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ABSTRACT 
 
 
 

GENETIC POLYMORPHISMS IN SKELETAL MUSCLE METABORECEPTORS ARE 
ASSOCIATED WITH BLOOD PRESSURE RESPONSES TO EXERCISE 

 
 
 

Karambir Notay       Advisor: 
University of Guelph, 2018      Dr. Philip J. Millar 
 
 

 

This thesis examined whether single-nucleotide polymorphisms (SNPs) in genes encoding 

for metaboreceptors present in skeletal muscle afferents can influence responses to 

exercise. Two hundred healthy young participants underwent continuous measurements of 

blood pressure (BP) at baseline and during 2-min of static handgrip and 2-min of serial 

subtraction in a randomized order. Participants were genotyped for SNPs in TRPV1 

(rs222747; G/C), ASIC3 (rs2288645; G/A), BDKRB2 (rs1799722; C/T), PTGER2 (rs17197; 

A/G), and P2RX4 (rs25644; A/G). Exercise systolic BP was lower in GG versus GC/CC 

minor allele carriers for TRPV1 rs222747, while exercise diastolic BP were lower in CC 

versus CT/TT minor allele carriers for BDKRB2 rs1799722. Individuals carrying both 

minor alleles for TRPV1 rs222747 and BDKRB2 rs1799722 had greater systolic and 

diastolic BP responses than those carrying no minor alleles. These findings demonstrate 

that variants in TRPV1 and BDKRB2 receptors can contribute to BP differences during 

static exercise in an additive manner. 
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Chapter 1. Literature Review 
 
1.1 General introduction 
 

Activation of the sympathetic nervous system is critical for the maintenance of blood 

pressure (BP) and matching of cardiac output (CO) to skeletal muscle demand during exercise.1,2 

These increases in central sympathetic outflow arise primarily from feed-forward signals 

originating from higher brain regions related to perception of effort, termed central command,3 

and feedback signals from group III/IV skeletal muscle afferents sensitive to mechanical stretch 

or deformation and chemical stimuli, termed the muscle mechanoreflex and metaboreflex, 

respectively.4,5 An unresolved concept in the literature are the mechanisms responsible for the 

reproducible, yet highly variable, BP responses between individuals during similar intensity 

exercise.6–9 Understanding such variability has clinical implications as exaggerated BP responses 

to exercise are linked to increased risk of future cardiovascular disease and adverse 

cardiovascular events.10–14 

Accumulating evidence demonstrates that genetic influences can contribute to the inter-

individual variability in BP both at rest15–29 and during exercise.8,9,30–42 However, prior studies 

have focused on single nucleotide polymorphisms (SNPs) in genes coding for adrenergic 

receptors, endothelial nitric oxide synthase (eNOS), or renin-angiotensin-aldosterone system 

(RAAS) genes,8,9,30–42 without regard to the afferent stimuli initiating the autonomic nervous 

system response to exercise. At present, the impact of genetic variations in skeletal muscle 

metaboreceptors on the variability in BP responses during exercise is unknown. Functional 

differences in the chemical sensitivity of muscle metaboreceptors could modulate afferent 

feedback to brainstem regions controlling efferent sympathetic and parasympathetic outflow, and 

ultimately BP.43,44 
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1.2 Blood pressure  
 

BP refers to the outward pressure of circulating blood on the vessel lumen, and is 

quantified as systolic BP (maximum pressure during a cardiac cycle), diastolic BP (minimum 

pressure between two cardiac cycles), and mean arterial pressure (MAP) (time-weighted average 

BP during a cardiac cycle). Optimal resting BP is ≤ 120/80 mmHg; however, resting BP can 

exhibit high inter-day variability associated with periods of sleep, activity, and diurnal variations 

in autonomic nervous system activity.45 It is important to acknowledge that resting BP is highly 

variable between individuals,46 and can be influenced by both age and sex.47–50 In general, 

resting BP increases with age,49–51 while women have lower BP than men before the onset of 

menopause, after which BP is similar between sexes or even higher in women.52  

Resting BP is a hallmark cardiovascular risk factor as both chronic hypotension and 

hypertension are associated with increased morbidity and mortality.53,54 In particular, 

hypotension, defined as BP of less than 90/60 mmHg, is a risk factor for fainting, dizziness, and 

shock.55 Meanwhile, hypertension, defined as persistent resting BP over 140/90 mmHg, is a 

major modifiable risk factor for coronary artery disease, stroke, heart failure, atrial fibrillation, 

peripheral vascular disease, and chronic kidney disease.53,54 Additionally, the magnitude of BP 

responses to stress is predictive of future risk of cardiovascular and cerebrovascular disease, even 

those whom are normotensive at rest.10–14 

 

1.2.1 Blood Pressure regulation  
 

Blood pressure is considered the regulated variable of the cardiovascular system. MAP, 

the time-averaged pressure over the cardiac cycle reflecting perfusion pressure, is the product of 

CO and total peripheral resistance (TPR).55,56 CO is the product of heart rate (HR) and stroke 
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volume (SV), both of which can be modified through changes in sympathetic and 

parasympathetic activity, while TPR is primarily regulated through sympathetic 

vasoconstriction.55 BP is tightly regulated around a “set point”, meaning that the continual 

adjustments to CO and/or TPR are being made in an effort to maintain a stable BP.55 This 

regulation of resting BP occurs through a combination of neural and humoural mechanisms 

which occur over both short (seconds-minutes) and long (days-weeks) time scales.57,58 

 

1.2.1.1 Short term blood pressure regulation 
 

The high-pressure arterial baroreflex is the primary mechanism involved in the short-term 

regulation of BP. This closed-loop negative feedback reflex consists of stretch-sensitive 

mechanoreceptors located in the aortic arch and carotid sinus, which relay beat-to-beat 

information regarding pressure-associated mechanical deformations to the brainstem.56,59 In 

general, the arterial baroreceptors can detect a wide range of pressures (~50-150 mmHg),60 and 

the reflex arc demonstrates a hysteresis in the output gain (more sensitive to reductions in 

pressure).61 To exemplify this reflex arc, an increase in BP stretches the baroreceptors resulting 

in increased afferent discharge to the brainstem and a reflexive decrease in sympathetic outflow 

to the heart and peripheral vasculature and/or increased cardiac parasympathetic outflow.62 The 

objective of these actions is to decrease CO and TPR in order to return BP to a homeostatic set 

point.62 Interestingly, arterial baroreflex control of cardiac parasympathetic and peripheral 

sympathetic activity appear to be regulated distinctly and measures of the sensitivity (or gain) of 

these pathways are not interchangeable.63 Similar, low-pressure mechanoreceptors are located in 

the cardiac chambers and great veins and help modulate parasympathetic and sympathetic 

activity to maintain an appropriate cardiac filling pressure.59  
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To demonstrate the impact of the arterial baroreflex on BP regulation, several studies 

have examined the impact of denervation of this afferent feedback to the brain in both animal64–

69 and human models.70–77 In rats, sino-aortic baroreceptor denervation resulted in increases in 

mean BP that were absent in those undergoing sham surgery procedures.64 Further, bilateral 

carotid sinus and aortic arch denervation in dogs65,66 and baboons67 resulted in an increase in 

resting BP and severe hypertensive surges during agitation. In humans, acute unilateral 

denervation in patients leads to elevated BP levels for 5-12 days following section of the 

glossopharengeal nerve.74 In one case study a patient died from fatal hypertension following 

unilateral carotid sinus denervation.75 Additionally, acute bilateral anaesthetic injections in 

regions near the carotid sinuses elevate BP in hypertensive individuals even higher than normal 

levels.72 Moreover, bilateral carotid body resections caused severe hypertension and tachycardia 

in patients.73,76,77 Further evidence to support the role of arterial baroreceptors and BP regulation 

can be seen with electrical stimulation of the nerve, which reduces BP in both animal models78–81 

and in humans.81–83  

 It is important to consider that BP can also be influenced by feedback from peripheral 

chemoreceptors located in the carotid sinus and aortic arch, which detect changes in H+, carbon 

dioxide, PO2 levels, insulin, and angiotensin II.84–87 Stimulation of peripheral chemoreceptors 

leads to increases in ventilation and sympathetic outflow, as well as, parasympathetic 

withdrawal.88 However, this reflex is not normally activated at rest in healthy individuals at sea 

level88 and will not be discussed in detail. 
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1.2.1.2 Long term blood pressure regulation 
 

Briefly, long term (days-weeks) BP regulation is maintained through an interaction of 

hormones and the sympathetic nervous system to maintain blood volume primarily through the 

RAAS and the kidney.55 The kidney plays an important role regulating fluid volume and 

electrolyte composition of plasma to regulate BP.89 In addition to fluid balance by the kidney, the 

sympathetic nervous system can also contribute to the long term maintenance of BP.62,90 Since 

the focus of this thesis is on short term BP mechanisms, the long term BP regulation section was 

kept very brief. For a complete review on the topic refer to 57,90–92.  

 

1.3 Regulation of blood pressure during exercise 
 

As the magnitude, time course, and mechanisms regulating BP during exercise can be 

impacted by the specific mode of exercise,44,93 the present thesis will focus specifically on static 

exercise. Static contraction involve an increase in muscle tension with no corresponding change 

in muscle length.44 In contrast to rhythmic dynamic contractions, a key feature of static exercise 

is that relatively low intensity contractions can increase intramuscular pressure and decrease 

muscle blood flow.44 This has important implications for the recruitment of the muscle 

metaboreflex, to be discussed below. One of the most common isometric exercise modalities 

consists of submaximal static handgrip contractions (i.e., 20-50% of maximal volitional 

contraction [MVC]) completed for a set duration (e.g., 1 to 3 minutes) 6,7,94–100 or until failure.101–

109 When possible, the focus will be on static handgrip exercise completed at 30% of MVC to 

align with the exercise modality utilized in the original thesis research. 
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1.3.1 Neural mechanisms regulating blood pressure and heart rate during static exercise 
 

Static exercise leads to an intensity- and duration-dependent increase in HR, BP, and 

muscle sympathetic nerve activity (MSNA).110,111 Typically, during two minutes of static 

handgrip exercise at 30% MVC, there is a linear increase in BP and HR with the highest values 

occurring at the end of two minutes of contraction.7,111,112 There is also an increase in MSNA 

during the second minute of contraction compared to baseline,111 with variable responses during 

the first minute.113 At the onset of static handgrip exercise, increases in BP are likely due to 

increases in CO facilitated by increases in HR, which is mediated by parasympathetic 

withdrawal.114 While the peak BP response is mediated by both an increase in HR as well as 

increased input from the sympathetic nervous system.114 The neural mechanisms responsible for 

the hemodynamic responses originate primarily from feed-forward signals from higher brain 

regions related to perception of effort (i.e., central command)3 and feedback signals from skeletal 

muscle group III/IV afferents sensitive to mechanical and chemical stimuli, termed the muscle 

mechanoreflex and metaboreflex, respectively (Figure 1).4,5 Collectively, stimulation of these 

reflex arcs during exercise is associated with sympathetic activation and parasympathetic 

withdrawal which mediate the BP and HR responses.44   
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Figure 1. Blood pressure regulation during exercise. Reproduced from Spranger et al 2015.115 

 

