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Abstract 

Intermittent Hypoxia Attenuates Ischemia-Reperfusion Injury 

Caitlin Patricia Jarrard, M.S.Kin. 

The University of Texas at Austin, 2020 

Supervisor: Sophie Lalande 

Brief periods of ischemia preceding an ischemia-reperfusion injury, known as ischemia 

preconditioning, attenuate the reduction in brachial artery endothelial function. It remains 

unknown whether brief bouts of systemic hypoxemia would similarly mitigate the blunted 

vasodilatory response induced by an ischemia-reperfusion injury. The purpose of this study was 

to determine whether intermittent hypoxia protects against an ischemia-reperfusion injury in 

young healthy adults. Sixteen healthy individuals, 9 men and 7 women (age: 23 ± 3 years, 

height: 175 ± 9 cm, body weight: 72.9 ± 13.4 kg), participated in the study. Brachial artery 

endothelial function was assessed by flow-mediated dilation before and after a 20-minute blood 

flow occlusion. Blood flow occlusion was preceded by either intermittent hypoxia (Hyp) or 

intermittent normoxia (Norm). Both visits were separated by a period of seven days. Women 

who had regular menstrual cycles were scheduled in the early follicular phase. Intermittent 

hypoxia was created by titrating nitrogen into a breathing system to achieve an arterial oxygen 

saturation of 90%. Intermittent hypoxia consisted of three 4-minute hypoxic cycles separated by 

4-minute normoxic cycles. Intermittent hypoxia resulted in a lower arterial oxygen saturation

(Hyp: 87 ± 3 vs. Norm: 99 ± 1%, p < 0.01), which was equivalent to a lower fraction of inspired 

oxygen (Hyp: 0.123 ± 0.013, Norm: 0.210 ± 0.003, p < 0.01). When preceded by intermittent 

normoxia, blood flow occlusion resulted in a blunted flow-mediated dilation (Norm: 7.1 ± 2.5 to 
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4.0 ± 2.4%). In contrast, the reduction in flow-mediated dilation following blood flow occlusion 

was attenuated by prior exposure to intermittent hypoxia (Hyp: 6.4 ± 1.9 to 4.4 ± 2.3%, p = 

0.048). Exposure to intermittent hypoxia did not affect mean arterial blood pressure (Hyp: 96 ± 

10, Norm: 96 ± 8 mmHg, p = 0.90) but significantly increased heart rate (Hyp: 72 ± 7, Norm: 63 

± 7 bpm, p < 0.01). In conclusion, exposure to mild levels of intermittent hypoxia attenuates the 

reduction in flow-mediated dilation induced by blood flow occlusion in young healthy 

individuals. Thus, intermittent hypoxia represents a potential strategy to mitigate the effect of 

ischemia-reperfusion injury associated with ischemic cardiovascular events.  
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LITERATURE REVIEW 
 
Ischemia-reperfusion injury 
 
 

The leading cause of mortality in the developed world stems from cardiovascular disease, 

with ischemic heart disease being the most prevalent (CDC, 2019). Ischemic heart disease refers 

to an inadequate oxygen supply to the myocardium due to a narrowing or blockage of the 

coronary arteries caused by a build-up of plaque. Main treatments of ischemic heart disease 

consist of medications, lifestyle changes, and procedures such as coronary artery bypass grafting 

or percutaneous coronary interventions (NHLBI, 2020). While restoration of blood flow is 

necessary, the sudden return of blood flow also paradoxically causes damage to the endothelial 

cells lining the coronary arteries that contribute to the control of vascular tone. Thus, both the 

ischemia and the restoration of blood flow to tissues cause damages to the endothelial cells, a 

phenomenon commonly referred to as ischemia-reperfusion injury (Kharbanda et al., 2001). 

 

Once reperfusion occurs, the oxygen influx contributes to the creation of reactive oxygen 

species (ROS) (Kalogeris et al., 2012). Reactive oxygen species occur as a byproduct of 

mitochondrial oxidative phosphorylation resulting in excess ROS that can produced cell and 

tissue injury (Sies, 1986). ROS accelerate the inactivation of nitric oxide, and therefore reduce 

nitric oxide bioavailability (Cai & Harrison , 2000; Kalogeris et al., 2012). Nitric oxide is 

released from endothelial cells and causes relaxation of the vascular smooth muscles therefore a 

low bioavailability of nitric oxide attenuates vasodilation (Tiefenbacher et al., 1996). Thus, 

ischemia-reperfusion injury induces an impaired endothelium-dependent vasodilation. It is 

therefore important to identify strategies to mitigate the effect of ischemia-reperfusion injury 

associated with blood flow restoration. However, due to the difficulty to assess the endothelial 
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function of coronary arteries, the effect of an ischemia-reperfusion injury has to be assessed in 

alternative blood vessels.  

