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ABSTRACT 

Impaired endothelial insulin signaling and consequent blunting of insulin-induced 

vasodilation is a feature of type 2 diabetes (T2D) and contributes to vascular 

disease and glycemic dysregulation.  However, the molecular mechanisms 

underlying endothelial insulin resistance remain poorly known.  Herein, the 

hypothesis that endothelial insulin resistance in T2D is attributed to reduced 

expression of HSP72 was tested.  HSP72 is a cytoprotective chaperone protein 

that can be upregulated with heating and is reported to promote insulin sensitivity 

in metabolically active tissues, in part via inhibition of JNK activity.  Accordingly, it 

was further hypothesized that, in T2D individuals, seven days of passive heat 

treatment via hot water immersion to waist-level (one hour/day) would improve 

leg blood flow responses to an oral glucose load (i.e., endogenous insulin 

stimulation) via induction of endothelial HSP72.  Contrary to the hypotheses, it 

was found that: 1) endothelial insulin resistance in T2D mice and humans was 

not associated with reduced HSP72 in aortas and endothelial cells, respectively; 

2) after passive heat treatment, improved leg blood flow responses to an oral 

glucose load did not parallel with increased endothelial HSP72; 3) 

downregulation of HSP72 (via small-interfering RNA) or upregulation of HSP72 

(via heating) in cultured endothelial cells did not impair or enhance insulin 

signaling (i.e., activation of Akt), respectively, nor was JNK activity altered.  

Collectively, these findings do not support the hypothesis that reduced HSP72 is 

a key driver of endothelial insulin resistance in T2D but provide novel evidence 



xi 
 

that lower-body heating may be an effective strategy for improving postprandial 

blood flow in subjects with T2D.
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CHAPTER ONE – BACKGROUND & AIMS 

The prevalence and incidence of type 2 diabetes (T2D) are growing in the 

United States and worldwide (1, 2).  The number of US adults diagnosed with 

diabetes is expected to nearly triple by 2060, equating to over one in six adults 

(3).  The increased rates of T2D are mirrored by the increased prevalence of 

obesity (4, 5) and physical inactivity (6, 7), known prime drivers of T2D (8).  

Notably, individuals with T2D are at increased risk of developing and 

subsequently dying from cardiovascular disease (CVD) (9, 10).  Individuals with 

T2D display vascular dysfunctions that manifest as hypertension, arterial 

stiffening, endothelial dysfunction, and impaired insulin-stimulated increases in 

skeletal muscle blood flow and perfusion (11).  Much of these manifestations 

stem from complex endothelial cell mechanisms (12-14).  Notably, these vascular 

dysfunctions contribute to the increased risk of CVD associated with T2D (15), 

yet the mechanistic and molecular causes are not yet fully understood.   

Endothelial cell dysfunction plays a pivotal role in the pathogenesis of 

CVD in T2D (12-14, 16).  Particularly, impaired endothelial insulin signaling 

through the phosphoinositide 3-kinase (PI3K)-Akt pathway and consequent 

blunting of insulin-induced vasodilation and blood flow, also referred to as 

selective endothelial insulin resistance (14, 17), contributes to vascular disease 

and glycemic dysregulation (12, 16-18).  Endothelial insulin resistance is the 

impaired ability of insulin to stimulate nitric oxide production via endothelial nitric 

oxide synthase (eNOS) activation through the PI3K-Akt pathway within 

endothelial cells, which line the inside of the vascular system and are responsible 
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for its functionality and health (12, 14, 16, 19, 20).  Nitric oxide (NO) is a potent 

vasodilator and an anti-inflammatory molecule protecting against atherosclerosis 

and thrombosis (16, 19).  Transgenic animals with an endothelial insulin receptor 

deletion had accelerated atherosclerosis development and more severe 

atherosclerotic lesions than controls (21).  Cell culture experiments show 

impairing the PI3K-Akt pathway during insulin stimulation results in 

proatherogenic actions (20).  Collectively, impairing endothelial insulin signaling 

promotes atherosclerosis, a primary contributor to CVD and mortality rates (22).   

Insulin has vasodilatory actions crucial for glycemic control (11-17). Insulin 

induces microvascular recruitment and vasodilation to increase the delivery of 

insulin and glucose to skeletal muscle interstitium for glucose uptake (18).  

Impairing insulin-stimulated microvascular recruitment and increased blood flow 

with nitric oxide synthase (NOS) inhibitors impedes glucose uptake (23-28), 

demonstrating that the vasodilatory actions of insulin are primarily NO-

dependent.  Mice with genetic deletion of endothelial IRS2, the signaling protein 

upstream of PI3K, exhibited impaired insulin-stimulated eNOS phosphorylation, 

blunted microvascular recruitment, decreased interstitial insulin, and impeded 

skeletal muscle glucose uptake (29).  These observations were recapitulated in 

diet-induced obese mice (29).   

Isolated vessels from animal models of genetic-, and diet-induced obesity 

(117-120) and humans with severe obesity (29) show impaired insulin-induced 

relaxation.  Clinical studies show the vasodilatory action of insulin is blunted by 

obesity and T2D during insulin infusions (30-33) and the postprandial state (34-
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38), contributing to impaired glucose uptake (30, 31, 34, 35).  Collectively 

endothelial insulin resistance and subsequently impaired vascular insulin 

responsiveness characterize T2D.   

As endothelial insulin resistance represents a causal factor in the 

pathogenesis of atherosclerosis and T2D (11), there is an urgency to identify the 

molecular mechanisms of endothelial insulin resistance and subsequently devise 

effective treatments.  Although the exact causal mechanisms are unclear, 

disruption of the PI3K-Akt pathway is a crucial contributor to endothelial insulin 

resistance (12, 20).  Obesity, physical inactivity, glucolipotoxicity, and 

subsequent inflammation activate cellular stress kinases that can become 

overactive (17, 39).  These kinases can disrupt the conserved PI3K-Akt insulin 

signaling pathway, present in metabolically active tissues and endothelial cells 

(17, 39).   

One such classic stress-activated kinase is c-Jun amino-terminal kinase 

(JNK), whose increased activity has been shown to disrupt the PI3K-Akt pathway 

at the level of insulin receptor substrate 1/2 (IRS1/2) (40-42).  Notably, isolated 

vessels from patients with severe obesity (43) and endothelial cells from patients 

with T2D (42) show increased JNK activity (Figure 1.1).  Furthermore, the 

isolated vessels showed impaired insulin-induced relaxation, and the endothelial 

cells demonstrated impaired insulin-stimulated eNOS phosphorylation and NO-

production (42).  Notably, insulin responsiveness was rescued when these 

vessels (32) and endothelial cells (31) were treated with a JNK inhibitor.  

Furthermore, upregulation of JNK in endothelial cell culture impaired insulin-
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stimulated eNOS activity and NO-production (31).  These observations indicate 

JNK activity is increased in T2D vasculature and that JNK modulation may have 

beneficial vascular effects in T2D. 

 

Figure 1.1  Impaired insulin-stimulated eNOS activity and increased JNK 
activity in endothelial cells from patients with T2D. (A) Insulin-stimulated 
eNOS activity and (B) JNK activity in endothelial cells collected from control 
subjects and patients with T2D.  (C) JNK activity from endothelial cells inversely 
correlated with endothelial-dependent dilation as measured by flow-mediated-
dilation.  Adapted from Breton-Romero et al. (42). 

 

Importantly, JNK activity can be regulated by heat shock protein 72 

(HSP72) (44-47), an intracellular cytosolic protein chaperone molecule that can 

mitigate cellular stresses to maintain cellular homeostasis, in addition to its other 

roles that promote cellular organelle fidelity (48-50).  HSP72 is highly conserved 

and ubiquitously expressed (48-50), including within endothelial cells (51-53).  

HSP72 is induced in response to cellular metabolic demands such as protein 

synthesis and folding, oxidative stress and injury, endoplasmic reticulum stress, 

hypoxia, pH changes, temperature, and exercise.  Notably, intracellular HSP72 is 
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cytoprotective, whereas extracellular HSP72 can initiate proinflammatory 

signaling that promotes insulin resistance (48-50, 54).  Patients with T2D have 

demonstrated low intracellular HSP72 in skeletal muscle and increased 

extracellular HSP72 expression in plasma (55).  Crucially, intracellular HSP72 

modulation has been implicated in developing and treating insulin resistance (48-

50), making it the focus of this dissertation and hence will be referred to as 

“HSP72” throughout this dissertation.   

Growing evidence indicate that HSP72 may be implicated in insulin 

resistance.  Clinical studies have shown decreased HSP72 within tissues that are 

important for glycemic control (i.e., skeletal muscle, liver, and adipose tissue) 

from obese and insulin-resistant subjects (55-59) (Figure 1.2), which correlated 

with insulin sensitivity and glucose disposal during the hyperinsulinemic-

euglycemic clamp procedure (56, 58).  Furthermore, skeletal muscle biopsies 

indicate HSP72 may decline as the risk for T2D increases (58).  Global genetic 

knockout of HSP72 has induced whole-body insulin resistance in mice (60, 61).  

Diet-induced insulin resistance is also associated with decreased HSP72 (57, 62, 

63), including in the aorta (64).   
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Figure 1.2  Decreased HSP72 and increased JNK activity in skeletal muscle 
from obese insulin-resistant individuals.  (A) HSP72 and (B) JNK activity in 
vastus lateralis biopsies from healthy and obese insulin-resistant (IR) individuals.  
Adapted from Chung et al. (57).  

 

Inflammatory stress kinases involved with insulin resistance, including 

JNK, can inhibitory phosphorylate heat shock factor-1 (HSF-1), the transcription 

factor responsible for the synthesis of HSP72 (65-68).  Constitutive 

phosphorylation of HSF-1 can hold it in an inactive state under normal 

physiological growth conditions (67), which could explain, in part, the reduction of 

HSP72 in insulin resistance (50).  Indeed, an inverse relationship between JNK 

and HSP72 has been observed in metabolically active tissues in individuals with 

obesity, insulin resistance, and T2D (56-59).  Global knockout of HSP72 in mice 

has corroborated these observations (60, 61).   

Crucially, increasing HSP72 via genetic manipulation (57, 61, 69, 70), 

exercise (62, 71), passive heating (57, 63, 64, 72-75), or mild electrical 

stimulation with heat treatment (76) have been shown to rescue insulin sensitivity 

and even prevent insulin resistance, with observed improvements in insulin-
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stimulated PI3K-Akt activity (57, 61, 63, 70, 73, 76) and decreased JNK activity 

(57, 61, 63, 75, 76). Importantly, HSP72 suppresses JNK activity (44-46), which 

may explain, in part, how increasing HSP72 may improve insulin sensitivity.   

Given the evidence that HSP72 could be implicated in insulin resistance 

and its modulation may affect insulin sensitivity, it is possible that HSP72 may be 

involved with endothelial insulin resistance, yet this is unknown.  HSP72 could be 

a novel therapeutic target for treating endothelial insulin resistance in T2D.  

Although direct evidence is lacking, some data support the notion.  HSP72 is 

reduced in insulin-resistant aorta (64), and JNK activity that can suppress HSP72 

is elevated in endothelial cells from patients with T2D (42) and vessels from 

individuals with severe obesity (43).  Accordingly, it was hypothesized that 

endothelial insulin resistance in T2D may be attributable to decreased HSP72.  

Conversely, increasing HSP72 may improve endothelial insulin responsiveness, 

perhaps by improving insulin-stimulated PI3K-Akt activity (57, 61, 63, 70, 73, 76) 

and inhibitory effects on JNK (57, 61, 63, 75, 76) (Figure 1.3).  Therefore, it was 

hypothesized that increasing HSP72 could improve endothelial insulin 

responsiveness, in part, by reducing JNK activity.   
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Figure 1.3  Weekly heat treatment prevented skeletal muscle insulin 
resistance in high-fat-diet fed rats.  (A) HSP72, (B) JNK activity, and (C) 
insulin-stimulated Akt activity (black bars) in soleus muscle from rats after twelve 
weeks of chow-diet (chow), high-fat-diet with weekly sham treatment (HF+ST; 
20-minute water-immersion with core temperature at 36°C), or high-fat-diet with 
weekly passive heat treatment (HF+HT; 20-minute water-immersion with core 

temperature at 41°C).  In A & B, *P < 0.05 HF+ST vs. chow; #P < 0.05 HF+HT vs. 

HF+ST.  In C, *P < 0.05 basal vs. insulin-treated; #P < 0.05 v. HF+ST.   Adapted 

from Gupte et al. (63). 

 

In line with this, it is unknown if modulating HSP72 affects endothelial 

insulin signaling.  Silencing HSP72 has been reported to impair VEGF-stimulated 

Akt activity that is needed for angiogenesis (51).  Furthermore, increasing aortic 

HSP72 with passive heating improved angiotensin 1-7 stimulated Akt-eNOS 

activity resulting in improved vasodilation in insulin-resistant rats (64) (Figure 

1.4).  Therefore, HSP72 may be necessary for endothelial processes involving 

Akt signaling, including endothelial insulin signaling.  It was hypothesized that 

decreasing HSP72 impairs endothelial insulin signaling, whereas increasing 

HSP72 would be beneficial. 
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Figure 1.4  Weekly heat treatment rescues HSP72 and angiotensin (1-7) 
stimulated vasorelaxation in insulin-resistant rats.  (A) HSP72 and (B) 
angiotensin (1-7)-stimulated Akt activity and (C) eNOS activity from western-
blotted aortas, and (D) angiotensin (1-7)-stimulated relaxation of isolated aortic 
rings from of rats after twelve-weeks of control diet (Con), high-fat-diet (HFD), or 
high-fat diet with weekly heat treatment (HFD+HS; 20-minute blanket heating 
with core temperature at 41°C).   For A-C, basal state, open bars; insulin-
stimulated, black bars.  Adapted from Karpe & Tikoo (64). 

   

Strategies such as exercise have been shown to improve endothelial 

insulin responsiveness in individuals with T2D, as shown by increased insulin-

stimulated blood flow (77, 78) and postprandial blood flow (79).  Exercise has 

also been shown to upregulate and increase HSP72 expression within immune 

cells (80, 81) and skeletal muscle (82-91) in humans.  However, individuals with 

T2D often have reduced cardiorespiratory fitness and a decreased capacity for 

sustained exercise (92-99).  Furthermore, patients with T2D have often cited 

barriers to exercise related to physical and mental discomfort that perpetuate 
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unmotivated behaviors (100, 101).  Therefore, alternative therapies are needed.  

Accordingly, passive heating has been demonstrated to upregulate and increase 

HSP72 expression within immune cells (102) and skeletal muscle (103-105) in 

humans.   

Passive heating has emerged as a potentially effective therapy in treating 

cardiometabolic diseases.  Large prospective cohort studies show that increased 

frequency of sauna bathing is associated with a reduced risk of fatal 

cardiovascular diseases and all-cause mortality (106) and CVD risk profiles 

(107).  Chronic passive heating has improved prognosis (108) and vascular and 

physical functioning in vulnerable CVD populations (109-121).  Chronic passive 

heating has been shown to improve indices of vascular function in overweight, 

sedentary individuals (122) and obese women with polycystic ovary syndrome 

(PCOS) (123), indices that have been shown to characterize T2D.  Furthermore, 

regular passive heating has been shown to improve glycemic control in patients 

with T2D (124), women with PCOS (125), and sedentary overweight men (126, 

127).  Notably, it has been demonstrated that one hour of lower-limb heating 

augmented insulin-stimulated leg blood flow in healthy individuals (128).  

Therefore, passive heating could be used to improve endothelial insulin 

responsiveness in individuals with T2D.  Subsequently, it was hypothesized that 

passive heating could improve endothelial insulin responsiveness in subjects with 

T2D, in part by inducing HSP72. 

Accordingly, the overarching hypothesis of this dissertation was that 

endothelial insulin resistance in T2D is attributed to decreased endothelial 
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HSP72, whereas increasing endothelial HSP72 with passive heating would 

improve endothelial insulin responsiveness in T2D.  Furthermore, the potential of 

HSP72 to affect endothelial insulin signaling may involve modulation of JNK 

activity, a stress kinase known to disrupt the PI3K-Akt pathway (shown in Figure 

1.5). 

 

Figure 1.5  Overarching hypothesis of the dissertation.  HP72 is decreased 
in endothelial cells in T2D (shown in the red box), promoting impaired PI3K-Akt 
insulin signaling via mechanisms such as increased JNK activity.  Increasing 
HSP72 in endothelial cells by passive heating would improve PI3K-Akt signaling, 
in part, by decreasing JNK activity (shown in the green box).   

 

Therefore, this dissertation accomplished the following specific aims, which are 

outlined below with respective hypotheses and abbreviated approaches (For 

detailed experimental designs and methodologies, see Chapter Three – Main 

Findings):  
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Specific aim 1: To determine if endothelial insulin resistance in T2D is 

attributed to reduced expression of HSP72.   

Hypothesis: It was hypothesized that a reduced expression of HSP72 would 

contribute to endothelial insulin resistance in T2D. 

Abbreviated approaches: The hypothesis was tested using two approaches: 

Approach 1: Insulin-induced relaxation, HSP72 expression, and JNK activity of 

isolated aortas were compared between 20-week-old male db+ and db/db mice, 

a standard animal model for obesity and T2D research. It was hypothesized 

isolated aortas from db/db mice would exhibit blunted insulin-induced relaxation 

and reduced HSP72 relative to isolated aortas from db+ mice.  Insulin-induced 

relaxation of isolated aortic rings was measured by wire myography.  HSP72 

expression and JNK activity of isolated aortas were measured by western 

blotting. 

Approach 2: Postprandial leg blood flow and venous endothelial cell expression 

of HSP72 and JNK activity were compared between healthy subjects and 

subjects with T2D.  It was hypothesized that subjects with T2D would display 

impaired postprandial leg blood flow and decreased HSP72 in collected 

endothelial cells relative to healthy controls.  Leg blood flow was recorded in the 

superficial femoral artery using a 2D/Doppler ultrasound before and after a 75g 

oral glucose load.  Postprandial leg blood flow was used as a measurement of 

endothelial responsiveness to endogenously produced insulin.  Venous 

endothelial cells were collected from an antecubital vein using guidewires which 
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were then processed to measure HSP72 expression and JNK activity via 

quantitative immunofluorescence.     

 

Specific aim 2: To determine if seven days of passive heating via hot water 

immersion improves postprandial leg blood flow with increased expression 

of endothelial HSP72 in subjects with T2D.   

Hypothesis: It was hypothesized that, in subjects with T2D, seven days of 

passive heat treatment via hot water immersion to waist-level (one-hour/day) 

would improve leg blood flow responses to an oral glucose load (i.e., 

endogenous insulin stimulation), and that this improvement would be 

accompanied with an induction of endothelial HSP72. 

Abbreviated approach: Postprandial leg blood flow and venous endothelial cell 

expression of HSP72 and JNK activity were compared in subjects with T2D 

before and after seven days of passive heating.  Leg blood flow and venous 

endothelial cell expression of HSP72 and JNK activity were collected and 

measured as described in specific aim 1, approach 2.  The second experimental 

visit occurred 16-24 hours after a subject’s last passive heating session.  Passive 

heating was implemented by having a subject sit in 40.5°C water at waist level 

for 60-minutes per day.   

 

Specific aim 3: To determine if modulation of HSP72 impacts endothelial 

insulin signaling in cell culture.   
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Hypothesis: It was hypothesized that downregulating HSP72 in endothelial cell 

culture would impair insulin signaling, whereas upregulating HSP72 would 

enhance insulin signaling.   

Abbreviated approach: To test this hypothesis, cell culture experiments were 

conducted using human skeletal muscle microvascular endothelial cells, in which 

HSP72 expression, JNK activity, and insulin-stimulated Akt activation were 

measured via western blotting in the following experiments: 1) cells treated with 

small-interfering RNA to knockdown HSP72; 2) cells treated with five-days of 

passive heating, via an incubator set at 40.5°C, to induce and overexpress 

HSP72; 3) cells treated to a high glucose and palmitic acid milieu that mimics the 

conditions of glucolipotoxicity associated with T2D; 4) glucolipotoxic cells treated 

with a single session of passive heating, via an incubator set at 40.5°C, to induce 

and overexpress HSP72. 
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CHAPTER TWO – EXTENDED LITERATURE REVIEW 

THE BURDEN OF TYPE 2 DIABETES AND CVD 

The prevalence and incidence of type 2 diabetes (T2D) are growing in the 

United States and worldwide (1, 2).  The number of US adults diagnosed with 

diabetes is expected to nearly triple by 2060, equating to over one in six adults 

(3).  The increased rates of T2D are mirrored by the increased prevalence of 

obesity (4, 5) and physical inactivity (6, 7), factors known to be prime drivers of 

T2D (8).  Notably, individuals with T2D are at increased risk of developing and 

subsequently dying from cardiovascular disease (9, 10).   