1.3.1.1 Central command 
 

Central command,116 originally termed cortical irradiation,3 is defined as descending 

neural signals arising from higher brain regions involved in skeletal muscle motor control that 

elicit a feed-forward influence on cardiovascular responses to exercise.3,117 Central command 

operates independent of actual force production and is dependent on an individual’s perception 

of effort.44 The influence of central command can be difficult to isolate due to the confounding 

influences of peripheral afferent reflexes such as the exercise pressor reflex and baroreflexes.44 

However, several methods have been employed in an attempt to isolate the influence of central 

command on cardiovascular responses during exercise including anticipation response to 

exercise,118 hypnosis,119,120 partial or complete neuromuscular blockade,121,122 passive vs. active 

exercise,123–125 muscle tendon vibration,116 and voluntary vs. electrically evoked contractions.111  
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In these studies, isolation of central command increases BP, HR, and ventilation with 

intensity dependant modifications of MSNA.44 Central command increases HR through 

parasympathetic withdrawal.126 Central command increases BP and HR during the onset of 

exercise, demonstrated with anticipation to exercise.118 Whereas, during steady state exercise, 

central command increases BP and HR, with an intensity dependant influence on MSNA 

demonstrated through studies employing hypnosis,119,120 partial neuromuscular blockade,121 and 

muscle tendon vibration.116  

 

1.3.1.2 Exercise pressor reflex 
  

The term exercise pressor reflex represents collectively the feedback from both stretch-

sensitive mechanoreceptors, termed the muscle mechanoreflex, and chemically-sensitive 

chemoreceptors, termed the muscle metaboreflex.4,5 Such feedback is detected by group III/IV 

afferents in skeletal muscle which project to laminae I and V in the dorsal horn of the spinal 

cord127 and subsequently to the nucleus tractus solitarii, the central site of integration for the 

exercise pressor reflex.128 Group III (Aδ fibers) and group IV fibres (C fibers)129 are both small 

in diameter (<1.5 µm),130 and are thinly myelinated and unmyelinated, respectively.131 In 

general, group III afferents act predominantly as mechanoreceptors (more responsive to 

mechanical stimuli) and group IV afferents act predominantly as metaboreceptors (more 

responsive to chemical stimuli); however, they both can also be polymodal (i.e., act as both 

mechanoreceptors and metaboreceptors).44  

 

1.3.1.2.1 Muscle mechanoreflex  
 

The muscle mechanoreflex is defined as the ascending neural signals arising from 



 
 

 
 

9 

skeletal muscle afferents responding to mechanical deformation of their receptors due to stretch, 

pressure, and strain that contribute to the exercise pressor response.131,132 The muscle 

mechanoreflex is activated at the onset of exercise corresponding to deformation of the 

mechanoreceptors and remain activated throughout a contraction, as metabolites have been 

shown to sensitize them.44 Historically, isolating the muscle mechanoreflex has been difficult 

due to the inability to remove the confounding influences of central command and the 

metaboreflex during voluntary exercise. In humans, prior studies have investigated the muscle 

mechanoreflex using limb compression,133 passive stretching or movement,134–137 low intensity 

exercise,138 and low intensity electrically stimulated exercise.111 In particular, a common mode 

has been to compare the cardiovascular responses of passive movements or electrically 

stimulated contractions with voluntary exercise.  

At the onset of exercise, the mechanoreflex is responsible for increases in HR and small 

increases in MSNA, which leads to the initial increases in BP.44 These changes occur in a tension 

dependent manor during exercise.129,139 During steady state exercise the mechanoreflex remains 

activated due to sensitization of receptors by metabolites and contributes to the BP and MSNA 

responses.44 Animal studies employing passive muscle stretch in felines have shown that the 

mechanoreflex increases HR primarily through decreases in parasympathetic activity.140,141 

Meanwhile in humans, mechanoreflex isolation is more variable as both limb compression142 and 

passive stretch143 were shown to have no influence on HR or BP. In contrast, electrically-evoked 

contractions have been shown to increase HR;144 however, this method does not isolate the 

mechanoreflex from the metaboreflex, as it leads to metabolite production.44 There has been 

some success isolating the mechanoreflex in humans, as both passive exercise or passive stretch 

were shown to increase HR,124,135,136,145  while the direct mechanoreflex contribution to BP 
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responses is less clear. 

The mechanoreflex can increase MSNA in animals,146 and at the onset of an isometric 

quadriceps contractions at 25% MVC in humans.147 Although this response occurs quickly, with 

a latency of 4-6 seconds, the confounding influence of the muscle metaboreflex and central 

command cannot be ignored.44 To account for these confounders, it was shown that the muscle 

mechanoreflex contributed to a slight increase in MSNA during passive dynamic forearm stretch 

with a latency of 1-3 seconds.134 These findings demonstrate that the muscle mechanoreflex may 

have a small but rapid influence on MSNA during the onset of exercise. Muscle mechanoreflex 

influence on MSNA during steady state exercise is limited and conflicting in humans.44  

 

1.3.1.2.2 Muscle metaboreflex 
 

The muscle metaboreflex is defined as the ascending neural signals arising from skeletal 

muscle afferents responding to metabolite turnover or accumulation that contributes to the 

exercise pressor response.4,5 In general, the muscle metaboreflex is not immediately active upon 

commencement of exercise as a result of the need for an adequate time period for metabolite 

production or accumulation by contracting skeletal muscle.111 Due to this phenomenon, it is 

generally believed that the metaboreflex has a minimal influence at the onset of exercise.44 The 

muscle metaboreflex is thought to be isolated by post-exercise ischemia, which traps metabolites 

produced during exercise to interact with chemically sensitive receptors.44,148 This eliminates the 

confounding influence of central command and the mechanoreflex. 

Activation of the muscle metaboreflex during exercise can increase BP through both 

increases in CO and TPR, although the specific modulations are highly variable between 

individuals.6 During post-exercise ischemia, BP and MSNA remain elevated indicating that the 
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metaboreflex is responsible for increasing these measures; however, its influence on HR is more 

controversial as it depends on muscle mass and type of exercise performed.44 HR returns to 

baseline values during post-exercise ischemia following rhythmic or isometric handgrip,149,150 

static leg extension,151 and isometric calf plantar flexion.152 Conversely, HR remains elevated 

above baseline during post-exercise ischemia following rhythmic calf plantar flexion153 and 

cycling with both legs.154 This demonstrates that the influence of the muscle metaboreflex on HR 

is dependent on the limbs (and likely muscle mass) involved during various exercise modalities. 

It is also important to acknowledge that emerging evidence supports the existence of two 

distinct subclasses of chemically sensitive receptors, displaying functional and anatomical 

differences in both animals155–159 and humans.160 One subclass is referred to as be metabo or 

ergoreceptors, which are activated by low innocuous levels of metabolites (i.e., lactate, 

adenosine triphosphate [ATP], and H+), such as those that would occur during freely perfused 

exercise and non-painful contractions.161–163 The second subclass consists of metabonociceptors, 

which are receptors that would be activated by high noxious levels of metabolites such as those 

occurring during ischemic exercise and post-exercise ischemia.43,164 These receptors do not 

respond during normal exercise.43 These findings could contradict the use of post-exercise 

ischemia in order to test these receptors as post-exercise ischemia likely targets 

metabonociceptors and not metaboreceptors activated during exercise.43 These phenotypic 

differences are likely due to differential expression of chemically sensitive receptors found on 

the subclasses.43   
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1.3.1.2.3 Metaboreceptors  
 

Group III and IV afferents possess a similar variety of chemically-sensitive receptors, 

with a higher concentration present in group IV afferents owing to their increased responsiveness 

to metabolic stimuli.43,165 The classes of metaboreceptors include acid sensing ion channels 

(ASICs), transient receptor potential vanilloid 1 (TRPV1), purinergic ligand-gated ion channel 

(P2X) receptors, bradykinin receptor B2 (BDKRB2), and prostaglandin E2 receptors (PTGER2) 

(Figure 2).43,160,166  

 

 

Figure 2. Stimulants of group III/IV skeletal muscle afferents. Reproduced with permission from 
Greaney et al 2014.166 

  

ASICs are a subfamily of the epithelial sodium channel/degenerins superfamily of ion 

channels.167 ASICs are neuronal voltage-insensitive sodium channels activated by extracellular 
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H+.167 There are four ASICs; however, ASIC3 is the predominate channel involved during 

exercise and is highly expressed on skeletal muscle metaboreceptors.164 Lactic acid is a potent 

stimulator of ASICs and several studies in felines support its role in mediating the exercise 

pressor reflex.164 First, lactic acid injected into muscle blood supply increases the activity of 

group III/IV afferents and evokes a pressor response.168 Second, lactate concentrations in the 

muscle interstitium are increased by electrically stimulated contraction.169 Third, blockade of 

ASICs using the antagonist (amiloride or A-317567) attenuates the pressor responses to both 

static muscle contraction and lactic acid injection into arterial blood supply, but not to tendon 

stretch, a mechanical stimulus.170 Finally, in humans, blunting lactic acid production by infusion 

of dichloroacetate decreased BP by 15 mmHg and attenuated the MSNA response to a 20% 

MVC static handgrip contraction to failure versus the control protocol.171  

 TRPV1 channels consist of six trans-membrane domains with a short, pore-forming 

hydrophobic stretch between the fifth and sixth trans-membrane domains.172 TRPV1 channels 

can be activated by capsaicin, noxious heat (>43°C), H+, voltage, and various lipids.172 Injection 

of capsaicin, a selective TRPV1 agonist, has shown to increase BP and HR in dogs.173 

Additionally, these hemodynamic changes occur with the activation of TRPV1 receptors, which 

are found on group IV afferents.128 However, the TRPV1 receptor contribution to the 

metaboreflex portion of exercise pressor response is controversial. In felines, there were no BP 

differences during a contraction before and after infusion of a TRPV1 antagonist,174 while in rats 

infusion of various TRPV1 antagonists attenuated the mean pressor response to a static 

contraction by 5-7 mmHg.175 Further, blockade of TRPV1 receptors attenuates an overactive 

exercise pressor response in hypertensive rats.176 These contradictions in findings could be due to 

differences in species (feline vs. rat). The influence of TRPV1 and its impact on the exercise 



 
 

 
 

14 

pressor response has not been directly studied in humans.128 However, recently in humans it was 

shown that TRPV1 receptors could contribute to the exercise pressor reflex.177 Following 

application of capsaicin to the exercising forearm, BP and MSNA responses during isolated 

metaboreflex activation were attenuated due to desensitization of receptors.177  

 Purinergic 2 (P2) receptors, specifically P2X receptors, are from a family of cation-

permeable ligand gated ion channels which are permeable to sodium, potassium, and calcium.178 

There are seven subtypes of P2X receptors,178 all of which are activated by ATP.164 To 

demonstrate that group III/IV afferents contain P2X receptors, injection of P2X agonist of α,β-

methylene ATP into the arterial supply stimulated the majority of group IV afferents and some 

group III afferents tested in a feline model.179 Moreover, when a P2X antagonist pyridoxal 

phosphate-6-azophenyl-2’,4’-disulfonic acid (PPADS) was infused, there was no stimulation of 

these afferents in the presence of ATP.179 To further investigate, infusion of the selective P2X 

agonist PPADS attenuated the static exercise pressor response in felines; however a P1 

antagonist did not alter the pressor response to exercise.180 Finally, in humans, infusion of a non-

specific P2 receptor agonist (pyridoxine hydrochloride) attenuated the BP and MSNA responses 

during static exercise and post-exercise ischemia compared to saline control.181 

 Bradykinin receptors are G protein coupled receptors that are stimulated by the potent 

vasodilator bradykinin.182 There are two types of bradykinin receptors; B1 and B2.183 Bradykinin 

is a 9 amino acid peptide produced by the kinin-kallikrein system through proteolytic cleavage of 

its kininogen precursor by the enzyme kallikrein.184 Bradykinin acts through BDKRB2 receptors 

located on nerve endings of muscle afferents and not BDKRB1 during static exercise in felines, 

as pressor responses are attenuated following blockade of BDKRB2 and not during blockade of 