 

Flow-mediated dilation 
 

Measures of brachial artery endothelial function act as a surrogate measure of coronary 

artery endothelial function (Anderson et al., 1995). Assessment of endothelial function of the 

brachial artery consists in measuring the dilation of the brachial artery induced by an increase in 

blood flow following a short period of occlusion, known as flow-mediated dilation. Briefly, this 

method consists in measuring the increase in brachial artery diameter following a 5-minute upper 

arm occlusion induced by inflating a blood pressure cuff to supra-systolic levels (Kharbanda et 

al., 2001). Flow-mediated dilation occurs when the vessel wall becomes exposed to a frictional 

force known as shear stress. Blood flow determines shear stress, a vector parallel to the 

longitudinal axis of the blood vessel (Niebauer & Cooke, 1996). The endothelial cells lining the 

blood vessel sense this increase in force, thus releasing a variety of vasodilators such as nitric 

oxide to allow the vascular smooth muscle to relax, consequently decreasing shear stress (Wilson 

et al., 2016). Therefore, when the blood vessel becomes reperfused following a period of 

occlusion, the increased blood flow causes an increase in shear stress which activates nitric oxide 

release. Thus, flow-mediated dilation represents endothelium-dependent vasodilation.  

 

The effect of an ischemia-reperfusion injury can be assessed by determining the effect of 

blood flow occlusion and reperfusion on brachial artery flow-mediated dilation. An ischemia-

reperfusion injury to the brachial artery occurs by occluding blood flow to the arm by inflating a 

cuff to supra-systolic levels for a period of 20 minutes, which significantly decreases flow-
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mediated dilation. Flow-mediated dilation was blunted by 27% following an ischemia-

reperfusion injury  in young healthy, recreationally active individuals (Brunt et al., 2016). 

Similarly, flow-mediated dilation was decreased by 50% following an ischemia-reperfusion 

injury in young sedentary individuals (Figure 1) (Loukogeorgakis et al., 2007). In addition, 

others (Aboo Bakkar et al., 2018) demonstrated a reduction in flow-mediated dilation of 56% in 

fourteen physically inactive males. 

  

Figure 1. Flow-mediated dilation before and 15 minutes after ischemia-reperfusion injury 

(adapted from (DeVan et al., 2011). Used with permission from American Physiological Society. 

 

Ischemic preconditioning 
 

Previous studies investigated different interventions to diminish impairment in 

endothelial function following an ischemia-reperfusion injury. One of these interventions, 

ischemic preconditioning, consists in a few short bouts of ischemia induced by occluding blood 

flow to the arm by inflating a cuff to supra-systolic levels prior to the ischemia-reperfusion 

injury. Ischemic preconditioning largely attenuates the reduction in flow-mediated dilation 

induced by ischemia-reperfusion injury. Indeed, three 5-minute cycles of alternating ischemia 
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and reperfusion lessened the attenuation in flow-mediated dilation to 4 - 17%  in healthy 

volunteers (Kharbanda et al., 2001; Loukogeorgakis et al., 2007). Kharbanda et al. (2001) 

preconditioned the vessel three times for 5 minutes at a cuff inflation of 200 mmHg 5-minutes 

prior to inducing an ischemia-reperfusion injury. Flow-mediated dilation of the radial artery was 

attenuated by 17% in the preconditioning trial compared to the reduction of 54% without 

ischemic preconditioning (Figure 2). Using a similar protocol on the contralateral arm, 

Loukogeorgakis et al. (2007) reported a 4% reduction in brachial artery flow-mediated dilation 

in comparison to a 50% reduction in flow-mediated when there was no ischemic preconditioning.  

 

 

 

 

 

 

 

 

 

 

Figure 2. Dilation of the radial artery at baseline, after ischemia-reperfusion (IR) alone, and after 

IR preceded by ischemic preconditioning (IR and IPC) (Kharbanda et al., 2001). Used with 

permission from Wolters Kluwer.  
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Ischemic preconditioning generates ROS allowing for a cardioprotective effect. 