Concurrent with the increasing prevalence of T2D is the economic burden 

it creates.  The American Diabetes Association reported that the estimated cost 

of diagnosed diabetes in 2017 was $327 billion, with direct medical costs 

accounting for up to ~72% and the remainder attributed to reduced productivity 

(129).  This estimated total cost increased by 26% from 2012 to 2017 and is 

expected to grow further (129).  People with diagnosed diabetes incur average 

medical expenditures of ∼$16,750 per year, which is ∼2.3 times higher than 

individuals without diabetes (129).  Many of these expenditures are due to 

comorbidities and cardiovascular-related treatments (129).  

Individuals with T2D display vascular dysfunctions that manifest as 

hypertension, arterial stiffening, endothelial dysfunction, and impaired insulin-

stimulated increases in skeletal muscle blood flow and perfusion (11).  Much of 

these manifestations stem from complex endothelial cell mechanisms (12-14).  
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Notably, these vascular dysfunctions contribute to the increased risk of CVD 

associated with T2D (15), 

Endothelial cell dysfunction plays an essential role in the pathogenesis of 

cardiovascular disease in T2D (12-14, 16).  More specifically, impaired 

endothelial insulin signaling through the PI3K-Akt pathway and consequent 

blunting of insulin-induced vasodilation and blood flow, also referred to as 

selective endothelial insulin resistance (14, 17), contributes to vascular disease 

and glycemic dysregulation (12, 16-18).  Indeed, genetic disruption of insulin 

signaling in endothelial cells promotes atherosclerosis (21) and limits skeletal 

muscle glucose uptake (29), while conversely, selective activation of the insulin 

receptor-PI3K-Akt signaling pathway protects against atherosclerosis formation 

(130). Therefore, an understanding of endothelial insulin resistance is needed to 

devise effective treatment strategies that reduce CVD and subsequently 

economic costs and mortality rates for a growing T2D populace.   

 

ENDOTHELIAL INSULIN RESISTANCE CHARACTERIZES T2D 

 Insulin resistance, the hallmark feature of T2D, is characterized by a 

decreased responsiveness of peripheral tissues that regulate glucose 

homeostasis to insulin (131).  Insulin resistance impedes insulin's metabolic 

actions that include inducing skeletal muscle glucose uptake, suppressing 

hepatic glucose production, and halting lipolysis from adipose tissue (131).  In 

addition to its metabolic effects, insulin stimulates microvascular recruitment and 

vasodilation, increasing insulin and glucose delivery to skeletal muscle (17). 
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Endothelial insulin resistance is a characteristic of T2D that is observable 

in the early stages of the disease and aids its progression.  Clinical studies have 

shown that insulin-stimulated blood flow and perfusion during a hyperinsulinemic-

euglycemic clamp is blunted in subjects with T2D (31-33).  Furthermore, 

endothelial insulin responsiveness declines as the risk for T2D increases, as 

shown by dampened insulin-stimulated blood flow and perfusion during the 

clamp technique in subjects with obesity (30) and first-degree relatives of 

subjects with T2D (132).  Postprandial blood flow and perfusion, an indicator of 

endothelial responsiveness to endogenous insulin, has also been shown to be 

impaired in obesity (34-38), T2D (37), and first-degree relatives of T2D (37).  

Furthermore, isolated arterioles from individuals with severe obesity display 

suppressed insulin-induced relaxation (43).  Isolated aortas and resistance 

arteries from animal models of genetic-, and diet-induced obesity show impaired 

insulin-induced relaxation (117-120), corroborating the observations in humans.   

Endothelial dysfunction, classically demonstrated by impaired 

endothelium-dependent vasodilation mediated by nitric oxide (NO), is prominent 

in insulin resistance, likely due reduced ability of insulin to stimulate NO 

production (12, 13, 16).  Additionally, micro-, and macrovascular endothelium-

dependent vasodilation in response to acetylcholine and reactive hyperemia are 

impaired in obesity, pre-diabetes, T2D, and first degree-relatives (133).  

Endothelial dysfunction is clinically relevant as it can explain approximately 43% 

of the increase in cardiovascular mortality risk conferred by T2D (15), it can 
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precede observable atherosclerosis (134-137), and it can provide prognostic 

information (138).   

Data from animal studies suggest endothelial insulin resistance could 

precede other detriments in T2D.  Previous work using genetic models of obesity 

and diet-induced obesity (139-142) indicate that vascular insulin resistance is an 

early event in the disease process that develops prior to the manifestation of 

other indices of endothelial dysfunction (e.g., impaired acetylcholine-induced 

dilation).  Furthermore, insulin resistance has also been shown to occur in the 

vasculature before other peripheral tissues that regulate glucose homeostasis 

(e.g., skeletal muscle, adipose tissue, or liver) in diet-induced obese mice (142).  

Collectively, these data support that endothelial insulin resistance characterizes 

T2D, even occurring in the early stages of the disease.   

 

THE VASCULAR ACTION OF INSULIN 

Insulin induces microvascular recruitment of skeletal muscle for glucose 

uptake 

The endothelial responsiveness to insulin plays an essential role in 

glycemic control.  Insulin induces microvascular recruitment of the skeletal 

muscle to deliver insulin and glucose to the skeletal muscle interstitium for 

subsequent insulin-stimulated glucose uptake (11-17).  This self-regulating 

insulin delivery is vital because skeletal muscle accounts for a large proportion of 

insulin-stimulated glucose uptake that is crucial for whole-body glycemic control 

(143).  Furthermore, insulin delivery to the skeletal muscle interstitium has been 
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shown to be a rate-limiting step in insulin-stimulated glucose uptake by the 

skeletal muscle, occurring much slower in obese and insulin-resistant subjects 

(144).  Insulin-stimulated microvascular recruitment promotes insulin and glucose 

delivery in a two-stage approach (18).  Microvascular recruitment increases the 

exchanger interface surface area between blood supply and skeletal muscle (18).  

Secondly, microvascular recruitment decreases resistance at the terminal 

vascular beds, increasing skeletal muscle perfusion and blood flow through the 

feeding resistance and conduit arteries (18). 

 

Endothelial insulin responsiveness is crucial for skeletal muscle glucose 

uptake 

Endothelial insulin responsiveness is crucial for skeletal muscle glucose 

uptake.  The blunted vascular insulin responsiveness that occurs in obesity and 

T2D, as demonstrated by reduced insulin-stimulated leg blood flow during a 

hyperinsulinemic-euglycemic clamp (Figure 2.1, Panel A – top), contributes to 

reduced leg glucose uptake  (Figure 2.1, Panel A – bottom) (31).  Notably, in lean 

individuals undergoing a hyperinsulinemic-euglycemic clamp, when NG-

monomethyl-l-arginine (L-NMMA), a nitric oxide synthase (NOS) inhibitor, was 

co-infused during insulin stimulation, both limb blood flow (Figure 2.1, Panel B -

top) and leg glucose uptake were reduced (Figure 2.1, Panel B – bottom) (28).  

This impairment of insulin-stimulated blood flow accounted for ~35% reduction in 

skeletal muscle glucose uptake (28).  Other clinical studies and animal studies 

corroborated the observation that impairing insulin-stimulated microvascular 
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recruitment and blood flow and blood flow by co-infusion of NOS inhibitors 

reduces skeletal muscle glucose uptake (23-27). These data collectively 

demonstrate that insulin-stimulated microvascular recruitment is NO-dependent.   

 

Figure 2.1  Impaired insulin-stimulated blood flow reduces glucose uptake.  
(A) Left panels show leg blood flow (top panel) and leg glucose uptake (bottom 
panel) during a hyperinsulinemic-euglycemic in lean (filled circles) and obese 
non-diabetic subjects (open circles) and subjects with T2D (NIDDM; filled 
triangles). Adapted from Laakso et al. (31). (B) Right panels show leg blood flow 
(top panel), arteriovenous glucose differences (middle panel) and leg glucose 
uptake (bottom panel) during hyperinsulinemic-euglycemic clamp (open circles) 
or co-infusion with L-NMMA (filled circles) in a group of lean healthy subjects. 
Adapted from Baron et al. (28). Layout of figure adapted from Padilla et al. (145). 
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Endothelial insulin signaling to produce NO occurs through the PI3K-Akt 

pathway 

Insulin stimulates microvascular recruitment and increased blood flow by 

interacting with the endothelium and activating the endothelial insulin signaling 

pathway to produce NO, a potent vasodilator (17, 18).  The produced NO then 

diffuses into adjacent vascular smooth muscle, causing relaxation of the 

vasculature and subsequent vasodilation-mediated increased blood flow (17, 18).  

As demonstrated in Figure 2.2 (145), to produce NO, insulin binds with its 

receptor on the endothelial membrane activating the sequential signaling 

cascade of insulin receptor substrate 1/2 (IRS-1/2), PI3K, Akt, and endothelial 

nitric oxide synthase (eNOS).  eNOS then catalyzes the conversion of the 

substrate L-arginine to the products NO and L-citrulline (16).  However, in 

addition to activating the PI3K-Akt pathway upon binding to the endothelial 

receptor, insulin simultaneously activates the RAS/mitogen-activated-protein-

kinase (MAPK) pathway, producing endothelin-1 (ET-1), a potent vasoconstrictor 

(shown in figure 2.2).  However, the overall net effect of endothelial insulin 

stimulation promotes vasodilation (145).  The net vasodilatory effect likely occurs 

because NO can quash ET-1 activity and inhibit ET-1 release from endothelial 

cells (146-149).   

In addition to NO and ET-1 regulating vascular tone, NO and ET-1 have 

counteracting effects that affect vascular health.  NO has anti-atherogenic 

properties, for it reduces cell adhesion and suppresses inflammatory signaling 

and factor release (12, 17).  In contrast, ET-1 can be considered pro-atherogenic, 
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as its activity promotes actions that directly oppose those of NO (as shown in 

figure 2.2).  Based on the properties of NO and ET-1, the endothelial insulin 

signaling pathway has been implicated in maintaining vascular health, whereas 

disruption to the pathway promotes atherosclerosis (12, 14, 17, 20, 21), a 

mechanistic link between vascular insulin responsiveness and CVD.   

 

Figure 2.2  Endothelial insulin signaling pathways.  In endothelial cells, 
insulin stimulates the divergent IRS-1/2-PI3K-Akt-eNOS pathway to produce NO 
(on the left) and the Ras-MAPK pathway to produce ET-1 (shown on the right).  
NO promotes vasodilation and anti-atherogenic actions, such as decreasing cell 
adhesion and inflammation. In contrast, ET-1 promotes opposing actions that 
promote vasoconstriction and atherogenic actions.  Figure adapted from Padilla 
et al. (145). 
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Selective impairment of the PI3K-Akt pathway in endothelial insulin 

resistance 

When endothelial cells become insulin resistant, there is a selective 

impairment of the PI3K-Akt-eNOS-NO pathway, whereas the MAPK-ET-1 axis 

remains intact (20, 140, 150).  Some evidence demonstrates that MAPK-ET-1 

activity may be increased with the selective impairment of the PI3K-Akt pathway 

(20, 140).  Consequently, due to the PI3K-Akt pathway impairment, NO 

bioavailability becomes reduced, and insulin-stimulated NO production is 

impaired (42, 151), resulting in several complications.  Firstly, impaired insulin-

mediated microvascular recruitment, perfusion, and reduced glucose uptake 

result in hyperglycemia (30, 31, 152, 153), an independent risk factor for CVD 

and mediator of atherosclerosis (154).  Secondly, the vasculature becomes pro-

atherogenic.  This phenotype occurs due to the diminished NO-mediated 

protection against vasoconstrictors, inflammation, cellular proliferation, platelet 

and leukocyte adhesion, and reactive oxygen species (ROS) (12, 13, 16). 

Impairing the endothelial IRS1/2-PI3K-Akt pathway has been 

demonstrated to limit skeletal muscle glucose uptake (29).  Mice with genetic 

deletion of endothelial IRS2, the signaling protein upstream of PI3K within the 

insulin signaling pathway, caused impaired insulin-induced eNOS 

phosphorylation, microvascular recruitment, decreased insulin within skeletal 

muscle interstitium, and skeletal muscle glucose uptake (29).  These 

observations were recapitulated in diet-induced obese mice (29).  Moreover, 

these impairments were reversed when insulin-induced eNOS phosphorylation 
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was restored by administering beraprost sodium, a stable prostaglandin (PGI)2 

analog that increases eNOS expression via cyclic adenosine monophosphate 

(cAMP)-, protein kinase A-, and cAMP-responsive element-mediated pathways 

(29).   

Impairing the endothelial IRS1/2-PI3K-Akt pathway has also been shown 

to cause atherosclerosis.  Genetic deletion of the endothelial insulin receptor in 

mice caused atherosclerotic lesions that occurred earlier and with more severity 

than mice with intact insulin receptors (21).  Additionally, endothelium-dependent 

vasodilation was impaired, and endothelial cell VCAM-1 expression increased in 

the deleted insulin receptor mice.  Increased VCAM-1 expression promotes 

leukocyte adhesion to endothelial cells, a proximal step in developing neointima 

formation and atherosclerosis (155).  Treating endothelial cells with the PI3K 

inhibitor Wortmannin impaired the ability of insulin to increase eNOS expression 

(20).  However, insulin-stimulated activation of MAP kinase, Ras, and Rho 

proteins remained intact (20).  Additionally, VCAM-1 and E-selectin expression 

was increased, with concomitant increased rolling interactions of monocytes with 

endothelial cells (20).   

Conversely, selective activation of the insulin receptor-PI3K-Akt signaling 

pathway protects against atherosclerosis formation (130).  When LDL receptor-

deficient mice, a mouse model of metabolic syndrome, were treated with a drug 

(S597) that selectively activates the IRS-PI3K-Akt pathway and not the IRS-ERK 

axis, S597-treated mice had fewer atherosclerotic lesions than mice treated with 

vehicle or insulin injections (130).  The observed reduced atherosclerosis was 
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due, in part, to S567 treatment slowing the accumulation of macrophages 

responsible for atherosclerotic lesion development and progression (130). 

Collectively, these data indicate that endothelial resistance is 

characterized by a selective impairment of the endothelial PI3K-Akt signaling 

pathway, resulting in impaired skeletal muscle glucose uptake and 

atherosclerosis.  Therefore, endothelial resistance is implicated in the 

pathogenesis of CVD and metabolic diseases.  However, the molecular 

underpinnings underlying endothelial resistance in T2D remain poorly known but 

involve disrupting the endothelial PI3K-Akt pathway.  A deeper understanding of 

molecular mechanisms that disrupt the PI3K-Akt pathway can help identify 

therapeutic strategies for preventing and treating T2D-associated 

vasculometabolic derangements.   

 

Mediators of PI3K disruption 

Crucially, disruption of the PI3K-Akt pathway in insulin-sensitive tissues at 

any point of the signaling cascade promotes insulin resistance (17, 156, 157).  

Although the exact mechanisms for PI3K-Akt pathway disruption are numerous 

and convoluted, key mediators exist (shown in Figure 2.3)  (17, 156).  These 

mediators include obesity, physical inactivity, glucotoxicity, lipotoxicity, 

inflammation, and their reciprocal relationships (23, 127).  Each mediator can, 

directly and indirectly, activate mechanisms that contribute to CVD and insulin 

resistance (17, 156).  These mediators induce oxidative stress, pro-inflammatory 

factors, kinases, and transcription factors (23, 127).  Such pro-inflammatory 
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factors include tumor necrosis factor-alpha (TNF-α), interleukin 1 beta (IL-1β), 

interleukin 6 (IL-6), and C-reactive protein (CRP).  Such kinase and transcription 

factors include c-jun amino-terminal kinase (JNK), nuclear kappa factor B 

(NFκB), inhibitor of nuclear factor kappa-B kinase subunit beta (IKK β), and 

activator protein 1 (AP-1) (23, 127).  Often, these kinases and factors become 

dysregulated, which further exacerbates chronic diseases (23, 127).  Ultimately, 

overactive kinases and transcription factors disrupt the PI3K-Akt pathway 

resulting in CVD and insulin resistance.   
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Figure 2.3  Mediators of PI3K-Akt signaling pathway disruptors with 
resulting consequences based on tissue type. Healthy condition (on the left), 
with mediators such as glucolipotoxicity and inflammation (in red arrow), inducing 
disruptors that inhibit the PI3K-Akt pathway at several levels (on the right) and 
consequences based on tissue type below. Figure adapted from Muniyappa et al. 
(17). 

 

An overactive stress kinase that has gained much attention in the 

development of systemic and endothelial resistance is JNK.  It has been 

implicated in disrupting the PI3K-Akt pathway in peripheral tissues that regulate 

glucose homeostasis and the vasculature (42, 43, 158-162) (as shown in Figure 
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2.3, specifically located as an inhibitor at the level of IRS in the pathway).  JNK is 

a mitogen-activated protein kinase that is highly conserved and ubiquitous.  The 

primary role of JNK activation is to appropriately coordinate signals promoting 

cell survival, stress tolerance, and proliferation but also signals to lead to 

programmed cell death (161).  However, when JNK activity becomes 

dysregulated, JNK becomes overactive, contributing to obesity-related 

pathologies such as insulin resistance and T2D (158-162).  A key mechanism by 

which JNK activation contributes to insulin resistance is that JNK activation 

physically disrupts the PI3K-Akt insulin signaling pathway (40, 41).  JNK 

activation has shown to phosphorylate insulin-substrate 1 (IRS-1) at Serine 307, 

inhibiting the insulin receptor and IRS-1 interaction, the proximal step in insulin 

signaling within the PI3K-Akt pathway (40, 41) (shown in Figure 2.3 above).  

Therefore, overactive JNK may be a significant target for treating insulin 

resistance. 

 

JNK AS A MEDIATOR OF ENDOTHELIAL INSULIN RESISTANCE 

Along with the metabolic consequences of overactive JNK, activation of 

JNK contributes to CVD and endothelial resistance.  JNK activity has been 

implicated in the development of atherosclerosis, with increased JNK in 

atherosclerotic plaque from humans and animals (163, 164).  Exposing 

endothelial cells to high glucose (165, 166) or free fatty acids (167, 168) activate 

JNK, impairs endothelial insulin signaling, and upregulates the MAPK pathway 

resulting in the release of pro-atherogenic factors.  Pharmacological inhibition of 
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JNK has also been demonstrated to reduce atherosclerotic plaque formation in 

mice (169).  Furthermore, genetic deletion of JNK has been shown to reduce 

atherosclerosis lesions in atherosclerosis-prone apolipoprotein E knockout mice 

fed a high-cholesterol diet (170).  Additionally, genetic deletion of JNK has been 

demonstrated to preserve endothelial function in high-cholesterol–fed mice (171). 

JNK activity has also been implicated in endothelial resistance by 

impairing the endothelial insulin-PI3K-Akt pathway.  JNK activity has been found 

to be higher in endothelial cells collected from patients with T2D when compared 

to non-diabetic controls (42).  This higher JNK activity was associated with a low 

flow-mediated dilation response of the brachial artery.  Both calcium ionophore-, 

and insulin-stimulated eNOS activation and NO-production was blunted only in 

the endothelial cells collected from patients with T2D.  Using a specific inhibitor 

for JNK known as SP600125, inhibition of JNK signaling restored insulin-

stimulated eNOS activation and calcium ionophore-stimulated NO production in 

the endothelial cells collected from patients with T2D.  These observations were 

recapitulated in a human aortic endothelial cell culture model.  Additionally, JNK 

inhibition with SP600125 has been shown to rescue impaired insulin-stimulated 

relaxation of isolated arterioles from individuals with severe obesity (43).   

The observation that JNK is activated in endothelial cells from patients 

with T2D and is associated with endothelial dysfunction supports JNK signaling is 

upregulated in the T2D vasculature.  Furthermore, the observation that JNK 

inhibition has the potential to restore insulin action in the endothelium and 

promote NO production suggests the possibility that JNK modulation may have 
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beneficial vascular effects in T2D.  Non-pharmacological treatments such as 

exercise (172) and passive heating (57, 61) have been shown to reduce 

overactive JNK, in part, by increasing a JNK-regulating protein known as heat 

shock protein 72 (HSP72).  Therefore, targeting regulators of JNK, such as 

HSP72, to reduce JNK activity could improve endothelial insulin-PI3K-Akt 

signaling and subsequently endothelial responsiveness in T2D.   

 

HSP72 AS A THERAPEUTIC TARGET 

Diminished heat shock response – contributor to diabetes pathophysiology 

Overactive stress kinases such as JNK can cause insulin resistance.  

Therefore, insulin resistance may develop due to the dysfunctional regulation of 

these stress kinases.  The cytoprotective heat shock response is one regulatory 

mechanism that mitigates overactive stress kinases, including JNK (48-50).  

However, overactive stress kinases, including JNK, can have an inhibitory effect 

on the heat shock response, promoting insulin resistance (48-50).  Ultimately, a 

reciprocal relationship exists between stress kinases and the heat shock 

response that can influence insulin sensitivity (48-50).   

