treatment, indicative of a decrease in fatty acid re-esterification (Fig. 6A). Conversely, basal 

FFA/glycerol in SCAT was significantly reduced following heat treatment (Fig. 6C). There were 

no differences in fatty acid re-esterification in eWAT following heat treatment (Fig. 6B). 

Absolute rates of fatty acid re-esterification paralleled the results indicated by FFA/glycerol; 

however, were not significantly different between sham and heat treatments (Table 2). 

Following heat treatment, there were no changes in glycerol release in any of the adipose tissue 

depots examined. FFA release was increased following heat treatment in the rpWAT, but was not 

altered in eWAT or SCAT (data not shown). 

Table 2. Absolute Rates of Basal Fatty Acid Re-Esterification 
WAT depot Sham treated Heat treated P-value 
rpWAT (µmol/g tissue/2 hr) 7.10 ± 0.86  6.16 ±	0.45	 P = 0.358 
eWAT (µmol/g tissue/2 hr) 11.96 ± 1.30  12.35 ± 1.17  P = 0.826 
SCAT (µmol/g tissue/2 hr) 1.52 ± 0.60  3.10 ± 0.73  P = 0.134 
Values are means ± S.E.M. N = 5-6 samples per group. 
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Figure 5. Correlations between HSP72, HSP25, lipolysis and fatty acid re-esterification.  
Correlations between basal HSP72 (A & C) and HSP25 (B & D) expression levels from SCAT, 
eWAT, and rpWAT and basal free glycerol release (A-B) and basal FFA/glycerol (C-D) from ex 
vivo adipose tissue explants. Twenty-four hours following in vivo sham treatment, WAT depots 
were removed and protein expression measured by Western blot. Protein levels were normalized 
to β-actin protein levels. WAT from each depot was also used for ex vivo adipose tissue explants, 
and free glycerol release into the media were assayed using colorimetric assays and normalized 
to protein content (µmol/µg protein/2 hr). Basal fatty acid re-esterification was quantified as the 
ratio of glycerol release to FFA release (FFA/glycerol). ● represent basal SCAT samples, ▲ 
represent basal rpWAT samples, and ○represent basal eWAT samples.	
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Figure 6. Fatty acid re-esterification from ex vivo adipose tissue explants following heat 
treatment 
Fatty acid re-esterification (A-C) from ex vivo adipose tissue explants removed from male Wistar 
rats 24 hr following a single in vivo heat or sham treatment. Ex vivo adipose tissue explants from 
the rpWAT, eWAT, and SCAT depots were removed for ex vivo assessment of free glycerol and 
FFA release in order to determine fatty acid re-esterification. Fatty acid re-esterification was 
quantified as the ratio of FFA release to glycerol release (FFA/glycerol). * P < 0.05 denotes that 
heat treatment was significantly different than sham treatment in untreated, basal explants 
determined by ANOVA. Values are means ± S.E.M. N = 5-6 samples per group. 
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We examined protein levels and phosphorylation of a number of lipolytic enzymes and 

enzymes involved in fatty acid re-esterification, but did not observe differences between 

phosphorylated hormone sensitive lipase (HSL) (Ser-660), total HSL, total adipose triglyceride 

lipase (ATGL), phosphoenolpyruvate carboxylase (PEPCK), and pyruvate dehydrogenase 4 

(PDK4) between sham and heat treated animals in any of the WAT depots examined.  

Insulin responsiveness following in vivo heat treatment. Ex vivo adipose tissue explants 

from the rpWAT, eWAT, and SCAT removed 24 hr following either in vivo heat or sham 

treatment were incubated with insulin (100 µU/ml) to determine insulin responsiveness. 

Phosphorylation of Akt (Ser-473) was significantly increased in the rpWAT and eWAT 

following insulin incubation, but was not significantly increased in SCAT (Figs. 7A – 7C). 

Phosphorylation of AS-160 (Thr-642) was also significantly increased following insulin 

incubation in the rpWAT and eWAT, but not significantly increased in SCAT (Figs. 7D – 7F). 

Furthermore, we observed that phosphorylation of Akt (Fig. 7B) and AS-160 (Fig. 7E) following 

insulin incubation was significantly greater in eWAT explants from heat treated animals 

compared to eWAT explants from sham treated animals, but was not significantly different in 

rpWAT (Figs. 7A & 7D) or SCAT (Figs. 7C & 7F). 		
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Figure 7. Insulin response following a single in vivo heat treatment.  
Phosphorylation of Akt and AS-160 in explants from the retroperitoneal (A & D), epididymal (B 
& E), and subcutaneous (C & F) WAT depots. Adipose tissue explants were removed from male 
Wistar rats 24 hr following a single in vivo heat or sham treatment for ex vivo assessment of 
insulin responsiveness. Explants were incubated with water (-INS) or insulin (+INS) (100 
µU/ml) for 2 hr after which explant tissue was removed and frozen at -80˚C. Phosphorylation of 
Akt (Ser-473), total Akt, and phosphorylation of AS-160 (Thr-642) were determined by Western 
blotting. Phospho-Akt protein levels were normalized total Akt protein levels, and phospho-AS-
160 protein levels were normalized to β-actin protein levels. * P < 0.05, ** P < 0.01, *** P < 
0.001 denotes that insulin stimulated condition was greater than non-insulin stimulated condition 
determined by paired t-test. † P < 0.05 denotes that insulin stimulated condition in adipose tissue 
explants from heat treated animals was significantly greater than insulin stimulated condition in 
explants from sham treated animals determined by ANVOA. Values are means ± S.E.M. N = 5-6 
samples per group. 
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2.5. DISCUSSION 

New data from the present study demonstrate depot-specific patterns of HSP expression 

with higher HSP72 and HSP25 expression in more metabolically active WAT depots (i.e., 

eWAT and rpWAT). In addition, an acute in vivo heat treatment induces a unique HSP response 

across WAT depots. In general, HSP72 and HSP25 are highly inducible in WAT depots, with the 

greatest induction of HSP72 occurring in the SCAT – a depot with the lowest constitutive 

expression of this protein. These results are for the most part recapitulated when examined in 

vitro. While an association between HSP expression and oxidative capacity has been established 

in skeletal muscle, the relationship between HSP expression and adipose tissue metabolism is 

less clear. Variability in HSP expression and induction patterns further supports the growing 

body of literature delineating the function of various WAT depots in health and disease.  

HSP expression in the adipose tissue. In the present study, we observed marked 

differences in the expression levels and induction of HSPs in response to heat treatment across 

adipose tissue depots. Constitutive HSP72 levels demonstrated the pattern of eWAT > rpWAT > 

SCAT, while HSP25 was similar with eWAT/rpWAT > SCAT. Differences in HSP72 and 

HSP25 expression across adipose tissue depots observed in the present study may involve 

differences in the regulation or expression of HSF-1, the primary transcriptional regulator of 

HSP72 and HSP25 (329, 354). The differences observed in HSP expression between adipose 

tissue depots are in agreement with other laboratories that have reported greater HSP content in 

more metabolically active WAT depots of mice and humans (379, 383, 421). Perez-Perez et al. 

reported that in humans HSP72, HSP25, and HSP90 expression levels were higher in omental 

adipose tissue compared to SCAT, in support of our findings (383). In another human study, 
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Peinado et al. did not find differences in HSP72 expression between SCAT and visceral adipose 

tissue, or differences between adipocytes isolated from these depots. These investigators also 

found significantly greater HSP72 expression in the SVF of SCAT compared to SVF of visceral 

adipose tissue (379). There are differences in adipose tissue depots between humans and rodents 

and this could account for the observed differences between our study and Peinado et al. (379). 

In addition, Peinado et al. examined lean, but older subjects (50 – 70 years of age) and both HSP 

expression and induction of the heat shock response have been shown to be decreased with age 

(152, 443).  

Our findings clearly demonstrate that HSP expression patterns differ across adipose 

tissue depots, and that the response to heat treatment is depot-specific as well. Induction of 

HSP72 and HSP25 was robust in all depots both in vivo and in vitro, with the exception of SCAT 

where induction of HSP25 did not occur in vivo. Typically, HSP72 and HSP25 are inducible to 

heat and more directly involved in the tissue stress response, in comparison to HSP60, which is 

primarily a mitochondrial chaperone protein (95, 354). This is supported by our findings where 

induction of HSP60 occurred only in the rpWAT in vivo. Changes in phosphorylation of HSP25 

were not observed either in vivo or in vitro in any of the adipose tissue depots examined, despite 

significant induction of total HSP25 protein with heat treatment. It could be that changes in 

phosphorylation of HSP25 are not evident at the 24 hr time point utilized in the present study. 

Differences between adipose tissue depots in the sensitivity and response to temperature have 

been observed in other experimental situations. Recently the SCAT of mice has been shown to 

be more sensitive to cold exposure (10˚C for 20 h) than eWAT, as measured by the induction of 

peroxisome proliferator-activated receptor gamma co-activator-alpha (PGC-1α) and uncoupling 

protein-1 (UCP-1) mRNA (535). Future studies are needed to determine the effects of age and 
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obesity on HSP expression and induction, as well as identify which cells in the mixed cell 

population of adipose tissue underlie observed HSP expression patterns.   

Effects of heat treatment on WAT metabolism. The effect of in vivo heat treatment on 

WAT metabolism has previously not been well described. Early work by Torlinska et al. pointed 

towards a reduction in lipolysis shortly following heat treatment in rats (482). In the present 

study, we observed distinct changes in WAT metabolism between depots 24 hr following a 

single heat treatment. We observed the most pronounced changes in the rpWAT where basal 

lipolysis was increased and fatty acid re-esterification was decreased. In the SCAT, we observed 

an increase in basal fatty acid re-esterification without changes in lipolysis. As a result of obesity 

and metabolic dysfunction, the SCAT loses some of its ability to store fatty acids. This results in 

fatty acid storage in abdominal WAT depots and organs (i.e., skeletal muscle) and further 

metabolic dysfunction (415). The increase in fatty acid re-esterification observed here in the 

SCAT following heat treatment may be of metabolic benefit during pro-obesity and pro-

inflammatory conditions to help promote proper fatty acid storage. In essence, the robust 

increase in HSP72 observed in this depot may result in anti-inflammatory effects which protect 

against obesity-induced adipose dysfunction. Furthermore, following heat stress, HSP72 

localizes to the lipid droplet surface in isolated adipocytes (223) and heat stress has been shown 

to modulate lipid membrane integrity (483, 484, 490). These processes may help explain the 

observed changes in lipolysis and fatty acid re-esterification without observed changes in 

enzyme levels. We also observed that following a single in vivo heat treatment, insulin 

responsiveness increased in eWAT, but this enhanced insulin responsiveness did not occur in 

rpWAT and SCAT. This new insulin data further highlights the depot-specific response to heat 

treatment. Together, the short-term changes in fatty acid metabolism observed following a single 
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heat treatment may result in improved metabolic profile, an idea that could lead to new 

understanding of the adipose tissue stress response.  

CONCLUSION 

 The results of the present study indicate that HSP levels are greater in more metabolically 

active WAT depots. The induction of HSP72 occurs in all WAT depots examined and is greatest 

following a single heat treatment in the SCAT. The induction of HSP25 occurs in the rpWAT 

and eWAT in vivo and in all WAT depots in vitro. A single heat treatment alters WAT lipolysis, 

fatty acid re-esterification, and insulin responsiveness in a depot specific fashion. Future studies 

are needed to determine the effects of chronic heat treatment and HSP induction on adipose 

tissue function and potential protection from diet-induced obesity.  
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3.1. ABSTRACT 

We have observed that weekly in vivo heat treatments in conjunction with high-fat feeding 

prevent the development of glucose intolerance and skeletal muscle insulin resistance. The 

purpose of the current study was to determine whether weekly in vivo heat treatment can 

improve glucose intolerance and skeletal muscle insulin sensitivity in rats fed a high-fat diet 

(HFD), as well as determine the effects of heat treatment on other metabolic tissues. Male Wistar 

rats were fed a HFD consisting of 60% of kilocalories from fat for 8 wk. After 8 wk, the HFD 

was continued and animals received weekly in vivo sham (37˚C, 20 min) or heat treatment 

(41˚C) for 7 wk. After 6 wk, animals underwent an intraperitoneal glucose tolerance test. 24-48 

hr following the final sham or heat treatment, skeletal muscle was harvested and processed for 

insulin-stimulated glucose uptake and Western blotting. The epididymal adipose tissue and liver 

were also removed. Heat treatment reduced glucose intolerance while increasing insulin-

stimulated glucose uptake in the EDL and reducing the triglyceride content of another glycolytic 

muscle, the tibialis anterior, similar to the EDL. HSP72 and HSP60 levels increased in the EDL 

following heat treatment, but did not change in the soleus. PGC-1α was reduced by heat 

treatment in the EDL (P = 0.08) and the soleus (P < 0.05). In the liver, triglyceride content was 

reduced by heat treatment and HSP72 and HSP25 levels were increased along with levels of 

microtubule-associated protein 1 light chain 3 (LC3-II). In the white adipose tissue (WAT), 

adipocyte size was reduced by heat treatment and expression of HSP72 and PGC-1α was 

increased. Weekly heat treatment can improve metabolic profile of several tissues in established 

insulin resistance. Treatments that induce expression of HSP72 should be explored as treatment 

options for metabolic conditions, including non-alcoholic fatty liver disease.  
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3.2. INTRODUCTION 

HSPs and the heat shock response are highly conserved mechanisms by which cells and 

organisms guard against heat and other stressors (328, 329). HSP72 is of particular interest due 

to its highly inducible nature in response to stressors including endurance exercise in both the 

skeletal muscle and liver (142, 265, 266, 329, 334). It was discovered more than a decade ago 

that HSP72 expression is lower in the skeletal muscle of type 2 diabetics (269, 375), which has 

since been observed by other investigators (50, 67). Recently, HSP72 levels have been found to 

be negatively associated with the progression of hepatic steatosis and insulin resistance in the 

liver (97).  

We and others have shown that induction of HSP72 by genetic modification, in vivo heat 

treatments, or pharmacological means can improve the metabolic profile of insulin resistant 

rodents (3, 28, 67, 154, 173, 256), while the loss of HSP72 results in whole-body and skeletal 

muscle insulin resistance (101). HSP72 has been shown to regulate skeletal muscle 

mitochondrial dynamics and mitophagy – the autophagic process by which damaged 

mitochondria are degraded (99, 101, 173). Loss of HSP72 results in retention of dysmorphic 

mitochondria, but transgenic overexpression of skeletal muscle HSP72 results in an increase in 

mitochondrial content and activity of mitochondrial enzymes (101, 173). The positive role that 

HSP72 induction and heat treatment may have on the liver has not been widely studied. The 

induction of HSP72 in the liver may be a viable treatment option for reducing lipid storage and 

inflammation. 

 The purpose of the present study was two-fold. First, to determine whether in vivo heat 

treatments that induce HSP72 expression would improve insulin sensitivity in rats following 8 
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wk of high-fat feeding. Previously we had noted that 12 wk of weekly heat treatments in 

conjunction with 12 wk high-fat feeding protected against the development of insulin resistance 

(154). A second purpose was to determine whether in vivo heat treatment would result in 

metabolic improvements in the liver and adipose tissue as has previously been shown in skeletal 

muscle. 

 

3.3. METHODS 

Experimental animals & in vivo heat treatment. Eight wk old male Wistar rats (~150 – 

180 g each) were purchased from Charles River Laboratories (Wilmington, MA, USA) and 

housed in a temperature controlled facility (22 ± 2˚C) with 12:12 hr light:dark cycles. Animals 

were allowed ad libitum access to water. Rats were fed a modified Kraegen HFD (60% of 

kilocalories from fat) for 15 wk (154, 462). During the last 7 wk of the HFD, rats received either 

weekly in vivo heat or sham treatment (n=9/group). All animals were anesthetized with an 

intraperitoneal injection of pentobarbital sodium (5 mg/100 g body weight) prior to sham or heat 

treatment. Heat treatment consisted of lower body immersion in a 42˚C water bath to gradually 

increase body temperature to between 41˚C and 41.5˚C where it was maintained for 20 min. 

Sham treatment consisted of immersion in a 37˚C water bath and maintaining body temperature 

at 37˚C for 20 min (154, 412). Body temperature was monitored by a rectal thermometer. 

Following treatment, 0.5 ml of 0.9% saline were injected intraperitoneally to aid in recovery. 

Forty-eight hr following heat or sham treatment, and following a 10-hr overnight fast, animals 

were again anesthetized with pentobarbital sodium and tissues dissected for experimental 
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procedures. All protocols and procedures were approved by the Institutional Animal Care and 

Use Committee of the University of Kansas Medical Center. 

Glucose tolerance testing and other blood measures. One wk prior to sacrifice, and 48 hr 

following heat or sham treatment, rats underwent an intraperitoneal glucose tolerance test 

(IPGTT). Following an overnight fast, rats were anesthetized with an intraperitoneal injection of 

pentobarbital sodium (5 mg/100 g body weight) and injected with a glucose load of 2 g/kg body 

wt. Tail blood was removed every 30 min and assessed for blood using a glucometer and the 

manufacturer’s test strips (Accu-Chek Active, Roche Diagnostics, Indianapolis, IN, USA). Blood 

was allowed to clot for 30 min on ice, spun at 3,000 g for 60 min at 4˚C, and serum drawn off 

and frozen at -80˚C. Serum was analyzed for concentration of insulin using an insulin ELISA 

(Alpco, Salem, NH, USA). Upon sacrifice, blood was also collected, allowed to clot for 30 min 

on ice, spun at 3,000 g for 60 min at 4˚C, and serum drawn off and frozen at -80˚C. Serum 

triglycerides and NEFAs were determined by colorimetric assays using the manufacturer’s 

instructions (Cayman Chemical, Ann Arbor, MI, USA and Wako Diagnostics, Richmond, VA, 

USA, respectively).  

Glucose transport. Insulin-stimulated glucose transport into EDL and soleus muscle 

strips was determined as previously described (152, 154, 155, 538). After dissection, muscle 

strips were placed in vials in a shaking incubator (35˚C) for 60 min containing Krebs-Henseleit 

bicarbonate (KHB) buffer with 8 mmol/l glucose and 32 mmol/l mannitol. Muscle strips were 

transferred to new vials containing 2 ml of KHB and 40 mmol/l mannitol, with or without insulin 

(1 mU/ml) for 30 min at 29˚C. Muscle strips were again transferred to new vials containing 2 ml 

of KHB and 4 mM 2-[1,2-3H]deoxyglucose (1.5 µCi/ml) and 36 mmol/l [14C]mannitol (0.2 
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µCi/ml), with or without insulin (1 mU/ml) for 20 min. During all incubation steps, muscle strips 

were exposed to a gas phase of 95% O2-5% CO2. Finally, muscle strips were blotted, clamp-

frozen at -80˚C, and processed for determination of intracellular and extracellular space 

accumulation of 2-deoxyglucose accumulation. 

Intramuscular triglyceride content. Intramuscular triacylglycerol concentration was 

determined based on the methods by Frayn and Maycock (123). The tibialis anterior, consisting 

of mostly glycolytic muscle fibers (94), was homogenized in 3 ml of 2:1 chloroform:methanol, 

transferred to 13x100 mm borosilicate glass tubes, vortexed, and incubated overnight at 4˚C. The 

following day, 3 ml of 4 mmol/l MgCl2 was added to each tube, vortexed, and centrifuged at 

1,000 g for 1 hr at 4˚C. The bottom organic layer (1.5 ml) was drawn off and placed into clean 

borosilicate glass tubes, allowed to dry overnight, reconstituted with 500 µl of ethanolic KOH, 

and heated at 75˚C for 20 min. Following heating, 1 ml of 0.15 mmol/l MgSO4 was added to 

each tube, centrifuged at 1,000 g for 1 hr at 4˚C, and supernatant removed and assayed for 

triglyceride and free glycerol concentration using a commercially available colorimetric assay 

(F6428, Sigma, St. Louis, MO). Liver was processed similarly except that after drying overnight, 

samples were reconstituted in butanol – Triton X-110 and assayed directly afterwards (402). 

Adipose tissue imaging. Epididymal white adipose tissue was fixed overnight in 4% 

paraformaldehyde, placed in 70% ethanol for 48-72 hr, processed and paraffin embedded. Ten 

μm sections were places on slides and subsequently hematoxylin and eosin (H & E) stained. 

Images were taken on a Nikon 80i microscope and images quantified using Image J. 

Western blotting. Muscles, adipose tissue, and liver were processed for Western blotting 

by methods previously described (154, 155, 412). Briefly, muscle and liver tissue were 
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homogenized in a 12:1 (volume-to-weight) ratio of ice-cold cell extraction buffer containing 10 

mmol/l Tris·HCl (pH 7.4); 100 mmol/l NaCl; 1 mmol/l each of EDTA, EGTA, NaF, and 

phenylmethylsulfonyl fluoride; 2 mmol/l Na3VO4; 20 mmol/l Na4P2O7; 1% Triton X-100; 10% 

glycerol; 0.1% SDS; 0.5% deoxycholate; and 250 µl/5 ml protease inhibitor cocktail. Adipose 

tissue was homogenized in a 2:1 (volume-to-weight) ratio of ice-cold cell extraction buffer and 

was additionally sonicated for 3-5 s. Homogenates were rotated for 30 min at 4˚C, and then 

centrifuged for 20 min at 3,000 rpm at 4˚C. The supernatant was removed and protein 

concentration determined by Bradford assay. Samples were diluted in HES buffer and Laemmli 

buffer containing 100 mmol/l dithiothreitol (DDT) (Thermo Scientific, Rockford, IL, USA) 

based on protein concentration to generate samples containing equal concentration of protein. 

Samples were heated in a boiling water bath 5 min.  

Protein (30-80 µg) was separated on SDS-PAGE gels, followed by a wet transfer to a 

nitrocellulose membrane for 60-90 min at 200-400 mA. Membranes were blocked in Tris-

buffered saline (TBS), 0.1% Tween 20 (TBST), and 5% nonfat dry milk or 5% bovine serum 

albumin (BSA) followed by incubation with the appropriate primary antibodies. Following three 

brief washes with TBST, blots were incubated with an appropriate HRP-conjugated secondary 

antibody in TBST 1% nonfat dry milk at a concentration of 1:5,000 or 1:10,000 for 1-2 hr at 

room temperature. Blots were then washed twice with TBST and once with TBS, dried, and 

visualized by Enhanced chemiluminescence (ECL). Bands were quantified using Image J 

densitometry. Blots were then stripped for 15-20 min at 55˚C in buffer containing 62.5 mmol/l 

Tris·HCl, 2% SDS, and 100 mmol/l 2-mercaptoethanol and re-probed for α-tubulin or β-actin as 

a loading control.  
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Primary antibodies used included HSP72 (Cat # SPA-810, Enzo Life Sciences, 

Farmingdale, NY, USA), phospho-HSP27 (Ser-82) (Cat # 905-642, Stressgen, Victoria, British 

Columbia, Canada), HSP25 (Cat # SPA-801, Stressgen), HSP60 (Cat # SPA-807, Stressgen), 

PGC-1α (Cat # 516557, Cal-Biochem, Darmstadt, Germany), UCP-1 (Cat # 662045), LC3B (Cat 

# 2775, Cell Signaling Technology, Inc., Danvers, MA, USA), p62 (Cat # 5114, Cell Signaling), 

α-tubulin (Cat # ab7291, Abcam, Cambridge, MA, USA), and β-actin HRP-conjugated (Cat # 

ab20272, Abcam). Secondary antibodies used included goat anti-mouse (Cat # 170-5047, 

BioRad, Hercules, CA, USA) and donkey anti-rabbit (Jackson, Immuno-Research, Inc., West 

Grove, PA, USA). 

Statistical analyses. Results are presented as mean ± SEM. Statistical significance was set 

at P < 0.05. Analysis was performed using Sigma Plot for Windows, version 12.0 (Systat 

Software Inc., Chicago, IL, USA). Data were compared by one-way ANOVA or two-way 

ANOVA with LSD post-hoc differences performed where appropriate. Changes in blood glucose 

and insulin during glucose tolerance testing were analyzed by two-way repeated measures 

ANOVA with LSD post-hoc differences performed where appropriate, as well as pairwise 

comparisons made by one-way ANOVA. Where raw values did meet the ANOVA assumptions 

of equal variance or normal distribution, values were logarithmically or square root transformed. 

Raw data are presented in all figures. 

 

3.4. RESULTS 

 At the end of the initial 8 wk period of high-fat feeding, body weight (Sham: 498.8 ± 19.1 

g, Heat: 492.1 ± 15.7 g, P = 0.8) and daily food intake (Sham: 19.2 ± 0.8 g/d, Heat: 19.4 ± 1.1 
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g/d, P = 0.92) were not significantly different between animals placed into treatment groups. 

During the treatment period consisting of the last 7 wk with continued high-fat feeding, there 

was a strong trend for heat treated rats to gain less weight during the treatment period compared 

to sham treated animals (P = 0.052) (Figure 8A). Food intake was not significantly different 

during the treatment period (P = 0.44) (Figure 8B). Energy efficiency, calculated as the change 

in body weight divided by the kilocalories consumed during this period, was significantly lower 

in the heat treated rats compared to sham treated (P = 0.042) (Figure 8C). Coinciding with 

modest changes in body weight, the weight of the eWAT (Sham: 17.1 ± 2.0 g, Heat: 14.3 ± 1.2 g, 

P = 0.27), subcutaneous white adipose tissue (SCAT) (Sham: 9.3 ± 1.5 g, Heat: 6.7 ± 1.1 g, P = 

0.19), and brown adipose tissue (BAT) (Sham: 729.4 ± 67.3 mg, Heat: 700.0 ± 38.7 mg, P = 

0.70) were not significantly different. Although adipose tissue mass was not significantly 

different, adipocyte cell area in the eWAT was significantly lower in heat treated rats compared 

to sham treated (P < 0.01) (Figure 8D & 8E). 



75	
	
 

  

 



76	
	
Figure 8. Body weight related changes following weekly heat treatment in rats fed a HFD. 
(A) Change in body weight, (B) food intake, (C) energy efficiency, and (D) cross-sectional area 
of adipocytes from eWAT in rats fed a HFD for 15 kw and receiving weekly in vivo sham (37˚C, 
20 min) or heat treatment (41˚C, 20 min) during the last 7 wk of the HFD. (E) Representative 
images of 10 µm thick sections of eWAT and H&E stained. Bar represents 50 µm. * P < 0.05, ** 
P < 0.01 denotes a significant difference between groups determined by one-way ANOVA with 
LSD post hoc analysis performed when appropriate. Values are mean ± SEM. N = 8-9 
animals/group. 

 

 Whole-body insulin resistance has been consistently shown after just 3-6 wk of high-fat 

feeding (262, 358, 462, 468). Fasting blood glucose concentration was not significantly different 

between sham and heat treated rats (Figure 9A), and fasting insulin concentration was only 

modestly reduced in heat treated animals compared to sham treated animals (P = 0.07) (Figure 

9B). Following an intraperitoneal injection of glucose one wk prior to the final heat or sham 

treatment, heat treated rats had significantly lower blood glucose concentrations compared to 

sham treated (main effect of treatment P < 0.05) (Figure 9C), as well as lower glucose area 

under the curve (AUC) values (P = 0.014) (Figure 9D).  Insulin concentration was significantly 

lower 30 min following glucose injection in heat treat rats compared to sham treated, but was not 

significantly different 60 min, 90 min, or 120 min following injection (Figure 9E). Insulin AUC 

values were not significantly different between heat and sham treated rats (Figure 9F). Serum 

triglycerides were not significantly different between sham (120.7 ± 11.3 mg/dl) and heat treated 

rats (114.3 ± 17.1 mg/dl, P = 0.77), and serum NEFA concentration were not significantly 

different between sham (0.469 ± 0.04 mmol/l) and heat treated animals (0.421 ± 0.04 mmol/l, P 

= 0.4). 
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Figure 9. Heat treatment improves glucose tolerance in rats fed a HFD. (A) Fasting blood 
glucose and (B) serum insulin concentration in rats fed a HFD for 15 wk and receiving weekly in 
vivo sham (37˚C, 20 min) or heat treatment (41˚C, 20 min) during the last 7 wk of the HFD. 
Blood glucose (C) and insulin concentrations (E) in response to an intraperitoneal (i.p.) glucose 
injection, and AUC of glucose (D) and AUC  (F) of insulin following i.p. glucose injection. Rats 
were fasted overnight one week prior to sacrifice and were injected with a glucose load of 2 g/kg 
body weight intraperitoneally. Blood glucose was measured prior to, and 30, 60, 90, and 120 min 
following injection using a glucometer. Heat treatment reduced blood glucose response to i.p 
glucose injection determined by two-way ANOVA (main effect of treatment). * P < 0.05 denotes 
significantly different between treatment groups determined by one-way ANOVA with LSD post 
hoc analysis performed where appropriate.  Values are mean ± SEM. N = 8-9 animals/group. 

 

 Skeletal muscle responses to heat treatment. The EDL is a composed of primarily 

glycolytic type II muscle fibers while the soleus is composed primarily of oxidative type I 

muscle fibers (94). In the EDL of heat treated rats, we observed significantly greater insulin-

stimulated glucose uptake compared to sham treated rats (P < 0.05) (Figure 10A). In the soleus, 

we did not observe significant differences in insulin-stimulated glucose uptake between heat and 

sham treated rats (data not shown). We observed that in the tibialis anterior, another primarily 

glycolytic muscle (94), triglyceride content was significantly lower in heat treated rats compared 

to sham treated (P < 0.05) (Figure 10B).  

HSP72 and HSP60 levels were significantly greater in the EDL of heat treated rats 

compared to sham treated (Figure 10C & 10D), but HSP72 and HSP60 levels were not 

significantly different between heat and sham treated rats in the soleus (Figure 10F & 10G). 

Phosphorylation of HSP25 (Ser-82) and total HSP25 levels were not significantly different 

between heat and sham treated rats in the EDL or soleus (data not shown). PGC-1α levels were 

significantly lower in the soleus of heat treated animals (P = 0.02) (Figure 10H), and there was 

a trend for PGC-1α levels to decrease in the EDL (P = 0.08) (Figure 10E).  
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Figure 10. Heat treatment improves insulin-stimulated glucose uptake in the EDL of rats 
fed a HFD. (A) Insulin-stimulated glucose uptake in the EDL muscle in sham and heat treated 
rats fed a HFD for 15 wk and receiving weekly in vivo sham (37˚C, 20 min) or heat treatment 
(41˚C, 20 min) during the last 7 wk of the HFD. Insulin-stimulated glucose uptake was 
determined by incubating muscles in the presence or absence of 1 mU/ml insulin for exactly 20 
min. (B) Triglyceride content in tibialis anterior in sham and heat treated rats fed a HFD. HSP72, 
HSP60, and PGC-1α expression in the EDL (C-E) and soleus (F-H), respectively. * P < 0.05, ** 
P < 0.05 denotes significantly different between treatment groups; † P < 0.05 denotes insulin-
stimulated glucose uptake is significantly greater than basal determined by one-way ANOVA 
with LSD post hoc analysis performed where appropriate. Values are mean ± SEM. N = 6-9 
animals/group. 
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Hepatic responses to heat treatment. Similar to skeletal muscle, hepatic triglyceride 

content was significantly lower in heat treated, high-fat fed rats compared to sham treated rats 

(Figure 11A). Hepatic HSP72 and HSP25 expression were significantly greater in heat treated 

animals compared to sham treated animals (Figure 11B & 11C). As markers of autophagy, LC3 

is lipidated to form LC3-II when autophagosomes are forming while p62 is degraded, and LC3-II 

and p62 are considered markers of increased autophagy (397). LC3-II levels were significantly 

greater in heat treated rats fed a HFD compared to sham treated (Figure 11D), and p62 levels 

were significantly lower in heat treated rats compared to sham treated (Figure 11E). 
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Figure 11. Heat treatment reduces triglyceride content and increased autophagy in rats fed 
a HFD. (A) Triglyceride content, (B) HSP72 expression, (C) HSP25 expression, and content of 
LC3-II (D) and p62 (E) in sham and heat treated rats fed a HFD for 15 wk and receiving weekly 
in vivo sham (37˚C, 20 min) or heat treatment (41˚C, 20 min) during the last 7 wk of the HFD. * 
P < 0.05, ** P < 0.05 denotes significantly different between treatment groups determined by 
one-way ANOVA with LSD post hoc analysis performed where appropriate. Values are mean ± 
SEM. N = 8-9 animals/group. 



82	
	
 

Adipose tissue HSP72 and PGC-1α are increased following heat treatment. HSP72 

expression was significantly greater in the eWAT and SCAT in heat treated animals compared to 

sham treated animals (main effect of treatment P = 0.011) (Figure 12A). There were not 

differences between eWAT and SCAT in HSP72 expression in these HFD fed rats (main effect 

of depot P > 0.05) (Figure 12A). PGC-1α expression was significantly greater in heat treated 

rats compared to sham treated rats (main effect of treatment P = 0.007) (Figure 12B). 

Furthermore, PGC-1α levels were significantly greater in the SCAT compared to the eWAT 

(main effect of depot P = 0.018) (Figure 12B). Uncoupling protein-1 (UCP-1), which uncouples 

mitochondrial respiration and has been shown to be induced in WAT by exercise training and 

adrenergic receptor activation (92, 224, 415), was significantly increased in eWAT and SCAT 

(main effect of treatment P < 0.05) (Figure 12C).  
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Figure 12. Heat treatment increases HSP72, PGC-1α, and UCP-1 levels in WAT of rats fed 
a HFD. (A) HSP72, (B) PGC-1α, and (C) UCP-1 expression in eWAT and SCAT of sham and 
heat treated rats fed a HFD for 15 wk and receiving weekly in vivo sham (37˚C, 20 min) or heat 
treatment (41˚C, 20 min) during the last 7 wk of the HFD. * P < 0.05, ** P < 0.05 denotes 
significantly significant main effect of heat treatment, † P < 0.05 denotes significant main effect 
of depot determined by a two-way ANOVA with LSD post hoc analysis performed where 
appropriate. Values are mean ± SEM. N = 8-9 animals/group. 
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3.5. DISCUSSION 

 Previously we showed that 12 wk of weekly in vivo heat treatment prevented HFD 

induced whole-body and skeletal muscle insulin resistance (154). In the present study, we 

expand upon these findings by showing that after 8 wk of high-fat feeding, weekly in vivo heat 

treatment of high-fat fed rats reduces glucose intolerance and increases insulin sensitivity in 

primarily glycolytic skeletal muscle. Furthermore, we show that weekly in vivo heat treatment 

reduces lipid storage and improves the metabolic profile of other metabolic tissues that regulate 

glucose homeostasis including the liver and white adipose tissue. These are the first findings to 

indicate the ability of heat treatment to reverse the damaging effects of a prior HFD.  

 Whole-body and skeletal muscle adaptation to heat treatments in high-fat fed rats. In vivo 

heat treatments, pharmacological induction of HSP72, and skeletal muscle HSP72 transgenic 

overexpression have been shown to improve glucose homeostasis, reduce insulin resistance, and 

reduce adipose tissue mass in a number of diabetic rodent models (28, 67, 154, 256). Here we 

also show that heat treatment improved glucose intolerance and increased insulin-stimulated 

glucose uptake in glycolytic skeletal muscle of rats that were fed a HFD 8 wk prior to initiation 

of heat treatments. Whole-body and skeletal muscle insulin resistance has been consistently 

shown after just 3-6 wk of high-fat feeding (262, 358, 462, 468). The inability of heat treatment 

to increase insulin-stimulated glucose uptake in the soleus may relate to the established insulin 

resistance prior to initiation of weekly treatment has blunted the induction of HSPs. A blunted 

induction of HSPs has been shown following heat or exercise in diabetic animals (17, 236). 

High-fat feeding in rats increases skeletal muscle mitochondrial protein levels to 

compensate for excess dietary lipids (161, 495). Heat treatment in vivo and in vitro, as well as 

transgenic overexpression of HSP72 in skeletal muscle, increases mitochondrial enzyme activity 
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and increases mitochondrial content (59, 67, 154, 173, 293, 471). The ablation of HSP72 in mice 

results in whole-body and skeletal muscle insulin resistance as well as accumulation of 

dysmorphic mitochondria (101). Recently HSP72 has been shown to regulate mitophagy – the 

autophagic process of removing damaged mitochondria (101). In the present study and our 

previous study (154), we observed lower PGC-1α expression in skeletal muscle of high-fat fed 

heat treated rats. This may support the hypothesis that mitochondrial quality is improved by the 

induction of HSP72 as there is a lower requirement for mitochondrial biogenesis reflected by 

lower PGC-1α expression following heat treatment.  

