
 Low glycemic index for improving health and exercise performance 

 

 

 

 

 

 

 

 

 

 

 

A Thesis Submitted to the  

College of Graduate and Postdoctoral Studies 

In Partial Fulfillment of the Requirements 

For the Degree of Doctor of Philosophy 

In the College of Kinesiology 

University of Saskatchewan 

Saskatoon 

 

By 

RUIRUI GAO 

 

 

© Copyright Ruirui Gao, March, 2020 All rights reserved. 

 



i 

       

Permission to Use 

In presenting this thesis in partial fulfillment of the requirements for a Postgraduate degree from 

the University of Saskatchewan, I agree that the Libraries of this University may make it freely 

available for inspection. I further agree that permission for copying of this thesis in any manner, 

in whole or in part, for scholarly purposes may be granted by the professor or professors who 

supervised my thesis work or, in their absence, by the Head of the Department or the Dean of the 

College in which my thesis work was done. It is understood that any copying or publication or 

use of this thesis or parts thereof for financial gain shall not be allowed without my written 

permission. It is also understood that due recognition shall be given to me and to the University 

of Saskatchewan in any scholarly use which may be made of any material in my thesis. Requests 

for permission to copy or to make other uses of materials in this thesis/dissertation in whole or 

part should be addressed to: 

Dean of the College of Kinesiology 

University of Saskatchewan 

Saskatoon, Saskatchewan S7N 5B2 

Canada 

OR 

Dean 

College of Graduate and Postdoctoral Studies 

University of Saskatchewan 

116 Thorvaldson Building, 110 Science Place 

Saskatoon, Saskatchewan  S7N 5C9 

Canada 

 

 



ii 

       

Abstract 

Objectives: Low-glycemic index foods have been promoted as a healthy choice for improving 

cardiovascular health and endurance exercise performance. This thesis assessed the effects of low 

glycemic-index foods and beverages during conditions that varied from extremes of inactivity 

(i.e. bed rest in study one) through moderate-intensity activity (i.e. brisk walking in study two) to 

high activity (i.e. prolonged endurance exercise in study three) on performance and markers of 

health. The overall purpose was to assess the effect of diets/beverages differing in glycemic 

index, on cardiovascular health, metabolic profile and endurance exercise performance.  

 

Study 1: Our purpose was to determine the effects of a low glycemic-index pulse-based diet (i.e., 

containing lentils, chick peas, beans and split peas) compared to a typical hospital diet on insulin 

sensitivity (assessed by the Matsuda index from the insulin and glucose response to a two-hour 

oral glucose tolerance test), insulin resistance assessed by the homeostatic model assessment of 

insulin resistance (HOMA-IR), bone resorption assessed by 24 h excretion of urinary n-

telopeptides(Ntx) and cardiovascular risk factors (blood lipids, blood pressure, arterial stiffness 

and heart rate variability) during bed rest. Methods: Using a randomized, counter-balanced 

cross-over design with one-month washout, six healthy individuals (30 ± 12 years) consumed the 

diets during four days of bed rest. The Matsuda index, HOMA-IR, urinary Ntx and 

cardiovascular risk factors were determined at baseline and after the last day of bed rest. Results: 

Compared to the typical hospital diet, the pulse-based diet improved the Matsuda index 

(indicating increased insulin sensitivity; baseline to post-bed rest: 6.54 ± 1.94 to 6.39 ± 2.71 

hospital diet vs. 7.14 ± 2.36 to 8.75 ± 3.13 pulse-based diet; p = 0.017), decreased HOMA-IR 

(1.38 ± 0.54 to 1.37 ± 0.50 hospital diet vs. 1.48 ± 0.54 to 0.88 ± 0.37 pulse-based diet; p = 

0.022), and attenuated the increase in Ntx (+89 ± 75% hospital diet vs. +33 ± 20% pulse-based 

diet; p = 0.035). No differences for changes in cardiovascular risk factors were found between the 

two diet conditions, with the exception of decreased diastolic blood pressure during day three of 

bed rest in the pulse-based versus hospital diet (61 ± 9 vs. 66 ± 7 mmHg; p = 0.03). Conclusion: 

A pulse-based diet was superior to a hospital diet for maintaining insulin sensitivity, preventing 

insulin resistance, attenuating bone resorption and decreasing diastolic blood pressure during four 

days of bed rest in healthy adults. 
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Study 2: Our purpose was to determine the effect of consuming low glycemic index (LGI) skim 

milk as a recovery beverage, compared to a high glycemic index (HGI) sports drink, following 

evening exercise on fat oxidation and blood lipids after a subsequent high fat breakfast. 

Methods: In this randomized counterbalanced crossover trial, 20 overweight or obese 

participants (BMI≥25 kg m− 2) underwent 4 conditions: 90-min exercise at 50% VO2peak followed 

by sports drink (EX-HGI); the same exercise followed by isocaloric skim milk (EX-LGI); the 

same exercise with water (Exercise); a control condition. Blood lipids, glucose, and fat oxidation 

were assessed before and for 6h after a standardized high-fat breakfast the next morning. Results: 

There was a condition main effect for fat oxidation (p=0.042) with means highest for EX-LGI 

(6.7±2.7 g/h) and lowest for EX-HGI (6.0±1.8 g/h). Mean triglyceride concentration and total 

area under the curve for triglycerides with EX-HGI was higher than Exercise (1.7±1.6 vs. 1.3± 

1.0 mmol/l, p=0.037, and 11.7±9.4 vs. 8.6±6.0 mmol l − 1 h, p=0.005, respectively). Mean glucose 

concentration with EX-LGI was lower than EX-HGI (4.1±1.1 vs. 4.4 ± 1.1 mmol/l, p=0.027). 

Homeostatic Model Assessment of Insulin Resistance was higher with EX-HGI than Control 

(2.32±1.15 vs. 1.86±0.97, p=0.005). Conclusion: Evening post-exercise skim milk consumption, 

compared with a high-GI sports drink, significantly reduced blood glucose and possibly increased 

fat oxidation after a high-fat breakfast the next morning in overweight/obese adults. 

 

Study 3: Tart cherries have antioxidant and anti-inflammatory properties and low glycemic 

index, and therefore may benefit performance and recovery from exercise. Our purpose was to 

determine the effects of consuming tart cherry juice versus a high-glycemic index sports drink on 

cycling performance, substrate oxidation, and recovery of low-frequency fatigue. Methods: 

Using a randomized, counter-balanced cross-over design, with one-month washout, 12 

recreational cyclists (8 males; 35y) consumed cherry juice or sports drink twice a day (300mL/d) 

for 4d before and 2d after exercise. On the exercise day, beverages (providing 1g/kg 

carbohydrate) were consumed 45min before 90min of cycling at 65%VO2peak, followed by a 

10km time trial. Blood glucose, lactate, carbohydrate and fat oxidation, respiratory exchange 

ratio (RER), O2 cost of cycling, and rating of perceived exertion (RPE) were measured during the 

initial 90min of cycling. Blood pressure was assessed after testing on the exercise day and 

overnight. Muscle soreness, maximal voluntary contraction (MVC) and low-frequency fatigue 
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were determined at baseline and after the time trial on the exercise day, and 30min after beverage 

consumption 24 and 48h later. Results: There were no differences for time trial performance 

(17±3min cherry juice vs. 17±2min sports drink, p=0.27) or any other measures between drink 

conditions. There were time main effects (p<0.05) for isometric MVC (decreasing) and low-

frequency fatigue (increasing; i.e. decreased force at low relative to high stimulation frequencies), 

changing significantly from baseline to post-exercise and then returning to baseline at 24h post-

exercise. Conclusion: Tart cherry juice was not effective for improving performance, substrate 

oxidation during exercise, and recovery from exercise in recreational cyclists, compared to a 

high-glycemic index sports drink. 

 

Conclusion: Low-GI foods and beverages assessed in this thesis (i.e. pulse-based diets and skim 

milk) were effective for improving some aspects of cardiovascular and metabolic health during 

bed rest in study one where pulse-based diets were provided to healthy participants and in 

conjunction with acute exercise in study two where overweight/obese adults consumed skim milk 

after an evening exercise session, but tart cherry juice was not effective for improving endurance 

performance, substrate oxidation during exercise and recovery from exercise in study three where 

tart cherry juice was consumed by recreational cyclists four days before, on the day of and two 

days after exercise.  
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1. Chapter 1 Introduction 

1.1 Rationale for the chapter  

This chapter identifies the major issue, states the knowledge gaps and indicates how this 

thesis addressed these knowledge gaps. To fill the knowledge gaps, three studies were conducted 

in this thesis. This chapter also explains the linkage between these three studies.  

Interest is growing on the topic of glycemic index (GI) for classifying food/drinks 

because of its potential effects in preventing cardiovascular disease and improving sports 

performance; however, a consensus has not been reached on these benefits. Studies are therefore 

needed to address these knowledge gaps. GI is a classification of carbohydrate based on their 

effect on postprandial blood glucose where carbohydrates with a low GI elicit a lower 

postprandial increase in blood glucose. The series of studies in this thesis investigated the role of 

low GI carbohydrates in both health and exercise. More specifically, the first two studies 

investigated the effects of low GI foods for improving cardiovascular and metabolic health when 

there is an absence of physical activity (study one with healthy participants) and in conjunction 

with exercise (study two with obese participants). The third study focused on the effects of low 

GI carbohydrate on exercise performance and recovery from exercise in recreational cyclists. 

Only a short period of bed rest (3–4 days) raises blood glucose and insulin, promotes bone 

loss, and increases arterial stiffening—conditions that are also synonymous with low physical 

activity levels. We found no dietary intervention studies for the prevention of glucose intolerance 

and cardiovascular problems during situations where there is forced inactivity (e.g. bed rest or 

spaceflight); therefore, there is a large knowledge gap in this area. Pulses (i.e. the seeds of non-oil 

legumes such as lentils, chickpeas, field peas, and beans) are low GI foods and have 

cardiovascular protective effects [1-3]; therefore, pulse-based diets might exert beneficial effects 

on cardiovascular and metabolic health when there is an absence of physical activity. The 

purpose of study one was to determine the effects of a pulse-based diet compared to a moderate 

glycemic index hospital diet on insulin sensitivity, insulin resistance, bone resorption, CVD risk 
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factors (i.e., blood lipids, blood pressure, arterial stiffness and heart rate variability) and 

body composition during four days of bed rest in healthy participants. We hypothesized that a 

pulse- based diet would be superior to a hospital diet for preventing loss of insulin sensitivity, 

insulin resistance, and bone catabolism, and reducing CVD risk during four days of bed rest in 

healthy participants. 

While the focus of study one was on a situation where there was absence of physical 

activity, study two assessed the health benefits of a low GI beverage in conjunction with exercise. 

Exercise has marked acute effects on cardiovascular risk factors (i.e. lipid profile, glucose level, 

insulin response and blood pressure) [4-9] and metabolic health (i.e. increased fat oxidation) [8]. 

It would be of interest to assess whether consuming low GI beverage (e.g. skim milk) in 

conjunction with an acute exercise session can further add to these beneficial effects. In study 

two, we therefore aimed to compare the effects of consuming low-GI skim milk and a high-GI 

sports drink after an evening exercise session on next-day postprandial fat oxidation, blood lipids, 

and insulin and glucose concentrations, and post-exercise blood pressure in obese/overweight 

participants. It was hypothesized that post-exercise skim milk consumption, compared to sports 

drink, would increase fat oxidation, and lower harmful blood lipid and glucose concentrations 

after a next day high-energy breakfast in obese/overweight participants. A secondary hypothesis 

was that consuming milk after exercise would reduce post-exercise blood pressure compared to 

consumption of a sports drink. 

The first two studies focused on the effects of GI on health, and the last study looked at 

the role of GI in exercise. Because of the inconsistencies among research protocols and published 

results, it is necessary to assess the effects of GI on endurance performance with well-designed 

studies. Tart cherries and tart cherry products have been widely studied for their beneficial effects 

on muscle function, oxidative stress, inflammation and muscle soreness; however, only a few 

studies have been conducted on their effects on exercise performance and their results are 

inconsistent. Tart cherries have antioxidant and anti-inflammatory properties and low GI, and 

therefore may benefit performance and recovery from exercise. The purpose of study three was to 

compare the effect of tart cherry juice consumption to a high glycemic index sports drink for 

improving cycling endurance performance and recovery from exercise in recreational cyclists. 

We also compared the beverages for their effect on post-exercise changes in blood pressure to see 

if enhancing blood flow with cherry juice might have health benefits. It was hypothesized that 
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tart cherry juice, compared with high glycemic index sports drink, would result in: (1) a faster 

time trial performance on a cycle ergometer; (2) a lower rise in blood glucose when consumed 

before exercise, and greater fat oxidation and lower carbohydrate oxidation during cycling 

exercise; (3) a better recovery from exercise as indicated by lower sensations of muscular 

soreness, higher force output during a test of isometric maximal voluntary contractions (MVC), 

and higher force output during low frequency stimulation immediately after, and 24 and 48 hours 

after the cycling test; (4) lower O2 cost of exercise and (5) a lower blood pressure response in the 

24 hours after the exercise testing. 

1.2 References 

1. Jayalath, V.H., et al., Effect of dietary pulses on blood pressure: a systematic review and 

meta-analysis of controlled feeding trials. Am J Hypertens, 2014. 27(1): p. 56-64. 

2. Zhu, Z., W. Jiang, and H.J. Thompson, Edible dry bean consumption (Phaseolus vulgaris 

L.) modulates cardiovascular risk factors and diet-induced obesity in rats and mice. Br J 

Nutr, 2012. 108 Suppl 1: p. S66-73. 

3. Ha, V., et al., Effect of dietary pulse intake on established therapeutic lipid targets for 

cardiovascular risk reduction: a systematic review and meta-analysis of randomized 

controlled trials. CMAJ, 2014. 186(8): p. E252-62. 
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2. Chapter 2 Literature review 

2.1 Rationale for the chapter  

This chapter establishes research background, identifies knowledge gaps, explains the 

necessity of conducting the studies in this thesis and provides directions for future research. The 

topic of this thesis is the role of low glycemic index in glucose control, cardiovascular health and 

endurance exercise performance. This chapter therefore provides research background on (1) 

nutritional interventions during situations of forced inactivity (e.g. bed rest and space flight) to 

elucidate the necessity to assess low glycemic index diets for the prevention of bed rest-induced 

glucose intolerance, cardiovascular problems and bone resorption; (2) the effect of glycemic 

index on cardiovascular risk factors (i.e. blood lipids and blood pressure) to show the need for 

conducting studies in this area because of the mixed results of reported studies; (3) the role of 

glycemic index in endurance exercise performance; (4) and more specifically, the effect of tart 

cherry juice on endurance exercise performance since tart cherry juice was used in this thesis as 

the low glycemic index beverage for improving cycling performance.  

2.2 Nutritional interventions during bed rest and spaceflight: prevention of bone 

resorption, glucose intolerance and cardiovascular problems 

Contribution of authors: Ruirui Gao and Philip D. Chilibeck. Nutritional interventions 

during bed rest and spaceflight: prevention of muscle and strength loss, glucose intolerance, bone 

resorption and cardiovascular problems. Review article submitted to Nutrition Research in 

December, 2019. 

Drafting manuscript: RG. Revising manuscript: RG and PC.  

2.2.1 Introduction 

Inactivity induced by bed rest and spaceflight presents many significant challenges to 

health. There are a number of nutritional interventions proposed to overcome these challenges, 
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and a comprehensive review is required to determine the most effective interventions from the 

literature. Bed rest is necessary for some illnesses or injury. In healthy individuals, head-down tilt 

bed rest is used as a ground analog of spaceflight. Confinement to bed or spaceflight induces 

glucose intolerance, increased bone resorption and reduced hydrostatic pressure gradient within 

the cardiovascular system. Certain nutrients are important for keeping bone and the 

cardiovascular system healthy. For example, calcium, vitamin D and vitamin K build bone 

density and prevent bone loss; low glycemic index foods might be beneficial for glucose control 

and cardiovascular health because of the slow release of blood glucose after ingestion. These 

nutritional countermeasures during bed rest or spaceflight may therefore prevent the deterioration 

in health. Evidence for many of these interventions however is equivocal, or report mixed results 

(Table 2.1); therefore, a review on this topic is necessary to help gain a better understanding of 

the role of nutrition during bed rest and provide directions for future studies. The purpose of this 

review is to examine nutritional interventions during bed rest and spaceflight for prevention of 

muscle and strength loss, bone resorption, glucose intolerance and cardiovascular problems. 
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Table 2. 1 Human studies with dietary counter-measures during bed rest or space flight 

Study 

reference  

Participants and study design Bed Rest or 

space flight 

duration 

Treatment Results 

Glucose intolerance and cardiovascular problems 

[1] Healthy young women (N=24, 

32.1±4 y), parallel design 

60d with 6° 

head-down-tilt 

Control group (n=8) 

Exercise group (n=8): supine treadmill running 

and resistive training 

Nutrition group (n=8): protein (0.45 g/kg/day 

increase) plus branched-chain amino acid (7.2 

g/day) 

No change in cardiac mass was 

observed after bed rest in the nutrition 

group, whereas in the control group, 

cardiac mass decreased. 

[2] Healthy individuals (n=6, 30 ± 12y, 

4 females, 2 males, BMI 23.3 ± 4.5 

kg/m2), crossover study 

 

4d Low-glycemic index pulse-based diet: beans, 

chick peas, split peas and lentils 

Typical hospital diet: protein sources from 

animal products 

Compared with the hospital diet, the 

pulse-based diet increased insulin 

sensitivity, reduced insulin resistance 

and decreased diastolic blood pressure. 

Bone loss 

[2] Healthy individuals (n=6, 30 ± 12y, 

4 females, 2 males, BMI 23.3 ± 4.5 

kg/m2), crossover study 

4d Low-glycemic index pulse-based diet: beans, 

chick peas, split peas and lentils 

Typical hospital diet: protein sources from 

animal products 

Compared with the hospital diet, the 

pulse-based diet attenuated bone 

resorption.  

[3] Males randomized to control (n=6, 

38y) or amino acid  (n=7, 36y)  

28d  Amino acid group: extra 49.5g essential amino 

acids, 90g carbohydrate/day 

Amino acid supplementation increased 

bone resorption  

[4] Females (32.4y) randomized to 

control (n=8) or a high-protein 

intake (n=8) 

60d with 6° 

head-down-tilt  

Control group: 1g protein/kg/day 

High protein intake: 1.45g protein/kg/day + 

0.72g branched chain amino acids/day  

High protein intake increased bone 

loss  

[5] 7 males, 27.6y, cross-over study 21d with 6° 

head-down-tilt  

Treatment: 90 mmol potassium bicarbonate 

dissolved in 200ml water 

Control: 200ml water  

Alkaline supplementation was not 

effective for preventing bone 

resorption   

[6] Cross-over studies 

Study A: 9 males, 23.6y 

Study B: 8 males, 25.5y 

Study A : 14d  

Study B: 6d 

Study A: 1000mg/day calcium  

Study B: 2000mg/day calcium  

High calcium intake did not prevent 

the increase in bone resorption. 