BDKRB1.183 In a feline model, electrically stimulated static contractions increased bradykinin 
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levels and the magnitude was greater with accompanying ischemia, H+, and increased lactate.185 

Arterial infusion of bradykinin increased mean BP by 23 mmHg and HR by 11 bpm and these 

responses were abolished by a BDKRB2 specific antagonist (NPC 17731).183 Similarly, 

increases in mean BP and HR during electrically stimulated hind limb static contractions are 

attenuated by 50 and 41%, respectively, by the BDKRB2 specific antagonist (NPC 17731).183  

Prostaglandin E2 (PGE2) receptors are G protein coupled receptors, which are activated 

by PGE2 and to a lesser extent other prostanoids. There are four subtypes of PGE2 receptors 

referred to as PGE2 receptor 1, 2, 3, and 4.186 Prostaglandin receptors have been shown to evoke 

the exercise pressor reflex.164 Arachidonic acid and its cyclooxygenase products increase in 

amount during a static contraction in felines 187,188 and these increases in arachidonic acid and its 

cyclooxygenase products appear to evoke the exercise pressor reflex.164 Moreover, substances 

such as indomethacin, which block cyclooxygenase activity to reduce prostaglandin synthesis, 

have been shown to attenuate BP responses during static contraction in felines.189 And that this 

affects the exercise pressor response on afferent nerve endings and not through local 

vasculature.189 Similar results have been observed in humans during a three minute 30% MVC 

static contraction.190 Additionally, local blockade of prostaglandin synthesis attenuated MSNA 

responses to 30% MVC static contraction191 and to passive stretch of the forearm and hand.192 In 

contrast, following infusion of indomethacin there were no differences in BP compared to a 

placebo control during 40% MVC static handgrip to exhaustion.193 

 

1.3.2 Non-neural mechanisms regulating blood pressure during exercise 

1.3.2.1 Local metabolic vasodilation 
  

Tissue metabolism can control local blood flow and influence tissue energy demand and 
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BP.194 Metabolites produced from contracting muscle travel into the interstitial fluid to resistance 

arterioles and cause local vasodilation.195 Several metabolites influence this, including decreased 

PO2, H+, increased PCO2, adenosine/adenine, potassium ions, histamine, kinins, phosphates, and 

prostaglandins.194,196 These metabolites interact with the sympathetic nervous system whereby 

sympathetic vasoconstriction is overridden by local factors termed functional sympatholysis.197 

The metabolites make the vascular smooth muscle less sensitive to catecholamines.197 More 

recently, it has also been shown that norepinephrine release from sympathetic nerve endings is 

inhibited by certain metabolites termed prejunctional inhibition.196  

 

1.3.2.2 Endothelium-dependent vasodilation 
 

Increases in SV and CO during exercise can increase the release of vasodilator 

substances, such as prostacyclin, endothelial derived hyperpolarizing factor, and nitric oxide, 

from the vascular endothelium.195 The primary stimulant for this release is the increased shear 

stress imposed by red blood cells on the intraluminal artery wall.195 Specific to static handgrip 

exercise, prior work has shown that prostaglandins play a role in metabolic vasodilation in 

humans.198 Following infusion of indomethacin, forearm blood flow was reduced during five 

minutes of 15% MVC static handgrip exercise198 while nitric oxide does not appear to have a 

significant role in the process, as following arterial infusion of NG-monomethyl-L-arginine (nitric 

oxide synthesis blocker) during three minutes of static handgrip exercise blood flow was not 

altered.199 However, the reductions in the blood flow by prostaglandin synthesis inhibitors during 

static handgrip exercise are small.198 This may suggest some redundancy in endothelium-derived 

vasodilators as seen with metabolic vasodilators.2  
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1.3.2.3 Influence of anthropometric variations on pressor responses to exercise  

 1.3.2.3.1 Influence of muscle mass  
 

The effects of muscle mass on the exercise pressor response remains controversial as some 

studies have reported that greater muscle mass does not influence BP responses to 

exercise,110,200–203 while others have shown that more muscle mass causes a greater exercise 

pressor response.204–207 Lind et al showed that muscle mass does not contribute to BP and that 

the pressor responses are dependent on relative intensity of the contraction.110 Several other 

groups have supported this finding.200–203 However, there are others who have demonstrated that 

muscle mass does contribute to BP response to exercise as multi-limb exercise has greater BP 

responses than those with a single limb in felines.204 Further, in humans, when exercising at 40% 

of MVC with fingers (digits II and III), handgrip (forearm), knee extension (knee angle at 90 

degrees) and combined handgrip and knee extension, there were greater pressor responses to 

exercise when more muscle mass was used.207 Seals et al demonstrated this further as they 

showed increased pressor and MSNA responses to 30% MVC static contraction with two hands 

versus the use of one hand.205,206 A limitation to these studies were that they used multiple 

muscle groups which could have a confounding influence on the results and are not just showing 

the effect of one muscle group with varying muscle mass on BP responses to exercise.208 

 

1.3.2.3.2 Influence of absolute tension  
  

The influence of absolute strength on BP response to exercise is also controversial as 

again Lind et al determined it to be independent of absolute tension and concluded that BP 

responses are dependent on the relative intensity of exercise.112 However, it has been shown that 

within participants when comparing the dominant to the non-dominant leg with different 
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absolute strength there are BP differences during leg exercise.209 Recently, we also demonstrated 

that absolute MVC is a determinant of differences in BP and HR responses to exercise as 

controlling for it eliminates BP and HR differences between men and women.7 Additionally, we 

have shown this effect within a sex as the strongest men and women have greater BP and HR 

responses than the weakest men and women, even though they are exercising at the same relative 

intensity.7  

 

1.3.2.3.3 Influence of fiber type distribution  

 Fast twitch muscle fibers produce greater amounts of metabolites compared to slow 

twitch fibers210 and therefore it is assumed that fast twitch fibers would be more potent 

stimulators of the muscle metaboreflex.208 In animals, it has clearly been shown that muscles 

with fast twitch fibers have greater pressor responses than slow twitch fiber muscles.211,212 In 

humans with more heterogeneous fiber type distributions, after controlling for central command 

and muscle blood flow, it has also been shown that muscle fiber type does impact pressor 

responses to exercise in a similar manner; fast twitch fibers contribute to a greater pressor 

response.203,213  

 

1.3.2.3.4 Influence of age and sex  
  

Age influences the hemodynamic regulation to static handgrip. Krzemiński et al showed 

similar increases in BP during static handgrip in young men versus older men; however, the 

regulation of BP is altered.214 As older men had attenuated HR and CO responses, while having 

an augmented total peripheral resistance response compared to young men.214 Sex also 
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contributes to BP responses to static handgrip exercise. During fixed-duration (e.g., 2 - 3 

minutes) 30% MVC static handgrip contractions men consistently demonstrate larger BP 

responses than women.94–98 Whereas, during handgrip time to failure the results are variable as 

BP responses during 20-40% MVC static handgrip exercise in some studies eliminates sex based 

BP differences 102,104,106,108,109 while in other studies this BP difference remains between men and 

women.101,103,105,107 As noted above, we have shown that the effects of sex on BP response to 

static handgrip exercise are eliminated following adjustment for differences in absolute handgrip 

strength. 

 

1.4 Genetics 
  

Genetics refers to the study of heredity and works in a complex combination with 

environmental influences to modify the phenotype of an individual.215 A gene is the basic 

functional unit of heredity composed of deoxyribonucleic acid (DNA)216, which translates 

proteins. DNA is composed of repeating molecules referred to as nucleotides, which attach 

together to form a double helix structure. Each nucleotide is comprised of one of four 

nitrogenous bases (adenine and guanine the purines, and cytosine and thymine the pyrimidines), 

as well as a deoxyribose sugar and phosphate backbone.216 Guanine and cytosine pair with three 

hydrogen bonds, while adenine and thymine pair with two hydrogen bonds.216 DNA is composed 

of coding and non-coding regions. Coding regions are translated into protein. In contrast, non-

coding regions are associated with gene expression regulation and consist of introns, and 5’ and 

3’ untranslated regions (UTR).217 Introns are regions of DNA that are transcribed into pre-

messenger ribonucleic acid (mRNA) but are removed prior to generating mature mRNA.217 They 

assist with gene expression and aid in translation of proteins.217 5’ UTR are located upstream of 
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the coding region on mRNA and assist with protein translation initiation,217 whereas 3’ UTR are 

downstream of the coding region and involved with transcript cleavage, stability, 

polyadenylation, translation, and mRNA localization.217  

An allele describes a particular location within a gene.218 A major allele is the gene form 

occurring with a higher frequency, while a minor allele is the lower/less common occurring gene 

form frequency. Alleles lead to three different combinations of genetic makeup, known as a 

genotype.218 There are 3 different groupings of an allele combination: homozygous wild 

genotype, heterozygous, and homozygous rare genotype.218 This genetic makeup in conjunction 

with environmental factors creates three different phenotypes, which are the observable physical 

or biochemical properties of an organism influencing appearance, development, and 

behaviour.218  

 

1.4.1 DNA mutations 
  

Phenotypic distinctions between individuals are caused by mutations, which are 

permanent alternations in a gene. They can be hereditary, which occur in the germ line and are 

passed from parent to offspring.219 These types of mutations would affect all cells in the body. 

DNA mutations can also be acquired, which occur during a lifetime due to DNA damage from 

mutagens.219 These only occur in certain cells and do not affect every cell in the body. Variations 

that occur in greater than one percent of the population are referred to as polymorphisms.220 

Mutations can occur in non-coding regions, which consists of the intron DNA, the promoter 

region and transcription factor binding sites, and in coding regions which contain the exon DNA 

that code for protein translation.220  
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There are several types of mutations, with the most common being a SNP. These occur 

greater than 80 percent of the time and occur one per one thousand base pairs.221 SNPs are either 

synonymous (do not alter amino acid) or non-synonymous (alter amino acid).222 Several occur in 

non-coding regions of DNA, while others can result in silent mutations, which are synonymous, 

as they do not alter amino acid sequence due to redundancy of the genetic code.220 These 

originally were deemed to have no influence on gene function; however, recently they have been 

shown to alter gene function and can alter phenotypes.220 In contrast, mutations can also be non-

synonymous, which consists of missense, nonsense, and insertion/deletion mutations (i.e., 

change the amino acid composition).219 A missense mutation alters an amino acid, which could 

impact protein function.219 A nonsense mutation would result in premature truncation of a 

protein by replacing an original sequence with a stop codon, leading to an improper functioning 

protein.219 There could also be an insertion/deletion mutation where a base pair or multiple base 

pairs are added or removed respectively.219 These could alter the reading frame of the gene and 

could impact protein function.219 Several SNPs can have no effect on health or disease, while 

others can help predict responses to certain substances (drugs or environmental toxins) and 

predict disease development such as heart disease and cancer.222 

 

1.4.2 Influence of genetics on resting blood pressure  
 

Resting BP is highly heritable, influenced by over 1,500 genes, and subject to many gene 

variants with small effect sizes contributing to large inter-individual variability.223 It is estimated 

that 30-50% of resting BP levels can be attributed to genetic factors.15 Twin studies have shown 

that both systolic and diastolic BP levels are ~50-60% heritable,224–227 and there is greater 

heritability amongst monozygotic twins than dizygotic.228 Furthermore, BP concordance is 
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greater amongst biological siblings than in adopted siblings living in the same home.229,230 

Similarly, resting HR levels are also estimated to be ~40% heritable.16 The heritability of BP also 

influences your risk of developing hypertension, as individuals with one or more hypertensive 

parents are more likely to develop hypertension and at an earlier age than those with 

normotensive parents.231,232 It is therefore important to understand the influence of genes on 

inter-individual variability of BP. 