The heat shock response is a highly conserved cellular mechanism that 

synthesizes protein chaperones known as heat shock proteins (HSPs) in 

response to cellular processes or “stressors” in order to maintain cellular 

homeostasis and integrity (48-50).  Heat shock proteins are synthesized in 

response to cellular metabolic demands such as protein synthesis and folding, 

oxidative stress and injury, endoplasmic reticulum stress, hypoxia, pH changes, 



31 
 

temperature, and exercise (48-50).  Overall, heat shock proteins are 

cytoprotective.  Their functional roles include acting as molecular chaperones 

during protein folding, preventing protein aggregation, degrading non-functional 

proteins, regulating inflammatory stress kinases, and interacting with cellular 

organelles (such as mitochondria) to ensure physiological fidelity (48-50). 

Several HSP families exist, each classified by their molecular weight.  

Within the HSP70 family (~70kD) is the major inducible heat shock protein 72 

(HSP72; ~72kD).  HSP72 is a highly conserved and ubiquitous inducible isoform 

encoded by the gene HSPA1A, whose intracellular expression is cytoprotective 

against cellular stressors (48-50). HSP72 is found in most cell types 48-50), 

including within endothelial cells (51-53).  Specifically, HSP72 can be induced by 

activating the JNK and NFκB signaling pathways (48-50). 

 Notably, intracellular HSP72 is associated with cryoprotection, whereas 

extracellular expression has been associated with proinflammatory signaling (48-

50, 54).  It has been observed in patients with T2D that there is a divergence in 

the ratio of intracellular HSP72 and extracellular HSP72 content, with low 

intracellular expression being observed in biopsied skeletal muscle and high 

extracellular presence in serum (54).  Indeed, extracellular HSP72 can induce 

proinflammatory signaling that promotes insulin resistance (54).  The ratio of 

HSP72 between intracellular and extracellular compartments has been 

demonstrated to be a potential biomarker for inflammation (54). 

However, HSP72 has autocrine and paracrine functions that promote anti-

inflammatory adaption signaling in response to its own extracellular release (54).  
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Indeed, acute exercise and heating release HSP72, which induces anti-

inflammatory and thermotolerance signaling over repeated exposures, resulting 

in an adaptative response demonstrated by less extracellular release and more 

intracellular expression (54).  As such, HSP72 is being considered as a 

therapeutic exosome for diseases such as Alzheimer’s (173).   

A reoccurring observation within human, animal, and cell culture studies is 

that low intracellular HSP72 is associated with insulin resistance (48-50).  

Increasing intracellular HSP72 has been demonstrated to rescue insulin 

sensitivity and prevent insulin resistance (48-50).  Hence as mentioned in 

Chapter 1, for this dissertation, HSP72 will be referred to within the context of 

intracellular expression.  However, the role of extracellular HSP72 as a mediator 

of T2D development warrants further investigation.  Regarding HSP72 acting as 

a cytoprotective protein, a reciprocal relationship between JNK and HSP72 has 

been identified in insulin resistance (48-50).  Furthermore, HSP72 suppresses 

JNK activity (44-46), which may explain, in part, how increasing HSP72 may 

improve insulin sensitivity. 

 

JNK, HSP72, and insulin resistance 

The relationship between JNK and HSP72 has been demonstrated in 

insulin resistance.  Clinical studies have shown elevated JNK activity and 

decreased HSP72 expression within tissues that are important for glycemic 

control (i.e., skeletal muscle, liver, and adipose tissue) from obese insulin-

resistant subjects (56-59).  This inverse relationship between JNK activity and 
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HSP72 has correlated with insulin sensitivity and glucose disposal during the 

hyperinsulinemic-euglycemic clamp procedure (56, 58).  Furthermore, HSP72 

expression may decline as the risk for T2D increases, as shown by a progressive 

decrease of skeletal muscle HSP72 when compared between healthy subjects, 

euglycemic identical twins of subjects with glucose intolerance, subjects with 

glucose intolerance, and subjects with T2D (58).  Animal data further corroborate 

the role of HSP72 in insulin resistance as genetic knockout of HSP72 increases 

JNK activity and induces insulin resistance (60, 61).  Furthermore, diet-induced 

insulin resistance is also associated with decreased HSP72 (57, 62, 63), 

including within the vasculature (64).   

A possible mechanism for the decrease of HSP72 in insulin-resistant 

tissues is that inflammatory kinases involved with insulin resistance can inhibitory 

phosphorylate heat shock factor-1 (HSF-1), the transcription factor responsible 

for the synthesis of HSP72 (65-68) (Figure 2.4).  GSK-3, extracellular regulated 

kinase (ERK) and JNK, can inhibitory phosphorylate HSF-1 on serine residues 

303, 307, and 363, respectively.  Constitutive phosphorylation of HSF-1 on these 

serine residues can hold HSF-1 in an inactive state under normal physiological 

growth conditions (67), which could explain, in part, the reduction of HSP72 in 

insulin resistance (50).   
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Figure 2.4  Regulation of the HSPs such as HSP72 in insulin resistance. 
Insulin resistance promotes activation of stress kinases GSK3β, ERK and JNK 
that phosphorylate Serine 303, 307, and 363, respectively on HSF-1. This 
inhibitory phosphorylation of HSF-1 keeps it in a repressed state. Factors such 
as heat treatment and exercise can hyperphosphorylated HSF-1, resulting in 
nuclear translocation, binding to the heat shock element (HSE), and transcription 
of new HSPs. HSPs then inhibit processes related to aging and apoptosis, and 
also enhancing signaling pathways and cytoprotection and preventing misfolding 
of proteins. Adapted from Geiger & Gupte (50). 

 

HSP72 induction in insulin resistance 

Notably, HSP72 can be increased in insulin resistance with stimuli such as 

exercise (62, 71), passive heating (57, 63, 64, 72-75), or mild electrical 

stimulation (76) to circumvent the insulin resistance-mediated lowered 

expression.  However, the magnitude of HSP72 induction can be limited by 

insulin resistance.  Atalay et al. (71) found that although 8-weeks of exercise 

training increased HSP72 levels in skeletal muscle, heart, and liver of 

streptozotocin-induced diabetic rats, this induction was less pronounced than 

observed in the nondiabetic control rats.  Rogers et al. (62) found three days of 

high-fat diet feeding limited heat-mediated increases of HSP72 in low-capacity 

running rats.  The latter study demonstrates that a deficiency in the heat shock 
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response, i.e., the ability to synthesize HSP72, could underlie susceptibility to 

metabolic diseases. 

 

HSP72 restoration improves insulin sensitivity by suppressing JNK 

Crucially, increasing HSP72 via genetic manipulation (57, 61, 69, 70) or 

with stimuli such as exercise (62, 71), passive heating (57, 63, 64, 72-75), or mild 

electrical stimulation with heat treatment (76) has been shown to rescue insulin 

sensitivity and even prevent insulin resistance, with observed improvements in 

insulin-stimulated PI3K-Akt activity (57, 61, 63, 70, 73, 76) and decreased JNK 

activity (57, 61, 63, 75, 76). Importantly, HSP72 suppresses JNK activity (44-47), 

which may explain, in part, how increasing HSP72 may improve insulin 

sensitivity.   

It has been demonstrated that HSP72 suppresses JNK by inhibitory 

binding.  Park et al. (47) showed that HSP72 could modulate JNK by directly 

binding to it. Both pre-treatment with mild heat shock (43°C for 20 minutes) and 

constitutive overexpression of HSP72 suppressed ultraviolet irradiation-induced 

JNK activity in NIH 3T3 cells.  In contrast, HSP72 silencing abolished the 

suppressive effect of mild heat shock.  The suppression of UV- irradiation-

induced JNK activity is notable as this form of stimuli does not cause protein 

damage (45).  Indeed, HSP72 has been shown to inhibit JNK activity induced by 

both protein-damaging and non-damaging stimuli (44, 45).  Park et al. (45) 

performed in vitro and kinase studies indicating HSP72 bound to the isoform 

JNK1, with the peptide-binding domain of HSP72 being crucial to the binding to 
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and inhibition of JNK1.  Furthermore, in vivo binding of endogenous HSP72 to 

JNK1 in NIH 3T3 was confirmed by co-immunoprecipitation (47).    

Collectively, all these data support the notion that a reciprocal relationship 

exists between JNK and HSP72.  This relationship could be targeted to treat 

insulin resistance, increasing HSP72 mitigating JNK activity to improve insulin 

sensitivity. 

 

HSP72 & THE VASCULATURE – A NOVEL TARGET FOR ENDOTHELIAL 

INULIN RESISTANCE 

Given the evidence that HSP72 could be implicated in insulin resistance 

and its modulation may affect insulin sensitivity, HSP72 may be involved with 

endothelial insulin resistance, yet this is unknown.  HSP72 could be a novel 

therapeutic target for treating endothelial insulin resistance in T2D.  Although 

direct evidence is lacking, other data exists that could be extrapolated to support 

the notion that reduced expression of HSP72 contributes to endothelial insulin 

resistance. Firstly, HSP72 has been shown to be reduced in isolated aortas from 

insulin-resistant rats (64). Secondly, JNK activity that can suppress HSP72 is 

elevated in endothelial cells from patients with T2D (42) and vessels from 

individuals with severe obesity (43).  Accordingly, it was hypothesized that 

endothelial insulin resistance in T2D is attributable to decreased HSP72.  

Conversely, increasing HSP72 may improve endothelial insulin responsiveness, 

perhaps by its ability to improve insulin stimulated PI3K-Akt activity (57, 61, 63, 

70, 73, 76) and inhibitory effects on JNK (57, 61, 63, 75, 76).  Therefore, it was 
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hypothesized that increasing HSP72 could improve endothelial insulin 

responsiveness, in part, by reducing JNK activity.   

In line with this, it is unknown if modulating HSP72 affects endothelial 

insulin signaling.  Silencing HSP72 has been reported to impair VEGF-stimulated 

Akt activity that is needed for angiogenesis (51).  Furthermore, increasing aortic 

HSP72 with passive heating improved angiotensin 1-7 stimulated Akt-eNOS 

activity resulting in improved vasodilation in insulin-resistant rats (64).  Therefore, 

HSP72 may be necessary for endothelial processes involving Akt signaling, 

including endothelial insulin signaling.  It was hypothesized that decreasing 

HSP72 impairs endothelial insulin signaling, whereas increasing HSP72 would 

be beneficial.  Ultimately, upregulating HSP72 in endothelial cells could improve 

endothelial insulin responsiveness in patients with T2D.  Beyond a potential role 

of HSP72 mitigating endothelial insulin resistance, targeting endothelial HSP72 

may improve other vascular dysfunctions that characterize individuals with T2D. 

 

HSP72 protects against atherosclerosis and injury due to ischemia  

HSP72 has been demonstrated to protect against arterial calcification and 

inward vascular remodeling and stiffening, precursors for CVD, atherogenic 

lesion rupture, and hypertension.  Arteries from patients with coronary artery 

disease and chronic kidney disease have shown low expression of HSP72 (174).  

Human aortic vascular smooth muscle cells (HA-VSMCs) grown in high calcium 

media to induce calcification recapitulated the observations from the patient 

arteries (174).  Furthermore, silencing HSP72 in HA-VSMCs induced calcification 
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(174). Notably, calcified HA-VSMCs chronically heat-treated (43°C for 30 minutes 

per day, for 21 days) robustly increased HSP72 expression and reduced 

calcification (174).  In rodents with implanted polyethylene tubes around femoral 

arteries to induce intimal thickening, rodents treated with daily heated water 

immersion (40.5-41.5°C, for 15 minutes) had increased vascular HSP72 and 

attenuated neointimal thickening and reduced inflammatory cell infiltration into 

the adventitia (175).  These data collectively indicate that HSP72 protects against 

vascular calcification and could protect against CVD within T2D.   

Increasing HSP72 may improve CVD event survival in individuals with 

T2D, who are more susceptible to myocardial infarction and reoccurring events 

(176).  Increasing HSP72 via passive-heating has been shown to protect 

ventricular and endothelial function after ischemia-reperfusion injury (177).  

Furthermore, increasing HSP72 via mild heating has been shown to protect 

against ischemia-reperfusion injury applied to the cerebral vasculature (178).  

Notably, HSP72 has protected myocardial cells, cerebral vasculature, and 

neurons from ischemia-reperfusion injury by suppressing JNK activity (178, 179).    

 

HSP72 protects against hypertension 

HSP72 has been shown to protect against hypertension.  Crosstalk exists 

between HSPs and the renin-angiotensin-system in hemodynamic regulation.  

HSP72 has been demonstrated to be upregulated in response to Angiotensin II 

(Ang II), a classic vasoconstrictor, as Ang II stimulates multiple signaling 

pathways related to cellular injuries, such as NF-κB (180).  Rodents pretreated 
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with a single heating session via heated blankets to maintain core temperature at 

41°C for 15 minutes were protected against two weeks of Ang II-induced 

hypertension (180).  The heat-mediated suppression of Ang II-induced 

hypertension was associated with increased aortic HSP72 and HSP27, 

decreased aortic IL-6, and inhibition of NF-κB and p65.  Furthermore, the prior 

heat treatment suppressed two weeks of norepinephrine-induced hypertension 

(180).   

 

Increased HSP72 is associated with improvements in vascular relaxation in 

the presence of insulin resistance 

In the only study so far examining vascular HSP72 in insulin resistance, 

rodents fed a twelve-week high-fat diet (HFD) that resulted in obesity and insulin 

resistance had reduced aortic HSP72 and blunted Angiotensin-(1-7)-stimulated 

vasorelaxation of isolated aortas (64).  Angiotensin (1-7), acting through receptor 

Mas (G-protein–coupled), counter-regulates the actions of Ang II (64).  Notably, 

when HFD-fed rats received concurrent heat treatment via weekly blanket 

heating to maintain the core temperature at 41°C for 20 minutes, aortic HSP72 

expression and Angiotensin-(1-7)-stimulated vasorelaxation was rescued, and 

obesity and insulin resistance was prevented (64).   

 

HSP72 protects angiogenesis 

Angiogenesis promotes new blood vessels formation and vessel growth 

needed for tissue repair and recovery after ischemic injury (181).  HSP72 may be 
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necessary for angiogenesis to occur.  Endothelial cell culture experiments 

showed pharmacological inhibition of HSP70s with KNK437, and siRNA-

mediated knockdown of HSP72 blunted vascular endothelial growth factor 

(VEGF)-stimulated Akt/eNOS signaling, which attenuated angiogenesis (51).  

These observations were recapitulated in vivo, in which five days of KNK437 

treatment attenuated recovery from a unilateral ischemic hind limb model (51).  

These data indicate that HSP72 is important for endothelial processes involving 

Akt signaling.  HSP72 could be essential for other endothelial signaling 

processes, such as insulin-stimulated activation of Akt, yet this remains 

uninvestigated. 

Suppressed angiogenesis also impairs wound healing in diabetes which 

can cause other potentially fatal complications such as sepsis (182).  HSP72 has 

been shown to be reduced in wound lesions from diabetic and hypercortisolemic 

states (183).  Notably, passive heating (184, 185) and upregulating HSP72 (186) 

have been demonstrated to improve diabetic wound healing.   

 

PASSIVE HEATING – A POTENTIAL THERAPY 

Regular passive heating reduces the risk for chronic disease and has 

clinical applications 

As noted in the previous sections, passive heating has been shown to 

induce HSP72 and improve insulin resistance and cardiometabolic disease 

states in animal studies and cell-culture experiments.  Subsequently, passive 

heating has been examined as a potential clinical therapy for humans.  

Highlighting the clinical relevance of regular passive heating, a prospective 
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longitudinal study of 2315 middle-aged men found sauna bathing more than once 

a week reduced the risk for cardiovascular- and all-cause mortality (106).  This 

decreased risk was further augmented when sauna bathing occurred 4-7 times a 

week and with sessions lasting more than 19 minutes (106).  Other prospective 

studies have indicated that regular passive heating reduces CVD risk factors 

(107) and reduces the risk for other diseases such as stroke (187), acute and 

chronic respiratory disease (188), dementia and Alzheimer’s disease (189), and 

systemic inflammation indicated by CRP levels (190).   

Notably, chronic passive heating has shown to be effective in treating 

vulnerable clinical populations.  Passive heating has been demonstrated to 

improve the prognosis of patients with chronic heart failure (108), and both 

vascular outcomes and physical functioning in patients with coronary artery 

disease (116), chronic heart failure (109-115), and peripheral arterial disease 

(117-121).   

 

Cardiovascular responses during passive heating  

During passive heating, there are coordinated responses of the 

cardiovascular system to dissipate heat.  Cutaneous vasodilation to increase 

blood flow to the skin for heat dissipation is the hallmark response during 

heating, which is coordinated by neural and local mechanisms (191).  In 

response to heating, there is a release of multiple neurotransmitters that 

stimulate cutaneous vasodilation, including acetylcholine, NO, vasoactive 

intestinal peptide, substance P, and prostaglandins (191).  Local mechanisms 
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promote vasodilation in a two-stage manner.  Firstly, vanilloid type 1 receptors in 

afferent cutaneous sensory nerves sense increased temperature and release 

vasodilatory neurotransmitters (191).  Subsequently, endothelial HSP90 and 

eNOS interact, producing NO that diffuses into adjacent vascular smooth muscle 

(191).   

In response to the cutaneous vasodilation during heating, there is an 

increase in cardiac output and coordinated reduction of blood flow to the 

splanchnic and renal circulations (191).  These responses support increased 

blood flow to the skin and maintenance of blood pressure despite a reduction in 

peripheral vascular resistance (191).  With these changes in cardiovascular 

hemodynamics, blood flow and anterograde shear rate increase through the 

conduit and peripheral arteries (191).  Notably, increased blood flow and 

anterograde shear rate increase the shear stress the endothelium experiences 

(192).  Endothelial shear stress is the tangential stress derived from the friction of 

the flowing blood on the endothelial surface of the arterial wall (192).  Increased 

endothelial shear stress is a potent stimulus for inducing NO-production through 

mechanotransduction signaling that upregulates eNOS activity and promotes 

antiatherogenic protection (193). 

Changes in the autonomic nervous system coordinate most responses 

during passive heating.  Specifically, passive heating increases sympathetic 

nervous system activity and promotes parasympathetic withdrawal to coordinate 

redistribution of blood flow to the skin, increased cardiac output, and increased 

non-cutaneous vascular resistance to maintain blood pressure (191).  The 
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sympathetic nervous system also coordinates sweating to promote cooling off in 

response to heating (194).   

 

Passive heating improves vascular dysfunctions that characterize T2D  

Individuals with T2D often exhibit vascular dysfunctions such as 

hypertension, arterial stiffening, and endothelial dysfunction (11).  Notably, 

passive heating has been demonstrated to improve these vascular dysfunctions 

that characterize T2D.  Eight weeks of hot water immersion (40.5°C water, 60-

minutes/session, 3-5 sessions/week) improved brachial artery flow-mediated 

dilatation and reduced arterial stiffness, blood pressure, and carotid intima-media 

thickness in overweight, sedentary subjects (122).  These findings were 

recapitulated in obese insulin-resistant women with polycystic ovary syndrome 

(PCOS) (123).  Additionally, this passive heating model decreased resting 

sympathetic activity in women with PCOS, which is clinically relevant as 

increased resting sympathetic activity is associated with vasoconstriction, 

hypertension, obesity, and insulin resistance (195, 196).   

Brunt et al. (197) have conducted one of the few mechanistic studies in 

humans to determine if improvement in microvascular function after eight weeks 

of hot water immersion was NO-dependent.  Before and after the intervention, an 

arm was challenged with local heating.  During the heat challenge, vascular 

conductance was measured via laser doppler during microdialysis infusions of 

either lactate ringer (as control), NOS inhibitor, or Tempol (a superoxide 

dismutase mimetic to reduce oxidative stress).  After the eight-week intervention, 
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NOS infusion decreased vascular conduction, whereas conductance was not 

different in either the control or tempol infusion.  These data indicate that 

improvements in microvascular function following eight weeks of passive heating 

were NO-dependent. 

The beneficial effects of passive heating on the vasculature are evident 

after an acute session, which has been found to reduce arterial blood pressure 

(118, 198), arterial stiffening (118), and improve microvascular function (199).  

Notably, blood pressure was reduced in subjects with T2D after an acute bout of 

clavicle level hot water immersion (40°C water, for 1 hour) (200).  An acute 

session of lower-body heating reduced circulating ET-1 in healthy participants 

(105), indicating that passive heating could reduce circulating vasoconstrictive 

and proatherogenic peptides associated with selective endothelial insulin 

resistance.   

The impact of acute passive heating on FMD responses has been 

equivocal.  Romero et al. (199) found that lower leg hot water immersion 

improved femoral artery FMD responses in older subjects but not in young 

adults.  Thomas et al. (198) found no improvement in femoral artery FMD in 

healthy individuals following lower body hot water immersion or treadmill running.  