[7] and 

[8] 

One astronaut, case study MIR 97 mission 

(21d) 

A minimum calcium intake of 1000 mg/day + 

vitamin D supplementation of 16.6 mg/day 

Bone resorption markers increased 

during space flight. Intestinal calcium 

absorption was decreased 

[9] 8 males, 25.5y, cross-over study 6d with head-

down tilt 

Bed rest condition: 2000 mg/d calcium and 400 

IU/d vitamin  

Control condition: 6 ambulatory days with 2000 

mg/d calcium and 400 IU/d vitamin D 

Bone resorption increased by day 2 of 

bed rest; bone formation tended to 

decrease on day 5 of bed rest.  

[10] One astronaut, case study 6-week space 

flight  

vitamin K1 supplementation 10mg/day  Bone formation increased 
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2.2.2 Bone resorption 

2.2.2.1 Protein and amino acid supplementation  

Nutritional interventions during bed rest with proteins or amino acids are effective to 

prevent loss of muscle mass and strength, but they may have negative effects on bone. Amino 

acid supplementation (49.5g essential amino acids) decreased bone mineral content and urinary 

pH level, and increased bone resorption during 28d bed rest in males, compared with a control 

group [3]. High protein intake (1.45g protein/kg/day plus an additional 0.72g/d branched-chain 

amino acids) increased bone resorption by the end of 60d of 6° head-down-tilt bed rest in healthy 

women compared with a control group [4].  

The protein-induced bone resorption can be explained by the important role of bone in the 

maintenance of acid-base balance. Animal-based proteins contain cationic and sulphur-based 

amino acids that induce acidosis. Bone serves as a reservoir of bicarbonate, which helps to buffer 

blood acidity by releasing bicarbonate via bone breakdown. Indeed the latest generation of bed 

rest studies that use whey protein to prevent muscle loss also include supplementation with an 

alkalinizing agent to prevent this metabolic acidosis [4]; however, alkaline supplementation, 

although successful for reducing renal calcium excretion during bed rest, may not be adequate to 

counteract bed rest-induced bone resorption [5]. Alkaline supplementation (3×30 mmol 

potassium bicarbonate/day) was not able to decrease bone resorption during 21d of 6° head-

down-tilt bed rest in healthy young males. Future studies are warranted to investigate how to 

maintain the beneficial effects of proteins on muscle mass and function without the risk of 

increasing bone resorption. One study reported that a pulse-based diet (containing beans, chick 

peas, split peas and lentils) attenuated the increase in urinary collagen-type I N-telopeptides (a 

marker of bone resorption) during four days of bed rest in six healthy individuals (30 ± 12 years, 

4 females, 2 males, BMI 23.3 ± 4.5 kg/m2), compared with a hospital diet which contained 

protein sources from animal products [2]; therefore, proteins that are low in sulphur-based amino 

acids from plant-based sources (e.g. lentils, beans) could be a promising research direction for 

future studies. 

2.2.2.2 Calcium intake and Vitamin D 

In contrast to protein/amino acids that cause bone resorption, micronutrients such as 

calcium and vitamin D help build strong bones and maintain good bone health, and therefore are 

often supplemented for treatment of osteoporosis [11] and prevention of bone loss in bed 
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rest/spaceflight studies [6-9]. Reduction of mechanical stress causes bone loss during bed 

rest/spaceflight [6]. The decrease in skeletal loading increases bone resorption and maintains or 

slightly decreases bone formation [6]. The mechanism underlying unloading-induced bone loss 

may be that unloading activates osteoclasts (cells involved in bone breakdown) and suppresses 

osteoblasts (cells involved in bone formation) via sympathetic nervous system activation [12], 

and induces apoptosis of osteocytes [13], which are bone lining cells important in 

mechanotransduction (i.e. the transduction of mechanical strain to induce bone formation) [14]. 

Calcium is an important bone-building nutrient. Calcium accumulates in the bone during skeletal 

growth and therefore determines peak bone mass in early life [15]. The skeleton is in calcium 

equilibrium during maturity whereas this balance becomes negative in later adulthood when age-

related bone loss occurs at all skeletal sites [15]; therefore, it is vital to consume adequate 

calcium to prevent bone loss. Vitamin D maintains calcium homeostasis by increasing calcium 

absorption from the intestine [16]. The few nutritional interventions during bed rest using 

calcium and vitamin D to prevent bone loss, however, have not been effective. Increasing 

calcium intake from 1000mg/d to 2000mg/d did not prevent bed rest-induced bone resorption [6]. 

Data from a 21-day space mission indicated that high calcium (a minimum intake of 

1000mg/day) and vitamin D (16.6mg/day) intake did not prevent bone loss [7, 8]. Bone loss and 

reduced calcium absorption was found in crewmembers during space travel even with calcium 

supplementation [7, 8, 17-19]. In a 6-day 6° head-down tilt bed rest study, where eight males 

(~25.5y) consumed 2000mg/d calcium and 400 IU/d vitamin D, bone resorption increased as 

early as day 2, and bone formation markers tended to decrease on day 5 [9]. Disuse is such a 

strong factor for stimulating bone degradation, that it might override any beneficial effect of 

calcium [6]. Also, calcium absorption might be reduced secondary to bone resorption during 

space flight and bed rest via the down-regulation of 1,25-dihydroxyvitamin D synthesis and 

parathyroid hormone [6, 8, 20]. Fecal and urinary calcium excretion positively correlated with 

calcium intake during bed rest [21] and the excretion of extra calcium might further contribute to 

the negative results [6]. 

Studies evaluating calcium and vitamin D during bed rest or space flight are limited by 

their design and low sample sizes. The bed rest study comparing different calcium intakes (1000 

or 2000mg/d) used a parallel-group design [6]. Nine participants were employed for the 

1000mg/d group and another 8 for the 2000mg/d group. Use of a cross-over design can eliminate 
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between-subjects variance. Also, the length of the intervention for the 1000mg/d intake condition 

was 14d whereas the 2000mg/d condition was only 6d. For the 21-day space flight study, data 

were collected from only one astronaut [7, 8], with no control participants who did not take 

calcium and vitamin D supplementation. The 6-day 6° head-down tilt bed rest study used a 

randomized, crossover design and in the control condition, participants underwent 6 ambulatory 

days with environmental conditions and diets being identical to the bed rest condition [9]. Again, 

there is a limitation in this study because of the lack of a control condition with no 

supplementation. Another factor that should be taken into account is hypercalciuria, which is a 

risk factor for kidney stones [22]. Taking calcium 1000mg/d for 14d bed rest tended to increase 

serum calcium [6]. Increasing calcium intake to 2000mg/d or higher during bed rest might further 

increase serum calcium concentrations and the risk of kidney stones [6, 23]. Well-designed 

interventional studies are needed to investigate the effects of calcium intake and vitamin D on 

bed rest-induced bone loss.  

2.2.2.3 Vitamin K  

In addition to calcium and vitamin D, Vitamin K also plays an important role in bone 

health. Vitamin K is an enzyme cofactor helping convert glutamic acid residues to γ-

carboxyglutamate acid residues in vitamin K-dependent proteins[24]. These proteins regulate 

bone mineralization via the formation of strong calcium-binding groups [24] and the inhibition of 

osteoclast activity and bone resorption [25, 26]. Therefore, vitamin K has potential to prevent 

loss of bone mineral induced by microgravity [27, 28]. Studies on this topic, however, provide 

conflicting results. Three spaceflight studies found suboptimal vitamin K status in astronauts 

during spaceflight and suggested that vitamin K supplementation might be necessary [7, 10, 29], 

whereas one spaceflight and spaceflight analog study found that plasma phylloquinone 

concentrations, vitamin K-dependent protein turnover, and vitamin K function were unchanged 

[24]. The study of vitamin K in particular was not included in the initial goals of some of these 

studies which involved other countermeasures such as artificial gravity, vibration at feet or 

exercise [24]. Studies of vitamin K supplementation should investigate whether this could be a 

countermeasure against bed rest-induced bone loss.  

2.2.3 Glucose intolerance 

Glucose intolerance is a frequent complication of bed rest, and mortality rate is much 

higher with critically-ill non-diabetics who developed in-hospital hyperglycemia (16%) than 
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those who do not (1.7%) [30]. Hyperglycemia and hyperinsulinemia is frequent in immobilized 

individuals [31]. As little as 3d bed rest in healthy individuals reduces insulin sensitivity [32, 33]. 

Bed rest-induced glucose intolerance might be due to decreased numbers of insulin binding sites 

on muscles [34], increased tissue resistance to endogenous insulin [31], and decreased activity or 

expression of key proteins involved in insulin signaling and glucose metabolism, such as glucose 

transporter-4, insulin receptor β-submit, AMP-activated protein kinase and Akt [35]. Surprisingly 

only one dietary intervention study focusing on prevention of blood glucose intolerance during 

bed rest has been conducted; therefore, there is a need for more studies in this area. This study 

was conducted in a randomized counter-balanced crossover manner [2]. Six healthy individuals 

(30 ± 12 years, 4 females, 2 males, BMI 23.3 ± 4.5 kg/m2) consumed either a low-glycemic 

index pulse-based diet (containing beans, chick peas, split peas and lentils) or a typical hospital 

diet (containing protein sources from animal products) [2]. Compared with the hospital diet, the 

pulse-based diet decreased insulin resistance and increased insulin sensitivity [2]. This may be 

due to the low content of sodium and high content of fiber and micronutrients (i.e. selenium and 

zinc) in the low-glycemic index pulse diet because all these nutrients have effects on insulin 

resistance [2]. More importantly, low-glycemic index diets reduce postprandial blood glucose and 

insulin responses; therefore, such diets could be evaluated in future studies as potential nutrition 

countermeasures [2, 36].  

2.2.4 Cardiovascular problems 

Glucose intolerance often leads to cardiovascular problems. Also, microgravity exposure 

during spaceflight or bed rest causes cardiovascular deconditioning, such as resting and 

orthostatic tachycardia [37], impaired cardiac compliance, reduced upright stroke volume [38], 

artery stiffness [39], microvascular dysfunction [33], reduced leg venous compliance and 

increased leg venous outflow resistance [40]. These detrimental outcomes might be exacerbated 

through diet since the typical Western diet contains many animal-based foods with high levels of 

saturated fats and high glycemic index foods that induce faster and higher increase in 

postprandial blood glucose and insulin, which leads to arterial wall damage [41] and increases 

arterial stiffness. One study reported that high intake of protein and branched-chain amino acids 

supplementation could suppress cardiovascular unloading-induced cardiac atrophy and preserve 

cardiac mass [1]. The mechanism behind this is that branched-chain amino acids supplementation 

and protein intake increase protein synthesis, prevent protein degradation and reduce nitrogen 
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loss in myocardium [1]. Only one study aiming at preventing other bed rest-induced 

cardiovascular problems (e.g. arterial stiffness, blood pressure and blood lipids) has been 

conducted; therefore, more studies are needed in this area. In this study, a low-glycemic index 

pulse-based diet (containing beans, chick peas, split peas and lentils) decreased diastolic blood 

pressure during four days of bed rest in six healthy adults (30 ± 12 years, 4 females, 2 males, 

BMI 23.3 ± 4.5 kg/m2), but did not affect other cardiovascular measures (i.e. systolic blood 

pressure, arterial stiffness and blood lipids), compared to a hospital diet with animal-derived 

protein sources [2]. A possible explanation is that the intervention was too short (only four days). 

Low glycemic index diets are still a possibility for future studies. Among low glycemic index 

foods, legumes (i.e. beans, chickpeas, lentils) exert cardioprotective effects by reducing blood 

pressure [42] and harmful blood lipid levels [43, 44]; therefore, legume-based diets are another 

future research direction. 

2.2.5 Conclusion 

Calcium and vitamin D supplementation does not appear to be beneficial for preventing 

bed rest-induced bone degradation; however, well-designed interventional studies are needed for 

confirmation. Future studies are warranted to investigate how to maintain the beneficial effects of 

proteins on muscle mass and function without the risk of increasing bone resorption. Well-

designed interventional studies are needed to assess the effects of vitamin K supplementation on 

bone health during bed rest or spaceflight. One dietary intervention study has been conducted for 

the prevention of bed rest-induced glucose intolerance and cardiovascular problems. This study 

indicated that low glycemic index pulse-based diets might be beneficial for glucose control and 

cardiovascular health during bed rest in healthy individuals, but more studies are needed to 

confirm this.  

2.3 Glycemic index and cardiovascular risk factors  

Cardiovascular disease (CVD) is a group of diseases that affect blood vessels or heart. It 

is now the leading cause of death in the Western countries [45]. Among traditional (e.g. high 

blood pressure, unhealthy diet, abnormal blood lipids, smoking and low physical activity) and 

novel (like air pollution) CVD risk factors , raised blood pressure, dietary risks and abnormal 

blood lipids are the three leading risk factors for CVD prevention [46]. This thesis focused on the 

effects of low glycemic index (LGI) versus high glycemic index (HGI) diet/beverage on lipid 



13 

       

profile, glucose control and blood pressure, therefore, this review is limited to research that 

investigated the effects of GI on blood lipids and blood pressure. 

2.3.1 Glycemic index meal feeding and lipid profiling     

Contribution of authors: Ruirui Gao and Philip D. Chilibeck. (2019). Glycemic index 

meal feeding and lipid profiling. Chapter 10. In: The Molecular Nutrition of Fats, Vinood B. 

Patel, Ed, Academic Press (Elsevier), London, UK, pp. 135-150. 

Drafting manuscript: RG. Revising manuscript: RG and PC. 

2.3.1.1 Introduction 

Glycemic index (GI) is a classification of carbohydrate-rich foods based on their 

postprandial blood glucose response (equation 1) [47]. It indicates how quickly the blood glucose 

concentration increases after ingestion of a food and is affected by many factors such as fiber 

content, the amount of fat and protein contained in the food, the type of sugar, cooking method 

and food processing [47]. Foods fall into three categories when glucose is used as the reference: 

high-GI food (GI >70), moderate-GI food (GI: 55-70) and low-GI food (GI < 55). 

Epidemiological studies have shown associations between GI and blood lipid concentrations [48-

55], indicating a potential role of GI in improving lipid profile, which is a risk factor for 

cardiovascular disease.  

 

𝐺𝐼 =
𝑎𝑟𝑒𝑎 𝑢𝑛𝑑𝑒𝑟 2−ℎ 𝑏𝑙𝑜𝑜𝑑 𝑔𝑙𝑢𝑐𝑜𝑠𝑒 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑐𝑢𝑟𝑣𝑒 𝑓𝑜𝑟 𝑎 𝑓𝑜𝑜𝑑 𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑖𝑛𝑔 50𝑔 𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒

area under 2−h blood glucose curve for 50g reference food(either glucose or white bread)
× 100        (1) 

Blood lipids are influenced by many factors including dietary factors (meal composition 

and calorie intake), lifestyle conditions (exercise, alcohol consumption and smoking), 

physiological factors (gender and age), health conditions (diabetes and obesity) and genetic 

background. Eating habits, such as the intake of fat, carbohydrate, fiber and total calories 

dramatically influence blood lipids. A balanced diet low in saturated fat, cholesterol, total fat and 

calories, and high in vegetables, fruits, soy protein and omega-3 polyunsaturated fatty acids can 

improve lipid profile [56, 57]. Also, regular exercise decreases triglycerides (TG) and low-

density lipoprotein (LDL) levels and increases high-density lipoprotein (HDL) levels [58]. 

Conversely, smoking can lower HDL levels and increase concentrations of total cholesterol (TC), 
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TG and LDL [59]. Increased alcohol consumption can reduce HDL levels and augment TG levels 

while the results of studies for the association between LDL and alcohol consumption are 

inconsistent, which might be explained by gene polymorphisms [60]. Additionally, obesity is 

associated with increased TG and LDL levels and decreased HDL levels [61]. There is a 

significant association between diabetes and impaired blood lipids (i.e. increased TG levels and 

decreased HDL levels) [62]. Males have a more pro-atherogenic lipid profile than premenopausal 

females [63] and a pro-atherogenic plasma lipid profile is associated with aging [63, 64]. 

Genetically, there are a number of polymorphisms within candidate genes involved in lipid 

metabolism such as the genes for apolipoprotein E, apolipoprotein A, peroxisome proliferator-

activated receptor-γ (PPAR-γ), cholesteryl ester transfer protein, and lipoprotein lipase [65]. 

Maintaining blood lipids within the reference range (TC < 5.2 mmol/L, HDL-cholesterol 

≥ 1.03 mmol/L, LDL-cholesterol < 2.6 mmol/L and TG level < 1.69 mmol/L) is of great 

importance to human health [66]. Lipids are hydrophobic molecules that are important in both 

cell structure and body function. They store energy, insulate the body from temperature extremes, 

protect around the outside of internal organs, make up cell membranes (phospholipids) and act as 

cell messengers. Healthy lipid concentrations reduce the risk of cardiovascular disease, while 

abnormal lipid profile is one of the most important risk factors for cardiovascular disease [67]. 

Disruption of lipid levels leads to atherosclerosis and coronary heart disease. Atherosclerosis is a 

life-threatening disease in which fatty deposits (i.e. plaques) in the blood accumulate inside 

arteries [67]. As the plaque increases in size, the arterial wall thickens and hardens, and the 

arteries become narrowed, which decreases the amount of blood flow to the area the artery 

supplies [67]. In extreme cases where the coronary arteries are blocked, this disease can lead to a 

heart attack. 

