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ABSTRACT 

Endothelial dysfunction underlies the pathophysiology of cardiovascular 

disease. While advances have been made for treatment and management, many 

gaps in knowledge remain. Recently, heat therapy has gained attention for 

improving vascular endothelial function, tenably through increases in antegrade 

shear stress (SS). However, no study has examined the molecular mechanisms 

associated with SS and heating. Accordingly, the aim of this study was to 

determine how local forearm heating may impact Notch1 and Heparan Sulfate 

Proteoglycan (HSPG), which are transmembrane endothelial mechanosensors 

essential for preserving endothelial integrity and signalling. We hypothesized that 

40-minutes of increased antegrade SS from forearm heating will increase the 

concentration of circulating Notch1 and HSPG/CD44. 9 healthy young adults 

underwent forearm heating by immersion in 42°C water for 40 minutes. Venous 

blood samples of the heated forearm were taken prior to and during heating. 

Concentrations of plasma Notch1 and HSPG/CD44 were subsequently determined 

by ELISA. Duplex ultrasound was used to determine SS in the brachial artery. 

Results: Antegrade SS was increased by heating (P<0.01), however, the 

concentrations of Notch1 and HSPG/CD44 did not change throughout the heating 

protocol compared to baseline (P both >0.05). These data indicate that the SS from 

forearm heating is not sufficient to increase Notch1 and HSPG/CD44, suggesting 

that the benefits of heating may not arise from the increases in antegrade SS, at 

least when quantified from circulating changes in Notch1 and HSPG/CD44, or 

local forearm heating is an insufficient stimulus to be used as heat therapy. 
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1. REVIEW OF THE LITERATURE 

Introduction 

 Cardiovascular disease (CVD), defined as a spectrum of disorders that affect the 

heart and blood vessels (Ross, 1986), is the number one cause of morbidity and mortality 

worldwide (Vaduganathan et al., 2022). Globally, 17.9 million people died of CVD in 

2019, accounting for 32% of all deaths (WHO, 2021). With such high rates of mortality, 

CVD poses an immense clinical and economic burden on the healthcare system. In 

Canada, the direct economic cost of CVD, which includes physician billing, hospital 

equipment, and lost wages, add up to more than $22 billion annually (Smith, 2009). This 

number is expected to rise given the increased prevalence of obesity, which is a driving 

risk factor for the progression of vascular impairment and CVD (Smith, 2009). Moreover, 

CVD and its associated risk factors - importantly endothelial dysfunction - are associated 

with a myriad of other health complications, including increased cancer risk (Toya et al., 

2020), and poor recovery prognostics following surgery (Rose et al., 2022; Schick et al., 

2021). As such, better identifying the mechanisms associated with vascular endothelial 

impairments, and identifying novel therapies for CVD are necessary to prevent and 

manage this disease. 

The overarching goal of this thesis is to examine the impact of limb heating on 

key biomarkers that are known to impact vascular endothelial function and in turn CVD. 

Under the overarching theme of endothelial (dys)function, this literature review will 

briefly discuss the pathogenesis of atherosclerosis and focus on the impacts of shear 

stress and mechanistic mechanotransduction of shear stress through Notch1 and Heparan 
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Sulfate Proteoglycans. The tenable impacts of heat stress for improved vascular 

endothelial function are then discussed.  

Endothelial Dysfunction 

The unifying precursor to CVD is endothelial dysfunction (Widmer & Lerman, 

2014). All blood vessels are made up of endothelial cells as their innermost layer – i.e., 

the layer which is in contact with the circulating blood. These cells form a selectively 

permeable membrane with their tight cell-to-cell junctions, which is crucial to 

determining vascular tone, fluid homeostasis, and host defense (Zhang et al., 2018; Sun et 

al., 2020). Endothelial cells respond to external stressors and signals such as changes in 

hormones, neurotransmitters, shear stress, and temperature by releasing 

vasodilating/constricting biomolecules, inhibiting, or stimulating smooth muscle cell 

contractility, proliferation, and migration, thrombogenesis, and fibrinolysis (Davignon & 

Ganz, 2004; Sandoo et al., 2010). A healthy endothelium (which is the collective of all 

endothelial cells) is thus central to vascular homeostasis (Davignon & Ganz, 2004). 

With respect to tissue blood flow and blood pressure, in normal conditions, the 

endothelium causes arterial smooth muscle dilatation primarily (albeit not exclusively) by 

releasing nitric oxide (NO), which is synthesized from endothelial nitric oxide synthase 

(eNOS) and the amino acid, L-arginine. This results in the production of cyclic GMP, 

causing relaxation of the vascular smooth muscle (Pasmanter et al., 2023; Widmer & 

Lerman, 2014). Under conditions of endothelial damage, which is caused by 

environmental factors such as turbulent blood flow (reduced shear stress, which will be 

covered in depth later in the thesis), NO consumption is disproportionately favoured over 

production (Widmer & Lerman, 2014). This imbalance increases platelet plus leukocyte 
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activation, increases adhesion of molecules such as circulating monocytes and low-

density lipoproteins (LDLs) to the arterial wall and cytokine activation which increases 

the permeability of the vessel wall (Hall & Guyton, 2011). These subsequently cause the 

oxidation of lipoproteins and inflammatory mediators, which damage the arterial wall, 

and result in atherosclerotic plaque buildup (discussed below) (Widmer & Lerman, 

2014), hypertension, impaired coronary microvascular function, and diastolic dysfunction 

(heart failure with preserved ejection fraction) (Brunt & Minson, 2021; Gamrat et al., 

2020; Paulus & Tschöpe, 2013). Endothelial stressors also impair the endothelium repair 

mechanisms, which include the recruitment of T-lymphocytes, monocytes, and platelets. 

This impairment results in the initiation of atheroma buildup, or atherosclerosis (Insull, 

2009). 

Atherosclerosis  

Atherosclerosis, the build-up of fatty lesions called atheromatous plaques in 

arteries, is a major cause of CVD deaths. (Davis, 2005; Ross, 1986). It is estimated that 

approximately 50 percent of Americans ages 45 and 84 have atherosclerosis (NHLBI, 

2022). Atherosclerosis develops progressively through the accumulation of lipids and 

subsequent inflammatory processes affecting the endothelial, which cause increasingly 

complex changes to the artery. Often plaque buildup begins in early childhood; however, 

these changes are microscopic and can be minimized by a healthy lifestyle (Hong, 2010). 