Brunt et al. (201) found no improvement of brachial artery FMD after clavicle 

level hot water immersion in healthy subjects but did see that the heating session 

protected FMD responses in a model of ischemia-reperfusion injury.   

The observation that passive heating can be protective against induced 

vascular dysfunction was corroborated by Teixeira et al. (202), who showed that 
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passively heating the lower limbs three times a day for 30-minutes prevented 

impaired popliteal artery FMD responses following five days of reduced physical 

activity.  Additionally, Restaino et al. (203) demonstrated that lower leg heating 

could mitigate popliteal artery endothelial function impairments due to three 

hours of prolonged sitting.  Collectively, passive heating can prevent endothelial 

dysfunction in the presence of sedentary activity.  Notably, passive heating 

induces vascular responses and adaptions that reduce the cardiovascular risk 

profile.  A visual summary of the effect of acute and chronic passive heating on 

the cardiovascular system is provided in Figure 2.5 (below). 

 

Figure 2.5  Summary of how heat stress can lead to short-term, long-term, 
and lifelong reductions in cardiovascular risk when repeated in the form of 
heat therapy.  Figure adapted from Brunt & Minson (204). 

 

Modality of passive heating can impact effects on the cardiovascular 

system 

 Modality of passive heating may also play a role in improved vascular 

outcomes.  Water immersion has been suggested to be more beneficial for the 
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cardiovascular system than other passive heating modalities (such as saunas, 

Waon therapy) because it exerts hydrostatic pressure on the body (204). Water 

immersion can exert hydrostatic pressure on the body that can have independent 

effects on effects on cardiovascular function, such as by increasing cardiac 

output (205, 206), mean arterial blood pressure (206), conduit artery diameter 

(206), and arterial compliance (205).  

 

Passive heating improves insulin resistance and glycemic control 

Chronic passive heating has been shown to help treat insulin resistance.  

Hooper's seminal work showed that three weeks of hot water immersion (37.8°C 

to 41.0°C water, 30 minutes per session, 6 days per week) lowered body weight, 

fasting plasma glucose level, and glycosylated hemoglobin in patients with T2D 

(124).  Ely et al. (115) showed that eight weeks of hot water immersion (40.5°C 

water, 60-minutes/session, 3-5 sessions/week) lowered plasma glucose levels in 

response to a 75g OGTT in women with PCOS, a highly insulin-resistant 

population.  Furthermore, fat biopsies showed passive heating improved insulin-

stimulated Akt activity (125).  Hoekstra et al. (126) showed that two weeks of hot 

water immersion (39°C water, 60-minutes/session; 10 sessions) reduced fasting 

glucose and insulin concentrations in sedentary overweight men.  Pallubinsky et 

al. (127) showed ten consecutive days of passive heating, whereby participants 

stayed in a “warm chamber” (ambient temperature of 34.4 ± 0.2°C) for 4-6 hours 

per day, improved insulin sensitivity and glucose disposal in overweight men in 

response to a hyperinsulinemic-euglycemic clamp.  Collectively, chronic passive 



47 
 

heating can improve insulin sensitivity, but the exact mechanisms remain unclear 

and need further interrogation. 

Passive heating mediated improvements in glycemic control are likely due 

to adaptation from repeated exposure rather than acute bouts.  Fasted glucose 

levels in sedentary overweight men were not lowered when measured at one or 

two hours after a single session of hot water immersion (39°C water, 60-

minutes).  In subjects with T2D, acute hot water immersion (40°C water, 60-

minutes) did not improve postprandial glycemic control in response to an oral 

glucose load ingested an hour after immersion (200).  Furthermore, in healthy 

subjects or subjects with T2D, a single-session of hot water immersion (39.4°C 

water, 60-minutes) did not improve postprandial glycemic control in response to a 

glucose challenge ingested twenty-four hours after immersion (207). 

 

Does induction of HSP72 in humans contribute to improved glycemic 

control? 

Exercise has been shown to upregulate and increase HSP72 within 

immune cells (80, 81) and skeletal muscle (82-91) in humans.  Similarly, this has 

been recapitulated by passive heating that has increased HSP72 expression 

within immune cells (102) and skeletal muscle (103-105) within individuals.  An 

increase in core temperature via exercise and heating has often been cited as a 

primary stimulus for increasing HSP72 expression (204).  Gibson et al. (80) 

showed that increasing HSP72 mRNA in immune cells of exercising humans 

depended on increasing core temperature, with more robust induction at ~38.5°C 
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and the longer this core temperature was maintained.  Based on these 

observations, clinical studies aiming to increase HSPs to improve insulin 

sensitivity and cardiovascular risk profiles have increased core temperature to 1-

1.5°C (122, 123, 125).  Notably, isolated limb heating with unilateral water 

perfused pants increased HSP72 mRNA in skeletal muscle without increases in 

core temperature (105), therefore increased temperature and not specifically 

increased core temperature may be a requirement to increase HSP72. 

Despite recorded increases in core temperature, clinical studies examining 

whether passive heating increased HSP72 and improved glucose homeostasis 

found improved insulin sensitivity and glycemic control without any detected 

change in HSP72 in biopsied adipose tissue (125), skeletal muscle (127), or 

collected immune cells (126).  These findings contrast those observed in animal 

studies showing passive heating improves insulin sensitivity and glycemic control 

due to increasing HSP72  (57, 61, 63, 70, 72-75).  A possible discrepancy 

between animal and human data could be that animals are safely exposed to 

higher temperatures than human subjects.  It should be noted that detection of 

increased HSP72 following acute exercise or heating has varied across human 

studies ranging from no change (208) to being detected forty-eight hours later 

(83) and even staying detectable seven days after the session (83).   

More clinical studies are needed to examine the mechanisms for passive 

heat-mediated improvements in glycemic control.  Of the studies performed so 

far, Ely et al. (125) has provided the most mechanistic insight, demonstrating that 

chronic passive heating improved insulin-stimulated Akt signaling of biopsied 
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adipose tissue from women with PCOS.  One potential mechanism not fully 

explored is a potential contribution of heat-induced increases of blood flow to 

skeletal muscle (112).   

 

Heat-induced improvements in glycemic control could be due to actions 

from the vasculature 

After observing that three weeks of hot water immersion improved 

glycemic control in patients with T2D, Hooper hypothesized that this 

improvement occurred because of repeated heat-induced increases of blood flow 

to the skeletal muscle promoting nutrient delivery (124).  Indeed, skeletal muscle 

blood flow can independently modulate insulin-dependent glucose uptake, 

augmenting insulin-mediated glucose uptake (209).  Delivery of insulin and 

glucose to the skeletal muscle interstitium is vital for skeletal muscle glucose 

uptake, which relies heavily on endothelial insulin responsiveness (29).  Some 

support for Hooper’s hypothesis comes from observations that passive heating 

can increase blood flow to the skeletal muscle during heating.  Walsh et al. (128) 

demonstrated with single limb heating in 40-42°C water that skeletal muscle 

blood flow (Figure 2.6, panel B) and perfusion (Figure 2.6, panel C) are 

increased during immersion.   
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Figure 2.6  Popliteal artery blood flow and lower leg skeletal muscle 
perfusion are increased during hot water immersion. (A) Experimental set up 
during single-leg heating.  (B) Popliteal artery blood flow and (C) calf muscle 
perfusion were increased in the heated leg only during hot water immersion. 
*P<0.05 vs. control leg.  Figure adapted from Walsh et al. (128). 

 

Whether this increased blood flow from heating promotes glucose uptake 

has not been evaluated.  Nonetheless, a critical observation from the study by 

Walsh et al. (128) was that in healthy subjects, this hot water immersion 

subsequently augmented lower leg insulin-stimulated blood flow (Figure 2.7, 

panel A) and insulin-stimulated skeletal muscle microvascular recruitment (Figure 

A B 

C 
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2.7, panel B) and perfusion (Figure 2.7, panel C) compared with the unheated 

control leg (128). 

 

 

Figure 2.7  One hour of passive heating via hot water immersion 
augmented insulin-stimulated blood flow.  (A) Popliteal artery blood flow, (B) 
microvascular blood flow, and (C) perfusion of the calf muscle was increased 
during a hyperinsulinemic-euglycemic clamp in the previously heated leg, relative 
to the control leg.  Adapted from Walsh et al. (128). 

 

A 

B 

C 
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Passive heating has insulin-sensitizing effects on the vasculature that 

could improve endothelial insulin responsiveness in patients with T2D 

Based on the finding by Walsh et al. (116) that passive heating can 

augment endothelial insulin sensitivity, it can be postulated that passive heating 

could be used to improve endothelial insulin responsiveness in patients with T2D.  

However, the mechanism for this improvement is not yet fully explored.  Walsh et 

al. (128), reported that insulin stimulation occurred one hour after hot water 

immersion had ended.  HSP72 protein content has been shown to increase an 

hour after heat exposure in the soleus muscle of rats (210) and in human 

peripheral mononuclear cells (211).  Although speculative, it is possible that 

HSP72 was increased in endothelial cells due to the heating intervention used by 

Walsh et al. (128).  Furthermore, if HSP72 was increased, it is unknown if it 

contributed to improved insulin sensitivity through such mechanisms as reducing 

stress kinase activity.  If so, this phenomenon could benefit patients with T2D.  

All of which has yet to be investigated but could provide novel therapeutic 

evidence in humans. 

Little work has been conducted on evaluating the time course for HSP72 

induction in endothelial cells.  In bovine aortic endothelial cell culture, Harris et al. 

(223) showed that exposure to 42°C for one hour did not increase HSP72 when 

assessed twenty-four hours later, however, when cells were exposed to 45°C, 

HSP72 was increased.  In contrast, when rats were heat-treated at a core 

temperature of 42°C for fifteen minutes, HSP72 expression was found to be 

increased in the aorta twenty-four hours after the heating session.  This study 
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demonstrated that increased HSP72 could be observed twenty-four hours after 

the last heating session, implying HSP72 mediated improvements may take 

effect much later on. Therefore, repeated bouts of passive heating over time may 

accumulate increased HSP72 resulting in improvements. 

Induction of HSP72 is not the only mechanism by which passive heating 

has insulin-sensitizing effects on the vasculature.  The finding by Walsh et al. 

(128) that acute passive heating augmented insulin-stimulated blood flow in 

healthy participants was part of a series of experiments examining the role of 

endothelial shear stress as being a primary stimulus for exercise-mediated 

improvements in endothelial responsiveness.  Exercise has been shown to 

improve insulin-stimulated blood in individuals with T2D in some studies (77-79), 

but not all (33). 

 

Exercise improves endothelial insulin responsiveness 

Exercise has also been shown to be effective for improving endothelial 

responsiveness.  Dela et al. (77) showed 10-weeks of single-legged aerobic 

exercise, improved insulin-stimulated leg blood flow of the trained leg compared 

to the untrained leg during a hyperinsulinemic-euglycemic clamp in healthy 

subjects and subjects with T2D.  Furthermore, the improvements in insulin-

stimulated blood flow were associated with increased leg glucose uptake in the 

exercise-trained limb (77).  Similarly, Holten et al. (78) showed six weeks of 

single-legged resistance exercise, performed with weight-loaded machines was 

also effective for improving insulin-stimulated blood flow during a 
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hyperinsulinemic-euglycemic clamp in healthy subjects and subjects with T2D. 

Short-term exercise interventions have also improved endothelial responsiveness 

during the postprandial state.  Mikus et al. (79)  showed that seven days of 

aerobic exercise improved postprandial leg blood flow in response to an oral 

glucose load in subjects with T2D (Figure 2.8).  Furthermore, the improvement in 

postprandial leg blood flow occurred without any changes in metabolic outcomes 

(79).   

 

Figure 2.8  Seven days of aerobic exercise improved relative femoral blood 
flow (percent change from fasting) in response to 75g oral glucose load in 
subjects with T2D. *Significantly different from the corresponding time point at 
baseline (P < 0.05). FBF, femoral blood flow. Adapted from Mikus et al. (79). 

 

Acute exercise has further demonstrated the effectiveness of exercise in 

improving endothelial insulin responsiveness. Bisquolo et al. (212) showed in 

healthy subjects that insulin-stimulated blood flow was greater during a 

hyperinsulinemic-euglycemic clamp 90-minutes after a 45-minute bicycle 
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exercise.  Sjoberg et al. (23) showed insulin-stimulated microvascular perfusion 

of skeletal muscle was increased in the exercised leg compared to an 

unexercised contralateral leg four hours after single-legged exercise.  

Additionally, glucose uptake was increased in the exercise leg compared with the 

rested leg.  Notably, the augmented effect of exercise on improving insulin-

stimulated blood flow and perfusion and glucose uptake was abrogated when a 

NOS inhibitor was co-infused, indicating that the coordinated improvements 

between vasculature and skeletal muscle were NO-dependent.  

 

Shear stress - a primary mechanism for exercise-mediated improvements 

in endothelial insulin resistance - is a physiological response shared by 

passive heating  

A primary mechanism for exercise-mediated improvements in vascular 

dysfunction and endothelial responsiveness comes from exercise-induced 

elevations in blood flow and subsequently increased endothelial shear stress 

(145).  Indeed, both exercise and passive heating mediated increases in 

endothelial shear stress have been demonstrated to be a key stimulus for 

inducing vascular adaptations (213, 214).  A series of studies have demonstrated 

that shear stress is essential for arterial adaptation to exercise and passive 

heating (214-218).  In these studies, measurements of vascular function were 

assessed in both arms before and after an intervention.  During the intervention 

phase of these studies, one arm was occluded with a blood pressure cuff, 

preventing blood flow and shear stress from increasing above resting levels, 
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whereas the other arm was allowed to experience increased blood flow and 

shear stress during the intervention sessions.  Subsequently, arterial adaptations 

in both the macro and microvasculature, as measured by increased brachial 

artery FMD responses and cutaneous microvascular endothelial function were 

prevented in the occluded arm following eight weeks of local arm heating (214), 

waist level hot water immersion (215, 216), lower limb exercise training (217), 

and handgrip exercise training (218).   

Exposures to increased endothelial shear stress could improve endothelial 

insulin responsiveness through several mechanisms.  Cell culture studies and 

isolated perfused arteries have demonstrated that increased shear stress 

increases eNOS expression (219, 220).  Woodman et al. (219) found that 

isolated arteries perfused with higher shear rates over four hours induced greater 

eNOS expression and augmented acetylcholine-induced dilation.  Therefore, 

increased eNOS expression following increased shear stress promotes greater 

responsiveness to endothelial-dependent dilators, much like insulin. 

Cell culture studies have also shown that increased shear stress reduces 

ET-1 expression in a dose-dependent fashion (221).  When a NOS inhibitor was 

applied, the shear-stress mediated reduction of ET-1 was negated.  These data 

suggest that shear-mediated reduction of ET-1 is NO-dependent (232).  The 

reduction of ET-1 is significant for two reasons.  Firstly, reducing ET-1 can 

suppress proatherogenic signals and actions.  Secondly, available NO can 

suppress ET-1 activity (146-149), therefore with less ET-1, there is increased 
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bioavailability of NO that could promote augmented dilatory responses or allow 

NO to participate in other antiatherogenic actions. 

Notably, previous work has shown in cultured endothelial cells and 

isolated arteries that applying shear stress for one hour subsequently augmented 

insulin signaling and insulin-induced dilation, respectively (128).   These 

observations were recapitulated in healthy humans, in which, after an hour of 

single-leg heating, insulin-stimulated blood flow and skeletal muscle 

microvascular recruitment and perfusion were augmented in the heated leg and 

not the control leg (128).  Importantly, heating was used to increase blood flow 

and endothelial shear stress independent of contraction-induced increases in 

shear stress (128).  Interestingly, lower body hot water immersion has been 

demonstrated to increase shear rate more than treadmill running (198), 

suggesting passive heating could be a more potent stimulus than exercise 

(Figure 2.9).  Nevertheless, further studies are needed to confirm this.   
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Figure 2.9  Superficial femoral artery shear rate increased more by hot 
water immersion than treadmill running.  Young healthy subjects either 
participated in hot water immersion (30-minutes of waist level immersion in 42°C 
water) or treadmill running exercise (30-minutes 65-75% age-predicted heart rate 
maximum). * interaction: intervention x time (p<0.05); † different from baseline 
(p<0.05).  Adapted from Thomas et al. (198). 

 

Both exercise and passive heating increase endothelial shear stress that 

has been demonstrated to improve endothelial inulin sensitivity, while passive 

heating to improve endothelial insulin responsiveness in patients with T2D has 

not been investigated.  It is reasonable to postulate that passive heating could 

improve endothelial responsiveness in patients with T2D via increasing 

endothelial shear stress and or independent of induced HSP72. 

 

Passive heating could be an alternative therapy to exercise 

In addition to passive heating and exercise sharing the ability to increase 

endothelial shear stress, passive heating induces other similar physiological 
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responses and adaptations as an exercise that promote health benefits (191, 

222).  A recent mini-review by Cullen et al. (223) has highlighted such similar 

adaptations which are illustrated in Figure 2.10. 

 

Figure 2.10  Summary of chronic adaptations to exercise and passive 
heating. Adapted from Cullen et al. (223). 

 

Clinical studies directly comparing the effectiveness of exercise against 

passive heating are limited, yet, passive heating has been demonstrated to be as 

effective as exercise.  Eight weeks of hot water immersion (42°C water, 30-

minutes/session, 3 sessions/week) and time-matched moderate intensity, 

improved brachial artery FMD, cerebral blood flow, thermoregulatory function, 

and cardiorespiratory fitness to the same extent in young women (224).  Six 

weeks of sauna-bathing induced similar improvements in postprandial glycemic 

control, cardiorespiratory fitness, and skeletal muscle microvascular adaptations 

such as capillarization and eNOS content, as time-matched moderate-intensity 
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cycling in young sedentary men (225), but, unlike exercise, sauna-bathing did not 

increase skeletal muscle mitochondrial density, GLUT 4 content, or intramuscular 

triglyceride content (225).   

Notably, passive heating has been as effective as exercise in treating 

clinical populations.  In PAD patients, twelve weeks of hot water immersion (39°C 

water, 30-minutes, 3-5 times/week) was as effective as aerobic and resistance 

exercise (90 minutes, 2-3 times/week) in improving tissue oxygenation during 

symptom-free walking, functional walking capacity, and blood pressure 

responses (117).  However, the passive heating intervention was more effective 

than the aerobic and resistance exercise intervention at reducing systolic blood 

pressure in these patients with PAD (117).  Similarly, Thomas et al. (198) found 

reduced blood pressure in young, healthy subjects after an acute session of 

waist level hot water immersion (42°C water, 30-minutes)  yet not after treadmill 

running (65-75% HR max for 30 minutes).   

The effectiveness of passive heating is clinically relevant as patients with 

T2D often have reduced cardiorespiratory fitness and a decreased capacity for 

sustained exercise (92-99).  Furthermore, patients with T2D often cite barriers to 

exercise that relate to physical and mental discomfort that perpetuate 

unmotivated behaviors (100, 101).  Therefore, passive heating could be an 

appealing treatment for individuals who cannot exercise, are discouraged by it, or 

choose not to participate.  Collectively, passive heating could be a promising 

alternative therapy to exercise for patients with T2D. 
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SUMMARY & GAPS IN THE LITERATURE 

The prevalence and incidence of T2D are growing (1, 2) due to obesity (4, 

5) and physical inactivity (6, 7), known prime drivers of T2D (8).  Individuals with 

T2D are at increased risk for CVD and CVD-related mortality (9, 10).  Impaired 

endothelial insulin signaling of the PI3K-Akt pathway contributes to CVD and 

glycemic dysregulation, which characterize T2D and increases CVD risk (12, 16-

18).  As endothelial insulin resistance represents a causal factor in the 

pathogenesis of atherosclerosis and T2D, there is an urgency to identify the 

molecular mechanisms that cause it and subsequently devise effective 

treatments.        

Mediators such as obesity, physical inactivity, glucolipotoxicity, and 

subsequent inflammation increase stress kinases such as JNK (23, 127), which 

disrupt the PI3K-Akt insulin signaling pathway (40-42).  Therefore, targeting such 

stress kinases through regulatory mechanisms may restore endothelial insulin 

signaling.  HSP72, a heat-inducible cytoprotective protein chaperone molecule, 

has been implicated in insulin resistance.  Reduced HSP72 has been shown in 

metabolically active tissues from insulin-resistant humans (55-59) and animals 

(57, 62, 63) and in the aorta of insulin-resistant rats (64).  The reduction may be 

due to suppressive actions by JNK (65-68).  Increasing HSP72 can improve 

insulin sensitivity (57, 61, 63, 64, 69, 70, 72-76), insulin-stimulated PI3K insulin 

signaling (57, 61, 63, 70, 73, 76) and reduce JNK activity (57, 61, 63, 75, 76), 

likely due to its ability to mitigate JNK activity (44-47). 
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Based on the presented evidence, HSP72 may be involved with 

endothelial insulin resistance, yet this remains unknown.  HSP72 is reduced in 

isolated aortas from insulin-resistant rats (64), and JNK activity is elevated in 

endothelial cells from patients with T2D (42) and vessels from individuals with 

severe obesity (43).  Accordingly, it was hypothesized that endothelial insulin 

resistance in T2D is attributable to reduced endothelial HSP72.  Conversely, 

increasing HSP72 may improve endothelial insulin responsiveness, perhaps by 

its inhibitory effects on JNK (44-47).  It was hypothesized that increasing HSP72 

would improve or augment endothelial insulin responsiveness.  