This thesis assessed the effects of GI on blood lipids as primary variables in study one and 

study two; therefore, the purpose of this chapter is to conduct background research on the topic of 

GI and blood lipids. In this chapter, we review the acute effects of GI on blood lipids, the effects 

of chronic consumption of foods of different GIs on lipid profile and possible mechanisms by 

which the GI of foods affect lipid levels (Figure 2.1). 
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Figure 2. 1 Mechanisms by which a low-GI diet might reduce blood lipids. Low-GI diets could 

be beneficial to lipid profile by reducing hormone responses, increasing fat utilization, decreasing 

inflammatory responses and upregulating PPARs expression. Abbreviations: LGI, low-glycemic 

index; PPARs, peroxisome proliferator-activated receptors; HDL, high-density lipoprotein; LPS, 

lipopolysaccharide; TG, triglyceride; VLDL, very low-density lipoprotein; APOA1, 

apolipoprotein A-I; APOA2, apolipoprotein A-2 

 

2.3.1.2 Acute effects of glycemic index on blood lipids 

Very few studies have investigated the acute effects of low-GI foods on lipid profile and 

their results are inconsistent (Table 2.2). A study reported that a single low-GI breakfast could 

lower TG concentrations during the course of a day [68]. In this study, ten healthy participants 

were given either a low-GI spaghetti breakfast (GI=52) or a high-GI white bread breakfast in a 

random order. A standardized high-GI lunch was served 4 hours after the breakfast. TG levels 

right before and at 30-90 min after lunch were significantly lower after the low-GI breakfast than 

that after the high-GI breakfast. In another randomized crossover study [69], 23 overweight/obese 

participants consumed either a low-GI (lentils with tomato sauce; GI=26), or a high-GI (potatoes, 
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white bread and eggs; GI=76) meal or no meal after 90-min walking exercise in the evening. 

They sat for 90-min with no meal or exercise when in the control condition. A standardized high-

fat breakfast was provided the next day after a 10-hour fast to significantly increase TG and 

insulin levels. Blood samples were collected before and 6 hours after the breakfast to determine 

TG concentrations. The post-exercise high-GI meal eliminated the beneficial effects of exercise 

for reducing postprandial blood lipids while the post-exercise low-GI diet was found to be 

effective in maintaining the beneficial effect of exercise in lowering TG. However, a TG-

increasing effect of a single low-GI meal was found in healthy postmenopausal women [70]. It 

should be noted that, in this study, the percentage of energy intake from macronutrients was not 

matched between high and low-GI test meals with the high-GI meal providing 10.5 % more 

energy from carbohydrate, 6.9% less energy from protein and 3.5% less from fat compared with 

the low-GI meal, whereas the macronutrient composition was matched between test meals 

differing in GI in the other two studies. A possible explanation for the larger incremental area 

under the curve after the low-GI diet is that the beneficial effects of low-GI diets on lipid profile 

may be offset or even overpowered by the concomitant increase in fat since studies suggest that 

TG concentrations might be more sensitive to acute changes in fat content than carbohydrate 

content [71, 72]. Further studies are warranted to address this question. 
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Table 2. 2 Summary of studies that have examined the acute effects of diets differing in 

GI on lipid profile 

Reference Design Meal condition Meal time Participants(n) Lipid Profile 

Health 

condition 

Sex (n) TC TG LDL HDL 

[68] Randomized, 

crossover 

LGI breakfast (GI=52): 

spaghetti, olive oil and 

cheese 

HGI breakfast: white wheat 

bread, olive oil and cheese 

Standardized HGI lunch 

meal: mixed meal  

Breakfast Healthy, 24 ± 

51 years, 

BMI=21.2±1.4 

kg/m2 

M(2); 

F(8) 

↔ ↓ – ↔ 

[69] Randomized, 

crossover 

LGI dinner (GI=26): boiled 

lentils, tomato sauce and 

Canola oil 

HGI dinner (GI=76): instant 

mashed potato, egg whites 

and white bread 

Standardized high-fat 

breakfast 

Evening Overweight 

but healthy, 

30.5±6.3years, 

BMI=29.5±4.0 

kg/m2 

M(16);

F(7) 

↔ ↓ ↔ 

(LDL+

VLDL) 

↔ 

[70] Randomized, 

crossover 

LGI breakfast (GI=47): a 

pizza-type meal plus 6 fluid 

ounces of water 

HGI breakfast (GI=125):a 

pizza-type meal plus 6 fluid 

ounces of Glucola 

Breakfast healthy 

postmenopaus

al women, 

56.2 years 

F(15) – ↑ – – 

Lipid profiles are shown for three studies investigating the acute effects of low-GI foods on lipid 

profile and results are inconsistent. Abbreviations: GI, glycemic index; LGI, low-glycemic index; 

HGI, high-glycemic index; TC, total cholesterol; TG, triglycerides; LDL, low-density 

lipoprotein; VLDL, very low-density lipoprotein; HDL, high-density lipoprotein; M, male; F, 

female; ↑ or ↓, significantly increased or decreased compared to HGI diet; ↔, non-significant 

effect of low compared to high GI diet; –, not reported 

Understanding the acute effects of GI on blood lipids is of great importance because 

postprandial blood lipids are a strong predictor of cardiovascular disease because the majority of 

a person’s day is spent in a postprandial state [73]. Furthermore, the postprandial period exactly 

reflects our body’s capacity to undertake a series of metabolic processes including lipid digestion 

and absorption in the small intestine, the clearance of triglyceride-rich lipoproteins (chylomicron 

and chylomicron remnants) by the liver, the secretion of triglyceride-rich lipoproteins (very low 
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density lipoprotein) by the liver, and the exchange of cholesterol between lipoproteins (Figure 

2.2). 

 

 

Figure 2. 2 Pathways of lipid homeostasis. Lipid metabolism includes three parts: the exogenous 

pathway by which lipids derived from diets are finally cleared from circulation by the liver, the 

endogenous pathway by which TG-rich lipoproteins are synthesized by the liver, and the reverse 

cholesterol transport pathway by which HDL picks up cholesterol and delivers it to the liver. 

Abbreviations: CM, chylomicron; CMR, chylomicron remnant; LPL, lipoprotein lipase; FFA, 

free fatty acid; TG, triglyceride; VLDL, very low-density lipoprotein; IDL, intermediate-density 

lipoprotein; LDL, low-density lipoprotein; HDL, high-density lipoprotein; HL, hepatic lipase; 

CETP, cholesteryl ester transfer protein. 

2.3.1.3 Effects of chronic consumption of foods differing in glycemic index on blood lipids 

2.3.1.3.1 Effects of chronic consumption of foods differing in glycemic index on HDL levels 

HDL plays an important role in the prevention of atherosclerosis. Observational studies 

have consistently shown that low-GI diets are associated with increased HDL concentrations 



19 

       

across a variety of ethnic groups, age groups, and groups varying in health status (i.e. healthy and 

obese) [48-55] (Table 2.3). 

The results from intervention studies are not as consistent as those from the 

epidemiological studies. Most clinical trials showed that low-GI diets have no effects on HDL 

levels [76-87], while very few studies found that low-GI diets could effectively increase HDL 

levels [88, 89] (Table 2.4). Although some studies showed an association between low-GI diets 

and increased HDL levels, the majority of meta-analyses have shown that chronic consumption 

of low-GI meals have no effects on HDL levels [90-94] with only one meta-analysis showing that 

low-GI diets could effectively increase HDL levels [95].  
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Table 2. 3 Summary of cross-sectional studies 

Reference  Participants Meal conditions  Lipid Profile 

Health conditions Sex (n) HGI LGI TC TG LDL HDL 

[49] Healthy without diagnosed 

diabetes; ≥45 years old 

F(18,137) 57(for the highest 

quintile) 

49(for the lowest 

quintile) 

↔ ↓ ↓ ↑ 

[48] British adults aged 18-64 years M(699), F(721) – – ↔ – ↔ ↑ 

[50] Individuals ≥20 years old M(7,082), 

F(6,825) 

GI by quintiles:76.4, 112.8, 141.8, 176.3, 

261.6 

– – – ↑ 

[51] Japanese women; 52.5±7.2 years F(32) GI by tertiles: 57, 64, 70 ↔ ↓ ↔ ↑ 

[52] Japanese female farmers  aged 20-

78 years 

F(1,354) GI by quintiles: 60.8±2.6, 64.8±0.7, 

67.0±0.6, 68.9±0.6, 71.8±1.4  

– – – ↑ 

[53] American healthy postmenopausal 

women 

F(280) GI by quintile: 68, 73, 75, 77, 81 – ↓ – ↑ 

[55] Brazilian adults M(225), F(366) – – ↔ – ↑ 

[54] Iranian adults aged 19 to 84 years M(1,327),F(1,130) GI by tertiles: 56.4, 69.2, 80.1 ↔ ↓ ↔ ↑ 

[74] Elderly males in the Netherlands M(394) GI by quintiles: 74, 78, 80, 82, 85 ↔ ↔ – ↔ 

[75] Healthy adults aged over 65 years M(582), F(570) – ↔ ↔ – ↔ 

Lipid profiles are shown for ten cross-sectional studies carried out to elucidate associations between lipid profile and GI. 

Abbreviations: GI, glycemic index; LGI, low-glycemic index; HGI, high-glycemic index; TC, total cholesterol; TG, triglycerides; 

LDL, low-density lipoprotein; HDL, high-density lipoprotein; M, male; F, female; ↑ or ↓, significantly increased or decreased 

compared to HGI diet; ↔, non-significant effect of low compared to high GI diet; –, not reported

2
0
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Table 2. 4 Summary of studies that have examined the chronic effects of diets differing in GI on lipid profile 

Reference Design Intervention 
Duration              

(washout period) 

Participants Lipid Profile 

Health condition Sex (n) TC TG LDL HDL 

[86] 
Randomized 

Crossover  
(1)HGI; (2)LGI 4 weeks(4 weeks) T2D, 54±2 years  M(12) ↓ ↔ ↓ ↔ 

[88] 
Randomized 

crossover 

(1)HGI; (2)LGI; (3) high-

monounsaturated fats 

4 weeks (no 

washout period) 
T2D, 57.4±2.9 years M(14), F(7) ↔ ↔ ↔ ↑ 

[82] 
Randomized 

parallel  
(1)HGI; (2)LGI 8 weeks  T2D, overweight, 57.6 years M(22),F(23) ↔ ↔ ↓ ↔ 

[76] 
Randomized 

parallel 
(1)HGI; (2)LGI 10 weeks 

Healthy, overweight, 20-40 

years 
F(45) ↔ ↔ ↓ ↔ 

[77] 
Randomized 

crossover 
(1)HGI; (2)LGI 

20 days (1 to 3 

months) 
Healthy, 18-55 years F(7) ↔ ↓ ↓ ↔ 

[78] 
Randomized 

crossover 

(1)HGI+high 

carbohydrate;(2)LGI+ high 

carbohydrate;(3)HGI+low 

carbohydrate;(4)LGI+low 

carbohydrate 

5 weeks (2 weeks) 

Overweight adults, 53±11 years 

(systolic blood pressure, 120-

159mmHg)  

M(85), F(78) 

At high carbohydrate content 

– ↔ ↑ ↔ 

At low carbohydrate content 

– ↓ ↔ ↔ 

[85] 
Randomized 

crossover  
(1)HGI; (2)LGI 3 weeks(3 weeks) 

Overweight or obese, 25-65 

years 
M(5), F(16) ↔ ↔ ↔ ↔ 

[83] 
Randomized 

crossover 
(1)HGI; (2)LGI 

24 days (no 

washout period) 
T2D, 50-77 years M(15), F(5) – ↔ ↓ ↔ 

[81] 
Randomized 

crossover 

(1)Lipid-lowering; (2) HGI; 

(3) LGI 
4 weeks (1 week) 

Overweight/obese patients with 

type III hyperlipoproteinemia, 

36–66 years 

M(16) ↓ ↔ ↓ ↔ 

2
1
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[87] 
Randomized  

crossover 
(1)HGI; (2)LGI 

4 weeks (2-4 

weeks) 

Non-smoking male subjects 

age 35–75 
M(64) ↓ ↔ ↓ ↔ 

[84] 
Randomized 

parallel 

(1) EST; (2) EST+DASH; 

(3) Control group 
18 months 

Age 25 or older, not taking 

anti-hypertensive medication 
M(469);F(287) ↓ ↔ ↔ ↔ 

[80] 
Randomized 

parallel 
(1)HGI; (2)LGI 5 weeks 

Overweight, non-diabetic, 23-

57 years 
M(20);F(18) ↓ ↔ ↓ ↔ 

[79] 
Randomized 

crossover 
(1)HGI; (2)LGI 5 weeks (5 weeks) 

Healthy, nondiabetic, 46±3 

years 
M(11) ↔ ↓ ↔ ↔ 

[89] 
Randomized 

parallel 
(1)LGI; (2)High-cereal fiber 6 months 

T2D patients treated with 

antihyperglycemic medications, 

60.5 years  

M(128); F(82) ↔ ↔ ↔ ↑ 

Lipid profiles are shown for fourteen experimental studies exploring the effects of chronic consumption of foods differing in GI on 

lipid levels. Abbreviations: GI, glycemic index; LGI, low-glycemic index; HGI, high-glycemic index; TC, total cholesterol; TG, 

triglycerides; LDL, low-density lipoprotein; HDL, high-density lipoprotein; M, male; F, female; T2D, type 2 diabetes; ↑ or ↓, 

significantly increased or decreased compared to HGI diet; ↔, non-significant effect of low compared to high GI diet; –, not reported. 
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2.3.1.3.2 Effects of chronic consumption of foods differing in glycemic index on LDL levels  

High levels of LDL can cause atherosclerosis. Although very few cross-sectional studies 

found an association between GI and LDL [49], most interventional studies have shown that low-

GI diets can effectively reduce LDL concentrations [76, 77, 81-83, 86, 87] (Table 2.4). In a 

randomized crossover study of middle-aged men, participants received two 4-week isocaloric 

diets differing in GI (high-GI=69, low-GI=38) and containing the same amount of macronutrients 

(50% of energy from carbohydrate, 34% from fat and 18% from protein) [87]. The low-GI diet 

was legume-enriched and high in fiber. This study reported significant effects of GI on LDL-

cholesterol levels. Similarly, a study on patients with type III hyperlipoproteinemia also found 

that a low-GI diet reduced TC and LDL-cholesterol compared with a standard lipid-lowering diet 

[81]. Similar results for serum LDL levels were reported from randomized parallel-group studies 

that lasted from 5 to 10 weeks [76, 80, 82]. Although some clinical trials did not find an LDL-

lowing effect of low-GI diets [78, 79, 84, 85, 88, 89], in meta-analyses where those studies were 

combined together, a significant LDL-lowering effect was found [92, 94]. 

A possible determinant of the effect of low-GI diets on LDL levels could be the length of 

studies with studies of shorter duration (no more than 10 weeks) yielding more consistent results 

(reduced LDL) than studies of more than 10 weeks. A possible explanation for this is that other 

factors (e.g., exercise) might affect results. LDL concentrations are largely influenced by both 

diet and physical activity. Some studies investigating the effects of GI on blood lipids did not 

control physical activity during the intervention period. Thus, reduced LDL levels might be 

partially attributed to increased physical activity during short-term experimental periods, and 

potential benefits of low-GI diets might be offset by decreased physical activity in a long-term 

intervention study. Differences in the body’s responses to interventions differing in duration 

might be another factor. A short-term dietary intervention may significantly induce the body’s 

adaptation to a certain food. Long-term consumption of low-GI foods may induce physiological 

adaptations and the body rebalances, such that stress effects would not be as marked as those that 

occur after short-term consumption, and blood lipid levels may even return to baseline levels. 

Another factor would be participant compliance. Dietary adherence would be more difficult to 

achieve for a long-term intervention, compared with a shorter one. These three factors might lead 

to unchanged LDL levels in the two long-term studies reviewed in this article. However, no 
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change in LDL-cholesterol concentrations was found in a randomized crossover study with a 4-

week intervention period [88] and another with a 3-week intervention duration [85]. It should be 

noted that there was no wash-out period between different dietary intervention phases in the first 

study and only breakfast GI rather than entire diet GI (i.e. GI of three meals per day) was 

manipulated in the second study, which might be the reasons for the non-significant difference in 

LDL changes between diets in these studies. Additionally, the type of participants might lead to 

inconsistencies in the findings. Participants with low glucose tolerance could have a greater LDL 

reduction when low-GI diets are consumed [82].  

2.3.1.3.3 Effects of chronic consumption of foods differing in glycemic index on TC levels 

Cholesterol is essential for the body, but high levels of LDL-cholesterol can drive the 

progression of cardiovascular disease. Observational studies have not found an association 

between TC and GI [48-55, 74, 75]; however, the results from experimental studies, although 

inconsistent, indicate that low- compared with high-GI diets might be beneficial in reducing TC 

levels. Almost half of the studies included in this review found this favorable effect [80, 81, 84, 

86, 87]. Individually, studies did not always show the TC-lowering effect of low-GI diets; 

however, when combined together in meta-analyses, this effect emerged vividly [90, 92, 94]. 

Differences in magnitude of GI modification and age of participants might cause 

inconsistencies among trials. TC reductions were more consistent when GI reduction was of a 

larger magnitude. Two studies with very large reductions in GI (45.3% and 44.9%) were 

associated with reduced TC concentrations [86, 87] while in other studies with smaller GI 

reductions (i.e. 20%-42.7% ), no such association was found [76, 77, 79, 82, 88, 89] (Table 2.5). 