Factors such as diet and medical history (eg: dyslipidemia and hypertension) result in the 

eventual progression to visible plaque formations (Insull, 2009). Dyslipidemia is caused 

by diet, genetics, and other factors. When it persists, it leads to an increase in circulating 

lipoproteins, which disrupt healthy lipid metabolism, leading to an increase in 
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triglycerides and cholesterol. Specifically, an elevation in LDLs occurs and these 

accumulate within atherosclerotic plaque (Lu et al., 2022). Not only do they cross into the 

arterial intima, but with endothelial dysfunction, they are bound and remain in this space, 

thus progressing plaque buildup (Tabas et al., 2007). With respect to hypertension, 

research has demonstrated that it accelerates the progression of atherosclerosis. Although 

both diseases have different biochemical and pathological changes, studies indicate that 

hypertension increases the risk of developing atherosclerosis. This occurs through 

damage of the arterial wall by processes such as increases in oxidative stress and 

inflammation (Alexander, 1995). Conversely, limited blood flow in arteries due to 

atheroma causes the heart to work harder and leads to hypertension, which is the leading 

risk factor for heart failure (Slivnick & Lampert, 2019). 

The process of plaque buildup starts with endothelial damage. Endothelial stress 

causes endothelial cells to secrete adhesion molecules, inducing chemokine and 

chemoattractant expression (Abraham & Distler, 2007). This process attracts 

inflammatory molecules such as monocytes, lymphocytes, mast cells, and neutrophils to 

the site of stress (Insull, 2009). These inflammatory and fibroproliferative molecules leak 

into the arterial intima, which attracts LDLs. Macrophages then engulf these particles and 

become foam cells. The accumulation of foam cells moves the smooth muscle cells 

toward the artery interior; however, these changes can often be microscopic. 

Atherosclerosis is specifically when the fat accumulation appears contiguous (Insull, 

2009). To now repair the endothelium, a smooth muscle and collagen cap is formed while 

white blood cells from the original response begin to die and create a necrotic core. 

Leukocytes and lipid fragments continue to enter at the shoulders, enlarging the lesion. A 
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larger plaque formation causes the arterial wall to stretch and small blood vessels (vasa 

vasorum) develop to maintain the plaque. Eventually, however, the arterial wall can no 

longer contain the plaque and it extends into the lumen, thus compromising blood flow 

and subsequently oxygen delivery, resulting in a variety of clinical repercussions (Davis, 

2005; Ross, 1995). Thinning of the fibrous cap with fissuring of the endothelial surface 

may also occur. This formation of a thrombus (blood clot) occurs when the rate of 

fissuring surpasses the rate of repair, and lipid fragments as well as other cellular debris 

are released into the circulation. A thrombus released into the circulation can lead to a 

myocardial infarction or stroke (Davis, 2005). 

Figure 1: The process of atherosclerosis from initial endothelial damage to potential 

plaque rupture. Figure adapted from NeurovascularMedicine, 2018. 

V 
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Accordingly, endothelial dysfunction is at the crux of both atherothrombotic 

disease (leading to thrombi) as well as vascular dilatory dysfunction (leading to elevated 

blood pressure and heart failure). Targeted prophylactic and treatment therapy for all 

forms of CVD should therefore, in some way, center on improving endothelial function. 

Shear Stress and Endothelial Function 

Shear stress is the force per unit area of blood acting on the endothelium of a 

vessel (Ballermann et al., 1998; Davies, 2009). The flow of blood can be categorized as 

retrograde/oscillatory (atheroprone) or antegrade/laminar (atheroprotective) shear stress. 

That is, antegrade shear stress is the forward movement of blood flow, which is beneficial 

to improving or preserving the health of the endothelium (Traub & Berk, 1998). 

Conversely, retrograde shear stress causes cyclical and disrupted movements of blood 

flow and has harmful effects.  

The absolute shear stress on vessel walls is determined by the blood viscosity, 

blood velocity, and vessel diameter. In an artery, forward-moving blood does not move at 

the same velocity at all locations, rather blood flow is fastest in the center and slowest 

near the arterial walls. A slower velocity on the outside is due to the frictional force 

between the fluid and vessel wall, which is called wall shear stress. Shear stress is 

calculated based on how fast fluid velocity increases when moving from the vessel wall 

to the center. Mathematically, this is defined as (Shaaban & Duerinckx, 2000): 

𝑤𝑎𝑙𝑙	𝑠ℎ𝑒𝑎𝑟	𝑠𝑡𝑟𝑒𝑠𝑠 = 	𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦	
𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 
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The vessel anatomy plays a role in the type of shear (antegrade or retrograde) 

experienced. For example, in areas of vessel bifurcation, blood flow is slow near the 

outer wall and highest near the divider (Shaaban & Duerinckx, 2000). Higher retrograde 

shear stress is therefore observed in areas with strong curvatures and bifurcations. These 

areas also promote increased turbulent blood flow and are where atherosclerotic lesions 

are commonly found (Papaioannou & Stefanadia, 2005). Studies have shown that 

antegrade shear stress is lower (4 dyne/cm2 compared to 12 dyne/cm2) in areas with 

bifurcations and plaque buildup (Malek et al., 1999). Additionally, human conduit 

arteries naturally experience retrograde shear stress and are therefore prone to plaque 

buildup (Thijssen et al., 2009). 

Increases in retrograde shear cause a decrease in flow-mediated dilation of human 

arteries (Schreuder et al., 2014; Thijssen et al., 2009), create a pro-oxidative state (De 

Keulenaer et al., 1998) and cause atherogenesis. Overall, these studies suggest that 

increases in antegrade shear provide an atheroprotective environment (Malek et al., 

1999). 

Shear Stress and Endothelial Mechanotransduction 

Endothelial cells respond to changes in blood flow/shear stress through 

mechanosensors on their surface (Mack et al., 2017). Mechanosensors are cellular 

proteins or molecules that translate mechanical stimuli to biochemical signals and 

transmit those to the interior of a cell, initiating various signaling pathways (Chen et al., 

2016).  
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Shear stress can be detected at the apical surface of endothelial cells and 

transmitted through the cytoskeleton to cell-cell attachments and cell-matrix adhesions 

(Tzima et al., 2005). The mechanotransduction from shear stress on endothelial cells 

occurs in many steps: 1) the flow of blood causes a physical deformation of the cell 

surface 2) this results in intracellular signaling of the stress, 3) the conversion of 

mechanical force to chemical activity occurs, and 4) downstream signals are released 

(Davies, 2009). For example, antegrade shear stress aligns endothelial cells in the 

direction of the blood flow, resulting in less stress fibers and lower cell turnover. This 

causes the expression of anti-inflammatory genes and transcription factor KLF2, which 

regulates vascular endothelial cells (Turpaev, 2020). Conversely, retrograde shear stress 

results in unaligned endothelial cells. This causes activation of NF-kB-dependent genes, 

which encode the proteins intercellular adhesion molecule, vascular adhesion molecule, 

endothelial E-selectin, and platelet-driven growth factor. Stimulation of these genes has 

been shown to initiate atherosclerosis (Givens & Tzima, 2016; Tzima et al., 2005). 