Excessive ROS formation during ischemia can contribute to the reperfusion injury, but ROS are 

important in triggering the cardioprotective mechanism in preconditioning (Pagliaro & Penna, 

2015). This protective effect stems from the opening of mitochondrial ATP-sensitive potassium 

channels which have been shown to protect against ischemia-reperfusion through allowing an 

influx of K+ into the matrix, causing an increase in ROS (Andrukhiv et al., 2006; 

Loukogeorgakiset al., 2007). Ischemic preconditioning also inhibits the opening of the 

mitochondrial permeability transition pores which contributes greatly to the cardioprotection of 

the vessel (Andrukhiv et al., 2006; Garlid et al., 2009; Hausenloy et al., 2009). The closing of 

these vessels avoids ROS-induced ROS release and redox stress which can cause further damage 

to the vessel (Andrukhiv et al., 2006). 

 

Preconditioning through systemic hypoxia  
 
 

Since brief bouts of ischemia prevents the reduction in flow-mediated dilation induced by 

an ischemia-reperfusion injury, it is hypothesized that systemic hypoxia may also protect 

endothelial function against ischemia-reperfusion injury. Normal air contains an oxygen 

concentration of 20.9%. Breathing low levels of oxygen, induced by reducing the fraction of 

inspired oxygen, leads to systemic hypoxemia, a lower concentration of oxygen in the blood. In 

healthy adults, the net effect of systemic hypoxemia is skeletal muscle vasodilation (Dinenno et 

al., 2003). Nitric oxide appears to be a major contributor to the compensatory dilator responses 

observed during hypoxia. Moreover, the nitrate-nitrite-nitric oxide pathway, operating in parallel 

to the classic L-arginine-nitric oxide synthase pathway to generate nitric oxide, is greatly 

enhanced under hypoxic conditions (Kim-Shapiro et al., 2006). Hypoxia increases nitric oxide 
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production through the activation of hypoxia-inducible factor-1 (HIF-1 α). HIF-1α stimulates the 

expression of inducible nitric oxide synthase (iNOS) which is directly responsible for increasing 

the bioavailability of nitric oxide, thus inducing vasodilation (Jung Frank et al., 2000; Wilson et 

al., 2016).  

 

Intermittent hypoxia consists in alternating short bouts of breathing hypoxic and 

normoxic air. Intermittent hypoxia protected against ischemia-reperfusion injury in animals. 

Chronic intermittent hypobaric hypoxia has been seen to protect against ischemia-reperfusion 

injury induced in the rat heart (Bu et al., 2015). Intermittent hypobaric hypoxia lasting 28 or 42 

days at an altitude of 3000 m protected the heart against injury in developing rats through the 

recovery of the left ventricle and diminished ultrastructural damage to the myocardium (Bu et al., 

2015). Intermittent hypoxia, consisting of 5 alternating bouts of 5-6 minutes of hypoxia at a 

fraction of inspired oxygen of 0.06 and normoxia, induced a cardioprotective effect in response 

to ischemia-reperfusion injury in mice (Caiet al., 2003). Indeed, infarct size was significantly 

reduced in hearts from mice exposed to this intermittent hypoxia protocol 24 hours before 

inducing an ischemia-reperfusion injury to the coronary arteries. It was conclude that hypoxic 

preconditioning acted as a protective mechanism due to the expression of HIF-1 (Cai et al., 

2003). Indeed, mice with the reduced HIF-1 protein showed no protective effect from 

intermittent hypoxia, suggesting that cardioprotection depends on HIF-1α expression (Cai et al., 

2003). In addition to increasing nitric oxide bioavailability, HfIF-1α regulates expression of 

genes involved in maintaining oxygen homeostasis in response to a change in concentration of 

oxygen, such as hypoxia, as well as shifting the metabolism to anaerobic metabolism (Yoon et 

al., 2006; Ziello et al., 2007). HIF-1α coordinates this shift by inducing glycolytic enzymes and 
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glucose transporters to allow the cells to produce energy in a hypoxic environment (Ziello et al., 

2007). Therefore, expression of HIF-1α prior to the ischemia-reperfusion injury protects the 

heart against damage caused by the ischemia and reperfusion. Intermittent hypoxia may therefore 

induce endothelial function protection via a mechanism distinct from the local protective 

response induced by brief ischemic preconditioning. 