Interestingly, a study with only 29.9% GI reduction, reported that a low-GI diet could result in 

lower TC levels [80]. In this study, however, only breakfasts and part of the starches were 

provided throughout the intervention period and participants were instructed to maintain their 

dietary habits, which might increase confounding factors compared with other studies where the 

entire diets (i.e. three meals per day) were provided. Paradoxically, although the GI reduction 

reached 55.7% in one study, no lipid improvement was found [85]. This might be due to the fact 

that only breakfast GI was changed in this study whereas in other studies, total dietary GI was 

modified. In addition, age could affect the association between GI and TC levels [84]. As the age 

of participants increased, the impact of GI modification on TC changes decreased [84]. 
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Table 2. 5 Composition of low and high GI diets by study 

Reference 

GI Meal conditions 
Carbohydrate(%energy 

or g) 
Fat(%energy or g) Protein(%energy or g) Fiber 

Low High  Reduction Low High Low High Low  High  Low  High  Low High 

[86] 39 71.3 45.30% 
Mixed meals(pumpernickel, pasta, lentils, 

haricot, beans, chickpeas, mung beans) 

Mixed meals(whole-meal bread, French 

baguettes, potatoes and cooked white rice) 
200g 217g 92g 95g 115g 114g 34g/d 21g/d 

[88] 43 63 31.70% 
Mixed meals(wholegrain bread, LGI cereal and 

LGI  fruits and vegetables) 

Mixed meals(wholemeal bread, HGI cereal and 

HGI  fruits and vegetables)23.5% 
51 53 23 21 26 26 >30g/d >30g/d 

[82] 43 75 42.70% 
Mixed meals(LGI cereal and fruits, wholegrain 

bread, pasta and wheatmeal biscuits) 

Mixed meals(HGI cereal and fruits, wholemeal 

bread, potato flakes and plain sweet biscuits) 
68.9 60.8 17.9 17.1 22.2 21.7 29.3g/d 29.8g/d 

[76] 78.6 102.8 23.50% Mixed meals Mixed meals 81.2 81.7 5.9 5.7 12.8 12.6 29.3g/d 32.2g/d 

[77] 59 92 35.90% Mixed meals  Mixed meals 60 62 24 22 16 16 NA NA 

[78] 

LCHO:40

HCHO:4

1 

LCHO:65

HCHO:6

6 

LCHO: 38.46%        

HCHO: 37.88% 
Mixed meals Mixed meals  

LCHO:40

HCHO:5

7 

LCHO:41 

HCHO:5

8 

LCHO:37

HCHO:2

7 

LCHO:37

HCHO:2

7 

LCHO:23

HCHO:1

6 

LCHO:23

HCHO:1

6 

26-31g/d 26-31g/d 

[85] 35 79 55.70% Mixed breakfast Mixed breakfast 40.7g 43g 4.8g 4.5g 10g 9.3g 9.92g 3.18g 

[83] 56.8 82.7 31.30% Mixed meals Mixed meals 55 55 28 28 16 16 38g/d 34g/d 

[81] NA NA NA Mixed meals  Mixed meals  41.6 51.4 26.7 32.1 22.6 15.8 4.1g/MJ 2.1g/MJ 

2
5
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[87] 38 69 44.90% A legume enriched diet 
A healthy American diet (no legume 

consumption) 
51 50 34 34 18 18 

21g/1000

kcal 

9g/1000k

cal 

[84] NA NA NA Mixed meals  Mixed meals  NA NA NA NA NA NA NA NA 

[80] 46.5 66.3 29.90% Mixed meals  Mixed meals 42.6 44.1 37.7 38.4 19.8 17.6 25.8g/d 18.1g/d 

[79] 41 71.3 42.50% Mixed meals Mixed meals 39 42 38 37 20 18 31g/d 19g/d 

[89] 83.5 69.6 20% Mixed meals  Mixed meals  44 47.5 33.3 30.5 21.2 20.7 NA NA 

This table displays meal information of fourteen studies investigating the effects of chronic consumption of foods differing in GI on 

lipid levels. Magnitude of GI reduction, type of food, macronutrient content, and fiber in study meals are compared. Abbreviations: GI, 

glycemic index; LCHO, low carbohydrate content; HCHO, high carbohydrate content; NA, not applicable. 

2
6
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2.3.1.3.4 Effects of chronic consumption of foods differing in glycemic index on TG levels 

TG level is an important risk factor for cardiovascular disease. Cross-sectional studies 

have found an association between low-GI diets and decreased TG levels across a variety of 

ethnic groups, age groups, and lean and obese adults [48, 51, 53, 54]. A meta-analysis showed 

that low-GI diets effectively reduced TG concentrations in children and adolescents [96]. As for 

experimental research, only two studies reported that chronic low-GI diets could decrease TG 

levels in healthy individuals [77, 79] (Table 2.4). One of these two studies reported that 5-weeks 

of low-GI versus high-GI diets could lower the TG levels in 11 healthy men [79] and the other 

found this TG-lowering effect in 7 healthy women after a 20-day dietary intervention [77]. This 

beneficial effect was not found in other clinical trials involving participants with type 2 diabetes 

or hyperlipoproteinemia [81-83, 86, 88, 89] (Table 2.4). 

Inconsistencies among studies might result from differences in total carbohydrate intake 

and participant characteristics. The amount of carbohydrate consumed could be a factor that 

influences the responsiveness of TG levels to diets differing in GI. A study found that when the 

amount of total carbohydrate consumed was high, TG level was not affected by dietary GI, while 

at low-carbohydrate intake, low-GI diets, compared with high-GI diets, effectively decreased TG 

levels [78]. Therefore, for a certain magnitude of GI reduction, the relatively high amount of 

carbohydrate consumed might mask the beneficial effects of low-GI diets on TG levels. 

Participant characteristics might be another factor with more consistent lipid changes found in 

healthy participants without diabetes. 

2.3.1.4 Mechanisms by which the glycemic index of foods impacts blood lipids 

2.3.1.4.1 Attenuated hormone responses by low-GI diets 

The lipid profile-improving effect of low-GI foods might be related to attenuated insulin 

response to low-GI meals. Insulin and its counterregulatory hormones (i.e. glucagon, growth 

hormone, cortisol and epinephrine) work together to maintain glucose homeostasis. High blood 

glucose levels elicit insulin release, which boosts glucose uptake and inhibits lipolysis. The 

counterregulatory hormones of insulin stimulate glycogenolysis, gluconeogenesis and lipolysis 

when blood glucose levels are low. The rapid food digestion and absorption after a high-GI meal 

causes great fluctuations in blood glucose, which results in marked changes in hormone levels, 

thus challenging the hormone-regulated homeostasis.  
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These fluctuations in blood glucose and hormone levels cause hyperglycemia in the early 

postprandial stage (the first two hours after a meal), hypoglycemia during the middle postprandial 

period (2 to 4 hours after a meal), and increased free fatty acid and counterregulatory hormone 

levels in the last stage (4 to 6 hours after a meal) [97]. During the early postprandial period, 

integrated elevated blood glucose levels can be more than twice that after an isocaloric and 

macronutrient-matched low-GI meal [98], indicating hyperglycemia. This spike in blood glucose 

level, along with increased levels of some gastrointestinal hormones (i.e. glucose-dependent 

insulinotropic polypeptide and glucagon-like peptide-1) strongly inhibits glucagon secretion and 

increases insulin secretion. The plasma insulin concentrations, during this period, can be four 

times as much as that after a low-GI diet containing an identical amount of calories and 

macronutrients [98]. This high ratio of insulin to glucagon could stimulate glycogenesis and 

inhibit gluconeogenesis. It could also induce lipogenesis and suppress lipolysis by inhibiting 

hormone-sensitive lipase, decreasing fatty acid oxidation rate, and stimulating adipose tissue to 

take in fatty acids and blood glucose, which are then converted into TGs. This might explain the 

notable effects of GI diets on TG concentrations. Within the next postprandial period, 

hypoglycemia occurs owing to the persistent effect of the high insulin-to-glucagon ratio and 

reduction in food absorption from the small intestine. By contrast, during the postprandial period 

following a low-GI diet, hyperglycemia and hypoglycemia do not occur as a result of slower 

insulin release and lower insulin concentrations induced by continued nutrient absorption. This 

attenuated insulin release allows for greater lipolysis. In addition, the chronic consumption of 

low-GI foods could decrease glucose incorporation into total lipids [99], thus improving lipid 

profile.  

2.3.1.4.2 Increased fat utilization 

Increased fat utilization after low-GI diets might also account for the beneficial effects of 

low-GI foods on lipid levels. Chronic consumption of low-GI diets increased fat oxidation in 

adult women [77]. In overweight or obese individuals, the next-day fat oxidation was increased 

when a low-GI meal was consumed after a 90-min walking exercise session in the evening (i.e. 

compared to when an high-GI meal was consumed after the exercise session) [69]. Also, in 

trained athletes, a substrate-utilization shift from carbohydrate to lipid was found throughout a 2-

hour exercise session when a low-GI meal was consumed 30 minutes before exercise [100]. This 

shift was also found in non-sedentary males during both a 3-hour postprandial period after low-
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GI diets and a 60-minute exercise session following the 3-hour postprandial period [101]. 

Compared with isoenergetic and macronutrient-matched low-GI diets, high-GI diets induced 

higher rates of carbohydrate oxidation and lower rates of lipid oxidation by reducing hepatic 

carnitine palmitoyl transferase 1 (CPT-1) mRNA (CPT-1 is the first rate-limiting enzyme in the 

carnitine palmitoyl transferase system which is essential for β-oxidation of long-chain fatty acids; 

i.e. the aerobic break-down of fats) and augmenting hepatic acetyl-CoA carboxylase (ACC) 

mRNA (ACC regulates fatty acid metabolism by catalyzing the synthesis of malonyl-CoA, which 

inhibits β oxidation by inhibiting CPT and functions as a substrate for fatty acids biosynthesis) 

[102]. When high-GI diets containing high levels of fat are chronically consumed, the inhibited 

fat oxidation, combined with increased glucose incorporation into lipids [99] could result in 

excessive TG from both endogenous and exogenous sources, which will then be stored in adipose 

tissue causing obesity, accumulated in liver (when the transfer of liver-synthesized TGs is 

impaired) resulting in fatty liver disease, or built up in blood leading to lipid disorders. 

2.3.1.4.3 Decreased inflammation by low-GI diets 

High-GI diets could stimulate inflammatory responses. High-GI foods can greatly 

increase glucose and insulin levels in a very short period of time after eating. Hyperglycemia and 

hyperinsulinemia can induce inflammation by producing excessive pro-inflammatory cytokines. 

Consistent with this, long-term consumption of high-GI diets could significantly increase 

oxidative stress in healthy adults [103], nuclear factor-kappa B (an inflammatory marker that 

regulates numerous genes involved in inflammatory responses) in lean healthy participants [104], 

and tumor necrosis factor-alpha (TNF-α, a vital pro-inflammatory cytokine) in patients with type 

2 diabetes [105].  

The anti-inflammatory properties of HDL have been extensively studied. During 

inflammation, both the anti-inflammatory properties and HDL concentrations are diminished. 

HDL might exert an anti-inflammatory function by binding to activated T lymphocytes through 

apolipoprotein A-I (apoA1, the major component of HDL), thus blocking the activation of 

monocytes by T lymphocyte and further inhibiting the mRNA expression of interleukin-1β and 

TNF-α, two vital pro-inflammatory cytokines synthesized in monocytes [106]. HDL could also 

directly bind to lipopolysaccharide (LPS) in monocytes [107]. The formation of LPS-HDL 

complex further prevents LPS from binding to its receptors, thus inhibiting cytokine production 

[107]. Therefore, a possible explanation could be that, lower insulin and glucose elevation 
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following low-GI diets, compared with high-GI diets, could decrease inflammation and the 

reduced inflammation spares HDL from binding to stimulated T lymphocytes and LPS, thus 

increasing blood HDL levels.   

2.3.1.4.4 Upregulation of lipid-related genes by low-GI diets 

Another possible mechanism of the beneficial effects of low-GI diets is that some genes 

involved in lipid metabolism might be activated by low-GI diets. These genes include 

peroxisome proliferator-activated receptors (PPARs) genes, which encode a group of nuclear 

receptor proteins with three subtypes (PPAR-α, PPAR β/δ and PPAR-γ). Acting as ligand-

activated transcription factors that regulate gene expression, PPARs play fundamentally 

important roles in lipid and carbohydrate metabolism. Ligand binding activates the expression of 

lipid-related genes. Long-term low-GI diets may increase PPAR-α expression in the liver [108] 

and PPAR-γ expression in adipose tissue [108, 109]. The increased PPARs expression may 

reduce plasma TG levels and increase HDL levels.  

2.3.1.4.4.1 The TG-lowering effect of PPARs 

 Free fatty acids are natural ligands for PPAR-α which is expressed at the highest levels in 

liver, kidney, muscle, and heart where fatty acids are oxidized. Binding to the PPAR-α by free 

fatty acids activates expression of genes involved in fatty acid uptake and oxidation [110]. 

Therefore, activation of PPAR-α could increase fatty acid clearance and oxidation. Peroxisomes 

are now increasingly recognized for their important role in fatty acid oxidation and PPARs 

activation increases peroxisome biogenesis. Branched chain fatty acids, before further oxidation, 

first enter α-oxidation in peroxisomes [111]. α-oxidation is unique to peroxisomes. β-oxidation 

occurs in both mitochondria and peroxisomes, but peroxisomal β-oxidation is a necessary 

complement of mitochondrial β-oxidation since the β-oxidation of very long chain fatty acids in 

liver tissues takes place preferentially in peroxisomes rather than mitochondria [112]. If free fatty 

acids enter the β-oxidation pathway, a lower level of the substrate acyl-CoA will be available for 

TG synthesis in the liver. Since the fasted TG are mainly contained in very low density 

lipoproteins (VLDL) produced in the liver, high expression of PPAR-α induced by low-GI diets 

could decrease plasma TG levels in the form of VLDL. This is supported by animal studies 

where increased plasma TG levels were found in PPAR-α knockout mice [113] and TG-lowering 

effect of fibrates (a PPAR-α activator) was found in mice [114]. Furthermore, PPAR-γ regulates 
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adipocyte differentiation and maturation, and stimulates fatty acid uptake and storage [115] by 

regulating the genes involved in fatty acid metabolism such as fatty acid transport protein, 

lipoprotein lipase and oxidized LDL receptor 1. These pathways increase diversion of fatty acids 

from other tissues and circulation into adipose tissues, which reduces lipid levels in the blood and 

the availability of TG synthesis substrates (acyl-CoA) in the liver, thus decreasing the plasma 

levels of TG-containing VLDL. Taken together, unlike PPAR-α, which could lower TG levels by 

a combination of enhanced lipid clearance and suppressed VLDL production in the liver, PPAR-γ 

seems to decrease TG concentrations by increasing TG clearance.  

2.3.1.4.4.2 The HDL-raising effect of PPARs 

In addition to the TG-lowering effect, activation of PPAR-α may effectively increase 

HDL levels in humans. PPAR-α activation enhances hepatic mRNA expression of apoA1 [116] 

and apoA2 [117] in humans, which are the two core apolipoproteins of HDL. Therefore, 

increased PPAR-α gene expression induced by low-GI diets may increase the expression of these 

two apolipoproteins, thus increasing HDL concentrations.  

2.3.1.5 Summary 

Low-GI diets could be beneficial to lipid profile by reducing hormone responses, 

increasing fat utilization, decreasing inflammatory responses and upregulating PPARs 

expression. Evidence from both epidemiological and interventional studies, although not 

unanimous, indicates potential beneficial effects of low-GI diets on lipid profile, which suggests 

that GI of foods should be taken into consideration when making dietary recommendations on 

preventing diet-induced lipid disorders and improving lipid profile. The full extent of the 

beneficial effects of low-GI foods on blood lipids and mechanisms that modulate these beneficial 

effects have yet to be investigated. Future investigation is warranted to elucidate the effects of 

combined interventions of low-GI diets and exercise, how individual characteristics such as age, 

health conditions and genetic backgrounds affect lipid responses to interventions, and molecular 

mechanisms by which low-GI diets affect lipid concentrations. 
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2.3.2 Glycemic index and blood pressure 

2.3.2.1 Summary of studies 

Studies investigating the impact of GI on blood pressure have mixed results (Table 2.6). 

None of the nine studies reviewed in this chapter assessed blood pressure as the primary 

outcome. Among these studies, only one study found a significant difference in blood pressure 

reduction between LGI and HGI diets after 6 months of dietary GI  manipulation in healthy male 

participants (n=38, 35-65 years) with at least one recognized coronary heart disease risk factor 

[118]. Another study found reduction in systolic blood pressure with LGI diet in postmenopausal 

women (n=53, 44-65 years, BMI 27-39 kg/m2) after a 12-week dietary intervention, but no 

change with HGI diet [119]. Most of the studies assessed the chronic effects of LGI versus HGI 

diet on blood pressure. The intervention period ranged from five weeks [78] to as long as six 

months [118]. Only one study investigated acute effects in healthy adults (n=17, 8 mem, 9 

women, 26.7 ± 12.3 years, BMI 22.2 ± 2.8 kg/m2) and no difference in blood pressure changes 

was found between GI diets [120]. Two meta-analyses reported conflicting results: one found no 

difference between GI diets in systolic or diastolic blood pressure [121], whereas the other 

reported that there was a significant reduction in diastolic blood pressure with LGI diets and a 

nonsignificant trend in reduced systolic blood pressure with LGI diets [122]. However, important 

sources of bias (e.g. participant blinding, researcher blinding and incomplete outcome reporting) 

existed in many of the studies in this analysis [122]. Another meta-analysis found dietary pulses 

(low in GI) could lower systolic blood pressure in individuals with and without hypertension 

[42].  
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Table 2. 6 Summary of studies 

Reference Study design Participants Intervention 

duration 

LGI diet HGI diet Significant effect reported? 

[73] Randomized 

crossover 

design 

163 overweight adults (SBP, 

120-159mmHg) 

5 weeks GI= 40 (low carbohydrate) 

GI= 41 (high carbohydrate) 

GI=65 (low carbohydrate diet) 

GI= 66 (high carbohydrate) 

No 

[114] Randomized  

parallel 

design 

53 postmenopausal women, 

44-65 years, BMI 27-39 

kg/m2 

12 weeks A low GI diet with 30 g 

soy protein and 4 g  

phytosterols per day 

(n=27) 

American Heart Association Step 1 

diet (a standard dietary program 

with HGI, n=26) 

LGI diet decreased SBP; no 

significant change in SBP 

was found in HGI diet 

condition.  

[118] Randomized  

parallel 

design 

32 obese participants, BMI  

32.5 ± 4.3 kg/m2,  36 ± 7 

years old,  14 women and 18 

men 

8 weeks GI=40-45(n=16) GI=60-65(n=16) No 

[113] Randomized  

parallel 

design 

38 healthy men, 35-65 years 

with at least 1 coronary heart 

disease risk factor 

6 months n=22 

GI= 50.6 ± 4.6 

n=16 

GI=63.2 ± 5.6 

Compared with the HGI 

group, the LGI group had 

significant reductions in 24-

hour SBP and 24-hour DBP. 

[119] Randomized  

parallel 

design 

44 overweight women, BMI  

27.5±0.23  kg/m2 

10 weeks n=22 

GI=72 

n=22 

GI=95 

No  

[120] Randomized  

parallel 

design 

487 overweight adults, men 

173, women 314 

26 weeks LP-LGI group (n=95) 

LP-HGI group (n=84) 

HP-LGI group (n= 108) 

 

HP-HGI group (n=96) 

Control group (n=104) 

Difference in GI between LGI and 

HGI group groups are 15 points. 

 

No  

[121] Randomized  

parallel 

design 

40 nondiabetic obese 

participants 

3 months GI=43.8-48.1 

n=19 

GI=54.1-59.3 

n=21 

No  

3
3
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[122] Randomized  

parallel 

design 

96 women, 20-72 years, BMI  

25-40  kg/m2 

12 weeks n=51 

GI=Not reported 

n=45 

GI=Not reported 

No 

[115] Randomized 

crossover 

design 

17 healthy adults, 8 men, 9 

women, 26.7 ± 12.3 years; 

BMI 22.2 ± 2.8 kg/m2 

An acute 

study with 

at least 3 

days 

between 

conditions.  