Endothelial mechanosensors exist on the apical surface, within junctions, and at 

the basal level. Within these categories, mechanosensors include, primary cilia, 

glycocalyx, heterotrimeric G-proteins and G-protein-coupled receptors (GPCRs), ion 

channels, caveolae, tie receptors, platelet endothelial cell adhesion molecule-1, VE-

Cadherin, VEGF receptors, and integrins (Givens & Tzima, 2016). There are many more 

known mechanosensors, and likely many that have not been discovered yet. 
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Figure 2: A depiction of the endothelial mechanosensors. These exist on the apical 

surface, within junctions and at the basal level. There are many more known 

mechanosensors, and likely many more to be discovered. Highlighted in yellow are the 

mechanosensors of interest for this study. Figure adapted from Givens & Tzima, 2016. 

The most immediate response to shear stress comes from Ion channels (Chatterjee 

& Fisher, 2014). The most prominent channels are Ca2+ and K+ channels. Once activated 

they induce membrane hyperpolarization, leading to the release of vasodilators such as 

NO (Chen et al., 2016). GPCRs mediate Ras activation and NO production within one 

second of detecting antegrade shear stress and also cause the relaxation of vascular 

smooth muscle (flow-mediated dilation) (Hu et al., 2022). Examples of GPCRs that 

detect shear stress are endothelial glycocalyx, caveolae, and rapidly activated tyrosine 

kinases. Cell-to-cell junctions also have mechanosensory complexes composed of 

vascular-endothelial cadherin, platelet endothelial adhesion molecule, and vascular 

endothelial growth factor receptor 2 (VEGFR-2). Integrins are transmembrane receptors 

GPCRs and 
G proteins 

Ion Channels 

Integrins 

Glycocalyx (Heparan 
Sulfate Proteoglycan) 

Primary Cilia 

Junctional Complex: 
PECAM-1 
VE-Cadherin 
VEGFR2 
 

Caveolae 

Notch1 
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responsible for cell-cell adhesion and communication with the extracellular matrix. They 

are responsible for downstream signaling with shear stress, such as the activation of the 

Mitogen-activated protein kinases (MAPK) pathway. Due to the complex nature of 

mechanosensing and limits in technical approaches, there is limited knowledge on which 

mechanosensors have the most impact (Chen et al., 2016). More recently, a study by 

Mack et al., 2017 discovered the importance of Notch1, a transmembrane receptor, in 

detecting antegrade shear stress. 

Notch1 

Four receptors in the Notch family are found in mammals. Notch1 and Notch4 are 

found in endothelial cells, while Notch2 and Notch3 are found on smooth muscle cells 

(Hofmann & Iruela-Arispe, 2007). These transmembrane receptors interact with five 

ligands (Jagged1,2; Delta-like 1, 3, and 4) (D’Souza et al., 2010). The activation of Notch 

occurs with ligand binding, causing the proteolytic cleavage of its extracellular domain 

by ADAM (disintegrin and metalloprotease). This creates a membrane-tethered 

intermediate called Notch extracellular truncation (NEXT), which is further cleaved by γ-

secretase, and this results in the release of its intracellular domain (NICD) which is 

translocated to the nucleus. Here the NICD co-activates with recombination signal-

binding protein for immunoglobulin kappa J (RBPJ) to act as a transcriptional activator 

for various genes that impact cell physiology (Kopan & Ilagan, 2009; Mack & Luisa 

Iruela-Arispe, 2018; Sander et al., 2006). Specifically, Notch1 signaling increases with 

increases in laminar flow, making it a potential marker for changes in shear stress (Mack 

et al., 2017).  
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While changes in shear stress can still be detected in the absence of Notch1, the 

ability of endothelial cells to remain mitotically quiescent and maintain junctional 

integrity is impaired (Mack & Luisa Iruela-Arispe, 2018). Activation of Notch1 results in 

cell-cycle arrest preserves vascular homeostasis, maintains EPHRIN B2 and arterial 

identity, maintains intracellular calcium homeostasis, and the regulation of pro-

inflammatory genes related to atherosclerosis. Increases in Notch1, caused by increases 

in antegrade shear stress, have been shown to reduce the binding of the endothelium to 

inflammatory cells such as CXCL2, ICAM1, CXCR4, and many other CXCL ligands. 

Without Notch1, these inflammatory cells move past the endothelium and into the intima, 

beginning the atherosclerotic process (Mack et al., 2017). A study done on mice has also 

shown that reductions in endothelial Notch1 is an early indicator of vascular 

inflammation and atherosclerosis (Briot et al., 2015). Importantly, a recent study by Dr. 

Bain’s group demonstrated an increase in Notch1 levels with acute increases in antegrade 

shear stress, for the first time in humans (Badour et al., 2022). Detectable changes in 

Notch1 from human plasma make it a potential, convenient marker of shear stress in 

research or clinical settings. 

Heparan Sulfate Proteoglycan (CD44 Proteoglycan) 

Another important endothelial mechanosensor is Heparan Sulfate Proteoglycan 

(HSPG), categorized as glycocalyx mechanosensors (Florian et al., 2003). These are 

heparan sulfates that have been modified with the addition of a glycosaminoglycan chain 

(Sarrazin et al., 2011). HSPGs can be divided into three categories- syndecans, glypicans, 

and perlecans. The syndecan is the most common and has an extracellular component that 

is cleaved during increases in antegrade shear stress (Florian et al., 2003). When exposed 
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to shear stress, HSPGs undergo a conformational change where its core proteins unfold, 

extending the heparan sulfate chain, allowing the delivery of sodium ions to transporter 

channels, therefore playing a role in the signaling pathway related to chemokines, 

interleukins, lipases, and more (Tarbell & Pahakis, 2006). HSPGs are also hypothesized 

to be important contributors to the production of NO that occurs in response to shear 

stress and is important to maintain vascular tone (Florian et al., 2003). Further, a study 

conducted on mouse embryonic stem cells demonstrates that HSPG is required for the 

shear-stress induced expression of vWF (a protein involved with blood clotting), VE-

cadherin, ZO-1 (an important component of the blood-brain barrier), eNOS (required to 

generate NO), and COX-2 (an important component of the inflammatory process) 