 Increased lipid storage in the skeletal muscle has been shown to generate secondary 

messengers (i.e., DAGs and ceramides) that inhibit insulin signaling (340, 342). In the present 

study, we observed lower triglyceride content in glycolytic skeletal muscle of heat treated rats 

fed a HFD in association with increased insulin-stimulated glucose uptake. The observed 

reduction may imply that excess dietary lipids are being oxidized to a greater extent in the 

skeletal muscle of heat treated rats. Although triglycerides themselves may not inhibit insulin 

signaling, intermediates of fatty acid metabolism such as DAGs, ceramides, and long-chain acyl 

carnitines can activate stress kinases including JNK, IKKβ, and PKC inhibiting insulin signaling 

(5, 6, 147, 340, 342). We and others have shown that induction of HSP72 by heat treatment, 

pharmacologically, or genetic modulation inhibits JNK activation and may be a mechanism by 

which HSP72 improves insulin responsiveness (3, 67, 154, 155, 368), although recently this has 

been found to be situationally dependent (173). As skeletal muscle is responsible for 75%-80% 

of post-prandial glucose disposal (115), we had concentrated on the skeletal muscle following 

heat treatment as responsible for the observed metabolic adaptations in our previous study. In the 

present study, we observed that in heat treated rats have smaller adipocytes in the eWAT and 
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reduced triglyceride storage in the liver, which may also be a means by which whole-body 

glucose intolerance is improved. 

Adipose tissue responses to heat treatment in rats fed a HFD. In the present study, we 

showed that in rats fed a HFD, weight gain during the treatment period was slowed by weekly 

heat treatment and energy efficiency was reduced indicating that energy utilization had been 

altered. Adipocyte size was reduced by weekly heat treatment in the eWAT although fat pad 

mass was not significantly reduced by weekly heat treatments. Our results agree with prior 

studies that heat treatment, transgenic overexpression, or GGA administration to induce HSP72 

levels reduces WAT mass and adipocyte size (3, 67, 154). Adipocytes are known to play a large 

role in whole-body glucose homeostasis (415), and smaller adipocytes are generally more insulin 

sensitive (15). We have previously shown that a single in vivo heat treatment increases insulin 

responsiveness in the eWAT (412), and improved insulin responsiveness may represent the early 

adaptation of the adipose tissue to heat treatments. Although it cannot be ruled out that heat 

treatment changed lipogenic and lipolytic protein expression, other mechanism may play a role. 

Heat treatment has been shown to modulate membrane fluidity (483, 484, 490), thus the fluidity 

of the lipid droplet membrane in the adipocytes themselves may be modulated in a fashion that 

results in reduced triglyceride storage. 

HSP72 levels increased in both the eWAT and SCAT of heat treated rats fed a HFD, 

without differences between depots. Previously, we had noted in male Wistar rats 9-10 wk 

younger than used in the present study that constitutive HSP72 levels are greater in the metabolic 

WAT depots (i.e., epididymal and retroperitoneal) compared to SCAT (412), which has been 

observed elsewhere (383, 421, 458). The rats used here were older and fed a HFD for 15 wk, and 
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we did not observe depot differences in HSP72 expression. A few reports have noted that HSP 

levels are greater in omental and SCAT depots of obese humans compared to lean counterparts 

(97, 382, 383). Thus constitutive HSP levels in these rats may have increased in conjunction with 

high-fat feeding and adiposity. We also noted previously that the induction of HSP72 was 

greatest in the SCAT following heat treatment, but here the induction of HSP72 in the SCAT 

appeared to be blunted as it was not different than in the eWAT. The heat shock response has 

been shown to be either blunted or enhanced during obesity and diabetes (17, 236, 346), and the 

blunted SCAT induction of HSP72 may be a result of the high-fat feeding induced insulin 

resistance. The activation of JNK and other stress kinases such as ERK and GSK3 can inhibit 

HSF-1 activation, the primary transcription factor responsible for inducing the transcription of 

HSPs following heat treatment (9, 329). As JNK activation in the adipose tissue occurs during 

obesity (519), HSF-1 inhibition may be responsible for the blunted heat shock response observed 

in the SCAT here. 

Hepatic response to heat treatment in rats fed a high-fat diet. Little is known regarding 

the role of HSPs in preventing hepatic steatosis and NAFLD. As excess lipid accumulation in the 

liver is a hallmark of NAFLD, reductions in triglyceride storage observed here represents a 

potential treatment modality that has not been widely explored. Adachi et al. reported that 

induction of HSP72 by administration of GGA ameliorated hepatic insulin resistance and 

reduced JNK phosphorylation (3), but hepatic triglyceride content was not measured. Reports 

using mild electrical stimulus coupled with heat stress have shown reduced triglyceride storage, 

reduced inflammation, and increased insulin responsiveness in the liver of high-fat fed mice and 

db/db mice (330, 331). In these reports, HSP levels were not measured. Here we observed that 

both HSP72 and HSP25 levels are induced by weekly heat treatment in rats fed a HFD in 
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conjunction with lower triglyceride content. Thus more research is needed to determine if HSP72 

or HSP25 have a direct role in the protection against steatosis.  

Autophagy is the sequential process of targeting and degrading organelles. After the 

initiation of autophagy, during the formation of the autophagosome and its fusion with the 

lysosome, LC3 is lipidated forming LC3-II resulting in degradation of p62. Increased LC3-II and 

decreased p62 levels potentially indicate that the autophagy degradation pathway has become 

more active (99, 429). In the present study, heat treatment increased the content of LC3-II and 

reduced p62 levels in high-fat fed rats. Similarly, transgenic overexpression of HSP72 in skeletal 

muscle enhances autophagy during fasting (173). Autophagy is essential for mobilizing lipids 

stored in the liver – termed lipophagy (451), and may indicate that lipids are being mobilized 

from the lipid droplets for oxidation in the liver. Additionally, LC3-II also accumulates during 

increased mitophagy (99), and as HSP72 has been shown to regulate mitophagy to clear 

damaged mitochondria, improved mitochondrial quality may be another mechanism by which 

triglyceride levels are reduced.  

 

CONCLUSION 

Heat treatments improve glucose intolerance and skeletal muscle insulin resistance in a 

rodent model of established obesity and insulin resistance induced by high fat feeding. Weekly 

heat treatments also improve the metabolic profile of the liver and adipose tissue. Thus, 

treatments that induce the expression of HSP72 should be explored as treatment options for other 

metabolic conditions, including NAFLD. 
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4.1. ABSTRACT 

Heat shock protein (HSP) expression positively correlates with oxidative capacity and 

conversely, protein expression of HSP72 is reduced in patients with type 2 diabetes. In the 

current study, we examined whether constitutive HSP expression is associated with aerobic 

capacity and susceptibility to metabolic disease in rats bred to be low capacity runners (LCR) 

and high capacity runners (HCR). We also tested the ability of HSP induction to restore insulin 

sensitivity following a 3 day high-fat diet (HFD) challenge in LCR and HCR rats. HCR and LCR 

rats were fed a HFD (45% of kilocalories from fat) or chow diet (10% of kilocalories from fat) 

for 3 days and then received either a single in vivo heat treatment (HT, 41˚C, 20 min) or sham 

treatment (ST). 24 hr following HT or ST, glycolytic (extensor digitorum longus, EDL) and 

oxidative (soleus) muscles were removed to measure insulin-stimulated glucose uptake and 

blood, liver and adipose tissues were harvested and stored at -80˚C. HT restored insulin 

sensitivity primarily in the EDL muscle of LCR rats following a 3 d HFD challenge, while 

muscle insulin sensitivity was unchanged in HCR rats with diet or HT. Induction of HSP72 

following HT occurred in the EDL and liver of LCR and HCR rats, but not in the soleus of LCR 

rats. The induction of HSP72 in the EDL and liver, and HSP25 in the liver, was blunted in LCR 

rats following a 3 d HFD, while HSP72 levels were maintained in HCR rats. Constitutive HSP72 

and heat shock factor-1 (HSF-1) expression was lower in EDL muscle of LCR rats compared to 

HCR rats, and HSP25 expression was lower in the liver of LCR rats compared with HCR rats. 

The mitochondrial HSP, HSP60, and other key mitochondrial proteins were lower in the EDL 

muscle compared to the soleus muscle of LCR rats. Finally, protein content of LC3-II, a marker 

of autophagy, increased in the skeletal muscle of HCR rats following a 3 d HFD challenge, but 

did not change in LCR rats. In summary, a single heat treatment lowered blood glucose levels, 
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restored skeletal muscle insulin sensitivity and decreased adipocyte size and liver triglyceride 

content following an acute dietary challenge in rats with low aerobic capacity. Lower 

constitutive levels of HSP and mitochondrial proteins were associated with increased 

susceptibility to metabolic insult primarily in the glycolytic muscles from LCR rats.  

Key words: aerobic capacity, insulin resistance, type 2 diabetes, heat shock proteins 
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4.2. INTRODUCTION 

 The prevalence of obesity, metabolic syndrome, and type 2 diabetes continues to rise 

toward epidemic proportions. Low aerobic capacity is a strong independent predictor of 

metabolic syndrome, type 2 diabetes, cardiovascular disease, and all-cause mortality - even when 

traditional risk factors are considered such as smoking and obesity (69, 253, 255, 273, 344). The 

mechanisms underlying the relationship between low intrinsic aerobic capacity and susceptibility 

to chronic metabolic disease remain largely unknown. Interestingly, an estimated 50%-70% of an 

individual’s aerobic capacity, and thus disease risk, can be attributed to inheritable traits (46). 

HSPs strongly correlate with oxidative capacity in skeletal muscle and adipose tissue (45, 296, 

412), and may also underlie innate differences in susceptibility to metabolic disease. 

The heat shock response is a highly conserved defense system to combat cellular and 

oxidative stress (9, 329), and involves induction of a family of HSPs identified by molecular 

weight (329). HSP72 is of great interest in relation to metabolic disease as it is highly induced in 

response to stress and with endurance exercise (329, 334). Kurucz et al. first demonstrated that 

HSP72 expression was markedly decreased in skeletal muscle of insulin resistant and type 2 

diabetic patients (269). Subsequent studies showed that heat treatment, transgenic overexpression 

of HSP72, and pharmacological induction of HSP72 effectively prevent high fat diet-induced 

glucose intolerance and skeletal muscle insulin resistance (3, 67, 154, 173, 291). Overexpression 

of skeletal muscle HSP72 in mice has been shown to increase endurance running capacity nearly 

two-fold and increase mitochondrial content by 50% (173). We hypothesize that the ability of 

HSPs to improve glucose homeostasis and increase oxidative capacity in skeletal muscle may 

provide protection against short-term metabolic insult. 
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The purpose of this study was two-fold. First, to determine whether constitutive HSP 

expression is associated with aerobic capacity and susceptibility to metabolic disease in rats bred 

to be low capacity runners (LCR) and high capacity runners (HCR). LCR rats display symptoms 

of metabolic disease including glucose intolerance, skeletal muscle insulin resistance, and 

increased hepatic triglyceride storage (286, 332, 355, 357, 476, 525). To date, the role of HSPs in 

metabolic disease susceptibility of LCRs or metabolic protection of HCRs has not been 

examined. Metabolic disturbances in LCR rats can be further exacerbated by high-fat feeding, 

while HCR rats are generally protected from high-fat feeding induced insulin resistance (285, 

286, 332, 355, 407, 476, 525). As a result, the second purpose of this study was to test the ability 

of HSP induction via heat treatment to restore insulin sensitivity following an acute high fat diet 

challenge in LCR rats. Our results demonstrate beneficial metabolic effects of heat treatment in 

multiple tissues.  

 

4.3. METHODS 

 Animal strains. The development of LCR and HCR rats has been previously described 

elsewhere (251, 355). Briefly, a founder population of genetically heterogeneous rats from the 

N:NIH stock (National Institutes of Health) were bred by two-way artificial selection to produce 

rat strains differing in inherent endurance running capacity. The 13 lowest and 13 highest 

running capacity rats from each sex were selected from the founder population and randomly 

paired for mating. The animal protocols were approved by the Institutional Animal Care and Use 

Committees at the University of Kansas Medical Center, University of Michigan, and University 

of Missouri, as well as, the Subcommittee for Animal Safety at the Harry S. Truman Memorial 

VA Hospital. 
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Approximately six- to seven-month old male LCR and HCR rats from generations 25 and 

30 were used for the current investigation. Animals were housed in a temperature controlled 

facility with 12:12 h light:dark cycles. The rats were provided standard rat chow and water ad 

libitum upon arrival until the experimental diet was started. All rats were acclimated to the low-

fat control diet (D12450B, 10% kcal from fat; Research Diets, New Brunswick, NJ) for ≥ 7 d 

prior to initiation of the experimental diet period. Rats were then continued on either the low-fat 

control diet or placed on a high-fat diet (HFD, D12451, 45% of kilocalories from fat; Research 

Diets) for 3 d. Body weight, feeding, energy consumption, and liver parameters for animals in 

generation 30 have been reported elsewhere (332). 

LCR and HCR rats from generation 25 were fed a standard chow diet or a HFD for 3 d. 

After consuming the diets for 3 d, rats were anesthetized with ketamine-xylazine (80 mg/kg body 

wt-10 mg/kg body wt) and received a single in vivo heat or sham treatment. This generated four 

treatment groups with HCR/LCR strains: Chow-Sham, Chow-Heat, HFD-Sham, and HFD-Heat. 

Heat treatment consisted of lower body immersion in a 42˚C water bath to gradually raise body 

temperature to between 41˚C and 41.5˚C where it was maintained for 20 min (154, 412). 

Temperature was monitored by a rectal thermometer. Sham treatment consisted of immersion in 

a 37˚C water bath and maintaining body temperature. Twenty-four hours following heat or sham 

treatment, and following 10-h overnight fast, animals were anesthetized with pentobarbital 

sodium (5 mg/100 g body wt) and tissues dissected for experimental procedures. 

Blood Measures. Blood was obtained by clipping the end of the tail prior to dissection 

and fasting blood glucose concentration measured using a glucose analyzer and the 

manufacturer’s test strips (Accu-Chek Active, Roche Diagnostics, Indianapolis, IN).   
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Adipose tissue imaging. Epididymal white adipose tissue (eWAT) was fixed overnight in 

4% paraformaldehyde, placed in 70% ethanol for 48-72 hr, processed and paraffin embedded. 

Ten μm sections were places on glass slides and subsequently H & E stained. Images were taken 

on a Nikon 80i microscope and quantified using Image J. 

Glucose transport. Insulin-stimulated glucose transport into soleus and EDL muscle 

strips was determined as previously described (154). After dissection, muscle strips were allowed 

to recover for 60 min and were subsequently transferred to new vials and incubated with or 

without insulin (1 mU/ml) for 30 min at 29˚C and again transferred to new vials containing 4 

mM 2-[1,2-3H]deoxyglucose (1.5 µCi/ml) and 36 mM [14C]mannitol (0.2 µCi/ml), with or 

without insulin (1 mU/ml) for 20 min. Following incubations, muscle strips were blotted, clamp-

frozen, and processed for determination of intracellular and extracellular space accumulation of 

2-deoxyglucose accumulation and Western blotting. 

Intramuscular triglyceride content. Muscle and liver tissue triglyceride content was 

determined by methods described elsewhere (123, 402). Muscle and liver was processed in 2:1 

chloroform:methanol to extract lipids and after being further processed and reconstituted assayed 

for triglyceride and free glycerol concentration (F6428, Sigma, St. Louis, MO).  

Western blotting. Muscles and liver were processed for Western blotting by methods 

previously described (155, 412). Briefly, tissue was homogenized in ice-cold cell extraction 

buffer. Homogenates were rotated for 30 min at 4˚C, and then centrifuged for 20 min at 3,000 

rpm at 4˚C. The supernatant was removed and protein concentration determined by Bradford 

assay. Samples were diluted in HES buffer and Laemmli buffer containing 100 mmol/l 

dithiothreitol (DDT) (Thermo Scientific, Rockford, IL, USA) based on protein concentration to 

generate samples containing equal concentration of protein. Protein (40-80 µg) was separated on 
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SDS-PAGE gels, followed by a wet transfer to a nitrocellulose membrane for 60-90 min at 200-

400 mA.  

Primary antibodies used included HSP72 (Cat # SPA-810, Enzo Life Sciences, 

Farmingdale, NY, USA), phospho-HSP27 (Ser-82) (Cat # 905-642, Stressgen, Victoria, British 

Columbia, Canada), HSP25 (Cat # SPA-801, Stressgen), HSP60 (Cat # SPA-807, Stressgen), 

HSF-1 (Cat # NB300-730, Novus Biochemicals, Littleton, CO, USA), PGC-1α (Cat # 516557, 

CalBiochem, Darmstadt, Germany), MitoProfile Total OXPHOS (Cat # ab110413, Abcam, 

Cambrdige, MA, USA), Sirt1 (Cat # ab75435, Abcam), α-tubulin (Cat # ab7291, Abcam), β-

actin HRP-conjugated (Cat # ab20272, Abcam), mtFAM (Cat # sc-23588, Santa Cruz 

Biotechnologies, Inc., Santa Cruz, CA, USA), Parkin (Cat # sc-32282, Santa Cruz), phospho-

AS160 (Thr642) (Cat # 4288, Cell Signaling Technology, Inc., Danvers, MA, USA), phospho-

Akt (Ser473) (Cat # 9271, Cell Signaling), total Akt (Cat # 9272, Cell Signaling), phospho-JNK 

(Thr183/Tyr185) (Cat # 9251, Cell Signaling), total JNK (Cat # 9252, Cell Signaling), LC3B 

(Cat # 2775, Cell Signaling), acetylated lysine (Cat # 9441, Cell Signaling), and total AS160 

(Cat # ABS54, Millipore Corp., Billerica, MA, USA). Secondary antibodies used included goat 

anti-rabbit (Cat # sc-2004, Santa Cruz), goat anti-mouse (Cat # 170-5047, BioRad, Hercules, 

CA, USA), rabbit anti-rat (Cat # A-5795, Sigma, St. Louis, MO, USA), rabbit anti-goat (Cat # A-

5420, Sigma), and donkey anti-rabbit (Jackson, Immuno-Research, Inc., West Grove, PA, USA). 

Statistical analyses. Results are presented as mean ± SEM. Statistical significance was set 

at P < 0.05. Analysis was performed using Sigma Plot for Windows, version 12.0 (Systat 

Software Inc., Chicago, IL, USA). Data were analyzed by one-way or two-way ANOVAs with 

Fisher’s LSD post-hoc comparisons performed where appropriate as noted. 
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4.4. RESULTS 

 Heat treatment improves glucose and insulin action. Initial body weight was significantly 

greater in LCR rats compared to HCR rats, and although both strains increased body weight 

during the HFD, the LCR rats gained significantly more during the 3 d HFD (Table 3). Food and 

energy intake were significantly greater in LCR rats compared to HCR rats. However, when 

normalized to body weight, energy intake was not significantly different between LCR/HCR rats 

following a 3 d HFD. When compared by one-way ANOVA, the food intake and energy intake 

of HFD-fed LCR rats was significantly greater than HFD-fed HCR rats.  

 

Table 3. Body weight, organ weights, and feeding characteristics for HCR and LCR rats from 
generation 25 following 3 d of high-fat feeding. 
 
 HCR LCR 
 Control diet High-fat diet Control diet High-fat diet 
Body weight (grams) 364.3 ± 11.2 358.3 ± 10.0 464.9 ± 14.5* 455.6 ± 12.7* 
3-d daily weight gain (g/d) 0.5 ± 0.4 1.5 ± 0.4† 1.4 ± 0.2* 5.8 ± 0.5*†# 
Food intake (g/d) 15.9 ± 0.6 17.8 ± 0.8† 19.3 ± 0.8* 22.5 ± 0.8*† 
Energy intake (kcal/d) 61.4 ± 2.4 84.0 ± 3.5† 74.2 ± 3.2* 106.3 ± 3.7*† 
Energy intake (kcal/d)/bw (g) 0.17 ± 0.01 0.24 ± 0.01† 0.16 ± 0.01 0.23 ± 0.01† 
Soleus (mg)/bw (g)  0.65 ± 0.02 0.72 ± 0.02† 0.52 ± 0.03* 0.56 ± 0.02*† 
EDL (mg)/bw (g)  0.52 ± 0.01 0.51 ± 0.01 0.43 ± 0.01*  0.43 ± 0.01* 
Gastrocnemius (mg)/bw (g)  5.94 ± 0.14 5.98 ± 0.09 5.08 ± 0.14* 5.09 ± 0.14* 
Tibialis anterior (mg)/bw (g)  1.97 ± 0.03 2.02 ± 0.04 1.65 ± 0.05* 1.66 ± 0.03* 
Heart (mg)/bw (g) 2.85 ± 0.07 2.90 ± 0.07 2.63 ± 0.06* 2.60 ± 0.08* 
 
Body weight prior to 3-d high-fat feeding, body weight gain, percentage muscle weights relative 
to body mass, and feeding characteristics of HCR/LCR rats from generation 25. * P < 0.001 
denotes a significant main effect of strain, † P < 0.05 - 0.001 denotes a significant main effect of 
diet, # P < 0.001 denotes a significant strain x diet interaction assessed by two-way ANOVA 
with Fisher LSD post-hoc comparisons where appropriate. 

 

 



99	
	

Fasting blood glucose concentration was significantly greater in LCR rats compared to 

HCR rats, and heat treatment significantly reduced blood glucose in LCR rats (Figure 13A). 

Adipocyte cross-sectional area from eWAT was significantly greater in the LCR rats compared 

to HCR rats (Figures 13B, 13C). While there was no effect of the 3 d HFD on adipocyte size in 

either strain, heat treatment significantly decreased adipocyte size in LCR rats. 
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Figure 13. Blood glucose and adipocyte size following a single heat treatment. (A) Fasting 
blood glucose concentration and (B) cross-sectional area of adipocytes from the eWAT in 
HCR/LCR rat from generation 25 fed either chow or 3 d HFD challenge and receiving a single 
in vivo sham (37°C) or heat (41°C) treatment. (C) Representative images of 10 μm thick cross-
sections of eWAT. Bar represents 50 μm. # P < 0.05 denotes that HCR/LCR rats are 
significantly different within the corresponding group by one-way ANOVA with Fisher’s LSD 
post-hoc comparisons performed where appropriate. † P < 0.05, †† P < 0.01 denotes a main 
effect of treatment determined by two-way ANOVA with Fisher’s LSD post-hoc comparisons 
performed where appropriate in HCR/LCR rats separately. Values are means ± SE. N = 3-6 
animals per group. 
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In the EDL muscle, insulin-stimulated glucose uptake was not significantly different 

between HCR/LCR rats on the chow diet; however, basal or non-insulin-stimulated glucose 

uptake (open bars in Figure 14A) was significantly greater in HCR rats compared to LCR rats. 

The 3 d HFD significantly reduced insulin-stimulated glucose uptake in the EDL muscle from 

LCR rats, and this was restored by acute heat treatment. Similarly, insulin-stimulated 

phosphorylation of AS160 was significantly decreased in LCR following a 3 d HFD challenge 

and this was restored by heat treatment (Figure 14C). Insulin-stimulated Akt phosphorylation in 

the EDL was not significantly different between HCR/LCR rats and was not significantly 

changed following HFD or heat treatment (representative blots only shown, Figure 14C). 

Insulin-stimulated glucose uptake in the soleus was significantly greater in HCR rats compared 

to LCR rats (Figure 14B), but soleus muscle glucose uptake was not impacted by the 3 d HFD or 

heat treatment in HCR/LCR rats. 

Increases in intramuscular lipid storage are intimately linked to reduced skeletal muscle 

insulin sensitivity (340) and therefore we examined intramuscular triglyceride content in another 

glycolytic muscle, the white gastrocnemius. Triglyceride content increased following a 3 d HFD 

in LCR rats but did not change in HCR rats (Figure 14D). Heat treatment effectively decreased 

intramuscular triglyceride content in LCR rats fed a 3 d HFD. 
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Figure 14. Skeletal muscle insulin-stimulated glucose uptake in HCR/LCR rats fed a 3 d 
high-fat challenge and 24 hr following a single in vivo heat treatment. Insulin-stimulated 
glucose uptake in the soleus muscle (A) and EDL muscles (B) and insulin-stimulated 
phosphorylation of insulin signaling proteins (C) in HCR/LCR rat from generation 25 fed either 
chow (C) or 3 d HFD challenge and receiving a single in vivo sham (37°C) or heat (41°C) 
treatment. Insulin-stimulated glucose uptake was determined by incubating muscles in the 
presence or absence of 1 mU/ml insulin for exactly 20 min. * P < 0.05-0.001 denotes a 
significant increase in glucose uptake determined by one-way ANOVA with Fisher’s LSD post-
hoc comparisons where appropriate. # P < 0.05 denotes that HCR/LCR rats are significantly 
different within the corresponding group and † denotes that LCR HFD-Sham treated rats had 
significantly lower insulin-stimulated glucose uptake than LCR C-Sham treated rats and LCR 
HFD-Heat treated rats determined by one-way ANOVA with Fisher’s LSD post-hoc 
comparisons performed where appropriate. (D) Triglyceride content of the white gastrocnemius. 
*, † P < 0.05 denotes a significant diet x treatment interaction determined by two-way ANOVA 
with Fisher’s LSD post-hoc comparisons performed where appropriate in HCR/LCR rats 
separately. Values are means ± SE. N = 3-6 animals per group. 
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Constitutive HSP expression in glycolytic and oxidative muscles from HCR/LCR rats. 

Constitutive HSP72 levels were significantly greater in the EDL of HCR rats compared to LCR 

rats, while constitutive HSP72 expression in the soleus muscle was not different between 

HCR/LCR rats (Open bars, Figures 15A, 15B). We found similar fiber type-specific effects in 

the red and white gastrocnemius muscles. Both HSF-1, the transcription factor responsible for 

HSP72 induction following heat stress (9), and HSP72 expression levels were significantly 

greater in the white gastrocnemius of HCR rats compared to LCR rats (Figures 16A, 16B).  

Similar to what was observed in the oxidative soleus muscle, no significant differences in HSF-1 

and HSP72 were observed in the red gastrocnemius from HCR/LCR rats (Figures 16D, 16E). 

Constitutive levels of HSP72 were not altered by a 3 d HFD in HCR or LCR rats (Figures 15A, 

15B).  

Heat treatment resulted in an increase in HSP72 expression in the EDL muscles from 

HCR and LCR rats, while HSP72 expression was increased in soleus muscles from HCR rats 

only (Figures 15A, 15B). In the EDL muscle, a significant decrease in HSP72 induction 

occurred in LCR rats fed a HFD. HSP72 induction did not occur in soleus muscles from chow- 

or HFD-fed LCR rats.  

Constitutive HSP25 levels were not different between HCR/LCR rats in the EDL or 

soleus (Figures 15C, 15D), or in the white or red portion of the gastrocnemius (Figures 16C, 

16F). 24 h following heat treatment, there was no increase in total HSP25 levels in either the 

EDL or soleus muscle from HCR and LCR rats (Figures 15C, 15D). Constitutive HPS60 

expression levels were significantly greater in the EDL, but not the soleus, of sham treated HCR 

rats compared to LCR rats (Figures 15E, 15F). In the EDL of LCR rats, heat treatment increased 

HSP60 expression in chow fed animals only (Figure 15E). 



105	
	

 

 



106	
	
Figure 15. Induction of HSP72 and HSP25 in skeletal muscle of HCR/LCR rats. HSP72, 
HSP25, and HSP60 expression in the EDL (A, C, E) and soleus (B, D, F) muscles of male 
HCR/LCR rats from generation 25 following heat treatment. HCR/LCR rats were fed a chow or 
3 d HFD challenge and received either a single in vivo sham (37°C) or heat (41°C) treatment. 
Protein levels were normalized to α-tubulin protein levels. * P < 0.01, ** P < 0.001 denotes 
significant main effect of treatment, † P < 0.05 denotes a significant diet x treatment interaction 
determined by two-way ANOVA with Fisher’s LSD post-hoc comparisons performed where 
appropriate in HCR/LCR rats separately. # P < 0.05 denotes significantly different from HCR 
rats of corresponding treatment group. δ P< 0.05 denotes significantly different from sham by 
one-way ANOVA with Fisher’s LSD post-hoc comparisons performed where appropriate. 
Values are means ± SE. N=5-6.  
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Figure 16. Constitutive HSF-1, HSP72, and HSP25 levels in skeletal muscle and liver of 
HCR/LCR rats. HSF-1, HSP72, and HSP25 in the white gastrocnemius (A-C), red 
gastrocnemius (D-F), and liver (G-I) of male HCR/LCR rats from generation 25 or 30. Protein 
levels were normalized to α-tubulin protein levels in the muscle and β-actin protein levels in the 
liver. * P < 0.05, ** P < 0.01 denotes significantly different determined by one-way ANOVA 
with Fisher’s LSD post-hoc comparisons where appropriate. Values are means ± SE. N = 12-16 
samples per group. 

 

Diet- and heat-treatment effects in the liver from HCR/LCR rats. Because previous 

studies have demonstrated a significant effect on the liver with a 3 d HFD (262, 427), we 

examined potential differences in liver HSP expression and induction in our study. Constitutive 

expression of liver HSP72 and HSF-1 did not differ between HCR and LCR rats (Figures 16G, 

16H).  However, HSP25 was significantly greater in liver from HCR rats compared to LCR rats 

(Figure 16I). Liver HSP72 and HSP25 were significantly increased following heat treatment in 

both HCR and LCR rats (Figures 17A, 17B), and the induction of HSP72 was significantly 

greater in LCR rats compared to HCR rats fed a chow diet. The induction of HSP72 and HSP25 

in the liver was significantly reduced following a 3 d HFD in LCR rats (Figures 17A, 17B).  

The stress kinase JNK is a pro-inflammatory protein that can effectively inhibit insulin 

signaling (5) and the primary HSP transcription factor, HSF-1 (369).  Phosphorylation of JNK 

increased in the liver of HCR rats following heat treatment, but was not significantly changed by 

a 3 d HFD challenge in HCR rats (Figure 17C). In LCR rats, JNK phosphorylation in the liver 

was significantly increased by the 3 d HFD, and was significantly reduced following heat 

treatment in HFD-fed LCR rats. In addition, total JNK expression was significantly greater in 

LCR rats compared to HCR rats (Figure 17D), but unchanged following a 3 d HFD or heat 

treatment in either strain. 

Liver triglyceride content was significantly greater in the LCR rats compared to HCR rats 

fed a chow diet (Figure 17E). In LCR rats, heat treatment significantly reduced liver triglyceride 
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content in both chow fed and high-fat fed animals (Figure 17E). Heat treatment did not alter 

liver triglyceride content in HCR rats. In addition to inhibition by stress kinases, HSF-1 is 

inactivated by acetylation (521). To determine whether decreased HSP induction in the liver with 

a HFD could be due to acetylation of HSF-1, we examined acetylation of lysine residues in liver 

homogenates from LCR rats. The acetylation pattern was greater in LCR rats fed a 3 d HFD and 

was reduced by heat treatment (Figure 17F). 
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Figure 17. HSP response and JNK phosphorylation and total levels in liver of HCR/LCR 
rats fed a 3 d high-fat challenge and following a single in vivo heat treatment. (A) HSP72, 
(B) HSP25, (C) phosphorylation of JNK, (D) total JNK levels, and (E) triglyceride content in 
liver of  male HCR/LCR rats from generation 25. (F) Acetylation of lysine residues in liver 
homogenates of HCR/LCR rats. Rats were fed a chow or 3 d HFD challenge and received either 
a single in vivo sham (37°C) or heat (41°C) treatment. Phosphorylation of JNK levels were 
normalized to total JNK levels and levels of other proteins were normalized to β-actin protein 
levels. ** P < 0.01 denotes a significant main effect of treatment, † P < 0.05 denotes a 
significant diet x treatment interaction determined by two-way ANOVA with Fisher’s LSD post-
hoc comparisons performed where appropriate in HCR/LCR rats separately. # P < 0.05 denotes 
significantly different from HCR rats of corresponding treatment group. Values are means ± SE. 
N=5-6.  
 

Mitochondrial protein levels are associated with HSPs in skeletal muscle of HCR/LCR 

rats. In the white gastrocnemius muscle, a mitochondrial HSP, HSP60, was greater in HCR rats 

compared to LCR rats. A similar pattern was observed for mitochondrial respiratory chain 

complexes I (NADH dehydrogenase ubiquinone 1 beta subcomplex 8, NDUFB8), II (succinate 

dehydrogenase subunit B, SDHB), III (ubiquinol cytochrome c reductase core protein 2, 

UQCRC2), and IV (cytochrome c oxidase subunit I, MTCO1) (Figures 18A-E). In addition, 

PGC-1α, mitochondrial transcription factor A (mtFAM), and sirtuin 1 (Sirt1) levels were 

significantly greater in HCR rats compared to LCR rats (Figures 18G-I). These differences 

observed in HSP60 levels, content of mitochondrial complexes, and PGC-1α was similar in the 

white quadriceps (data not shown). 

In the red gastrocnemius muscle, HSP60 levels and content of mitochondrial respiratory 

chain complexes I, III, IV, as well as mtFTAM were significantly greater in HCR rats compared 

to LCR rats (Figures 19A, 19B, 19D, 19E, and 19H), but content of complexes II and V, and 

PGC-1α and Sirt1 levels were not significantly different between strains (Figures 19C, 19F, 

19G, and 19I). These differences observed in HSP60 levels, content of mitochondrial 

complexes, and PGC-1α was similar in the red quadriceps (data not shown). The magnitude of 
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the differences in the content of respiratory chain complexes between the HCR and LCR rats was 

greater in the white portion of the gastrocnemius compared to the red portion. Complex I 

expression was 5.6-fold greater, complex II 1.7-fold greater, complex III 5.8-fold greater, and 

complex IV 3.2-fold greater in the white gastrocnemius of HCR rats compared to LCR rats, but 

was 1.9-fold, 1.1-fold, 1.7-fold, and 2.7-fold greater, respectively, in the red gastrocnemius of 

HCR rats compared to LCR rats. HSP72 expression was significantly correlated with levels of 

complex I (R = 0.515, P = 0.003), complex III (R = 0.482, P = 0.005), complex IV (R = 0.517, P 

= 0.002), PGC-1α (R = 0.499, P = 0.004), and a trend with mtFAM (R = 0.347, P = 0.051) 

(Figure 20A, 20C, 20D, 20F, 20G). Similarly, HSP60 expression was significantly correlated 

with levels of complex I (R = 0.422, P = 0.011), complex III (R = 0.387, P = 0.028, complex IV 

(R = 0.386, P = 0.028), PGC-1α (R = 0.392, P =0.027), and mtFAM (R = 0.476, P = 0.006) 

(Figure 20H, 20J, 20K, 20M, 20N).  
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Figure 18. Mitochondrial protein expression in white gastrocnemius muscle of HCR/LCR 
rats. Mitochondrial protein expression of HSP60 (A), complex I (B), complex II (C), complex 
III (D), complex IV (E), complex V (F), PGC-1α (G), mtFAM (H), Sirt1 (I), and representative 
blots (J) in the white gastrocnemius muscle of male HCR/LCR rats from generation 30. 
Complex I-V protein expression was normalized to Ponceau staining. PGC-1α, mtFAM, and 
Sirt1 protein levels were normalized to α-tubulin protein levels. * P < 0.05, ** P<0.01, *** P < 
0.001 denotes that protein levels are significantly different between HCR and LCR rats 
determined by one-way ANOVA with Fisher’s LSD post-hoc comparisons performed where 
appropriate. Values are means ± SE. N = 12-16 samples per group. 
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Figure 19. Mitochondrial protein expression in red gastrocnemius muscle of HCR/LCR 
rats. Mitochondrial protein expression of HSP60 (A), complex I (B), complex II (C), complex 
III (D), complex IV (E), complex V (F), PGC-1α (G), mtFAM (H), Sirt1 (I), and representative 
blots (J) in the red gastrocnemius muscle of male HCR/LCR rats from generation 30. Complex I-
V protein expression was normalized to Ponceau staining. PGC-1α, mtFAM, and Sirt1 protein 
levels were normalized to α-tubulin protein levels. * P < 0.05, ** P<0.01, *** P < 0.001 denotes 
that protein levels are significantly different between HCR and LCR rats determined by one-way 
ANOVA with Fisher’s LSD post-hoc comparisons where appropriate. Values are means ± SE. N 
= 14-16 samples per group. 
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Figure 20. Correlations between HSP72, HSP60, and mitochondrial proteins in white 
gastrocnemius of HCR/LCR rats. Correlations between HSP72 and HSP60 and respiratory 
chain complex I (A, H), complex II (B, I), complex III (C, J), complex IV (D, K), complex V (E, 
L), PGC-1α (F, M), and mtFAM (G, N). Muscles from male HCR/LCR rats from generation 30 
were used. Protein levels were measured by Western blotting and protein levels normalized to α-
tubulin protein levels. Correlations were determined by linear regression. Open circles represent 
LCR rats and closed circles represent HCR rats. N = 14-16 samples per group. 
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Differences in autophagy and mitophagy in HCR/LCR rats following a 3 d HFD. Recent 

evidence suggests that autophagy and/or mitophagy (the breakdown of mitochondria by 

autophagic processes) (99) is regulated by HSP72 and a loss of HSP72 results in dysregulated 

autophagy/mitophagy (101, 173).  LC3 is lipidated from LC3-I forming LC3-II, which is 

considered a marker of activated autophagy. LC3-II levels were not significantly different 

between HCR/LCR rats in the white gastrocnemius (Figure 21A). LC3-II levels significantly 

increased in white gastrocnemius from HCR rats fed a 3 d HFD compared to chow fed, but this 

response did not occur in the LCR rats in response to the HFD (Figure 21A). Results were 

similar when LC3-II was expressed relative to LC3-I (data not shown).  