Chickpea meal (GI = 28, 

GL = 14, CHO=50 g);  

pasta (GI = 45, GL = 42, 

CHO = 94 g) 

Small potato portion meal (GI = 85, 

GL = 14, CHO=17 g  );  large potato 

portion meal (GI = 85, GL = 42, 

CHO = 50 g) 

 

No  

GI=glycemic index; HGI=high glycemic index; LGI=low glycemic index; LP=low protein; HP= high protein; CHO= available 

carbohydrates; SBP=systolic blood pressure; DBP= diastolic blood pressure; n=number of participants 
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2.3.2.2 Potential mechanisms 

The mechanisms behind the effect of LGI diets on blood pressure are still unknown. 

Blood pressure represents the function of both heart and blood vessels. It is regulated by 

hormones and the nervous system; therefore, the impact of GI on endothelial function and 

sympathovagal balance should be considered [122]. The decreased blood pressure induced by 

LGI foods might be a result of lower concentration of blood sugars acting on endothelium and the 

sympathovagal system [122]. Indeed, fructose intake is associated with increased sympathetic 

tone and raised blood pressure [128, 129]. Furthermore, increased intake of glucose and fructose 

increases high plasma uric acid concentrations, which can induce vascular damage and 

endothelial dysfunction [130, 131]. Finally, a LGI diet usually contains higher amount of soluble 

fibers and plant proteins, and lower amount of sugars, compared with a HGI diet. Both soluble 

fiber and dietary protein have an overall lowering effect on systolic and diastolic blood pressure 

[132, 133]; however, it has not been established yet to what extent the reductions in blood 

pressure are attributed to individual components contained in a LGI diet.  

2.3.2.3 Potential confounders 

Participants lost weight in both LGI and HGI conditions in many of the studies where 

participants were on energy-restricted diets. Weight loss is a driver of blood pressure reduction, 

and every 1 kg of weight reduction induces about 1 mm Hg decline in systolic and diastolic blood 

pressure [134, 135]; therefore, differences in weight loss between GI conditions might affect 

results. Participant type might also contribute to the equivocal results and people with 

hypertension might be more sensitive to GI diets than normotensive people; however, a study 

involving overweight adults with elevated blood pressure or hypertension (n=163, systolic blood 

pressure 120-159mmHg) did not find a difference in blood pressure changes between diets 

differing in GI [78]. 

2.3.2.4 Conclusion 

Studies investigating the effect of GI diets on blood pressure reported equivocal results. 

Currently, there is no convincing evidence showing that LGI diets can lower blood pressure.  
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2.4 Glycemic index and endurance exercise performance 

2.4.1 Potential benefits and mechanisms  

Since this thesis focused on the effects of LGI tart cherry juice consumption on cycling 

performance, this review is limited to research that investigated the effects of low-GI versus high-

GI pre-exercise food consumption on endurance exercise performance.  Pre-exercise 

carbohydrate ingestion increases glycogen stores and carbohydrate utilization during exercise 

[136]. The effect of GI of pre-exercise foods on exercise performance is a controversial topic. 

LGI foods have the potential to improve endurance exercise because: (1) the sustained release of 

glucose into the blood maintains carbohydrate availability, especially in the later stages of long-

duration endurance exercise [137]; (2) LGI foods attenuate post-prandial insulin concentrations, 

which facilitates the release of free fatty acids, increases fat oxidation and reduces carbohydrate 

oxidation during exercise[138] and may therefore spare muscle glycogen [139, 140]; (3) and LGI 

foods prevent rebound hypoglycemia (a phenomenon which sometimes occurs after consumption 

of high GI foods).  

2.4.2 Potential confounders 

Despite these potential benefits, studies investigating pre-exercise foods with different GI 

on endurance exercise performance yielded mixed results. Potential effect modifiers include pre-

exercise intake time, exogenous carbohydrate consumption during exercise, participant fitness, 

exercise performance tests and pre-exercise diet control.  

Carbohydrate availability for oxidation can be delayed because of the slow digestion after 

LGI food; therefore, pre-exercise consumption time could be a confounder. According to current 

guidelines, carbohydrate should be consumed 1 to 4 hours before exercise [141]. Pre-exercise 

consumption time ranged from as little as 30 min [100, 142] to as long as 210 min [143] across 

studies. Very short pre-consumption time, e.g. 30 min, may reduce carbohydrate availability in 

early stages of exercise and therefore limit oxidation during exercise. Indeed, all the non-

significant studies used a ≤ 2 h pre-exercise consumption time, excluding those with exogenous 

carbohydrate intake during exercise.  

Participants consumed exogenous carbohydrate during exercise in many of the studies 

with non-significant results [144-147]. Clearly, this exogenous carbohydrate consumed during 

exercise would be used for oxidation, replenish carbohydrate pools, spare glycogen stored in the 
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body and lower the risk of carbohydrate deficiency [148]. This practice, therefore, would negate 

potential effects of a pre-exercise LGI diet or beverage.  

Participant fitness level is another important confounder. Performance-based trials 

typically use well-trained athletes, because the coefficients of variation for them are often lower 

than that in untrained or recreationally active participants, thus achieving consistent performance 

across trials and providing a greater chance of detecting significant results [149]. Also, well-

trained participants may rely less on carbohydrate oxidation during prolonged endurance exercise 

because their fat oxidation capacity is greater, compared with untrained or recreationally active 

participants [150]. According to the thresholds for very well-trained participants (VO2max >55 

ml/kg/min for women and >65 ml/kg/min for men) and trained participants (VO2max>40 

ml/kg/min for women and >55 ml/kg/min for men) [151], most of the studies used trained 

individuals and a few studies involved well-trained participants. Some studies used recreationally 

active individuals [143] or untrained individuals [152].  

Five types of performance tests, i.e. 5×1 min sprints [138, 146, 153], time trial [154, 155], 

submaximal exercise followed by time trial [100, 143, 147, 156-160], time to exhaustion [137, 

161] and submaximal exercise followed by time to exhaustion [142] were used in these studies. 

Most studies used time trial which has lower coefficients of variation [149] and therefore is more 

robust. A few studies used sport-specific testing, i.e. 5×1 min sprints [138, 146, 153] for soccer 

players as this testing mimics the specific exercise conditions. 

2.4.3 Conclusion 

Studies investigating the effect of foods differing in GI on exercise performance reported 

equivocal results. Currently, there is no convincing evidence showing that LGI diets can improve 

exercise performance, compared with HGI diets [162, 163], therefore, high-quality and well-

designed studies are needed in this area. 

This thesis includes a study on the effect of low GI cherry juice on endurance 

performance. For this reason, the next section of this review of literature focusses specifically on 

a review of the existing studies that have evaluated the effect of cherry juice consumption on 

endurance performance. This review included a meta-analysis to provide objective results. 
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2.5 Effect of tart cherry concentrate on endurance exercise performance: a meta-analysis 

Contribution of authors: Ruirui Gao and Philip D. Chilibeck. Effect of tart cherry 

concentrate on endurance exercise performance: a meta-analysis. Review article accepted for 

publication in Journal of the American College of Nutrition in December 2019. 

Drafting manuscript: RG. Revising manuscript: RG and PC. Statistical analysis: PC. 

Searching articles: RG and PC. Data extraction: RG and PC. Methodological quality assessment: 

RG and PC. 

2.5.1 Introduction 

Recently, tart cherry concentrate has received growing attention for application in sport as 

it may be of benefit to performance by increasing muscle function [164-166], inhibiting oxidative 

stress/inflammation [165-167], and reducing muscle soreness [164, 168]. The improvement in 

these four aspects might allow greater recovery from training sessions that lead up to an 

endurance exercise performance session, thus improving endurance exercise performance. Tart 

cherry juice might also increase endurance performance by providing sustained energy and 

facilitating fat oxidation during exercise via its low glycemic index [169], and increasing oxygen 

delivery to working muscle via its blood flow enhancing effect [170] by increasing nitric oxide 

(NO) bioavailability [171]. 

Eccentric exercise-induced mechanical stress damages muscle [172] and impairs muscle 

function [173]. Most studies have shown that tart cherry concentrate consumption decreases the 

extent of this damage, attenuates strength loss and accelerates recovery after exercise [164-166, 

174]. Tart cherries might exert these beneficial effects via the prevention of oxidative stress and 

inflammation [174]. Exercise also produces excessive free radicals which disrupts redox balance 

[175], alters cell signaling and degrades cellular performance [176]. Tart cherry concentrate 

lowers blood markers of oxidative stress after exercise-induced damage whether the exercise 

involves high-intensity eccentric contractions [165] or endurance exercise [166]. Tart cherries are 

high in anthocyanin, which inhibits cyclo-oxygenase-2 (an inflammation-associated enzyme); 

this might contribute to the anti-inflammatory effect of tart cherry concentrate [177]. Interleukin-

6 and C-reactive protein are reduced following a marathon run [166] and prolonged, intermittent 

exercise [167] with tart cherry concentrate consumption, compared to placebo. In contrast, tart 
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cherry concentrate supplementation did not affect high-sensitive C-reactive protein after knee 

extensions, compared to placebo [165]. Anthocyanins derived from tart cherries suppressed 

inflammation-induced pain in rats and this pain-inhibiting effect found in tart cherries was similar 

as indomethacin [178]. Several human studies also reported reduced pain scores with tart cherry 

concentrate supplementation  after eccentric elbow flexion contractions [164]and a long distance 

relay race[168]; while one study did not find this pain-reducing effect in marathon runners [166].  

Although the potential role of tart cherry concentrate in these four categories (i.e. muscle 

function, oxidative stress, inflammation and muscle soreness) has been widely studied, studies 

are mixed on whether tart cherries provide an endurance exercise performance benefit [170, 179-

182]. For example, tart cherry concentrate supplementation reduced half-marathon race finish 

time in 11 triathletes and endurance-trained runners[181], improved 15-km cycling time trial 

performance in 8 trained male cyclists [170], enhanced end-sprint performance (i.e. peak power 

over the first 20 seconds and total work completed during a 60-second all-out sprint) in 10 trained 

cyclists, compared with a placebo condition [179], but did not affect the time to exhaustion for a 

cycling test in 10 trained cyclists [179] and did not influence the performance test in 9 male 

Water Polo athletes (i.e. distance in Water Polo intermittent shuttle test) [180] and 12 recreational 

cyclists (i.e. 10 km time trial) [182], compared with placebo conditions. Small sample sizes, 

typical of exercise performance research [170, 179-182], limits making conclusions about 

effectiveness. A meta-analysis is therefore needed to overcome this problem of low statistical 

power. Our purpose was to investigate the effects of tart cherry concentrate on endurance 

exercise performance by performing a meta-analysis of intervention studies. Clarification of the 

potential performance-enhancing effects of tart cherry concentrate will enable recommendations 

for athletes to be determined more confidently.  

2.5.2 Method 

2.5.2.1 Search Strategy  

This meta-analysis followed the Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses guidelines. A literature search was conducted up to November 30, 2019 using 

Medline, Embase, Web of Science and Google Scholar. The search strategy is shown in Figure 

2.3. Terms used for the search combined terms related to cherries (tart cherry juice; TC juice; 

Montmorency; cherry; cherries) and sport performance (exercise; competition; performance; 
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sport; sport performance). We also searched reference sections of retrieved articles for additional 

articles. Exclusion/inclusion criteria were identified using the acronym “PICOS”:  population (i.e. 

healthy adults), intervention (i.e. tart cherry supplementation), comparator (i.e. placebo), 

outcomes (i.e. endurance exercise performance) and study type (i.e. randomized controlled 

design). Two reviewers reviewed studies for inclusion at each stage (Figure 2.3) and any 

disagreement was resolved by discussion between the two reviewers. 

 

 

Figure 2. 3 Flow chart of the search strategy 
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2.5.2.2 Quality assessment 

The risk of bias was assessed by two reviewers using the modified Cochrane 

Collaboration tool which covers bias in six domains: selection bias (source of bias: random 

sequence generation and allocation concealment), performance bias (source of bias: blinding of 

participants and personnel), detection bias (source of bias: blinding of outcome assessment), 

attrition bias (source of bias: incomplete outcome data), reporting bias (source of bias: selective 

reporting), and other bias (other sources of bias specific to the study) [183]. 

2.5.2.3 Data extraction 

Two reviewers extracted data from all included articles. Data extracted included either 

performance change scores and standard deviations after tart cherry concentrate (and placebo) 

ingestion for nine studies [166, 170, 179, 181, 182, 184-187]  or pre-supplementation and post-

supplementation (cherry juice and placebo) performance means and standard deviations for one 

study [180]. When pre- and post-supplementation means were extracted, change scores were 

calculated as pre-supplementation mean subtracted from post-supplementation mean. Standard 

deviations (SD) for the change scores were estimated from pre- and post-supplementation 

standard deviations (SDpre and SDpost) using the following equation derived from the Cochrane 

Handbook for Systematic Reviews of Interventions: 

SD change score = [(SDpre)2 + (SDpost)2 – 2 × (correlation between pre- and post-scores) 

× SDpre × SDpost]1/2 

In this equation we used 0.8 as the assumed correlation between pre- and post-scores. 

2.5.2.4 Data analyses 

A meta-analysis was run using RevMan 5 software. Heterogeneity was evaluated using χ2 

and I2 tests where heterogeneity was indicated by either χ2 p-value equal or less than 0.1 or I2 test 

value greater than 75%. Heterogeneity was not present and therefore we used a fixed-effects 

model for our meta-analysis. As units of measurement differed across studies we calculated 

standardized mean differences and 95% confidence intervals. Measurements included change in 

distance on a shuttle swimming test [180], time to exhaustion on high-intensity cycling tests [179, 

187], total work performed during cycling [184, 185], time to complete a full marathon [166], a 

half marathon [181] and three cycling time trials (10 km, 15 km and 20 km )[170, 182, 186]. To 



42 

       

ensure that all performance changes were in a positive direction for beneficial effect, we 

converted the time to cover the full and half marathon and time to cover 10 km, 15 km and 20 km 

cycling to velocity (i.e. km/min). A forest plot was generated for study-specific standardized 

mean differences along with 95% confidence intervals and pooled effects. A p-value of 0.05 or 

less was considered statistically significant. A funnel plot was generated to see if there is a 

publication bias. The funnel plot is used to visually assess publication bias via its asymmetry. 

Each dot represents an individual study. If the studies are unbiased, the plot would be 

symmetrical (i.e. all the studies fall within the boundaries indicated by the dashed lines 

representing the borders of an inverted funnel). If the studies are biased, the funnel plot would 

become asymmetrical (i.e. any studies that are biased fall outside the boundaries indicated by the 

dashed lines). 

2.5.3 Results 

2.5.3.1 Selection of studies 

After exclusion by title and abstract, eight potential articles were identified. A further 

three articles were included after reading the full manuscript, as they included performance 

scores in the manuscript text, but not in the title or abstract [166, 184, 185]. To be included, 

studies were required to assess aerobic endurance performance; this resulted in exclusion of one 

additional article. Participant characteristics, supplementation protocols and exercise performance 

tests for each study included are shown in Table 2.7. One study involved only same-day 

supplementation while all the other studies involved chronic supplementation. 
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Table 2. 7 Summary of the studies included 

Study  Study design Population Washout 

period 

Tart cherry supplement  Placebo Timing  Exercise 

performance 

Cherry juice  Placebo  Significant 

effect 

reported? 

Change scores Change scores 

Howatson 

2010 

Pseudorandom

ised, placebo-

controlled, 

parallel 

20 recreational 

marathon 

runners, 13 

males, 7 females 

NA Two bottles of tart cherry 

juice blend (8 oz for each 

bottle, containing at least 

40 mg anthocyanins) 

Two servings of fruit 

flavoured 

concentrated mixed 

with 8 oz of water per 

day 

5 days before, on the day 

of and 2 days after a 

Marathon run 

Marathon  finish 

time (h:min:s) 

3:48:04 ± 0:48:58 4:15:48 ± 1:01:22 

No 

Clifford 2013 Counter-

balanced, 

double-blind,   

placebo-

controlled, 

crossover 

9 male cyclists or 

triathletes, 32.1± 

11.2 years,  80.2 

± 8.6 kg,VO2max 

4.2 ± 0.7 L/min, 

At least 

5 days 

200 mg capsules per day 

containing 216 mg 

polyphenols 

200 mg capsules per 

day 

3 consecutive days: 2 

days before and on the 

day of exercise 20 km cycling 

time trial (s) 

2008.56 ± 97.50 2030.30 ± 124.73 

No 

Bell 2014 Randomised, 

double-blind, 

placebo-

controlled, 

parallel 

16 well-trained 

male cyclists, 

30±8 years,  

VO2peak 61.6 ± 

10.4  ml/kg/min 

NA 30 mL concentrate (9.117 

mg/ml anthocyanins) 

mixed with 100 mL 

water, twice per day 

30 mL cordial mixed 

with 100 mL water 

and maltodextrin, 

twice per day 

7 consecutive days: 4 

days pre trials and on 

each trial day (3 trials) 

Mean work 

performed over 3 

cycling trials (kJ) 

146.49 142.29 

No 

Bell 2015 Stratified 

randomisation 

(based on 

VO2peak), 

double-blind, 

counterbalance

d, placebo-

controlled,  

parallel 

16 well-trained 

male cyclists, 

30±8 years,  

VO2peak 61.6 ± 

10.4  ml/kg/min 

NA 30 mL concentrate (9.2 

mg/ml anthocyanins) 

mixed with 100 mL 

water, twice per day  

30 mL cordial mixed 

with 100 mL water 

and maltodextrin, 

twice per day 

8 consecutive days: 4 

days pre-exercise, on the 

day of and 3 days post-

exercise Total work 

performed during 

cycling (kJ) 

155.1 ± 23.6 151.3 ± 27.9 

No 

4
3
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Levers 2016 Randomized, 

double-blind, 

placebo-

controlled, 

parallel 

27 endurance-

trained runners 

or triathletes, 18 

males, 9 females, 

21.8 ± 3.9 years 

NA Powdered tart cherries 

480 mg/day (~66mg 

anthocyanins) in capsule 

form (n=11) 

Rice flour 480mg/day 

in capsule form 

(n=10) 

10-day supplementation: 

7 days before, on the day 

of and 2 days after 

marathon  race 

Half-marathon 

finish time (min) 

103 ± 9.28 118 ± 9.72 

Yes 

McMormick 

2016 

Randomised, 

double-blind,  

placebo-

controlled, 

crossover  

9 highly-trained 

male water polo 

athletes, 

18.6±1.4 years) 

5 weeks 90 mL tart cherry juice 

concentrate/day (9.117 

mg/mL of anthocyanins) 

diluted with water into 

600mL 

 