(Nikmanesh et al., 2012). With respect to HSPG-mediated mechanotransduction and 

neovascularization, downstream signals are hypothesized to include VEGFA, TGF-β, 

MMP-1, -15 and -28, integrin, cadherin 11, E-selectin, and delta-like canonical Notch 

ligand 1, which halt neovascularization and stabilizing the vasculature during antegrade 

shear stress (Zhao et al., 2021). In addition to this, the lack of heparan sulfate in mice has 

been shown to increase neutrophil infiltration, a component of atherogenesis, during 

acute endothelial inflammation (Axelsson et al., 2012). This is due to the weaker binding 

of leukocyte (L)-selectin on neutrophils in the absence of HSPGs (Bishop et al., 2007; 

Wang et al., 2005). HSPGs also affect cell migration, proliferation, organization, and 

permeability (Zhao et al., 2021). Overall, HSPGs act as endothelial mechanosensors for 

shear stress and affect downstream signaling for various factors related to cardiovascular 

health. 
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Heat Therapy for Increases in Antegrade Shear Stress 

Passive heat stress as a tenable therapy has been studied both in the lab and 

through observing cultural usage to prevent and manage various CVDs (Brunt & Minson, 

2021). Passive refers to non-exercise induced heat stress and heat therapy is the chronic 

application of heat stress using methods such as hot baths or saunas (Brunt & Minson, 

2021). The interest in using heat as a therapeutic has stemmed from basic animal studies 

and historic usages. Numerous studies conducted in lower-order organisms support the 

benefits of heat stress. For example, in Caenorhabditis elegans (worms) with mutations 

for thermotolerance and Drosophila melanogaster (fruit flies), elevated temperatures 

resulted in an increase in lifespan compared to controls experiencing normothermia 

(Khazaeli et al., 1997; Lithgow, 1995). 

In humans, the interest in heat as a therapeutic began with observational studies 

associating habitual heating regiments with decreased incidences of CVD and all-cause 

mortality (Coombs & Tremblay, 2019). Common cultural uses of heat therapy include the 

Banyas of Russia, Indigenous sweat lodges, and the saunas of Finland (Patrick & 

Johnson, 2021). Other commonly studied methods of passive heating include Finnish dry 

saunas, Waon/far infrared sauna therapy, and hot water immersion. 

Finnish dry saunas expose the body to temperatures ranging from 70-100°C at a 

relatively low humidity level (10-15%) (Keast & Adamo, 2000). This method typically 

increases esophageal temperatures by 1.5°C and rectal temperatures by 0.2-1°C. This 

form of heat therapy has been shown to have long-term cardiovascular improvements 

such as decreases in blood pressure in hypertensive patients and increases in left 
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ventricular ejection fraction in chronic heart failure patients (Brunt & Minson, 2021; 

Hannuksela & Ellahham, 2001).  

Waon therapy uses a far-infrared-ray dry sauna, typically maintained at 60°C, 

where the entire body is heated for a short duration (Miyata & Tei, 2010). As large 

increases in air temperature do not occur with Waon therapy, the skin is not heated, and 

cutaneous blood flow is not increased to the same magnitude as external forms of heating 

(e.g., via warm water heating). This results in a lower burden on the cardiovascular 

system by mitigating the need for increased systemic vascular resistance and blood 

pressure, compared to dry saunas, and is, therefore, a preferred method of heat therapy 

for the cardiovascular compromised, such as people with heart failure (Brunt & Minson, 

2021). 

The second most popular form of heat therapy, hot water immersion, has technical 

benefits as it is easier to increase core temperatures faster due to 1) higher rates of heat 

transfer in water and 2) the ineffectiveness of the body’s cooling (sweat evaporating) 

mechanism underwater. Another major benefit is the increase in hydrostatic pressure on 

the body which assists with the venous return of the blood back to the heart, improving 

cardiac filling pressure, cardiac output, mean arterial blood pressure, endothelial-

mediated vasodilation, and increased arterial compliance (Brunt & Minson, 2021; Naylor 

et al., 2011). 

Laboratory experiments highlighting the benefits of heat therapy can be seen in a 

study by Brunt et al., 2016. In young healthy, sedentary adults, 36 sessions of hot water 

immersion over 8 weeks improved endothelial-dependent dilation, arterial stiffness, 
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intima-media thickness, and blood pressure compared to individuals undergoing 

thermoneutral water therapy (control group) (Brunt et al., 2016). With respect to 

endothelial health, this study also demonstrated an improvement in flow-mediated 

dilation. In middle-aged to elderly Japanese individuals, hot water bathing (more than 5 

times per week) lowered brachial-ankle pulse wave velocity (a measurement of arterial 

stiffness), central pulse pressure (higher values are related to adverse cardiovascular 

outcomes) and plasma B-type natriuretic peptide (higher levels indicate heart failure) 

(Roman et al., 2009). Longitudinally, hot water baths resulted in lower plasma B-type 

natriuretic peptide concentrations, reduced progression of brachial-ankle pulse wave 

velocity, and reduced carotid intima-media thickness (Kohara et al., 2018). 

Often heat therapy has been studied in conjunction with exercise to improve 

cardiovascular outcomes. A study by Akerman et al., 2019 demonstrated that heat 

therapy (spa bathing) with calisthenics in those with peripheral artery disease led to 

reductions in diastolic blood pressure, mean arterial pressure, and systolic blood pressure, 

interestingly at comparable rates to the control group that only exercised.  

Previous studies have shown improvements in cardiovascular function without 

increasing core temperature to large extents (~1°C). One such example is a study 

designed to heat only the lower limbs for 24 sessions over 8 weeks. A significant increase 

in antegrade shear stress and subsequent improvement in brachial artery endothelial 

function was seen (Carter et al., 2014).  

Many other studies have shown improvements in cardiovascular function while 

heating only the lower body, such as using foot baths (Cheng et al., 2021; Neff et al., 
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2016; Pellinger et al., 2019; Thomas et al., 2017). This is a major benefit of hot water 

immersion as it increases the accessibility of heat therapy such as for those with limited 

physical abilities. Lower body heating is also beneficial as large elevations in core 

temperatures can be undesirable for those with CVD. This is supported by the 

observation of a rise in deaths during heat waves, which are predominantly due to 

adverse cardiovascular outcomes rather than heat stroke (Kenney et al., 2014). In 

conditions of high temperature, the left ventricle works harder to increase blood flow to 

the skin and dissipate heat. Older individuals and those with CVD are limited in their 

ability to maintain stroke volume, increase cardiac output, and increase cutaneous blood 

flow, resulting in a fatal burden on their cardiovascular system (Kenny et al., 2014). In 

addition, many commonly prescribed medications such as diuretics, ACE inhibitors, 

antipsychotics, anticonvulsants, and antidepressants limit the body’s ability to 

thermoregulate, further emphasizing the need to use heat therapy that does not cause 

large increases in core temperatures (Westaway et al., 2015). 