LC3-II levels were significantly greater in the red gastrocnemius of HCR rats compared 

to LCR rats (Figure 21B). Similar results were found when LC3-II levels were expressed 

relative to LC3-I (data not shown). There was a trend for LC3-II levels to increase following a 3 

d HFD in the red gastrocnemius of HCR and LCR rats (main effect of diet); however, when 

compared by one-way ANOVA, there was not a significant increase in LC3-II levels in HCR rats 

or LCR rats fed a 3 d HFD. LC3-I levels were not significantly different between HCR/LCR rats, 

and not changed following a 3 d HFD challenge in the white or red gastrocnemius (Figure21C, 

21D). Parkin is a protein essential in the regulation of mitophagy and Parkin levels were 

significantly greater in the white gastrocnemius of the LCR rats compared to HCR rats (Figure 

21E). In the red gastrocnemius, Parkin levels were significantly greater in the LCR rats 

compared HCR rats (Figure 21F). Parkin levels significantly increased in LCR following a 3 d 

HFD challenge, accounting for these strain differences (Figure 21F). Parkin levels did not 

change in the red gastrocnemius of HCR rats following a 3 d HFD.  
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Figure 21. Autophagy and mitophagy proteins following 3 d HFD challenge in HCR and 
LCR rats. LC3-II in white (A) and red (B) portions of the gastrocnemius, LC3-I levels in white 
(C) and red (B) gastrocnemius, and Parkin levels in white (E) and red (F) gastrocnemius of male 
HCR and LCR rats from generation 30 fed a chow or 3 d HFD challenge. Protein levels were 
normalized to α-tubulin protein levels. Similar results were observed when LC3-II was expressed 
relative to LC3-I. * P < 0.05, ** P < 0.01, *** P < 0.001 denotes a significant main effect of 
strain, and † P < 0.05, †† P < 0.01 denotes a significant diet x strain interaction determined by 
two-way ANOVA with Fisher’s LSD post-hoc comparisons where appropriate. Values are 
means ± SE. N = 6-8 samples per group. 
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4.5. DISCUSSION 

 New findings from the present study demonstrate the ability of an acute heat treatment to 

mitigate metabolic dysfunction following a 3 d HFD challenge. In a model of low intrinsic 

aerobic capacity, the glycolytic skeletal muscle is particularly susceptible to an acute HFD. LCR 

rats develop skeletal muscle insulin resistance and increase triglyceride stores in glycolytic 

muscles only, while both oxidative and glycolytic muscle from HCR rats are largely protected. 

Previous studies have demonstrated an early effect of a 3 d HFD on the liver; however, our 

findings are the first to demonstrate metabolic defects in skeletal muscle as a result of a 3 d HFD. 

The mechanisms by which low aerobic capacity lead to increased susceptibility to metabolic 

disease, and by which high aerobic capacity plays a protective role have not been elucidated. Our 

findings suggest that lower constitutive levels of HSP72, HSF-1, HSP60, as well as 

mitochondrial proteins that determine oxidative capacity, may underlie the increased 

susceptibility of LCR rats to an acute metabolic insult. Beyond muscle, adipocyte size and 

triglyceride storage in the liver were also decreased with a single heat treatment demonstrating 

beneficial metabolic adaptations in multiple tissues.  

Previously, Morris et al. reported that LCR rats display metabolic inflexibility when fed 

an acute dietary challenge (3 d high-fat feeding) compared to HCR rats, results that were 

associated with the development of hepatic steatosis in LCR rats (332). Here we expand upon 

this concept by showing that when fed a 3 d HFD, LCR rats suffer a decrement in insulin 

sensitivity primarily in glycolytic muscle. A single heat treatment was able to improve glucose 

homeostasis, restore insulin sensitivity, and reduce triglyceride content in in glycolytic skeletal 

muscle of LCR rats. We did not observe differences in glycolytic muscle insulin sensitivity in 

chow fed HCR/ LCR rats. However, Rivas et al. reported that phosphorylation of insulin 
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signaling proteins and total levels of Akt1 and Akt2 were lower and AS160 levels higher in 

glycolytic muscle of LCR rats compared to HCR rats, but when phosphorylation of these 

proteins was normalized to total protein levels there were no differences between HCR/LCR rats 

indicating that insulin responsiveness may not be different between HCR/LCR rats in the 

glycolytic muscle (407). Differences in the sex of the animals, as well as differences in the 

models used to test skeletal muscle insulin sensitivity may explain these different results. 

Deposition of dietary lipids into skeletal muscle following a 3 d HFD challenge was 

greater in the HCR rats compared to LCR rats (332), which is supported by data from others 

showing that HCR rats have greater content of plasma membrane fatty acid transport protein 

compared to LCR rats (285). In the present study, we observed that triglyceride content 

appreciably increased in the glycolytic muscle of LCR rats following a 3 d HFD challenge 

despite lower capacity to uptake fatty acids shown elsewhere (332, 407). This increased 

triglyceride content may be a result of defective mitochondrial lipid handling. LCR rats have 

been shown to have lower mitochondrial content and functionality in the skeletal muscle 

compared to HCR rats (286, 355, 407, 442, 525), and in the present study we observed that 

differences between HCR/LCR rats in the content of the respiratory chain complexes were most 

pronounced in the glycolytic muscle. This is supported by findings from Rivas et al. (407) 

showing differences in mitochondrial enzyme activity are more pronounced between LCR/HCR 

rats in glycolytic muscle compared to oxidative muscle. Thus, HCR rats appear to have the 

ability to preferentially import and oxidize fatty acids when provided a 3 d HFD challenge, a 

sign of enhanced metabolic flexibility. The improvements in insulin sensitivity and triglyceride 

content in glycolytic muscle of LCR rats following heat treatment may represent improvements 

in mitochondrial function discussed in more detail below. 
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Previous studies have demonstrated an important association between expression levels 

of HSP72 and metabolic disease showing that constitutive levels of HSP72 and HSF-1 are lower 

in skeletal muscle of type 2 diabetics and diabetic rodents (17, 50, 67, 269, 375, 411). As a 

model of low intrinsic aerobic capacity, LCR rats display symptomology of metabolic syndrome 

with reduced whole-body and skeletal muscle insulin sensitivity shown here and elsewhere (286, 

332, 355, 357, 407, 476, 525). This is the first study to fully characterize constitutive expression 

of HSPs in skeletal muscle of HCR and LCR rats. HSP72 was significantly higher in HCR rats 

compared to LCR rats, but only in glycolytic skeletal muscles (EDL, white gastrocnemius). 

Previously we have shown that HSP72 protein expression is associated with oxidative capacity 

and expression levels are highest in slow-twitch muscles likes the soleus, compared with 

glycolytic muscles like the EDL (152). It may therefore be a positive adaptation of the HCR rats 

that they have increased HSP72 expression in glycolytic muscles, which served to protect the 

muscles from a 3 d HFD in the present study.  

The mechanisms by which HSP72 protects against insulin resistance are not completely 

understood, but are likely to be multifactorial. Recently, HSP72 has been shown to be a powerful 

regulator of mitochondrial function and the processes of autophagy/mitophagy. Overexpression 

of HSP72 in skeletal muscle results in a near 50% increase in mitochondrial content and an 

approximate 2-fold increase in endurance running capacity (173). In contrast, mice with global 

knockout of HSP72 display whole-body and skeletal muscle insulin resistance, as well as deficits 

in fatty acid oxidation, and more recently Drew et al. established that HSP72 is essential for 

proper function of mitophagy – the autophagic process by which damaged mitochondria are 

cleared (99, 101). Loss of HSP72 results in an increase in Parkin levels, an E3 ubiquitin ligase 

thought to be essential for mitophagy (99); however, the available Parkin is unable to translocate 
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to the mitochondria properly and target dysfunctional mitochondria for degradation through 

mitophagy (101). In the present study, muscles from LCR rats with reduced HSP72 levels also 

had increased Parkin levels similar to that observed in HSP72 knockout mice. In the oxidative 

soleus muscle, Parkin levels were not different between HCR/LCR rats. Further, Parkin levels 

increased in LCR rats following a 3 d HFD that suggests that LCR rats may be attempting to 

clear dysfunctional mitochondria.  

 The induction of HSPs and HSF-1 DNA binding are blunted in insulin resistant or 

diabetic animals (17, 236). In the present study, we show that the induction of HSP72 following 

heat treatment was different between HCR/LCR rats in oxidative muscle, but similar in 

glycolytic muscle despite lower HSF-1 levels in glycolytic muscle in LCR rats. The induction of 

HSP72 was actually greater in the liver of LCR rats compared to HCR rats following heat 

treatment. Additionally, HSP72 induction was blunted in the EDL and liver of LCR rats 

following a 3 d HFD challenge and maintained in HCR rats. The regulation of constitutive HSP 

levels by HSF-1 under unstressed conditions has not been resolved (64), and the partial loss of 

HSF-1 results in blunted induction of HSP levels following heat stress but not a complete 

abolishment of constitutive HSP expression (211, 312, 543). Thus, other mechanisms must be 

regulating constitutive HSP72 as well as its induction rather than simply constitutive HSF-1 

levels.  

High-fat feeding has also been shown to increase acetylation of lysine residues in skeletal 

muscle and liver (339), and HSF-1 acetylation reduces its DNA binding activity. Sirt1 is a 

deacetylase that has been shown to directly deacetylate HSF-1 allowing for longer DNA binding 

(521). Previous studies have shown a decrease in skeletal muscle Sirt1 levels and an increase in 

acetylation of mitochondrial proteins in LCR rats (357, 362). In the present study, we observed 
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lower Sirt1 levels in LCR rats only in the white gastrocnemius where HSF-1, HSP72 and HSP60 

are also decreased.  In addition to acetylation, HSF-1 can be inhibited by phosphorylation by 

stress kinases such as GSK3, ERK, and JNK (65, 66, 369). In the current study, JNK 

phosphorylation in the liver was significantly increased by a 3 d HFD and reduced by heat 

treatment in LCR rats that has been shown elsewhere by heat treatment or HPS72 induction (3, 

330). This may represent an improved inflammatory profile in LCR rats following heat 

treatment. Further investigation of the ability of chronic heat treatment to protect against hepatic 

steatosis is warranted. 

 

CONCLUSION 

We demonstrate that a unique model of low aerobic capacity is susceptible to insulin 

resistance in glycolytic muscle with a short term high-fat diet, a trend that parallels reduced 

skeletal muscle content of HSP72, HSF-1, and mitochondrial proteins.  In contrast, HCR display 

elevations in HSP72, HSF-1 and mitochondrial proteins and display protection against acute high 

fat diet induced changes. Heat exposure improves the phenotype of the LCR while increasing 

HSP72 protein. This research further illustrates that intrinsic aerobic capacity plays a large role 

in whole body susceptibility to metabolic diseases, and that heat shock protein expression may 

play an important role in these processes. 
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CHAPTER 5 

 

SUMMARY OF RESULTS, DISCUSSION, AND FUTURE DIRECTIONS 
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Heat treatments and the induction of HSP72 have been shown, and confirmed here, to 

improve whole-body glucose homeostasis and skeletal muscle insulin sensitivity. With the 

present studies, we expand the metabolic role of HSP72 into other tissues, including the WAT 

and liver. We also implicate decreased HSP levels as one factor influencing susceptibility to 

high-fat feeding in a model of low CRF. These experiments strengthen a growing body of work 

connecting HSP72 and mitochondrial function with autophagy-mitophagy. 

 

5.1. HEAT SHOCK PROTEINS IN THE ADIPOSE TISSUE   

 

It is largely unknown what role the HSPs may play in WAT metabolism or the 

dysfunction of WAT during obesity and insulin resistance. Obesity in humans has been shown to 

increase HSP levels in the WAT, although HSP levels are lower in WAT of obese type 2 

diabetics (97, 382, 383, 478). Tiss et al. observed that HSP72 is increased in WAT of obese 

humans, but the HSP72 co-chaperone, DnaJ/HSP40, was down regulated, which may reduce the 

functional capacity of HSP72 (478). The mechanisms by which these changes in HSP and co-

chaperone levels in the WAT occur during obesity need further investigation. An attractive 

hypothesis is that increased levels of ROS that occur during obesity and insulin resistance 

introduce added stress upon the cellular environment leading to increased HSP levels. However, 

once metabolic derangements become too great, HSP levels fall off possibly due to the down 

regulation of HSF-1 or inhibition of HSF-1 by stress kinases (ie., JNK, GSK), which occurs in 

skeletal muscle of type 2 diabetics (411). Future investigations need to show whether induction 

of HSP72 or HSP25 is protective against WAT dysfunction and insulin resistance. In addition to 
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heat treatment to induce HSPs, transgenic overexpression and ablation experiments specific to 

the WAT would be insightful in elucidating the role of HSPs in WAT. 

 The abdominal WAT is more metabolically active than the SCAT with greater rates of 

lipolysis, cytokine release, and mitochondrial content (207). We observed that constitutive levels 

of HSP72 and HSP25 are greater in more metabolically active WAT depot, which has been 

supported by other laboratories (383, 421, 458), and the induction of HSP72 was greatest in the 

SCAT where constitutive levels are lowest. This is similar to skeletal muscle where constitutive 

HSP levels are higher in oxidative skeletal muscle fibers than glycolytic muscle fibers (45, 152, 

278, 296, 361), and the induction of HSP levels is greatest in glycolytic muscle where 

constitutive levels are lowest. Greater metabolic activity of the adipocytes in the abdominal 

WAT may result in elevated generation of ROS leading to greater constitutive HSP levels to 

protect against the deleterious effects of excessive ROS.  

 The molecular mechanisms by which adipocytes from different WAT depots sense 

temperature needs further investigation and may provide insight into the inherent differences 

between WAT depots. Typically, heat stress is thought to induce protein unfolding, aggregation, 

and ER stress resulting in HSF-1 activation, and subsequently increased HSP levels, although 

many other stimuli that would not cause protein unfolding have been shown to increase HSP 

levels (329, 450). Bruce Spiegelman’s laboratory has shown that the SCAT of mice is more 

sensitive to cold exposure than eWAT (535), and the regulation of the transient receptor potential 

cation channel subfamily V member 4 (TRPV4) channels likely play a role. In addition, heat 

stress has been shown to modulate membrane fluidity (483, 484, 490), which may also play a 

role in induction of HSPs. Differences in the properties of the plasma membrane and lipid 

droplet membrane of adipocytes from different WAT depots may explain differences in 
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temperature sensing between WAT depots. Finally, HSF-1 levels may be different between 

WAT depots, which have not been investigated to our knowledge. 

  

5.2. METABOLIC INFLUENCE OF HEAT TREATMENT  

Heat treatments may induce changes acutely (e.g., 0-6 hr following heat treatment) or 

chronically (> 48 hr). During our single heat treatment experiments, we monitored changes in 

outcomes and HSP levels 24 hr following heat treatment. For instance, WAT fatty acid handling 

was altered in a depot specific fashion. Heat treatment induces HSP expression but also induces a 

classical physiological stress response. Thus, heat treatment itself may change the hormonal 

milieu leading to activation of cellular enzymes involved in fatty acid metabolism and handling, 

although at 24 hr following heat treatment we did not observe changes in enzyme levels. It is 

possible that the changes observed at 24 hr, or chronically (> 48 hr following heat treatment), 

partially results from acute changes induced by heat treatment. For instance, in C2C12 myotubes 

Liu & Brooks observed that AMPK phosphorylation was increased 2 hr following heat stress 

leading to changes in Sirt1 and PGC-1α expression 24 hr later ultimately resulting in increased 

content of respiratory chain complexes after repeated heat stress (293).  

 We have begun to test the acute influence of heat treatment on WAT metabolism by 

measuring AMPK activation 2 hr following heat stress. Male Wistar rats were heat or sham 

treated and WAT depots removed 2 hr following treatment. Surprisingly, HSP72 was 

significantly increased in the eWAT (Figure 22A) and SCAT (Figure 22C) of heat treated rats, 

and there was a trend for HSP72 to be increased in the rpWAT (P = 0.09) (Figure 22B). AMPK 

phosphorylation was significantly increased in the eWAT (Figure 22D) and rpWAT (Figure 

22E).  
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Figure 22. HSP72 expression and phosphorylation of AMPK in WAT 2 hr following a 
single in vivo heat treatment. HSP72 expression in the eWAT (A), rpWAT (B), and SCAT (C) 
and phosphorylation of AMPK (Thr-172) in the eWAT (D) and rpWAT (E) 2 hr following a 
single in vivo heat treatment. Male Wistar rats, 2-3 mo of age, received either a single sham 
(37˚C, 20 min) or heat (41˚C, 20 min) treatment and 2 hr following WAT was harvested and 
frozen at -80˚C for Western blotting. * P<0.05, ** P<0.01 denotes a significant increase 
following heat treatment determined by ANOVA. Values are means ± S.E.M. N = 5-6 samples 
per group. 
  

 AMPK’s role in WAT metabolism is somewhat complex. Initially thought to be anti-

lipolytic (130), AMPK is activated as a result of lipolysis and fatty acid re-esterification (131), 

which are energy consuming pathways. Heat treatment may induce the release of fatty acids 

from the WAT to fuel the recovery of other tissues, and AMPK then feeds back to inhibit 

lipolysis during recovery from heat treatment. Similarly, AMPK phosphorylation increases in 

skeletal muscle transiently following acute exercise (163, 183). This increase in AMPK 

activation may modulate fatty acid metabolism in response to heat treatment, and be an early step 

in mitochondrial biogenesis. To test the timing of AMPK activation following heat treatment, it 

will likely be necessary to move to an in vitro model. In this work, we pioneered the use of 

ATOCs to test for changes in protein expression following heat treatment, and this method has 

been used to test for changes in lipolysis as well as changes following incubation with different 

compounds (i.e., IL-6) (124) (468, 510, 512). Previously, our laboratory has used the compound 

KNK to inhibit the induction of HSPs following heat treatment (154, 155), and this compound 

could be used in the ATOC model to test for changes in fatty acid metabolism more 

mechanistically in conjunction with activation and inhibition of AMPK. 

  

 



130	
	

5.3 THE ROLE OF HSPS IN PREVENTING OR TREATING INSULIN 

RESISTANCE 

 

In humans, CRF is largely genetically determined (46), but inactivity strongly contributes 

to low CRF. Low CRF aggregates in individuals with metabolic syndrome and type 2 diabetes. 

HSP72 expression is lower in the skeletal muscle, adipose tissue, and liver of obese, type 2 

diabetics and negatively correlates with insulin sensitivity and disease progression (50, 67, 97, 

174, 269, 382). The question of whether lower HSP72 levels cause insulin resistance, or are 

simply associated with insulin resistance has recently been addressed. Whole-body ablation of 

HSP72 in mice results in an obese, insulin resistant phenotype (101). This establishes a direct 

mechanistic link between reduced HSP72 levels and insulin resistance. However, it would be 

necessary to expose HSP72 knockout mice to heat treatment to verify that previously observed 

improvements in insulin sensitivity are absent.  

In the present investigations, we observed that in LCR rats, a model of low CRF, where 

mitochondrial content and functionality are low, constitutive HSF-1, HSP72, and HSP60 levels 

are lower in glycolytic skeletal muscle compared to HCR rats. The glycolytic muscle was 

particularly susceptible to insulin resistance induced by a 3 d HFD challenge. The differences in 

HSP levels may represent another mechanism by which mitochondrial function is compromised 

in LCR rats, to be discussed in more detail below. We had initially believed that reduced levels 

of HSP60 were reflective of lower mitochondrial content in the skeletal muscle of LCR rats, but 

HSP60 may have a more direct role in the development of insulin resistance than initially 

thought. Mice with heterozygous deletion of HSP60 are insulin resistant, and hypothalamic 

neurons with HSP60 knockdown have reduced mitochondrial capacity, insulin resistance, and 
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increased inflammation (63, 247). We hope to follow-up on these observations by investigating 

whether HSP60 knockdown via siRNA or lentivirus in L6 myotubes results in reduced insulin-

stimulated glucose uptake, which would confirm that HSP60 has a direct role in skeletal muscle 

insulin responsiveness. 

It should be noted that LCR rats have the ability to improve their metabolic derangements 

following exercise training (286, 460). Most humans with low CRF can also improve their 

metabolic derangements through increased physical activity and exercise although there is a 

great deal of individual differences in the response and reports of non-responders. Similarly, heat 

treatment of the LCR rats did improve glycolytic skeletal muscle insulin sensitivity that was 

reduced by a 3 d HFD challenge.  

The heat shock response (induction of HSPs) following exercise or heat treatment has 

been shown to be either blunted or enhanced in diabetic rodents (17, 236, 346). The induction of 

HSP72 following heat treatment was similar in the glycolytic skeletal muscle between HCR/LCR 

rats, but was absent in the oxidative skeletal muscle of the LCR rats. We also observed a blunted 

induction of HSPs in the skeletal muscle and liver of LCR rats fed a HFD challenge for 3 d. The 

blunted induction of HSPs in LCR rats may represent a compromised stress response, and this 

aberrant stress response may actually play a direct role the differences in endurance capacity 

between the HCR/LCR rats. Future experiments in the HCR/LCR rats will continue to explore 

whether the blunted heat shock response is also present following acute and chronic exercise, 

and to determine whether chronically improving HSP levels improve insulin sensitivity leading 

to improved oxidative capacity. 

Whether the heat shock response is blunted in the WAT during insulin resistance or high-

fat feeding has not been tested. The induction of HSPs in the BAT following cold exposure is 
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blunted in diabetic rats (308). In separate experiments, we have observed a strong induction of 

HSP72 in the SCAT of rats fed a chow diet, but this induction was not as pronounced in rats fed 

a HFD for 15 wk. To test whether insulin resistance blunts the WAT heat shock response, the 

HCR/LCR rats are an excellent model, and we will test whether the induction is blunted in LCR 

rats and exacerbated by high-fat feeding. In addition, we will test for differences constitutive 

levels of HSPs between HCR/LCR rats in WAT. 

  To further examine the potential of HSPs to protect against metabolic insult, we have 

examined whether weekly in vivo heat treatments preceding a 3 d HFD challenge protect against 

metabolic derangements. In male Wistar rats, 6 wk of heat treatments preceding a 3 d HFD did 

not alter weight gain (Figure 23A) or food intake (data not shown), but significantly reduced 

glucose intolerance (Figure 23B). This experiment will further serve to test whether heat 

treatments can alter mitochondrial functionality in the liver – where we believe the largest 

metabolic derangements occur in response to an acute HFD challenge. The role HSPs may play 

in protecting the liver from metabolic dysfunction and steatosis has not been widely studied. 
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Figure 23. Six wk of weekly in vivo heat treatments reduce glucose intolerance following a 3 
d HFD challenge. (A) Changes in body weight per day during the 3 d HFD challenge and (B) 
blood glucose response to an intraperitoneal glucose tolerance test in male Wistar rats receiving 
6 wk of either in vivo sham (37˚C, 20 min) or heat (42˚C, 20 min) treatment prior to the initiation 
of a 3 d HFD challenge. Rats were fasted for 8 hr following 3 nights of high-fat feeding and were 
injected with a glucose load of 2 g/kg body weight intraperitoneally. Blood glucose was 
measured prior to, and 30, 60, 90, and 120 min following injecting using a glucometer.  * P < 
0.05 denotes a significant main effect difference between treatment groups determined by a 2-
way repeated measures ANOVA. Values are mean ± SEM. N = 5-6 animals/group. 
  

5.4 ROLE OF HSPS AND HEAT TREATMENT IN PROTECTING THE LIVER FROM 

STEATOSIS  

 

Very little is known regarding the metabolic role of HSPs in the liver. We observed that 

in of rats fed a HFD, weekly heat treatments reduced triglyceride accumulation in the liver. 

While this is a simple observation, it is important to remember that the accumulation of excess 

lipids in the liver is paramount in the development of NAFLD and hepatic steatosis (49, 326, 

401). Multiple pro-inflammatory stress kinases have been shown to be active in the liver of 

insulin resistant animals (PKC, IKKβ, and JNK) (428). Our laboratory has shown that HSP72 

induction in skeletal muscle can reduce JNK phosphorylation (154, 155), and other laboratories 
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have shown that heat treatment or pharmacological induction of HSP72 reduce hepatic 

triglyceride accumulation, inflammation, and increase insulin responsiveness (3, 330, 331). In 

the liver of LCR rats fed a 3 d HFD challenge where JNK phosphorylation is increased, we 

observed that heat treatment reduced JNK phosphorylation. These observations have generated 

new hypotheses in our laboratory that we are currently pursuing. 

 As mentioned previously, we are currently investigating whether 6 wk of weekly in vivo 

heat treatments prevent metabolic derangements induced by a 3 d HFD challenge. We have 

focused this investigation on the liver where we believe that HSP72 will protect against lipid 

accumulation by modulating mitochondrial functionality and mitophagy directly. The use of 

HSP72 knockout models could allow us to mechanistically test the role of HSP72 in protecting 

against lipid accumulation. We hypothesize that lipid accumulation and inflammation will be 

exacerbated in HSP72 knockout mice fed a HFD. HSP72 could also be overexpressed via 

transgenic means or adenoviral delivery, and we would hypothesize this would potentially 

protect mice from HFD induced steatosis and inflammation.  

5.5 HSP72’S ROLE IN MITOCHONDRIAL BIOGENESIS, AUTOPHAGY, AND 

MITOPHAGY  

HSP72 overexpression and heat treatment has been shown to increase mitochondrial 

biogenesis and activity of mitochondrial enzymes in skeletal muscle and muscle cells (59, 67, 

173, 293, 471), and these adaptations may also occur in the liver and WAT. HSP72 has been 

shown to exert influence over autophagy-mitophagy. The ability of Pink-1 to direct Parkin to the 

mitochondrial membrane to initiate mitochondrial degradation is impaired in the absence of 
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HSP72 leading to enhanced mitochondrial fusion and accumulation of dysmorphic mitochondria 

(101).  

 PGC-1α has been touted as the master regulator of mitochondrial biogenesis (394). Heat 

treatment of C2C12 muscle cells increases Sirt1 and PGC-1α expression ultimately resulting in 

increased levels of respiratory chain complexes (293). HPS72 overexpression increases 

mitochondrial biogenesis and increases Sirt1 levels and AMPK activity, both of which are 

involved in the regulation of PGC-1α (173, 271). WAT mitochondrial biogenesis is suppressed 

in high-fat fed and db/db mice, but can be increased in WAT by exercise training (414, 468). We 

observed that PGC-1α was increased in the WAT following heat treatment in high-fat fed rats. 

Should the WAT mitochondrial content increase, this would allow for increased fatty acid 

oxidation to occur in the adipocytes themselves influencing other aspects of metabolism as well. 

It will be necessary to measure the protein levels of mitochondrial respiratory chain complexes 

or other mitochondrial enzymes (i.e., citrate synthase) to follow-up on our observations in PGC-

1α expression. As only approximately 10% of fatty acid oxidation occurs in the adipose tissue 

itself, changes in mitochondrial fatty acid oxidation in the adipose tissue will likely have only 

modest effect on whole-body metabolism. Interestingly, endurance exercise is a well-established 

means to increase mitochondrial content and HSP72 levels in skeletal muscle (182, 184, 334, 

354) and increases mitochondrial content in adipose tissue (468). However, only a single report 

has investigated whether exercise increases HSP content in WAT finding that 6 wk of voluntary 

wheel running did not increase HSP levels in WAT. The induction of HSP in WAT may require 

greater intensity than voluntary wheel running would provide. 

 In the skeletal muscle of high-fad fats, mitochondrial biogenesis occurs to compensate for 

excess dietary lipids (161, 495), and our laboratory has similarly observed this (154). In the 
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skeletal muscle of heat treated high-fat fed rats, we observed reductions in PGC-1α levels and 

increased activity of mitochondrial enzymes (i.e., citrate synthase and cytochrome oxidase) 

without changes in the content of respiratory chain complexes (unpublished observations). This 

may illustrate that increased HSP72 levels increase the degradation of damaged mitochondria via 

autophagy-mitophagy leading to a reduced requirement for mitochondrial biogenesis.  

Supporting a role for HSP72 in regulating mitophagy, we also observed potentially 

dysfunctional mitophagy in the HCR/LCR rats. In LCR rats where HSP72 levels are low, Parkin 

levels are increase potentially to compensate for dysfunctional mitophagy, similar to what has 

been observed in HSP72 heterozygous and homozygous knockout mice (101). This observation 

may also represent a new mechanism by which the HCR rats display greater mitochondrial 

content and functionality compared to LCR rats. As opposed to just simply higher levels of 

mitochondrial biogenesis (as we did observe higher PGC-1α expression in HCR rats), the LCR 

rats may be less able to clear damaged mitochondria due to lower HSP72 levels and 

dysfunctional Parkin expression.  

HSP72 appears to have a direct role in modulating autophagy itself and may protect 

against metabolic derangements. More specifically, autophagy has been shown to be essential for 

mobilizing fatty acids from the lipid droplets of hepatocytes – a process termed lipophagy (397, 

451). We observed that markers of autophagy are greater in the liver of heat treated rats 

compared to sham treated rats fed a HFD. This observation may represent that autophagy is more 

active following heat treatment liberating fatty acids for oxidation in the mitochondria of the 

liver. We also observed that in HCR rats, where HSP72 levels are higher, autophagy (LC3-II 

levels) was increased in response to a 3 d HFD, which did not occur in LCR rats where HSP72 

levels are lower. This would be the first report to show that a 3 d HFD challenge increases 
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autophagy in the skeletal muscle, and we believe that this is to redistribute fatty acids from 

skeletal muscle lipid droplets to the mitochondria to be oxidized. We plan to investigate further 

the autophagy machinery in the HCR/LCR rats to attempt to determine where the benefit or 

defect between the strains has occurred. 

 

5.6 ORGAN CROSSTALK IS IMPROVED BY CHANGING HSP LEVELS 

 

The crosstalk between organs has become of great interest. HSP72 is released into the 

circulation following exercise from the liver, but not the muscle (111, 114, 506), but its role in 

communication between organs has not been well described. HSP60 has been shown to be 

released from the adipose tissue and play a pro-inflammatory role in adipose tissue and skeletal 

muscle (150, 302, 303). The influence of HSPs between organs may not be due to circulating 

levels of the HSPs themselves, but in their ability to improve homeostasis of organs under stress. 

For instance, transgenic overexpression of HSP72 in skeletal muscle reduced epididymal fat pad 

mass, increased WAT lipolysis, increased circulating adiponectin concentration, and reportedly 

(although not published) reduced hepatic triglyceride and DAG content (67, 173, 175). Induction 

of HSP72 using GGA resulted in reduced leptin concentration in high-fat fed mice (3). Heat 

treatment may also induce changes in the hormonal milieu that lead to changes in insulin 

sensitivity. Heat treatment of isolated adipocytes has been shown to positively influence gene 

expression and secretion of adiponectin and leptin in a way that should have a positive influence 

if these effects also occurred in vivo (33). How heat treatment itself, but also the HSP72 

themselves, alter the communication networks between organs is another interesting avenue for 

our work. 
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5.7 MODULATORS OF HSPS AS TREATMENT MODALITIES  

 

Exercise is a potent inducer of HSPs in the skeletal muscle and liver, and exercise is a 

first line strategy for treating and preventing insulin resistance and type 2 diabetes. 

Unfortunately, the prevalence of physical inactivity has grown and not enough individuals meet 

the guidelines for daily exercise and physical activity. Due to the insulin sensitizing effects of 

heat treatment, a number of molecules that induce HSPs are being explored as treatment options 

for diabetes (reviewed by (190)). However, the widespread use of in vivo heat treatments in 

humans is problematic as many insulin resistant individuals are also in poor health and may be 

negatively impacted by heat stress. As mentioned previously, GGA (a drug used for treating 

gastric ulcers) induces HSP72 and decreases inflammation, adipose tissue mass, and increases 

insulin sensitivity (3, 235). Our own laboratory has shown that lipoic acid, a HSP co-inducer that 

has anti-inflammatory effects leading to improved glucose tolerance and skeletal muscle 

sensitivity in high-fat fed rats (153). Drugs that inhibit HSP90, resulting in HSF-1 activation and 

induction of HSPs, have also been used to treat diabetic rodents (109). BGP-15, a hydroximic 

acid that enhances membrane fluidity, has reached clinical trial status in Australia, and has been 

used to reduce glucose intolerance, inflammation, and increase mitochondrial mass in rodents; 

but has also been used to treat other diseases such as muscular dystrophy (67, 134, 257, 292). 

The use of compounds that activate the heat shock response is exciting and a new avenue for the 

treatment of insulin resistance. 
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5.8 CONCLUSIONS  

 The induction of HSPs has been shown to improve glucose intolerance and skeletal 

muscle insulin sensitivity. In this work, we further confirm these observations and begin to 

establish a protective role of HSPs in preventing hepatic steatosis, possibly by modulating the 

autophagic process. We establish that HSF-1, HSP72, and HSP60 are lower in an animal model 

of insulin resistance concurrent with low intrinsic aerobic capacity, and lower constitutive 

HSP72 and HSP60 levels or a blunted heat shock response may play a direct role in oxidative 

capacity. The induction of the HSP response should not be ignored as a potential treatment 

option for insulin resistant individuals with low CRF. 