 

In humans, the ability of intermittent hypoxia to prevent the reduction in flow-mediated 

dilation following ischemia-reperfusion injury remains unknown.  Therefore, the aim of this 

project was to determine whether exposure to intermittent hypoxia protects against ischemia-

reperfusion injury in young healthy adults.  We hypothesized that intermittent hypoxia will 

attenuate the reduction in flow-mediated dilation following ischemia-reperfusion injury in young 

healthy adults.  
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MANUSCRIPT 
 
INTRODUCTION 
 
 

The leading cause of mortality in the developed world stems from cardiovascular disease, 

with 17.9 million individuals dying each year worldwide (CDC, 2019). One in every four deaths 

result from the most common form of cardiovascular disease, ischemic heart disease. 

Characteristics of ischemic heart disease include a narrowing of the coronary arteries due to a 

plaque build-up on the artery wall, causing an inadequate blood flow and damages to the 

endothelial cells lining the blood vessels. While the process of unblocking the coronary arteries 

allows an influx of oxygen to the previously ischemic area, the sudden restoration of blood flow 

simultaneously damages the endothelial cells, known as ischemia-reperfusion injury. This injury 

results from the excessive production and formation of reactive oxygen species during ischemia 

and reperfusion, which causes a reduction in the bioavailability of nitric oxide, thus reducing 

endothelium-dependent vasodilation (Kharbandaet al., 2001). 

 

Brachial artery endothelial function strongly correlates with coronary artery endothelial 

function (Takse et al. 1998). Therefore, measures of brachial endothelial function, such as flow-

mediated dilation, can act as a surrogate measure of coronary artery endothelial function 

(Anderson et al., 1995). Flow-mediated dilation, an indicator of nitric oxide-dependent 

endothelial function, represents the dilation of the brachial artery following increases in blood 

flow induced by a transient period of ischemia. An ischemia-reperfusion injury similar to that 

observed in the coronary arteries can be achieved by inflating a cuff on the arm for a period of 20 

minutes before rapidly deflating the cuff, which causes a sudden restoration of blood flow to the 

arm. Following an ischemia-reperfusion injury, decreases in flow-mediated dilation ranges 
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between 36% to 50% in sedentary and young healthy individuals respectively (DeVan et al., 

2011; Loukogeorgakis et al., 2007) 

 

Ischemic preconditioning, consisting in few short bouts of local ischemia induced by 

occluding blood flow to the arm, attenuates the reduction in flow-mediated dilation induced by 

ischemia-reperfusion injury, possibly due to the opening of the mitochondrial ATP-sensitive 

potassium channels and the inhibition of the opening of the mitochondrial permeability transition 

pores (Garlid et al., 2009; Kharbanda et al., 2001; Loukogeorgakis et al., 2007). These two 

mechanisms allow an influx of K+ into the matrix increasing ROS and avoiding ROS-induced 

ROS release and redox stress respectively (Andrukhiv et al., 2006). 

 

It was therefore hypothesized that exposure to systemic hypoxia may represent another 

strategy to prevent or attenuate ischemia-reperfusion injury. In healthy adults, the net effect of 

systemic hypoxemia is a skeletal muscle vasodilation mediated by a release of nitric oxide from 

the endothelium (Dinenno et al., 2003). Intermittent hypoxia consists of alternating between 

breathing short bouts of hypoxic air and normoxic air. Intermittent hypoxia increases nitric oxide 

production through the activation of HIF-1α, which is directly responsible for increasing the 

bioavailability of nitric oxide (Jung Frank et al., 2000). Notably, when mice heterozygous for a 

knockout allele at the locus encoding HIF-1α were exposed to intermittent hypoxia, cardiac 

protection was lost indicating that cardioprotection through intermittent hypoxia is reliant on the 

HIF-1α gene (Cai et al., 2003). Upon the activation of HIF-1α, nitric oxide increases in response, 

thus inducing vasodilation in the vessel (Wilson et al., 2016).   
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Whether intermittent hypoxia prevents the reduction in flow-mediated dilation following 

an ischemia-reperfusion injury in humans remains unknown. Therefore, the aim of this study was 

to determine whether intermittent hypoxia protects against ischemia-reperfusion injury in young 

healthy adults. We hypothesized that intermittent hypoxia would attenuate the reduction in flow-

mediated dilation following ischemia-reperfusion injury in young healthy adults.  