While heat therapy has improved risk factors associated with CVD; the 

mechanisms underlying these improvements are not fully understood. Many have 

attributed the heat-induced cardiovascular improvements to reduced sympathetic activity 

(Cui et al., 2022; Ely et al., 2019) and reductions in oxidative stress and inflammation 

(Brunt & Minson, 2021). With respect to the changes that occur at a molecular level with 

heat therapy, some studies suggest the benefits relate to the upregulation of heat shock 

proteins (HSPs, e.g. HSP 70 and 90 (Brunt & Minson, 2021)). These chaperone proteins 

are necessary for folding newly synthesized proteins, the translocation of polypeptides, 

disassembly of protein complexes, and regulating protein activity. They also have anti-
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oxidative and thermos-protective properties (Rosenzweig et al., 2019). In humans, heat 

stress may provide cardioprotective effects by upregulating HSPs (Faulkner et al., 2017); 

however, it is the intracellular HSP that provides a valuable measure of these positive 

properties. Currently, a reliable method for measuring iHSPs does not exist. Existing 

methods to quantify iHSP require the extraction of vascular cells. Procedures for this 

extraction change the cellular environments, potentially modifying the intracellular 

components. Extracellular HSPs can be easily measured through venous concentrations; 

however, eHSP levels are typically correlated with aspects different from the iHSP 

chaperon proteins, such as inflammation and bacterial or viral infections (Zilaee et al., 

2014). As such, looking for other biomarkers to gather information on the effects of heat 

stress is necessary. 

An alternative explanation for the benefits of heat stress that is gaining attention is 

the ‘shearing’ properties of heat stress. Indeed, thermoregulatory induced increases in 

skin blood flow increase antegrade shear (Alali et al., 2020; Brunt & Minson, 2021; 

Thijssen et al., 2014). However, no study to date has examined whether a single bout of 

single arm heating elicits an antegrade shear response large enough to generate 

meaningful changes in mechanotransduction and in turn endothelial cell adaptations. 

Accordingly, this study will examine the mechanotransduction properties of local 

forearm heating, under the lens of whether the antegrade shear stimulus is large enough 

to increase circulating concentrations of Notch1 extracellular domain (ECD) and HSPGs. 
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2. AIMS AND HYPOTHESIS 

Aim: 

Determine the effects of local forearm heating on concentrations of Notch1 ECD and 

HSPGs in the forearm of young healthy adults. 

Hypothesis: 

Both Notch1 and HSPGs will be increased during forearm heating, dependent on the 

magnitude increase in antegrade shear stress. 
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3. METHODOLOGY 

Ethical Approval 

The Research Ethics Board at the University of Windsor (REB# 40815) as well as 

the Research Health and Safety Board approved all experimental procedures and 

protocols in adherence with the principles of the Tri-Council Policy Statement and the 

University of Windsor Guidelines for Research Involving Human Participants. 

Participants 

Of the fifteen participants recruited, three were excluded. One was excluded 

because of several failed attempts to establish a venous catheter, another was excluded 

due to high plasma triglyceride levels (visibly cloudy plasma, and later confirmed by a 

primary care provider), and one was excluded due to a vasovagal response during the 

catheter insertion. Additionally, the data displayed below is from the first nine 

participants, which was sufficient to confidently accept the null hypothesis. As such, data 

are presented as n=9 (3 M, 6 F) healthy young adults. Participant descriptive data are 

presented in Table 1. All participants were free from any overt cardiovascular or 

metabolic disease, or risk factors, including hypertension (>140/90)/hypotension 

(<90/60), presence of obesity, and history of smoking/nicotine use in the past twelve 

months. A medical pre-screening was conducted over Microsoft Teams to identify any 

potential exclusion factors and included a COVID-19 self-screen. Both, written and 

verbal consent was obtained from each participant following a briefing of the 

experimental protocol. 
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Experimental Design 

A within participant repeated measures experimental design was employed. 

Participants arrived at the lab (HK Rm 221) at the University of Windsor in the morning, 

after observing an overnight, water-only fast. The participants had refrained from 

caffeine, alcohol consumption, and vigorous physical activity for 24 hours prior to the 

experiment. On testing day, resting blood pressure was determined in a seated position. 

Following this, venous catheters were placed in the superficial antecubital vein of the 

participant’s left arm and secured for the duration of the study. Following an initial blood 

sample and ultrasound recording at normothermic baseline, the forearm was placed in a 

water bath, heated to 42ºC by an Anova Sous Vide. Participants were seated at a 45º 

angle for the duration of the study. Another blood sample and ultrasound reading were 

taken at 20 minutes and 40 minutes of heating. Following this, the arm was removed 

from the water bath and allowed to sit for 20 minutes. After this period, the final blood 

sample and ultrasound recording was taken (see Figure 3).  

 

Figure 3: A depiction of the experimental timeline. The syringe symbol represents 

sampling periods where both, blood draws and ultrasounds were conducted. 

Heating at 42°C 

0 mins 20 mins 40 mins 60 mins 
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Measurement Techniques 

Shear stress was quantified in the brachial artery by linear array duplex ultrasound 

(Terason T3200) for ~30 seconds around each blood draw. Ultrasound videos were 

screen captured and analyzed using custom edge-detection software (Figure 4). Shear rate 

was calculated as the ratio between mean blood velocity (in cm/s) and artery diameter (in 

cm) [Shear Rate = mean velocity/diameter]. This value represents the peak shear rate. 

 

Figure 4: A screenshot of the ultrasound edge detection software video. The picture on 

the top is the brachial artery. The yellow lines represent the area where the software is 

detecting the arterial diameter. At the bottom is a graph of the blood velocity, with the 

yellow line tracking the envelope velocity.  
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 Heart rate was calculated by counting cardiac cycles for 30 seconds from the 

ultrasound readings and multiplying this number by 2 to get a measurement in BPM. 

 Blood samples from the experimental arm were collected in sodium citrate tubes 

(BD Vacutainer, Cat # 363080) and kept on ice for the duration of the experiment. 

Immediately after the completion of the experiment, the tubes were centrifuged at 1200 g 

for 10 minutes to collect platelet-poor plasma. These samples were stored at -80ºC. 