120 mL cordials 

mixed with 480 mL 

water 

6 consecutive days 

before the testing day Water Polo 

Intermittent 

Shuttle Test-

distance (m) 

Pre-

scores 

Post-

scores 

Pre-

scores 

Post-

scores 

No 

655±261 605±239 643±151 558±203 

Keane 2018 Randomized, 

double-blind, 

placebo-

controlled, 

crossover 

10 highly trained 

male cyclists, 28 

± 7 years, 

VO2peak 59.0± 7.0 

mL/kg/min 

3 to 7 

days 

60 mL of commercially 

available Montmorency 

tart cherry 

concentrate/day 

(73.50mg cyanidin-3-

glucoside/L) diluted with 

100 mL water 

60 ml commercially 

available fruit-

flavored cordial mixed 

with maltodextrin, 

whey protein isolate 

and 100 mL water 

1.5 hour before 

performance tests 

Time to 

exhaustion  for 

cycling test (s) 

772 ± 34 733 ± 34 

No 

Gao 2018 

 

Randomised, 

counterbalance

d, 

double-blind,   

placebo-

controlled, 

crossover 

12 recreational 

cyclists, 8 males, 

4 females, 

34.6±15.8 years,  

VO2peak 38.2±7.4 

ml/kg/min 

1 month 300mL tart cherry 

juice/day (9.2 mg/ml 

anthocyanins) for 4 days 

before and 2 days after 

exercise; 1g/kg body 

weight carbohydrate in 

the form of tart cherry 

juice 45min before 

exercise  

300mL sports drink 

/day for 4 days before 

and 2 days after 

exercise; 1g/kg body 

weight carbohydrate 

in the form of sports 

drink 45min before 

exercise 

7-day supplementation: 4 

days before, on the day 

of and 2 days after 

exercise 

10-km  cycling 

time trial (min) 

17±3 17±2 

No 

Davis 2019 Randomised, 

counterbalance

d, 

20 recreationally 

active men, 

27.83±22.62 

1 week 500 mg freeze dried tart 

cherry powder per day 

500 mg powdered 

cellulose per day 

8 consecutive days: 7 

days before and on the 

day of exercise 

Time to 

exhaustion for 

cycling test (min) 

18.40 ± 1.48 17.16 ± 1.78 

No 

4
4
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double-blind,   

placebo-

controlled, 

crossover 

years, VO2peak 

40.95 ± 2.87 

ml/kg/min 

Morgan 2019 Randomized, 

counter-

balanced, 

double-blind, 

placebo-

controlled, 

crossover 

8 highly trained 

male cyclists, 

19.7±1.6 years, 

VO2peak 62.3 ± 

10.1 mL/kg/min 

At least 

2 weeks 

6 Montmorency tart 

cherry powder capsules 

daily (256.8 mg/day of  

anthocyanin) 

 

6 Dextrose powder 

capsules daily  

7 days in total: 

3 pills in the morning and 

evening for 6 days before 

the testing day; 

on the testing day, 3 pills 

1 hour before tests 

15-km cycling 

time trial (s) 

1506 ± 86 1580 ± 102 

Yes 

4
5
 



46 

       

2.5.3.2 Methodological Quality 

Generation of the randomization sequence and allocation concealment were adequate in 

only one study [182] and unclear in the remaining nine studies (Table 2.8). Only one study did 

not provide information for blinding of participants and researchers. The other nine studies used a 

double-blind design (Table 2.8). In one study, attrition was higher in the tart cherry arm than the 

placebo arm, resulting in imbalance in numbers between arms [181]. Attrition was the same 

between arms in the remaining nine studies (Table 2.8). Results were fully reported in the ten 

studies, so these studies are at low risk of reporting bias (Table 2.8). The funnel plot (Figure 2.4) 

showed there is no publication bias.  

 

 

Figure 2. 4 Funnel plot indicating whether or not there is a publication bias 

 

 

 

 

 

 



47 

       

 

Table 2. 8 Methodological quality of included studies 

Study Bias 

Random 

sequence 

generation 

(selection bias) 

Allocation 

concealment 

(selection 

bias) 

Blinding of 

participants and 

researchers 

(performance bias) 

Blinding of 

outcome 

assessment 

(detection bias) 

Incomplete 

outcome data 

(attrition 

bias) 

Selective 

reporting 

(reporting 

bias) 

Other bias 

 

Howatson 2010 Unclear Unclear Unclear Unclear Low risk Low risk Low risk 

Clifford 2013 Unclear Unclear Low risk Low risk Low risk Low risk Low risk 

Bell 2014 Unclear Unclear Low risk Low risk Low risk Low risk Low risk 

Bell 2015 Unclear Unclear Low risk Low risk Low risk Low risk Low risk 

Levers 2016 Unclear Unclear Low risk Low risk High risk Low risk Low risk 

McCormick 2016 Unclear Unclear Low risk Low risk Low risk Low risk Low risk 

Keane 2018 Unclear Unclear Low risk Low risk Low risk Low risk Low risk 

Gao 2018 Low risk Low risk Low risk Low risk Low risk Low risk Low risk 

Davis 2019 Unclear Unclear Low risk Low risk Low risk Low risk Low risk 

Morgan 2019 Unclear Unclear Low risk Low risk Low risk Low risk Low risk 

4
7
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2.5.3.3 Meta-analysis 

Significant endurance exercise performance-enhancing effects were reported with tart cherry 

concentrate consumption in two of the ten studies included [170, 181]. The pooled effect across the ten 

studies indicated a significant improvement in endurance performance with tart cherry concentrate 

supplementation (standardized mean difference: 0.36; 95% CI: 0.07 to 0.64; p=0.01; I2=0%; Figure 2.5).  

 

 

Figure 2. 5 Forest plot showing the effects of tart cherry concentrate on endurance exercise 

performance. Diamond represents the pooled effect 

2.5.4 Discussion 

This is the first meta-analysis evaluating the effect of tart cherry concentrate on endurance 

performance. This review indicates significant ergogenic benefit of cherry consumption. The 

importance and practical application of this meta-analysis is that this will inform athletes of the 

use of tart cherry concentrate as an effective supplementation strategy to improve endurance 

exercise performance.  

2.5.4.1 Potential mechanisms for performance-enhancing effects  

Theoretically, tart cherry concentrate may enhance endurance exercise performance via its 

low glycemic index, anti-inflammatory and anti-oxidative capacity, and blood flow enhancing 

effects. Tart cherry juice has a low glycemic index (GI=45) [169]. Low glycemic index foods 

induce slower and smaller increase in postprandial blood glucose and insulin levels [188]. Low 

glycemic index foods consumed before exercise may improve endurance performance by 

maintaining carbohydrate availability during exercise [188]. The sustained release of glucose into 

blood after slow digestion of low glycemic index foods provides sustained energy during 

exercise, which is important in the later stages of prolonged exercise. Also, insulin inhibits fat 
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oxidation and promotes glucose utilization [138, 153, 189]; therefore, the attenuation of post-

prandial insulinemia may facilitate fat oxidation and reduce the depletion of muscle glycogen 

[139]. This altered fuel utilization may contribute to enhanced endurance performance.  

Tart cherries contain many phytochemicals such as anthocyanins, flavonoids, flavanols, 

gallic acid equivalents, and phenolic acids. These anti-inflammatory and antioxidant compounds 

have been shown to decrease muscle damage, reduce pain and improve recovery after intense 

exercise in athletes [177]. Exercise-induced excess reactive oxygen species impairs redox-

sensitive calcium handling, damages muscle membrane, reduces muscle contractile force output 

and therefore impairs exercise performance[190]. Tart cherry juice has the potential to improve 

exercise performance by reducing oxidative stress and rebalancing redox via its antioxidant 

capacity. This has been supported by many studies where blood markers of oxidative 

stress/inflammation were significantly attenuated after exercise with tart cherry juice 

consumption, compared with placebo [166, 167].  

Recent studies found that the tart cherry supplementation increased muscle oxygenation 

during exercise [170] probably via: (1) the nitric oxide (NO) pathway by increasing NO 

bioavailability through inhibiting nicotinamide adenine dinucleotide phosphate oxidase [171]; 

and (2) cyanidin-3-glucoside (an anthocyanin high in tart cherries)-induced decrease in the 

expression of inducible NO synthase [191] and increase in endothelial NO synthase expression 

[192]. This altered balance between inducible NO synthase and endothelial NO synthase would 

further favor vasoactive NO bioavailability [171], thus inducing vasodilation, increasing blood 

flow, and increasing oxygen delivery to the working skeletal muscles, which is an important 

factor affecting exercise performance. The increased perfusion and blood flow would also 

facilitate the efflux of exercise-induced metabolic waste, thus further maintaining muscle 

function during exercise and increasing exercise performance.  

2.5.4.2 Potential factors affecting results  

Among the ten studies included, only two studies reported significant performance-

enhancing effects with tart cherry juice supplementation [170, 181], while the others were unable 

to find this. Although most studies showed no effect, the pooled effect from this meta-analysis 

showed significant benefits. Potential factors that might affect the study results are participant 
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demographic, diet/exercise control, supplementation protocol and measurements for exercise 

performance. 

Most of the studies used males only and three of ten studies in this meta-analysis included 

both males and females. Average ages ranged from 18.6 to 34.6 years old. Most of the studies 

involved endurance-trained individuals, i.e. cyclists, runners or triathletes. Only one study 

employed Water Polo athletes and no differences were found for performance measures in this 

study. This could be due to the intermittent and un-weighted nature of the performance which 

was done in water. Water polo exercise might cause lower mechanical strain than that caused by 

cycling or endurance running efforts [180]. This lower mechanical strain might induce a smaller 

degree of inflammation [193], thus potentially lessening the effects of a supplement that is 

supposed to offset inflammation. Land-based prolonged endurance exercise, such as running and 

cycling, might elicit greater muscle damage and inflammation. Therefore, studies on cherry-

based products might be of value to athletes in these fields. Also, this study used a fruit juice as 

placebo, which may also contain beneficial anti-oxidants. Participant fitness level might be 

another important confounder. Performance-based trials typically use well-trained athletes, 

because the coefficients of variation for them are often lower than that in untrained or 

recreationally active participants, thus achieving consistent performance across trials and 

providing a greater chance of detecting significant results [149]. Also, well-trained participants 

may rely less on carbohydrate oxidation during prolonged endurance exercise because their fat 

oxidation capacity is greater, compared with untrained or recreationally active participants [150]. 

According to the thresholds for very well-trained participants (VO2max >55 ml/kg/min for women 

and >65 ml/kg/min for men) and trained participants (VO2max>40 ml/kg/min for women and >55 

ml/kg/min for men) [151], most of the studies used trained or well-trained participants [166, 170, 

179-181, 184-186]. The other studies included in this meta-analysis used recreationally active 

individuals [166, 182, 187] . The study that showed the lowest improvement with cherry juice out 

of all the studies [182] had the lowest training level of the participants involved (VO2peak: 

38.2±7.4 ml/kg/min). 

Only two studies did not control diet [166, 180], whereas in the other studies, participants 

were under diet control by writing food diaries and/or adhering to food restrictions. More 

specifically, during the dosing period, participants were usually required to adhere to a low-
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polyphenolic diet with avoidance of vegetables, fruits, grains, cereals, wholemeal bread, alcohol, 

coffee, tea, vitamin supplements and chocolate because these foods contain some of the same 

beneficial ingredients as the cherry juice [179, 182, 184-186]. Also, participants were instructed 

to not change their dietary habits in any way throughout the study and write 1 to 8 day food 

diaries during the dosing period to make sure they consumed the same food for each trial. In one 

placebo-controlled, parallel design study, participants were instructed to not change their eating 

habits, but there were no food restrictions and there might be large differences in food choices 

between cherry and placebo groups, which might affect the results [181]. In some studies, 

participants were also required to refrain from strenuous exercise during the dosing period [182, 

186]. The lack of diet control or exercise control in some studies might be confounding variables. 

As for the supplementation protocol, most studies employed a loading phase of around 

two to seven days prior to the exercise performance session [174]. The peak time for 

anthocyanins is about 2 hours after consumption and by 8 hours, anthocyanins will be cleared 

from blood [174]. Therefore, a pre-exercise consumption about 2 hours before an exercise event 

is suggested [174]. Unlike the other studies that continued to provide tart cherry juice 1~2 hours 

before exercise, participants in McMormick’s study did not consume tart cherry juice on the 

performance testing day [180]. This might be a reason they failed to find a beneficial effect of tart 

cherry juice.  

Finally, variations among different tests might affect the results. These ten studies used 

different measurements to assess endurance exercise performance, i.e. time to exhaustion on 

high-intensity cycling tests, half-marathon finish time, full marathon finish time, 15-km cycling 

time trial, 10-km cycling time trial, 20-km cycling time trial, work performed during cycling and 

distance on a Water Polo Intermittent Shuttle Test. Half of the studies used time trial which has 

lower coefficients of variation [149] and therefore is more robust. 

2.5.4.3 Supplementation strategy: dosage, timing and types of supplements 

Many human exercise studies have successfully found beneficial effects of tart cherry 

supplementation; however, little rationale has been provided for the supplementation protocol, 

and an optimal strategy is not known. Supplementation form, dosage and timing vary widely. The 

supplementation forms used in these studies were tart cherry powder, tart cherry powder 

capsules, tart cherry juice and most commonly tart cherry juice concentrate. The loading phase in 
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these studies ranged from 2 to 7 days before, on the day of, and 2 to 4 days after exercise. On the 

exercise day, tart cherry supplementation is usually consumed approximately 2 hours before 

exercise because anthocyanin systemic concentrations (the main flavonoid in tart cherries) 

increases to a peak between 1 to 2 hours after ingestion [194]. The dosage used in these studies 

were: (1) 200 to 500 mg/day in either capsule form or powder form containing 66-256.8 mg/day 

of  anthocyanin; (2) 60 to 90 mL/day cherry juice concentrate containing approximately 9.117 

mg/mL of anthocyanins (a 30 mL concentrate contains approximately 90 to 110 tart cherries) 

diluted with 100-510 mL water; and (3) 300 to 473 mL/day in cherry juice form, equivalent of 

approximately 90 to 120 tart cherries daily, containing at least 80 mg anthocyanins. The 

concentrate and juice blend were usually split into two boluses and consumed twice a day (taken 

morning and afternoon). The total amount of anthocyanins consumed per day across the studies 

ranged from 66 mg to 2760 mg. Only two studies reported significant performance-enhancing 

effect and they used lower anthocyanin amounts, i.e. 66 mg [181] and 256.8 mg [170], whereas 

other studies with higher anthocyanin dosage (e.g. 821 mg [180] and 2760 mg [182]) had smaller 

effects according to Figure 2.5. Also, another chronic-supplementation trial with greater effect 

used a lower anthocyanin dosage of at least 80 mg per day [3]. A suggested amount of 

anthocyanin (derived from purple carrot juice) ranged from 65 mg to 323 mg [195], because 

anthocyanin absorption mechanisms might be saturated at high dosage [196]. However, this 

might not be generalizable to all plants containing anthocyanins because the plant matrix may 

affect metabolism and bioavailability [195]. For the studies included in this meta-analysis, there 

was no “dose-response” relationship, i.e. higher doses of cherry juice supplementation did not 

induce a greater effect, according to the forest plot (Figure 2.5). Interestingly, studies with only 

the same-day supplementation [179] showed better effects than studies that involved chronic 

supplementation (Figure 2.5). Clearly, studies are warranted to find an optimal supplementation 

strategy.  

2.5.5 Conclusion 

This meta-analysis shows a significant improvement in endurance performance with tart 

cherry consumption. Tart cherries may exert this beneficial effect via its low glycemic index, 

anti-inflammatory/anti-oxidative capacity, and blood flow enhancing effects.  
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3. Chapter 3 Study one: The effect of a low glycemic index pulse-based diet on 

insulin sensitivity, insulin resistance, bone resorption and cardiovascular risk 

factors during bed rest 

3.1 Rationale for the chapter 

Low-GI foods have been promoted as a healthy food choice for improving cardiovascular 

health and endurance exercise performance; however, evidence for this is equivocal. The overall 

purpose of this thesis was to assess the effect of diets/beverages differing in GI on health and 

endurance exercise performance. This chapter assessed the effects of low-GI diets on markers of 

health (i.e. blood glucose control and CVD risk factors) in an extreme condition of inactivity (i.e. 

bed rest) in healthy individuals. This chapter not only helped gain a better understanding of the 

effects low-GI diets on health, but also helped fill a knowledge gap because no dietary 

intervention studies have been conducted for the prevention of glucose intolerance and 

cardiovascular problems during bed rest or spaceflight.  

           Contribution of authors: Ruirui Gao, Whitney Duff, Donna Chizen, Gordon A. Zello and 

Philip D. Chilibeck. The Effect of a Low Glycemic Index Pulse-Based Diet on Insulin 

Sensitivity, Insulin Resistance, Bone Resorption and Cardiovascular Risk Factors during Bed 

Rest. Nutrients. 2019;11(9). pii: E2012.  

Study design: PC, GZ and DC. Study conduct: RG, WD, DC, GZ and PC (random 

sequence generation: PC; cooking: GZ; drawing blood: DC; blood tests and blood pressure 

measures: RG). Data analysis: RG and PC. Drafting manuscript: RG. Revising manuscript: RG, 

PC and WD.  

3.2 Abstract 

Objective: We determined the effects of a low glycemic-index pulse-based diet (i.e., 

containing lentils, chick peas, beans, and split peas) compared to a typical hospital diet on insulin 
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sensitivity assessed by the Matsuda index from the insulin and glucose response to a two-hour 

oral glucose tolerance test, insulin resistance assessed by the homeostatic model assessment of 

insulin resistance (HOMA-IR), bone resorption assessed by 24 h excretion of urinary n-

telopeptides (Ntx) and cardiovascular risk factors (blood lipids, blood pressure, arterial stiffness 

and heart rate variability) during bed rest.  

Methods: Using a randomized, counter-balanced cross-over design with one-month 

washout, six healthy individuals (30 ± 12 years) consumed the diets during four days of bed rest. 

The Matsuda index, HOMA-IR, urinary Ntx and cardiovascular risk factors were determined at 

baseline and after the last day of bed rest.  

Results: Compared to the typical hospital diet, the pulse-based diet improved the Matsuda 

index (indicating increased insulin sensitivity; baseline to post-bed rest: 6.54 ± 1.94 to 6.39 ± 

2.71 hospital diet vs. 7.14 ± 2.36 to 8.75 ± 3.13 pulse-based diet; p = 0.017), decreased HOMA-

IR (1.38 ± 0.54 to 1.37 ± 0.50 hospital diet vs. 1.48 ± 0.54 to 0.88 ± 0.37 pulse-based diet; p = 

0.022), and attenuated the increase in Ntx (+89 ± 75% hospital diet vs. +33 ± 20% pulse-based 

diet; p = 0.035). No differences for changes in cardiovascular risk factors were found between the 

two diet conditions, with the exception of decreased diastolic blood pressure during day three of 

bed rest in the pulse-based versus hospital diet (61 ± 9 vs. 66 ± 7 mmHg; p = 0.03).  