  



140	
	
REFERENCES  

1.	 Ablooglu	AJ,	and	Kohanski	RA.	Activation	of	the	insulin	receptor's	kinase	domain	changes	the	
rate-determining	step	of	substrate	phosphorylation.	Biochemistry	40:	504-513,	2001.	
2.	 ADA.	Summary	of	revisions	for	the	2010	Clinical	Practice	Recommendations.	Diabetes	care	33	
Suppl	1:	S3,	2010.	
3.	 Adachi	H,	Kondo	T,	Ogawa	R,	Sasaki	K,	Morino-Koga	S,	Sakakida	M,	Kawashima	J,	Motoshima	
H,	Furukawa	N,	Tsuruzoe	K,	Miyamura	N,	Kai	H,	and	Araki	E.	An	acylic	polyisoprenoid	derivative,	
geranylgeranylacetone	protects	against	visceral	adiposity	and	insulin	resistance	in	high-fat-fed	mice.	
American	journal	of	physiology	Endocrinology	and	metabolism	299:	E764-771,	2010.	
4.	 Agsteribbe	E,	Huckriede	A,	Veenhuis	M,	Ruiters	MH,	Niezen-Koning	KE,	Skjeldal	OH,	Skullerud	
K,	Gupta	RS,	Hallberg	R,	van	Diggelen	OP,	and	et	al.	A	fatal,	systemic	mitochondrial	disease	with	
decreased	mitochondrial	enzyme	activities,	abnormal	ultrastructure	of	the	mitochondria	and	deficiency	
of	heat	shock	protein	60.	Biochemical	and	biophysical	research	communications	193:	146-154,	1993.	
5.	 Aguirre	V,	Uchida	T,	Yenush	L,	Davis	R,	and	White	MF.	The	c-Jun	NH(2)-terminal	kinase	
promotes	insulin	resistance	during	association	with	insulin	receptor	substrate-1	and	phosphorylation	of	
Ser(307).	The	Journal	of	biological	chemistry	275:	9047-9054,	2000.	
6.	 Aguirre	V,	Werner	ED,	Giraud	J,	Lee	YH,	Shoelson	SE,	and	White	MF.	Phosphorylation	of	Ser307	
in	insulin	receptor	substrate-1	blocks	interactions	with	the	insulin	receptor	and	inhibits	insulin	action.	
The	Journal	of	biological	chemistry	277:	1531-1537,	2002.	
7.	 Ahren	B,	Gomis	R,	Standl	E,	Mills	D,	and	Schweizer	A.	Twelve-	and	52-week	efficacy	of	the	
dipeptidyl	peptidase	IV	inhibitor	LAF237	in	metformin-treated	patients	with	type	2	diabetes.	Diabetes	
care	27:	2874-2880,	2004.	
8.	 Ahren	B,	Gromada	J,	and	Schmitz	O.	Incretin	hormones	and	insulin	secretion.	Hormone	and	
metabolic	research	=	Hormon-	und	Stoffwechselforschung	=	Hormones	et	metabolisme	36:	733-734,	
2004.	
9.	 Akerfelt	M,	Morimoto	RI,	and	Sistonen	L.	Heat	shock	factors:	integrators	of	cell	stress,	
development	and	lifespan.	Nature	reviews	Molecular	cell	biology	11:	545-555,	2010.	
10.	 Alessi	DR,	Andjelkovic	M,	Caudwell	B,	Cron	P,	Morrice	N,	Cohen	P,	and	Hemmings	BA.	
Mechanism	of	activation	of	protein	kinase	B	by	insulin	and	IGF-1.	The	EMBO	journal	15:	6541-6551,	
1996.	
11.	 Alessi	DR,	James	SR,	Downes	CP,	Holmes	AB,	Gaffney	PR,	Reese	CB,	and	Cohen	P.	
Characterization	of	a	3-phosphoinositide-dependent	protein	kinase	which	phosphorylates	and	activates	
protein	kinase	Balpha.	Current	biology	:	CB	7:	261-269,	1997.	
12.	 Ali	A,	Bharadwaj	S,	O'Carroll	R,	and	Ovsenek	N.	HSP90	interacts	with	and	regulates	the	activity	
of	heat	shock	factor	1	in	Xenopus	oocytes.	Molecular	and	cellular	biology	18:	4949-4960,	1998.	
13.	 Ariano	MA,	Armstrong	RB,	and	Edgerton	VR.	Hindlimb	muscle	fiber	populations	of	five	
mammals.	J	Histochem	Cytochem	21:	51-55,	1973.	
14.	 Arner	P.	Differences	in	lipolysis	between	human	subcutaneous	and	omental	adipose	tissues.	
Annals	of	medicine	27:	435-438,	1995.	
15.	 Arner	P.	Human	fat	cell	lipolysis:	biochemistry,	regulation	and	clinical	role.	Best	practice	&	
research	Clinical	endocrinology	&	metabolism	19:	471-482,	2005.	
16.	 Asrih	M,	and	Jornayvaz	FR.	Metabolic	syndrome	and	nonalcoholic	fatty	liver	disease:	Is	insulin	
resistance	the	link?	Molecular	and	cellular	endocrinology	2015.	
17.	 Atalay	M,	Oksala	NK,	Laaksonen	DE,	Khanna	S,	Nakao	C,	Lappalainen	J,	Roy	S,	Hanninen	O,	and	
Sen	CK.	Exercise	training	modulates	heat	shock	protein	response	in	diabetic	rats.	J	Appl	Physiol	97:	605-
611,	2004.	



141	
	
18.	 Atomi	Y,	Yamada	S,	Strohman	R,	and	Nonomura	Y.	Alpha	B-crystallin	in	skeletal	muscle:	
purification	and	localization.	Journal	of	biochemistry	110:	812-822,	1991.	
19.	 Avery	L,	Flynn	D,	van	Wersch	A,	Sniehotta	FF,	and	Trenell	MI.	Changing	physical	activity	
behavior	in	type	2	diabetes:	a	systematic	review	and	meta-analysis	of	behavioral	interventions.	Diabetes	
care	35:	2681-2689,	2012.	
20.	 Backer	JM,	Schroeder	GG,	Kahn	CR,	Myers	MG,	Jr.,	Wilden	PA,	Cahill	DA,	and	White	MF.	Insulin	
stimulation	of	phosphatidylinositol	3-kinase	activity	maps	to	insulin	receptor	regions	required	for	
endogenous	substrate	phosphorylation.	The	Journal	of	biological	chemistry	267:	1367-1374,	1992.	
21.	 Balducci	S,	Sacchetti	M,	Haxhi	J,	Orlando	G,	D'Errico	V,	Fallucca	S,	Menini	S,	and	Pugliese	G.	
Physical	exercise	as	therapy	for	type	2	diabetes	mellitus.	Diabetes/metabolism	research	and	reviews	30	
Suppl	1:	13-23,	2014.	
22.	 Balducci	S,	Zanuso	S,	Nicolucci	A,	De	Feo	P,	Cavallo	S,	Cardelli	P,	Fallucca	S,	Alessi	E,	Fallucca	F,	
Pugliese	G,	and	Italian	Diabetes	Exercise	Study	I.	Effect	of	an	intensive	exercise	intervention	strategy	on	
modifiable	cardiovascular	risk	factors	in	subjects	with	type	2	diabetes	mellitus:	a	randomized	controlled	
trial:	the	Italian	Diabetes	and	Exercise	Study	(IDES).	Archives	of	internal	medicine	170:	1794-1803,	2010.	
23.	 Baler	R,	Dahl	G,	and	Voellmy	R.	Activation	of	human	heat	shock	genes	is	accompanied	by	
oligomerization,	modification,	and	rapid	translocation	of	heat	shock	transcription	factor	HSF1.	Molecular	
and	cellular	biology	13:	2486-2496,	1993.	
24.	 Banting	FG,	Best	CH,	Collip	JB,	Campbell	WR,	and	Fletcher	AA.	Pancreatic	extracts	in	the	
treatment	of	diabetes	mellitus.	Can	Med	Assoc	J	7:	141-146,	1922.	
25.	 Barazzoni	R,	Short	KR,	and	Nair	KS.	Effects	of	aging	on	mitochondrial	DNA	copy	number	and	
cytochrome	c	oxidase	gene	expression	in	rat	skeletal	muscle,	liver,	and	heart.	The	Journal	of	biological	
chemistry	275:	3343-3347,	2000.	
26.	 Barlow	CE,	LaMonte	MJ,	Fitzgerald	SJ,	Kampert	JB,	Perrin	JL,	and	Blair	SN.	Cardiorespiratory	
fitness	is	an	independent	predictor	of	hypertension	incidence	among	initially	normotensive	healthy	
women.	American	journal	of	epidemiology	163:	142-150,	2006.	
27.	 Baron	V,	Kaliman	P,	Gautier	N,	and	Van	Obberghen	E.	The	insulin	receptor	activation	process	
involves	localized	conformational	changes.	The	Journal	of	biological	chemistry	267:	23290-23294,	1992.	
28.	 Bathaie	SZ,	Jafarnejad	A,	Hosseinkhani	S,	and	Nakhjavani	M.	The	effect	of	hot-tub	therapy	on	
serum	Hsp70	level	and	its	benefit	on	diabetic	rats:	a	preliminary	report.	International	journal	of	
hyperthermia	:	the	official	journal	of	European	Society	for	Hyperthermic	Oncology,	North	American	
Hyperthermia	Group	26:	577-585,	2010.	
29.	 Beever	R.	The	effects	of	repeated	thermal	therapy	on	quality	of	life	in	patients	with	type	II	
diabetes	mellitus.	Journal	of	alternative	and	complementary	medicine	16:	677-681,	2010.	
30.	 Befroy	DE,	Petersen	KF,	Dufour	S,	Mason	GF,	de	Graaf	RA,	Rothman	DL,	and	Shulman	GI.	
Impaired	mitochondrial	substrate	oxidation	in	muscle	of	insulin-resistant	offspring	of	type	2	diabetic	
patients.	Diabetes	56:	1376-1381,	2007.	
31.	 Benjamin	IJ,	Kroger	B,	and	Williams	RS.	Activation	of	the	heat	shock	transcription	factor	by	
hypoxia	in	mammalian	cells.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	
America	87:	6263-6267,	1990.	
32.	 Benndorf	R,	Hayess	K,	Ryazantsev	S,	Wieske	M,	Behlke	J,	and	Lutsch	G.	Phosphorylation	and	
supramolecular	organization	of	murine	small	heat	shock	protein	HSP25	abolish	its	actin	polymerization-
inhibiting	activity.	The	Journal	of	biological	chemistry	269:	20780-20784,	1994.	
33.	 Bernabucci	U,	Basirico	L,	Morera	P,	Lacetera	N,	Ronchi	B,	and	Nardone	A.	Heat	shock	
modulates	adipokines	expression	in	3T3-L1	adipocytes.	Journal	of	molecular	endocrinology	42:	139-147,	
2009.	



142	
	
34.	 Bi	Y,	Wang	T,	Xu	M,	Xu	Y,	Li	M,	Lu	J,	Zhu	X,	and	Ning	G.	Advanced	research	on	risk	factors	of	
type	2	diabetes.	Diabetes/metabolism	research	and	reviews	28	Suppl	2:	32-39,	2012.	
35.	 Biddinger	SB,	and	Kahn	CR.	From	mice	to	men:	insights	into	the	insulin	resistance	syndromes.	
Annual	review	of	physiology	68:	123-158,	2006.	
36.	 Birnbaum	MJ.	Identification	of	a	novel	gene	encoding	an	insulin-responsive	glucose	transporter	
protein.	Cell	57:	305-315,	1989.	
37.	 Biro	S,	Masuda	A,	Kihara	T,	and	Tei	C.	Clinical	implications	of	thermal	therapy	in	lifestyle-related	
diseases.	Experimental	biology	and	medicine	228:	1245-1249,	2003.	
38.	 Biswas	A,	and	Alter	DA.	Sedentary	Time	and	Risk	for	Mortality.	Annals	of	internal	medicine	162:	
875-876,	2015.	
39.	 Bjornholm	M,	and	Zierath	JR.	Insulin	signal	transduction	in	human	skeletal	muscle:	identifying	
the	defects	in	Type	II	diabetes.	Biochemical	Society	transactions	33:	354-357,	2005.	
40.	 Blair	SN,	Kampert	JB,	Kohl	HW,	3rd,	Barlow	CE,	Macera	CA,	Paffenbarger	RS,	Jr.,	and	Gibbons	
LW.	Influences	of	cardiorespiratory	fitness	and	other	precursors	on	cardiovascular	disease	and	all-cause	
mortality	in	men	and	women.	Jama	276:	205-210,	1996.	
41.	 Blair	SN,	Kohl	HW,	3rd,	Paffenbarger	RS,	Jr.,	Clark	DG,	Cooper	KH,	and	Gibbons	LW.	Physical	
fitness	and	all-cause	mortality.	A	prospective	study	of	healthy	men	and	women.	Jama	262:	2395-2401,	
1989.	
42.	 Bluestone	JA,	Herold	K,	and	Eisenbarth	G.	Genetics,	pathogenesis	and	clinical	interventions	in	
type	1	diabetes.	Nature	464:	1293-1300,	2010.	
43.	 Bluher	M.	Adipose	tissue	dysfunction	contributes	to	obesity	related	metabolic	diseases.	Best	
practice	&	research	Clinical	endocrinology	&	metabolism	27:	163-177,	2013.	
44.	 Boden	G,	Chen	X,	Kolaczynski	JW,	and	Polansky	M.	Effects	of	prolonged	hyperinsulinemia	on	
serum	leptin	in	normal	human	subjects.	The	Journal	of	clinical	investigation	100:	1107-1113,	1997.	
45.	 Bombardier	E,	Vigna	C,	Iqbal	S,	Tiidus	PM,	and	Tupling	AR.	Effects	of	ovarian	sex	hormones	and	
downhill	running	on	fiber-type-specific	HSP70	expression	in	rat	soleus.	J	Appl	Physiol	106:	2009-2015,	
2009.	
46.	 Bouchard	C,	Dionne	FT,	Simoneau	JA,	and	Boulay	MR.	Genetics	of	aerobic	and	anaerobic	
performances.	Exercise	and	sport	sciences	reviews	20:	27-58,	1992.	
47.	 Briones	P,	Vilaseca	MA,	Ribes	A,	Vernet	A,	Lluch	M,	Cusi	V,	Huckriede	A,	and	Agsteribbe	E.	A	
new	case	of	multiple	mitochondrial	enzyme	deficiencies	with	decreased	amount	of	heat	shock	protein	
60.	Journal	of	inherited	metabolic	disease	20:	569-577,	1997.	
48.	 Brooks	GA,	Hittelman	KJ,	Faulkner	JA,	and	Beyer	RE.	Tissue	temperatures	and	whole-animal	
oxygen	consumption	after	exercise.	The	American	journal	of	physiology	221:	427-431,	1971.	
49.	 Browning	JD,	and	Horton	JD.	Molecular	mediators	of	hepatic	steatosis	and	liver	injury.	The	
Journal	of	clinical	investigation	114:	147-152,	2004.	
50.	 Bruce	CR,	Carey	AL,	Hawley	JA,	and	Febbraio	MA.	Intramuscular	heat	shock	protein	72	and	
heme	oxygenase-1	mRNA	are	reduced	in	patients	with	type	2	diabetes:	evidence	that	insulin	resistance	
is	associated	with	a	disturbed	antioxidant	defense	mechanism.	Diabetes	52:	2338-2345,	2003.	
51.	 Burchfiel	CM,	Sharp	DS,	Curb	JD,	Rodriguez	BL,	Hwang	LJ,	Marcus	EB,	and	Yano	K.	Physical	
activity	and	incidence	of	diabetes:	the	Honolulu	Heart	Program.	American	journal	of	epidemiology	141:	
360-368,	1995.	
52.	 Burgering	BM,	and	Coffer	PJ.	Protein	kinase	B	(c-Akt)	in	phosphatidylinositol-3-OH	kinase	signal	
transduction.	Nature	376:	599-602,	1995.	
53.	 Cahova	M,	Dankova	H,	Palenickova	E,	Papackova	Z,	and	Kazdova	L.	The	autophagy-lysosomal	
pathway	is	involved	in	TAG	degradation	in	the	liver:	the	effect	of	high-sucrose	and	high-fat	diet.	Folia	
biologica	56:	173-182,	2010.	



143	
	
54.	 Cairo	G,	Bardella	L,	Schiaffonati	L,	and	Bernelli-Zazzera	A.	Synthesis	of	heat	shock	proteins	in	
rat	liver	after	ischemia	and	hyperthermia.	Hepatology	5:	357-361,	1985.	
55.	 Carling	D,	Clarke	PR,	Zammit	VA,	and	Hardie	DG.	Purification	and	characterization	of	the	AMP-
activated	protein	kinase.	Copurification	of	acetyl-CoA	carboxylase	kinase	and	3-hydroxy-3-
methylglutaryl-CoA	reductase	kinase	activities.	European	journal	of	biochemistry	/	FEBS	186:	129-136,	
1989.	
56.	 Carling	D,	Zammit	VA,	and	Hardie	DG.	A	common	bicyclic	protein	kinase	cascade	inactivates	the	
regulatory	enzymes	of	fatty	acid	and	cholesterol	biosynthesis.	FEBS	letters	223:	217-222,	1987.	
57.	 Carnethon	MR,	Sternfeld	B,	Schreiner	PJ,	Jacobs	DR,	Jr.,	Lewis	CE,	Liu	K,	and	Sidney	S.	
Association	of	20-year	changes	in	cardiorespiratory	fitness	with	incident	type	2	diabetes:	the	coronary	
artery	risk	development	in	young	adults	(CARDIA)	fitness	study.	Diabetes	care	32:	1284-1288,	2009.	
58.	 CDC.	2014	National	Diabetes	Statistics	Report.	
http://wwwcdcgov/diabetes/data/statistics/2014statisticsreporthtml	2014.	
59.	 Chen	HW,	Chen	SC,	Tsai	JL,	and	Yang	RC.	Previous	hyperthermic	treatment	increases	
mitochondria	oxidative	enzyme	activity	and	exercise	capacity	in	rats.	The	Kaohsiung	journal	of	medical	
sciences	15:	572-580,	1999.	
60.	 Chen	HW,	Yang	HL,	Jing	HH,	Tsai	YF,	Tsai	LY,	Chen	SS,	and	Yang	RC.	Synthesis	of	Hsp72	induced	
by	exercise	in	high	temperature.	The	Chinese	journal	of	physiology	38:	241-246,	1995.	
61.	 Chen	Y,	Wang	Y,	Zhang	J,	Deng	Y,	Jiang	L,	Song	E,	Wu	XS,	Hammer	JA,	Xu	T,	and	Lippincott-
Schwartz	J.	Rab10	and	myosin-Va	mediate	insulin-stimulated	GLUT4	storage	vesicle	translocation	in	
adipocytes.	The	Journal	of	cell	biology	198:	545-560,	2012.	
62.	 Cho	H,	Mu	J,	Kim	JK,	Thorvaldsen	JL,	Chu	Q,	Crenshaw	EB,	3rd,	Kaestner	KH,	Bartolomei	MS,	
Shulman	GI,	and	Birnbaum	MJ.	Insulin	resistance	and	a	diabetes	mellitus-like	syndrome	in	mice	lacking	
the	protein	kinase	Akt2	(PKB	beta).	Science	292:	1728-1731,	2001.	
63.	 Christensen	JH,	Nielsen	MN,	Hansen	J,	Fuchtbauer	A,	Fuchtbauer	EM,	West	M,	Corydon	TJ,	
Gregersen	N,	and	Bross	P.	Inactivation	of	the	hereditary	spastic	paraplegia-associated	Hspd1	gene	
encoding	the	Hsp60	chaperone	results	in	early	embryonic	lethality	in	mice.	Cell	stress	&	chaperones	15:	
851-863,	2010.	
64.	 Christians	ES,	and	Benjamin	IJ.	Heat	shock	response:	lessons	from	mouse	knockouts.	Handbook	
of	experimental	pharmacology	139-152,	2006.	
65.	 Chu	B,	Soncin	F,	Price	BD,	Stevenson	MA,	and	Calderwood	SK.	Sequential	phosphorylation	by	
mitogen-activated	protein	kinase	and	glycogen	synthase	kinase	3	represses	transcriptional	activation	by	
heat	shock	factor-1.	The	Journal	of	biological	chemistry	271:	30847-30857,	1996.	
66.	 Chu	B,	Zhong	R,	Soncin	F,	Stevenson	MA,	and	Calderwood	SK.	Transcriptional	activity	of	heat	
shock	factor	1	at	37	degrees	C	is	repressed	through	phosphorylation	on	two	distinct	serine	residues	by	
glycogen	synthase	kinase	3	and	protein	kinases	Calpha	and	Czeta.	The	Journal	of	biological	chemistry	
273:	18640-18646,	1998.	
67.	 Chung	J,	Nguyen	AK,	Henstridge	DC,	Holmes	AG,	Chan	MH,	Mesa	JL,	Lancaster	GI,	Southgate	
RJ,	Bruce	CR,	Duffy	SJ,	Horvath	I,	Mestril	R,	Watt	MJ,	Hooper	PL,	Kingwell	BA,	Vigh	L,	Hevener	A,	and	
Febbraio	MA.	HSP72	protects	against	obesity-induced	insulin	resistance.	Proceedings	of	the	National	
Academy	of	Sciences	of	the	United	States	of	America	105:	1739-1744,	2008.	
68.	 Church	TS,	Blair	SN,	Cocreham	S,	Johannsen	N,	Johnson	W,	Kramer	K,	Mikus	CR,	Myers	V,	
Nauta	M,	Rodarte	RQ,	Sparks	L,	Thompson	A,	and	Earnest	CP.	Effects	of	aerobic	and	resistance	training	
on	hemoglobin	A1c	levels	in	patients	with	type	2	diabetes:	a	randomized	controlled	trial.	Jama	304:	
2253-2262,	2010.	



144	
	
69.	 Church	TS,	Cheng	YJ,	Earnest	CP,	Barlow	CE,	Gibbons	LW,	Priest	EL,	and	Blair	SN.	Exercise	
capacity	and	body	composition	as	predictors	of	mortality	among	men	with	diabetes.	Diabetes	care	27:	
83-88,	2004.	
70.	 Church	TS,	Kuk	JL,	Ross	R,	Priest	EL,	Biltoft	E,	and	Blair	SN.	Association	of	cardiorespiratory	
fitness,	body	mass	index,	and	waist	circumference	to	nonalcoholic	fatty	liver	disease.	Gastroenterology	
130:	2023-2030,	2006.	
71.	 Church	TS,	LaMonte	MJ,	Barlow	CE,	and	Blair	SN.	Cardiorespiratory	fitness	and	body	mass	index	
as	predictors	of	cardiovascular	disease	mortality	among	men	with	diabetes.	Archives	of	internal	
medicine	165:	2114-2120,	2005.	
72.	 Church	TS,	Thomas	DM,	Tudor-Locke	C,	Katzmarzyk	PT,	Earnest	CP,	Rodarte	RQ,	Martin	CK,	
Blair	SN,	and	Bouchard	C.	Trends	over	5	decades	in	U.S.	occupation-related	physical	activity	and	their	
associations	with	obesity.	PloS	one	6:	e19657,	2011.	
73.	 Cnop	M.	Fatty	acids	and	glucolipotoxicity	in	the	pathogenesis	of	Type	2	diabetes.	Biochemical	
Society	transactions	36:	348-352,	2008.	
74.	 Cohen	P.	The	twentieth	century	struggle	to	decipher	insulin	signalling.	Nature	reviews	Molecular	
cell	biology	7:	867-873,	2006.	
75.	 Contos	MJ,	Choudhury	J,	Mills	AS,	and	Sanyal	AJ.	The	histologic	spectrum	of	nonalcoholic	fatty	
liver	disease.	Clinics	in	liver	disease	8:	481-500,	vii,	2004.	
76.	 Control	CfD,	and	Prevention.	National	diabetes	fact	sheet.	Atlanta,	GA:	US	Department	of	
Health	and	Human	Services	2011.	
77.	 Cotto	JJ,	Kline	M,	and	Morimoto	RI.	Activation	of	heat	shock	factor	1	DNA	binding	precedes	
stress-induced	serine	phosphorylation.	Evidence	for	a	multistep	pathway	of	regulation.	The	Journal	of	
biological	chemistry	271:	3355-3358,	1996.	
78.	 Cross	DA,	Alessi	DR,	Cohen	P,	Andjelkovich	M,	and	Hemmings	BA.	Inhibition	of	glycogen	
synthase	kinase-3	by	insulin	mediated	by	protein	kinase	B.	Nature	378:	785-789,	1995.	
79.	 Cross	DA,	Alessi	DR,	Vandenheede	JR,	McDowell	HE,	Hundal	HS,	and	Cohen	P.	The	inhibition	of	
glycogen	synthase	kinase-3	by	insulin	or	insulin-like	growth	factor	1	in	the	rat	skeletal	muscle	cell	line	L6	
is	blocked	by	wortmannin,	but	not	by	rapamycin:	evidence	that	wortmannin	blocks	activation	of	the	
mitogen-activated	protein	kinase	pathway	in	L6	cells	between	Ras	and	Raf.	The	Biochemical	journal	303	(	
Pt	1):	21-26,	1994.	
80.	 Curat	CA,	Miranville	A,	Sengenes	C,	Diehl	M,	Tonus	C,	Busse	R,	and	Bouloumie	A.	From	blood	
monocytes	to	adipose	tissue-resident	macrophages:	induction	of	diapedesis	by	human	mature	
adipocytes.	Diabetes	53:	1285-1292,	2004.	
81.	 Currie	RW,	Tanguay	RM,	and	Kingma	JG,	Jr.	Heat-shock	response	and	limitation	of	tissue	
necrosis	during	occlusion/reperfusion	in	rabbit	hearts.	Circulation	87:	963-971,	1993.	
82.	 Currie	RW,	and	White	FP.	Characterization	of	the	synthesis	and	accumulation	of	a	71-kilodalton	
protein	induced	in	rat	tissues	after	hyperthermia.	Canadian	journal	of	biochemistry	and	cell	biology	=	
Revue	canadienne	de	biochimie	et	biologie	cellulaire	61:	438-446,	1983.	
83.	 Currie	RW,	and	White	FP.	Trauma-induced	protein	in	rat	tissues:	a	physiological	role	for	a	"heat	
shock"	protein?	Science	214:	72-73,	1981.	
84.	 Cushman	SW,	and	Wardzala	LJ.	Potential	mechanism	of	insulin	action	on	glucose	transport	in	
the	isolated	rat	adipose	cell.	Apparent	translocation	of	intracellular	transport	systems	to	the	plasma	
membrane.	The	Journal	of	biological	chemistry	255:	4758-4762,	1980.	
85.	 Cusi	K,	Maezono	K,	Osman	A,	Pendergrass	M,	Patti	ME,	Pratipanawatr	T,	DeFronzo	RA,	Kahn	
CR,	and	Mandarino	LJ.	Insulin	resistance	differentially	affects	the	PI	3-kinase-	and	MAP	kinase-mediated	
signaling	in	human	muscle.	The	Journal	of	clinical	investigation	105:	311-320,	2000.	



145	
	
86.	 Dai	R,	Frejtag	W,	He	B,	Zhang	Y,	and	Mivechi	NF.	c-Jun	NH2-terminal	kinase	targeting	and	
phosphorylation	of	heat	shock	factor-1	suppress	its	transcriptional	activity.	The	Journal	of	biological	
chemistry	275:	18210-18218,	2000.	
87.	 Danaei	G,	Finucane	MM,	Lu	Y,	Singh	GM,	Cowan	MJ,	Paciorek	CJ,	Lin	JK,	Farzadfar	F,	Khang	YH,	
Stevens	GA,	Rao	M,	Ali	MK,	Riley	LM,	Robinson	CA,	Ezzati	M,	and	Global	Burden	of	Metabolic	Risk	
Factors	of	Chronic	Diseases	Collaborating	G.	National,	regional,	and	global	trends	in	fasting	plasma	
glucose	and	diabetes	prevalence	since	1980:	systematic	analysis	of	health	examination	surveys	and	
epidemiological	studies	with	370	country-years	and	2.7	million	participants.	Lancet	378:	31-40,	2011.	
88.	 Daugaard	JR,	and	Richter	EA.	Relationship	between	muscle	fibre	composition,	glucose	
transporter	protein	4	and	exercise	training:	possible	consequences	in	non-insulin-dependent	diabetes	
mellitus.	Acta	physiologica	Scandinavica	171:	267-276,	2001.	
89.	 Davis	RJ.	Signal	transduction	by	the	JNK	group	of	MAP	kinases.	Cell	103:	239-252,	2000.	
90.	 de	Alvaro	C,	Teruel	T,	Hernandez	R,	and	Lorenzo	M.	Tumor	necrosis	factor	alpha	produces	
insulin	resistance	in	skeletal	muscle	by	activation	of	inhibitor	kappaB	kinase	in	a	p38	MAPK-dependent	
manner.	The	Journal	of	biological	chemistry	279:	17070-17078,	2004.	
91.	 de	Jong	WW,	Leunissen	JA,	and	Voorter	CE.	Evolution	of	the	alpha-crystallin/small	heat-shock	
protein	family.	Molecular	biology	and	evolution	10:	103-126,	1993.	
92.	 De	Matteis	R,	Lucertini	F,	Guescini	M,	Polidori	E,	Zeppa	S,	Stocchi	V,	Cinti	S,	and	Cuppini	R.	
Exercise	as	a	new	physiological	stimulus	for	brown	adipose	tissue	activity.	Nutrition,	metabolism,	and	
cardiovascular	diseases	:	NMCD	23:	582-590,	2013.	
93.	 DeFronzo	RA.	Glucose	intolerance	and	aging.	Diabetes	care	4:	493-501,	1981.	
94.	 Delp	MD,	and	Duan	C.	Composition	and	size	of	type	I,	IIA,	IID/X,	and	IIB	fibers	and	citrate	
synthase	activity	of	rat	muscle.	J	Appl	Physiol	80:	261-270,	1996.	
95.	 Deocaris	CC,	Kaul	SC,	and	Wadhwa	R.	On	the	brotherhood	of	the	mitochondrial	chaperones	
mortalin	and	heat	shock	protein	60.	Cell	stress	&	chaperones	11:	116-128,	2006.	
96.	 Deveaud	C,	Beauvoit	B,	Salin	B,	Schaeffer	J,	and	Rigoulet	M.	Regional	differences	in	oxidative	
capacity	of	rat	white	adipose	tissue	are	linked	to	the	mitochondrial	content	of	mature	adipocytes.	
Molecular	and	cellular	biochemistry	267:	157-166,	2004.	
97.	 Di	Naso	FC,	Porto	RR,	Fillmann	HS,	Maggioni	L,	Padoin	AV,	Ramos	RJ,	Mottin	CC,	Bittencourt	A,	
Marroni	NA,	and	de	Bittencourt	PI,	Jr.	Obesity	depresses	the	anti-inflammatory	HSP70	pathway,	
contributing	to	NAFLD	progression.	Obesity	23:	120-129,	2015.	
98.	 Dice	JF.	Chaperone-mediated	autophagy.	Autophagy	3:	295-299,	2007.	
99.	 Ding	WX,	and	Yin	XM.	Mitophagy:	mechanisms,	pathophysiological	roles,	and	analysis.	
Biological	chemistry	393:	547-564,	2012.	
100.	 Dodd	SL,	Hain	B,	Senf	SM,	and	Judge	AR.	Hsp27	inhibits	IKKbeta-induced	NF-kappaB	activity	and	
skeletal	muscle	atrophy.	FASEB	journal	:	official	publication	of	the	Federation	of	American	Societies	for	
Experimental	Biology	23:	3415-3423,	2009.	
101.	 Drew	BG,	Ribas	V,	Le	JA,	Henstridge	DC,	Phun	J,	Zhou	Z,	Soleymani	T,	Daraei	P,	Sitz	D,	Vergnes	
L,	Wanagat	J,	Reue	K,	Febbraio	MA,	and	Hevener	AL.	HSP72	is	a	mitochondrial	stress	sensor	critical	for	
Parkin	action,	oxidative	metabolism,	and	insulin	sensitivity	in	skeletal	muscle.	Diabetes	63:	1488-1505,	
2014.	
102.	 Dunstan	DW,	Kingwell	BA,	Larsen	R,	Healy	GN,	Cerin	E,	Hamilton	MT,	Shaw	JE,	Bertovic	DA,	
Zimmet	PZ,	Salmon	J,	and	Owen	N.	Breaking	up	prolonged	sitting	reduces	postprandial	glucose	and	
insulin	responses.	Diabetes	care	35:	976-983,	2012.	
103.	 Dunstan	DW,	Salmon	J,	Owen	N,	Armstrong	T,	Zimmet	PZ,	Welborn	TA,	Cameron	AJ,	Dwyer	T,	
Jolley	D,	Shaw	JE,	and	AusDiab	Steering	C.	Associations	of	TV	viewing	and	physical	activity	with	the	
metabolic	syndrome	in	Australian	adults.	Diabetologia	48:	2254-2261,	2005.	



146	
	
104.	 Dupuis	J,	Langenberg	C,	Prokopenko	I,	Saxena	R,	Soranzo	N,	Jackson	AU,	Wheeler	E,	Glazer	NL,	
Bouatia-Naji	N,	Gloyn	AL,	Lindgren	CM,	Magi	R,	Morris	AP,	Randall	J,	Johnson	T,	Elliott	P,	Rybin	D,	
Thorleifsson	G,	Steinthorsdottir	V,	Henneman	P,	Grallert	H,	Dehghan	A,	Hottenga	JJ,	Franklin	CS,	
Navarro	P,	Song	K,	Goel	A,	Perry	JR,	Egan	JM,	Lajunen	T,	Grarup	N,	Sparso	T,	Doney	A,	Voight	BF,	
Stringham	HM,	Li	M,	Kanoni	S,	Shrader	P,	Cavalcanti-Proenca	C,	Kumari	M,	Qi	L,	Timpson	NJ,	Gieger	C,	
Zabena	C,	Rocheleau	G,	Ingelsson	E,	An	P,	O'Connell	J,	Luan	J,	Elliott	A,	McCarroll	SA,	Payne	F,	
Roccasecca	RM,	Pattou	F,	Sethupathy	P,	Ardlie	K,	Ariyurek	Y,	Balkau	B,	Barter	P,	Beilby	JP,	Ben-Shlomo	
Y,	Benediktsson	R,	Bennett	AJ,	Bergmann	S,	Bochud	M,	Boerwinkle	E,	Bonnefond	A,	Bonnycastle	LL,	
Borch-Johnsen	K,	Bottcher	Y,	Brunner	E,	Bumpstead	SJ,	Charpentier	G,	Chen	YD,	Chines	P,	Clarke	R,	
Coin	LJ,	Cooper	MN,	Cornelis	M,	Crawford	G,	Crisponi	L,	Day	IN,	de	Geus	EJ,	Delplanque	J,	Dina	C,	
Erdos	MR,	Fedson	AC,	Fischer-Rosinsky	A,	Forouhi	NG,	Fox	CS,	Frants	R,	Franzosi	MG,	Galan	P,	
Goodarzi	MO,	Graessler	J,	Groves	CJ,	Grundy	S,	Gwilliam	R,	Gyllensten	U,	Hadjadj	S,	Hallmans	G,	
Hammond	N,	Han	X,	Hartikainen	AL,	Hassanali	N,	Hayward	C,	Heath	SC,	Hercberg	S,	Herder	C,	Hicks	
AA,	Hillman	DR,	Hingorani	AD,	Hofman	A,	Hui	J,	Hung	J,	Isomaa	B,	Johnson	PR,	Jorgensen	T,	Jula	A,	
Kaakinen	M,	Kaprio	J,	Kesaniemi	YA,	Kivimaki	M,	Knight	B,	Koskinen	S,	Kovacs	P,	Kyvik	KO,	Lathrop	
GM,	Lawlor	DA,	Le	Bacquer	O,	Lecoeur	C,	Li	Y,	Lyssenko	V,	Mahley	R,	Mangino	M,	Manning	AK,	
Martinez-Larrad	MT,	McAteer	JB,	McCulloch	LJ,	McPherson	R,	Meisinger	C,	Melzer	D,	Meyre	D,	
Mitchell	BD,	Morken	MA,	Mukherjee	S,	Naitza	S,	Narisu	N,	Neville	MJ,	Oostra	BA,	Orru	M,	Pakyz	R,	
Palmer	CN,	Paolisso	G,	Pattaro	C,	Pearson	D,	Peden	JF,	Pedersen	NL,	Perola	M,	Pfeiffer	AF,	Pichler	I,	
Polasek	O,	Posthuma	D,	Potter	SC,	Pouta	A,	Province	MA,	Psaty	BM,	Rathmann	W,	Rayner	NW,	Rice	K,	
Ripatti	S,	Rivadeneira	F,	Roden	M,	Rolandsson	O,	Sandbaek	A,	Sandhu	M,	Sanna	S,	Sayer	AA,	Scheet	P,	
Scott	LJ,	Seedorf	U,	Sharp	SJ,	Shields	B,	Sigurethsson	G,	Sijbrands	EJ,	Silveira	A,	Simpson	L,	Singleton	A,	
Smith	NL,	Sovio	U,	Swift	A,	Syddall	H,	Syvanen	AC,	Tanaka	T,	Thorand	B,	Tichet	J,	Tonjes	A,	Tuomi	T,	
Uitterlinden	AG,	van	Dijk	KW,	van	Hoek	M,	Varma	D,	Visvikis-Siest	S,	Vitart	V,	Vogelzangs	N,	Waeber	
G,	Wagner	PJ,	Walley	A,	Walters	GB,	Ward	KL,	Watkins	H,	Weedon	MN,	Wild	SH,	Willemsen	G,	
Witteman	JC,	Yarnell	JW,	Zeggini	E,	Zelenika	D,	Zethelius	B,	Zhai	G,	Zhao	JH,	Zillikens	MC,	Consortium	
D,	Consortium	G,	Global	BC,	Borecki	IB,	Loos	RJ,	Meneton	P,	Magnusson	PK,	Nathan	DM,	Williams	GH,	
Hattersley	AT,	Silander	K,	Salomaa	V,	Smith	GD,	Bornstein	SR,	Schwarz	P,	Spranger	J,	Karpe	F,	
Shuldiner	AR,	Cooper	C,	Dedoussis	GV,	Serrano-Rios	M,	Morris	AD,	Lind	L,	Palmer	LJ,	Hu	FB,	Franks	
PW,	Ebrahim	S,	Marmot	M,	Kao	WH,	Pankow	JS,	Sampson	MJ,	Kuusisto	J,	Laakso	M,	Hansen	T,	
Pedersen	O,	Pramstaller	PP,	Wichmann	HE,	Illig	T,	Rudan	I,	Wright	AF,	Stumvoll	M,	Campbell	H,	Wilson	
JF,	Anders	Hamsten	on	behalf	of	Procardis	C,	investigators	M,	Bergman	RN,	Buchanan	TA,	Collins	FS,	
Mohlke	KL,	Tuomilehto	J,	Valle	TT,	Altshuler	D,	Rotter	JI,	Siscovick	DS,	Penninx	BW,	Boomsma	DI,	
Deloukas	P,	Spector	TD,	Frayling	TM,	Ferrucci	L,	Kong	A,	Thorsteinsdottir	U,	Stefansson	K,	van	Duijn	
CM,	Aulchenko	YS,	Cao	A,	Scuteri	A,	Schlessinger	D,	Uda	M,	Ruokonen	A,	Jarvelin	MR,	Waterworth	
DM,	Vollenweider	P,	Peltonen	L,	Mooser	V,	Abecasis	GR,	Wareham	NJ,	Sladek	R,	Froguel	P,	Watanabe	
RM,	Meigs	JB,	Groop	L,	Boehnke	M,	McCarthy	MI,	Florez	JC,	and	Barroso	I.	New	genetic	loci	implicated	
in	fasting	glucose	homeostasis	and	their	impact	on	type	2	diabetes	risk.	Nature	genetics	42:	105-116,	
2010.	
105.	 Dwyer	BE,	Nishimura	RN,	de	Vellis	J,	and	Clegg	KB.	Regulation	of	heat	shock	protein	synthesis	in	
rat	astrocytes.	Journal	of	neuroscience	research	28:	352-358,	1991.	
106.	 Engfeldt	P,	and	Arner	P.	Lipolysis	in	human	adipocytes,	effects	of	cell	size,	age	and	of	regional	
differences.	Hormone	and	metabolic	research	Supplement	series	19:	26-29,	1988.	
107.	 Escobedo	J,	Pucci	AM,	and	Koh	TJ.	HSP25	protects	skeletal	muscle	cells	against	oxidative	stress.	
Free	radical	biology	&	medicine	37:	1455-1462,	2004.	