In line with this, it is unknown if modulating HSP72 affects endothelial 

insulin signaling.  Silencing HSP72 has been reported to impair VEGF-stimulated 

Akt that is needed for angiogenesis (51).  Furthermore, increasing aortic HSP72 

with passive heating improved angiotensin 1-7 stimulated Akt-eNOS activity 

resulting in improved vasodilation in insulin-resistant rats (64).  HSP72 may be 

necessary for endothelial processes involving Akt signaling, including endothelial 

insulin signaling.  It was hypothesized that decreasing HSP72 impairs endothelial 

insulin signaling, whereas increasing HSP72 would be beneficial.   

Passive heating has emerged as a potential therapy for treating 

cardiometabolic diseases (108, 117, 123-125).  It has been demonstrated that 

acute passive heating can improve endothelial insulin responsiveness in healthy 

subjects (128).  This treatment could be leveraged to treat patients with T2D.  

Accordingly, it was hypothesized that passive heating would improve endothelial 
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insulin responsiveness in subjects with T2D and that this insulin-sensitizing effect 

of passive heat could be due to increasing endothelial HSP72. 

Based on the presented gaps in the literature, this dissertation determined 

if endothelial insulin resistance in T2D is attributable to decreased endothelial 

HSP72.  This dissertation also established if passive heating improves 

endothelial insulin responsiveness in subjects with T2D, in part by increasing 

endothelial HSP72.  Furthermore, this dissertation determined if modulation of 

HSP72 impacts endothelial insulin signaling in cell culture, in that reducing 

HSP72 impairs endothelial insulin signaling, whereas upregulating HSP72 

improves or augments it. 

 Beyond this dissertation and based on information within this literature 

review, targeting HSP72 may be beneficial for treating other vascular 

dysfunctions in T2D that include atherosclerosis (174, 175), hypertension (180), 

and impaired angiogenesis (51).  Although heat-mediated increased HSP72 may 

be beneficial, it is not the only mechanism whereby heating may be beneficial for 

T2D.  Notably, heat-mediated increases in endothelial shear stress may be a 

mechanism for the insulin-sensitizing effect of passive heating on the vasculature 

(128).  Passive heating has been shown to improve vascular function (118, 122, 

123, 197-199), glycemic control (124, 125), and reduce overactive sympathetic 

activity (123), all factors which would benefit individuals with T2D. However, 

more clinical studies are needed with T2D cohorts.  While strategies such as 

exercise effectively treat T2D (226), exercise may be challenging for individuals 

with T2D (92-99), and passive heating may be a potential treatment alternative. 
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CHAPTER THREE – MAIN FINDINGS 

Endothelial HSP72 is not reduced in type 2 diabetes nor is it a 
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ABSTRACT 

Impaired endothelial insulin signaling and consequent blunting of insulin-induced 

vasodilation is a feature of type 2 diabetes (T2D) and contributes to vascular 

disease and glycemic dysregulation.  However, the molecular mechanisms 

underlying endothelial insulin resistance remain poorly known.  Herein, the 

hypothesis that endothelial insulin resistance in T2D is attributed to reduced 

expression of HSP72 was tested.  HSP72 is a cytoprotective chaperone protein 

that can be upregulated with heating and is reported to promote insulin sensitivity 

in metabolically active tissues, in part via inhibition of JNK activity.  Accordingly, it 

was further hypothesized that, in T2D individuals, seven days of passive heat 

treatment via hot water immersion to waist-level (one hour/day) would improve 

leg blood flow responses to an oral glucose load (i.e., endogenous insulin 

stimulation) via induction of endothelial HSP72.  Contrary to the hypotheses, it 

was found that: 1) endothelial insulin resistance in T2D mice and humans was 

not associated with reduced HSP72 in aortas and endothelial cells, respectively; 

2) after passive heat treatment, improved leg blood flow responses to an oral 

glucose load did not parallel with increased endothelial HSP72; 3) 

downregulation of HSP72 (via small-interfering RNA) or upregulation of HSP72 

(via heating) in cultured endothelial cells did not impair or enhance insulin 

signaling (i.e., activation of Akt), respectively, nor was JNK activity altered.  

Collectively, these findings do not support the hypothesis that reduced HSP72 is 

a key driver of endothelial insulin resistance in T2D but provide novel evidence 
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that lower-body heating may be an effective strategy for improving postprandial 

blood flow.  
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NEWS & NOTEWORTHY   

Data from the present investigation using various experimental models including 

isolated mouse arteries, humans, and cultured endothelial cells suggest that 

endothelial insulin resistance in type 2 diabetes (T2D) is not causally attributed to 

reduced expression of heat shock protein 72.  Furthermore, data from this study 

shows for the first time that lower-body heating may be a promising approach for 

restoring leg vascular insulin sensitivity in individuals with T2D.   
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INTRODUCTION 

The prevalence and incidence of type 2 diabetes (T2D) are growing in the 

United States and worldwide (1, 2), with the number of US adults diagnosed with 

T2D expected to nearly triple by 2060 (3).  Notably, individuals with T2D are at 

increased risk of developing and subsequently dying from cardiovascular disease 

(9, 10).  Endothelial cell dysfunction plays an important role in the pathogenesis 

of cardiovascular disease in T2D (12-14, 16).  Particularly, impaired endothelial 

insulin signaling through the PI3K-Akt pathway and consequent blunting of 

insulin-induced vasodilation and blood flow, also referred to as selective 

endothelial insulin resistance (14, 17), contributes to vascular disease and 

glycemic dysregulation (12, 16-18).  Indeed, genetic disruption of insulin 

signaling in endothelial cells promotes atherosclerosis (21) and limits skeletal 

muscle glucose uptake (29), while conversely, selective activation of the insulin 

receptor-PI3K-Akt signaling pathway protects against atherosclerosis formation 

(130).  Notwithstanding the unquestionable recognition that vascular insulin 

resistance is implicated in the pathogenesis of cardiovascular and metabolic 

diseases, the molecular underpinnings underlying endothelial insulin resistance 

in T2D remain poorly known.  A deeper understanding of such molecular 

mechanisms can help identify therapeutic strategies for the prevention and 

treatment of T2D-associated vasculometabolic derangements.   

Heat shock protein 72 (HSP72) is a heat-inducible cytoprotective 

chaperone protein whose constitutive expression appears to be suppressed in 

obesity and T2D, particularly in metabolically active tissues (56-58).  Importantly, 
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deficiency of HSP72 promotes insulin resistance (57, 61) and these effects are 

likely mediated through activation of c-Jun amino-terminal kinase (JNK) (44-46, 

57, 61, 76), a classic stress-activated kinase shown to disrupt the PI3K-Akt 

insulin-signaling pathway (40-42).  However, the role of HSP72 in modulating 

insulin signaling in the vasculature remains unknown.  Herein, it was 

hypothesized that endothelial insulin resistance in T2D can be attributed to 

reduced expression of HSP72.   

Accumulating evidence indicate that chronic passive heating is 

therapeutically effective in treating and preventing cardiometabolic diseases 

(106-108, 117, 122-124, 126, 187, 190).  Along these lines, a recent study 

showed that one bout of lower-limb heating subsequently increases insulin-

stimulated leg blood flow in healthy individuals (128).  It is possible that the 

multifaceted beneficial effects of passive heating, including its insulin-sensitizing 

actions, are at least in part driven by an induction of HSP72.  As such, it can be 

reasoned that passive heating may be an effective strategy for restoring HSP72 

expression in T2D and thus correcting endothelial insulin resistance.  

Specifically, it was hypothesized that, in individuals with T2D, passive heat 

treatment via hot water immersion would improve leg blood flow responses to an 

oral glucose load (i.e., endogenous insulin stimulation), and that this 

improvement would be accompanied by an induction of HSP72 in endothelial 

cells.  Congruently, it was also posited that knockdown of HSP72 in endothelial 

cells would impair insulin signaling and that the converse would also be true; that 

is, induction of HSP72 in endothelial cells would enhance insulin signaling.   
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METHODS 

Experimental protocol in isolated arteries from mice  

All animal procedures were approved by the University of Missouri 

Institutional Animal Care and Use Committee.  The University of Missouri is 

accredited by the Association for Assessment and Accreditation of Laboratory 

Animal Care International.  Isolated aortic rings were used from 20-week-old 

control db+ (n=12, 32.5±0.73 g body weight) and diabetic db/db (n=10, 58.1±1.02 

g body weight) male mice (Strain #000642; The Jackson Laboratory, Bar Harbor, 

ME).  Males were used because of availability.  Aortas were harvested and 

cleaned of perivascular adipose tissue in ice-cold physiological saline solution 

(pH 7.4) and cut into 2-mm segments.  Abdominal aortic rings were then 

mounted on wire myograph organ bath chambers (620M; Danish Myo 

Technology, Hinnerup, Denmark) containing warmed physiological saline 

solution gassed with 95% O2-5% CO2 and maintained at 37°C as previously 

described (227, 228).  Aortic rings were treated with 80mM KCl to ensure 

viability.  Next, aortas were preconstricted with the thromboxane A2-mimetic, U-

46619 (20nM) to test vasorelaxation responses to increasing insulin 

concentrations (10-9 to 10-5M, Humulin R; Eli Lilly, Indianapolis, IN).  The 

remaining aorta was flash-frozen and subsequently processed for analysis of 

HSP72 and phospho-JNK via western blotting, as described below.   

 

Experimental protocol in human subjects  

Human participants 
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The study was approved by the University of Missouri Institutional Review 

Board (IRB, no.  2008181), registered at ClinicalTrials.gov (NCT03203694) and 

conducted in accordance with the Declaration of Helsinki.  Subjects with a self-

reported clinical diagnosis of non-insulin-dependent T2D, along with age- and 

sex-matched healthy subjects, were recruited from the Columbia, MO area.  All 

subjects provided written informed consent and completed a medical health 

history questionnaire before participating in the study.  All subjects were 35-65 

years old and free of overt cardiovascular, renal, hepatic, autoimmune diseases, 

cancers, exogenous insulin use, immunosuppressant therapies, gout, diabetic 

neuropathy, tobacco or nicotine use, excessive alcohol consumption (>14 drinks 

per week for men, and >7 drinks per week for women), pregnancy or nursing, 

and mobility limitations.  Furthermore, subjects with T2D were also excluded if 

they had a body mass index (BMI) of ≥50 kg/m2, self-reported participating in 

more than 60 minutes of exercise per week, had uncontrolled hypertension 

(≥180mmHg systolic, or ≥110mmHg diastolic), or had any fungal infections or 

disorders.  Additionally, based on manufacturer contraindications for the sensor 

used for measuring core temperature during the heating sessions, subjects were 

excluded if they presented with any of the following: swallowing or esophageal 

disorders, gag-reflex impairment, gastrointestinal tract diseases or disorders, any 

previous gastrointestinal surgeries, any implanted electromedical device, or any 

scheduled nuclear magnetic resonance/magnetic resonance imaging scanning 

unrelated to the study.  Healthy subjects were also excluded if they had a BMI 

outside of the 19-29 kg/m2 range, a history of pre-diabetes or diabetes mellitus, 
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self-reported participating in <150 minutes of moderate-intensity exercise per 

week, had hypertension (≥130mmHg systolic, or ≥90mmHg diastolic) or were 

taking any anti-hypertensive medications.  The use of non-obese, physically 

active adults as healthy control subjects allowed us to characterize the optimal 

vascular and metabolic phenotype to be used for reference.  This idea that 

control subjects should be physically active has been persuasively advocated by 

Booth and colleagues (229-233).  Five women (n=2 from T2D group, n=3 from 

healthy group) were premenopausal and had their experimental visits scheduled 

during the early follicular phase (days 1 – 7 of the menstrual cycle) or oral 

contraceptive placebo week (if applicable) to minimize any potential impact of 

hormonal fluctuations across the menstrual or oral contraceptive cycle on 

metabolic and vascular outcomes.  Therefore, ~28 days elapsed between 

experimental visits for these participants.   

 

Experimental design 

Healthy subjects participated in a single experimental visit.  Subjects with 

T2D participated in two experimental visits, one occurring before and the other 

after seven consecutive days of passive heating sessions.  The second 

experimental visit occurred 16-24 hours after their last passive heating session, 

as previously described in other passive heating studies (207).  Such short-term 

course of treatment (i.e., seven days) was purposely used to examine the 

vascular effects of heating prior to overt improvements in metabolic function, 

known to occur with longer heating interventions (125-127), which could in turn 
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lead to secondary vascular effects.  That same strategy has been employed in 

exercise studies with individuals with T2D using similar outcomes (79).   

 

The seven-day lead up to experimental visits 

Prior to experimental visits, subjects wore an accelerometer for seven 

consecutive days.  Subjects with T2D also wore an accelerometer during the 

seven consecutive days of passive heating sessions prior to their second 

experimental visit.  All subjects filled out a three-day food diary prior to an 

experimental visit.  Subjects with T2D were given a copy of their food intake 

record and instructed to replicate the meals and timing of food intake, as much 

as possible, for the three days before their second experimental visit. 

 

Experimental visit 

The experimental visit and measurements taken are illustrated in 

Appendix I Figure 1.  Participants arrived at the laboratory after an overnight 

fast.  Subjects refrained from medications the morning of testing and also 

abstained from exercise for 24-48 hours, caffeine for 12 hours, and alcohol for 24 

hours before testing.  Subjects underwent anthropometric measurements 

including height, weight, and body composition via dual-energy X-ray 

absorptiometry (HorizonA, Hologic Inc., Bedford, MA).  After 15 minutes of 

supine rest in a darkened, temperature-controlled room (~21°C), aortic stiffness 

via carotid-to-femoral pulse wave velocity (cfPWV) and femoral artery endothelial 

function via flow-mediated dilation (FMD) were assessed to further characterize 
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vascular function.  An intravenous (IV) catheter was then placed in an antecubital 

vein for blood sampling and collection of venous endothelial cells.  Thereafter 

subjects underwent an oral glucose tolerance test to assess leg blood flow 

responses to endogenous insulin stimulation (i.e., a physiological readout of 

vascular insulin sensitivity).   

 

Experimental measurements 

Physical activity  

Subjects were fitted with an accelerometer (ActiGraph GTX3; ActiGraph, 

Pensacola, FL) on the right hip to record physical activity.  Accelerometers 

collected data at a rate of 30Hz for seven consecutive days.  Subjects were 

instructed to wear the accelerometer upon waking until just prior to sleeping, and 

were given a diary to note what periods they wore the accelerometer and any 

reason for taking the device off (e.g., sleeping, bathing, etc.).   

Recorded data were downloaded over 60-second epochs and analyzed 

with the manufacturer's software (ActiLife v6.13.3, ActiGraph, Pensacola, FL).  

ActiLife wear-time validation was performed and, subsequently, the amount of 

time spent in moderate-vigorous physical activity per week was calculated.  

Moderate-vigorous physical activity was determined by the ActiLife software 

using device counts per minute and cut-off thresholds for adults published by 

Freedson (234).  Time spent in moderate-vigorous physical activity per week was 

selected as the reference for physical activity based upon American national 

guidelines for promoting health benefits (235). 
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Aortic stiffness via cfPWV 

cfPWV was measured using the cuff-based SphygmoCor® XCEL (AtCor 

Medical, Itasca, IL) to assess aortic stiffness, according to current 

recommendations and as previously described (236, 237).  Briefly, the 

SphygmoCor® XCEL device enables simultaneous acquisition of carotid (via 

tonometer) and femoral (via cuff) pulse waves.  Transit time between carotid and 

femoral pressure waves was calculated using the foot-to-foot method.  Wave 

foots were identified using intersecting tangent algorithms.  cfPWV (reported in 

m/s) was calculated as distance traveled by the pulse wave divided by pulse 

transit time.  For nine T2D subjects, the carotid pulse wave signal was of 

insufficient quality and thus cfPWV data could only be generated for a subset of 

the subjects.    

 

Femoral artery endothelial function via FMD  

FMD in the superficial femoral artery was performed via 2D/Doppler 

ultrasound (GE Logiq P5) according to published guidelines (238) and as 

previously described (239-241).  Two minutes of arterial diameter and velocity 

were recorded using an 11MHz linear array transducer.  Signals were obtained in 

duplex mode at a pulsed frequency of 5MHz and corrected with an insonation 

angle of 60 degrees.  Sample volume was adjusted to encompass the entire 

lumen of the vessel without extending beyond the walls, and the cursor was set 

at mid-vessel and parallel to the vessel wall.  A cuff placed on the calf muscle 

was then inflated to a pressure of 250mmHg for five minutes.  Continuous 
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diameter and blood velocity measures were recorded during this occlusion period 

and three minutes following cuff deflation.  For subjects with T2D, the ultrasound 

probe placement was marked on the skin, markings were scaled against a tape 

measure, and a picture was taken to ensure consistency between visits.      

Video recordings of the ultrasound images were obtained with real-time 

capture software (Elgato Video Capture, Elgato, CA, USA), later exported and 

analyzed using an automated wall detection software (Cardiovascular Suites 4, 

Quipu Srl, Pisa, Italy).  FMD percent change was calculated as [(peak diameter-

base diameter)/base diameter] x 100.  Shear rate, an estimate of shear stress 

without blood viscosity, was calculated as 4 x mean blood velocity/diameter.  

Post-occlusion hyperemic shear rate area under the curve (AUC) up to 60 

seconds was also calculated (33, 242).     

 

Venous endothelial cell collection and processing 

After creating a sterile field, a 20-gauge IV catheter was placed in an 

antecubital vein using aseptic techniques.  A 0.18” spring-wire J-tip guidewire 

(AW-16402, Arrow International, Reading, PA) was advanced ~2-5 inches 

through the catheter, moved back and forth 10 times to collect endothelial cells.  

The wire was cut and placed into a conical tube containing a disassociation 

buffer.  This process was repeated for a total of four guidewires. 

The collected wires were rinsed with dissociation buffer for 10 minutes 

using a motorized serological pipette.  Red blood cell lysis buffer (eBioscience 1X 

RBC Lysis Buffer #00-4333-57, Invitrogen, Thermo Fisher Scientific, Carlsbad, 



77 
 

CA) was added to the collected cells for 10 minutes at room temperature.  Cells 

were then centrifuged, washed, and subsequently fixed in pellet form with 4% 

paraformaldehyde (PFA, #15710, Electron Microscopy Sciences, PA) for 10 

minutes at room temperature.  Fixed cells were washed, centrifuged, 

resuspended, and 10μL of fixed cell suspension was plated per well onto a 15-

well chambered microscope slide (μ-Slide Angiogenesis ibiTreat #81506, Ibidi 

GmbH, Gräfelfing, Germany) pre-treated with poly-L-lysine solution (P4832, 

Sigma Aldrich, St.  Louis, MO).  Slides were then incubated at 37°C for five hours 

to allow cells-to-slide adherence and then rinsed with 50mM glycine/PBS solution 

to quench any remaining PFA.  Slides were stored at -80°C until further analysis 

of proteins of interest via quantitative immunofluorescence staining. 

 

Quantitative immunofluorescence staining of venous endothelial cells 

Slides were thawed and rehydrated with PBS for 10 minutes.  Slides were 

then incubated with permeabilization buffer (0.05% Triton X-100 + 2% BSA + 

PBS) and then blocking buffer (Goat serum + 0.05% Triton X-100 + 1% BSA + 

PBS) for one hour each at room temperature.  Slides were incubated overnight at 

4°C with primary antibodies for the following targets: von Willebrand factor (vWF) 

(1:1000; Invitrogen, # PA1-43057), phospho-JNK (Thr183/Tyr185 (1:100; Cell 

signaling #9255), JNK (1:100; Cell Signaling, #9252), and HSP72 (1:50; Enzo 

Life Sciences, #ADI-SPA-810).  Slides were incubated the following day with 

corresponding fluorophore-conjugated secondary antibodies and 4′,6-diamidino-

2-phenylindole (DAPI) (1:500 or 1:1000; Sigma Aldrich, #D9542) for one hour at 



78 
 

room temperature.  The fluorophore-conjugated secondary antibodies used were 

Alexa Fluro 488 (1:2000; Abcam #150177), Alexa Fluro Plus 555 (1:250; 

Invitrogen # A32727; or 1:500; A32732), and Alexa Fluro 633 (1:500; Invitrogen # 

A21071).   