 

1.4.3 Influence of single nucleotide polymorphisms on resting blood pressure  
  

Several studies have investigated the influence of various SNPs on the inter-individual 

variability of resting BP and HR.15–29 SNPs related to β115,16,18,19 and β219,20 adrenergic receptors 

have both been shown to effect resting systolic and diastolic BP, as well as HR. Additional work 

has identified SNPs in the angiotensinogen, tumour necrosis factor, nitric oxide synthase, and 

endothelin 1 genes to be capable of influencing resting BP.21–29 

 

1.4.4 Influence of single nucleotide polymorphisms on blood pressure during exercise  
  

The influence of SNPs on BP during exercise has been less studied, with the available 

literature focused on genetic variations in genes encoding for adrenergic receptors, RAAS genes, 

and endothelium derived nitric oxide.8,9,30–42 The majority of studies have focused on dynamic 

treadmill or cycling exercise,8,9,30,33,34,36,38–42 with a few examining static handgrip 

exercise.31,32,35,37  

From these available studies, briefly, during dynamic exercise, it was shown that SNPs in 

adrenergic receptors,8,9,30,34,41 eNOS,8,33,36,38 or RAAS genes9,39 contributed to BP, hemodynamic, 
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or autonomic responses. There have also been studies that have shown no influence of specific 

SNPs in adrenergic receptors, eNOS, or RAAS genes on BP, hemodynamic, or autonomic 

responses to dynamic exercise.40,42   

There is limited research investigating SNPs and their influence on BP or hemodynamic 

responses to static handgrip exercise.31,32,35,37 In a small sample size (n=31) of healthy, 

normotensive, and primarily Caucasian individuals during 40% static handgrip exercise to 

fatigue, Eisenach et al reported that a SNP in the β2-adrenergic receptor gene is associated with 

peak exercise HR but not MAP.31 Furthermore, Ueno et al in a small population (n=97) of 

normotensive obese women demonstrated that homozygous minor allele carriers for a SNP in the 

α2B-adrenergic receptor had diminished receptor autonomic responsiveness to three minutes of 

30% MVC static handgrip exercise.35 These women had altered cardiac sympathetic and vagal 

functions in response to static handgrip exercise.35 Additionally, Nunes et al in a larger cohort 

(n=689) demonstrated that the homozygous minor allele for a SNP in eNOS in women and the 

homozygous minor allele for a SNP in adrenergic receptor α2B in men was associated with 

contralateral forearm vascular conductance during a three minute 30% MVC static handgrip 

exercise.32 Finally, Dias et al in a small cohort (n=33) showed that homozygous minor allele 

carriers for a SNP in eNOS had attenuated vasodilatation in the non-exercising forearm during 

three minutes of 30% MVC static handgrip exercise.37 

Unfortunately, these studies have focused on SNPs in genes encoding for adrenergic 

receptors (i.e., related to the vascular transduction of efferent sympathetic outflow), or eNOS and 

RAAS genes (i.e., relating to the vasodilator and vasoconstrictor influences on vascular smooth 

muscle).8,9,30–42 As a result, these studies have not acknowledged the influence of afferent 

feedback on the regulation of BP responses to exercise. As signals arising from muscle afferents 
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determine the autonomic nervous system outflow response4,5 and neglecting this feedback 

mechanism could confound the results of studies. The influence of genetic variations of 

metabolically sensitive afferent receptors is unknown, and functional differences in the chemical 

sensitivity of muscle metaboreceptors could modulate afferent feedback to brainstem regions 

controlling efferent sympathetic and parasympathetic outflow, and ultimately BP.43,44  
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Chapter 2. Purpose and Hypothesis 
 
2.1 Rationale  
 

While it is known that BP responses to exercise demonstrate high inter-individual 

variability.7–9 The mechanisms responsible for this variability in exercise pressor responses 

remain unclear. It has been demonstrated that genetic influences can contribute to the variability 

in BP responses to exercise; however, most of the research has focused on SNPs in genes 

encoding for adrenergic receptors, eNOS, or components of the RAAS.8,9,30–42 It is unknown 

whether variations in metabolically-sensitive receptors found in skeletal muscle group III/IV 

afferents can contribute to the variability in BP responses to exercise. Given that afferent 

feedback, particularly the metaboreflex during static handgrip exercise dictates the efferent 

sympathetic response.4,5 Functional dissimilarities in the chemical sensitivity of muscle 

metaboreceptors could modify afferent feedback to brainstem regions controlling efferent 

sympathetic and parasympathetic outflow, and ultimately BP.233 
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2.2 Research objectives  
 

Primary research objective: To determine the effects of genetic polymorphisms in genes 

encoding for metabolically-sensitive receptors present in group III/IV skeletal muscle afferents 

on BP responses during static handgrip exercise.  

 

 

2.3 Hypothesis 
 

Primary hypothesis: I hypothesized that genetic polymorphisms in metabolically-sensitive 

receptors found in skeletal muscle would contribute to the inter-individual variability observed in 

BP responses to static handgrip exercise but not mental stress (internal control).  
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2.4 Individual contributions 
 

I was responsible for attaining ethics approval, recruiting participants, screening and 

consenting potential participants, acquiring, analyzing and interpreting data, and writing any 

abstracts and manuscripts associated with the thesis project. Of note, Shannon Klingel performed 

DNA extractions on 90 of the participants using venous blood samples whereas I performed the 

remaining 110 DNA extractions on saliva samples.  
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The present thesis is presented in manuscript format  
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Chapter 3. Manuscript 
 

3.1 Abstract 
 

BP responses to exercise demonstrate high inter-individual variability, which could relate 

to differences in mechanically- or metabolically-sensitive afferent feedback from the exercising 

muscle. We hypothesized that SNPs in genes encoding for metaboreceptors present in group 

III/IV skeletal muscle afferents can influence the exercise pressor response. Two hundred 

healthy young men and women underwent continuous measurements of BP and HR at baseline 

and during 2-min of static handgrip (30% of maximal volitional contraction) and 2-min of mental 

stress (serial subtraction) in a randomized order. Participants were genotyped for SNPs in TRPV1 

(rs222747; G/C), ASIC3 (rs2288645; G/A), BDKRB2 (rs1799722; C/T), PTGER2 (rs17197; 

A/G), and P2RX4 (rs25644; A/G). Exercise systolic BP (19±10 vs. 22±10 mmHg, P=0.03) was 

lower in GG versus GC/CC minor allele carriers for TRPV1 rs222747, while exercise diastolic 

BP (14±7 vs. 17±7mmHg, P=0.007) and heart rate (12±8 vs. 15±9 beats/min, P=0.03) were 

lower in CC versus CT/TT minor allele carriers for BDKRB2 rs1799722. Individuals carrying 

both minor alleles for TRPV1 rs222747 and BDKRB2 rs1799722 had greater systolic (22±11 vs. 

17±10 mmHg, P=0.01) and diastolic (18±7 vs. 14±7 mmHg, P=0.004) BP responses than those 

carrying no minor alleles. No differences in BP or HR responses were detected during static 

handgrip with ASIC3 rs2288645, PTGER2 rs17197, or P2RX4 rs25644; none of the selected 

SNPs were associated with differences during serial subtraction. These findings demonstrate that 

variants in TRPV1 and BDKRB2 receptors can contribute to BP differences during static exercise 

in an additive manner. 
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3.2 Introduction 
 

BP responses to exercise demonstrate high inter-individual variability,7–9 with 

exaggerated responses linked to an increased risk of future hypertension and cardiovascular 

mortality.10–12,14 The mechanisms responsible for this variability in exercise pressor responses are 

unclear. Activation of the sympathetic nervous system is critical for the maintenance of 

exercising BP and matching of CO to skeletal muscle demand,1 with accentuated sympathetic 

vasoconstriction considered a mechanism for a hypertensive response to exercise.234 During 

exercise, increases in sympathetic outflow occur primarily from feed-forward signals from 

higher brain regions related to perception of effort (i.e., central command) and feedback signals 

from group III/IV skeletal muscle afferents sensitive to stretch and chemical stimuli, termed the 

muscle mechanoreflex and metaboreflex, respectively.44 Stimulation of the muscle metaboreflex 

is known to potently activate the sympathetic nervous system,111 and its over-activation is 

implicated in mediating larger BP responses during exercise in patients with hypertension.166,235  

Evidence suggests that genetic influences can contribute to the variability in BP 

responses to exercise; however, to date, most research has focused on SNPs in genes encoding 

for adrenergic receptors (i.e., related to the vascular transduction of efferent sympathetic 

outflow), endothelial nitric oxide synthase, or components of the renin-angiotensin-aldosterone 

system.8,9,30–32 Whether genetic variations in metabolically-sensitive receptors found in skeletal 

muscle group III/IV afferents contribute to the variability in BP responses to exercise is 

unknown. Functional differences in the chemical sensitivity of muscle metaboreceptors could 

modulate afferent feedback to brainstem regions controlling efferent sympathetic and 

parasympathetic outflow, and ultimately BP.233 Prior work has shown that group III/IV skeletal 

muscle afferents respond to a wide array of metabolic stimuli, and can contain acid sensing ion 
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channel (ASIC), transient receptor potential vanilloid 1 (TRPV1), prostaglandin E2 (PTGER2), 

purinergic P2X (P2RX) and bradykinin B2 (BDKRB2) receptors.166 Each of these genes 

possesses SNPs with common genetic variants (i.e., minor allele frequencies > 10%).   

The primary purpose of this study was to determine the effects of genetic variants in 

genes encoding for metabolically-sensitive receptors, present in group III/IV skeletal muscle 

afferents, on BP responses during static handgrip exercise. This exercise mode was selected 

based on the large body of evidence that BP responses to static handgrip exercise are tightly 

linked to activation of the muscle metaboreflex.111,235 As many of the metaboreceptors found in 

group III/IV afferents are not selective to skeletal muscle,236–240 BP responses were also 

measured during a mental stress serial subtraction task to serve as an internal control (i.e., a 

stimulus that increases BP without feedback from group III/IV afferents). We hypothesized that 

genetic variants in metabolically-sensitive receptors found in skeletal muscle would contribute to 

the high inter-individual variability observed in BP responses to static handgrip exercise but not 

mental stress.  

 

3.3 Methods 

3.3.1 Participants  
 

Two hundred young healthy recreationally active men (n=91) and women (n=109) 

participated in the study after providing informed written consent between January 2017 - 

February 2018. All female participants were studied during the early follicular phase (between 

days 1-5) of the menstrual cycle and self-reported that they had a regular 28-day menstrual cycle. 