147	
	
108.	 Fain	JN,	Madan	AK,	Hiler	ML,	Cheema	P,	and	Bahouth	SW.	Comparison	of	the	release	of	
adipokines	by	adipose	tissue,	adipose	tissue	matrix,	and	adipocytes	from	visceral	and	subcutaneous	
abdominal	adipose	tissues	of	obese	humans.	Endocrinology	145:	2273-2282,	2004.	
109.	 Farmer	K,	Williams	SJ,	Novikova	L,	Ramachandran	K,	Rawal	S,	Blagg	BS,	Dobrowsky	R,	and	
Stehno-Bittel	L.	KU-32,	a	novel	drug	for	diabetic	neuropathy,	is	safe	for	human	islets	and	improves	in	
vitro	insulin	secretion	and	viability.	Experimental	diabetes	research	2012:	671673,	2012.	
110.	 Fawcett	TW,	Xu	Q,	and	Holbrook	NJ.	Potentiation	of	heat	stress-induced	hsp70	expression	in	
vivo	by	aspirin.	Cell	stress	&	chaperones	2:	104-109,	1997.	
111.	 Febbraio	MA.	Alterations	in	energy	metabolism	during	exercise	and	heat	stress.	Sports	medicine	
31:	47-59,	2001.	
112.	 Febbraio	MA,	and	Koukoulas	I.	HSP72	gene	expression	progressively	increases	in	human	
skeletal	muscle	during	prolonged,	exhaustive	exercise.	J	Appl	Physiol	(1985)	89:	1055-1060,	2000.	
113.	 Febbraio	MA,	Mesa	JL,	Chung	J,	Steensberg	A,	Keller	C,	Nielsen	HB,	Krustrup	P,	Ott	P,	Secher	
NH,	and	Pedersen	BK.	Glucose	ingestion	attenuates	the	exercise-induced	increase	in	circulating	heat	
shock	protein	72	and	heat	shock	protein	60	in	humans.	Cell	stress	&	chaperones	9:	390-396,	2004.	
114.	 Febbraio	MA,	Ott	P,	Nielsen	HB,	Steensberg	A,	Keller	C,	Krustrup	P,	Secher	NH,	and	Pedersen	
BK.	Exercise	induces	hepatosplanchnic	release	of	heat	shock	protein	72	in	humans.	The	Journal	of	
physiology	544:	957-962,	2002.	
115.	 Ferrannini	E,	Simonson	DC,	Katz	LD,	Reichard	G,	Jr.,	Bevilacqua	S,	Barrett	EJ,	Olsson	M,	and	
DeFronzo	RA.	The	disposal	of	an	oral	glucose	load	in	patients	with	non-insulin-dependent	diabetes.	
Metabolism:	clinical	and	experimental	37:	79-85,	1988.	
116.	 Fiorenza	MT,	Farkas	T,	Dissing	M,	Kolding	D,	and	Zimarino	V.	Complex	expression	of	murine	
heat	shock	transcription	factors.	Nucleic	acids	research	23:	467-474,	1995.	
117.	 Fischer	CP,	Hiscock	NJ,	Basu	S,	Vessby	B,	Kallner	A,	Sjoberg	LB,	Febbraio	MA,	and	Pedersen	BK.	
Vitamin	E	isoform-specific	inhibition	of	the	exercise-induced	heat	shock	protein	72	expression	in	
humans.	J	Appl	Physiol	(1985)	100:	1679-1687,	2006.	
118.	 Flanagan	SW,	Ryan	AJ,	Gisolfi	CV,	and	Moseley	PL.	Tissue-specific	HSP70	response	in	animals	
undergoing	heat	stress.	The	American	journal	of	physiology	268:	R28-32,	1995.	
119.	 Flegal	KM,	Carroll	MD,	Kit	BK,	and	Ogden	CL.	Prevalence	of	obesity	and	trends	in	the	
distribution	of	body	mass	index	among	US	adults,	1999-2010.	Jama	307:	491-497,	2012.	
120.	 Fletcher	JA,	Meers	GM,	Linden	MA,	Kearney	ML,	Morris	EM,	Thyfault	JP,	and	Rector	RS.	Impact	
of	various	exercise	modalities	on	hepatic	mitochondrial	function.	Medicine	and	science	in	sports	and	
exercise	46:	1089-1097,	2014.	
121.	 Fox	CS,	Massaro	JM,	Hoffmann	U,	Pou	KM,	Maurovich-Horvat	P,	Liu	CY,	Vasan	RS,	Murabito	
JM,	Meigs	JB,	Cupples	LA,	D'Agostino	RB,	Sr.,	and	O'Donnell	CJ.	Abdominal	visceral	and	subcutaneous	
adipose	tissue	compartments:	association	with	metabolic	risk	factors	in	the	Framingham	Heart	Study.	
Circulation	116:	39-48,	2007.	
122.	 Franke	TF,	Yang	SI,	Chan	TO,	Datta	K,	Kazlauskas	A,	Morrison	DK,	Kaplan	DR,	and	Tsichlis	PN.	
The	protein	kinase	encoded	by	the	Akt	proto-oncogene	is	a	target	of	the	PDGF-activated	
phosphatidylinositol	3-kinase.	Cell	81:	727-736,	1995.	
123.	 Frayn	KN,	and	Maycock	PF.	Skeletal	muscle	triacylglycerol	in	the	rat:	methods	for	sampling	and	
measurement,	and	studies	of	biological	variability.	Journal	of	lipid	research	21:	139-144,	1980.	
124.	 Fried	SK,	and	Moustaid-Moussa	N.	Culture	of	adipose	tissue	and	isolated	adipocytes.	Methods	
in	molecular	biology	155:	197-212,	2001.	
125.	 Fujio	N,	Hatayama	T,	Kinoshita	H,	and	Yukioka	M.	Induction	of	four	heat-shock	proteins	and	
their	mRNAs	in	rat	after	whole-body	hyperthermia.	Journal	of	biochemistry	101:	181-187,	1987.	



148	
	
126.	 Gabai	VL,	Mabuchi	K,	Mosser	DD,	and	Sherman	MY.	Hsp72	and	stress	kinase	c-jun	N-terminal	
kinase	regulate	the	bid-dependent	pathway	in	tumor	necrosis	factor-induced	apoptosis.	Molecular	and	
cellular	biology	22:	3415-3424,	2002.	
127.	 Gaidhu	MP,	and	Ceddia	RB.	The	role	of	adenosine	monophosphate	kinase	in	remodeling	white	
adipose	tissue	metabolism.	Exercise	and	sport	sciences	reviews	39:	102-108,	2011.	
128.	 Gao	Z,	Zhang	X,	Zuberi	A,	Hwang	D,	Quon	MJ,	Lefevre	M,	and	Ye	J.	Inhibition	of	insulin	
sensitivity	by	free	fatty	acids	requires	activation	of	multiple	serine	kinases	in	3T3-L1	adipocytes.	
Molecular	endocrinology	(Baltimore,	Md	18:	2024-2034,	2004.	
129.	 Gao	Z,	Zuberi	A,	Quon	MJ,	Dong	Z,	and	Ye	J.	Aspirin	inhibits	serine	phosphorylation	of	insulin	
receptor	substrate	1	in	tumor	necrosis	factor-treated	cells	through	targeting	multiple	serine	kinases.	The	
Journal	of	biological	chemistry	278:	24944-24950,	2003.	
130.	 Garton	AJ,	Campbell	DG,	Carling	D,	Hardie	DG,	Colbran	RJ,	and	Yeaman	SJ.	Phosphorylation	of	
bovine	hormone-sensitive	lipase	by	the	AMP-activated	protein	kinase.	A	possible	antilipolytic	
mechanism.	European	journal	of	biochemistry	/	FEBS	179:	249-254,	1989.	
131.	 Gauthier	MS,	Miyoshi	H,	Souza	SC,	Cacicedo	JM,	Saha	AK,	Greenberg	AS,	and	Ruderman	NB.	
AMP-activated	protein	kinase	is	activated	as	a	consequence	of	lipolysis	in	the	adipocyte:	potential	
mechanism	and	physiological	relevance.	The	Journal	of	biological	chemistry	283:	16514-16524,	2008.	
132.	 Gavini	CK,	Mukherjee	S,	Shukla	C,	Britton	SL,	Koch	LG,	Shi	H,	and	Novak	CM.	Leanness	and	
heightened	nonresting	energy	expenditure:	role	of	skeletal	muscle	activity	thermogenesis.	American	
journal	of	physiology	Endocrinology	and	metabolism	306:	E635-647,	2014.	
133.	 Gealekman	O,	Guseva	N,	Hartigan	C,	Apotheker	S,	Gorgoglione	M,	Gurav	K,	Tran	KV,	
Straubhaar	J,	Nicoloro	S,	Czech	MP,	Thompson	M,	Perugini	RA,	and	Corvera	S.	Depot-specific	
differences	and	insufficient	subcutaneous	adipose	tissue	angiogenesis	in	human	obesity.	Circulation	123:	
186-194,	2011.	
134.	 Gehrig	SM,	van	der	Poel	C,	Sayer	TA,	Schertzer	JD,	Henstridge	DC,	Church	JE,	Lamon	S,	Russell	
AP,	Davies	KE,	Febbraio	MA,	and	Lynch	GS.	Hsp72	preserves	muscle	function	and	slows	progression	of	
severe	muscular	dystrophy.	Nature	484:	394-398,	2012.	
135.	 Geiger	PC,	and	Gupte	AA.	Heat	shock	proteins	are	important	mediators	of	skeletal	muscle	
insulin	sensitivity.	Exercise	and	sport	sciences	reviews	39:	34-42,	2011.	
136.	 Geiger	PC,	Wright	DC,	Han	DH,	and	Holloszy	JO.	Activation	of	p38	MAP	kinase	enhances	
sensitivity	of	muscle	glucose	transport	to	insulin.	American	journal	of	physiology	Endocrinology	and	
metabolism	288:	E782-788,	2005.	
137.	 Gemmill	CL.	The	Greek	concept	of	diabetes.	Bulletin	of	the	New	York	Academy	of	Medicine	48:	
1033-1036,	1972.	
138.	 Geyelin	HR,	Harrop	G,	Murray	MF,	and	Corwin	E.	The	use	of	insulin	in	juvenile	diabetes.	J	
Metabolic	Res	2:	767-792,	1922.	
139.	 Giorgino	F,	Laviola	L,	and	Eriksson	JW.	Regional	differences	of	insulin	action	in	adipose	tissue:	
insights	from	in	vivo	and	in	vitro	studies.	Acta	physiologica	Scandinavica	183:	13-30,	2005.	
140.	 Gollnick	PD,	Armstrong	RB,	Saltin	B,	Saubert	CWt,	Sembrowich	WL,	and	Shepherd	RE.	Effect	of	
training	on	enzyme	activity	and	fiber	composition	of	human	skeletal	muscle.	J	Appl	Physiol	34:	107-111,	
1973.	
141.	 Gonzalez	B,	Hernando	R,	and	Manso	R.	Stress	proteins	of	70	kDa	in	chronically	exercised	
skeletal	muscle.	Pflugers	Archiv	:	European	journal	of	physiology	440:	42-49,	2000.	
142.	 Gonzalez	B,	and	Manso	R.	Induction,	modification	and	accumulation	of	HSP70s	in	the	rat	liver	
after	acute	exercise:	early	and	late	responses.	The	Journal	of	physiology	556:	369-385,	2004.	



149	
	
143.	 Goodpaster	BH,	He	J,	Watkins	S,	and	Kelley	DE.	Skeletal	muscle	lipid	content	and	insulin	
resistance:	evidence	for	a	paradox	in	endurance-trained	athletes.	The	Journal	of	clinical	endocrinology	
and	metabolism	86:	5755-5761,	2001.	
144.	 Goto	K,	Okuyama	R,	Sugiyama	H,	Honda	M,	Kobayashi	T,	Uehara	K,	Akema	T,	Sugiura	T,	
Yamada	S,	Ohira	Y,	and	Yoshioka	T.	Effects	of	heat	stress	and	mechanical	stretch	on	protein	expression	
in	cultured	skeletal	muscle	cells.	Pflugers	Archiv	:	European	journal	of	physiology	447:	247-253,	2003.	
145.	 Gregg	EW,	Cheng	YJ,	Saydah	S,	Cowie	C,	Garfield	S,	Geiss	L,	and	Barker	L.	Trends	in	death	rates	
among	U.S.	adults	with	and	without	diabetes	between	1997	and	2006:	findings	from	the	National	Health	
Interview	Survey.	Diabetes	care	35:	1252-1257,	2012.	
146.	 Gregg	EW,	Li	Y,	Wang	J,	Burrows	NR,	Ali	MK,	Rolka	D,	Williams	DE,	and	Geiss	L.	Changes	in	
diabetes-related	complications	in	the	United	States,	1990-2010.	The	New	England	journal	of	medicine	
370:	1514-1523,	2014.	
147.	 Griffin	ME,	Marcucci	MJ,	Cline	GW,	Bell	K,	Barucci	N,	Lee	D,	Goodyear	LJ,	Kraegen	EW,	White	
MF,	and	Shulman	GI.	Free	fatty	acid-induced	insulin	resistance	is	associated	with	activation	of	protein	
kinase	C	theta	and	alterations	in	the	insulin	signaling	cascade.	Diabetes	48:	1270-1274,	1999.	
148.	 Guettouche	T,	Boellmann	F,	Lane	WS,	and	Voellmy	R.	Analysis	of	phosphorylation	of	human	
heat	shock	factor	1	in	cells	experiencing	a	stress.	BMC	biochemistry	6:	4,	2005.	
149.	 Guilherme	A,	Virbasius	JV,	Puri	V,	and	Czech	MP.	Adipocyte	dysfunctions	linking	obesity	to	
insulin	resistance	and	type	2	diabetes.	Nature	reviews	Molecular	cell	biology	9:	367-377,	2008.	
150.	 Gulden	E,	Mollerus	S,	Bruggemann	J,	Burkart	V,	and	Habich	C.	Heat	shock	protein	60	induces	
inflammatory	mediators	in	mouse	adipocytes.	FEBS	letters	582:	2731-2736,	2008.	
151.	 Gupta	S,	and	Knowlton	AA.	HSP60,	Bax,	apoptosis	and	the	heart.	Journal	of	cellular	and	
molecular	medicine	9:	51-58,	2005.	
152.	 Gupte	AA,	Bomhoff	GL,	and	Geiger	PC.	Age-related	differences	in	skeletal	muscle	insulin	
signaling:	the	role	of	stress	kinases	and	heat	shock	proteins.	J	Appl	Physiol	105:	839-848,	2008.	
153.	 Gupte	AA,	Bomhoff	GL,	Morris	JK,	Gorres	BK,	and	Geiger	PC.	Lipoic	acid	increases	heat	shock	
protein	expression	and	inhibits	stress	kinase	activation	to	improve	insulin	signaling	in	skeletal	muscle	
from	high-fat-fed	rats.	J	Appl	Physiol	106:	1425-1434,	2009.	
154.	 Gupte	AA,	Bomhoff	GL,	Swerdlow	RH,	and	Geiger	PC.	Heat	treatment	improves	glucose	
tolerance	and	prevents	skeletal	muscle	insulin	resistance	in	rats	fed	a	high-fat	diet.	Diabetes	58:	567-
578,	2009.	
155.	 Gupte	AA,	Bomhoff	GL,	Touchberry	CD,	and	Geiger	PC.	Acute	heat	treatment	improves	insulin-
stimulated	glucose	uptake	in	aged	skeletal	muscle.	J	Appl	Physiol	110:	451-457,	2011.	
156.	 Haffner	SM,	Lehto	S,	Ronnemaa	T,	Pyorala	K,	and	Laakso	M.	Mortality	from	coronary	heart	
disease	in	subjects	with	type	2	diabetes	and	in	nondiabetic	subjects	with	and	without	prior	myocardial	
infarction.	The	New	England	journal	of	medicine	339:	229-234,	1998.	
157.	 Hall	DM,	Sattler	GL,	Sattler	CA,	Zhang	HJ,	Oberley	LW,	Pitot	HC,	and	Kregel	KC.	Aging	lowers	
steady-state	antioxidant	enzyme	and	stress	protein	expression	in	primary	hepatocytes.	The	journals	of	
gerontology	56:	B259-267,	2001.	
158.	 Hall	DM,	Xu	L,	Drake	VJ,	Oberley	LW,	Oberley	TD,	Moseley	PL,	and	Kregel	KC.	Aging	reduces	
adaptive	capacity	and	stress	protein	expression	in	the	liver	after	heat	stress.	J	Appl	Physiol	89:	749-759,	
2000.	
159.	 Hamdy	O,	Porramatikul	S,	and	Al-Ozairi	E.	Metabolic	obesity:	the	paradox	between	visceral	and	
subcutaneous	fat.	Current	diabetes	reviews	2:	367-373,	2006.	
160.	 Hamilton	MT,	Hamilton	DG,	and	Zderic	TW.	Role	of	low	energy	expenditure	and	sitting	in	
obesity,	metabolic	syndrome,	type	2	diabetes,	and	cardiovascular	disease.	Diabetes	56:	2655-2667,	
2007.	



150	
	
161.	 Hancock	CR,	Han	DH,	Chen	M,	Terada	S,	Yasuda	T,	Wright	DC,	and	Holloszy	JO.	High-fat	diets	
cause	insulin	resistance	despite	an	increase	in	muscle	mitochondria.	Proceedings	of	the	National	
Academy	of	Sciences	of	the	United	States	of	America	105:	7815-7820,	2008.	
162.	 Hansen	C,	and	Spuhler	K.	Development	of	the	National	Institutes	of	Health	genetically	
heterogeneous	rat	stock.	Alcoholism,	clinical	and	experimental	research	8:	477-479,	1984.	
163.	 Hardie	DG,	and	Carling	D.	The	AMP-activated	protein	kinase--fuel	gauge	of	the	mammalian	cell?	
European	journal	of	biochemistry	/	FEBS	246:	259-273,	1997.	
164.	 Haring	H,	Kirsch	D,	Obermaier	B,	Ermel	B,	and	Machicao	F.	Tumor-promoting	phorbol	esters	
increase	the	Km	of	the	ATP-binding	site	of	the	insulin	receptor	kinase	from	rat	adipocytes.	The	Journal	of	
biological	chemistry	261:	3869-3875,	1986.	
165.	 Harman-Boehm	I,	Bluher	M,	Redel	H,	Sion-Vardy	N,	Ovadia	S,	Avinoach	E,	Shai	I,	Kloting	N,	
Stumvoll	M,	Bashan	N,	and	Rudich	A.	Macrophage	infiltration	into	omental	versus	subcutaneous	fat	
across	different	populations:	effect	of	regional	adiposity	and	the	comorbidities	of	obesity.	The	Journal	of	
clinical	endocrinology	and	metabolism	92:	2240-2247,	2007.	
166.	 Hartl	FU,	Martin	J,	and	Neupert	W.	Protein	folding	in	the	cell:	the	role	of	molecular	chaperones	
Hsp70	and	Hsp60.	Annual	review	of	biophysics	and	biomolecular	structure	21:	293-322,	1992.	
167.	 Hawley	JA,	and	Lessard	SJ.	Exercise	training-induced	improvements	in	insulin	action.	Acta	
physiologica	192:	127-135,	2008.	
168.	 He	C,	Bassik	MC,	Moresi	V,	Sun	K,	Wei	Y,	Zou	Z,	An	Z,	Loh	J,	Fisher	J,	Sun	Q,	Korsmeyer	S,	
Packer	M,	May	HI,	Hill	JA,	Virgin	HW,	Gilpin	C,	Xiao	G,	Bassel-Duby	R,	Scherer	PE,	and	Levine	B.	
Exercise-induced	BCL2-regulated	autophagy	is	required	for	muscle	glucose	homeostasis.	Nature	481:	
511-515,	2012.	
169.	 Head	MW,	Corbin	E,	and	Goldman	JE.	Coordinate	and	independent	regulation	of	alpha	B-
crystallin	and	hsp27	expression	in	response	to	physiological	stress.	Journal	of	cellular	physiology	159:	41-
50,	1994.	
170.	 Hellmer	J,	Marcus	C,	Sonnenfeld	T,	and	Arner	P.	Mechanisms	for	differences	in	lipolysis	
between	human	subcutaneous	and	omental	fat	cells.	The	Journal	of	clinical	endocrinology	and	
metabolism	75:	15-20,	1992.	
171.	 Helmrich	SP,	Ragland	DR,	Leung	RW,	and	Paffenbarger	RS,	Jr.	Physical	activity	and	reduced	
occurrence	of	non-insulin-dependent	diabetes	mellitus.	The	New	England	journal	of	medicine	325:	147-
152,	1991.	
172.	 Hensold	JO,	Hunt	CR,	Calderwood	SK,	Housman	DE,	and	Kingston	RE.	DNA	binding	of	heat	
shock	factor	to	the	heat	shock	element	is	insufficient	for	transcriptional	activation	in	murine	
erythroleukemia	cells.	Molecular	and	cellular	biology	10:	1600-1608,	1990.	
173.	 Henstridge	DC,	Bruce	CR,	Drew	BG,	Tory	K,	Kolonics	A,	Estevez	E,	Chung	J,	Watson	N,	Gardner	
T,	Lee-Young	RS,	Connor	T,	Watt	MJ,	Carpenter	K,	Hargreaves	M,	McGee	SL,	Hevener	AL,	and	Febbraio	
MA.	Activating	HSP72	in	rodent	skeletal	muscle	increases	mitochondrial	number	and	oxidative	capacity	
and	decreases	insulin	resistance.	Diabetes	2014.	
174.	 Henstridge	DC,	Forbes	JM,	Penfold	SA,	Formosa	MF,	Dougherty	S,	Gasser	A,	de	Courten	MP,	
Cooper	ME,	Kingwell	BA,	and	de	Courten	B.	The	relationship	between	heat	shock	protein	72	expression	
in	skeletal	muscle	and	insulin	sensitivity	is	dependent	on	adiposity.	Metabolism:	clinical	and	
experimental	59:	1556-1561,	2010.	
175.	 Henstridge	DC,	Whitham	M,	and	Febbraio	MA.	Chaperoning	to	the	metabolic	party:	The	
emerging	therapeutic	role	of	heat-shock	proteins	in	obesity	and	type	2	diabetes.	Molecular	metabolism	
3:	781-793,	2014.	
176.	 Herman	MA,	and	Kahn	BB.	Glucose	transport	and	sensing	in	the	maintenance	of	glucose	
homeostasis	and	metabolic	harmony.	The	Journal	of	clinical	investigation	116:	1767-1775,	2006.	



151	
	
177.	 Hernando	R,	and	Manso	R.	Muscle	fibre	stress	in	response	to	exercise:	synthesis,	accumulation	
and	isoform	transitions	of	70-kDa	heat-shock	proteins.	European	journal	of	biochemistry	/	FEBS	243:	
460-467,	1997.	
178.	 Hickey	MS,	Carey	JO,	Azevedo	JL,	Houmard	JA,	Pories	WJ,	Israel	RG,	and	Dohm	GL.	Skeletal	
muscle	fiber	composition	is	related	to	adiposity	and	in	vitro	glucose	transport	rate	in	humans.	The	
American	journal	of	physiology	268:	E453-457,	1995.	
179.	 Himsworth	HP.	Diabetes	mellitus	-	Its	differentiation	into	insulin-sensitive	and	insulin	-
insensitive	types.	Lancet	1:	127-130,	1936.	
180.	 Hirosumi	J,	Tuncman	G,	Chang	L,	Gorgun	CZ,	Uysal	KT,	Maeda	K,	Karin	M,	and	Hotamisligil	GS.	
A	central	role	for	JNK	in	obesity	and	insulin	resistance.	Nature	420:	333-336,	2002.	
181.	 Holland	WL,	Brozinick	JT,	Wang	LP,	Hawkins	ED,	Sargent	KM,	Liu	Y,	Narra	K,	Hoehn	KL,	Knotts	
TA,	Siesky	A,	Nelson	DH,	Karathanasis	SK,	Fontenot	GK,	Birnbaum	MJ,	and	Summers	SA.	Inhibition	of	
ceramide	synthesis	ameliorates	glucocorticoid-,	saturated-fat-,	and	obesity-induced	insulin	resistance.	
Cell	metabolism	5:	167-179,	2007.	
182.	 Holloszy	JO.	Biochemical	adaptations	in	muscle.	Effects	of	exercise	on	mitochondrial	oxygen	
uptake	and	respiratory	enzyme	activity	in	skeletal	muscle.	The	Journal	of	biological	chemistry	242:	2278-
2282,	1967.	
183.	 Holloszy	JO.	Exercise-induced	increase	in	muscle	insulin	sensitivity.	J	Appl	Physiol	99:	338-343,	
2005.	
184.	 Holloszy	JO.	Regulation	by	exercise	of	skeletal	muscle	content	of	mitochondria	and	GLUT4.	
Journal	of	physiology	and	pharmacology	:	an	official	journal	of	the	Polish	Physiological	Society	59	Suppl	
7:	5-18,	2008.	
185.	 Holloszy	JO,	and	Coyle	EF.	Adaptations	of	skeletal	muscle	to	endurance	exercise	and	their	
metabolic	consequences.	J	Appl	Physiol	56:	831-838,	1984.	
186.	 Holmberg	CI,	Hietakangas	V,	Mikhailov	A,	Rantanen	JO,	Kallio	M,	Meinander	A,	Hellman	J,	
Morrice	N,	MacKintosh	C,	Morimoto	RI,	Eriksson	JE,	and	Sistonen	L.	Phosphorylation	of	serine	230	
promotes	inducible	transcriptional	activity	of	heat	shock	factor	1.	The	EMBO	journal	20:	3800-3810,	
2001.	
187.	 Hood	DA.	Invited	Review:	contractile	activity-induced	mitochondrial	biogenesis	in	skeletal	
muscle.	J	Appl	Physiol	(1985)	90:	1137-1157,	2001.	
188.	 Hooper	PL.	Hot-tub	therapy	for	type	2	diabetes	mellitus.	The	New	England	journal	of	medicine	
341:	924-925,	1999.	
189.	 Hooper	PL,	Balogh	G,	Rivas	E,	Kavanagh	K,	and	Vigh	L.	The	importance	of	the	cellular	stress	
response	in	the	pathogenesis	and	treatment	of	type	2	diabetes.	Cell	stress	&	chaperones	19:	447-464,	
2014.	
190.	 Hooper	PL,	and	Hooper	JJ.	Loss	of	defense	against	stress:	diabetes	and	heat	shock	proteins.	
Diabetes	technology	&	therapeutics	7:	204-208,	2005.	
191.	 Hotamisligil	GS,	Peraldi	P,	Budavari	A,	Ellis	R,	White	MF,	and	Spiegelman	BM.	IRS-1-mediated	
inhibition	of	insulin	receptor	tyrosine	kinase	activity	in	TNF-alpha-	and	obesity-induced	insulin	
resistance.	Science	271:	665-668,	1996.	
192.	 Hotamisligil	GS,	Shargill	NS,	and	Spiegelman	BM.	Adipose	expression	of	tumor	necrosis	factor-
alpha:	direct	role	in	obesity-linked	insulin	resistance.	Science	259:	87-91,	1993.	
193.	 Hresko	RC,	and	Mueckler	M.	mTOR.RICTOR	is	the	Ser473	kinase	for	Akt/protein	kinase	B	in	3T3-
L1	adipocytes.	The	Journal	of	biological	chemistry	280:	40406-40416,	2005.	
194.	 Hsieh	SD,	Yoshinaga	H,	Muto	T,	and	Sakurai	Y.	Regular	physical	activity	and	coronary	risk	
factors	in	Japanese	men.	Circulation	97:	661-665,	1998.	



152	
	
195.	 Hu	FB,	Li	TY,	Colditz	GA,	Willett	WC,	and	Manson	JE.	Television	watching	and	other	sedentary	
behaviors	in	relation	to	risk	of	obesity	and	type	2	diabetes	mellitus	in	women.	Jama	289:	1785-1791,	
2003.	
196.	 Hu	FB,	Manson	JE,	Stampfer	MJ,	Colditz	G,	Liu	S,	Solomon	CG,	and	Willett	WC.	Diet,	lifestyle,	
and	the	risk	of	type	2	diabetes	mellitus	in	women.	The	New	England	journal	of	medicine	345:	790-797,	
2001.	
197.	 Hu	FB,	Willett	WC,	Li	T,	Stampfer	MJ,	Colditz	GA,	and	Manson	JE.	Adiposity	as	compared	with	
physical	activity	in	predicting	mortality	among	women.	The	New	England	journal	of	medicine	351:	2694-
2703,	2004.	
198.	 Hu	G,	Barengo	NC,	Tuomilehto	J,	Lakka	TA,	Nissinen	A,	and	Jousilahti	P.	Relationship	of	physical	
activity	and	body	mass	index	to	the	risk	of	hypertension:	a	prospective	study	in	Finland.	Hypertension	
43:	25-30,	2004.	
199.	 Hu	G,	Eriksson	J,	Barengo	NC,	Lakka	TA,	Valle	TT,	Nissinen	A,	Jousilahti	P,	and	Tuomilehto	J.	
Occupational,	commuting,	and	leisure-time	physical	activity	in	relation	to	total	and	cardiovascular	
mortality	among	Finnish	subjects	with	type	2	diabetes.	Circulation	110:	666-673,	2004.	
200.	 Hu	G,	Jousilahti	P,	Borodulin	K,	Barengo	NC,	Lakka	TA,	Nissinen	A,	and	Tuomilehto	J.	
Occupational,	commuting	and	leisure-time	physical	activity	in	relation	to	coronary	heart	disease	among	
middle-aged	Finnish	men	and	women.	Atherosclerosis	194:	490-497,	2007.	
201.	 Huang	HL,	Lin	WY,	Lee	LT,	Wang	HH,	Lee	WJ,	and	Huang	KC.	Metabolic	syndrome	is	related	to	
nonalcoholic	steatohepatitis	in	severely	obese	subjects.	Obesity	surgery	17:	1457-1463,	2007.	
202.	 Huey	KA,	Thresher	JS,	Brophy	CM,	and	Roy	RR.	Inactivity-induced	modulation	of	Hsp20	and	
Hsp25	content	in	rat	hindlimb	muscles.	Muscle	&	nerve	30:	95-101,	2004.	
203.	 Hull	RL,	Westermark	GT,	Westermark	P,	and	Kahn	SE.	Islet	amyloid:	a	critical	entity	in	the	
pathogenesis	of	type	2	diabetes.	The	Journal	of	clinical	endocrinology	and	metabolism	89:	3629-3643,	
2004.	
204.	 Huot	J,	Houle	F,	Spitz	DR,	and	Landry	J.	HSP27	phosphorylation-mediated	resistance	against	
actin	fragmentation	and	cell	death	induced	by	oxidative	stress.	Cancer	research	56:	273-279,	1996.	
205.	 Huot	J,	Roy	G,	Lambert	H,	Chretien	P,	and	Landry	J.	Increased	survival	after	treatments	with	
anticancer	agents	of	Chinese	hamster	cells	expressing	the	human	Mr	27,000	heat	shock	protein.	Cancer	
research	51:	5245-5252,	1991.	
206.	 Hutter	MM,	Sievers	RE,	Barbosa	V,	and	Wolfe	CL.	Heat-shock	protein	induction	in	rat	hearts.	A	
direct	correlation	between	the	amount	of	heat-shock	protein	induced	and	the	degree	of	myocardial	
protection.	Circulation	89:	355-360,	1994.	
207.	 Ibrahim	MM.	Subcutaneous	and	visceral	adipose	tissue:	structural	and	functional	differences.	
Obesity	reviews	:	an	official	journal	of	the	International	Association	for	the	Study	of	Obesity	11:	11-18,	
2010.	
208.	 Imamura	M,	Biro	S,	Kihara	T,	Yoshifuku	S,	Takasaki	K,	Otsuji	Y,	Minagoe	S,	Toyama	Y,	and	Tei	
C.	Repeated	thermal	therapy	improves	impaired	vascular	endothelial	function	in	patients	with	coronary	
risk	factors.	Journal	of	the	American	College	of	Cardiology	38:	1083-1088,	2001.	
209.	 Inaguma	Y,	Goto	S,	Shinohara	H,	Hasegawa	K,	Ohshima	K,	and	Kato	K.	Physiological	and	
pathological	changes	in	levels	of	the	two	small	stress	proteins,	HSP27	and	alpha	B	crystallin,	in	rat	
hindlimb	muscles.	Journal	of	biochemistry	114:	378-384,	1993.	
210.	 Inaguma	Y,	Shinohara	H,	Goto	S,	and	Kato	K.	Translocation	and	induction	of	alpha	B	crystallin	
by	heat	shock	in	rat	glioma	(GA-1)	cells.	Biochemical	and	biophysical	research	communications	182:	844-
850,	1992.	
211.	 Inouye	S,	Katsuki	K,	Izu	H,	Fujimoto	M,	Sugahara	K,	Yamada	S,	Shinkai	Y,	Oka	Y,	Katoh	Y,	and	
Nakai	A.	Activation	of	heat	shock	genes	is	not	necessary	for	protection	by	heat	shock	transcription	



153	
	
factor	1	against	cell	death	due	to	a	single	exposure	to	high	temperatures.	Molecular	and	cellular	biology	
23:	5882-5895,	2003.	
212.	 Irwin	ML,	Ainsworth	BE,	Mayer-Davis	EJ,	Addy	CL,	Pate	RR,	and	Durstine	JL.	Physical	activity	
and	the	metabolic	syndrome	in	a	tri-ethnic	sample	of	women.	Obesity	research	10:	1030-1037,	2002.	
213.	 Ishikura	S,	Bilan	PJ,	and	Klip	A.	Rabs	8A	and	14	are	targets	of	the	insulin-regulated	Rab-GAP	
AS160	regulating	GLUT4	traffic	in	muscle	cells.	Biochemical	and	biophysical	research	communications	
353:	1074-1079,	2007.	
214.	 Jacobs	S,	and	Cuatrecasas	P.	Phosphorylation	of	receptors	for	insulin	and	insulin-like	growth	
factor	I.	Effects	of	hormones	and	phorbol	esters.	The	Journal	of	biological	chemistry	261:	934-939,	1986.	
215.	 Jamart	C,	Benoit	N,	Raymackers	JM,	Kim	HJ,	Kim	CK,	and	Francaux	M.	Autophagy-related	and	
autophagy-regulatory	genes	are	induced	in	human	muscle	after	ultraendurance	exercise.	European	
journal	of	applied	physiology	112:	3173-3177,	2012.	
216.	 Jamart	C,	Francaux	M,	Millet	GY,	Deldicque	L,	Frere	D,	and	Feasson	L.	Modulation	of	autophagy	
and	ubiquitin-proteasome	pathways	during	ultra-endurance	running.	J	Appl	Physiol	(1985)	112:	1529-
1537,	2012.	
217.	 Jamart	C,	Naslain	D,	Gilson	H,	and	Francaux	M.	Higher	activation	of	autophagy	in	skeletal	
muscle	of	mice	during	endurance	exercise	in	the	fasted	state.	American	journal	of	physiology	
Endocrinology	and	metabolism	305:	E964-974,	2013.	
218.	 James	DE,	Brown	R,	Navarro	J,	and	Pilch	PF.	Insulin-regulatable	tissues	express	a	unique	insulin-
sensitive	glucose	transport	protein.	Nature	333:	183-185,	1988.	
219.	 James	DE,	Strube	M,	and	Mueckler	M.	Molecular	cloning	and	characterization	of	an	insulin-
regulatable	glucose	transporter.	Nature	338:	83-87,	1989.	
220.	 James	SR,	Downes	CP,	Gigg	R,	Grove	SJ,	Holmes	AB,	and	Alessi	DR.	Specific	binding	of	the	Akt-1	
protein	kinase	to	phosphatidylinositol	3,4,5-trisphosphate	without	subsequent	activation.	The	
Biochemical	journal	315	(	Pt	3):	709-713,	1996.	
221.	 Jebb	SA,	and	Moore	MS.	Contribution	of	a	sedentary	lifestyle	and	inactivity	to	the	etiology	of	
overweight	and	obesity:	current	evidence	and	research	issues.	Medicine	and	science	in	sports	and	
exercise	31:	S534-541,	1999.	
222.	 Jeong	SK,	Kim	YK,	Park	JW,	Shin	YJ,	and	Kim	DS.	Impact	of	visceral	fat	on	the	metabolic	
syndrome	and	nonalcoholic	fatty	liver	disease.	Journal	of	Korean	medical	science	23:	789-795,	2008.	
223.	 Jiang	H,	He	J,	Pu	S,	Tang	C,	and	Xu	G.	Heat	shock	protein	70	is	translocated	to	lipid	droplets	in	
rat	adipocytes	upon	heat	stimulation.	Biochimica	et	biophysica	acta	1771:	66-74,	2007.	
224.	 Jimenez	M,	Barbatelli	G,	Allevi	R,	Cinti	S,	Seydoux	J,	Giacobino	JP,	Muzzin	P,	and	Preitner	F.	
Beta	3-adrenoceptor	knockout	in	C57BL/6J	mice	depresses	the	occurrence	of	brown	adipocytes	in	white	
fat.	European	journal	of	biochemistry	/	FEBS	270:	699-705,	2003.	
225.	 Johnson	NA,	Sachinwalla	T,	Walton	DW,	Smith	K,	Armstrong	A,	Thompson	MW,	and	George	J.	
Aerobic	exercise	training	reduces	hepatic	and	visceral	lipids	in	obese	individuals	without	weight	loss.	
Hepatology	50:	1105-1112,	2009.	
226.	 Kahn	BB,	Alquier	T,	Carling	D,	and	Hardie	DG.	AMP-activated	protein	kinase:	ancient	energy	
gauge	provides	clues	to	modern	understanding	of	metabolism.	Cell	metabolism	1:	15-25,	2005.	
227.	 Kanda	H,	Tateya	S,	Tamori	Y,	Kotani	K,	Hiasa	K,	Kitazawa	R,	Kitazawa	S,	Miyachi	H,	Maeda	S,	
Egashira	K,	and	Kasuga	M.	MCP-1	contributes	to	macrophage	infiltration	into	adipose	tissue,	insulin	
resistance,	and	hepatic	steatosis	in	obesity.	The	Journal	of	clinical	investigation	116:	1494-1505,	2006.	
228.	 Kantartzis	K,	Thamer	C,	Peter	A,	Machann	J,	Schick	F,	Schraml	C,	Konigsrainer	A,	Konigsrainer	I,	
Krober	S,	Niess	A,	Fritsche	A,	Haring	HU,	and	Stefan	N.	High	cardiorespiratory	fitness	is	an	independent	
predictor	of	the	reduction	in	liver	fat	during	a	lifestyle	intervention	in	non-alcoholic	fatty	liver	disease.	
Gut	58:	1281-1288,	2009.	