 

METHODS 
 

Sixteen healthy individuals, 9 men and 7 women, participated in the study. Participants 

were excluded from the study if they had a history of cardiovascular disease, diabetes or lung 

disease, had a resting blood pressure over 130/80 mmHg, took medication affecting the 

cardiovascular system, were pregnant, or were smokers. Participants visited the Clinical Exercise 

Physiology Laboratory on two occasions. On one visit, participants were exposed to intermittent 

normoxia and on the other visit, the same participants were exposed to intermittent hypoxia. The 

visit order was randomized, and participants were blinded to the condition. On Visit 1 

(intermittent normoxia), endothelium-dependent vasodilation of the brachial artery was assessed 

by flow-mediated dilation before and 15 minutes after an ischemia-reperfusion injury caused by 

20 minutes of blood flow occlusion of the right arm (Figure 3). On Visit 2 (intermittent hypoxia), 

a 20-minute intermittent hypoxia protocol immediately preceded the ischemia-reperfusion injury, 

with measures of flow-mediated dilation taking place before intermittent hypoxia and 15 minutes 

after the ischemia-reperfusion injury. Intermittent hypoxia consisted of alternating short periods 

of breathing hypoxic and normoxic air through a breathing circuit. Participants avoided intense 

physical activity on the day prior to both visits and reported to the laboratory in the morning after 

fasting for at least 10 hours. In men and women using contraceptives, both visits were separated 
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by a period of seven days. One woman was not using contraceptives, therefore, both visits took 

place in the early follicular phase of the menstrual cycle.  

 

Figure 3. Study protocol. FMD: Flow-mediated dilation. H: intermittent hypoxia bout lasting 4 

minutes. N: normoxia bout lasting 4 minutes. Ischemia: blood flow occlusion lasting 20-minutes. 

Recovery: reperfusion of blood flow for 15 minutes. 

 

Flow-mediated dilation  

Participants first rested in a supine, dimly lit room, for 15 minutes. Brachial blood 

pressure and heart rate was measured three times following the 15 minutes of rest. Endothelium-

dependent vasodilation of the brachial artery was assessed by flow-mediated dilation before and 

15 minutes after the ischemia-reperfusion injury using a semi-automated ultrasound machine 

(UNEXEF-38G, UNEX Corp., Japan) equipped with a high-resolution linear-array transducer 

positioned over the brachial artery. Participants extended their arm 90 degrees away from their 

body at heart level. A high-resolution linear-array transducer was positioned 2-8 cm proximally 

to the antecubital fossa and a cuff was placed 0.5-2.0 cm distal to the antecubital fossa. 

Longitudinal images of baseline brachial artery diameters were recorded for an average of 90 

seconds, blood velocities were measured at an insonation angle of ˂60° for 30 seconds prior to 

forearm occlusion. Forearm occlusion was induced with a rapid cuff inflator to a supra-systolic 

pressure for 5 minutes. Beat-by-beat blood velocity and brachial artery diameters were recorded 

for approximately 90 seconds following cuff release. Measures of baseline diameter, peak 



 12 

diameter and time to peak diameter were automatically calculated. Shear stress was estimated 

using shear rate, which was calculated by multiplying 8 by the quotient of blood flow velocity 

and brachial artery diameter. Shear rate area under the curve (AUC) was summed through peak 

diameter.  

 

Ischemia-reperfusion injury 

To induce ischemia-reperfusion injury, a blood pressure cuff placed on the upper arm was 

inflated to 250 mmHg for a period of 20 minutes before deflating the cuff to allow reperfusion of 

the blood into the arm for a period of 15 minutes.  

 

Intermittent hypoxia 
 

The intermittent hypoxia protocol consisted of three 4 minutes hypoxic cycles at an 

arterial oxygen saturation of 90% interspersed with 4 minutes normoxic cycles. Participants laid 

down during the entire breathing protocol, which lasted 20 minutes with a total of 12 minutes of 

hypoxic exposure. Hypoxic air was inhaled through a mask connected to a 2-way non-

rebreathing valve (Hans Rudolph, Inc, USA), which was connected to a 5-liter non-diffusing gas 

bag (Hans Rudolph, Inc, USA). The rebreathing bag was connected to a gas tank of compressed 

air. Air was made hypoxic by introducing nitrogen in the breathing circuit. The flow of nitrogen 

was controlled to achieve an arterial oxygen saturation of 90%, as measured by pulse oximetry. 