Notch1 ECD and HSPG/CD44 activity was quantified using a commercially available 

immunosorbent assay (RayBio, Cat #ELH-NOTCH1; RayBio, Cat #ELH-CD44) with an 

intra- and inter-assay CV of <10% and <12%, respectively. This ELISA uses a capture 

and detection antibody and is classified as a sandwich ELISA. The name “sandwich” 

refers to the antigen, which is sandwiched between both antibodies. The capture 

antibody, which is immobilized to the ELISA plate, binds to/captures the target antigen, 

while the detection antibody, reacts with the antigen and produces a fluorescent signal 

upon binding.  The detection limit of the Notch1 assay is 20 pg/ml to 7000 pg/ml. The 

detection limit of the CD44 assay is 4.5 pg/ml to 1000 pg/ml. ELISA analysis was 

conducted according to the manufacturer’s instructions, except for the CD44 where 

plasma samples were diluted 15-fold, instead of the recommended 20-fold. All samples 

and reagents were brought to room temperature before mixing. Samples were read at 

450nm on a microplate reader (BioTek Synergy HT) using the Gen5 software (Version 

1.11). 
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Table 1: A table of all included participant characteristics. ID=participant identification 

number; BMI=body mass index; SBP/DBP= resting systolic/diastolic blood pressure. 

ID BMI (kg/m2) 
SBP 

(mmHg) 
DBP 

(mmHg) 
Sex 

(M/F) Age (y) 

1 25.9 126 83 M 24 

2 22.6 111 75 F 21 

3 18.8 90 71 F 19 

4 21.7 113 81 F 22 

5 24.3 122 73 M 21 

6 24.2 109 71 F 20 

7 26.6 126 66 F 22 

8 28.0 96 72 F 21 

9 23.2 103 70 M 22 

Mean +/- 
SD 23.9 ± 2.8 110.7 ± 12.8 74 ± 5.4   21.3 ± 1.4 

 

Statistical Analysis 

All measures (Notch1, HSPG/CD44, shear rate, heart rate) were analyzed by one-

way ANOVA using the four time points (baseline, 20 mins, 40 mins, post). When a 

significant interaction was found, the post-hoc Bonferroni’s correction was performed. 

All analyses were performed on SPSS 26 (IBM). Significance was determined at an alpha 

of <0.05%. 
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4. RESULTS 

Heart Rate 

Figure 5 depicts the participants heart rate (BPM). There was a main time effect 

(p<0.005). Compared to baseline (72 ± 6), the heart rate was increased at 20 mins by 18% 

(p<0.001) and 40 mins by 18% (p<0.001). At post, heart rate was statistically similar to 

baseline values (p=0.220). The delta change in heart rate from baseline to 20 minutes was 

13.1 BPM, to 40 minutes was 13.6 BPM, and to 20 mins post heating was 6.9 BPM. 

Figure 5: Heart rate (beats per minute) at baseline, 20 and 40 minutes of heating, and 20 

minutes following heating (post). Asterix (*) denotes significantly different (p<0.05) 

compared to baseline. Data shown are individual values with mean ± 95% CI.  
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Shear Rate 

Absolute shear rates (1/s) of the experimental arm at baseline, 20 mins into 

heating (20 mins), 40 mins into heating (40 mins), and 20 mins post heating (post) are 

depicted in Figure 6. There was a main time effect (p<0.005). Compared to the baseline 

(53± 31), the shear rate was increased at 20 mins by 294% (p<0.001) and 40 mins by 

270% (p<0.001). At post, shear rates were statistically similar to baseline (p=0.100). The 

changes in shear, as seen on the ultrasound are depicted in Figure 7-10. 

Figure 6: Brachial artery shear rates at baseline, 20 and 40 minutes of heating, and 20 

minutes following heating (post). Asterix (*) denotes significantly different (p<0.05) 

readings compared to baseline. Data shown are individual values with mean ± 95% CI. 
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Figure 7: A screenshot of the blood velocity at baseline. The x-axis represents time, and 

the y-axis represents blood velocity in cm/s. 

 

Figure 8: A screenshot of the blood velocity at 20 mins into heating. The x-axis 

represents time, and the y-axis represents blood velocity in cm/s. 
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Figure 9: A screenshot of the blood velocity at 40 mins into heating. The x-axis 

represents time, and the y-axis represents blood velocity in cm/s. 

 

Figure 10: A screenshot of the blood velocity at post heating. The x-axis represents time, 

and the y-axis represents blood velocity in cm/s. 

Notch1 ECD 

Concentrations of Notch1 ECD in the experimental arm are shown in Figure 11. 

There was no significant difference observed between any of the time points (p all 

>0.05). Average Notch1 ECD values at baseline were 509 ± 256, 20 mins into heating 

were 400 ± 188, 40 mins into heating were 465 ± 195, post heating were 481 ± 219. 
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Figure 11: Brachial artery Nocth1 ECD concentrations at baseline, 20 and 40 minutes of 

heating, and 20 minutes following heating (post). Data shown are individual values with 

mean ± 95% CI.  

HSPG/CD44 

Concentrations of CD44 in the experimental arm are shown in Figure 12. CD44 

was not found in detectable amounts at any time points for all but two participants. In the 
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two participants with detectable HSPG/CD44, there was no observable change from 

baseline to heating.   

 

 

 

 

 

 

 

 

Figure 12: Brachial artery HSPG/CD44 concentrations at baseline, 20 and 40 minutes 

of heating, and 20 minutes following heating (post). Data shown are individual values 

with mean ± 95% CI. 
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5. DISCUSSION 

The findings of this thesis indicate that local forearm heating with 42°C water 

immersion for 40 mins increases antegrade shear stress in the brachial artery but does not 

alter levels of circulating Notch1 ECD and HSPG/CD44. Specifically, an average 270% 

increase in antegrade shear rate over 40 minutes resulted in no significant change in 

Notch1 ECD levels and no detectable amounts of HSPG/CD44 in plasma. To our 

knowledge, these are the first data to study in vivo alterations of Notch1 ECD and 

HSPG/CD44 during localized forearm hyperthermia. These data provide new insight into 

the field of thermal therapy for cardiovascular improvements, indicating that heating the 

forearm alone is likely insufficient to elicit a robust (or at least easily quantifiable) 

endothelial mechanosensory stimulus for adaptation. 