154	
	
229.	 Karasik	A,	Rothenberg	PL,	Yamada	K,	White	MF,	and	Kahn	CR.	Increased	protein	kinase	C	
activity	is	linked	to	reduced	insulin	receptor	autophosphorylation	in	liver	of	starved	rats.	The	Journal	of	
biological	chemistry	265:	10226-10231,	1990.	
230.	 Karmazyn	M,	Mailer	K,	and	Currie	RW.	Acquisition	and	decay	of	heat-shock-enhanced	
postischemic	ventricular	recovery.	The	American	journal	of	physiology	259:	H424-431,	1990.	
231.	 Karstoft	K,	Winding	K,	Knudsen	SH,	Nielsen	JS,	Thomsen	C,	Pedersen	BK,	and	Solomon	TP.	The	
effects	of	free-living	interval-walking	training	on	glycemic	control,	body	composition,	and	physical	
fitness	in	type	2	diabetic	patients:	a	randomized,	controlled	trial.	Diabetes	care	36:	228-236,	2013.	
232.	 Kasuga	M,	Karlsson	FA,	and	Kahn	CR.	Insulin	stimulates	the	phosphorylation	of	the	95,000-
dalton	subunit	of	its	own	receptor.	Science	215:	185-187,	1982.	
233.	 Kato	K,	Goto	S,	Hasegawa	K,	and	Inaguma	Y.	Coinduction	of	two	low-molecular-weight	stress	
proteins,	alpha	B	crystallin	and	HSP28,	by	heat	or	arsenite	stress	in	human	glioma	cells.	Journal	of	
biochemistry	114:	640-647,	1993.	
234.	 Kato	K,	Shinohara	H,	Goto	S,	Inaguma	Y,	Morishita	R,	and	Asano	T.	Copurification	of	small	heat	
shock	protein	with	alpha	B	crystallin	from	human	skeletal	muscle.	The	Journal	of	biological	chemistry	
267:	7718-7725,	1992.	
235.	 Kavanagh	K,	Flynn	DM,	Jenkins	KA,	Zhang	L,	and	Wagner	JD.	Restoring	HSP70	deficiencies	
improves	glucose	tolerance	in	diabetic	monkeys.	American	journal	of	physiology	Endocrinology	and	
metabolism	300:	E894-901,	2011.	
236.	 Kavanagh	K,	Wylie	AT,	Chavanne	TJ,	Jorgensen	MJ,	Voruganti	VS,	Comuzzie	AG,	Kaplan	JR,	
McCall	CE,	and	Kritchevsky	SB.	Aging	does	not	reduce	heat	shock	protein	70	in	the	absence	of	chronic	
insulin	resistance.	The	journals	of	gerontology	67:	1014-1021,	2012.	
237.	 Kavanagh	K,	Zhang	L,	and	Wagner	JD.	Tissue-specific	regulation	and	expression	of	heat	shock	
proteins	in	type	2	diabetic	monkeys.	Cell	stress	&	chaperones	2008.	
238.	 Kelley	DE,	He	J,	Menshikova	EV,	and	Ritov	VB.	Dysfunction	of	mitochondria	in	human	skeletal	
muscle	in	type	2	diabetes.	Diabetes	51:	2944-2950,	2002.	
239.	 Kelley	DE,	and	Mandarino	LJ.	Fuel	selection	in	human	skeletal	muscle	in	insulin	resistance:	a	
reexamination.	Diabetes	49:	677-683,	2000.	
240.	 Kelley	DE,	Mokan	M,	Simoneau	JA,	and	Mandarino	LJ.	Interaction	between	glucose	and	free	
fatty	acid	metabolism	in	human	skeletal	muscle.	The	Journal	of	clinical	investigation	92:	91-98,	1993.	
241.	 Kern	PA,	Saghizadeh	M,	Ong	JM,	Bosch	RJ,	Deem	R,	and	Simsolo	RB.	The	expression	of	tumor	
necrosis	factor	in	human	adipose	tissue.	Regulation	by	obesity,	weight	loss,	and	relationship	to	
lipoprotein	lipase.	The	Journal	of	clinical	investigation	95:	2111-2119,	1995.	
242.	 Khassaf	M,	Child	RB,	McArdle	A,	Brodie	DA,	Esanu	C,	and	Jackson	MJ.	Time	course	of	responses	
of	human	skeletal	muscle	to	oxidative	stress	induced	by	nondamaging	exercise.	J	Appl	Physiol	90:	1031-
1035,	2001.	
243.	 Kihara	T,	Biro	S,	Imamura	M,	Yoshifuku	S,	Takasaki	K,	Ikeda	Y,	Otuji	Y,	Minagoe	S,	Toyama	Y,	
and	Tei	C.	Repeated	sauna	treatment	improves	vascular	endothelial	and	cardiac	function	in	patients	
with	chronic	heart	failure.	Journal	of	the	American	College	of	Cardiology	39:	754-759,	2002.	
244.	 Kim	JS,	Lee	YH,	Choi	DY,	and	Yi	HK.	Expression	of	Heat	Shock	Proteins	(HSPs)	in	Aged	Skeletal	
Muscles	Depends	on	the	Frequency	and	Duration	of	Exercise	Training.	Journal	of	sports	science	&	
medicine	14:	347-353,	2015.	
245.	 Kim	KB,	Kim	MH,	and	Lee	DJ.	The	effect	of	exercise	in	cool,	control	and	hot	environments	on	
cardioprotective	HSP70	induction.	Journal	of	physiological	anthropology	and	applied	human	science	23:	
225-230,	2004.	
246.	 Kim	YA,	Kim	YS,	Oh	SL,	Kim	HJ,	and	Song	W.	Autophagic	response	to	exercise	training	in	skeletal	
muscle	with	age.	Journal	of	physiology	and	biochemistry	69:	697-705,	2013.	



155	
	
247.	 Kleinridders	A,	Lauritzen	HP,	Ussar	S,	Christensen	JH,	Mori	MA,	Bross	P,	and	Kahn	CR.	Leptin	
regulation	of	Hsp60	impacts	hypothalamic	insulin	signaling.	The	Journal	of	clinical	investigation	123:	
4667-4680,	2013.	
248.	 Klip	A,	Sun	Y,	Chiu	TT,	and	Foley	KP.	Signal	transduction	meets	vesicle	traffic:	the	software	and	
hardware	of	GLUT4	translocation.	American	journal	of	physiology	Cell	physiology	306:	C879-886,	2014.	
249.	 Knip	M,	and	Siljander	H.	Autoimmune	mechanisms	in	type	1	diabetes.	Autoimmunity	reviews	7:	
550-557,	2008.	
250.	 Knowler	WC,	Barrett-Connor	E,	Fowler	SE,	Hamman	RF,	Lachin	JM,	Walker	EA,	Nathan	DM,	
and	Diabetes	Prevention	Program	Research	G.	Reduction	in	the	incidence	of	type	2	diabetes	with	
lifestyle	intervention	or	metformin.	The	New	England	journal	of	medicine	346:	393-403,	2002.	
251.	 Koch	LG,	and	Britton	SL.	Artificial	selection	for	intrinsic	aerobic	endurance	running	capacity	in	
rats.	Physiological	genomics	5:	45-52,	2001.	
252.	 Koch	LG,	Kemi	OJ,	Qi	N,	Leng	SX,	Bijma	P,	Gilligan	LJ,	Wilkinson	JE,	Wisloff	H,	Hoydal	MA,	
Rolim	N,	Abadir	PM,	van	Grevenhof	EM,	Smith	GL,	Burant	CF,	Ellingsen	O,	Britton	SL,	and	Wisloff	U.	
Intrinsic	aerobic	capacity	sets	a	divide	for	aging	and	longevity.	Circulation	research	109:	1162-1172,	
2011.	
253.	 Kodama	S,	Saito	K,	Tanaka	S,	Maki	M,	Yachi	Y,	Asumi	M,	Sugawara	A,	Totsuka	K,	Shimano	H,	
Ohashi	Y,	Yamada	N,	and	Sone	H.	Cardiorespiratory	fitness	as	a	quantitative	predictor	of	all-cause	
mortality	and	cardiovascular	events	in	healthy	men	and	women:	a	meta-analysis.	Jama	301:	2024-2035,	
2009.	
254.	 Koh	TJ,	and	Escobedo	J.	Cytoskeletal	disruption	and	small	heat	shock	protein	translocation	
immediately	after	lengthening	contractions.	American	journal	of	physiology	Cell	physiology	286:	C713-
722,	2004.	
255.	 Kokkinos	P,	Myers	J,	Faselis	C,	Panagiotakos	DB,	Doumas	M,	Pittaras	A,	Manolis	A,	Kokkinos	
JP,	Karasik	P,	Greenberg	M,	Papademetriou	V,	and	Fletcher	R.	Exercise	capacity	and	mortality	in	older	
men:	a	20-year	follow-up	study.	Circulation	122:	790-797,	2010.	
256.	 Kokura	S,	Adachi	S,	Manabe	E,	Mizushima	K,	Hattori	T,	Okuda	T,	Nakabe	N,	Handa	O,	Takagi	T,	
Naito	Y,	Yoshida	N,	and	Yoshikawa	T.	Whole	body	hyperthermia	improves	obesity-induced	insulin	
resistance	in	diabetic	mice.	International	journal	of	hyperthermia	:	the	official	journal	of	European	
Society	for	Hyperthermic	Oncology,	North	American	Hyperthermia	Group	23:	259-265,	2007.	
257.	 Kolonics	A,	Literati-Nagy	P,	Peitl	B,	Bajza	A,	Jaszlits	L,	Laszlo	L,	Horvath	T,	Kulcsar	E,	Porszasz	R,	
Paragh	G,	Bernath	S,	Literati	B,	Koranyi	L,	Szilvassy	Z,	Tory	K,	and	Roth	J.	BGP-15,	a	New	Type	of	Insulin	
Sensitizer.	American	Diabetes	Association	2006	meeting	2006.	
258.	 Kong	A,	Steinthorsdottir	V,	Masson	G,	Thorleifsson	G,	Sulem	P,	Besenbacher	S,	Jonasdottir	A,	
Sigurdsson	A,	Kristinsson	KT,	Jonasdottir	A,	Frigge	ML,	Gylfason	A,	Olason	PI,	Gudjonsson	SA,	
Sverrisson	S,	Stacey	SN,	Sigurgeirsson	B,	Benediktsdottir	KR,	Sigurdsson	H,	Jonsson	T,	Benediktsson	R,	
Olafsson	JH,	Johannsson	OT,	Hreidarsson	AB,	Sigurdsson	G,	Consortium	D,	Ferguson-Smith	AC,	
Gudbjartsson	DF,	Thorsteinsdottir	U,	and	Stefansson	K.	Parental	origin	of	sequence	variants	associated	
with	complex	diseases.	Nature	462:	868-874,	2009.	
259.	 Koster	A,	Caserotti	P,	Patel	KV,	Matthews	CE,	Berrigan	D,	Van	Domelen	DR,	Brychta	RJ,	Chen	
KY,	and	Harris	TB.	Association	of	sedentary	time	with	mortality	independent	of	moderate	to	vigorous	
physical	activity.	PloS	one	7:	e37696,	2012.	
260.	 Koves	TR,	Li	P,	An	J,	Akimoto	T,	Slentz	D,	Ilkayeva	O,	Dohm	GL,	Yan	Z,	Newgard	CB,	and	Muoio	
DM.	Peroxisome	proliferator-activated	receptor-gamma	co-activator	1alpha-mediated	metabolic	
remodeling	of	skeletal	myocytes	mimics	exercise	training	and	reverses	lipid-induced	mitochondrial	
inefficiency.	The	Journal	of	biological	chemistry	280:	33588-33598,	2005.	



156	
	
261.	 Koves	TR,	Ussher	JR,	Noland	RC,	Slentz	D,	Mosedale	M,	Ilkayeva	O,	Bain	J,	Stevens	R,	Dyck	JR,	
Newgard	CB,	Lopaschuk	GD,	and	Muoio	DM.	Mitochondrial	overload	and	incomplete	fatty	acid	
oxidation	contribute	to	skeletal	muscle	insulin	resistance.	Cell	metabolism	7:	45-56,	2008.	
262.	 Kraegen	EW,	Clark	PW,	Jenkins	AB,	Daley	EA,	Chisholm	DJ,	and	Storlien	LH.	Development	of	
muscle	insulin	resistance	after	liver	insulin	resistance	in	high-fat-fed	rats.	Diabetes	40:	1397-1403,	1991.	
263.	 Krasnoff	JB,	Painter	PL,	Wallace	JP,	Bass	NM,	and	Merriman	RB.	Health-related	fitness	and	
physical	activity	in	patients	with	nonalcoholic	fatty	liver	disease.	Hepatology	47:	1158-1166,	2008.	
264.	 Kraunsoe	R,	Boushel	R,	Hansen	CN,	Schjerling	P,	Qvortrup	K,	Stockel	M,	Mikines	KJ,	and	Dela	F.	
Mitochondrial	respiration	in	subcutaneous	and	visceral	adipose	tissue	from	patients	with	morbid	
obesity.	The	Journal	of	physiology	588:	2023-2032,	2010.	
265.	 Kregel	KC,	and	Moseley	PL.	Differential	effects	of	exercise	and	heat	stress	on	liver	HSP70	
accumulation	with	aging.	J	Appl	Physiol	(1985)	80:	547-551,	1996.	
266.	 Kregel	KC,	Moseley	PL,	Skidmore	R,	Gutierrez	JA,	and	Guerriero	V,	Jr.	HSP70	accumulation	in	
tissues	of	heat-stressed	rats	is	blunted	with	advancing	age.	J	Appl	Physiol	79:	1673-1678,	1995.	
267.	 Kriska	AM,	Saremi	A,	Hanson	RL,	Bennett	PH,	Kobes	S,	Williams	DE,	and	Knowler	WC.	Physical	
activity,	obesity,	and	the	incidence	of	type	2	diabetes	in	a	high-risk	population.	American	journal	of	
epidemiology	158:	669-675,	2003.	
268.	 Krssak	M,	Falk	Petersen	K,	Dresner	A,	DiPietro	L,	Vogel	SM,	Rothman	DL,	Roden	M,	and	
Shulman	GI.	Intramyocellular	lipid	concentrations	are	correlated	with	insulin	sensitivity	in	humans:	a	1H	
NMR	spectroscopy	study.	Diabetologia	42:	113-116,	1999.	
269.	 Kurucz	I,	Morva	A,	Vaag	A,	Eriksson	KF,	Huang	X,	Groop	L,	and	Koranyi	L.	Decreased	expression	
of	heat	shock	protein	72	in	skeletal	muscle	of	patients	with	type	2	diabetes	correlates	with	insulin	
resistance.	Diabetes	51:	1102-1109,	2002.	
270.	 Laaksonen	DE,	Lakka	HM,	Salonen	JT,	Niskanen	LK,	Rauramaa	R,	and	Lakka	TA.	Low	levels	of	
leisure-time	physical	activity	and	cardiorespiratory	fitness	predict	development	of	the	metabolic	
syndrome.	Diabetes	care	25:	1612-1618,	2002.	
271.	 Lagouge	M,	Argmann	C,	Gerhart-Hines	Z,	Meziane	H,	Lerin	C,	Daussin	F,	Messadeq	N,	Milne	J,	
Lambert	P,	Elliott	P,	Geny	B,	Laakso	M,	Puigserver	P,	and	Auwerx	J.	Resveratrol	improves	mitochondrial	
function	and	protects	against	metabolic	disease	by	activating	SIRT1	and	PGC-1alpha.	Cell	127:	1109-
1122,	2006.	
272.	 Lahti-Koski	M,	Pietinen	P,	Heliovaara	M,	and	Vartiainen	E.	Associations	of	body	mass	index	and	
obesity	with	physical	activity,	food	choices,	alcohol	intake,	and	smoking	in	the	1982-1997	FINRISK	
Studies.	The	American	journal	of	clinical	nutrition	75:	809-817,	2002.	
273.	 LaMonte	MJ,	Barlow	CE,	Jurca	R,	Kampert	JB,	Church	TS,	and	Blair	SN.	Cardiorespiratory	fitness	
is	inversely	associated	with	the	incidence	of	metabolic	syndrome:	a	prospective	study	of	men	and	
women.	Circulation	112:	505-512,	2005.	
274.	 Landry	J,	Chretien	P,	Lambert	H,	Hickey	E,	and	Weber	LA.	Heat	shock	resistance	conferred	by	
expression	of	the	human	HSP27	gene	in	rodent	cells.	The	Journal	of	cell	biology	109:	7-15,	1989.	
275.	 Langer	T,	and	Neupert	W.	Heat	shock	proteins	hsp60	and	hsp70:	their	roles	in	folding,	assembly	
and	membrane	translocation	of	proteins.	Current	topics	in	microbiology	and	immunology	167:	3-30,	
1991.	
276.	 Lanza	IR,	and	Nair	KS.	Mitochondrial	function	as	a	determinant	of	life	span.	Pflugers	Archiv	:	
European	journal	of	physiology	459:	277-289,	2010.	
277.	 Laplante	M,	Festuccia	WT,	Soucy	G,	Gelinas	Y,	Lalonde	J,	Berger	JP,	and	Deshaies	Y.	
Mechanisms	of	the	depot	specificity	of	peroxisome	proliferator-activated	receptor	gamma	action	on	
adipose	tissue	metabolism.	Diabetes	55:	2771-2778,	2006.	



157	
	
278.	 Larkins	NT,	Murphy	RM,	and	Lamb	GD.	Absolute	amounts	and	diffusibility	of	HSP72,	HSP25,	and	
alphaB-crystallin	in	fast-	and	slow-twitch	skeletal	muscle	fibers	of	rat.	American	journal	of	physiology	
Cell	physiology	302:	C228-239,	2012.	
279.	 Lash	JM,	and	Bohlen	HG.	Functional	adaptations	of	rat	skeletal	muscle	arterioles	to	aerobic	
exercise	training.	J	Appl	Physiol	(1985)	72:	2052-2062,	1992.	
280.	 Lavoie	JN,	Gingras-Breton	G,	Tanguay	RM,	and	Landry	J.	Induction	of	Chinese	hamster	HSP27	
gene	expression	in	mouse	cells	confers	resistance	to	heat	shock.	HSP27	stabilization	of	the	
microfilament	organization.	The	Journal	of	biological	chemistry	268:	3420-3429,	1993.	
281.	 Lavoie	JN,	Lambert	H,	Hickey	E,	Weber	LA,	and	Landry	J.	Modulation	of	cellular	
thermoresistance	and	actin	filament	stability	accompanies	phosphorylation-induced	changes	in	the	
oligomeric	structure	of	heat	shock	protein	27.	Molecular	and	cellular	biology	15:	505-516,	1995.	
282.	 Lawlor	DA,	Sattar	N,	Smith	GD,	and	Ebrahim	S.	The	associations	of	physical	activity	and	
adiposity	with	alanine	aminotransferase	and	gamma-glutamyltransferase.	American	journal	of	
epidemiology	161:	1081-1088,	2005.	
283.	 Lee	H,	Chang	H,	Park	JY,	Kim	SY,	Choi	KM,	and	Song	W.	Exercise	training	improves	basal	blood	
glucose	metabolism	with	no	changes	of	cytosolic	inhibitor	B	kinase	or	c-Jun	N-terminal	kinase	activation	
in	skeletal	muscle	of	Otsuka	Long-Evans	Tokushima	fatty	rats.	Experimental	physiology	96:	689-698,	
2011.	
284.	 Lee	IM,	Shiroma	EJ,	Lobelo	F,	Puska	P,	Blair	SN,	Katzmarzyk	PT,	and	Lancet	Physical	Activity	
Series	Working	G.	Effect	of	physical	inactivity	on	major	non-communicable	diseases	worldwide:	an	
analysis	of	burden	of	disease	and	life	expectancy.	Lancet	380:	219-229,	2012.	
285.	 Lessard	SJ,	Rivas	DA,	Chen	ZP,	van	Denderen	BJ,	Watt	MJ,	Koch	LG,	Britton	SL,	Kemp	BE,	and	
Hawley	JA.	Impaired	skeletal	muscle	beta-adrenergic	activation	and	lipolysis	are	associated	with	whole-
body	insulin	resistance	in	rats	bred	for	low	intrinsic	exercise	capacity.	Endocrinology	150:	4883-4891,	
2009.	
286.	 Lessard	SJ,	Rivas	DA,	Stephenson	EJ,	Yaspelkis	BB,	3rd,	Koch	LG,	Britton	SL,	and	Hawley	JA.	
Exercise	training	reverses	impaired	skeletal	muscle	metabolism	induced	by	artificial	selection	for	low	
aerobic	capacity.	American	journal	of	physiology	Regulatory,	integrative	and	comparative	physiology	
300:	R175-182,	2011.	
287.	 Li	GC.	Induction	of	thermotolerance	and	enhanced	heat	shock	protein	synthesis	in	Chinese	
hamster	fibroblasts	by	sodium	arsenite	and	by	ethanol.	Journal	of	cellular	physiology	115:	116-122,	
1983.	
288.	 Lindquist	S.	The	heat-shock	response.	Annual	review	of	biochemistry	55:	1151-1191,	1986.	
289.	 Lira	VA,	Okutsu	M,	Zhang	M,	Greene	NP,	Laker	RC,	Breen	DS,	Hoehn	KL,	and	Yan	Z.	Autophagy	
is	required	for	exercise	training-induced	skeletal	muscle	adaptation	and	improvement	of	physical	
performance.	FASEB	journal	:	official	publication	of	the	Federation	of	American	Societies	for	
Experimental	Biology	27:	4184-4193,	2013.	
290.	 Lis	J,	and	Wu	C.	Protein	traffic	on	the	heat	shock	promoter:	parking,	stalling,	and	trucking	along.	
Cell	74:	1-4,	1993.	
291.	 Literati-Nagy	B,	Kulcsar	E,	Literati-Nagy	Z,	Buday	B,	Peterfai	E,	Horvath	T,	Tory	K,	Kolonics	A,	
Fleming	A,	Mandl	J,	and	Koranyi	L.	Improvement	of	insulin	sensitivity	by	a	novel	drug,	BGP-15,	in	
insulin-resistant	patients:	a	proof	of	concept	randomized	double-blind	clinical	trial.	Hormone	and	
metabolic	research	=	Hormon-	und	Stoffwechselforschung	=	Hormones	et	metabolisme	41:	374-380,	
2009.	
292.	 Literati-Nagy	B,	Tory	K,	Peitl	B,	Bajza	A,	Koranyi	L,	Literati-Nagy	Z,	Hooper	PL,	Vigh	L,	and	
Szilvassy	Z.	Improvement	of	Insulin	Sensitivity	by	a	Novel	Drug	Candidate,	BGP-15,	in	Different	Animal	
Studies.	Metabolic	syndrome	and	related	disorders	12:	125-131,	2014.	



158	
	
293.	 Liu	CT,	and	Brooks	GA.	Mild	heat	stress	induces	mitochondrial	biogenesis	in	C2C12	myotubes.	J	
Appl	Physiol	112:	354-361,	2012.	
294.	 Liu	T,	Daniels	CK,	and	Cao	S.	Comprehensive	review	on	the	HSC70	functions,	interactions	with	
related	molecules	and	involvement	in	clinical	diseases	and	therapeutic	potential.	Pharmacology	&	
therapeutics	136:	354-374,	2012.	
295.	 Locke	M,	Noble	EG,	and	Atkinson	BG.	Exercising	mammals	synthesize	stress	proteins.	The	
American	journal	of	physiology	258:	C723-729,	1990.	
296.	 Locke	M,	Noble	EG,	and	Atkinson	BG.	Inducible	isoform	of	HSP70	is	constitutively	expressed	in	a	
muscle	fiber	type	specific	pattern.	The	American	journal	of	physiology	261:	C774-779,	1991.	
297.	 Locke	M,	Noble	EG,	Tanguay	RM,	Feild	MR,	Ianuzzo	SE,	and	Ianuzzo	CD.	Activation	of	heat-
shock	transcription	factor	in	rat	heart	after	heat	shock	and	exercise.	The	American	journal	of	physiology	
268:	C1387-1394,	1995.	
298.	 Lynch	J,	Helmrich	SP,	Lakka	TA,	Kaplan	GA,	Cohen	RD,	Salonen	R,	and	Salonen	JT.	Moderately	
intense	physical	activities	and	high	levels	of	cardiorespiratory	fitness	reduce	the	risk	of	non-insulin-
dependent	diabetes	mellitus	in	middle-aged	men.	Archives	of	internal	medicine	156:	1307-1314,	1996.	
299.	 Mahlke	K,	Pfanner	N,	Martin	J,	Horwich	AL,	Hartl	FU,	and	Neupert	W.	Sorting	pathways	of	
mitochondrial	inner	membrane	proteins.	European	journal	of	biochemistry	/	FEBS	192:	551-555,	1990.	
300.	 Marber	MS,	Latchman	DS,	Walker	JM,	and	Yellon	DM.	Cardiac	stress	protein	elevation	24	hours	
after	brief	ischemia	or	heat	stress	is	associated	with	resistance	to	myocardial	infarction.	Circulation	88:	
1264-1272,	1993.	
301.	 Marber	MS,	Walker	JM,	Latchman	DS,	and	Yellon	DM.	Attenuation	by	heat	stress	of	a	
submaximal	calcium	paradox	in	the	rabbit	heart.	Journal	of	molecular	and	cellular	cardiology	25:	1119-
1126,	1993.	
302.	 Marker	T,	Kriebel	J,	Wohlrab	U,	and	Habich	C.	Heat	shock	protein	60	and	adipocytes:	
characterization	of	a	ligand-receptor	interaction.	Biochemical	and	biophysical	research	communications	
391:	1634-1640,	2010.	
303.	 Marker	T,	Sell	H,	Zillessen	P,	Glode	A,	Kriebel	J,	Ouwens	DM,	Pattyn	P,	Ruige	J,	Famulla	S,	
Roden	M,	Eckel	J,	and	Habich	C.	Heat	shock	protein	60	as	a	mediator	of	adipose	tissue	inflammation	and	
insulin	resistance.	Diabetes	61:	615-625,	2012.	
304.	 Marsin	AS,	Bertrand	L,	Rider	MH,	Deprez	J,	Beauloye	C,	Vincent	MF,	Van	den	Berghe	G,	Carling	
D,	and	Hue	L.	Phosphorylation	and	activation	of	heart	PFK-2	by	AMPK	has	a	role	in	the	stimulation	of	
glycolysis	during	ischaemia.	Current	biology	:	CB	10:	1247-1255,	2000.	
305.	 Matthews	CE,	Chen	KY,	Freedson	PS,	Buchowski	MS,	Beech	BM,	Pate	RR,	and	Troiano	RP.	
Amount	of	time	spent	in	sedentary	behaviors	in	the	United	States,	2003-2004.	American	journal	of	
epidemiology	167:	875-881,	2008.	
306.	 Matz	JM,	Blake	MJ,	Tatelman	HM,	Lavoi	KP,	and	Holbrook	NJ.	Characterization	and	regulation	
of	cold-induced	heat	shock	protein	expression	in	mouse	brown	adipose	tissue.	The	American	journal	of	
physiology	269:	R38-47,	1995.	
307.	 Matz	JM,	LaVoi	KP,	and	Blake	MJ.	Adrenergic	regulation	of	the	heat	shock	response	in	brown	
adipose	tissue.	The	Journal	of	pharmacology	and	experimental	therapeutics	277:	1751-1758,	1996.	
308.	 Matz	JM,	LaVoi	KP,	Epstein	PN,	and	Blake	MJ.	Thermoregulatory	and	heat-shock	protein	
response	deficits	in	cold-exposed	diabetic	mice.	The	American	journal	of	physiology	270:	R525-532,	
1996.	
309.	 Matz	JM,	LaVoi	KP,	Moen	RJ,	and	Blake	MJ.	Cold-induced	heat	shock	protein	expression	in	rat	
aorta	and	brown	adipose	tissue.	Physiology	&	behavior	60:	1369-1374,	1996.	



159	
	
310.	 McEwen	LN,	Kim	C,	Haan	M,	Ghosh	D,	Lantz	PM,	Mangione	CM,	Safford	MM,	Marrero	D,	
Thompson	TJ,	Herman	WH,	and	Group	TS.	Diabetes	reporting	as	a	cause	of	death:	results	from	the	
Translating	Research	Into	Action	for	Diabetes	(TRIAD)	study.	Diabetes	care	29:	247-253,	2006.	
311.	 McManus	EJ,	Sakamoto	K,	Armit	LJ,	Ronaldson	L,	Shpiro	N,	Marquez	R,	and	Alessi	DR.	Role	that	
phosphorylation	of	GSK3	plays	in	insulin	and	Wnt	signalling	defined	by	knockin	analysis.	The	EMBO	
journal	24:	1571-1583,	2005.	
312.	 McMillan	DR,	Xiao	X,	Shao	L,	Graves	K,	and	Benjamin	IJ.	Targeted	disruption	of	heat	shock	
transcription	factor	1	abolishes	thermotolerance	and	protection	against	heat-inducible	apoptosis.	The	
Journal	of	biological	chemistry	273:	7523-7528,	1998.	
313.	 McMillan	KP,	Kuk	JL,	Church	TS,	Blair	SN,	and	Ross	R.	Independent	associations	between	liver	
fat,	visceral	adipose	tissue,	and	metabolic	risk	factors	in	men.	Applied	physiology,	nutrition,	and	
metabolism	=	Physiologie	appliquee,	nutrition	et	metabolisme	32:	265-272,	2007.	
314.	 Meex	RC,	Schrauwen-Hinderling	VB,	Moonen-Kornips	E,	Schaart	G,	Mensink	M,	Phielix	E,	van	
de	Weijer	T,	Sels	JP,	Schrauwen	P,	and	Hesselink	MK.	Restoration	of	muscle	mitochondrial	function	and	
metabolic	flexibility	in	type	2	diabetes	by	exercise	training	is	paralleled	by	increased	myocellular	fat	
storage	and	improved	insulin	sensitivity.	Diabetes	59:	572-579,	2010.	
315.	 Meigs	JB,	Cupples	LA,	and	Wilson	PW.	Parental	transmission	of	type	2	diabetes:	the	
Framingham	Offspring	Study.	Diabetes	49:	2201-2207,	2000.	
316.	 Melling	CW,	Krause	MP,	and	Noble	EG.	PKA-mediated	ERK1/2	inactivation	and	hsp70	gene	
expression	following	exercise.	Journal	of	molecular	and	cellular	cardiology	41:	816-822,	2006.	
317.	 Melling	CW,	Thorp	DB,	Milne	KJ,	Krause	MP,	and	Noble	EG.	Exercise-mediated	regulation	of	
Hsp70	expression	following	aerobic	exercise	training.	American	journal	of	physiology	Heart	and	
circulatory	physiology	293:	H3692-3698,	2007.	
318.	 Melling	CW,	Thorp	DB,	and	Noble	EG.	Regulation	of	myocardial	heat	shock	protein	70	gene	
expression	following	exercise.	Journal	of	molecular	and	cellular	cardiology	37:	847-855,	2004.	
319.	 Melov	S,	Shoffner	JM,	Kaufman	A,	and	Wallace	DC.	Marked	increase	in	the	number	and	variety	
of	mitochondrial	DNA	rearrangements	in	aging	human	skeletal	muscle.	Nucleic	acids	research	23:	4122-
4126,	1995.	
320.	 Merck	KB,	Groenen	PJ,	Voorter	CE,	de	Haard-Hoekman	WA,	Horwitz	J,	Bloemendal	H,	and	de	
Jong	WW.	Structural	and	functional	similarities	of	bovine	alpha-crystallin	and	mouse	small	heat-shock	
protein.	A	family	of	chaperones.	The	Journal	of	biological	chemistry	268:	1046-1052,	1993.	
321.	 Merrill	GF,	Kurth	EJ,	Hardie	DG,	and	Winder	WW.	AICA	riboside	increases	AMP-activated	
protein	kinase,	fatty	acid	oxidation,	and	glucose	uptake	in	rat	muscle.	The	American	journal	of	
physiology	273:	E1107-1112,	1997.	
322.	 Miinea	CP,	Sano	H,	Kane	S,	Sano	E,	Fukuda	M,	Peranen	J,	Lane	WS,	and	Lienhard	GE.	AS160,	
the	Akt	substrate	regulating	GLUT4	translocation,	has	a	functional	Rab	GTPase-activating	protein	
domain.	The	Biochemical	journal	391:	87-93,	2005.	
323.	 Milne	KJ,	Thorp	DB,	Melling	CW,	and	Noble	EG.	Castration	inhibits	exercise-induced	
accumulation	of	Hsp70	in	male	rodent	hearts.	American	journal	of	physiology	Heart	and	circulatory	
physiology	290:	H1610-1616,	2006.	
324.	 Milne	KJ,	Wolff	S,	and	Noble	EG.	Myocardial	accumulation	and	localization	of	the	inducible	70-
kDa	heat	shock	protein,	Hsp70,	following	exercise.	J	Appl	Physiol	(1985)	113:	853-860,	2012.	
325.	 Miron	T,	Vancompernolle	K,	Vandekerckhove	J,	Wilchek	M,	and	Geiger	B.	A	25-kD	inhibitor	of	
actin	polymerization	is	a	low	molecular	mass	heat	shock	protein.	The	Journal	of	cell	biology	114:	255-
261,	1991.	
326.	 Moore	JB.	Non-alcoholic	fatty	liver	disease:	the	hepatic	consequence	of	obesity	and	the	
metabolic	syndrome.	The	Proceedings	of	the	Nutrition	Society	69:	211-220,	2010.	