All participants were free of known cardiovascular or metabolic disease, and did not consume 

any chronic medications other than oral contraception (n=47). The University of Guelph 
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Research Ethics Board approved all procedures. A portion of the static handgrip blood pressure 

data from this study has been used previously to address an unrelated hypothesis.7  

	  

3.3.2 Experimental protocol  
 

The study consisted of a randomized crossover design examining BP responses to static 

handgrip exercise and mental stress. All participants underwent a familiarization visit to describe 

all aspects of the study protocol and a single testing visit. Prior to the testing visit participants 

were asked to refrain from caffeine, alcohol, and vigorous exercise for a minimum of 24 hours, 

and food or fluids for 1 hour. Participants were studied in a light and temperature controlled 

laboratory. Following voiding and collection of anthropometric measurements, participants were 

positioned upright on a comfortable chair with their feet supported on an ottoman. Participants 

were asked to execute two maximal handgrip contractions (Lafayette Instrument, Lafayette, LA) 

in their left hand to determine maximal voluntary contraction (MVC); 16 participants were left-

handed and performed a left-hand contraction during the static handgrip protocol (7 men; 9 

women). Each contraction lasted ~3 seconds and were separated by at least 30 seconds of rest. 

The highest value was taken as MVC.7  

 Next, participants were given 10 minutes of rest, after which continuous measures of HR 

and BP, as well as discrete minute-to-minute brachial BP, were collected simultaneously over a 5 

minute resting baseline period. Following this baseline period, participants were randomized to 

begin collection during either the static handgrip or mental stress protocol, a minimum of 10 

minutes rest was provided between the two stressors to ensure that all cardiovascular measures 

returned to baseline values.125 Continuous measurements of HR and BP were collected 

throughout both stressors. During the static handgrip protocol, participants completed a 2 minute 
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resting baseline and a 2 minute static handgrip contraction at 30% MVC. During the mental 

stress task, participants were randomly assigned to subtract 11 or 13 from a 3 or 4 digit number, 

with a new number appearing every 5 seconds for a total of 24 numbers. The same 24 numbers 

were used for all participants. Answers were monitored to ensure correctness and that effort was 

given during the test; however, no verbal feedback was given to participants regarding 

correctness. Encouragement was also given to ensure participants continued to answer questions.        

 

3.3.3 Measurements 
 

Electrocardiography (Lead II) was used to continuously obtain beat-to-beat HR 

(ADInstruments Pty Ltd, Australia). Respiratory movements were monitored to ensure 

spontaneous breathing using a piezoelectric transducer positioned around the abdomen 

(Pneumotrace II, UFA, Morro Bay, CA). To attain accurate recordings of blood pressure at rest, 

discrete left brachial blood pressure was logged on a minute-to-minute basis using an automated 

sphygmomanometer (BPTru Medical Devices, Coquitlam, Canada). A total of 6 discrete 

readings were taken with the average of the last five recordings used for analysis. Both medium 

(cuff dimensions: 12 x 23cm; n=132) and large (cuff dimensions: 15 x 33cm; n=68) sized BP 

cuffs were used depending on the participants arm circumference. Continuous beat-to-beat BP 

was recorded from the right middle finger using photoelectric plethysmography (Finometer 

MIDI, Finapres Inc, Netherlands) to monitor hemodynamic responses during exercise and mental 

stress. Small (cuff fit: 45-55mm; n=27), medium (cuff fit: 55-65mm; n=139), and large (cuff fit: 

65-75mm; n=34) sized finger cuffs were used depending on the participant’s middle finger 

circumference. All continuous data was digitized and stored with LabChart (PowerLab, 

ADInstruments, Colorado Springs, CO). HR, respiration, and BP were recorded at a sampling 
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frequency of 1000 Hz. 

 

3.3.4 Polymorphism Genotyping  

The five candidate SNPs were chosen based on prior literature demonstrating associations 

with differences in BP at rest,236 investigated for differences in pulse pressure,240 higher 

prevalence in hypertensive populations,238,239 or alterations in receptor structure or sensitivity.241 

All SNPs had a minor allele frequency (MAF) > 10% in a European population according to 

dbSNP (https://www.ncbi.nlm.nih.gov/projects/SNP/). Deoxyribonucleic acid (DNA) was 

extracted from either venous blood (n=90) or saliva (n=110), as previously described.242 Briefly, 

2 mL of saliva was collected in an Oragene DNA collection kit and DNA was extracted 

according to manufacturer’s instructions (DNA Genotek, Ottawa, ON, Canada). For venous 

blood, DNA was extracted using the Qiagen Paxgene Blood DNA kit, according to manufacturer 

instructions (Qiagen, Toronto, ON, Canada).242 Participants were genotyped for SNPs in TRPV1 

(rs222747; G/C; MAF: 0.32), ASIC3 (rs2288645; G/A; MAF: 0.20), BDKRB2 (rs1799722; C/T; 

MAF: 0.43), P2RX4 (rs25644; A/G; MAF: 0.16), and PTGER2 (rs17197; A/G; MAF: 0.22) 

using the Sequenom MassArray platform at SickKid’s Centre for Applied Genomics (Toronto, 

ON, Canada).242 Five DNA samples were randomly selected for replication and 100% 

concordance was achieved. Three quality control samples were also run and had 100% 

agreement.  

 

3.3.5 Data and Statistical analysis 

HR and BP measurements were averaged over a two minute resting baseline and during 
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the second minute of static handgrip exercise and mental stress. The change (∆) from baseline 

was calculated for statistical analysis. The coefficients of variation were calculated to measure 

the absolute variability of BP and HR responses during static handgrip exercise. All 

hemodynamic data were collected and analyzed prior to obtaining genotyping results (i.e., blind 

to group allocation). 

Statistical analyses were performed using IBM SPSS Statistics 25 (Armonk, NY) and 

GraphPad Prism (GraphPad Software, La Jolla, CA). Deviations from Hardy-Weinberg 

equilibrium were tested for each SNP using the χ2 test. Due to the low number of homozygote 

minor alleles for most SNPs, we combined heterozygous and minor homozygous subjects into a 

single group called “minor allele carriers” for each SNP.242 Thus, associations between genes 

and study endpoints were investigated using a dominant genetic model (i.e., MM vs. Mm+mm). 

BP and HR responses between genotype groups were compared using a one-way analysis of 

covariance (ANCOVA). Age and sex were used as covariates for the comparison of resting 

baseline values and mental stress responses, while age, sex, and MVC7 were used as covariates 

during static handgrip exercise. To assess genetic risk scores, individuals were split into three 

groups, labeled as 0, 1, or 2, according to the number of minor alleles they were carrying for the 

TRPV1 rs222747 and BDKRB2 rs1799722 SNPs. Group 0 was comprised of individuals carrying 

no minor alleles, group 1 comprised individuals carrying one minor allele (irrespective of the 

gene), and group 2 comprised individuals carrying both minor alleles. BP and HR responses 

between genetic risk score groups were compared with an ANCOVA, using age, sex, and MVC7 

as covariates. Significant main effects between genetic risk score groups were probed using a 

Fisher’s least significance difference post hoc test. Significance was considered P<0.05. Data 

presented as mean ± SD, unless otherwise stated.    
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3.4 Results 
 

Complete BP, HR, and genotype data was obtained in 200 participants with no adverse 

effects. Resting baseline characteristics of the cohort are presented in Table 1. All of the 

investigated SNPs were in Hardy-Weinberg equilibrium (P>0.05). 

 

Table 1. Participant baseline characteristics.  

 

Characteristic                      Mean ± SD   Range 
  Sex (Male/Female)     91/109       --                 
  Age (years)      22 ± 3    18 – 30 
  Height (cm)                                    171 ± 9                       147 – 196 
  Weight (kg)       69 ± 13   41 – 124   
  Body mass index (kg/m2)     23 ± 3    17 – 35   
  Heart rate (bpm)      67 ± 11   44 – 101  
  Systolic blood pressure (mmHg)                           104 ± 8               83 – 133  
  Diastolic blood pressure (mmHg)         66 ± 7    50 – 87           
  Maximal volitional contraction (kg)     36 ± 13   13 – 79             
 

 

As expected, all participants experienced increases in both systolic and diastolic BP 

during static handgrip exercise. Similarly, the majority of participants also had an increase in HR 

with the exception of three individuals who had a slight decrease (removal of these participants 

did not impact the results). There was no effect of testing order on any variable (P>0.05). Figure 

3 displays the distributions and coefficient of variations for changes in BP and HR with static 

exercise.  
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Figure 3. Distributions and coefficients of variation (CV) for changes in systolic blood pressure 
(A), diastolic blood pressure (B), and heart rate (C) during static handgrip exercise. 
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3.4.1 TRPV1 rs222747 
 

No baseline characteristics were significantly different between major (GG) and minor 

(CC + CG) allele carriers. Systolic BP responses were smaller in GG versus CC + CG 

individuals during static handgrip exercise (19 ± 10 vs. 22 ± 10 mmHg, P=0.03), but not mental 

stress (14 ± 9 vs. 14 ± 12 mmHg, P=0.94) (Figure 4). Diastolic BP responses were not 

significantly different between GG versus CC + CG individuals during static handgrip exercise 

(16 ± 7 vs. 17 ± 7 mmHg, P=0.15) or mental stress (10 ± 6 vs. 9 ± 5 mmHg, P=0.14). A trend for 

smaller HR responses to static handgrip exercise was found in GG compared to CC + CG (13 ± 8 

vs. 15 ± 9 beats/min, P=0.09) but not during mental stress (9 ± 9 vs. 9 ± 9 beats/min, P=0.95).  
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Figure 4. Mean changes (Δ) in systolic blood pressure (A), diastolic blood pressure (B), and 
heart rate (C) during the second minute of static handgrip exercise (left) and mental stress (right) 
in TRPV1 rs222747 between GG (n=96) and CC + CG (n=104) allele carriers. Mean ± SEM. P 
values adjusted for age, sex, and/or maximal volitional contraction.  
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3.4.2 BDKRB2 rs1799722 
 

Baseline diastolic BP was higher in major (CC) allele carriers than minor (CT + TT) (67 

± 8 vs. 65 ± 6 mmHg, P=0.02); however, all other characteristics were not significantly different 

between groups (All, P>0.05). Adjusting for this small baseline difference in diastolic BP did not 

alter the results during static handgrip exercise or mental stress data. Systolic BP responses were 

not different between CC and CT + TT individuals during static handgrip exercise (19 ± 9 vs. 21 

± 10 mmHg, P=0.16) or mental stress (15 ± 11 vs. 14 ± 11 mmHg, P=0.46). In contrast, CC had 

smaller diastolic BP and HR responses during static handgrip exercise than CC + CT (14 ± 7 vs. 

17 ± 7 mmHg, P=0.007; and 12 ± 8 vs. 15 ± 9 beats/min, P=0.03, respectively) but not mental 

stress (10 ± 6 vs. 10 ± 5 mmHg, P=0.98; and 9 ± 10 vs. 8 ± 8 beats/min, P=0.61, respectively) 

(Figure 5).  
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Figure 5. Mean changes (Δ) in systolic blood pressure (A), diastolic blood pressure (B), and 
heart rate (C) during the second minute of static handgrip exercise (left) and mental stress (right) 
in BDKRB2 rs222747 between CC (n=65) and CT + TT (n=135) allele carriers. Mean ± SEM. P 
values adjusted for age, sex, and/or maximal volitional contraction.  
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3.4.3 PTGER2 rs17197 
 

Baseline HR was lower in major (AA) allele carriers than minor (AG + GG) (66 ± 11 vs. 