Each multi-well chambered slide accommodated the simultaneous probing 

of phospho-JNK, JNK, and HSP72.  Phospho-JNK and JNK were probed for 

within the same wells.  All wells were probed for DAPI and vWF.  DAPI identified 

intact cell nuclei while vWF was used to identify endothelial cells with intact cell 

membranes.  Staining of slides was performed in several batches.  Each batch 

contained four slides: one slide from a healthy subject, two slides from a T2D 

subject (before and after their heating intervention), and one slide containing 

human vein endothelial cells (#CC-2159, Lonza, Walkersville, MD) at passage 

four used for normalization (243, 244).  Slides were imaged on an 63x oil 

objective (1.4 numerical aperture) using the Leica Thunder Imager (Leica 

Microsystems, Wetzlar, Germany).  Images were captured at the same exposure 

time and corrected for background fluorescence using Leica Thunder software.  

The mean fluorescence intensity per unit area of the proteins of interest was 

calculated from 27±2 cells per subject and normalized to the respective mean 

fluorescence intensity from HUVECs (simultaneously stained) to account for any 

batch effect.  The fluorescence intensity was analyzed using a custom MATLAB 

script that automated the identification of positively stained endothelial cells (i.e., 

only signal from endothelial cells was used for analysis).  Cells with a 

compromised membrane and considered not spherical by the script’s algorithm 
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were excluded from the analysis.  The imaging and fluorescence intensity 

analysis was completed by an investigator blinded to the characteristics of 

subjects and treatments. 

 

Leg blood flow responses to glucose ingestion 

After a 40-minute period of supine rest, a 75-g oral glucose load 

(#100075, Azer Scientific, Morgantown, PA) was ingested within five minutes.  

Before and during the postprandial state (15, 30, 45, 60, 90, and 120 minutes 

after ingestion), blood samples were collected from the IV catheter, and 

superficial femoral artery blood flow was assessed via 2D/Doppler ultrasound.  

Each blood flow recording period was at least four minutes long.  At these time 

points, brachial artery blood pressure readings were also collected in duplicate 

using an automated blood pressure monitor (SunTech Tango M2, SunTech 

Medical, Morrisville, NC).  Blood flow (reported in mL/min) was calculated as: 

3.14 x (diameter (cm)/2)2 x mean blood velocity (cm/s) x 60.  Mean arterial 

pressure (MAP) (reported in mmHg) was calculated as: (2 x diastolic pressure) + 

systolic pressure)/3.  Throughout, blood samples were placed in EDTA 

vacutainers and immediately analyzed for glucose using the YSI 2300 STAT 

PLUS glucose analyzer (YSI Inc., Yellow Springs, Ohio) or frozen for later 

determination of glycosylated hemoglobin (HbA1c) at the University of Missouri 

Diabetes Diagnostic Lab.  The remaining blood samples were centrifuged (4°C, 

3500 rpm, for 15 minutes), and the plasma was aliquoted and stored at -80°C for 

later analysis of insulin levels using a commercially available enzyme-linked 
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immunosorbent assay (#80-INSHU-E10.1, ALPCO, Salem, NH).  Postprandial 

glucose and insulin incremental AUC were calculated with the trapezoidal 

method over the two-hour period.  The homeostasis model assessment of insulin 

resistance (HOMA-IR) was calculated as: (fasting glucose (mg/dL) x fasting 

insulin (μU/mL)) / 405.     

 

Passive heating sessions 

The passive heating sessions and measurements taken are illustrated in 

Appendix I Figure 2.  Subjects were instructed to maintain their usual physical 

activity, dietary habits, and medication intake during the seven days of the 

heating intervention.  At least 7-9 hours before arriving for their first and last 

session, the subject ingested a telemetry sensor (CorTemp Temperature Sensor 

HT150002, HQ Inc., Palmetto, FL) to measure core temperature (reported in °C).  

This sensor emits radio frequencies picked up by the receiver (HQinc, Palmetto, 

FL), placed near the lumbosacral region.  Prior to each heating session, subjects 

provided a urine sample to assess hydration status using urine specific gravity 

(USG) readings from a digital refractometer (PAL-10S, Atago Co.  LTD., Japan).  

If the USG reading was >1.02, indicative of dehydration, the subject drank 500mL 

of water.  After five minutes of rest in a semi-recumbent chair, tympanic 

membrane temperature (TMT) was assessed with an infrared digital thermometer 

(Braun ThermoScan 5 IRT6500, Kaz USA Inc., MA) and brachial artery blood 

pressure was assessed with an automated blood pressure monitor (SunTech 

Tango M2).  After recording nude body weight using a digital scale (Patient Aid 
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Scale PA-550XL, Patient Aid LLC, OH), subjects were also fitted with a heart rate 

monitor (Polar H10, Polar Electro Oy, Finland).  Nude body weight and TMT were 

recorded for safety monitoring purposes only, hence these data are not reported. 

Subjects were immersed at waist level in 40.5°C water for 60 minutes in 

an inflatable hot tub (GoRelax inflatable hot tub PH050013, Shanghai Sunshine 

Development Co.  LTD., Shanghai, China), every day for seven days.  This 

modality of passive heating has been shown to increase core temperature (216), 

a stimulus known to upregulate HSP72 expression (80).  Every five minutes 

during immersion, core temperature (on first and last session), TMT, rating of 

perceived exertion (RPE) using the Borg’s 6-20 point scale (245), thermal 

sensation using the 13-point McGinnis categorical scale (246), and 

signs/symptoms were recorded.  Heart rate and blood pressure were recorded 

every 10 minutes.  For comfort, subjects were allowed to rest their arms on the 

sides of the hot tub and out of the water.  Also for comfort, a box fan continuously 

blew over them.  During immersion, subjects were given a 500mL bottle of water 

to drink ad libitum.   

After the 60-minute water immersion, subjects sat in a semi-recumbent 

chair for a 10-minute cool-down period, during which the fan continued to blow 

over them.  Signs and symptoms, vitals, and TMT remained monitored during the 

cool-down.  Next, subjects recorded a post-immersion nude body weight.  If there 

was a 1% loss in nude body weight between pre and post immersion, subjects 

consumed 500mL of water before leaving the facility.  To document any heat 

acclimation, mean whole-body sweat rate (reported as L/h) for each session was 
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calculated by taking the difference in dry nude body weight between pre and post 

immersion and correcting for water intake, as previously described (122, 125).   

 

Experimental protocol in human skeletal muscle microvascular endothelial 

cells (hSMMECs) in culture   

hSMMECs (#H-6220; Cell Biologics; Chicago, IL) were cultured in 

complete VascuLife® EnGS medium with 10% FBS.  Cells were maintained in a 

humidified incubator at 37°C and 5% CO2 unless otherwise stated.  Experiments 

occurred when cells were at passage four on 60mm dishes and ~90% confluency 

unless otherwise stated.   

 

Small-interfering-RNA (siRNA) knockdown of HSP72 and insulin stimulation 

hSMMECs were passaged onto 6-well plates and maintained in 

VascuLife® EnGS medium with 10% FBS containing growth factors and no 

antibiotics.  Twenty-four hours after plating, cells were switched to VascuLife® 

EnGS medium with 1% FBS containing growth factors and no antibiotics.  At 

~70-80% confluency, cells were transfected for six hours with siRNA targeting 

HSP72 (20nM; #sc-29352, Santa-Cruz Biotechnology, Santa-Cruz, CA) or 

siRNA-scramble (20nM; siRNA-control A #sc-37007, Santa-Cruz Biotechnology) 

with Lipofectamine™ RNAiMAX transfection reagent (#13778150, Invitrogen, Life 

Technologies Corp, Carlsbad, CA) complexed in Opti-MEM™ reduced serum 

medium (#11058021, Gibco, Grand Island, NY).  After the transfection period, 

media was replaced with VascuLife® EnGS medium with 1% FBS containing 
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growth factors and no antibiotics.  Cells recovered for 48 hours, and this 

transfection protocol and recovery were repeated.  After the second recovery 

period, cells were incubated with vs.  without insulin (100nM; Humulin R; Eli Lilly, 

Indianapolis, IN) for 30 minutes and collected.   

 

Heating to overexpress HSP72 and insulin stimulation 

Twenty-four hours prior to initiation of the experiment, cells were serum-

starved in complete VascuLife® EnGS medium with 0.5% FBS.  Cells were then 

placed in a water-jacketed incubator set to 40.5°C and 5% CO2, or kept at 37°C 

and 5% CO2 (sham-treated), for 60 minutes, over five consecutive days.  

Treatments co-occurred in two adjacent incubators.  After the 60-minute heat 

exposure, cells were placed back in the 37°C incubator (with the sham-treated 

cells) and allowed to recover.  After a 60-minute recovery period, cell culture 

media for all dishes was refreshed.  Twenty-four hours after the last heat/sham 

treatment (day 5), cells were incubated with vs.  without 100nM insulin for 30 

minutes and collected. 

 

Exposure to a glucolipotoxic milieu and insulin stimulation 

Twenty-four hours prior to initiation of the experiment, cells were serum-

starved in complete VascuLife® EnGS medium with 0.5% FBS.  Cells were then 

treated with a glucolipotoxic milieu or osmotic vehicle solution for 24 hours and 

subsequently incubated with vs.  without 100nM insulin for 30 minutes and 

collected.  The glucolipotoxic milieu was used as an approach to suppress 
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HSP72 and overall Akt activity.  The glucolipotoxic milieu contained complete 

VascuLife® EnGS medium with 0.5% FBS, 30mM D-glucose (24mM added to 

the 6mM present in the basal medium), and 0.1mM palmitic acid-BSA conjugate 

(1mM:0.25mM; 4:1 molar ratio complex).  The osmotic vehicle solution contained 

complete VascuLife® EnGS medium with 0.5% FBS, 24mM D-mannitol, and 

0.1mM BSA-vehicle (0.25mM BSA).   

 

Heating to restore expression of HSP72 in cells exposed to the glucolipotoxic 

milieu and insulin stimulation  

Twenty-four hours prior to initiation of the experiment, cell culture media 

was switched to media containing the glucolipotoxic milieu.  Cells were then 

placed in a water-jacketed incubator set to 40.5°C and 5% CO2, or kept at 37°C 

and 5% CO2 (sham-treated), for 60 minutes.  Treatments co-occurred in two 

adjacent incubators.  After the 60-minute heat exposure, cells were placed back 

in the 37°C incubator (with the sham-treated cells) and allowed to recover.  After 

a 60-minute recovery period, the media containing the glucolipotoxic milieu was 

refreshed.  Twenty-four hours after the heat/sham treatment, cells were 

incubated with vs.  without 100nM insulin for 30 minutes and collected.  Only a 

single bout of heating was used for this experiment, rather than the five-day 

paradigm, because exposure to the glucolipotoxic milieu for five days 

compromised cell viability (data not shown).   

 

Cell lysate collection after insulin stimulation 
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Immediately following the 30-minute insulin stimulation, cells were washed 

with cold, sterile PBS and lysed in RIPA buffer (R0278, Millipore Sigma, St.  

Louis, MO) supplemented with EDTA and protease and phosphatase inhibitors.  

Cell lysates were collected via cell scraping and were subsequently sonicated 

and centrifuged.  The supernatant was collected after the centrifugation and 

stored at -80°C for subsequent western blotting. 

 

Western blotting 

Cell lysates were prepared in 2x Laemmli buffer (#1610737, Bio-Rad 

Laboratories Inc, USA) following protein quantification using Pierce BCA protein 

assay.  Prepared protein samples (3–5 µg/lane) were separated in Criterion™ 

Tris-Glycine-eXtended Stain-Free™ precast gels (#5678085, Bio-Rad 

Laboratories Inc, USA).  Proteins were transferred overnight onto polyvinylidene 

difluoride membranes and blocked with 5% BSA for one hour at room 

temperature.  Membranes were probed overnight at 4°C for: phospho-Akt 

(Ser473) (1:1000; Cell Signaling, #4060), Akt (1:1000; Cell Signaling, #9272), 

HSP72 (1:1000; Enzo Life Sciences, #ADI-SPA-810), phospho-JNK (T183/Y185) 

(1:1000; Cell Signaling #9251), JNK (1:1000; Cell Signaling, #9252), and GAPDH 

(1:1000; Cell Signaling, #5174).  Secondary antibodies were applied the following 

day for one hour at room temperature, which included: anti-rabbit (1:2000; Biorad 

#1705046) and anti-mouse (1:2000; Cell Signaling, #7076).  Blots were imaged 

(Bio-Rad ChemiDoc XRS+ System, Bio-Rad, Hercules, CA).  The intensity of 

individual protein bands was quantified via densitometry using Image Lab 
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Software (v.6.0.1 build 35, Bio-Rad, Laboratories, Inc.).  Proteins of interest were 

normalized to GAPDH expression.  Values are expressed as fold differences.   

 

Statistical analyses 

GraphPad Prism (v9.3.0, GraphPad Software LLC, La Jolla, CA) was used 

for statistical analysis.  Statistical comparisons were performed by two-tailed t-

test, or multivariate analysis of variance (ANOVA), as appropriate, followed by 

Bonferroni adjusted pair-wise comparisons when significant interactions were 

found.  No sex differences were detected on outcome variables, therefore, data 

from male and female subjects were pooled for analysis.  Individual responses 

and mean ± standard error of the mean (SEM) are presented, as appropriate.  

For all statistical tests, significance was accepted at P<0.05.   

 

RESULTS 

Endothelial insulin resistance in T2D mice and humans is not associated 

with reduced HSP72 in aortas and endothelial cells, respectively. 

As displayed in Figure 3.1A, using wire myography, aortic rings from 

diabetic db/db mice exhibited suppressed insulin-induced relaxation relative to 

aortic rings from control db+ mice (interaction P=0.002).  Impaired insulin-

induced relaxation in aortic rings from db/db mice was not accompanied with a 

reduction in HSP72 content (P>0.05, Figure 3.1B) nor with an elevation in 

phospho-JNK (P>0.05, Figure 3.1C) in aortic tissues.   
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Similarly, as shown in Figure 3.1E, individuals with T2D exhibited a 

blunted leg blood flow response (interaction P=0.005) to an oral glucose load and 

concomitant acute hyperinsulinemia compared to healthy subjects, notably 

between 30 and 45 minutes after glucose ingestion.  Blood flow responses 

beyond 60 minutes after ingestion were not different between groups (P>0.05, 

data not shown).  Impaired blood flow responses to the oral glucose load in T2D, 

indicative of vascular insulin resistance, was not paralleled with a reduction in 

HSP72 content (P>0.05, Figure 3.1F) nor with an elevation in phospho-JNK 

(P>0.05, Figure 3.1G) in endothelial cells.  Demographic information and subject 

characteristics are summarized in Table 3.1.  As expected, relative to healthy 

controls, T2D individuals also exhibited increased aortic stiffness as assessed via 

cfPWV (P<0.001, Table 3.1) and impaired endothelial function in the femoral 

artery as assessed via FMD (P<0.001, Table 3.2).  Additionally, relative to 

healthy controls, individuals with T2D had higher postprandial blood glucose 

concentrations from 60 minutes and beyond (interaction P<0.001, Appendix I 

Figure 3A).  Postprandial plasma insulin responses similarly increased for both 

groups (time effect P<0.001, Appendix I Figure 3B). 

 

Improved leg blood flow responses to an oral glucose load after passive 

heat treatment does not parallel with increased HSP72 in endothelial cells. 

Passive heating via water immersion in individuals with T2D (illustrated in 

Figure 3.2A) effectively increased core temperature over the course of the 60-

minute heating period (time effect P<0.001, Figure 3.2B).  Passive heating also 
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increased heart rate (time effect P<0.001, Figure 3.2C) and reduced MAP (time 

effect P<0.001, Figure 3.2D).  It should be noted that the fall in blood pressure 

during passive heating was further accentuated at the seventh session of heating 

(interaction P=0.004, Figure 3.2D).  The passive heating intervention was well-

tolerated as during immersion subjects registered thermal sensation as 

“comfortable” (Appendix I Figure 4A) and RPE as “extremely light” (Appendix I 

Figure 4B); perceptions that did not change over the course of the seven-day 

intervention.  Furthermore, whole-body sweat rates during immersion, while 

tending to increase, were not significantly different between the first and seventh 

heating sessions (1st session: 0.468 ± 0.04 L/h; 7th session: 0.610 ± 0.08 L/h, 

P=0.09), suggesting subjects only became partially heat acclimated to the 

intervention.   

Importantly, as shown in Figure 3.2E, the heating intervention in T2D 

individuals improved leg blood flow responses (treatment effect P=0.03) to the 

oral glucose load and the concomitant acute hyperinsulinemia.  This 

improvement in postprandial blood flow after seven days of heating occurred 

despite no evidence of increased HSP72 expression in endothelial cells (P>0.05, 

Figure 3.2F).  Phospho-JNK was also not affected by the heating intervention 

(P>0.05, Figure 3.2G).  As expected by design, this short-term heating 

intervention was of insufficient duration to alter metabolic outcomes.  It was also 

insufficient to increase FMD or reduce cfPWV, although a trend was observed for 

the latter (P=0.07).  These data and other phenotypic parameters are 

summarized in Tables 3.3 and 3.4.  Furthermore, the postprandial blood glucose 
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and plasma insulin responses were unaltered by the heating intervention (time 

effect P<0.001, Appendix I Figure 5A & 5B, respectively) 

 

Downregulation or upregulation of HSP72 in cultured endothelial cells does 

not impair or enhance insulin signaling, respectively. 

As shown in Figure 3.3, siRNA-mediated knockdown of HSP72 (P=0.002, 

Figure 3.3A) did not enhance phospho-JNK (P>0.05, Figure 3.3B) and did not 

blunt insulin-induced activation of Akt (interaction P>0.05, Figure 3.3C) in 

cultured endothelial cells.  Similarly, HSP72 induction after five consecutive days 

of heating (P<0.001, Figure 3.3E) did not suppress phospho-JNK (P>0.05, 

Figure 3.3F) and did not enhance insulin-induced activation of Akt (interaction 

P>0.05, Figure 3.3G).   

Furthermore, exposure of endothelial cells to a glucolipotoxic milieu 

reduced HSP72 (P<0.001, Figure 3.3I) but did not enhance phospho-JNK 

(P>0.05, Figure 3.3J).  While downregulation of HSP72 caused by 

glucolipotoxicity was associated with an overall suppression of phospho-Akt (i.e., 

main effect of glucolipotoxic treatment, P<0.001), it did not impair activation of 

Akt in response to insulin (i.e., interaction P>0.05, Figure 3.3K).  Similarly, 

restoration of HSP72 via heating in glucolipotoxic cells (P<0.001, Figure 3.3M) 

did not reduce phospho-JNK (P>0.05, Figure 3.3N) and did not elicit an 

improvement in insulin-induced activation of Akt (interaction P>0.05, Figure 

3.3O).   
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DISCUSSION  

The primary findings of this investigation are three-fold.  First, endothelial 

insulin resistance in T2D mice and humans was not associated with reduced 

HSP72 in aortas and endothelial cells, respectively.  Second, after passive heat 

treatment in individuals with T2D, improved leg blood flow responses to an oral 

glucose load did not parallel with increased endothelial HSP72.  Third, 

downregulation or upregulation of HSP72 in cultured endothelial cells did not 

impair or enhance insulin signaling, respectively, nor was JNK activity altered.  In 

aggregate, these findings do not support the notion that reduced HSP72 is a key 

determinant of endothelial insulin resistance in T2D but do demonstrate that 

lower-body heating may be efficacious for improving postprandial blood flow in 

the leg vasculature, potentially by another mechanism. 

The finding that mouse diabetic arteries with impaired insulin-induced 

relaxation did not display evidence of suppressed HSP72 expression suggest 

that loss of HSP72 cannot be an obligatory mechanism causing insulin 

resistance in vascular tissue.  This disconnect between HSP72 expression and 

vascular insulin sensitivity is corroborated in the cohort of individuals with T2D 

who showed evidence of blunted leg blood flow responses to endogenous insulin 

stimulation (using an oral glucose load) despite no decrease in endothelial 

expression of HSP72.  In further support of this disassociation, it was found that 

seven days of passive heating in T2D individuals improved leg blood flow 

responses to insulin stimulation but this improvement was not accompanied with 

an induction of HSP72, suggesting the idea that upregulation of HSP72 with 
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heating may not be a required mechanism to promote vascular insulin sensitivity.  

Additional evidence supporting the lack of a causal relationship between HSP72 

and endothelial insulin sensitivity is revealed by the endothelial cell culture loss- 

and gain-of-function experiments.  That is, the experiments show that knockdown 

of HSP72 via siRNA does not impair endothelial insulin signaling (i.e., activation 

of Akt in response to insulin stimulation) and that the converse is also true.  

Induction of HSP72 via heating, in naïve cells or cells exposed to a glucolipotoxic 

milieu, does not enhance insulin-induced Akt activity.       