160	
	
327.	 Mootha	VK,	Lindgren	CM,	Eriksson	KF,	Subramanian	A,	Sihag	S,	Lehar	J,	Puigserver	P,	Carlsson	
E,	Ridderstrale	M,	Laurila	E,	Houstis	N,	Daly	MJ,	Patterson	N,	Mesirov	JP,	Golub	TR,	Tamayo	P,	
Spiegelman	B,	Lander	ES,	Hirschhorn	JN,	Altshuler	D,	and	Groop	LC.	PGC-1alpha-responsive	genes	
involved	in	oxidative	phosphorylation	are	coordinately	downregulated	in	human	diabetes.	Nature	
genetics	34:	267-273,	2003.	
328.	 Morimoto	RI.	Cells	in	stress:	transcriptional	activation	of	heat	shock	genes.	Science	259:	1409-
1410,	1993.	
329.	 Morimoto	RI.	Regulation	of	the	heat	shock	transcriptional	response:	cross	talk	between	a	family	
of	heat	shock	factors,	molecular	chaperones,	and	negative	regulators.	Genes	&	development	12:	3788-
3796,	1998.	
330.	 Morino	S,	Kondo	T,	Sasaki	K,	Adachi	H,	Suico	MA,	Sekimoto	E,	Matsuda	T,	Shuto	T,	Araki	E,	and	
Kai	H.	Mild	electrical	stimulation	with	heat	shock	ameliorates	insulin	resistance	via	enhanced	insulin	
signaling.	PloS	one	3:	e4068,	2008.	
331.	 Morino-Koga	S,	Yano	S,	Kondo	T,	Shimauchi	Y,	Matsuyama	S,	Okamoto	Y,	Suico	MA,	Koga	T,	
Sato	T,	Shuto	T,	Arima	H,	Wada	I,	Araki	E,	and	Kai	H.	Insulin	receptor	activation	through	its	
accumulation	in	lipid	rafts	by	mild	electrical	stress.	Journal	of	cellular	physiology	228:	439-446,	2013.	
332.	 Morris	EM,	Jackman	MR,	Johnson	GC,	Liu	TW,	Lopez	JL,	Kearney	ML,	Fletcher	JA,	Meers	GM,	
Koch	LG,	Britton	SL,	Rector	RS,	Ibdah	JA,	MacLean	PS,	and	Thyfault	JP.	Intrinsic	aerobic	capacity	
impacts	susceptibility	to	acute	high-fat	diet-induced	hepatic	steatosis.	American	journal	of	physiology	
Endocrinology	and	metabolism	307:	E355-364,	2014.	
333.	 Morris	HR.	Autosomal	dominant	Parkinson's	disease	and	the	route	to	new	therapies.	Expert	
review	of	neurotherapeutics	7:	649-656,	2007.	
334.	 Morton	JP,	Kayani	AC,	McArdle	A,	and	Drust	B.	The	exercise-induced	stress	response	of	skeletal	
muscle,	with	specific	emphasis	on	humans.	Sports	medicine	39:	643-662,	2009.	
335.	 Morton	JP,	MacLaren	DP,	Cable	NT,	Bongers	T,	Griffiths	RD,	Campbell	IT,	Evans	L,	Kayani	A,	
McArdle	A,	and	Drust	B.	Time	course	and	differential	responses	of	the	major	heat	shock	protein	families	
in	human	skeletal	muscle	following	acute	nondamaging	treadmill	exercise.	J	Appl	Physiol	101:	176-182,	
2006.	
336.	 Morton	JP,	Maclaren	DP,	Cable	NT,	Campbell	IT,	Evans	L,	Bongers	T,	Griffiths	RD,	Kayani	AC,	
McArdle	A,	and	Drust	B.	Elevated	core	and	muscle	temperature	to	levels	comparable	to	exercise	do	not	
increase	heat	shock	protein	content	of	skeletal	muscle	of	physically	active	men.	Acta	physiologica	190:	
319-327,	2007.	
337.	 Mosser	DD,	Duchaine	J,	and	Massie	B.	The	DNA-binding	activity	of	the	human	heat	shock	
transcription	factor	is	regulated	in	vivo	by	hsp70.	Molecular	and	cellular	biology	13:	5427-5438,	1993.	
338.	 Mosser	DD,	Kotzbauer	PT,	Sarge	KD,	and	Morimoto	RI.	In	vitro	activation	of	heat	shock	
transcription	factor	DNA-binding	by	calcium	and	biochemical	conditions	that	affect	protein	
conformation.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	America	87:	
3748-3752,	1990.	
339.	 Muoio	DM.	Metabolic	inflexibility:	when	mitochondrial	indecision	leads	to	metabolic	gridlock.	
Cell	159:	1253-1262,	2014.	
340.	 Muoio	DM.	Revisiting	the	connection	between	intramyocellular	lipids	and	insulin	resistance:	a	
long	and	winding	road.	Diabetologia	55:	2551-2554,	2012.	
341.	 Muoio	DM,	and	Neufer	PD.	Lipid-induced	mitochondrial	stress	and	insulin	action	in	muscle.	Cell	
metabolism	15:	595-605,	2012.	
342.	 Muoio	DM,	and	Newgard	CB.	Mechanisms	of	disease:	Molecular	and	metabolic	mechanisms	of	
insulin	resistance	and	beta-cell	failure	in	type	2	diabetes.	Nature	reviews	Molecular	cell	biology	2008.	



161	
	
343.	 Musso	G,	Gambino	R,	and	Cassader	M.	Non-alcoholic	fatty	liver	disease	from	pathogenesis	to	
management:	an	update.	Obesity	reviews	:	an	official	journal	of	the	International	Association	for	the	
Study	of	Obesity	11:	430-445,	2010.	
344.	 Myers	J,	Prakash	M,	Froelicher	V,	Do	D,	Partington	S,	and	Atwood	JE.	Exercise	capacity	and	
mortality	among	men	referred	for	exercise	testing.	The	New	England	journal	of	medicine	346:	793-801,	
2002.	
345.	 Naito	H,	Powers	SK,	Demirel	HA,	and	Aoki	J.	Exercise	training	increases	heat	shock	protein	in	
skeletal	muscles	of	old	rats.	Medicine	and	science	in	sports	and	exercise	33:	729-734,	2001.	
346.	 Najemnikova	E,	Rodgers	CD,	and	Locke	M.	Altered	heat	stress	response	following	
streptozotocin-induced	diabetes.	Cell	stress	&	chaperones	12:	342-352,	2007.	
347.	 Naples	SP,	Borengasser	SJ,	Rector	RS,	Uptergrove	GM,	Morris	EM,	Mikus	CR,	Koch	LG,	Britton	
SL,	Ibdah	JA,	and	Thyfault	JP.	Skeletal	muscle	mitochondrial	and	metabolic	responses	to	a	high-fat	diet	
in	female	rats	bred	for	high	and	low	aerobic	capacity.	Applied	physiology,	nutrition,	and	metabolism	=	
Physiologie	appliquee,	nutrition	et	metabolisme	35:	151-162,	2010.	
348.	 Naylor	DJ,	Hoogenraad	NJ,	and	Hoj	PB.	Isolation	and	characterisation	of	a	cDNA	encoding	rat	
mitochondrial	GrpE,	a	stress-inducible	nucleotide-exchange	factor	of	ubiquitous	appearance	in	
mammalian	organs.	FEBS	letters	396:	181-188,	1996.	
349.	 Neel	JV.	Diabetes	mellitus:	a	"thrifty"	genotype	rendered	detrimental	by	"progress"?	American	
journal	of	human	genetics	14:	353-362,	1962.	
350.	 Neufer	PD,	and	Benjamin	IJ.	Differential	expression	of	B-crystallin	and	Hsp27	in	skeletal	muscle	
during	continuous	contractile	activity.	Relationship	to	myogenic	regulatory	factors.	The	Journal	of	
biological	chemistry	271:	24089-24095,	1996.	
351.	 Nishimura	RN,	Dwyer	BE,	Welch	W,	Cole	R,	de	Vellis	J,	and	Liotta	K.	The	induction	of	the	major	
heat-stress	protein	in	purified	rat	glial	cells.	Journal	of	neuroscience	research	20:	12-18,	1988.	
352.	 Nishizawa	S,	Koya	T,	Ohno	Y,	Goto	A,	Ikuita	A,	Suzuki	M,	Ohira	T,	Egawa	T,	Nakai	A,	Sugiura	T,	
Ohira	Y,	Yoshioka	T,	Beppu	M,	and	Goto	K.	Regeneration	of	injured	skeletal	muscle	in	heat	shock	
transcription	factor	1-null	mice.	Physiological	reports	1:	e00071,	2013.	
353.	 Noble	EG,	Ho	R,	and	Dzialoszynski	T.	Exercise	is	the	primary	factor	associated	with	Hsp70	
induction	in	muscle	of	treadmill	running	rats.	Acta	physiologica	187:	495-501,	2006.	
354.	 Noble	EG,	Milne	KJ,	and	Melling	CW.	Heat	shock	proteins	and	exercise:	a	primer.	Applied	
physiology,	nutrition,	and	metabolism	=	Physiologie	appliquee,	nutrition	et	metabolisme	33:	1050-1065,	
2008.	
355.	 Noland	RC,	Thyfault	JP,	Henes	ST,	Whitfield	BR,	Woodlief	TL,	Evans	JR,	Lust	JA,	Britton	SL,	Koch	
LG,	Dudek	RW,	Dohm	GL,	Cortright	RN,	and	Lust	RM.	Artificial	selection	for	high-capacity	endurance	
running	is	protective	against	high-fat	diet-induced	insulin	resistance.	American	journal	of	physiology	
Endocrinology	and	metabolism	293:	E31-41,	2007.	
356.	 Nollen	EA,	and	Morimoto	RI.	Chaperoning	signaling	pathways:	molecular	chaperones	as	stress-
sensing	'heat	shock'	proteins.	Journal	of	cell	science	115:	2809-2816,	2002.	
357.	 Novak	CM,	Escande	C,	Burghardt	PR,	Zhang	M,	Barbosa	MT,	Chini	EN,	Britton	SL,	Koch	LG,	Akil	
H,	and	Levine	JA.	Spontaneous	activity,	economy	of	activity,	and	resistance	to	diet-induced	obesity	in	
rats	bred	for	high	intrinsic	aerobic	capacity.	Hormones	and	behavior	58:	355-367,	2010.	
358.	 Oakes	ND,	Cooney	GJ,	Camilleri	S,	Chisholm	DJ,	and	Kraegen	EW.	Mechanisms	of	liver	and	
muscle	insulin	resistance	induced	by	chronic	high-fat	feeding.	Diabetes	46:	1768-1774,	1997.	
359.	 Ogata	T,	Oishi	Y,	Higashida	K,	Higuchi	M,	and	Muraoka	I.	Prolonged	exercise	training	induces	
long-term	enhancement	of	HSP70	expression	in	rat	plantaris	muscle.	American	journal	of	physiology	
Regulatory,	integrative	and	comparative	physiology	296:	R1557-1563,	2009.	



162	
	
360.	 Ogden	CL,	Carroll	MD,	Kit	BK,	and	Flegal	KM.	Prevalence	of	obesity	and	trends	in	body	mass	
index	among	US	children	and	adolescents,	1999-2010.	Jama	307:	483-490,	2012.	
361.	 Ornatsky	OI,	Connor	MK,	and	Hood	DA.	Expression	of	stress	proteins	and	mitochondrial	
chaperonins	in	chronically	stimulated	skeletal	muscle.	The	Biochemical	journal	311	(	Pt	1):	119-123,	
1995.	
362.	 Overmyer	KA,	Evans	CR,	Qi	NR,	Minogue	CE,	Carson	JJ,	Chermside-Scabbo	CJ,	Koch	LG,	Britton	
SL,	Pagliarini	DJ,	Coon	JJ,	and	Burant	CF.	Maximal	oxidative	capacity	during	exercise	is	associated	with	
skeletal	muscle	fuel	selection	and	dynamic	changes	in	mitochondrial	protein	acetylation.	Cell	
metabolism	21:	468-478,	2015.	
363.	 Ozcan	U,	Cao	Q,	Yilmaz	E,	Lee	AH,	Iwakoshi	NN,	Ozdelen	E,	Tuncman	G,	Gorgun	C,	Glimcher	LH,	
and	Hotamisligil	GS.	Endoplasmic	reticulum	stress	links	obesity,	insulin	action,	and	type	2	diabetes.	
Science	306:	457-461,	2004.	
364.	 Paffenbarger	RS,	Jr.,	Hyde	RT,	Wing	AL,	and	Hsieh	CC.	Physical	activity,	all-cause	mortality,	and	
longevity	of	college	alumni.	The	New	England	journal	of	medicine	314:	605-613,	1986.	
365.	 Paffenbarger	RS,	Jr.,	Wing	AL,	Hyde	RT,	and	Jung	DL.	Physical	activity	and	incidence	of	
hypertension	in	college	alumni.	American	journal	of	epidemiology	117:	245-257,	1983.	
366.	 Palermo	A,	Maggi	D,	Maurizi	AR,	Pozzilli	P,	and	Buzzetti	R.	Prevention	of	type	2	diabetes	
mellitus:	is	it	feasible?	Diabetes/metabolism	research	and	reviews	30	Suppl	1:	4-12,	2014.	
367.	 Pan	XR,	Li	GW,	Hu	YH,	Wang	JX,	Yang	WY,	An	ZX,	Hu	ZX,	Lin	J,	Xiao	JZ,	Cao	HB,	Liu	PA,	Jiang	XG,	
Jiang	YY,	Wang	JP,	Zheng	H,	Zhang	H,	Bennett	PH,	and	Howard	BV.	Effects	of	diet	and	exercise	in	
preventing	NIDDM	in	people	with	impaired	glucose	tolerance.	The	Da	Qing	IGT	and	Diabetes	Study.	
Diabetes	care	20:	537-544,	1997.	
368.	 Park	HS,	Lee	JS,	Huh	SH,	Seo	JS,	and	Choi	EJ.	Hsp72	functions	as	a	natural	inhibitory	protein	of	c-
Jun	N-terminal	kinase.	The	EMBO	journal	20:	446-456,	2001.	
369.	 Park	J,	and	Liu	AY.	JNK	phosphorylates	the	HSF1	transcriptional	activation	domain:	role	of	JNK	in	
the	regulation	of	the	heat	shock	response.	Journal	of	cellular	biochemistry	82:	326-338,	2001.	
370.	 Park	KJ,	Gaynor	RB,	and	Kwak	YT.	Heat	shock	protein	27	association	with	the	I	kappa	B	kinase	
complex	regulates	tumor	necrosis	factor	alpha-induced	NF-kappa	B	activation.	The	Journal	of	biological	
chemistry	278:	35272-35278,	2003.	
371.	 Parker	CS,	and	Topol	J.	A	Drosophila	RNA	polymerase	II	transcription	factor	binds	to	the	
regulatory	site	of	an	hsp	70	gene.	Cell	37:	273-283,	1984.	
372.	 Paroo	Z,	and	Noble	EG.	Isoproterenol	potentiates	exercise-induction	of	Hsp70	in	cardiac	and	
skeletal	muscle.	Cell	stress	&	chaperones	4:	199-204,	1999.	
373.	 Paroo	Z,	Tiidus	PM,	and	Noble	EG.	Estrogen	attenuates	HSP	72	expression	in	acutely	exercised	
male	rodents.	European	journal	of	applied	physiology	and	occupational	physiology	80:	180-184,	1999.	
374.	 Pasarica	M,	Sereda	OR,	Redman	LM,	Albarado	DC,	Hymel	DT,	Roan	LE,	Rood	JC,	Burk	DH,	and	
Smith	SR.	Reduced	adipose	tissue	oxygenation	in	human	obesity:	evidence	for	rarefaction,	macrophage	
chemotaxis,	and	inflammation	without	an	angiogenic	response.	Diabetes	58:	718-725,	2009.	
375.	 Patti	ME,	Butte	AJ,	Crunkhorn	S,	Cusi	K,	Berria	R,	Kashyap	S,	Miyazaki	Y,	Kohane	I,	Costello	M,	
Saccone	R,	Landaker	EJ,	Goldfine	AB,	Mun	E,	DeFronzo	R,	Finlayson	J,	Kahn	CR,	and	Mandarino	LJ.	
Coordinated	reduction	of	genes	of	oxidative	metabolism	in	humans	with	insulin	resistance	and	diabetes:	
Potential	role	of	PGC1	and	NRF1.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	
of	America	100:	8466-8471,	2003.	
376.	 Patti	ME,	and	Corvera	S.	The	role	of	mitochondria	in	the	pathogenesis	of	type	2	diabetes.	
Endocrine	reviews	31:	364-395,	2010.	



163	
	
377.	 Paulsen	G,	Lauritzen	F,	Bayer	ML,	Kalhovde	JM,	Ugelstad	I,	Owe	SG,	Hallen	J,	Bergersen	LH,	
and	Raastad	T.	Subcellular	movement	and	expression	of	HSP27,	alphaB-crystallin,	and	HSP70	after	two	
bouts	of	eccentric	exercise	in	humans.	J	Appl	Physiol	(1985)	107:	570-582,	2009.	
378.	 Paz	K,	Hemi	R,	LeRoith	D,	Karasik	A,	Elhanany	E,	Kanety	H,	and	Zick	Y.	A	molecular	basis	for	
insulin	resistance.	Elevated	serine/threonine	phosphorylation	of	IRS-1	and	IRS-2	inhibits	their	binding	to	
the	juxtamembrane	region	of	the	insulin	receptor	and	impairs	their	ability	to	undergo	insulin-induced	
tyrosine	phosphorylation.	The	Journal	of	biological	chemistry	272:	29911-29918,	1997.	
379.	 Peinado	JR,	Jimenez-Gomez	Y,	Pulido	MR,	Ortega-Bellido	M,	Diaz-Lopez	C,	Padillo	FJ,	Lopez-
Miranda	J,	Vazquez-Martinez	R,	and	Malagon	MM.	The	stromal-vascular	fraction	of	adipose	tissue	
contributes	to	major	differences	between	subcutaneous	and	visceral	fat	depots.	Proteomics	10:	3356-
3366,	2010.	
380.	 Pelham	HR.	A	regulatory	upstream	promoter	element	in	the	Drosophila	hsp	70	heat-shock	gene.	
Cell	30:	517-528,	1982.	
381.	 Pereira	MA,	Folsom	AR,	McGovern	PG,	Carpenter	M,	Arnett	DK,	Liao	D,	Szklo	M,	and	
Hutchinson	RG.	Physical	activity	and	incident	hypertension	in	black	and	white	adults:	the	
Atherosclerosis	Risk	in	Communities	Study.	Preventive	medicine	28:	304-312,	1999.	
382.	 Perez-Perez	R,	Garcia-Santos	E,	Ortega-Delgado	FJ,	Lopez	JA,	Camafeita	E,	Ricart	W,	
Fernandez-Real	JM,	and	Peral	B.	Attenuated	metabolism	is	a	hallmark	of	obesity	as	revealed	by	
comparative	proteomic	analysis	of	human	omental	adipose	tissue.	Journal	of	proteomics	75:	783-795,	
2012.	
383.	 Perez-Perez	R,	Ortega-Delgado	FJ,	Garcia-Santos	E,	Lopez	JA,	Camafeita	E,	Ricart	W,	
Fernandez-Real	JM,	and	Peral	B.	Differential	proteomics	of	omental	and	subcutaneous	adipose	tissue	
reflects	their	unalike	biochemical	and	metabolic	properties.	Journal	of	proteome	research	8:	1682-1693,	
2009.	
384.	 Perrini	S,	Henriksson	J,	Zierath	JR,	and	Widegren	U.	Exercise-induced	protein	kinase	C	isoform-
specific	activation	in	human	skeletal	muscle.	Diabetes	53:	21-24,	2004.	
385.	 Perrini	S,	Laviola	L,	Cignarelli	A,	Melchiorre	M,	De	Stefano	F,	Caccioppoli	C,	Natalicchio	A,	
Orlando	MR,	Garruti	G,	De	Fazio	M,	Catalano	G,	Memeo	V,	Giorgino	R,	and	Giorgino	F.	Fat	depot-
related	differences	in	gene	expression,	adiponectin	secretion,	and	insulin	action	and	signalling	in	human	
adipocytes	differentiated	in	vitro	from	precursor	stromal	cells.	Diabetologia	51:	155-164,	2008.	
386.	 Perseghin	G,	Lattuada	G,	De	Cobelli	F,	Ragogna	F,	Ntali	G,	Esposito	A,	Belloni	E,	Canu	T,	
Terruzzi	I,	Scifo	P,	Del	Maschio	A,	and	Luzi	L.	Habitual	physical	activity	is	associated	with	intrahepatic	fat	
content	in	humans.	Diabetes	care	30:	683-688,	2007.	
387.	 Petersen	KF,	Befroy	D,	Dufour	S,	Dziura	J,	Ariyan	C,	Rothman	DL,	DiPietro	L,	Cline	GW,	and	
Shulman	GI.	Mitochondrial	dysfunction	in	the	elderly:	possible	role	in	insulin	resistance.	Science	300:	
1140-1142,	2003.	
388.	 Petersen	KF,	Dufour	S,	Befroy	D,	Garcia	R,	and	Shulman	GI.	Impaired	mitochondrial	activity	in	
the	insulin-resistant	offspring	of	patients	with	type	2	diabetes.	The	New	England	journal	of	medicine	
350:	664-671,	2004.	
389.	 Petruzzelli	LM,	Ganguly	S,	Smith	CJ,	Cobb	MH,	Rubin	CS,	and	Rosen	OM.	Insulin	activates	a	
tyrosine-specific	protein	kinase	in	extracts	of	3T3-L1	adipocytes	and	human	placenta.	Proceedings	of	the	
National	Academy	of	Sciences	of	the	United	States	of	America	79:	6792-6796,	1982.	
390.	 Phielix	E,	Meex	R,	Moonen-Kornips	E,	Hesselink	MK,	and	Schrauwen	P.	Exercise	training	
increases	mitochondrial	content	and	ex	vivo	mitochondrial	function	similarly	in	patients	with	type	2	
diabetes	and	in	control	individuals.	Diabetologia	53:	1714-1721,	2010.	



164	
	
391.	 Plesset	J,	Palm	C,	and	McLaughlin	CS.	Induction	of	heat	shock	proteins	and	thermotolerance	by	
ethanol	in	Saccharomyces	cerevisiae.	Biochemical	and	biophysical	research	communications	108:	1340-
1345,	1982.	
392.	 Polonsky	KS.	The	past	200	years	in	diabetes.	The	New	England	journal	of	medicine	367:	1332-
1340,	2012.	
393.	 Prasad	RB,	and	Groop	L.	Genetics	of	type	2	diabetes-pitfalls	and	possibilities.	Genes	6:	87-123,	
2015.	
394.	 Puigserver	P,	and	Spiegelman	BM.	Peroxisome	proliferator-activated	receptor-gamma	
coactivator	1	alpha	(PGC-1	alpha):	transcriptional	coactivator	and	metabolic	regulator.	Endocrine	
reviews	24:	78-90,	2003.	
395.	 Puntschart	A,	Vogt	M,	Widmer	HR,	Hoppeler	H,	and	Billeter	R.	Hsp70	expression	in	human	
skeletal	muscle	after	exercise.	Acta	physiologica	Scandinavica	157:	411-417,	1996.	
396.	 Rabindran	SK,	Wisniewski	J,	Li	L,	Li	GC,	and	Wu	C.	Interaction	between	heat	shock	factor	and	
hsp70	is	insufficient	to	suppress	induction	of	DNA-binding	activity	in	vivo.	Molecular	and	cellular	biology	
14:	6552-6560,	1994.	
397.	 Rabinowitz	JD,	and	White	E.	Autophagy	and	metabolism.	Science	330:	1344-1348,	2010.	
398.	 Rankinen	T,	Church	TS,	Rice	T,	Bouchard	C,	and	Blair	SN.	Cardiorespiratory	fitness,	BMI,	and	risk	
of	hypertension:	the	HYPGENE	study.	Medicine	and	science	in	sports	and	exercise	39:	1687-1692,	2007.	
399.	 Reaven	GM.	Banting	lecture	1988.	Role	of	insulin	resistance	in	human	disease.	Diabetes	37:	
1595-1607,	1988.	
400.	 Reaven	GM.	Why	Syndrome	X?	From	Harold	Himsworth	to	the	insulin	resistance	syndrome.	Cell	
metabolism	1:	9-14,	2005.	
401.	 Rector	RS,	and	Thyfault	JP.	Does	physical	inactivity	cause	nonalcoholic	fatty	liver	disease?	J	Appl	
Physiol	(1985)	111:	1828-1835,	2011.	
402.	 Rector	RS,	Thyfault	JP,	Morris	RT,	Laye	MJ,	Borengasser	SJ,	Booth	FW,	and	Ibdah	JA.	Daily	
exercise	increases	hepatic	fatty	acid	oxidation	and	prevents	steatosis	in	Otsuka	Long-Evans	Tokushima	
Fatty	rats.	American	journal	of	physiology	Gastrointestinal	and	liver	physiology	294:	G619-626,	2008.	
403.	 Rector	RS,	Uptergrove	GM,	Morris	EM,	Borengasser	SJ,	Laughlin	MH,	Booth	FW,	Thyfault	JP,	
and	Ibdah	JA.	Daily	exercise	vs.	caloric	restriction	for	prevention	of	nonalcoholic	fatty	liver	disease	in	the	
OLETF	rat	model.	American	journal	of	physiology	Gastrointestinal	and	liver	physiology	300:	G874-883,	
2011.	
404.	 Richter	K,	Haslbeck	M,	and	Buchner	J.	The	heat	shock	response:	life	on	the	verge	of	death.	
Molecular	cell	40:	253-266,	2010.	
405.	 Ritossa	F.	Discovery	of	the	heat	shock	response.	Cell	stress	&	chaperones	1:	97-98,	1996.	
406.	 Ritov	VB,	Menshikova	EV,	He	J,	Ferrell	RE,	Goodpaster	BH,	and	Kelley	DE.	Deficiency	of	
subsarcolemmal	mitochondria	in	obesity	and	type	2	diabetes.	Diabetes	54:	8-14,	2005.	
407.	 Rivas	DA,	Lessard	SJ,	Saito	M,	Friedhuber	AM,	Koch	LG,	Britton	SL,	Yaspelkis	BB,	3rd,	and	
Hawley	JA.	Low	intrinsic	running	capacity	is	associated	with	reduced	skeletal	muscle	substrate	oxidation	
and	lower	mitochondrial	content	in	white	skeletal	muscle.	American	journal	of	physiology	Regulatory,	
integrative	and	comparative	physiology	300:	R835-843,	2011.	
408.	 Roden	M.	Future	of	muscle	research	in	diabetes:	a	look	into	the	crystal	ball.	Diabetologia	58:	
1693-1698,	2015.	
409.	 Roden	M,	Price	TB,	Perseghin	G,	Petersen	KF,	Rothman	DL,	Cline	GW,	and	Shulman	GI.	
Mechanism	of	free	fatty	acid-induced	insulin	resistance	in	humans.	The	Journal	of	clinical	investigation	
97:	2859-2865,	1996.	



165	
	
410.	 Rodenhiser	D,	Jung	JH,	and	Atkinson	BG.	Mammalian	lymphocytes:	stress-induced	synthesis	of	
heat-shock	proteins	in	vitro	and	in	vivo.	Canadian	journal	of	biochemistry	and	cell	biology	=	Revue	
canadienne	de	biochimie	et	biologie	cellulaire	63:	711-722,	1985.	
411.	 Rodrigues-Krause	J,	Krause	M,	O'Hagan	C,	De	Vito	G,	Boreham	C,	Murphy	C,	Newsholme	P,	
and	Colleran	G.	Divergence	of	intracellular	and	extracellular	HSP72	in	type	2	diabetes:	does	fat	matter?	
Cell	stress	&	chaperones	17:	293-302,	2012.	
412.	 Rogers	RS,	Beaudoin	MS,	Wheatley	JL,	Wright	DC,	and	Geiger	PC.	Heat	shock	proteins:	in	vivo	
heat	treatments	reveal	adipose	tissue	depot-specific	effects.	J	Appl	Physiol	(1985)	118:	98-106,	2015.	
413.	 Roma	LP,	Pascal	SM,	Duprez	J,	and	Jonas	JC.	Mitochondrial	oxidative	stress	contributes	
differently	to	rat	pancreatic	islet	cell	apoptosis	and	insulin	secretory	defects	after	prolonged	culture	in	a	
low	non-stimulating	glucose	concentration.	Diabetologia	55:	2226-2237,	2012.	
414.	 Rong	JX,	Qiu	Y,	Hansen	MK,	Zhu	L,	Zhang	V,	Xie	M,	Okamoto	Y,	Mattie	MD,	Higashiyama	H,	
Asano	S,	Strum	JC,	and	Ryan	TE.	Adipose	mitochondrial	biogenesis	is	suppressed	in	db/db	and	high-fat	
diet-fed	mice	and	improved	by	rosiglitazone.	Diabetes	56:	1751-1760,	2007.	
415.	 Rosen	ED,	and	Spiegelman	BM.	What	we	talk	about	when	we	talk	about	fat.	Cell	156:	20-44,	
2014.	
416.	 Ross	R,	and	Katzmarzyk	PT.	Cardiorespiratory	fitness	is	associated	with	diminished	total	and	
abdominal	obesity	independent	of	body	mass	index.	International	journal	of	obesity	and	related	
metabolic	disorders	:	journal	of	the	International	Association	for	the	Study	of	Obesity	27:	204-210,	2003.	
417.	 Rothenberg	PL,	Lane	WS,	Karasik	A,	Backer	J,	White	M,	and	Kahn	CR.	Purification	and	partial	
sequence	analysis	of	pp185,	the	major	cellular	substrate	of	the	insulin	receptor	tyrosine	kinase.	The	
Journal	of	biological	chemistry	266:	8302-8311,	1991.	
418.	 Ruderman	NB,	Kapeller	R,	White	MF,	and	Cantley	LC.	Activation	of	phosphatidylinositol	3-
kinase	by	insulin.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	America	87:	
1411-1415,	1990.	
419.	 Sabio	G,	Das	M,	Mora	A,	Zhang	Z,	Jun	JY,	Ko	HJ,	Barrett	T,	Kim	JK,	and	Davis	RJ.	A	stress	
signaling	pathway	in	adipose	tissue	regulates	hepatic	insulin	resistance.	Science	322:	1539-1543,	2008.	
420.	 Sabio	G,	Kennedy	NJ,	Cavanagh-Kyros	J,	Jung	DY,	Ko	HJ,	Ong	H,	Barrett	T,	Kim	JK,	and	Davis	RJ.	
Role	of	muscle	c-Jun	NH2-terminal	kinase	1	in	obesity-induced	insulin	resistance.	Molecular	and	cellular	
biology	30:	106-115,	2010.	
421.	 Sackmann-Sala	L,	Berryman	DE,	Munn	RD,	Lubbers	ER,	and	Kopchick	JJ.	Heterogeneity	among	
white	adipose	tissue	depots	in	male	C57BL/6J	mice.	Obesity	20:	101-111,	2012.	
422.	 Saghizadeh	M,	Ong	JM,	Garvey	WT,	Henry	RR,	and	Kern	PA.	The	expression	of	TNF	alpha	by	
human	muscle.	Relationship	to	insulin	resistance.	The	Journal	of	clinical	investigation	97:	1111-1116,	
1996.	
423.	 Saibil	H.	Chaperone	machines	for	protein	folding,	unfolding	and	disaggregation.	Nature	reviews	
Molecular	cell	biology	14:	630-642,	2013.	
424.	 Sakamoto	K,	and	Goodyear	LJ.	Invited	review:	intracellular	signaling	in	contracting	skeletal	
muscle.	J	Appl	Physiol	(1985)	93:	369-383,	2002.	
425.	 Salo	DC,	Donovan	CM,	and	Davies	KJ.	HSP70	and	other	possible	heat	shock	or	oxidative	stress	
proteins	are	induced	in	skeletal	muscle,	heart,	and	liver	during	exercise.	Free	radical	biology	&	medicine	
11:	239-246,	1991.	
426.	 Samelman	TR.	Heat	shock	protein	expression	is	increased	in	cardiac	and	skeletal	muscles	of	
Fischer	344	rats	after	endurance	training.	Experimental	physiology	85:	92-102,	2000.	
427.	 Samuel	VT,	Liu	ZX,	Qu	X,	Elder	BD,	Bilz	S,	Befroy	D,	Romanelli	AJ,	and	Shulman	GI.	Mechanism	
of	hepatic	insulin	resistance	in	non-alcoholic	fatty	liver	disease.	The	Journal	of	biological	chemistry	279:	
32345-32353,	2004.	