69 ± 11 beats/min, P=0.01), though all other characteristics were not significantly different 

between groups (all, P>0.05). All BP and HR responses were not significantly different between 

AA and AG + GG individuals during both static handgrip exercise and mental stress (Table 2).  

 

3.4.4 ASIC3 rs2288645 
 

All baseline characteristics were not significantly different between major (GG) and 

minor (AA + AG) allele carrier groups (all, P>0.05), as were all BP and HR responses to static 

handgrip exercise and mental stress (Table 2).  

 

3.4.5 P2RX4 rs25644 
 

All baseline characteristics were similar between major (AA) and minor (AG + GG) 

allele carrier groups (all, P>0.05), as were all BP and HR responses to static handgrip exercise 

and mental stress (Table 2).  
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Table 2. PTGER2 rs17197, ASIC3 rs2288645, and P2RX4 rs25644 polymorphisms on BP and 
heart rate responses to static handgrip exercise and mental stress. 

  

______________________________________________________________________________ 
Variable     Major    Minor      p-value     
PTGER2 rs17197          (n=125)   (n=75)      
         

Static handgrip exercise 
   Systolic blood pressure (mmHg)         21 ± 10   19 ± 9        0.66   
   Diastolic blood pressure (mmHg)         17 ± 7   15 ± 7        0.78    
   Heart rate (bpm)           15 ± 9   13 ± 8        0.80    
 

Mental stress 
   Systolic blood pressure (mmHg)         15 ± 11                13 ± 10       0.56    
   Diastolic blood pressure (mmHg)         10 ± 6    9 ± 5        0.70    
   Heart rate (bpm)           10 ± 9    7 ± 9        0.10   
______________________________________________________________________________ 
ASIC3 rs2288645                (n=132)   (n=68)      
        

Static handgrip exercise 
   Systolic blood pressure (mmHg)        20 ± 10   21 ± 11       0.69   
   Diastolic blood pressure (mmHg)        16 ± 7    17 ± 7        0.34    
   Heart rate (bpm)          14 ± 9    14 ± 8        0.76      
                

Mental stress 
   Systolic blood pressure (mmHg)        14 ± 10             16 ± 12       0.20   
   Diastolic blood pressure (mmHg)        10 ± 6               10 ± 6       0.37   
   Heart rate (bpm)            9 ± 9                 8 ± 9       0.50   
______________________________________________________________________________ 
P2RX4 rs25644               (n=142)   (n=58)     
        

Static handgrip exercise 
   Systolic blood pressure (mmHg)        20 ± 10   20 ± 10       0.77   
   Diastolic blood pressure (mmHg)        16 ± 7    16 ± 7        0.76    
   Heart rate (bpm)          14 ± 9    13 ± 8        0.71 
 

Mental stress 
   Systolic blood pressure (mmHg)        14 ± 10             15 ± 12       0.25   
   Diastolic blood pressure (mmHg)        10 ± 6               10 ± 6       0.10   
   Heart rate (bpm)            9 ± 8                 8 ± 10       0.40 
    
 

Mean ± SD 
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3.4.6 TRPV1 rs222747 – BDKRB2 rs1799722 Genetic Risk Score 
 

As shown in Figure 6, individuals carrying both minor alleles (group 2) had larger 

systolic BP responses during static handgrip exercise than individuals carrying no minor alleles 

(group 0) (22 ± 11 vs. 17 ± 10 mmHg, P=0.01). Differences between group 2 and those carrying 

one minor allele (group 1) (22 ± 11 vs. 20 ± 9 mmHg, P=0.15) or between group 1 and group 0 

(20 ± 9 vs. 17 ± 10 mmHg, P=0.16) did not reach statistical significance. Diastolic BP responses 

during static handgrip exercise were larger in group 2 vs. group 0 (18 ± 7 vs. 14 ± 7 mmHg, 

P=0.004) and between group 1 vs. group 0 (16 ± 6 vs. 14 ± 7 mmHg, P=0.03). No differences 

were found between group 2 vs. group 1 (18 ± 7 vs. 16 ± 6 mmHg, P=0.32). HR responses 

during static handgrip exercise were larger in group 2 vs. group 1 (16 ± 10 vs. 12 ± 8 beats/min, 

P=0.01) and group 0 (16 ± 10 vs. 13 ± 9 beats/min, P=0.02). No differences were observed 

between group 1 vs. group 0 (13 ± 9 vs. 12 ± 8 beats/min, P=0.50). All BP and HR responses 

were not significantly different (all P>0.05) between groups during mental stress (data not 

shown). 
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Figure 6. Mean changes (Δ) in systolic blood pressure (A), diastolic blood pressure (B), and 
heart rate (C) during the second minute of static handgrip exercise investigating genetic risk 
scores between TRPV1 rs222747 and BDKRB2 rs222747. Genetic risk score of 0 (n=34) contains 
individuals carrying no minor alleles, 1 (n=91) contains individuals carrying one minor allele, 
and 2 (n=75) contains individuals carrying both minor alleles. Mean ± SEM. P values adjusted 
for age, sex, and maximal volitional contraction.  
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3.5 Discussion 
 

The feedback of group III/IV skeletal muscle afferents is critical to maintaining the 

appropriate hemodynamic response during exercise.243 The present study sought to investigate 

the influence of genetic variants in metabolically-sensitive receptors found in skeletal muscle 

afferents on BP responses to exercise. In support of our hypothesis, we observed that minor 

allele carriers of both TRPV1 rs222747 and BDKRB2 rs1799722 were associated with larger BP 

and/or HR responses during static handgrip exercise but not our internal control mental stress 

task. Although independently these relative changes were small (≤ 3 mmHg), the combination of 

these polymorphisms resulted in a ~22-23% greater difference in systolic and diastolic BP 

responses (4-5 mmHg) between individuals carrying both minor alleles than individuals carrying 

no minor alleles. No differences in hemodynamic responses during exercise or mental stress 

were detected for PTGER2 rs17197, ASIC3 rs2288645, or P2RX4 rs25644. These results 

demonstrate that genetic variants in skeletal muscle metaboreceptors can independently and 

synergistically influence the magnitude of the BP response to exercise. 

   The exercise pressor reflex is known to consist of mechanically- and metabolically-

sensitive afferents, which relate primarily to group III and IV afferents, respectively.44 The 

contribution of this reflex is well-studied and activation of the muscle metaboreflex is known to 

be a potent stimulator of sympathetic vasoconstrictor outflow and BP responses.111 A large 

number of studies, primarily in animal models,168,170,174–176,183,185,187–189,244 have sought to identify 

the roles of specific metabolites on engaging the exercise pressor reflex, focusing specifically on 

stimuli to TRPV1, BDKRB2, ASIC, P2RX4, and PTGER2 receptor pathways.166  

Direct data investigating the role of TRPV1 receptors on the exercise pressor reflex in 

humans is limited. Recently, topical forearm application of capsaicin (a selective TRPV1 
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agonist172) was shown to attenuate BP and muscle sympathetic responses during post-handgrip 

exercise circulatory occlusion (i.e., isolated muscle metaboreflex activation), hypothesized to be 

due to desensitization of TRPV1 receptors.177 Animal data from rats demonstrated that infusion 

of a TRPV1 antagonist attenuates the mean BP and HR responses to a static contraction by 7 

mmHg and 2 beats/min, respectively, through a metabolic, not mechanical, pathway.175 Further, 

blockade of TRPV1 receptors attenuates the overactive exercise pressor response in hypertensive 

rats.176 The present results support a role for TRPV1 in mediating the pressor responses to 

exercise in humans and demonstrate that the TRPV1 rs222747 polymorphism contributes to the 

BP response to static handgrip exercise, with larger systolic BP responses seen in CC + GC 

individuals. We did not investigate the functional consequences of TRPV1 rs222747 variants; 

however, in line with our findings, prior ex vivo culture work in human embryonic kidney cells 

transfected with plasmids containing cDNA encoding TRPV1 or TRPV1 mutants has suggested 

that the C allele can be associated with increased calcium permeation and gain-of-function in 

response to acid or capsaicin.241  

A role for bradykinin as a metabolic stimulator of the exercise pressor reflex was 

postulated based on evidence that skeletal muscle contraction is associated with the release of 

bradykinin.245 Despite its known role as a vasodilator and potential regulator of exercise-induced 

hypereamia,246 bradykinin can also stimulate group III/IV afferents, particularly at high 

intensities.183,185 Although data is limited in humans, BDKRB2 antagonism in felines attenuates 

the BP and HR during a 30-s electrically-stimulated static hind limb contraction by ~41-50%.183 

The present results support a role of bradykinin in activating the exercise pressor reflex and 

demonstrate that BDKRB2 rs1799722 CT + TT individuals have greater diastolic BP and HR 

responses during static handgrip exercise in comparison to major CC carriers. Interestingly, prior 
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work has reported that the influence of rs1799722 on resting BP may be influenced by race, as 

hypertensive African-Americans, but not Greek-Caucasians or American-Caucasians, are 

associated with a higher frequency of the C allele than normotensive controls.239 The present 

cohort consisted almost exclusively of non-Hispanic Caucasians with only five Hispanic and 

three black participants.  

 ASIC receptors have both been shown to contribute to the exercise pressor reflex as 

blunting lactic acid production during 20% MVC static handgrip exercise to failure decreases 

sympathetic and BP responses.171 However, it should be noted that the attenuated BP responses 

were observed primarily in the fourth to fifth minute of exercise immediately prior to fatigue.171 

Thus, our 2 min 30% MVC static handgrip contraction may have been insufficient to activate 

this pathway. Similarly, systemic blockade of prostaglandin synthesis can attenuate mean BP and 

HR during the third minute of a 30% MVC static handgrip contraction,190 while local blockade 

can attenuate the muscle sympathetic response prior to 30% MVC static contraction failure.191 

However, not all work is consistent as prostaglandin blockade did not impact BP during a 40% 

MVC static handgrip to exhaustion.193 Again, it should be noted that prostaglandin accumulation 

during static exercise is greatest during high-intensity or ischemic exercise188 and thus may not 

have been activated by our exercise protocol. Finally, P2RX receptors have been shown to 

contribute to the exercise pressor reflex in humans as infusion of a non-specific P2 receptor 

agonist (pyridoxine hydrochloride) attenuates BP responses to a 30% MVC static handgrip 

contraction to failure.181 Again, this was seen in a static handgrip exercise response to failure and 

our protocol may have been insufficient to activate this pathway. Future work is required to 

establish the role of ASIC, P2RX4, and PTGER2 polymorphisms using different exercise 

paradigms of varying intensity and contraction duration.   
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Prior investigations focusing on the contributions of genetic variations to the variability 

in BP responses to exercise have focused primarily on polymorphisms in genes related to 

adrenergic and renin-angiotensin-aldosterone system receptors.8,9,30–32 However, while these 

results have demonstrated that such variants can influence pressor responses to exercise, they 

may be confounded by not controlling for potential differences in the underlying regulation of 

central sympathetic outflow. Afferent signals arising from skeletal muscle provide important 

feedback to the brainstem to maintain necessary BP and HR responses during exercise.243 

Herein, we have demonstrated that TRPV1 rs222747 and BDKRB2 rs1799722 polymorphisms 

can influence the hemodynamic responses to exercise but not mental stress. The modest effects 

of these variants on BP and HR during exercise are not surprising given the likely redundancy of 

the muscle metaboreflex and the integrative complexity of BP regulation during exercise.244 

Importantly, we noted that the combination of the TRPV1 rs222747 and BDKRB2 rs1799722 

polymorphisms resulted in an additive effect, with individuals carrying minor alleles for both 

genes having a ~22-23% higher systolic and diastolic BP response than those carrying no minor 

alleles. Future studies are required to test whether polymorphisms in both afferent and efferent 

pathways similarly produce additive responses and can explain a larger proportion of BP 

variance.  