Intermittent normoxia consisted of the same protocol but without adding nitrogen to the 

breathing circuit.  
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Hemodynamics  
 

Arterial oxygen saturation was continuously monitored and recorded by pulse oximetry 

(NOVA, Finapres Medical Systems, Amsterdam, Netherlands) throughout the intermittent 

hypoxia and normoxia protocol. Resting hemodynamics were monitored during the intermittent 

hypoxia and normoxia protocol. An arterial waveform obtained by finger plethysmography from 

the middle finger of the left had was continuously recorded (NOVA, Finapres Medical Systems, 

Amsterdam, Netherlands). Brachial arterial blood pressure, heart rate, stroke volume, cardiac 

output and total peripheral resistance was derived from the arterial waveform, a method which 

has been validated against invasive measures (Wesseling et al., 1993). All data were recorded in 

LabChart (Powerlab, ADInstruments Inc., CO, USA) for later analysis. 

 

Pulmonary Gas Exchange 
 

Breath-by-breath measures of pulmonary gas exchange such as volume of oxygen and 

carbon dioxide, respiratory rate, tidal volume, and minute ventilation were determined from a 

pneumotachometer (Ultima Cardio2, MGC Diagnostics, MN, USA) throughout the intermittent 

hypoxia and normoxia protocol. The pneumotachometer was mounted between the mask and the 

non-rebreathing valve of the breathing circuit.  

 

Statistical Analysis 
 

A one-way repeated measures analysis of variance was used to evaluate whether the last 

minute of each cycle of intermittent hypoxia or intermittent normoxia triggered the same 

physiological responses. A one-way repeated measures analysis of variance was used to evaluate 

the effect of conditions (intermittent normoxia and intermittent hypoxia) on pulmonary gas 
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exchange, hemodynamics, and arterial oxygen saturation. A two-way repeated measures analysis 

of variance was used to evaluate the effect of time (pre vs. post-blood flow occlusion) and 

condition (intermittent normoxia vs. intermittent hypoxia) on measures of vasodilator function. 

When appropriate, post hoc analyses were performed using Tukey’s test. P<0.05 was considered 

significant.  

 

 
RESULTS 
 
 

Participants’ characteristics are shown in Table 1. Participants had a resting heart rate of 

58 ± 8 bpm and a resting systolic and diastolic blood pressure of 118 ± 11 and 66 ± 6 mmHg, 

respectively. There was no significant difference in any hemodynamic and pulmonary gas 

exchange variables across hypoxic cycles, therefore, an average value was calculated for each 

variable. Similarly, there was no difference in any variables across normoxic cycles, and average 

values were calculated for each variable. Intermittent hypoxia resulted in a lower fraction of 

inspired oxygen, which resulted in a lower arterial oxygen saturation in comparison to 

intermittent hypoxia (Table 2). There was no effect of intermittent hypoxia on oxygen 

consumption, respiratory rate, tidal volume, minute ventilation, and end-tidal CO2 (Table 2). 

Similarly, intermittent hypoxia did not significantly affect systolic, diastolic, mean arterial 

pressure, cardiac output, stroke volume, and total peripheral resistance. However, intermittent 

hypoxia significantly increased heart rate (Table 2). 
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Table 1. Participants’ characteristics 

    
Age (years)  23 ± 3 
 
Height (cm) 

 
175 ± 9 

 
Weight (kg)  

 
72.9 ± 13.4 

 
BMI (kg/m2) 

 
23.7 ± 2.7 

 

Table 2. Hemodynamic and pulmonary gas exchange variables during intermittent hypoxia and 

intermittent normoxia. 