Conclusion: A pulse-based diet was superior to a hospital diet for maintaining insulin 

sensitivity, preventing insulin resistance, attenuating bone resorption and decreasing diastolic 

blood pressure in healthy individuals during four days of bed rest. 

3.3 Introduction 

Bed rest is sometimes a necessary component of patient care during recovery from medical 

conditions. Bed rest is associated with unweighting the body and after only a short period of time 

(3–4 days), raises blood glucose and insulin, promotes bone loss, and increases arterial stiffening 

[1–3]—conditions that are also synonymous with low physical activity levels. The maladaptive 

glucose changes associated with bed rest have important clinical implications during hospital stays 

that include increased mortality, morbidity, length of hospital stay, and health care costs [4–8]. 

Detrimental outcomes with bed rest may be exacerbated or mitigated through diet. With an 

aim to prevent muscle and strength loss, studies of dietary interventions typically employ animal-
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derived high-quality protein diets [9,10]. However, animal-based diets may exacerbate: (1) 

impaired glucose regulation by reducing blood glucose clearance via acylcarnitine (metabolic by-

products of branch-chain amino acid catabolism)-induced inhibition of insulin receptors at the 

muscle fibre membrane [11]; (2) bone mass loss [12] because bone breaks down to release 

bicarbonate to buffer high blood acidity induced by cationic and sulphur-based amino acids that 

are contained in animal proteins; and (3) arterial stiffness, a major risk factor for cardiovascular 

disease (CVD) because high blood glucose and insulin levels promote arterial wall damage [13]. 

The typical hospital diet contains many animal proteins and high glycemic index foods that induce 

higher and faster increase in blood glucose concentration and insulin release. Pulses (i.e., lentils, 

chickpeas, peas, beans) have a low glycemic index and have been used in clinical populations to 

improve insulin sensitivity and reduce insulin resistance [14,15]. They also contain high quality 

proteins that have lower levels of sulphur-based amino acids and therefore may be superior for 

preventing bone resorption. Dietary interventions during bed rest studies have mainly been aimed 

at prevention of muscle and strength loss; no studies focusing on prevention of blood glucose 

increase or cardiovascular problems have been conducted. 

The purpose of this study was to determine the effects of a pulse-based diet compared to a 

hospital diet on insulin sensitivity, insulin resistance, bone resorption, CVD risk factors (i.e., blood 

lipids, blood pressure, arterial stiffness and heart rate variability) and body composition during four 

days of bed rest. We hypothesized that a pulse-based diet would be superior to a hospital diet for 

preventing loss of insulin sensitivity, insulin resistance, and bone catabolism, and reducing CVD 

risk during four days of bed rest. 

3.4 Methods 

3.4.1. Participants 

Six healthy adults (2 males, 4 females, 30 ± 12 years, BMI 23.3 ± 4.5 kg/m2) participated 

in this study. Inclusion criteria were as follows: 18 years of age or older, not diabetic, not on 

medications that affect carbohydrate metabolism or cholesterol levels, not vegetarian, and not 

allergic to lentils, beans, chickpeas, peas, or meats, and do not have high blood pressure (>144/94) 

or other hematological complications (deep vein thrombosis, clotting issues). All participants 

signed an informed consent form. This study was approved by the University of Saskatchewan 
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Biomedical Research Ethics Board (reference number Bio#17-176). ClinicalTrials.gov Identifier: 

NCT03595943 

3.4.2. Study design 

The study used a counterbalanced, double-blind, cross-over design where participants were 

randomized to two conditions: (1) four days of bed rest while on a pulse-based diet (i.e., meals and 

snacks containing lentils, beans, chickpeas, and peas); or (2) four days of bed rest with a hospital 

diet (i.e., containing protein sources from animal products) based on the regular patient menu from 

our university hospital (Royal University Hospital). Participants underwent bed rest for four days 

with one of the two diets in our research laboratory, had one-month wash-out period and then 

returned to the lab for another four-day period of bed rest with the other diet (Figure 3.1). During 

the bed rest period, participants were allowed to read, do computer work, or watch television. 

Participants were allowed washroom breaks as needed and were supervised by two investigators 

24 h per day while undergoing the four days of bedrest. 

 

Figure 3. 1 Study design. Abbreviations: DEXA, dual energy X-ray absorptiometry; HRV, heart 

rate variability. 

3.4.3. Measurements 

Resting metabolic rate. At least one week before the bed rest period, tests for resting 

metabolic rate were performed as previously described [16]. This was used to determine the amount 

of food during the bed rest phases. The total amount of calories for the meals per day was 1.1 times 
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resting metabolic rate to account for the thermic effect of food or the calories required to digest 

and absorb food [17]. 

Body composition. The evening before and the morning after each bed rest period, dual 

energy X-ray absorptiometry (QDR Discovery Wi, Hologic Inc., Bedford, Maryland, USA) and 

QDR software for Windows XP (QDRDiscovery, Hologic, Inc) was used to measure body 

composition: bone mineral content (BMC), fat mass, lean mass, lean mass + BMC, total mass, %fat, 

bone mineral density (BMD), trunk fat mass, spine BMC, spine BMD, total hip BMC, total hip 

BMD, femoral neck BMC and femoral neck BMD were assessed. The coefficients of variation for 

these measurements from our lab range from 0.5% (whole body BMD) to 3.0% (whole body fat 

mass) [18]. 

Bone resorption. The day before the bed rest periods and the last day of each bed rest period, 

24-h urine was collected in a plastic container for the measurement of N-telopeptides of bone type 

I collagen (Ntx) and creatinine (for Ntx correction). Urine collection and urine sample analysis 

were conducted as previously described [19]. Briefly, urine samples were analyzed with creatinine 

colorimetric assay kits (Cayman Chemical Company, Ann Arbor, MI, USA) and Osteomark® NTx 

Urine assay kits (Alere Scarborough, Inc., Scarborough, ME, USA). The intra-assay coefficient of 

variation for the assessment was 9.4% [19]. The amount of NTx per day for each individual was 

calculated by multiplying the concentration by the 24-h urine volume [19]. Lean tissue mass was 

also used for NTx correction [19]. 

Blood samples. After a 10-h overnight fast, the morning of the first day of each bed rest 

period and the morning following the final night of bed rest, a 75-g oral glucose tolerance test was 

used to determine the total area under the blood response curve (TAUC, including the baseline) 

and the incremental area under the curve (IAUC, excluding the area beneath the baseline level) for 

glucose and insulin. Blood samples were collected at baseline, 30, 60, 90 and 120 min after 

beverage consumption from an antecubital vein by indwelling cannula. Homeostatic model 

assessment of insulin resistance (HOMA-IR) was calculated using the formula: HOMA-IR = 

[fasting plasma glucose (mmol/L) × fasting plasma insulin (µIU/mL)/22.5] [20]. The Matsuda 

index was calculated to assess whole-body insulin sensitivity using the formula: Matsuda index 

=10,000 /√Gf × 18 × If ×Gm × 18 × Im, where Gf is fasting plasma glucose concentration (mmol/L), 

If is fasting plasma insulin concentration (µIU/mL), Gm is mean plasma glucose concentration 

during oral glucose tolerance test (mmol/L), and Im is mean insulin concentration during oral 
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glucose tolerance test (µIU/mL)[21]. Fasting blood samples were also collected to assess lipids: 

total cholesterol, triglycerides, high density lipoproteins (HDL), low density lipoproteins and very 

low density lipoproteins (LDL + vLDL). Blood samples were analyzed as described in our previous 

study [16]. The intra-assay coefficient of variation for the insulin assay were <3.5% and <4% for 

all the noninsulin assays [16]. 

Arterial stiffness, heart rate variability (HRV) and blood pressure. On the same days and at 

the same time for pre- and post-testing prior to the oral glucose tolerance test, HRV was determined 

following 10 min of supine rest from a 5-min surface electrocardiogram recorded epoch (Bio Amp, 

ADInstruments Bella Vista, New South Wales, Australia). Arterial stiffness was measured by pulse 

wave velocity with applanation tonometry (Mikro-tip Catheter Transducer model SPT-301, Millar 

Instruments, Inc, Houston, TX, USA) at the carotid and femoral sites using the foot-to-foot 

technique [22]. Pulse wave velocity was computed as D/Δt, where D was the distance between 

carotid and femoral sites, and Δt was the time between these two pulse waves. Signals were 

converted from an analogue to a digital signal (PowerLab 16/35, ADInstruments Bella Vista, New 

South Wales, Australia) and analyzed using LabChart (ADInstruments Bella Vista, New South 

Wales, Australia). Blood pressure was measured every 2 h from 09:00 to 21:00 during each 4-day 

period of bed rest (Welch Allyn Spot Vital Signs Monitor, 4200B, Welch Allyn Ltd., NY, USA). 

A single blood pressure recording every 2 h was an average of three recordings. A blood pressure 

recording for each day was an average of all the recordings over the course of 12 h. 

3.4.4. Diets during bedrest period 

Diets were prepared in our food laboratory in the College of Pharmacy and Nutrition, 

University of Saskatchewan. The pulse-based diet was prepared based on a variety of recipes from 

our previous intervention studies [15,23] that successfully improved blood pressure, insulin levels, 

and blood lipid profile in clinical populations. The hospital diet was based on the patient menu 

from the Royal University Hospital (Food and Nutrition Services, Saskatoon Health Region) and 

contained foods with a mixture of glycemic indexes, but many with higher glycemic index such as 

rice krispies, crackers, muffins, and meals derived from animal proteins (i.e., roast turkey and beef). 

The amount of calories delivered from the pulse-based diet was matched with that from the hospital 

diet, as was protein, carbohydrate, and fat content (Table 3.1). 
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Table 3. 1 Comparison of pulse-based diet and hospital diet. 

 Pulse-Based Diet Hospital Diet 

Energy intake (kcal/day) 1016 ± 311 1019 ± 307 

Fat (g/day) 28.3 ± 8.7 24.5 ± 11.2 

Saturated fat (g/day) 4.9 ± 1.0 5.9 ± 2.3 

Carbohydrate (g/day) 152.1 ± 49.1 152.1 ± 41.2 

Protein (g/day) 47.8 ± 13.3 45.3 ± 15.0 

Fibre (g/day) 25.9 ± 9.4 * 6.7 ± 2.3 

Sodium (mg) 730 ± 334 * 1886 ± 718 

Energy intake (% energy) per day for 3 meals 

Breakfast (% energy) 20.8 ± 10.7 20.8 ± 10.6 

Lunch (% energy) 40.7 ± 19.3 42.6 ± 17.7 

Dinner (% energy) 38.5 ± 13.5 36.6 ± 10.9 

Values are mean ± SD. * Significantly different from hospital diet, p < 0.05. 

3.4.5. Diet and exercise control prior to bed rest period 

Participants were asked to keep their routine physical activities and regular diet that contained 

at least 150 g of carbohydrate per day for three consecutive days prior to the bed rest period. They 

were also asked to refrain from smoking and consuming any alcohol or caffeinated drinks during 

these three days. They kept a food diary during these three days and repeated the same diets 3 days 

prior to the second condition. 

3.4.6. Statistical analyses 

Statistical analyses were performed using SPSS (SPSS Version 21; SPSS Inc., Chicago, DE, 

USA). All data except for blood pressure were assessed by determining change scores from 

baseline to after the four-day bed rest periods and then comparing the change scores between diets 

with a one-factor repeated-measures analysis of variance. Blood pressure was assessed by two-

factor (diet and time) repeated measures analysis of variance. A Bonferroni post-hoc test was used 
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to test for differences between means when there was an interaction for the blood pressure analysis. 

Data are presented as means ± SDs. Alpha level was set at 0.05. 

3.5 Results 

All six participants tolerated the bedrest condition and no participants dropped out. Change 

scores for each outcome for both conditions are shown in Table 3.2. Compared with the hospital 

diet, the pulse-based diet elicited a greater increase in the Matsuda Index (p = 0.017), a greater 

decrease in HOMA-IR (p = 0.022), and a smaller increase in absolute Ntx level (p = 0.035) and 

Ntx/lean tissue mass (p = 0.042). No condition differences were found in change scores for other 

outcomes in Table 3.2. 

Time main effects for all the outcomes are shown in Table 3.2. Post-bedrest glucose I-AUC, 

glucose T-AUC, HOMA-IR, absolute Ntx level, Ntx/lean mass, lean mass, lean + BMC, total mass, % 

fat, total hip BMD and LF/HF were significantly different from pre-bedrest (p < 0.05). 

There was a significant diet × time interaction for diastolic blood pressure (F (3, 15) = 3.506, 

p = 0.042, Table 3.3). Diastolic blood pressure was lower on day 3 while on the pulse diet compared 

to the hospital diet. No differences were found for systolic blood pressure (F (3, 15) =1.743, 

p=0.201). 
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Table 3. 2 Diet and time main effects. 

 Hospital Diet Pulse Diet Condition effects 

 Pre-Bedrest Post-Bedrest Change Pre-Bedrest Post-Bedrest Change 

OGTT 

Glucose I-AUC (mmol L−1 h) * 218 ± 58 308 ± 57 90 ± 52 230 ± 102 358 ± 102 127 ± 196 F (1, 5)=0.381, p=0.564       

Glucose T-AUC (mmol L−1 h) * 693 ± 77 761 ± 77 68 ± 39 680 ± 109 774 ± 66 95 ± 123 F (1, 5)=0.467, p=0.525 

Insulin I-AUC (mU L−1 h) 4702 ± 801 5095 ± 2060 393 ± 1408 3725 ± 1625 4086 ± 1203 362 ± 636 F (1, 5)=0.001, p=0.971 

Insulin T-AUC (mU L−1 h) 5627 ± 905 6070 ± 2253 443 ± 1438 4781 ± 1734 4775 ± 1477 −6.2 ± 458 F (1, 5)=0.355, p=0.577 

HOMA-IR * 1.38 ± 0.54 1.37 ± 0.50 −0.01 ± 0.24 1.48 ± 0.54 0.88 ± 0.37 −0.59 ± 0.42 a F (1, 5)=10.633, p=0.022 

Matsuda Index 6.54 ± 1.94 6.39 ± 2.71 −0.14 ± 1.10 7.14 ± 2.36 8.75 ± 3.13 1.61 ± 1.49 a F (1, 5)=12.499, p=0.017 

Bone resorption  

Ntx level (Nm BCE) × 103 * 262 ± 175 430 ± 222 168 ± 66 265 ± 75 361 ± 136 96 ± 65 a F (1, 5)=8.302, p=0.035 

Ntx/lean mass (Nm BCE/g) * 6.2 ± 3.6 10.8 ± 4.5 4.6 ± 1.6 6.6 ± 1.7 9.2 ± 2.9 2.6 ± 1.6 a F (1, 5)=7.357, p=0.042 

Ntx/crt (Nm BCE/mg/mL) 4611 ± 4789 3845 ± 1790 −766 ± 3285 2258 ± 1636 3646 ± 2311 1388 ± 909 F (1, 5)=1.938, p=0.223 

Blood lipids  

Triglyceride (mmol/L) 0.7 ± 0.3 0.7 ± 0.4 0.0 ± 0.3 0.6 ± 0.3 0.6 ± 0.3 0.0 ± 0.3 F (1, 5)=0.213, p=0.664 

Total cholesterol (mmol/L) 4.0 ± 0.7 4.2 ± 0.6 0.2 ± 0.4 4.1 ± 0.8 4.2 ± 0.9 0.1 ± 0.6 F (1, 5)=0.000, p=0.997 

HDL (mmol/L) 1.6 ± 0.4 1.5 ± 0.4 −0.1 ± 0.3 1.6 ± 0.3 1.6 ± 0.5 0.0 ± 0.3 F (1, 5)=0.078, p=0.792 

LDL and VLDL (mmol/L) 2.7 ± 0.7 3.1 ± 1.1 0.4 ± 0.6 2.9 ± 0.8 2.8 ± 1.1 −0.1 ± 0.8 F (1, 5)=4.034, p=0.101 

Body composition  

BMC (g) 2084 ± 561 2029 ± 498 −55 ± 120 1987 ± 458 2024 ± 528 37 ± 90 F (1, 5)=2.361, p=0.185    

Fat mass (kg) 17.0 ± 10.1 17.0 ± 10.0 0 ± 0.4 16.8 ± 9.6 16.8 ± 9.5 0 ± 0.3 F (1, 5)=0.123, p=0.740     

        

Lean mass (kg) * 40.9 ± 11.1 39.2 ± 10.6 −1.7 ± 0.9 41.1 ± 11.8 39.7 ± 11.8 −1.4 ± 0.9 F (1, 5)=0.386, p=0.562 

Lean + BMC (kg) * 43.0 ± 11.6 41.3 ± 11.1 −1.8 ± 0.9 43.1 ± 12.3 41.7 ± 12.4 −1.4 ± 0.8 F (1, 5)=0.650, p=0.457 

Total mass (kg) * 60.0 ± 15.8 58.3 ± 15.2 −1.7 ± 0.8 59.9 ± 15.5 58.5 ± 15.4 −1.4 ± 0.7 F (1, 5)=0.511, p=0.507 

% fat * 27.7 ± 10.9 28.6 ± 11.3 0.9 ± 1.0 27.8 ± 11.2 28.5 ± 11.6 0.7 ± 0.8 F (1, 5)=0.319, p=0.596 

BMD (g/cm2) 1.12 ± 0.11 1.09 ± 0.09 −0.03 ± 0.04 1.09 ± 0.08 1.10 ± 0.09 0.01 ± 0.02 F (1, 5)=3.520, p=0.119 

Trunk fat mass (kg) 7.5 ± 5.2 7.7 ± 4.6 0.1 ± 0.9 7.4 ± 4.7 7.5 ± 4.5 0.1 ± 5.7 F (1, 5)=0.014, p=0.909 

Spine BMC (g) 47.9 ± 12.7 48.3 ± 13.3 0.3 ± 1.6 47.8 ± 12.3 48.0 ± 13.3 0.2 ± 1.9 F (1, 5)=0.008, p=0.932 

Spine BMD (g/cm2) 0.89 ± 0.10 0.89 ± 0.10 0.0 ± 0.03 0.89 ± 0.10 0.90 ± 0.17 0.0 ± 0.01 F (1, 5)=0.040, p=0.850 