We acknowledge several limitations. First, the metabolically-sensitive receptors found in 

group III/IV afferents are not specific to skeletal muscle.236–239 For example, TRPV1 receptors 

are expressed on both neural and non-neural cells such as the brain, skin, mast cells, hair 

follicles, urinary bladder, lungs, and inner ear and involved in wide range of diverse 

physiological functions.237 Additionally, BDKRB2, PTGER2, P2RX4, and ASIC3 receptors are 

also found in several locations both peripherally and centrally.236,238–240 However, each of these 
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receptors was selected on the basis of prior evidence that they are involved in mediating the 

exercise pressor response.166 We employed mental stress to serve as an internal control to 

provide greater certainty that BP and HR differences during exercise were attributable to 

receptors present in skeletal muscle. Second, we examined the associations between 

polymorphisms and hemodynamic responses and did not determine how the structure of the 

receptors were modified or measure messenger ribonucleic acid to determine if the expression of 

these receptors are altered between major and minor allele carriers. In line with our findings, 

prior studies have demonstrated altered sensitivity of TRPV1 rs222747 variants241 and altered 

expression of bradykinin receptors with BDKRB2 rs1799722 variants.247 Third, we employed a 

two minute static handgrip exercise in an attempt to focus specifically on the muscle 

metaboreflex and our results may not be generalizable to other contraction durations or exercise 

modes. Fourth, our cohort consisted of young healthy individuals to avoid the confounding 

influences of background pharmacologic therapy or co-morbidities; however, future research is 

necessary in those with hypertension shown to exhibit accentuated BP responses to exercise and 

heightened muscle metaboreflex activation.166,235 Finally, our sample size was smaller than 

utilized in the majority of prior trials,8,9,30–32 and we consider these results to represent pilot 

findings to direct future investigations in larger cohorts.  

 

3.5.1 Conclusion  
 

In summary, variants in TRPV1 and BDKRB2 genes contribute to the inter-individual 

variability of BP and HR responses to exercise but not mental stress. Although the magnitude of 

individual hemodynamic differences was modest, we demonstrate an additive effect of these 

genetic variations resulting in a ~22-23% difference in systolic and diastolic BP responses 
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between individuals carrying both minor alleles compared to individuals carrying no minor 

alleles. This genetic contribution is notable given that hypertensives have a ~35% larger mean 

BP response during a 30% MVC static handgrip exercise than normotensive individuals.235 

Given the evidence that healthy individuals with a normal BP at rest but exaggerated BP 

responses to dynamic10–12 and static handgrip14 exercise are at heightened risk for future 

hypertension or cardiovascular events, identification of genetic risk factors may help to identify 

individuals requiring early monitoring or more aggressive treatment.  
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Chapter 4. Extended Discussion and Conclusion 
 
4.1 Summary of findings 
  

The present study investigated the influence of SNPs in metabolically-sensitive receptors 

found in skeletal muscle afferents on BP responses to static handgrip exercise. We observed that 

minor allele carriers of both TRPV1 rs222747 and BDKRB2 rs1799722 were associated with 

larger BP and HR responses to static handgrip exercise, with the combination of these 

polymorphisms resulting in even greater difference in BP responses between individuals carrying 

both minor alleles than individuals carrying no minor alleles. No differences in hemodynamic 

responses during static handgrip exercise were detected for PTGER2 rs17197, ASIC3 rs2288645, 

or P2RX4 rs25644. None of the selected SNPs were associated with differences during serial 

subtraction, confirming that the observed changes were due to afferent stimulation resultant from 

the muscle contraction. 

 

4.1.1 Clinical significance of findings 
 

A number of studies have demonstrated the clinical value of large or exaggerated BP 

responses to exercise, even in healthy normotensive participants, to identify individuals at a 

heightened risk for future hypertension and cardiovascular events.10–14 For example, middle aged 

normotensive men with exaggerated BP (highest quartile) responses to a graded dynamic cycling 

exercise protocol were associated with a 3- to 4-fold greater risk for developing hypertension 

than normal responders to the exercise intervention.11 Additionally, exaggerated responses to one 

minute of maximal effort static handgrip exercise versus normal responses of both systolic (~180 

vs. ~167 mmHg) and diastolic (~120 vs. ~107 mmHg) BP could be predictors of future risk of 

hypertension, with diastolic BP being a better predictor than systolic BP.14 If these individuals 
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could be identified earlier, proper lifestyle modifications could be made in order to prevent such 

a heightened risk of hypertension.  

In the present study, we demonstrated small differences in BP responses to exercise 

between different phenotypic groups; however, when investigating genetic risk factor scores we 

found an additive effect of SNPs and as a result there was a ~22-23% greater BP response in 

individuals carrying both minor alleles versus those carrying no minor alleles. Given that 

hypertension is not caused by inheritance of a single gene, rather it is a complex disease 

associated with multiple genes and environmental factors,34 demonstrating additive effects of 

multiple SNPs accounting for BP responses to static handgrip exercise in the present study 

allows for further exploration of SNPs (from a variety of additional genes) to help explain even 

greater BP variability during exercise. This could allow us to potentially develop a genotypic 

profile of at-risk individuals and would allow for earlier targeted intervention to prevent disease. 

Furthermore, if these SNPs are found to be in higher prevalence in clinical populations it could 

be used a clinical marker and allow us to employ early intervention to these at risk individuals as 

well. There have been some studies to show higher prevalence of the SNPs investigated in this 

thesis in hypertensive populations;238,239 however, these are not used as clinical markers or yet 

explored in all populations.  

 

4.2 Limitations 

4.2.1 Redundancy of the metaboreflex 
 

The primary limitation of this study is that there is conflicting research as to the roles of 

specific metabolites and receptors responsible for activating group III/IV skeletal muscle 

afferents.165,244 Several receptors are thought to be present, such as TRPV1, ASIC3, PTGER2, 



 
 

 
 

54 

BDKRB2, and P2X.43,160,166 Additionally, several metabolites are produced during exercise that 

interact with these receptors including lactic acid, bradykinin, ATP, and various 

prostaglandins.244 This concept would make finding a single gene responsible for the variability 

in exercise pressor responses highly unlikely as this integrative concept indicates several genes 

would be associated in governing the exercise pressor reflex. Individual blockade of these 

receptors have shown to have minimal influence on the exercise pressor response, and there is 

belief of redundancy in metaboreflex stimulation.244 The majority of prior studies investigating 

the blockade of individual metaboreceptor pathways in animals have shown relatively small175,176 

or no influence244 on BP responses to a muscle contraction. However, there are a few studies that 

have shown >50% attenuations in mean BP responses following the blockade of ASIC170 and 

BDKRB2183 receptors or prostaglandin synthesis189 in animal models. In humans, similar results 

are seen, as individual receptor blockade was shown to either have a minimal181,190–192,248 effect 

or no influence on BP.193 However, there has been a large effect on BP following blunting lactic 

acid production in humans during 20% MVC static handgrip to exhaustion (15 mmHg).171 

Although individual blockade has yielded primarily minimal effects on BP responses to static 

exercise, Stone et al demonstrated that combined blockade of ASIC3, P2X, and PTGER4 

reduced peak and integrated pressor responses by 27 and 48% respectively.244 This demonstrated 

that receptors work in conjunction or may compensate for one another. 

This is not surprising given that several other biological systems are governed by 

redundancy such as the process of active hyperaemia.2,249 It has been demonstrated that there is a 

complex interaction of various vasodilators (potassium chloride, adenosine, and nitric oxide) 

such that each vasodilator can alter the effectiveness of another vasodilator.249 This helps to 

enlighten why there is not a single vasodilator that controls this process and explains why 
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vasodilation still can occur with the absence of a vasodilator.249 This concept is also implied with 

the exercise pressor reflex244 and supports the findings of the present study that individual 

receptor genetic variations account for minor BP and HR differences between groups (≤3 

mmHg/bpm) but when combining the effects of multiple genes there are enhanced differences in 

BP (~4-5mmHg) between groups.  

 

4.2.2 Differences of muscle fibers and type of contraction 
  

The exercise pressor response is different between fast and slow twitch fibers and is 

dependent on the type and length of contraction.165 Slow twitch fibers have a smaller pressor 

response in comparison to fast twitch fibers.165 We acknowledge that we have only used a 30% 

MVC static handgrip exercise for two minutes and this minimizes our ability to extrapolate the 

findings of the present study to exercise of other muscle groups (i.e., arm vs. leg), type of 

contraction (i.e., static vs. dynamic), exercise intensities (i.e., low vs. high), and exercise length 

(i.e., fixed duration vs. exhaustion). Several other durations and intensities of static and dynamic 

exercise should be explored to see if the genetic variants in the present study account for 

variability in BP responses to those exercises. In particular, blood flow restricted dynamic 

exercise could be employed to investigate these SNPs on BP responses to larger muscle groups 

using a practical exercise modality (i.e., blood flow restricted cycling). As blood flow restricted 

dynamic exercise was shown to elevate metabolite production (decrease pH and increase 

inorganic phosphate -to- phosphocreatine ratio) versus normally perfused exercise.250  
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4.2.3 Differences of receptor density and functional consequence of genotypes 
 

Receptor density and variability of afferent fiber innervation of exercising skeletal 

muscle could contribute to differences in pressor responses to exercise.165 Very little research has 

been conducted investigating what happens at the cellular level of the exercise pressor reflex.165 

The majority of research investigating the influence of metabolites on the exercise pressor reflex 

have been investigated primarily using animal models (rats or felines) and the true influence of 

these metabolites in humans is not well known other than a few studies.171,181,190–193,248,251,252 

Additionally, all of these studies have employed receptor blockade and have not determined what 

happens at the cellular level during these responses. 

In the present study, we did not determine the functional consequence of the SNPs on the 

receptors investigated on our study population. We did not determine if the SNPs affected the 

structure of the receptors or if the SNPs altered the interaction of metabolites with their 

respective receptor. Furthermore, we did not account for differences in gene expression of the 

receptors (i.e., differences in mRNA content between groups). There have been some studies to 

support that the SNPs investigated can alter sensitivity of the TRPV1 receptor241,253,254 or that 

there is altered expression of the BDKRB2 receptor.247 However, we cannot confirm these 

findings in our study. Future work is necessary to investigate functional consequences of SNPs 

in metaboreceptors at the cellular level of humans. 

 

4.2.4 Subclasses of metaboreceptors and confounding influence of pain during PECO 
 

It is known that the muscle metaboreflex is an important contributor to the exercise 

pressor response.4,5 Nevertheless, there may not be an ideal method to isolate this mechanism. 