Notch1 as an endothelial mechanosensor 

Isolated cell prep studies indicate that Notch1 signaling increases under 

conditions of antegrade shear stress (Mack et al., 2017). Studies have indicated that 

antegrade shear stress results in the elongation and alignment of endothelial cells, along 

with a physical deformity on the apical surface of cells. This deformation results in the 

activation of various mechanosensors (Davies, 2009). Recently, our laboratory was the 

first to translate the in-vitro studies, by demonstrating that an acute increase in 

anterograde shear rate via forearm cuff inflation/deflation (i.e., reactive hyperemia), 

increases Notch1 ECD concentrations in the forearm (Badour et al., 2022). Notably, 

however (discussed below), the magnitude increases in antegrade shear rate in Badour et 

al., while shorter in duration, was much more pronounced than the current study. 
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Upon activation, ADAM (disintegrin and metalloprotease) cleave the Notch1 

ECD, which produces a membrane-tethered intermediate called Notch extracellular 

truncation (NEXT), which is further cleaved by γ-secretase, translocating the intracellular 

Notch1 (NICD) domain to the nucleus. In the nucleus, the NICD co-activates with 

recombination signal-binding protein for immunoglobulin kappa J (RBPJ), activating 

downstream signaling pathways (Kopan & Ilagan, 2009). These pathways help to 

preserve vascular homeostasis, maintain EPHRIN B2 expression, arterial identity, and 

intracellular calcium homeostasis, and regulate the expression of pro-inflammatory genes 

associated with atherosclerosis. Examples of these pro-inflammatory genes are CXCL2, 

ICAM1, and CXCR4. During shear stress, Notch1 is also important for maintaining the 

stability of endothelial cell-to-cell junctions (Mack et al., 2017). Furthermore, many 

studies have linked the absence of Notch1 to increases in arterial inflammation, and 

plaque buildup, as reviewed in Rizzo & Ferrari, 2015. Collectively, it is now accepted 

that Notch1 serves as an endothelial mechanosensor of shear stress and increases in 

Notch1 levels are directly linked to improvements in vascular health (Mack et al., 2017; 

Rizzo & Ferrari, 2015; Briot et al., 2015). Our study, however, showed no significant 

changes in Notch1 levels with heat induced increases in antegrade shear stress. 

One proposed explanation for our findings could be that the shear stress stimulus 

was not large enough to result in Notch1 ECD increases. Previous studies that have 

demonstrated the benefits of heat therapy have typically employed larger surface areas 

such as lower limb heating, or full body heating (Brunt et al., 2021). In the seminal study 

by Mack et. al, 2017, where Notch1 was first systematically demonstrated to exhibit 

mechanosensory properties in the endothelium, Notch1 levels were positively correlated 
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with the magnitude of shear stress, increasing logarithmically from 10 dynes/cm2 and 

plateauing at 26 dynes/cm2 (Mack et al., 2017). It is possible to compare these shear 

stress values (in dynes/cm2) with the shear rates measured in the current study (in 1/s) if 

we estimate a blood viscosity of 3.5 x 10-3 Pa·s. While blood viscosity will differ with 

varying hematocrit (reviewed in Nader et al., 2019), this blanket viscosity is valid to 

estimate the average ~1.9 dynes/cm2 at normothermic rest, which increased to ~6.9 

dynes/cm2 at the 40 min mark of heating. Comparing this number to the values used in 

the Mack et al., 2017 study, shear stress around 10 dynes/cm2 was categorized as a low 

shear producing minimal cell elongation, and lack of changes in Notch1 levels. In 

addition, in Mack et al., cells were exposed to differing levels of shear stress for 48 hrs. 

As such, it is likely that forearm heating alone for 40 min, did not produce a large enough 

increase in antegrade shear stress, or for a long enough time, to yield detectable changes 

in Notch1 ECD levels. In this respect, heating a larger surface area or combining other 

techniques of increasing antegrade shear stress alongside heating (e.g. exercise) is likely 

necessary to detect biomarkers of mechanotransduction from increased antegrade shear. 

Heparan Sulfate Proteoglycan (CD44) as an endothelial mechanosensor 

Previous studies have shown that HSPG functions as an endothelial glycocalyx 

mechanosensor for shear stress (Florian et al., 2003). HSPGs can be divided into three 

categories- syndecans, glypicans, and perlecans. Of these, the syndecan is the most 

common and has an extracellular component that is displaced during shear stress. The 

study by Florian et al., 2003 has shown that the glycosaminoglycan chain component of 

Heparan Sulfates is the shear stress sensor. To determine the function of HSPG as a shear 

sensor, this study used heparinase to remove heparan sulfate and increased shear stress. 
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With antegrade shear stress, research has established that the enzyme, eNOS is activated. 

This enzyme catalyzes reactions that produce NO, which is crucial to stimulating the 

relaxation of vascular smooth muscle and plays a role in eliminating free radicals and 

preventing plaque buildup (reviewed in Sriram et al., 2016).  Florian et al., 2003 observed 

an inhibition of NO production with the removal of heparan sulfates. This finding 

supports the role of HSPGs as mechanosensors and participants in the NO-mediated 

response that occurs from shear stress. Subsequent studies have indicated that HSPGs are 

also critical for stabilizing vasculature and regulating arterial inflammation (Axelsson et 

al., 2012; Nikmanesh et al., 2012; Zhao et al., 2020). As such, upregulations in HSPG are 

typically associated with improved arterial health. We hypothesized that heat 

stress/increases in antegrade shear stress, would be detected by HSPG/CD44 and result in 

cleavage and release of its extracellular component into plasma. In this study, however, 

no detectable amounts of HSPG/CD44 were found in 7 of 9 participants. Additionally, no 

changes in HSPG/CD44 levels were found between normothermia and heating in the 2 

participants where HSPG/CD44 was detected in their plasma. 

It is unclear why HSPG/CD44 was not detectable in the majority of the 

participants. Samples were diluted only 15-fold, which was below the recommended 20-

fold dilution. Moreover, in the two participants with detectable HSPG/CD44, their 

samples would have been oversaturated had the samples been less diluted (had a separate 

ELISA been run to potentially target those with low concentrations), therefore we suggest 

the lack of detectable HSPG/CD44 is due to participant variability, rather than sample 

dilution. Interestingly, there were no overt demographical differences between these 2 
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participants. Nonetheless, even in the participants with detectable HSPG/CD44 plasma 

concentrations, it is clear that forearm heating had no impact. 

A study conducted by Zeng et al., 2013 showed that shear stress resulted in the 

clustering of heparan sulfate in the endothelial cell junctions. As such, it may be 

hypothesized that no significant increases in HSPG/CD44 from this study may be 

because this biomarker is also clustering in the cell junctions during shear stress, rather 

than being detectable in plasma. However, it is important to note that the Zeng et al., 

2013 study was conducted on Rat fat pad endothelial cells, which possess a different 

phenotype than vascular endothelial cells and are therefore likely to have a separate 

response to HSPG mediated shear stress. 