166	
	
428.	 Samuel	VT,	and	Shulman	GI.	Mechanisms	for	insulin	resistance:	common	threads	and	missing	
links.	Cell	148:	852-871,	2012.	
429.	 Sanchez	AM,	Bernardi	H,	Py	G,	and	Candau	RB.	Autophagy	is	essential	to	support	skeletal	
muscle	plasticity	in	response	to	endurance	exercise.	American	journal	of	physiology	Regulatory,	
integrative	and	comparative	physiology	307:	R956-969,	2014.	
430.	 Sanchez	AM,	Csibi	A,	Raibon	A,	Cornille	K,	Gay	S,	Bernardi	H,	and	Candau	R.	AMPK	promotes	
skeletal	muscle	autophagy	through	activation	of	forkhead	FoxO3a	and	interaction	with	Ulk1.	Journal	of	
cellular	biochemistry	113:	695-710,	2012.	
431.	 Sano	H,	Kane	S,	Sano	E,	Miinea	CP,	Asara	JM,	Lane	WS,	Garner	CW,	and	Lienhard	GE.	Insulin-
stimulated	phosphorylation	of	a	Rab	GTPase-activating	protein	regulates	GLUT4	translocation.	The	
Journal	of	biological	chemistry	278:	14599-14602,	2003.	
432.	 Santomauro	AT,	Boden	G,	Silva	ME,	Rocha	DM,	Santos	RF,	Ursich	MJ,	Strassmann	PG,	and	
Wajchenberg	BL.	Overnight	lowering	of	free	fatty	acids	with	Acipimox	improves	insulin	resistance	and	
glucose	tolerance	in	obese	diabetic	and	nondiabetic	subjects.	Diabetes	48:	1836-1841,	1999.	
433.	 Sarbassov	DD,	Guertin	DA,	Ali	SM,	and	Sabatini	DM.	Phosphorylation	and	regulation	of	Akt/PKB	
by	the	rictor-mTOR	complex.	Science	307:	1098-1101,	2005.	
434.	 Sarge	KD,	Murphy	SP,	and	Morimoto	RI.	Activation	of	heat	shock	gene	transcription	by	heat	
shock	factor	1	involves	oligomerization,	acquisition	of	DNA-binding	activity,	and	nuclear	localization	and	
can	occur	in	the	absence	of	stress.	Molecular	and	cellular	biology	13:	1392-1407,	1993.	
435.	 Sartipy	P,	and	Loskutoff	DJ.	Monocyte	chemoattractant	protein	1	in	obesity	and	insulin	
resistance.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	America	100:	7265-
7270,	2003.	
436.	 Sawada	SS,	Lee	IM,	Muto	T,	Matuszaki	K,	and	Blair	SN.	Cardiorespiratory	fitness	and	the	
incidence	of	type	2	diabetes:	prospective	study	of	Japanese	men.	Diabetes	care	26:	2918-2922,	2003.	
437.	 Schafer	C,	Clapp	P,	Welsh	MJ,	Benndorf	R,	and	Williams	JA.	HSP27	expression	regulates	CCK-
induced	changes	of	the	actin	cytoskeleton	in	CHO-CCK-A	cells.	The	American	journal	of	physiology	277:	
C1032-1043,	1999.	
438.	 Schiaffonati	L,	Tacchini	L,	and	Pappalardo	C.	Heat	shock	response	in	the	liver:	expression	and	
regulation	of	the	hsp70	gene	family	and	early	response	genes	after	in	vivo	hyperthermia.	Hepatology	20:	
975-983,	1994.	
439.	 Schmitz-Peiffer	C,	Craig	DL,	and	Biden	TJ.	Ceramide	generation	is	sufficient	to	account	for	the	
inhibition	of	the	insulin-stimulated	PKB	pathway	in	C2C12	skeletal	muscle	cells	pretreated	with	
palmitate.	The	Journal	of	biological	chemistry	274:	24202-24210,	1999.	
440.	 Schneider	SH,	Amorosa	LF,	Khachadurian	AK,	and	Ruderman	NB.	Studies	on	the	mechanism	of	
improved	glucose	control	during	regular	exercise	in	type	2	(non-insulin-dependent)	diabetes.	
Diabetologia	26:	355-360,	1984.	
441.	 Schoneich	C.	Reactive	oxygen	species	and	biological	aging:	a	mechanistic	approach.	
Experimental	gerontology	34:	19-34,	1999.	
442.	 Seifert	EL,	Bastianelli	M,	Aguer	C,	Moffat	C,	Estey	C,	Koch	LG,	Britton	SL,	and	Harper	ME.	
Intrinsic	aerobic	capacity	correlates	with	greater	inherent	mitochondrial	oxidative	and	H2O2	emission	
capacities	without	major	shifts	in	myosin	heavy	chain	isoform.	J	Appl	Physiol	(1985)	113:	1624-1634,	
2012.	
443.	 Selsby	JT,	Judge	AR,	Yimlamai	T,	Leeuwenburgh	C,	and	Dodd	SL.	Life	long	calorie	restriction	
increases	heat	shock	proteins	and	proteasome	activity	in	soleus	muscles	of	Fisher	344	rats.	Experimental	
gerontology	40:	37-42,	2005.	
444.	 Sesso	HD,	Paffenbarger	RS,	Jr.,	and	Lee	IM.	Physical	activity	and	coronary	heart	disease	in	men:	
The	Harvard	Alumni	Health	Study.	Circulation	102:	975-980,	2000.	



167	
	
445.	 Shi	Y,	Mosser	DD,	and	Morimoto	RI.	Molecular	chaperones	as	HSF1-specific	transcriptional	
repressors.	Genes	&	development	12:	654-666,	1998.	
446.	 Short	KR,	Bigelow	ML,	Kahl	J,	Singh	R,	Coenen-Schimke	J,	Raghavakaimal	S,	and	Nair	KS.	
Decline	in	skeletal	muscle	mitochondrial	function	with	aging	in	humans.	Proceedings	of	the	National	
Academy	of	Sciences	of	the	United	States	of	America	102:	5618-5623,	2005.	
447.	 Shuval	K,	Finley	CE,	Chartier	KG,	Balasubramanian	BA,	Gabriel	KP,	and	Barlow	CE.	
Cardiorespiratory	fitness,	alcohol	intake,	and	metabolic	syndrome	incidence	in	men.	Medicine	and	
science	in	sports	and	exercise	44:	2125-2131,	2012.	
448.	 Sieverdes	JC,	Sui	X,	Lee	DC,	Church	TS,	McClain	A,	Hand	GA,	and	Blair	SN.	Physical	activity,	
cardiorespiratory	fitness	and	the	incidence	of	type	2	diabetes	in	a	prospective	study	of	men.	British	
journal	of	sports	medicine	44:	238-244,	2010.	
449.	 Silver	JT,	Kowalchuk	H,	and	Noble	EG.	hsp70	mRNA	temporal	localization	in	rat	skeletal	
myofibers	and	blood	vessels	post-exercise.	Cell	stress	&	chaperones	17:	109-120,	2012.	
450.	 Silver	JT,	and	Noble	EG.	Regulation	of	survival	gene	hsp70.	Cell	stress	&	chaperones	17:	1-9,	
2012.	
451.	 Singh	R,	Kaushik	S,	Wang	Y,	Xiang	Y,	Novak	I,	Komatsu	M,	Tanaka	K,	Cuervo	AM,	and	Czaja	MJ.	
Autophagy	regulates	lipid	metabolism.	Nature	458:	1131-1135,	2009.	
452.	 Skidmore	R,	Gutierrez	JA,	Guerriero	V,	Jr.,	and	Kregel	KC.	HSP70	induction	during	exercise	and	
heat	stress	in	rats:	role	of	internal	temperature.	The	American	journal	of	physiology	268:	R92-97,	1995.	
453.	 Sladek	R,	Rocheleau	G,	Rung	J,	Dina	C,	Shen	L,	Serre	D,	Boutin	P,	Vincent	D,	Belisle	A,	Hadjadj	
S,	Balkau	B,	Heude	B,	Charpentier	G,	Hudson	TJ,	Montpetit	A,	Pshezhetsky	AV,	Prentki	M,	Posner	BI,	
Balding	DJ,	Meyre	D,	Polychronakos	C,	and	Froguel	P.	A	genome-wide	association	study	identifies	novel	
risk	loci	for	type	2	diabetes.	Nature	445:	881-885,	2007.	
454.	 Slattery	ML,	Jacobs	DR,	Jr.,	and	Nichaman	MZ.	Leisure	time	physical	activity	and	coronary	heart	
disease	death.	The	US	Railroad	Study.	Circulation	79:	304-311,	1989.	
455.	 Sohal	RS,	and	Orr	WC.	Relationship	between	antioxidants,	prooxidants,	and	the	aging	process.	
Annals	of	the	New	York	Academy	of	Sciences	663:	74-84,	1992.	
456.	 Solomon	TP,	and	Thyfault	JP.	Type	2	diabetes	sits	in	a	chair.	Diabetes,	obesity	&	metabolism	15:	
987-992,	2013.	
457.	 Spangenburg	EE,	and	Booth	FW.	Molecular	regulation	of	individual	skeletal	muscle	fibre	types.	
Acta	physiologica	Scandinavica	178:	413-424,	2003.	
458.	 Speaker	KJ,	Cox	SS,	Paton	MM,	Serebrakian	A,	Maslanik	T,	Greenwood	BN,	and	Fleshner	M.	Six	
weeks	of	voluntary	wheel	running	modulates	inflammatory	protein	(MCP-1,	IL-6,	and	IL-10)	and	DAMP	
(Hsp72)	responses	to	acute	stress	in	white	adipose	tissue	of	lean	rats.	Brain,	behavior,	and	immunity	39:	
87-98,	2014.	
459.	 Starnes	JW,	Choilawala	AM,	Taylor	RP,	Nelson	MJ,	and	Delp	MD.	Myocardial	heat	shock	
protein	70	expression	in	young	and	old	rats	after	identical	exercise	programs.	The	journals	of	
gerontology	60:	963-969,	2005.	
460.	 Stephenson	EJ,	Stepto	NK,	Koch	LG,	Britton	SL,	and	Hawley	JA.	Divergent	skeletal	muscle	
respiratory	capacities	in	rats	artificially	selected	for	high	and	low	running	ability:	a	role	for	Nor1?	J	Appl	
Physiol	(1985)	113:	1403-1412,	2012.	
461.	 Stokoe	D,	Stephens	LR,	Copeland	T,	Gaffney	PR,	Reese	CB,	Painter	GF,	Holmes	AB,	McCormick	
F,	and	Hawkins	PT.	Dual	role	of	phosphatidylinositol-3,4,5-trisphosphate	in	the	activation	of	protein	
kinase	B.	Science	277:	567-570,	1997.	
462.	 Storlien	LH,	James	DE,	Burleigh	KM,	Chisholm	DJ,	and	Kraegen	EW.	Fat	feeding	causes	
widespread	in	vivo	insulin	resistance,	decreased	energy	expenditure,	and	obesity	in	rats.	The	American	
journal	of	physiology	251:	E576-583,	1986.	



168	
	
463.	 Sturm	R.	Increases	in	clinically	severe	obesity	in	the	United	States,	1986-2000.	Archives	of	
internal	medicine	163:	2146-2148,	2003.	
464.	 Sturm	R.	Increases	in	morbid	obesity	in	the	USA:	2000-2005.	Public	health	121:	492-496,	2007.	
465.	 Sun	XJ,	Crimmins	DL,	Myers	MG,	Jr.,	Miralpeix	M,	and	White	MF.	Pleiotropic	insulin	signals	are	
engaged	by	multisite	phosphorylation	of	IRS-1.	Molecular	and	cellular	biology	13:	7418-7428,	1993.	
466.	 Sun	Y,	Bilan	PJ,	Liu	Z,	and	Klip	A.	Rab8A	and	Rab13	are	activated	by	insulin	and	regulate	GLUT4	
translocation	in	muscle	cells.	Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	
America	107:	19909-19914,	2010.	
467.	 Sutherland	LN,	Bomhof	MR,	Capozzi	LC,	Basaraba	SA,	and	Wright	DC.	Exercise	and	adrenaline	
increase	PGC-1{alpha}	mRNA	expression	in	rat	adipose	tissue.	The	Journal	of	physiology	587:	1607-1617,	
2009.	
468.	 Sutherland	LN,	Capozzi	LC,	Turchinsky	NJ,	Bell	RC,	and	Wright	DC.	Time	course	of	high-fat	diet-
induced	reductions	in	adipose	tissue	mitochondrial	proteins:	potential	mechanisms	and	the	relationship	
to	glucose	intolerance.	American	journal	of	physiology	Endocrinology	and	metabolism	295:	E1076-1083,	
2008.	
469.	 Suzuki	K,	and	Kono	T.	Evidence	that	insulin	causes	translocation	of	glucose	transport	activity	to	
the	plasma	membrane	from	an	intracellular	storage	site.	Proceedings	of	the	National	Academy	of	
Sciences	of	the	United	States	of	America	77:	2542-2545,	1980.	
470.	 Tam	BT,	and	Siu	PM.	Autophagic	cellular	responses	to	physical	exercise	in	skeletal	muscle.	
Sports	medicine	44:	625-640,	2014.	
471.	 Tamura	Y,	Kitaoka	Y,	Matsunaga	Y,	Hoshino	D,	and	Hatta	H.	Daily	heat	stress	treatment	rescues	
denervation-activated	mitochondrial	clearance	and	atrophy	in	skeletal	muscle.	The	Journal	of	physiology	
2015.	
472.	 Tan	JR,	Chen	YH,	Bi	YF,	Xu	M,	Huang	Y,	Dai	M,	Ning	G,	and	Li	XY.	Prehypertension	is	associated	
with	atherosclerosis	in	Type	2	diabetes.	Journal	of	diabetes	2:	56-63,	2010.	
473.	 Taniguchi	Y,	Takahashi	N,	Fukui	A,	Nagano-Torigoe	Y,	Thuc	LC,	Teshima	Y,	Shinohara	T,	
Wakisaka	O,	Ooie	T,	Murozono	Y,	Yufu	K,	Nakagawa	M,	Hara	M,	Yoshimatsu	H,	and	Saikawa	T.	
Candesartan	restored	cardiac	Hsp72	expression	and	tolerance	against	reperfusion	injury	in	hereditary	
insulin-resistant	rats.	Cardiovascular	research	92:	439-448,	2011.	
474.	 Tanner	CJ,	Barakat	HA,	Dohm	GL,	Pories	WJ,	MacDonald	KG,	Cunningham	PR,	Swanson	MS,	
and	Houmard	JA.	Muscle	fiber	type	is	associated	with	obesity	and	weight	loss.	American	journal	of	
physiology	Endocrinology	and	metabolism	282:	E1191-1196,	2002.	
475.	 Taylor	R.	Insulin	resistance	and	type	2	diabetes.	Diabetes	61:	778-779,	2012.	
476.	 Thyfault	JP,	Rector	RS,	Uptergrove	GM,	Borengasser	SJ,	Morris	EM,	Wei	Y,	Laye	MJ,	Burant	CF,	
Qi	NR,	Ridenhour	SE,	Koch	LG,	Britton	SL,	and	Ibdah	JA.	Rats	selectively	bred	for	low	aerobic	capacity	
have	reduced	hepatic	mitochondrial	oxidative	capacity	and	susceptibility	to	hepatic	steatosis	and	injury.	
The	Journal	of	physiology	587:	1805-1816,	2009.	
477.	 Tiniakos	DG,	Vos	MB,	and	Brunt	EM.	Nonalcoholic	fatty	liver	disease:	pathology	and	
pathogenesis.	Annual	review	of	pathology	5:	145-171,	2010.	
478.	 Tiss	A,	Khadir	A,	Abubaker	J,	Abu-Farha	M,	Al-Khairi	I,	Cherian	P,	John	J,	Kavalakatt	S,	
Warsame	S,	Al-Ghimlas	F,	Elkum	N,	Behbehani	K,	Dermime	S,	and	Dehbi	M.	Immunohistochemical	
profiling	of	the	heat	shock	response	in	obese	non-diabetic	subjects	revealed	impaired	expression	of	heat	
shock	proteins	in	the	adipose	tissue.	Lipids	in	health	and	disease	13:	106,	2014.	
479.	 Toledo	FG,	Menshikova	EV,	Ritov	VB,	Azuma	K,	Radikova	Z,	DeLany	J,	and	Kelley	DE.	Effects	of	
physical	activity	and	weight	loss	on	skeletal	muscle	mitochondria	and	relationship	with	glucose	control	
in	type	2	diabetes.	Diabetes	56:	2142-2147,	2007.	



169	
	
480.	 Toledo	FG,	Watkins	S,	and	Kelley	DE.	Changes	induced	by	physical	activity	and	weight	loss	in	the	
morphology	of	intermyofibrillar	mitochondria	in	obese	men	and	women.	The	Journal	of	clinical	
endocrinology	and	metabolism	91:	3224-3227,	2006.	
481.	 Tordjman	J,	Chauvet	G,	Quette	J,	Beale	EG,	Forest	C,	and	Antoine	B.	Thiazolidinediones	block	
fatty	acid	release	by	inducing	glyceroneogenesis	in	fat	cells.	The	Journal	of	biological	chemistry	278:	
18785-18790,	2003.	
482.	 Torlinska	T,	Banach	R,	Paluszak	J,	and	Gryczka-Dziadecka	A.	Hyperthermia	effect	on	lipolytic	
processes	in	rat	blood	and	adipose	tissue.	Acta	physiologica	Polonica	38:	361-366,	1987.	
483.	 Torok	Z,	Crul	T,	Maresca	B,	Schutz	GJ,	Viana	F,	Dindia	L,	Piotto	S,	Brameshuber	M,	Balogh	G,	
Peter	M,	Porta	A,	Trapani	A,	Gombos	I,	Glatz	A,	Gungor	B,	Peksel	B,	Vigh	L,	Jr.,	Csoboz	B,	Horvath	I,	
Vijayan	MM,	Hooper	PL,	Harwood	JL,	and	Vigh	L.	Plasma	membranes	as	heat	stress	sensors:	From	lipid-
controlled	molecular	switches	to	therapeutic	applications.	Biochimica	et	biophysica	acta	2013.	
484.	 Torok	Z,	Tsvetkova	NM,	Balogh	G,	Horvath	I,	Nagy	E,	Penzes	Z,	Hargitai	J,	Bensaude	O,	
Csermely	P,	Crowe	JH,	Maresca	B,	and	Vigh	L.	Heat	shock	protein	coinducers	with	no	effect	on	protein	
denaturation	specifically	modulate	the	membrane	lipid	phase.	Proceedings	of	the	National	Academy	of	
Sciences	of	the	United	States	of	America	100:	3131-3136,	2003.	
485.	 Tran	TT,	Yamamoto	Y,	Gesta	S,	and	Kahn	CR.	Beneficial	effects	of	subcutaneous	fat	
transplantation	on	metabolism.	Cell	metabolism	7:	410-420,	2008.	
486.	 Trayhurn	P.	Hypoxia	and	adipose	tissue	function	and	dysfunction	in	obesity.	Physiological	
reviews	93:	1-21,	2013.	
487.	 Traynor-Kaplan	AE,	Harris	AL,	Thompson	BL,	Taylor	P,	and	Sklar	LA.	An	inositol	
tetrakisphosphate-containing	phospholipid	in	activated	neutrophils.	Nature	334:	353-356,	1988.	
488.	 Traynor-Kaplan	AE,	Thompson	BL,	Harris	AL,	Taylor	P,	Omann	GM,	and	Sklar	LA.	Transient	
increase	in	phosphatidylinositol	3,4-bisphosphate	and	phosphatidylinositol	trisphosphate	during	
activation	of	human	neutrophils.	The	Journal	of	biological	chemistry	264:	15668-15673,	1989.	
489.	 Truettner	JS,	Hu	K,	Liu	CL,	Dietrich	WD,	and	Hu	B.	Subcellular	stress	response	and	induction	of	
molecular	chaperones	and	folding	proteins	after	transient	global	ischemia	in	rats.	Brain	research	1249:	
9-18,	2009.	
490.	 Tsvetkova	NM,	Horvath	I,	Torok	Z,	Wolkers	WF,	Balogi	Z,	Shigapova	N,	Crowe	LM,	Tablin	F,	
Vierling	E,	Crowe	JH,	and	Vigh	L.	Small	heat-shock	proteins	regulate	membrane	lipid	polymorphism.	
Proceedings	of	the	National	Academy	of	Sciences	of	the	United	States	of	America	99:	13504-13509,	
2002.	
491.	 Tucker	LA,	and	Bagwell	M.	Television	viewing	and	obesity	in	adult	females.	American	journal	of	
public	health	81:	908-911,	1991.	
492.	 Tucker	LA,	and	Friedman	GM.	Television	viewing	and	obesity	in	adult	males.	American	journal	of	
public	health	79:	516-518,	1989.	
493.	 Tuncman	G,	Hirosumi	J,	Solinas	G,	Chang	L,	Karin	M,	and	Hotamisligil	GS.	Functional	in	vivo	
interactions	between	JNK1	and	JNK2	isoforms	in	obesity	and	insulin	resistance.	Proceedings	of	the	
National	Academy	of	Sciences	of	the	United	States	of	America	103:	10741-10746,	2006.	
494.	 Tuomilehto	J,	Lindstrom	J,	Eriksson	JG,	Valle	TT,	Hamalainen	H,	Ilanne-Parikka	P,	Keinanen-
Kiukaanniemi	S,	Laakso	M,	Louheranta	A,	Rastas	M,	Salminen	V,	Uusitupa	M,	and	Finnish	Diabetes	
Prevention	Study	G.	Prevention	of	type	2	diabetes	mellitus	by	changes	in	lifestyle	among	subjects	with	
impaired	glucose	tolerance.	The	New	England	journal	of	medicine	344:	1343-1350,	2001.	
495.	 Turner	N,	Bruce	CR,	Beale	SM,	Hoehn	KL,	So	T,	Rolph	MS,	and	Cooney	GJ.	Excess	lipid	
availability	increases	mitochondrial	fatty	acid	oxidative	capacity	in	muscle:	evidence	against	a	role	for	
reduced	fatty	acid	oxidation	in	lipid-induced	insulin	resistance	in	rodents.	Diabetes	56:	2085-2092,	2007.	



170	
	
496.	 Turner	RC,	Cull	CA,	Frighi	V,	and	Holman	RR.	Glycemic	control	with	diet,	sulfonylurea,	
metformin,	or	insulin	in	patients	with	type	2	diabetes	mellitus:	progressive	requirement	for	multiple	
therapies	(UKPDS	49).	UK	Prospective	Diabetes	Study	(UKPDS)	Group.	Jama	281:	2005-2012,	1999.	
497.	 Uysal	KT,	Wiesbrock	SM,	Marino	MW,	and	Hotamisligil	GS.	Protection	from	obesity-induced	
insulin	resistance	in	mice	lacking	TNF-alpha	function.	Nature	389:	610-614,	1997.	
498.	 van	der	Heijden	GJ,	Wang	ZJ,	Chu	ZD,	Sauer	PJ,	Haymond	MW,	Rodriguez	LM,	and	Sunehag	AL.	
A	12-week	aerobic	exercise	program	reduces	hepatic	fat	accumulation	and	insulin	resistance	in	obese,	
Hispanic	adolescents.	Obesity	18:	384-390,	2010.	
499.	 van	der	Ploeg	HP,	Chey	T,	Korda	RJ,	Banks	E,	and	Bauman	A.	Sitting	time	and	all-cause	mortality	
risk	in	222	497	Australian	adults.	Archives	of	internal	medicine	172:	494-500,	2012.	
500.	 Van	Harmelen	V,	Reynisdottir	S,	Cianflone	K,	Degerman	E,	Hoffstedt	J,	Nilsell	K,	Sniderman	A,	
and	Arner	P.	Mechanisms	involved	in	the	regulation	of	free	fatty	acid	release	from	isolated	human	fat	
cells	by	acylation-stimulating	protein	and	insulin.	The	Journal	of	biological	chemistry	274:	18243-18251,	
1999.	
501.	 Vavvas	D,	Apazidis	A,	Saha	AK,	Gamble	J,	Patel	A,	Kemp	BE,	Witters	LA,	and	Ruderman	NB.	
Contraction-induced	changes	in	acetyl-CoA	carboxylase	and	5'-AMP-activated	kinase	in	skeletal	muscle.	
The	Journal	of	biological	chemistry	272:	13255-13261,	1997.	
502.	 Velazquez	JM,	and	Lindquist	S.	hsp70:	nuclear	concentration	during	environmental	stress	and	
cytoplasmic	storage	during	recovery.	Cell	36:	655-662,	1984.	
503.	 Vieira-Potter	VJ,	Padilla	J,	Park	YM,	Welly	RJ,	Scroggins	RJ,	Britton	SL,	Koch	LG,	Jenkins	NT,	
Crissey	JM,	Zidon	T,	Morris	EM,	Meers	GM,	and	Thyfault	JP.	Female	rats	selectively	bred	for	high	
intrinsic	aerobic	fitness	are	protected	from	ovariectomy-associated	metabolic	dysfunction.	American	
journal	of	physiology	Regulatory,	integrative	and	comparative	physiology	308:	R530-542,	2015.	
504.	 Voellmy	R.	Transduction	of	the	stress	signal	and	mechanisms	of	transcriptional	regulation	of	
heat	shock/stress	protein	gene	expression	in	higher	eukaryotes.	Critical	reviews	in	eukaryotic	gene	
expression	4:	357-401,	1994.	
505.	 Wajchenberg	BL,	Giannella-Neto	D,	da	Silva	ME,	and	Santos	RF.	Depot-specific	hormonal	
characteristics	of	subcutaneous	and	visceral	adipose	tissue	and	their	relation	to	the	metabolic	
syndrome.	Hormone	and	metabolic	research	=	Hormon-	und	Stoffwechselforschung	=	Hormones	et	
metabolisme	34:	616-621,	2002.	
506.	 Walsh	RC,	Koukoulas	I,	Garnham	A,	Moseley	PL,	Hargreaves	M,	and	Febbraio	MA.	Exercise	
increases	serum	Hsp72	in	humans.	Cell	stress	&	chaperones	6:	386-393,	2001.	
507.	 Walter	L,	Rauh	F,	and	Gunther	E.	Comparative	analysis	of	the	three	major	histocompatibility	
complex-linked	heat	shock	protein	70	(Hsp70)	genes	of	the	rat.	Immunogenetics	40:	325-330,	1994.	
508.	 Walters	TJ,	Ryan	KL,	and	Mason	PA.	Regional	distribution	of	Hsp70	in	the	CNS	of	young	and	old	
food-restricted	rats	following	hyperthermia.	Brain	research	bulletin	55:	367-374,	2001.	
509.	 Walters	TJ,	Ryan	KL,	Tehrany	MR,	Jones	MB,	Paulus	LA,	and	Mason	PA.	HSP70	expression	in	the	
CNS	in	response	to	exercise	and	heat	stress	in	rats.	J	Appl	Physiol	84:	1269-1277,	1998.	
510.	 Wan	Z,	Frier	BC,	Williams	DB,	and	Wright	DC.	Epinephrine	induces	PDK4	mRNA	expression	in	
adipose	tissue	from	obese,	insulin	resistant	rats.	Obesity	20:	453-456,	2012.	
511.	 Wan	Z,	Matravadia	S,	Holloway	GP,	and	Wright	DC.	FAT/CD36	regulates	PEPCK	expression	in	
adipose	tissue.	American	journal	of	physiology	Cell	physiology	304:	C478-484,	2013.	
512.	 Wan	Z,	Ritchie	I,	Beaudoin	MS,	Castellani	L,	Chan	CB,	and	Wright	DC.	IL-6	indirectly	modulates	
the	induction	of	glyceroneogenic	enzymes	in	adipose	tissue	during	exercise.	PloS	one	7:	e41719,	2012.	
513.	 Wang	X,	Grammatikakis	N,	Siganou	A,	Stevenson	MA,	and	Calderwood	SK.	Interactions	
between	extracellular	signal-regulated	protein	kinase	1,	14-3-3epsilon,	and	heat	shock	factor	1	during	
stress.	The	Journal	of	biological	chemistry	279:	49460-49469,	2004.	



171	
	
514.	 Wei	M,	Gibbons	LW,	Mitchell	TL,	Kampert	JB,	Lee	CD,	and	Blair	SN.	The	association	between	
cardiorespiratory	fitness	and	impaired	fasting	glucose	and	type	2	diabetes	mellitus	in	men.	Annals	of	
internal	medicine	130:	89-96,	1999.	
515.	 Weisberg	SP,	McCann	D,	Desai	M,	Rosenbaum	M,	Leibel	RL,	and	Ferrante	AW,	Jr.	Obesity	is	
associated	with	macrophage	accumulation	in	adipose	tissue.	The	Journal	of	clinical	investigation	112:	
1796-1808,	2003.	
516.	 Welch	WJ.	Mammalian	stress	response:	cell	physiology,	structure/function	of	stress	proteins,	
and	implications	for	medicine	and	disease.	Physiological	reviews	72:	1063-1081,	1992.	
517.	 Welch	WJ,	and	Feramisco	JR.	Purification	of	the	major	mammalian	heat	shock	proteins.	The	
Journal	of	biological	chemistry	257:	14949-14959,	1982.	
518.	 Welle	S,	Bhatt	K,	Shah	B,	Needler	N,	Delehanty	JM,	and	Thornton	CA.	Reduced	amount	of	
mitochondrial	DNA	in	aged	human	muscle.	J	Appl	Physiol	94:	1479-1484,	2003.	
519.	 Wellen	KE,	and	Hotamisligil	GS.	Inflammation,	stress,	and	diabetes.	The	Journal	of	clinical	
investigation	115:	1111-1119,	2005.	
520.	 Welsh	GI,	and	Proud	CG.	Glycogen	synthase	kinase-3	is	rapidly	inactivated	in	response	to	insulin	
and	phosphorylates	eukaryotic	initiation	factor	eIF-2B.	The	Biochemical	journal	294	(	Pt	3):	625-629,	
1993.	
521.	 Westerheide	SD,	Anckar	J,	Stevens	SM,	Jr.,	Sistonen	L,	and	Morimoto	RI.	Stress-inducible	
regulation	of	heat	shock	factor	1	by	the	deacetylase	SIRT1.	Science	323:	1063-1066,	2009.	
522.	 White	MF,	Maron	R,	and	Kahn	CR.	Insulin	rapidly	stimulates	tyrosine	phosphorylation	of	a	Mr-
185,000	protein	in	intact	cells.	Nature	318:	183-186,	1985.	
523.	 Winder	WW,	and	Hardie	DG.	Inactivation	of	acetyl-CoA	carboxylase	and	activation	of	AMP-
activated	protein	kinase	in	muscle	during	exercise.	The	American	journal	of	physiology	270:	E299-304,	
1996.	
524.	 Winder	WW,	Wilson	HA,	Hardie	DG,	Rasmussen	BB,	Hutber	CA,	Call	GB,	Clayton	RD,	Conley	
LM,	Yoon	S,	and	Zhou	B.	Phosphorylation	of	rat	muscle	acetyl-CoA	carboxylase	by	AMP-activated	
protein	kinase	and	protein	kinase	A.	J	Appl	Physiol	82:	219-225,	1997.	
525.	 Wisloff	U,	Najjar	SM,	Ellingsen	O,	Haram	PM,	Swoap	S,	Al-Share	Q,	Fernstrom	M,	Rezaei	K,	Lee	
SJ,	Koch	LG,	and	Britton	SL.	Cardiovascular	risk	factors	emerge	after	artificial	selection	for	low	aerobic	
capacity.	Science	307:	418-420,	2005.	
526.	 Wojtaszewski	JF,	Nielsen	JN,	and	Richter	EA.	Invited	review:	effect	of	acute	exercise	on	insulin	
signaling	and	action	in	humans.	J	Appl	Physiol	(1985)	93:	384-392,	2002.	
527.	 Wong	SL,	Katzmarzyk	P,	Nichaman	MZ,	Church	TS,	Blair	SN,	and	Ross	R.	Cardiorespiratory	
fitness	is	associated	with	lower	abdominal	fat	independent	of	body	mass	index.	Medicine	and	science	in	
sports	and	exercise	36:	286-291,	2004.	
528.	 Wright	DC,	Geiger	PC,	Rheinheimer	MJ,	Han	DH,	and	Holloszy	JO.	Phorbol	esters	affect	skeletal	
muscle	glucose	transport	in	a	fiber	type-specific	manner.	American	journal	of	physiology	Endocrinology	
and	metabolism	287:	E305-309,	2004.	
529.	 Wu	C.	Activating	protein	factor	binds	in	vitro	to	upstream	control	sequences	in	heat	shock	gene	
chromatin.	Nature	311:	81-84,	1984.	
530.	 Wu	C.	Heat	shock	transcription	factors:	structure	and	regulation.	Annual	review	of	cell	and	
developmental	biology	11:	441-469,	1995.	
531.	 Wu	Z,	Puigserver	P,	Andersson	U,	Zhang	C,	Adelmant	G,	Mootha	V,	Troy	A,	Cinti	S,	Lowell	B,	
Scarpulla	RC,	and	Spiegelman	BM.	Mechanisms	controlling	mitochondrial	biogenesis	and	respiration	
through	the	thermogenic	coactivator	PGC-1.	Cell	98:	115-124,	1999.	



172	
	
532.	 Xu	H,	Barnes	GT,	Yang	Q,	Tan	G,	Yang	D,	Chou	CJ,	Sole	J,	Nichols	A,	Ross	JS,	Tartaglia	LA,	and	
Chen	H.	Chronic	inflammation	in	fat	plays	a	crucial	role	in	the	development	of	obesity-related	insulin	
resistance.	The	Journal	of	clinical	investigation	112:	1821-1830,	2003.	
533.	 Yan	LJ,	Christians	ES,	Liu	L,	Xiao	X,	Sohal	RS,	and	Benjamin	IJ.	Mouse	heat	shock	transcription	
factor	1	deficiency	alters	cardiac	redox	homeostasis	and	increases	mitochondrial	oxidative	damage.	The	
EMBO	journal	21:	5164-5172,	2002.	
534.	 Yasuhara	K,	Ohno	Y,	Kojima	A,	Uehara	K,	Beppu	M,	Sugiura	T,	Fujimoto	M,	Nakai	A,	Ohira	Y,	
Yoshioka	T,	and	Goto	K.	Absence	of	heat	shock	transcription	factor	1	retards	the	regrowth	of	atrophied	
soleus	muscle	in	mice.	J	Appl	Physiol	(1985)	111:	1142-1149,	2011.	
535.	 Ye	L,	Wu	J,	Cohen	P,	Kazak	L,	Khandekar	MJ,	Jedrychowski	MP,	Zeng	X,	Gygi	SP,	and	
Spiegelman	BM.	Fat	cells	directly	sense	temperature	to	activate	thermogenesis.	Proceedings	of	the	
National	Academy	of	Sciences	of	the	United	States	of	America	110:	12480-12485,	2013.	
536.	 Yin	MJ,	Yamamoto	Y,	and	Gaynor	RB.	The	anti-inflammatory	agents	aspirin	and	salicylate	inhibit	
the	activity	of	I(kappa)B	kinase-beta.	Nature	396:	77-80,	1998.	
537.	 Youle	RJ,	and	Narendra	DP.	Mechanisms	of	mitophagy.	Nature	reviews	Molecular	cell	biology	
12:	9-14,	2011.	
538.	 Young	DA,	Uhl	JJ,	Cartee	GD,	and	Holloszy	JO.	Activation	of	glucose	transport	in	muscle	by	
prolonged	exposure	to	insulin.	Effects	of	glucose	and	insulin	concentrations.	The	Journal	of	biological	
chemistry	261:	16049-16053,	1986.	
539.	 Young	JC.	Mechanisms	of	the	Hsp70	chaperone	system.	Biochemistry	and	cell	biology	=	
Biochimie	et	biologie	cellulaire	88:	291-300,	2010.	
540.	 Young	P,	Arch	JR,	and	Ashwell	M.	Brown	adipose	tissue	in	the	parametrial	fat	pad	of	the	mouse.	
FEBS	letters	167:	10-14,	1984.	
541.	 Yuan	M,	Konstantopoulos	N,	Lee	J,	Hansen	L,	Li	ZW,	Karin	M,	and	Shoelson	SE.	Reversal	of	
obesity-	and	diet-induced	insulin	resistance	with	salicylates	or	targeted	disruption	of	Ikkbeta.	Science	
293:	1673-1677,	2001.	
542.	 Zhang	X,	Saaddine	JB,	Chou	CF,	Cotch	MF,	Cheng	YJ,	Geiss	LS,	Gregg	EW,	Albright	AL,	Klein	BE,	
and	Klein	R.	Prevalence	of	diabetic	retinopathy	in	the	United	States,	2005-2008.	Jama	304:	649-656,	
2010.	
543.	 Zhang	Y,	Huang	L,	Zhang	J,	Moskophidis	D,	and	Mivechi	NF.	Targeted	disruption	of	hsf1	leads	to	
lack	of	thermotolerance	and	defines	tissue-specific	regulation	for	stress-inducible	Hsp	molecular	
chaperones.	Journal	of	cellular	biochemistry	86:	376-393,	2002.	
544.	 Zheng	H,	and	Li	Z.	Cutting	edge:	cross-presentation	of	cell-associated	antigens	to	MHC	class	I	
molecule	is	regulated	by	a	major	transcription	factor	for	heat	shock	proteins.	Journal	of	immunology	
173:	5929-5933,	2004.	
545.	 Zierath	JR.	Invited	review:	Exercise	training-induced	changes	in	insulin	signaling	in	skeletal	
muscle.	J	Appl	Physiol	(1985)	93:	773-781,	2002.	
546.	 Zierath	JR,	Livingston	JN,	Thorne	A,	Bolinder	J,	Reynisdottir	S,	Lonnqvist	F,	and	Arner	P.	
Regional	difference	in	insulin	inhibition	of	non-esterified	fatty	acid	release	from	human	adipocytes:	
relation	to	insulin	receptor	phosphorylation	and	intracellular	signalling	through	the	insulin	receptor	
substrate-1	pathway.	Diabetologia	41:	1343-1354,	1998.	
547.	 Zuo	J,	Baler	R,	Dahl	G,	and	Voellmy	R.	Activation	of	the	DNA-binding	ability	of	human	heat	
shock	transcription	factor	1	may	involve	the	transition	from	an	intramolecular	to	an	intermolecular	
triple-stranded	coiled-coil	structure.	Molecular	and	cellular	biology	14:	7557-7568,	1994.	

	