Prior studies have employed post-exercise ischemia to test for its contribution; however, this 
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method may not be detecting metabolites produced during exercise, but rather be in response to 

pain.43 Recently, it was shown that there are two distinct subclasses of chemically sensitive 

receptors that exist, displaying functional and anatomical differences in both animals155–159 and 

humans.160 One subclass is referred to as be metabo or ergoreceptors, which are activated by low 

innocuous levels of metabolites (i.e., lactate, adenosine triphosphate [ATP], and H+), such as 

those that would occur during freely perfused exercise and non-painful contractions.161–163 These 

are likely not being stimulated during post-exercise ischemia; however, being able to isolate 

these receptors would help to determine the metaboreflex component of the exercise pressor 

response. Rather, the second subclass that consists of metabonociceptors is likely being 

activated. These are receptors that would be activated by high noxious levels of metabolites.43,164 

These receptors do not respond during normal exercise.43 These findings could contradict the 

prior use of post-exercise ischemia to isolate the metaboreflex, as this likely targets 

metabonociceptors and not metaboreceptors, which would be the ones activated during 

exercise.43  

In the present study, we concluded that genetic variants in metabolically sensitive 

receptors accounts for BP variability during exercise, but did not account for the confounding 

influences of central command or the muscle mechanoreflex on the results.44 However, due to 

there potentially not being a proper protocol to isolate the metaboreflex in humans,43 we made 

our conclusions using static handgrip exercise BP responses rather than investigating BP 

responses during post-exercise ischemia, which is likely activating metabonocireceptors rather 

than metaboreceptors.43 Additionally, this allowed for translation to the work documenting 

clinical risk of exaggerated responses.10–14 

 



 
 

 
 

58 

4.2.5 Sample size and population 
  

Lastly, it also should be noted that the sample size for the present study was small, given 

that several impactful genetic studies use larger sample sizes (e.g., > 1000 participants).9,231,232,240 

The results from the present study should be used as preliminary data to direct future work and 

do not demonstrate conclusive evidence that these SNPs contribute to the exercise pressor 

response. We have shown in a small cohort of individuals that genetic variations in metabolically 

sensitive afferent receptors can contribute to some of the inter-individual variability of BP 

responses to static handgrip exercise; however, these findings should be repeated in a larger 

cohort in order for these findings to be clinically relevant. A larger sample size would have 

permitted us to split up our “minor allele carrier” group into heterozygous and homozygous 

minor allele groups. This would allow for a better understanding of true physiological 

consequences of individual genotypes. Rather than having the confounding influence of 

combining the heterozygous group with our homozygous minor allele group, which could be 

under or overestimating our findings. Additionally, with a small sample size it is difficult to 

extrapolate conclusions to the general population; particularly since we studied a homogeneous 

sample of young healthy university students.  

 
 

4.3 Future directions 

4.3.1 Investigate elderly and diseased populations 
  

To expand on the findings of the present thesis, future studies should investigate these 

genetic variations on the exercise pressor response in an elderly or diseased population as these 

groups have altered hemodynamic responses to exercise when compared to a young healthy 

population.166,214,235,255 It would be interesting to see if these groups have similar results or if they 
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have augmented pressor responses compared to the present study. In addition to seeing the 

phenotypic consequences of these SNPs in an elderly or diseased population, it would be worth 

exploring whether or not these SNPs are in higher prevalence in diseased populations as well 

compared to healthy young and old individuals.  

 

4.3.2 Investigate single nucleotide polymorphisms from other genes 
 

Furthermore, SNPs from various other genes can be investigated such as SNPs associated 

with α and β adrenergic receptors, mineralcorticoid receptors, eNOS, and RAAS genes, as all of 

these receptors or enzymes have been shown to influence the BP responses to exercise.8,9,30–42,256 

Studies investigating SNPs in adrenergic receptors have primarily focused on dynamic exercise 

(treadmill exercise or cycling)8,9,30,34,41 or have had small sample sizes (< 100 subjects) when 

investigating genetic influences of BP and HR responses to static handgrip.31,35 Moreover, 

studies have not directly measured SNPs in eNOS8,33,36,38 or RAAS genes9,39 on BP responses to 

static handgrip exercise. Finally, SNPs in mineralcorticoid receptors have not been investigated 

for their influence on BP variability during static handgrip exercise. Mineralcorticoid receptors 

are stimulated by aldosterone and are found in several areas of the body including the brain, 

kidney, heart, circulatory system, and various other tissues.256 Aldosterone infusion was shown 

to increase BP and renal sympathetic activity in rats and dogs.256 It is also responsible for 

overactive exercise pressor responses when infused in healthy rats.256 Blockade of these 

receptors has been shown to attenuate the pressor response to exercise.256 Since mineralcorticoid 

receptors can contribute to the exercise pressor reflex, investigating SNPs in these receptors 

could potentially further help to explain variability in the exercise pressor reflex. Both α and β 

adrenergic receptors, mineralcorticoid receptors, eNOS, and RAAS genes contain SNPs that 
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occur frequently in the population (i.e., minor allele frequency > 10%), thus making them 

candidate genes to investigate to potentially account for BP responses static handgrip exercise. 

Additionally, further investigation of genetic risk score analysis would allow us to see if 

individuals carrying multiple minor alleles would have even greater BP responses to static 

handgrip exercise than individuals carrying no minor alleles found in the present study due to the 

redundancy of the metaboreflex and BP regulation during exercise.244,257 Given that SNPs in both 

afferent (present study) and efferent pathways have shown to explain small variations in BP and 

HR responses to exercise,8,9,30–42 incorporating SNPs from both pathways could help to further 

explain variability in the exercise pressor response. 

 

4.3.3 Investigate other exercise modalities  
 

Finally, investigating the influence of SNPs used in this study on BP responses using 

“real world” or practical exercise modalities such as dynamic cycling should be explored. We 

have shown that SNPs can influence BP responses to a two minute 30% MVC static handgrip 

exercise, which is a regularly used in research settings;7 however, demonstrating our findings 

using a commonly used practical exercise modality (i.e., dynamic exercise for longer durations) 

would permit translation of our findings to the general public. This would further allow us to 

identify at risk individuals, as static handgrip is not a commonly used exercise modality outside 

of laboratory settings. 
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4.4 Conclusion 
 

In summary, genetic variants of TRPV1 and BDKRB2 receptors can contribute to the 

inter-individual variability of BP and HR responses to exercise but not mental stress. Although 

the magnitude of individual receptors on hemodynamic differences was modest, we demonstrate 

an additive effect of these genetic variations resulting in a ~22-23% difference in BP responses 

between individuals carrying both minor alleles than individuals carrying no minor alleles. 

Genetic variants in PTGER2, ASIC3, and P2RX did not contribute to inter-individual variability 

in BP or HR responses in either static handgrip exercise or mental stress. Given that 

normotensives with exaggerated BP responses to exercise are at heightened risk for future 

hypertension and cardiovascular events,10–14 identification of genetic risk factors may help to 

identify individuals for early monitoring or treatment. 
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Appendix 2: Baseline Characteristics for Single Nucleotide Polymorphisms 
 

 

Table A1. Baseline characteristics for TRPV1 rs222747 

 
Characteristic                    GG            CG + CC          P-value 
  Age (years)      22 ± 2  22 ± 3   0.80  
  Sex (Male/Female)      43/53   48/56   0.89               
  Height (cm)                          172 ± 9           170 ± 9   0.10 
  Weight (kg)       71 ± 13 67 ± 13  0.05  
  Body mass index (kg/m2)     24 ± 3  23 ± 3   0.14    
  Heart rate (bpm)      66 ± 11 68 ± 11  0.15   
  Systolic blood pressure (mmHg)                 105 ± 8           104 ± 9   0.75   
  Diastolic blood pressure (mmHg)         66 ± 7  66 ± 7   0.97            
  Mean arterial pressure (mmHg)   79 ± 7  79 ± 7   0.92           
  Maximal volitional contraction (kg)     36 ± 12 36 ± 13  0.92  
Mean ± SD 

 

 

Table A2. Baseline characteristics for BDKRB2 rs179972 

 

Characteristic                    CC            CT + TT          P-value 
  Age (years)      21 ± 2  22 ± 3   0.08  
  Sex (Male/Female)      25/40   66/69   0.18                
  Height (cm)                          170 ± 8           172 ± 10  0.37 
  Weight (kg)       69 ± 12 69 ± 13   0.99 
  Body mass index (kg/m2)     24 ± 3  23 ± 3   0.45    
  Heart rate (bpm)      68 ± 11 67 ± 11  0.75   
  Systolic blood pressure (mmHg)                 105 ± 9           104 ± 8   0.08   
  Diastolic blood pressure (mmHg)         67 ± 8  65 ± 6   0.02            
  Mean arterial pressure (mmHg)   80 ± 7  78 ± 6   0.03           
  Maximal volitional contraction (kg)     34 ± 12 37 ± 13  0.16  
Mean ± SD 
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Table A3. Baseline characteristics for PTGER2 rs17197 

 

Characteristic                    AA            AG + GG          P-value 
  Age (years)      21 ± 2  22 ± 3   0.09  
  Sex (Male/Female)      58/67    33/42    0.77                
  Height (cm)                          172 ± 9           170 ± 10  0.28 
  Weight (kg)       69 ± 12 68 ± 15  0.49 
  Body mass index (kg/m2)     23 ± 3  23 ± 4   0.80    
  Heart rate (bpm)      66 ± 11 69 ± 11  0.01   
  Systolic blood pressure (mmHg)                 104 ± 8           104 ± 9   0.89   
  Diastolic blood pressure (mmHg)         65 ± 7  66 ± 7   0.75            
  Mean arterial pressure (mmHg)   78 ± 7  79 ± 7   0.87           
  Maximal volitional contraction (kg)     37 ± 13 34 ± 12  0.06  
Mean ± SD 
 
 

 

Table A4. Baseline characteristics for ASIC3 rs2288645 

 

Characteristic                    GG            AA + AG          P-value 
  Age (years)      21 ± 2  22 ± 3   0.29  
  Sex (Male/Female)      56/76   35/33   0.23                
  Height (cm)                          171 ± 9           172 ± 9   0.66 
  Weight (kg)       69 ± 13 68 ± 13  0.64 
  Body mass index (kg/m2)     24 ± 3  23 ± 3   0.30    
  Heart rate (bpm)      68 ± 11 66 ± 10  0.75   
  Systolic blood pressure (mmHg)                 104 ± 9           105 ± 8   0.78   
  Diastolic blood pressure (mmHg)         65 ± 7  66 ± 7   0.24            
  Mean arterial pressure (mmHg)   78 ± 7  79 ± 7   0.35           
  Maximal volitional contraction (kg)     35 ± 13 36 ± 13  0.70  
Mean ± SD 
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Table A5. Baseline characteristics for P2RX4 rs25644 

 

Characteristic                    AA            AG + GG          P-value 
  Age (years)      21 ± 2  22 ± 3   0.001  
  Sex (Male/Female)      61/81   30/28   0.28              
  Height (cm)                          171 ± 9           172 ± 9   0.34 
  Weight (kg)       68 ± 14 71 ± 12  0.24  
  Body mass index (kg/m2)     23 ± 3  24 ± 3   0.36    
  Heart rate (bpm)      68 ± 11 65 ± 10  0.13   
  Systolic blood pressure (mmHg)                 104 ± 9           106 ± 8   0.47   
  Diastolic blood pressure (mmHg)         66 ± 7  66 ± 7   0.64            
  Mean arterial pressure (mmHg)   78 ± 7  79 ± 6   0.92           
  Maximal volitional contraction (kg)     35 ± 13 37 ± 11  0.32  
Mean ± SD 
 
 

 



 
 

 
 

88 

Appendix 3: Permission to Reuse Figure 2  

 