Study Considerations 

While the data indicate that local forearm heating had no impact on endothelial 

mechanotransduction (at least through the biomarker lens of Notch1 and HSPG/CD44), 

and therefore may be an insufficient ‘stress’ to elicit positive vascular endothelial 

adaptations, heat stress may improve vascular function through alternate mechanisms, 

such as upregulating heat shock proteins (HSPs), specifically, HSP70, which has been 

studied for its thermal- and cardio-protective role (Latchman, 2001; Riezman, 2004). 

Therefore, heat therapy could improve cardiovascular function through an increase in 

levels of HSP70, rather than increasing antegrade shear stress. However, to measure the 

anti-inflammatory and beneficial effects of HSPs, it is necessary to measure intracellular 

HSP levels (Faulkner et al., 2017). While endothelial cells can be extracted to measure 

iHSPs, extraction substantially alters the cellular environment, making it challenging to 

accurately measure iHSPs in an in vivo human model. In addition to an increase in HSPs, 



 

35 
 

exposure to heat therapy also leads to heat acclimation, which increases plasma volume, 

reduces sympathetic activity, decreases blood pressure and arterial stiffness, and has 

many other benefits (reviewed in Brunt & Minson, 2021). 

Another important consideration is the relatively small sample size (n=9). While 

samples were obtained from 12 participants, only 9 of those had their data analyzed. The 

data from 3 participants were not analyzed as no trends were observed for Notch1 ECD 

or CD44 levels. Specifically, running a post-hoc power test using G*power from the data 

of the 9 participants, revealed that a sample size of 458 participants would be required to 

achieve a power of >80 with an alpha of 0.05, assuming the variability and mean changes 

remained similar. As such, for economic reasons, the last three participants were omitted 

from analysis. 

Furthermore, it is worth noting that biomarkers could not be trapped in the 

experimental arm through methods such as placing a pneumatic cuff placed on the upper 

arm, as used by Badour et al., 2022. Without the use of the cuff, it is possible that if there 

was an elevation in biomarkers from heat stress, they circulated throughout the body, 

leading to a decrease in plasma concentrations from the experimental arm. In this study, 

the pneumatic cuff could not be utilized as it would increase retrograde shear stress, 

therefore interfering with the ability to isolate the impacts of antegrade shear stress on 

endothelial function. 

Another important consideration is that heat stress may have increased cell 

permeability, resulting in the quick re-uptake of biomarkers. That is, heat stress is a 

known stimulus that disrupts endothelial barrier function (Xu et al., 2015), which is 
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generally studied under the context of increased blood-brain barrier permeability (Bain et 

al., 2015). Heat stress may have also increased the ability of the endothelial cells to 

‘engulf’ the Notch1 ECD and circulating HSPG/CD44, albeit the mechanism(s) 

associated with increased active uptake of the endothelial cells remains speculative.  

Nevertheless, considering this concept in the context of this study, it is plausible that 

Notch1 ECD and HSPG/CD44 levels were increased; however, they were quickly taken 

up by the cells due to the heat stress, resulting in no detectable plasma level changes 

during heating. 

Another important consideration is the use of only venous blood in this study. 

Typically, studies use the difference in arterial and venous biomarker levels to determine 

cellular output vs. uptake. The endothelial cells in the arterial bed are those that are 

exposed to the greatest shear stress and indeed are those that are important for 

atherosclerosis progression and the target of this study. However, we were only able to 

collect blood from the venous circulation, under the assumption that Notch1 ECD and 

HSPG/CD44 released from the arterial endothelium would be detectable in the venous 

bed. As discussed above, it may be speculated that the absence of changes in venous 

biomarker levels may be due to the uptake of these biomarkers by cells on the arterial 

side. However, during the local forearm heating, the venous blood sample, was in fact, 

partly arterialized.  That is, the arterio-venous anastomoses, which directly connect small 

arteries and veins under the skin, open in states of heat stress to increase the skin blood 

flow. This results in blood from the arterial side flowing into veins, causing a mixture of 

blood (Walløe, 2016). With respect to this study, blood collected from the superficial 
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antecubital vein was visibly ‘pinker’ in colour, therefore even though a PO2 level was not 

measured, this visible inspection suggests the venous blood was indeed arterialized. 

Relating to a ‘control’ for this experiment, it is important to note that a separate, 

thermoneutral experiment would have to be employed. This is because we observed an 

increase in heart rate (~13 BPM) due to heating. If this was converted to changes in core 

temperature (an increase in 7 BPM roughly equates to a 1°C increase in core temp) based 

on historical estimations of core temperature change from heart rate (Jose et al., 1970), 

our data shows that there was a systemic heating effect present. As such, the non-

experimental arm would not be isolated enough for us to use as a true control and a 

separate thermoneutral control experiment would have to be employed. A more 

appropriate control would be by having a separate group of participants immerse their 

experimental arm in thermoneutral water and collecting samples at corresponding time 

intervals as the current study. 
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6. CONCLUSION 

Cardiovascular disease is the number one cause of death globally. While 

commonly understood contributors to CVD are diet and lifestyle, underlying all of these 

is endothelial dysfunction. As the endothelium is in direct contact with circulating blood, 

the pattern of blood flow or shear stress can impact endothelial function. While 

retrograde or oscillatory shear stress is harmful to arterial health, antegrade or forward-

moving blood flow has many positive vascular benefits. Recently, heat therapy has 

gained attention for its potential to improve cardiovascular health. However, to better 

understand the mechanisms underlying these improvements, much research remains to be 

done. Given that heat stress increases laminar blood flow, in this thesis it was 

hypothesized that biomarkers of endothelial mechanotransduction would be upregulated 

following 40 minutes of local forearm heating, providing evidence for the proposed 

shear-mediated therapeutic effects of heating. The transmembrane protein Notch1 and 

HSPG/CD44, a glycolytic sub-structure, were targeted, given the body of evidence 

indicating that their upregulation following antegrade shear stress is in part responsible 

for beneficial vascular endothelial adaptations. Notch1 and HSPG/CD44 were further 

targeted because of their unique substructure that is released into the circulation upon 

activation, compared to the other known mechanosensors (e.g. PECAM-1, integrins), 

where their increased activity is only detectable when measured para or intracellularly.  

However, while the forearm heating increased antegrade shear rate by (270%), it was not 

sufficient to elicit any detectable changes in Notch1 ECD and HSPG/CD44. These 

findings suggest that localized heating of the forearm is likely an insufficient stimulus to 

be considered a practical heat therapy, at least under the lens of mechanotransduction. 
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With CVD on the rise, finding therapies for prevention and management is becoming 

increasingly important. Therefore, two areas of future research would be to determine 

whether heating larger surface areas changes circulating endothelial mechanosensor 

levels and to identify if heat therapy works through alternative methods from shear stress. 
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