This “uncoupling” between HSP72 and endothelial insulin signaling could 

be explained by the fact that, contrary to the hypothesis, modulation of HSP72 

did not influence JNK activity, a known stress-activated kinase shown to disrupt 

the PI3K-Akt insulin-signaling pathway (40-42).  The finding that alteration of 

HSP72 in endothelial cells did not influence JNK activity suggests the link 

between HSP72 and JNK, supported by other studies in metabolically active cells 

and tissues  (44-47, 56-58, 61, 63, 75, 76), may not extrapolate to the 

endothelium.  Notably, while these data do not support a role of HSP72 in 

regulating endothelial insulin sensitivity, this is not to infer that endothelial HSP72 

is not implicated in other important physiological processes.  In this regard, 

Shiota et al. (51) found that siRNA-mediated knockdown of HSP72 in endothelial 

cells impairs VEGF-stimulated PI3K-Akt signaling and angiogenesis.    

While it was hypothesized that repeated bouts of lower-body heating, and 

consequent increases in core temperature, would be a sufficient stimulus for 

upregulation of HSP72 in endothelial cells (80), there is also some precedence in 
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the literature for heating interventions in humans to not result in an induction of 

HSP72 (e.g., in biopsied skeletal muscle (127) and adipose tissue (125), or 

collected immune cells (126)).  This is in contrast to heating studies in animals 

which typically demonstrate an induction of HSP72, likely attributable to exposure 

to higher temperatures (57, 61, 63, 70, 72-75).  Of note, previous studies have 

shown that exercise-induced (71) and heat-induced (62) HSP72 expression in 

metabolically active tissues is blunted in rat models of insulin resistance.  In this 

context, it is plausible that T2D is associated with a deficiency in the heat stress 

response (48, 49) and that this may have contributed to the lack of upregulation 

of HSP72 with heating.  However, additional studies are needed to test this 

hypothesis. 

Importantly, despite the lack of induction of HSP72 after seven days of 

passive heating in T2D individuals, there was an observed improvement in leg 

blood flow responses to an oral glucose load.  This improvement is reminiscent 

of findings by Mikus et al. (79) where seven days of aerobic exercise was shown 

to enhance leg blood flow responses to an oral glucose load in T2D subjects.  

Because both lower-body heating and exercise increase leg blood flow and shear 

stress, it is reasonable to speculate that increased shear stress may be the 

shared mechanism whereby these two interventions promote insulin-sensitizing 

effects in the vasculature.  In support of this proposition, it was recently shown in 

cultured endothelial cells and in isolated arteries that application of shear stress 

for one hour subsequently augmented insulin signaling and insulin-induced 

dilation, respectively (128).  The observation that heating and exercise produce 
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analogous insulin-sensitizing effects in the vasculature is even true after a single, 

one-hour bout of unilateral leg heating (128) and unilateral leg exercise (23) in 

young healthy subjects, again reinforcing the idea that increased shear stress 

may be the principal driving stimulus mediating these beneficial vascular effects.   

The notion that heating can recapitulate some of the beneficial vascular 

adaptations to exercise in human limbs is clinically relevant (191), particularly 

when considering that a significant fraction of T2D patients are incapable of 

performing sustained aerobic exercise (95-99)  or would choose not to do so 

(100, 101).  Notably, these findings extend those from previous studies indicating 

that lower body heating also prevents inactivity-induced leg vascular dysfunction 

in healthy subjects (202) and, when applied for eight weeks, it improves several 

indices of vascular function in overweight sedentary individuals (122) and in 

women who are obese with polycystic ovary syndrome (123).  Further 

underscoring the clinical significance of heat therapy, data from a large 

prospective cohort study revealed that increased frequency of sauna bathing is 

associated with a reduced risk of fatal cardiovascular diseases and all-cause 

mortality (106).  Furthermore, heat therapy has been demonstrated to improve 

the prognosis of patients with chronic heart-failure (108), and both vascular 

outcomes and physical functioning in patients with coronary artery disease (116), 

chronic heart failure (109-115), and peripheral arterial disease (117-121). 

In this study, improvements in leg vascular insulin sensitivity with the 

seven-day heating intervention were not accompanied by improvements in 

femoral artery FMD or a significant de-stiffening of the aorta, likely owing to the 
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short-term regimen.  The observation that improved leg blood flow responses to 

insulin stimulation following the heating intervention occurred prior to 

manifestation of other vascular and metabolic changes, stimulates the idea that 

vascular insulin sensitivity may be a phenotypic attribute that is largely amenable 

to change.  In support of this concept, previous work in genetic models of obesity 

and diet-induced obesity (139-142) indicate that endothelial insulin resistance is 

an early event in the disease process that develops prior to manifestation of 

other indices of vascular endothelial dysfunction (e.g., impaired acetylcholine-

induced dilation).  Because endothelial insulin resistance is causally implicated in 

the development and progression of vascular and metabolic disease (14, 17, 18, 

21, 29), strategies that correct insulin resistance in the vasculature should be 

deemed of high relevance.   

Another interesting finding of the present study is that although arterial 

pressure did not change after the heating intervention in T2D subjects, it 

decreased during heating, a response that was further amplified by the last 

session.  In relation to this finding, recent data show that blood pressure during 

heating is well maintained in young healthy subjects and that this is due to 

increased sympathetic nerve activity (247).  Conversely, older adults 

demonstrate a fall in blood pressure with heating, similar to the observation in 

subjects with T2D, and this fall in blood pressure does not lead to compensatory 

(i.e., baroreflex-mediated) increases in sympathetic nerve activity (247).  

Accordingly, it is likely that the drop in blood pressure during heating in older 

adults and subjects with T2D is mediated by a sympathoinhibitory effect that 
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alters the compensatory neural response to hypotension (247).  The fact that this 

blood pressure lowering effect of heating in T2D is augmented with more 

sessions of heating may be attributed to such sympathoinhibitory effects now 

compounded with improved peripheral vasodilation.  Supporting this, eight weeks 

of passive heating sessions has been shown to decrease sympathetic nerve 

activity and arterial blood pressure in women with polycystic ovary syndrome 

(123).  Additional studies are warranted to further elucidate the mechanisms and 

implications of such blood pressure effects of acute and chronic heating.    

In summary, the present data generated across several experimental 

models (i.e., in isolated arteries from animals, in vivo in humans, and in cultured 

endothelial cells) do not support that reduced HSP72 is a key determining factor 

of endothelial insulin resistance in T2D.  Nevertheless, data from this study 

provides the first evidence that passive heating may be a promising strategy for 

treating T2D-associated endothelial insulin resistance in the peripheral 

vasculature. 
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Figure 3.1  Endothelial insulin resistance in T2D mice and humans is not 
associated with reduced HSP72 in aortas and endothelial cells, 
respectively.  (A) Insulin-induced relaxation, via wire-myography, in aortic rings 
collected from male db+ and db/db mice (db+ n=11; db/db n=7).  Two-way 
ANOVA with repeated measures and Bonferroni post hoc test.  (B) HSP72 and 
(C) phospho-JNK/JNK protein content in aortas from male db+ and db/db mice, 
measured by western blotting (db+ n=11; db/db n=9).  Unpaired two-tailed 
student’s t test, respectively.  (D) Representative western blot bands for proteins 
of interest in mouse aortas.  (E) Plasma insulin concentration (top panel; healthy 
n=20; T2D n=18), and relative leg blood flow (percent change from baseline) 
(bottom panel; healthy n=20; T2D n=20) in response to an oral glucose load 
(75g) in healthy and T2D subjects.  Two-way ANOVA with repeated measures 
and Bonferroni post hoc test.  (F) HSP72 and (G) phospho-JNK/JNK protein 
content in venous endothelial cells collected from healthy and T2D subjects, 
measured by quantitative immunofluorescence intensity (healthy n=20; T2D 
n=19).  Unpaired two-tailed student’s t test, respectively.  (H & I) Representative 
images of quantitative immunofluorescence intensities of HSP72 and phospho-
JNK/JNK, respectively.  Means ± SEM and individual data, when appropriate, are 
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reported.  In A and E (bottom panel), *denotes significance using Bonferroni-
adjusted pairwise comparisons (P<0.05). In E (top panel), #denotes significant 
main effect of time (P<0.05). 
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Figure 3.2  Improved leg blood flow responses to an oral glucose load after 
passive heat treatment does not parallel with increased HSP72 in 
endothelial cells.  (A) Illustration of a single heating session during the seven-
day intervention in which a T2D subject is immersed at waist-level in 40.5°C 
water for 60 minutes.  (B) Core temperature, (C) heart rate, and (D) mean arterial 
pressure measured during the 1st and 7th heating sessions.  Two-way ANOVA 
with repeated measures and Bonferroni post hoc test, respectively.  (E) Plasma 
insulin concentration (top panel; n=18), and relative leg blood flow (percent 
change from baseline) (bottom panel; n=20) in response to an oral glucose load 
(75g) in T2D subjects, before and after the seven days of heating.  Two-way 
ANOVA with repeated measures and Bonferroni post hoc test.  (F) HSP72 and 
(G) phospho-JNK/JNK protein content in venous endothelial cells collected from 
T2D subjects before and after the seven days of heating, measured by 
quantitative immunofluorescence intensity (n=18).  Paired two-tailed student’s t 
test, respectively.  (H & I) Representative images of quantitative 
immunofluorescence intensities of HSP72 and phospho-JNK/JNK, respectively.  
Means ± SEM and individual data, when appropriate, are reported.  In B and C, 
#denotes significant main effect of time during heating (P<0.05).  In D, *denotes 
significant Bonferroni-adjusted pairwise comparisons (P<0.05).  In E (top panel), 
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#denotes significant main effect of time. In E (bottom panel), *denotes significant 
main effect of heat treatment (P<0.05).       
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Figure 3.3  Downregulation of HSP72 (via small-interfering RNA) or 
upregulation HSP72 (via heating) in cultured endothelial cells does not 
impair and enhance insulin signaling (i.e., activation of Akt), respectively, 
nor is JNK activity altered.  (A) HSP72, (B) phospho-JNK/JNK and (C) insulin-
stimulated phospho-AktS473/Akt expression in human skeletal muscle 
microvascular endothelial cells (hSMMECs), 48 hours after 2nd transfection with 
scramble or HSP72 siRNA (20nM for 6hr) (A, n=12/condition; B, n= 12/condition; 
C, n=6/condition).  (E) HSP72, (F) phospho-JNK/JNK and (G) insulin-stimulated 
phospho-AktS473/Akt expression in hSMMECs, 24 hours after sham (37°C) or 
heat-treatment (40.5°C) for 60 minutes per day, over five days (E, 
n=10/condition; F, n=10/condition; G, n=5/condition).  (I) HSP72, (J) phospho-
JNK/JNK and (K) insulin-stimulated phospho-AktS473/Akt expression in 
hSMMECs, 24 hours after incubation with a glucolipotoxic or vehicle milieu (I, 
n=10/condition; J, n=10/condition; K, n=5/condition).  (M) HSP72, (N) phospho-
JNK/JNK and (O) insulin-stimulated phospho-AktS473/Akt expression in 
glucolipotoxic-treated hSMMECs, 24 hours after sham (37°C) or heat-treatment 
(40.5°C) for 60 minutes (M, n=22/condition; N, n=22/condition; O, 
n=11/condition).  (D, H, L, and P) Representative western blot bands for proteins 
of interest (bands in L were obtained from the same gel but are noncontiguous, 
as denoted by separated boxes).  Cells were incubated with insulin (100nM) for 
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30 minutes prior to collection.  Comparisons of HSP72 (A, E, I, M) and phospho-
JNK/JNK (B, F, J, N) between conditions within each experiment were performed 
with unpaired two-tailed student’s t test.  Comparisons of phospho-AktS473/Akt 
(C, G, K, O) between conditions in each experiment were performed with two-
way ANOVA and Bonferroni post hoc test.  Means ± SEM and individual data are 
reported.  In A, E, I, M, *denotes significant effect of condition (P<0.05).  In C, G, 
K, *denotes significant main effect of insulin stimulation (P<0.05).  In K, #denotes 
significant main effect of glucolipotoxicity (P<0.05). 
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Healthy 
subjects 

T2D 
subjects  

P-
value 

n 
(healthy/T2D) 

Age (yr) 52 ± 2.1 53 ± 1.9 0.62 20/20 

Sex (Female/Male) (12/8) (12/8) -- 20/20 

Race (n, %)     

Asian (0, 0%) (0, 0%) -- 0/0 

Black (0, 0%) (5, 25%) -- 0/5 

Caucasian/Hispanic (4, 20%) (0, 0%) -- 4/0 

Caucasian/Non-Hispanic (16, 80%) (15, 75%) -- 16/15 

Other (0, 0%) (0, 0%) -- 0/0 

Height (cm) 168 ± 2.5 170 ± 1.9 0.58 20/20 

Weight (kg) 67.8 ± 2.9 104.0 ± 4.1 <0.001 20/20 

BMI (kg/m2) 23.7 ± 0.5 35.9± 1.2 <0.001 20/20 

Body Fat (%) 30.0 ± 1.7  39.8 ± 1.8 <0.001 20/20 

Lean Mass (kg) 48.3 ± 2.7 63.0 ± 3.1 <0.001 20/20 

VAT (kg) 0.33 ± 0.04 0.83 ± 0.07 <0.001 20/20 

Android/Gynoid Ratio 0.82 ± 0.03 1.07 ± 0.03 <0.001 20/20 

Systolic BP (mmHg) 116 ± 2 129 ± 3 <0.001 20/20 

Diastolic BP (mmHg) 72 ± 2 79 ± 2 0.005 20/20 

MAP (mmHg) 87 ± 1 96 ± 2 0.003 20/20 

cfPWV (m/s) 6.1 ± 0.2 8.5 ± 0.5 <0.001 20/11 

Fasted leg blood flow (mL/min) 153 ± 9.3 186 ± 19.6 0.14 20/20 

Fasted blood glucose (mg/dL) 79.3 ± 1.2 106.0 ± 6.9 <0.001 20/18 

Postprandial glucose 2h iAUC (a.u.) 6045 ± 560 8633 ± 1016 0.03 20/18 

Fasted insulin (μlU/mL) 5.3 ± 0.6 9.8 ± 1.7 0.01 20/18 

Postprandial insulin 2h iAUC (a.u.) 3802 ± 457 3106 ± 522 0.32 20/18 

HOMA-IR 1.0 ± 0.1 2.8 ± 0.6 0.006 20/18 

HbA1c (%) 5.2 ± 0.07 6.8 ± 0.2 <0.001 20/19 

MVPA (minutes/week) 285.0 ± 27.7 88.4 ± 19.4 <0.001 20/20 

Length of T2D diagnosis (yr) -- 7.4 ± 1.2  0/20 

     

Medications    

Alpha-glucosidase inhibitor -- 1   

Biguanide -- 17   

Dipeptidyl peptidase-IV inhibitor -- 1   

Glucagon-like peptide-1 agonist -- 3   

Sodium-glucose co-transporter 2 
inhibitor 

-- 3 
 

 

Sulfonylurea -- 6   
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Thiazolidinedione -- 1   

Aldosterone receptor antagonist -- 3   

Angiotensin-converting-enzyme 
inhibitor 

-- 7 
  

Angiotensin II receptor antagonist -- 3   

Beta blocker -- 2   

Calcium channel blocker -- 3   

Thiazide -- 2   

Fibric acid agent -- 1   

HMG-CoA reductase inhibitor -- 13   

Omega-3-acid ethyl ester -- 1   

Thyroid hormone replacement -- 4   

Hormone replacement therapy -- 1   

Intrauterine device 2 --   

Oral contraceptive 1 --   

Table 3.1 Subject characteristics, anthropometrics, hemodynamic 
measurements, and blood profile parameters in healthy subjects and 
subjects with type 2 diabetes.  Data are presented as mean ± SEM. Sample 
sizes are presented as n. Significant P values are in bold. BMI, body mass index; 
BP, blood pressure; cfPWV, carotid-femoral pulse wave velocity; HbA1C, 
hemoglobin A1c; HOMA-IR, homeostatic model assessment for insulin 
resistance; iAUC, incremental area-under-the-curve; MAP, mean arterial 
pressure; MVPA, moderate-vigorous physical activity; T2D, type 2 diabetes; VAT, 
visceral adipose tissue; a.u., arbitrary units. 
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Table 3.2  Femoral artery hemodynamics in healthy subjects and subjects 
with type 2 diabetes.  Data are presented as mean ± SEM. Sample sizes are 
presented as n. Significant P values are in bold.  AUC, area under the curve; 
FMD, flow-mediated dilation; T2D, type 2 diabetes. 
 

 

 

 

 

 

  

 
Healthy 
subjects  

T2D 
subjects  

P-
value 

n 
(healthy/T2D) 

Baseline diameter (cm)  0.63 ± 0.02 0.65 ± 0.03 0.60 20/15 

Time-to-peak diameter (s) 74.6 ± 7.7 97.2 ± 9.5 0.07  

Hyperemic shear rate (s-1) AUC (a.u.) 10610 ± 1030 9215 ± 856 0.33  

FMD (%) 4.91 ± 0.56 2.04 ± 0.31 <0.001  
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 Before  
After 7 days of 

heating 
P-value n 

Age (yr) 53 ± 1.9   20 

Sex (Female/Male) (12/8)  20 

Height (cm) 170 ± 1.9 170 ± 1.9 0.20 20 

Weight (kg) 104 ± 4.1 104 ± 4.0 0.33 20 

BMI (kg/m2) 35.9 ± 1.2 35.8 ± 1.3 0.32 20 

Body Fat (%) 39.8 ± 1.7 40.0 ± 1.7 0.21 20 

Lean Mass (kg) 63.0 ± 3.1 62.3 ± 2.8 0.17 20 

VAT (kg) 0.83 ± 0.07 0.79 ± 0.07 0.30 20 

Android/Gynoid Ratio 1.07 ± 0.03 1.07 ± 0.03 0.98 20 

Systolic BP (mmHg) 129 ± 3 127 ± 2 0.27 20 

Diastolic BP (mmHg) 79 ± 2 78 ± 2 0.58 20 

MAP (mmHg) 96 ± 2 94 ± 2 0.24 20 

cfPWV (m/s) 8.5 ± 0.5 7.8 ± 0.3 0.07 11 

Fasted leg blood flow (mL/min) 186 ± 19.6 184 ± 19.1 0.71 20 

Fasted blood glucose (mg/dL) 106 ± 6.9 108 ± 7.2 0.68 18 

Postprandial glucose 2h iAUC (a.u.)  8633 ± 1016 9207 ± 859 0.45 18 

Fasted insulin (μlU/mL) 9.8 ± 1.7 12.4 ± 2 0.07 18 

Postprandial insulin 2h iAUC (a.u.) 3106 ± 522 3029 ± 461 0.74 18 

HOMA-IR 2.8 ± 0.6 3.4 ± 0.6 0.14 18 

HbA1c (%) 6.8 ± 0.2 6.8 ± 0.2 >0.99 19 

MVPA (minutes/week) 88.4 ± 19.4 86.4 ± 15.4 0.87 20 

Table 3.3  Effects of seven days of passive heating on subject 
characteristics, anthropometrics, hemodynamic measurements, and blood 
profile parameters in subjects with type 2 diabetes.  Data are presented as 
mean ± SEM. Sample sizes are presented as n. Significant P values are in bold. 
BMI, body mass index; BP, blood pressure; cfPWV, carotid-femoral pulse wave 
velocity; HbA1C, hemoglobin A1c; HOMA-IR, homeostatic model assessment for 
insulin resistance; iAUC, incremental area-under-the-curve; MAP, mean arterial 
pressure; MVPA, moderate-vigorous physical activity; T2D, type 2 diabetes; VAT, 
visceral adipose tissue; a.u., arbitrary units. 
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 Before  
After 7 days of 

heating 
P-value n 

Baseline diameter (cm)  0.65 ± 0.03  0.65 ± 0.03 0.48 15 

Time-to-peak diameter (s) 97.2 ± 9.5 101±12.7 0.84  

Hyperemic shear rate (s-1) AUC (a.u.) 9215 ± 856 9161 ± 973 0.95  

FMD (%) 2.04 ± 0.3 2.67 ± 0.4 0.17  

Table 3.4  Effects of seven days of passive heating on femoral artery 
hemodynamics in subjects with type 2 diabetes.  Data are presented as 
mean ± SEM. Sample sizes are presented as n. Significant P values are in bold.  
AUC, area under the curve; FMD, flow-mediated dilation; T2D, type 2 diabetes. 
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CHAPTER FOUR – SUMMARY, LIMITATIONS & FUTURE 

DIRECTIONS 

Summary 

 This dissertation tested the overarching hypothesis that endothelial insulin 

resistance in T2D is attributed to decreased endothelial HSP72, whereas 

increasing endothelial HSP72 with passive heating would improve endothelial 

insulin responsiveness in T2D.  Furthermore, the potential of HSP72 to affect 

endothelial insulin signaling may involve modulation of JNK activity, a stress 

kinase known to disrupt the Pi3K-Akt pathway.  Accordingly, this dissertation 

tested the overarching hypothesis through three specific aims.   