  Normoxia Hypoxia 

Systolic Blood Pressure (mmHg) 121 ± 11 123 ± 11 

Diastolic Blood Pressure (mmHg) 74 ± 9 76 ± 10 

Mean Arterial Blood Pressure (mmHg) 89 ± 8 92 ± 9 

Heart Rate (bpm) 62 ± 7 71 ± 6 * 

Stroke Volume (ml) 87 ± 19 82 ± 17 

Arterial Oxygen Saturation (%) 99 ± 1 87 ± 3 * 

Cardiac Output (L/min) 5.3 ± 1.1 5.8 ± 1.1 

Total Peripheral Resistance (mmHg/L/min) 17.8 ± 3.6 16.8 ± 3.1 

Oxygen Consumption (ml/kg/min) 3.46 ± 1.30 2.45 ± 0.81 

Respiratory Rate (breaths/minute) 13 ± 4 13 ± 3 

Tidal Volume (ml) 632 ± 259 608 ± 191 

Minute Ventilation (L/min) 7.33 ± 2.50 7.17 ± 1.37 

End-Tidal Carbon Dioxide (mmHg) 37.1 ± 3.3 35.3 ± 3.4 

Fraction of Inspired Oxygen (%) 21.0 ± 0.3 12.3 ± 1.29 * 

*p < 0.05 between Hypoxia and Normoxia 
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When preceded by intermittent normoxia, blood flow occlusion resulted in a blunted 

flow-mediated dilation (Figure 4). In contrast, the reduction in flow mediated dilation following 

blood flow occlusion was attenuated by prior exposure to intermittent hypoxia (Figure 4). 

Brachial artery baseline and peak diameters were greater following blood flow occlusion during 

both intermittent normoxia and intermittent hypoxia (Table 3). However, the change in diameter 

and shear rate AUC were smaller following blood flow occlusion during intermittent normoxia 

and intermittent hypoxia (Table 3). Time to peak diameter was not affected by blood flow 

occlusion in both conditions (Table 3) 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Vasodilation rate pre-and post-blood flow occlusion during intermittent normoxia 

(grey) and intermittent hypoxia (white). Time and condition interaction, p = 0.048.  
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Table 3. Vasodilator function pre- and post-blood flow occlusion. 

 
 Normoxia Hypoxia  
  Pre Post  Pre Post 
Baseline Diameter (mm) 3.94 ± 0.70 *  4.19 ± 0.83 3.98 ± 0.71 4.21 ± 0.81 

Peak Diameter (mm) 4.20 ± 0.68 * 4.34 ± 0.80 4.23 ± 0.73 4.39 ± 0.80 

Change in Diameter (mm)  0.27 ± 0.07 * 0.15 ± 0.08 0.25 ± 0.06 0.17 ± 0.08 

Time to Peak Diameter (s)  55 ± 12 52 ± 14 60 ± 11 55 ± 13 

Shear Rate (AUC) 13188 ± 10794 * 8157 ± 7084 13172 ± 11224 8741 ± 6388 

 

* Main effect for time 
 
 
 DISCUSSION 
 
 

The aim of this research project was to determine whether exposure to intermittent 

hypoxia attenuates the reduction in flow-mediated induced by an ischemia-reperfusion injury in 

young healthy adults.  It was observed that exposure to mild levels of intermittent hypoxia 

attenuates the reduction in flow-mediated dilation induced by blood flow occlusion in young 

healthy individuals. During intermittent normoxia, blood flow occlusion induced a 43% 

reduction in flow-mediated dilation, which is similar to the previously reported reductions in 

flow-mediated dilation ranging between 27-50% induced by the same blood flow occlusion 

protocol in young individuals (Brunt et al., 2016; DeVan et al., 2011; Loukogeorgakis et al., 

2007). Following a short exposure to mild levels of intermittent hypoxia, blood flow occlusion 

induced a 32% reduction in flow-mediated dilation. Thus, intermittent hypoxia represents a 

potential strategy to mitigate the effect of ischemia-reperfusion injury.  
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Effect of ischemic preconditioning on flow-mediated dilation 
 

Previous studies reported that ischemic preconditioning mitigates the effects of an 

ischemia-reperfusion injury (Kharbanda et al., 2001; Loukogeorgakiset al., 2007). Ischemic 

preconditioning consists of brief bouts of cuff inflation prior to the 20 minute blood flow 

occlusion. Indeed, three 5-minute bouts of ischemic preconditioning significantly reduced the 

flow-mediated dilation by 17% in the radial artery compared to a 54% decrease no ischemic-

preconditioning at all (Kharbanda et al., 2001). Whereas three short bouts of ischemic 

preconditioning in the contralateral arm similarly blunted the decrease in flow-mediated dilation 

by 4%  in young healthy adults compared to 54% without ischemic preconditioning 

(Loukogeorgakis et al., 2007). Ischemic preconditioning opens up mitochondrial KATP channels 

and inhibits the opening of the mitochondrial permeability transition pores, which have been 

shown to protect against an ischemia-reperfusion injury (Gross & Auchampach, 1992). 