Firstly, this dissertation sought to determine if endothelial insulin 

resistance in T2D is attributed to reduced HSP72 expression.  It was 

hypothesized that endothelial insulin resistance in T2D is attributable to 

decreased HSP72 expression.  Subsequently, two approaches were used to test 

this hypothesis.  The first approach hypothesized that isolated aortas from db/db 

mice would exhibit blunted insulin-induced relaxation and reduced HSP72 

relative to isolated aortas from db+ mice.  The second approach hypothesized 

that human subjects with T2D would display impaired postprandial leg blood flow 

and decreased HSP72 in collected endothelial cells relative to healthy controls.  

Contrary to the hypothesis, endothelial insulin resistance in T2D mice and 

humans was not associated with reduced HSP72 in aortas and endothelial cells, 

respectively. 
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Secondly, this dissertation aimed to determine if a passive heating 

intervention designed to upregulate HSP72 would improve postprandial leg blood 

flow in subjects with T2D.  It was hypothesized that seven days of waist level hot 

water immersion (one hour/day) would improve leg blood flow responses to an 

oral glucose load (i.e., endogenous insulin stimulation) in subjects with T2D.  

Furthermore, this improvement would be accompanied by an increase of HSP72 

within collected endothelial cells.  Counter to this hypothesis, improved leg blood 

flow responses to an oral glucose load in individuals with T2D after seven days of 

passive heating was not paralleled with increased endothelial HSP72. 

Lastly, this dissertation attempted to determine if modulation of HSP72 

influences endothelial insulin signaling in cell culture.  It was hypothesized that 

downregulating HSP72 in endothelial cell culture would impair insulin signaling, 

whereas upregulating HSP72 would enhance insulin signaling.  Contrary to the 

hypothesis, downregulation (via siRNA knockdown) or upregulation of HSP72 

(via heating) in cultured endothelial cells did not impair or enhance insulin 

signaling, as demonstrated by insulin-stimulated Akt activity.  Further supporting 

the dissociation between HSP72 and endothelial insulin signaling is that 

modulation of HSP72 did not influence JNK activity, a known stress-activated 

kinase shown to disrupt the PI3K-Akt insulin-signaling pathway (40-42).  The 

finding that modulation of HSP72 in endothelial cells did not influence JNK 

activity suggests the link between HSP72 and JNK, supported by other studies in 

metabolically-active cells and tissues  (44-47, 56-58, 61, 63, 75, 76), may not 

extrapolate to the endothelium.   
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Collectively, this dissertation demonstrates that HSP72 is not a key 

determinant of endothelial insulin resistance in T2D.  However, passive heating 

may be an effective treatment for improving endothelial insulin responsiveness in 

subjects with T2D by a mechanism independent of HSP72.  Although 

speculative, a possible mechanism for improvement in postprandial leg blood 

flow in subjects with T2D following a passive heating intervention could be 

mediated by repeated bouts of passive heating increasing endothelial shear 

stress, rendering the vasculature more responsive to insulin.  This dissertation 

expands upon previous work demonstrating that passive heating augments 

insulin-stimulated blood flow and perfusion of skeletal muscle in healthy subjects 

(128).  Furthermore, in cultured endothelial cells and isolated arteries applying 

shear stress for one hour subsequently augmented insulin signaling and insulin-

induced dilation, respectively (128).  Therefore, passive heating may be a 

promising therapy for patients with T2D.  Future studies are needed to determine 

if passive heating has other beneficial effects on T2D and the mechanisms 

responsible for these improvements. 

 

Limitations  

The limitations of the dissertation are presented concerning each experimental 

protocol. 

Experimental protocol in isolated aorta from mice  

Lack of female mice, resistance arteries, and passive heating 
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 Due to availability, isolated aortas from male db+ and db/db mice were 

used, presenting several limitations.  Firstly, the mouse model used did not 

match the sex composition of the human cohort, which was mainly female.  

However, no sex differences were detected on outcome variables within the 

human protocol.   

Secondly, the aorta used in the mouse model did not parallel the use of 

the superficial femoral artery in human subjects.  Expanding this point, insulin 

may have distinct actions on vessel types due to their location within the arterial 

tree.  Insulin acts on the capillary beds and resistance arteries to increase the 

delivery of insulin and glucose for glucose uptake (18).  Whereas the actions of 

insulin on conduit arteries such as the aorta may be more to maintain vascular 

health and protect against atherosclerosis (18).  Nevertheless, the peripheral 

vasculature, such as in the legs, is also prone to atherosclerosis, especially in 

T2D (248).  Ideally, the Inclusion of resistance arteries in conjunction with aortas 

would have given a global perspective of endothelial insulin resistance for this 

dissertation.   

In line with matching experimental approaches between the mouse model 

and humans, passive heating could have been applied to mice or isolated 

arteries.  This could have provided more mechanistic insights into the impact of 

passive heating on endothelial insulin responsiveness that would have been 

limited to in the human cohort.  Collectively, future studies could utilize resistance 

arteries in conjunction with isolated aortas to assess the potential impact of 
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passive heating in mitigating insulin-resistance-induced atherosclerosis and 

impaired insulin-induced relaxation.   

Experimental protocol in human subjects  

Failure to detect upregulation of HSP72 in endothelial cells from subjects 

with T2D in response to passive heating 

In this dissertation, seven days of passive heating did not increase HSP72 

in endothelial cells from subjects with T2D, despite the intervention being 

designed to upregulate HSP72.  The failure to detect any change is unclear but 

could be due to several factors discussed below. 

Subject arms were not always immersed 

The most straightforward answer for the failed induction may be that 

subjects did not immerse their arms.  Despite encouragement to immerse their 

arms whenever possible, subjects were allowed to rest their arms on the sides of 

the hot tub and out of the water.  The allowance for arms to rest on the side of 

the hot tub served two purposes, first as a safety feature to aid heat dissipation if 

subjects required it, secondly, to promote intervention adherence by prefacing 

subject comfort.   

The proximity of endothelial cell collection to the heating stimulus 

Endothelial cell collection was confined to venous endothelial cells from 

the arm.  Heat-induced HSP72 expression could have been more pronounced in 

endothelial cells collected from the lower limbs, which were directly heated.  

However, several research groups have used the collection of venous endothelial 
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cells from the arm to examine endothelial protein expression to aid subject 

comfort and logistical purposes (42, 243, 244, 249).  Furthermore, venous 

endothelial cells are an appropriate surrogate for arterial endothelial cells in 

measuring endothelial protein expression (249) as this approach reduces the risk 

and invasiveness of collecting arterial samples.  Notably, hot water immersion 

has been shown to increase HSP72 in tissues that are not within the immediate 

proximity of the heating stimulus, such as the brain in rodents (178), likely due to 

increased core temperature, which has been cited as a primary stimulus to 

induce HSPP72 (204).  Therefore, it was reasonable to postulate that the heating 

intervention would increase HSP72 expression in the arms despite not being 

directly heated. 

Upregulating HSP72 with passive heating in humans may be difficult 

Passive heating studies designed to increase HSP72 in humans have had 

varied responses concerning HSP72 induction.  Lower body heating with water 

perfused pants increased HSP72 mRNA in skeletal muscle (105), and localized 

heating with diathermy increased skeletal muscle HSP72 protein content (103, 

104).  A single session of water immersion (39°C, 2 hours) increased HSP72 

protein in immune cells (102).  However, in studies showing regular passive 

heating improved insulin sensitivity, this improvement occurred without any 

changes in HSP72 expression in biopsied adipose tissue (125), biopsied skeletal 

muscle (127), or collected immune cells (126).   

Could the lack of HSP72 induction be related to core temperature? 
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Increased core temperature has often been cited as a primary stimulus for 

increasing HSP72 expression (204).  Gibson et al. (80) showed that increasing 

HSP72 mRNA in immune cells of exercising humans was dependent on 

increasing core temperature 1-1.5°C, with more robust induction at ~38.5°C the 

longer this core temperature was maintained.  Based on these observations, key 

studies showing chronic passive heating improves insulin sensitivity and 

cardiovascular risk profiles were explicitly designed and meticulously executed to 

increase core temperature to 38.5°C via clavicle level hot water immersion and 

maintain that core temperature for an hour in an attempt to upregulate HSPs 

(122, 123, 125).  Of note, isolated limb heating with unilateral water perfused 

pants increased HSP72 mRNA in skeletal muscle without increases in core 

temperature (105), therefore increased temperature and not specifically 

increased core temperature may be a requirement to increase HSP72. 

Subsequently, this dissertation aimed to upregulate HSP72 in subjects by 

increasing subject core temperature by 1-1.5°C using waist level hot water 

immersion, which was selected for two reasons.  Firstly, this approach can 

increase core temperature by 1-1.5°C (198, 216).  Secondly, this approach was 

selected to ensure participant safety, tolerance, and adherence, as subjects with 

T2D may have impaired thermoregulatory responses to heat, such as impaired 

sweating and cutaneous vasodilation that increase susceptibility to heat stress 

(250-253). 

Although Ely et al. (125) “clamped” subject core temperature at 38.5°C 

during clavicle level hot water immersion throughout the eight-week intervention, 
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HSP72 was not increased within adipose tissue.  Subsequent studies aiming to 

increase core temperature by 1-1.5°C to increase HSP72 also saw no change in 

skeletal muscle (127) or immune cells (126) after 10-days of passive heating.  

These human data contrast numerous animal studies showing that passive 

heating increases HSP72 and subsequently improves insulin sensitivity (57, 61, 

63, 70, 72-75).  This contrast could be due to animals being safely exposed to 

higher temperatures that could promote heat stress in humans (i.e., reaching a 

core temperature ≥39.5°C).   

Insulin resistance may blunt heat-induced HSP72 expression 

 Previous studies have shown that exercise-induced (71) and heat-induced 

(62) HSP72 expression in metabolically-active tissues are restricted in rat models 

of insulin resistance.  In this context, it is plausible that T2D is associated with a 

deficiency in the heat stress response (48, 49).  This may have contributed to the 

lack of upregulation of HSP72 with heating.  However, numerous studies have 

shown increased HSP72 after passive heating in insulin-resistant rodents (57, 

61, 63, 64, 72-75).  Therefore, it is unclear if insulin resistance per se contributed 

to the failed induction of HSP72.  Furthermore, future studies are required to 

determine if heat-mediated induction is blunted in humans with T2D.   

 

No sham-treatment condition with thermoneutral water immersion 

The study design did not include a sham-treatment condition (i.e., 

immersion in thermoneutral water).  Water immersion can exert hydrostatic 
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pressure on the body that can have independent effects on cardiovascular 

function, such as by increasing cardiac output (205, 206), mean arterial blood 

pressure (206), conduit artery diameter (206), and arterial compliance (205), 

potentially increasing endothelial shear stress.  Therefore, a sham-treatment 

condition would have allowed for an accurate evaluation of heating effects.  

However, it has been demonstrated in young and old subjects that lower leg 

immersion in hot water (42°C) increased shear stress whereas thermoneutral 

water immersion did not (33°C) (199).  Nevertheless, the possible effect of 

hydrostatic pressure on increasing endothelial shear stress cannot be definitively 

ruled out. 

 

Lack of direct measurements of endothelial shear stress during passive 

heating sessions 

Based on the finding that HSP72 was not associated with the heat-

mediated improvements in postprandial leg blood flow, it is hypothesized that the 

improvements were likely due to increased endothelial shear stress during 

heating sessions.  However, this study did not collect direct blood flow and shear 

stress measurements in subjects during hot water immersion.  Nevertheless, 

other measurements during heating may support this hypothesis as heart rate 

was increased during immersion.  Furthermore, it is well documented that hot 

water immersion increases shear stress (118, 128, 198, 199, 203). 
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Experimental protocol in human skeletal muscle microvascular endothelial 

cells (hSMMECs) in culture   

Glucolipotoxic-treated cells were limited to a single session of heating  

 The five days of repeated heating used with healthy cells was selected as 

an attempt to mimic the seven days of heating experienced by human subjects.  

This gain of function model did not augment endothelial insulin signaling in 

healthy cells.  However, it may be possible that augmentation of endothelial 

insulin signaling did not occur as a result of a “ceiling effect” in cells deemed 

healthy, yet this is only speculative.  This five-day heating model was attempted 

with cells treated with the glucolipotoxic milieu after a previous experiment 

showed that glucolipotoxic exposure for twenty-four hours could reduce HSP72 

expression.  These glucolipotoxic treated cells did not survive past the third day 

of glucolipotoxicity exposure.  Therefore, the experiment was amended to assess 

the impact of a single heating session on glucolipotoxic treated cells based on 

findings that a single heating session (41°C) increased HSP72 and improved 

insulin-stimulated Akt activation in isolated skeletal muscle from aged insulin-

resistant rats (75). 

 

Future directions 

Determine if passive heat-mediated improvements in postprandial leg 

blood flow were due to increased shear stress experienced during heating 

sessions 
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A series of studies have demonstrated that shear stress is essential for 

arterial adaptation to exercise and passive heating (214-218).  In these studies, 

one arm was occluded with a blood pressure cuff during the intervention, 

preventing blood flow and shear stress from increasing above resting levels, 

whereas the other arm was allowed to adapt.  Subsequently, arterial adaptations 

were prevented in the occluded arm following eight weeks of local arm heating 

(214), waist level hot water immersion (215, 216), lower limb exercise training 

(217), and handgrip exercise training (218).  A similar experimental design could 

be applied to subjects with T2D to assess if the improvements observed in 

postprandial leg blood flow following the heating intervention were shear-stress 

mediated. 

 

Determine the mechanisms for passive heating mediated reductions in 

arterial blood pressure 

Another interesting finding of this dissertation was that although arterial 

pressure did not change after the heating intervention in T2D subjects, it 

decreased during heating, a response that was further amplified by the last 

session.  Recent data show that blood pressure during heating is well maintained 

in young, healthy subjects and that this is due to increased sympathetic nerve 

activity (247).  Conversely, older adults demonstrate a fall in blood pressure with 

heating, similar to the observation in subjects with T2D, and this fall in blood 

pressure does not lead to compensatory (i.e., baroreflex-mediated) increases in 

sympathetic nerve activity (247).  Accordingly, it is likely that the drop in blood 
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pressure during heating in older adults and T2D subjects is mediated by a 

sympathoinhibitory effect that alters the compensatory neural response to 

hypotension (247).  The fact that this blood pressure-lowering effect of heating in 

T2D is augmented with more heating sessions may be attributed to such 

sympathoinhibitory effects now compounded with improved peripheral 

vasodilation.  Supporting this, eight weeks of passive heating sessions have 

decreased sympathetic nerve activity and arterial blood pressure in women with 

PCOS (123).  Additional studies are warranted to elucidate further the 

mechanisms and implications of such blood pressure effects of acute and chronic 

heating.   

 

Determine if passive heating affects endothelial protein expressions by 

localizing heating to the arms 

 As stated in the limitations section, endothelial cell collection was confined 

to the arms, yet the heating stimulus was applied to the lower body.  Endothelial 

cells collected closer to the heating stimulus could be a better source of 

information in examining the effects of passive heating on the vasculature.  In 

line with this, isolated arm heating with endothelial cells collection could provide 

crucial molecular information on the effect of passive heating improving vascular 

insulin responsiveness. 

 

Evaluate the effect of chronic passive heating on vascular insulin 

responsiveness in subjects with T2D 
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Based on the findings that short-term (i.e., seven days) passive heating 

improved postprandial blood flow in subjects with T2D, suggesting that passive 

heating improved endothelial insulin responsiveness, it is reasonable to postulate 

that chronic passive heating could augment improvements.  In line with this 

hypothesis, exercise training has improved insulin-stimulated blood flow and 

perfusion in patients with T2D (77-79).  Of further promise is that chronic passive 

heating studies have improved insulin sensitivity, sympathetic activity, and 

indices of vascular function in obese and insulin-resistant subjects that 

characterize T2D (122, 123, 125).  Notably, this dissertation observed a trend 

towards decreased aortic stiffness as shown by decreased cfPWV after the 

heating intervention in subjects with T2D (P = 0.07, Table 3.2).  Chronic passive 

heating has been shown to reduce aortic stiffness, including in individuals with 

obesity (122).  The clinical relevance is that increased aortic stiffness is 

associated with an increased risk for CVD in T2D (254, 255).  Collectively these 

data indicate that chronic passive heating may reduce CVD risk in patients with 

T2D.   

Nevertheless, chronic passive heating studies with subjects with T2D are 

still lacking.  Such studies could provide information on the effectiveness of 

passive heating as a treatment option, which is warranted as passive heating 

could be a beneficial alternative to exercise for individuals with T2D, who often 

have reduced cardiorespiratory fitness and a decreased capacity for sustained 

exercise (92-99).  Furthermore, patients with T2D have often cited barriers to 

exercise related to physical and mental discomfort that perpetuate unmotivated 
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behaviors (100, 101).  Therefore, passive heating could be an appealing 

treatment for individuals who cannot exercise, are discouraged by it, or choose 

not to participate. 

 

Determine if a combination therapy of exercise and passive heating 

augment improvements in vascular insulin responsiveness 

 Exercise has been shown to improve insulin-stimulated blood flow and 

perfusion in patients with T2D (77, 78).  This dissertation suggests passive 

heating could be another potential strategy.  Exercise and passive heating can 

induce similar physiological responses and adaptations that promote health 

benefits (223), with both strategies as effective as each other in inducing 

beneficial adaptations (117, 224, 225).  However, divergent responses exist 

between the two strategies, as shown by Hesketh et al. (222), who showed six 

weeks of sauna bathing and exercise increased skeletal muscle capillarization 

and eNOS content to the same extent, yet the exercise specific skeletal muscle 

adaptations also.  It is reasonable to postulate that a combination strategy could 

be synergistic, potentially augmenting improvements.  Recently, it was shown 

that eight weeks of moderate-intensity walking did not improve endothelial insulin 

responsiveness in subjects with T2D (33).  As such, passive heating could 

potentially improve endothelial insulin responsiveness by a different mechanism 

for individuals who might have a low sensitivity to exercise-induced adaptations 

(256).  Future studies are needed to test this potential attractive prospect of 

combining both therapies for augmented benefits.   
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APPENDIX I – CHAPTER THREE SUPPLEMENTAL 

FIGURES 
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Appendix I Figure 1  Experimental visit design and measurements.  cfPWV, 
carotid-femoral pulse wave velocity; FMD, flow-mediated-dilation; DEXA, dual-
energy X-ray absorptiometry. 
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Appendix I Figure 2  Passive heating sessions and measurements. 
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Appendix I Figure 3  Blood glucose and plasma insulin concentrations in 
response to an oral glucose load between healthy subjects and subjects 
with T2D.  (A) Blood glucose and (B) plasma insulin concentrations in response 
in response to an oral glucose load (75g) in healthy and T2D subjects (healthy 
n=20; T2D n=18).  Means ± SEM are reported.  In A, *denotes significance using 
Bonferroni-adjusted pairwise comparisons (P<0.05).  In B, #denotes significant 
main effect of time (P<0.05). 
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Appendix I Figure 4  Thermal sensation and rating of perceived exertion 
during heating.  (A) Thermal sensation responses to the 13-point McGinnis 
categorical scale and (B) Rating of perceived exertion responses to Borg’s 6-20 
point scale, measured during the 1st and 7th heating sessions.  Two-way ANOVA 
with repeated measures and Bonferroni post hoc test, respectively.  Means ± 
SEM are reported.   
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Appendix I Figure 5  Blood glucose and plasma insulin concentrations in 
response to an oral glucose load in subjects with T2D, before and after the 
seven days of heating.  (A) Blood glucose and (B) plasma insulin 
concentrations in response to an oral glucose load (75g) in T2D subjects, before 
and after the seven days of heating (n=18).  Two-way ANOVA with repeated 
measures and Bonferroni post hoc test.  Means ± SEM are reported.  In A and B, 
#denotes significant main effect of time (P<0.05). 
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Appendix I Figure 6 Segmental regression curves of the cumulative sum of 
the difference of relative postprandial leg blood flow indicate detectable 
differences were limited to within the first hour after ingestion.  (A) Relative 
leg blood flow (percent change from baseline) (top panel; T2D n=18) and 
corresponding segmental regression curve of the cumulative sum of the 
difference between healthy subjects and subjects with T2D (bottom panel). (A, 
top panel) Two-way ANOVA with repeated measures and Bonferroni post hoc 
test.  (B) Relative leg blood flow (percent change from baseline) (top panel; T2D 
n=18) and corresponding segmental regression curve of the cumulative sum of 
the difference between before and after seven days of heating (bottom panel).  
(B, top panel) Two-way ANOVA with repeated measures and Bonferroni post hoc 
test.  Means ± SEM, when appropriate, are reported.  In A & B (bottom panels), r2 
represents the goodness of fit value for curve. In A & B (bottom panels) dotted 
lines indicate the timepoint where slope of the segmental regression curve 
deviate. 
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