 

Effect of intermittent hypoxia on flow-mediated-dilation  
 

Few animal studies showed that intermittent hypoxia protects against ischemia-

reperfusion injury induced in the heart (Bu et al., 2015; Cai et al., 2003). Bu et al. (2015) found 

that chronic intermittent hypobaric hypoxia lasting 28 and 42 days, 5 hours each day, at an 

altitude of 3000 m protects the heart against an ischemia-reperfusion injury in developing rats, as 

seen through recovery of left ventricle function and diminished ultrastructural damage to the 

myocardium. A mechanism that seems necessary to the cardioprotective effect of hypoxia 

exposure is the hypoxia-inducible factor 1 alpha (HIF-1α). Intermittent hypoxia reduced infarct 

size in mice (Cai et al., 2003). Reducing the expression of HIF-1α protein completely abolished 

the protective effects induced by intermittent hypoxia (Cai et al., 2003). These protective effects 
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stem from an increase in nitric oxide bioavailability, regulating genes involved in maintaining 

oxygen homeostasis, and shifting the metabolism to anaerobic metabolism (Yoon et al., 2006; 

Ziello et al., 2007). This shift occurs by HIF-1α regulating glycolytic enzymes and glucose 

transports allowing the cell to produce energy, despite the hypoxic environment (Ziello et al., 

2007). Expression of HIF-1α in the gene is essential for cardioprotection against an ischemia-

reperfusion injury. In humans, intermittent hypoxia reduced brachial flow-mediated dilation by 

32%, whereas normoxia decreased flow-mediated dilation by 43%. Although intermittent 

hypoxia did attenuate flow-mediated dilation, the mechanism remains unknown in humans. 

 
Shear rate 
 

Wall shear stress directly correlates with flow-mediated dilation, indicating that the 

greater the shear stress, the higher the flow-mediated dilation (Gnasso et al., 2001). It was 

hypothesized that the reduction in shear rate area under the curve (AUC) following blood flow 

occlusion would be attenuated with intermittent hypoxia since hypoxia induces vasodilation. 

Breathing low amounts of oxygen allows a cascade of events starting with HIF-1α and ending 

with an increase in nitric oxide, inducing vasodilation (Wilson et al., 2016). The 20 minute blood 

flow occlusion decreased shear rate AUC, but the decrease in both the intermittent hypoxia and 

normoxia protocols were the same. This decrease in shear rate AUC is what is responsible for the 

lower flow-mediated dilation after blood flow occlusion because flow-mediated dilation and 

shear rate are directly correlated (Gnasso et al., 2001).  

 
The present study showed that a very short exposure to mild levels of intermittent 

hypoxia was sufficient to attenuate the reduction in brachial artery endothelial function following 

an ischemia-reperfusion injury. The intermittent hypoxia protocol consisted of three 4 minutes 
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hypoxic cycles at a targeted arterial oxygen saturation of 90%. Nonetheless, short exposure to 

mild levels of intermittent hypoxia attenuated the reduction in flow-mediated dilation induced by 

ischemia-reperfusion injury in young heathy individuals. It remains to be determined whether a 

longer hypoxic exposure duration to a lower arterial oxygen saturation results in a greater 

protective effect against ischemia-reperfusion injury. Moreover, administering the intermittent 

hypoxia protocol during the period of blood flow occlusion could also potentially attenuate the 

reduction in flow-mediated dilation. This technique, known as remote postconditioning, is 

defined as “an ischemic conditioning stimulus applied concurrently with an injurious ischemic 

episode but at a remote site” (Kerendi et al., 2005). Remote postconditioning in the leg has been 

seen to reduce flow-mediated dilation in the brachial artery by 12%, a similar degree of 

protection to ischemic preconditioning due to the protection from the activation of the 

mitochondria KATP channels (Loukogeorgakis et al., 2007). 

CONCLUSION 

Exposure to mild levels of intermittent hypoxia attenuated the reduction in flow-mediated 

dilation induced by blood flow occlusion in young healthy individuals. Thus, intermittent 

hypoxia represents a potentially safe, noninvasive strategy to mitigate the effect of ischemia-

reperfusion injury in patients with ischemic cardiovascular events.  
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