Total hip BMC (g) 32.6 ± 12.9 33.1 ± 12.5 0.5 ± 1.7 31.6 ± 11.8 32.2 ± 12.3 0.7 ± 0.8 F (1, 5)=0.019, p=0.896 

Total hip BMD (g/cm2) * 0.94 ± 0.19 0.95 ± 0.18 0.01 ± 0.02 0.93 ± 0.19 0.94 ± 0.19 0.02 ± 0.01 F (1, 5)=0.321, p=0.595 

Femoral neck BMC (g) 3.7 ± 1.0 3.9 ± 1.2 0.2 ± 0.2 3.8 ± 1.2 3.9 ± 1.2 0.10 ± 0.2 F (1, 5)=0.134, p=0.729 

Femoral neck BMD (g/cm2) 0.76 ± 0.16 0.77 ± 0.18 0.01 ± 0.03 0.76 ± 0.19 0.78 ± 0.17 0.02 ± 0.02 F (1, 5)=0.321, p=0.595 

Arterial stiffness and HRV  

Pulse wave velocity (m/s) 9.4 ± 1.6 9.2 ± 1.6 −0.2 ± 2.2 9.9 ± 2.8 9.2 ± 2.0 −0.7 ± 1.5 F (1, 5)=0.154, p=0.711      

SDRR (ms) 55 ± 34 53 ± 31 −2 ± 9 49 ± 32 40 ± 31 −9 ± 9 F(1, 5)=0.209, p=0.667 

Heart rate (beats/min) 69 ± 13 66 ± 10 −3 ± 7 67 ± 13 67 ± 13 0 ± 5 F(1, 5)=2.495, p=0.175 

SDSD (ms) 47 ± 32 34 ± 14 −13 ± 21 40 ± 30 30 ± 9 −10 ± 25 F(1, 5)=0.073, p=0.798 

RMSSD (ms) 47 ± 32 34 ± 14 −13 ± 21 40 ± 30 30 ± 9 −10 ± 25 F(1, 5)=0.073, p=0.798 

Prr50 (%) 17 ± 18 14 ± 13 −3 ± 11 18 ± 19 10 ± 9 −7 ± 12 F(1, 5)=1.170, p=0.329 

LF Power (%) 31 ± 23 24 ± 7 −7 ± 22 34 ± 12 24 ± 11 −10 ± 12 F(1, 5)=0.047, p=0.836 

LF Power (nu) 50 ± 36 56 ± 20 6 ± 24 56 ± 23 45 ± 17 −11 ± 19 F(1, 5)=2.964, p=0.146 

HF Power (%) 38 ± 31 22 ± 14 −15 ± 26 29 ± 17 29 ± 12 0 ± 15 F(1, 5)=3.181, p=0.135 

7
8
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HF Power (nu) 48 ± 33 45 ± 19 −3 ± 22 44 ± 22 55 ± 17 11 ± 19 F(1, 5)=1.928, p=0.224 

LF/HF * 2.6 ± 2.9 1.8 ± 1.7 −0.8 ± 1.6 2.0 ± 1.9 1.1 ± 1.0 −1.0 ± 1.3 F(1, 5)=0.063, p=0.811 

Values are mean ± SD; * Significant time main effects, p < 0.05; a significantly different from hospital diet, p < 0.05 

Abbreviations: BMC, bone mineral content; BMD, bone mineral density; crt, creatinine; HDL, high density lipoproteins; HF, 

high frequency; HOMA-IR, homeostatic model assessment of insulin resistance; HRV, heart rate variability; IAUC, 

incremental area under the curve; LDL + vLDL, low density lipoproteins and very low density lipoproteins; LF, low 

frequency; Ntx, N-telopeptides; Prr50, number of pairs of adjacent RR intervals differing by more than 50 ms to all RR 

intervals; RMSSD, root mean square of successive differences; SDRR, standard deviation of RR interval; SDSD, standard 

deviation of successive differences; TAUC, total area under the curve 

 

 

Table 3. 3 Blood pressure during the bed rest period. 

 Systolic Blood Pressure (mmHg) Diastolic Blood Pressure (mmHg) 

 Hospital Diet Pulse Diet Hospital Diet Pulse Diet 

Day 1 103 ± 10 102 ± 13 65 ± 5 64 ± 7 

Day 2 103 ± 9 102 ± 11 64 ± 7 65 ± 6 

Day 3 104 ± 10 97 ± 16 66 ± 7 61 ± 9 * 

Day 4 103 ± 11 100 ± 15 65 ± 7 63 ± 10 

Values are mean ± SD * Significant interaction between diet and time, p < 0.05

7
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3.6 Discussion 

The major finding of this study was that a four-day pulse-based diet during bed rest induced a 

significant increase in the Matsuda Index compared to a typical hospital-based diet, indicating that 

insulin sensitivity was improved in the pulse-diet phase compared to the hospital-diet phase. In 

addition, HOMA-IR was reduced to a greater extent with the pulse-based diet, indicating that the 

pulse-based diet was better than the hospital diet for reducing insulin resistance. Ntx increased to 

a smaller extent on the pulse-based diet than the hospital diet, indicating that the pulse-based diet 

attenuated bone resorption. Diastolic blood pressure was lower on day 3 during the pulse diet 

compared to the hospital diet, but this might not be clinically relevant since young healthy 

individuals were included in this study, rather than hypertensive patients. This is the first study to 

assess a dietary intervention to prevent the reduction in insulin sensitivity and increase in insulin 

resistance during bed rest. 

3.6.1. Effect of pulse-based diet on insulin sensitivity and insulin resistance 

In the present study, a significant condition difference was found for the Matsuda Index and 

HOMA-IR, indicating that a pulse-based diet, compared with typical hospital diet, improved 

insulin sensitivity and prevented insulin resistance during 4-day bed rest. No difference was found 

between conditions for the glucose and insulin AUC. 

The improvement in insulin sensitivity/resistance in the pulse-based diet condition might be 

due to the low glycemic index, high fiber content, high content of micronutrients, and low sodium 

content in pulse diet. Pulses have a low glycemic index, which tends to induce lower rate of glucose 

increase and insulin secretion, whereas the higher glycemic index hospital diet might promote 

insulin resistance through stimulation of glucose release and insulin secretion. High glucose 

induced by high-glycemic index foods could down-regulate some aspects of insulin signaling, e.g., 
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the CAP-Cbl signaling pathway [24]. Insulin inhibits fat oxidation and stimulates fatty acid 

synthesis [25]. This fat accumulation could be associated with increased insulin resistance with 

down-regulation of post receptor signaling and insulin receptors [26]. Also, pulses are rich in fiber 

and an increased fiber intake is associated with lower insulin resistance [27] via interference with 

the absorption of dietary protein [28]. Infusion of animal-based amino acids induces insulin 

resistance with phosphorylation of downstream factors involved in insulin-signaling cascade [29] 

and therefore animal-protein diets, e.g., the hospital diet, may increase insulin resistance and 

diabetes risks [29]. Furthermore, pulses are rich in micronutrients, such as zinc and selenium, which 

might be of potential importance. Zinc, concentrated in the pancreas, is important in insulin 

secretion and biosynthesis via the activation of phosphatidylinositol protein kinase B and protein 

3-kinase, and stimulation of insulin receptor (β-subunit) phosphorylation [30,31]. Higher zinc 

intake reduces insulin resistance [31] while zinc deficiency results in insulin resistance and glucose 

intolerance [32]. Selenium might affect insulin resistance via multiple routes including oxidative 

stress, inflammatory cytokines and insulin-like action [33]. Higher dietary selenium intake has 

been reported to induce lower insulin resistance [33–35]. The low sodium content in the pulse diet 

might be a final factor that lowers insulin resistance. Some studies suggest that a low sodium diet 

might decrease insulin resistance by reducing blood leptin levels [36], bradykinin concentration 

[37] and angiotensin II levels [38]. 

3.6.2. Effect of pulse-based diet on bone resorption and body composition 

We found that the pulse-based diet attenuated the increase in Ntx during 4-day bed rest, 

compared with the typical hospital diet. No difference was found for changes in body composition 

between conditions. The beneficial effects of pulse-based diet on bone resorption might be 

explained by the differences in amino acid profile between two types of diets. Typical hospital 
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diets contain protein from animal sources which stimulate bone catabolism [12]. Animal-based 

proteins contain cationic and sulphur-based amino acids that result in the acidification of blood. 

Bone serves as a reservoir of bicarbonate, which helps to buffer acidity in blood. When blood 

acidity is high, bone breaks down to release bicarbonate, eventually weakening bone. Indeed, the 

latest generation of bed rest studies that use whey protein to prevent muscle loss also include 

supplementation with an alkalinizing agent to prevent this metabolic acidosis [39]. Pulses have 

high quality proteins that do not induce metabolic acidosis and have lower levels of sulphur-based 

amino acids (i.e., methionine and cysteine) compared to meat-based proteins such as turkey and 

beef [40]. As such, they may be of benefit for preventing breakdown of bone during bed rest. The 

different sodium content might also affect bone resorption. High sodium chloride intake increased 

bone resorption by increasing urinary calcium excretion [41] and parathyroid hormone secretion 

[42] which stimulates the release of calcium from bone. 

3.6.3. Effect of pulse-based diet on CVD risk factors 

In the current study, diastolic blood pressure was lower on day three while on the pulse diet 

compared to the hospital diet. No differences were found between conditions for changes in other 

cardiovascular risk factors (i.e., blood lipids, arterial stiffness and HRV). One possible explanation 

is that we included healthy participants who might not be as responsive as hospital patients to diet 

intervention. Another reason might be the short intervention period (i.e. 4 days). Differences can 

be expected in a longer bed rest duration. We hypothesized that the pulse-based diet, compared 

with typical hospital diet, might prevent deterioration of CVD risk factors during 4-day bed rest 

because of the high content of fiber, low-glycemic index, effects on gene regulation, low sodium 

content and a high isoflavone content. Dietary fiber increases the excretion of bile acid and reduces 

reabsorption of bile acids, thus lowering cholesterol levels [43,44]. Soluble dietary fiber also 
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produces short-chain fatty acids, which potentially affects fatty acid metabolism and cholesterol 

synthesis [45,46]. Low-glycemic index food induces slower and lower increase of glucose and 

insulin, a hormone that inhibits fat mobilization and oxidation [25], thus potentially increasing fat 

oxidation and reducing harmful blood lipid levels. Fat build-up in blood vessels is an important 

and key precursor to arterial stiffening and cardiovascular disease [47]. In contrast, insulin and 

glucose levels increase faster and greater after high-glycemic index food consumption. 

Hyperinsulinemia and hyperglycemia induce oxidative stress (which damages arterial walls) [48], 

reduces nitric oxide (which is a powerful vasodilator and helps reduce inflammation) [24] and 

finally leads to arterial wall damage and arterial stiffness [13], meaning that low-glycemic index 

pulse-based foods have the potential to prevent arterial stiffening, a major risk factor for 

cardiovascular disease [49]. Pulses might further reduce harmful blood lipid levels by up-regulating 

genes involved in acetyl-CoA degradation and β-oxidation, and down-regulating genes related to 

lipogenesis and glycolysis [50]. In the current study, the reduced diastolic blood pressure on the 

pulse diet might be due to the lower sodium content of this diet. This is supported by many studies 

which reported that a reduction in sodium intake reduced blood pressure [51,52]. Finally, pulses 

(lentils, beans, peas) contain isoflavones [53,54], which possess antiplatelet, anti-atherosclerotic 

and anti-hypertensive properties [55]. These isoflavonoes, such as anthocyanins, stimulate the 

secretion of a cardioprotective hormone (i.e., adiponectin) which exerts anti-inflammatory 

properties in blood vessel cells [56], thus potentially reducing blood pressure and arterial stiffness 

and improving HRV. 

The present study, however, did not find these beneficial effects, which might be due to the 

difference in participant types and intervention duration. The current study is limited in that it 

involved healthy individuals, which is not typical of people in hospital settings. People at high risk 
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of CVD might be more sensitive to dietary interventions. Studies involving overweight and obese 

individuals [57], type 2 diabetic patients [58], older people [23] or people with 

hypercholesterolemia [59] found significant beneficial effects of pulses on CVD risk factors, 

whereas in the present study, such beneficial effects were not found in healthy individuals. Six to 

seven weeks of legume consumption lowers LDL cholesterol in healthy individuals (41 to 78 years) 

[60]; therefore, the intervention duration might be another factor. Previous interventions lasted 

from 3 weeks to 12 months (most commonly 3 weeks to 16 weeks), and found reduced risk for 

CVD via favorable effects on blood lipid profile and blood pressure [49,58,59,61–63], whereas the 

present intervention only lasted 4 days. Hospital bed rest duration ranges from several days to many 

weeks [64], depending on many factors such as types of diseases, how well the surgery is done, 

health conditions after surgery, etc. A pulse-based diet may have significant beneficial effects on 

CVD risk factors in prolonged bed rest. A longer intervention may be needed to investigate the 

effects of the pulse-based diet. 

Our study had several limitations. The major limitation was the small sample size. This study 

was intended as a proof of principal to support a larger confirmatory study in a hospital setting with 

a larger number of participants and for a longer time period. This study was also limited in that the 

risk of Type 1 error was increased with multiple dependent variables and a small sample size. 

Another limitation was participant demographics. All participants included were healthy adults, 

rather than hospital patients. Future studies are needed to assess the effects of the pulse diet on 

individuals with specific disease types, e.g., bone fractures, high blood pressure, and type 2 diabetes. 

3.7 Conclusions 

The importance and practical application of this study is that this will inform the nutrition 

habits and diets of people who have to undergo bed rest during hospital care, long-term care or at-
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home recovery. Optimizing the diets and nutritional habits of patients is important for preventing 

or offsetting negative health implications (e.g., impaired insulin sensitivity, increased insulin 

resistance and increased bone breakdown), improving other clinical measures, and reducing 

morbidity levels [6], length of hospital stay [7] and health care costs [7]. The benefits of the pulse 

diet may be amplified in older participants with long-duration illness who would be exposed to 

have possibly greater CVD risk factors secondary to age and pre-hospital illness that led to the 

hospital stay. 
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4. Chapter 4 Study two: Skim milk versus sports drink as a recovery beverage 

after exercise for affecting next-day postprandial fat oxidation, blood glucose 

and blood lipids 

4.1 Transition statement 

Study one indicates that low GI foods might benefit cardiovascular and metabolic health when 

there is an absence of physical activity. The next study evaluates the effects of a low-GI beverage 

for improving cardiovascular and metabolic health in conjunction with an acute exercise session. 

Another difference between the two studies is participant demographics. The second study focuses 

on overweight/obese individuals. These individuals are at higher risk of cardiovascular diseases 

and metabolic disorders than normal-weight people. Study two compares low GI skim milk to high 

GI Gatorade, as these are two very popular beverages to consume during recovery from exercise. 

4.2 Rationale for the chapter 

Low-GI foods, compared with high-GI foods, might be a healthier food choice because of 

its potential to improve cardiovascular health and endurance exercise performance; however, 

evidence for these benefits is equivocal. The overall purpose of this thesis was to assess the effect 

of diets/beverages differing in GI on health and endurance exercise performance. This chapter 

assessed the effects of a low-GI beverage (i.e. skim milk) on markers of health (i.e. blood glucose 

control, metabolic profile and CVD risk factors) in conjunction with exercise in overweight/obese 

participants. This chapter helped gain a better understanding of the effects of post-exercise low-

GI foods on next day postprandial metabolic health in obese individuals. 

Contribution of authors: Ruirui Gao, Nicole Rapin, Abdulrahman M. Elnajmi, Julianne 

Gordon, Gordon A. Zello, and Philip D. Chilibeck. Skim milk versus sports drink as a recovery 

beverage after exercise for affecting next-day postprandial fat oxidation, blood glucose and blood 

lipids. Submitted to Nutrition Research in December, 2019.  
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Study design: PC and GZ. Study conduct: RG, NR, AE, JG and PC (random sequence 

generation and allocation concealment: PC; measurement during evening exercise sessions and 

the next-day postprandial period: RG, NR and JG; blood tests: RG). Data analysis: RG and PC. 

Drafting manuscript: RG. Revising manuscript: RG, PC and JG. 

4.3 Abstract 

Objective: Our purpose was to determine the effect of consuming low glycemic index 

(LGI) skim milk as a recovery beverage, compared to a high glycemic index (HGI) sports drink, 

following evening exercise on fat oxidation and blood lipids after a subsequent high energy 

breakfast. 

Methods: In this randomized counterbalanced crossover trial, 20 overweight or obese 

participants (BMI≥25 kg m− 2) underwent 4 conditions: 90-min exercise at 50% VO2 peak 

followed by sports drink (EX-HGI); the same exercise followed by isocaloric skim milk (EX-

LGI); the same exercise followed by water (Exercise); a control condition (no exercise or 

beverage consumption). Blood lipids, glucose, and fat oxidation were assessed before and for 6h 

after a standardized high-energy breakfast the next morning.  

Results: There was a condition main effect for fat oxidation (p=0.042) with means highest 

for EX-LGI (6.7±2.7 g/h) and lowest for EX-HGI (6.0±1.8 g/h). Mean triglyceride concentration 

and total area under the curve for triglycerides with EX-HGI was higher than Exercise (1.7±1.6 

vs. 1.3± 1.0 mmol/l, p=0.037, and 11.7±9.4 vs. 8.6±6.0 mmol l − 1 h, p=0.005, respectively). 

Mean glucose concentration with EX-LGI was lower than EX-HGI (4.1±1.1 vs. 4.4 ± 1.1 mmol/l, 

p=0.027). Homeostatic Model Assessment of Insulin Resistance was higher with EX-HGI than 

Control (2.32±1.15 vs. 1.86±0.97, p=0.005).  

Conclusions: Evening post-exercise skim milk consumption, compared with a high-GI 

sports drink, significantly reduced blood glucose and possibly increased fat oxidation after a 

high-energy breakfast next morning in overweight/obese adults. 
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4.4 Introduction 

Being overweight or obese is associated with an elevated postprandial lipid response [1]. 

Elevation in postprandial blood lipids is a strong risk factor for cardiovascular disease [2-4]; 

therefore, it is important to investigate strategies that could prevent this increase in harmful lipids 

for people who are overweight and obese. 

Exercise and dietary interventions can improve lipid profiles. An evening exercise session 

increases post-exercise fat oxidation and reduces the elevation of blood triglyceride after a high-

energy breakfast [5, 6]. This beneficial effect of exercise is reduced dramatically if high glycemic 

index (GI) beverages or food are consumed after exercise [5, 6], whereas these benefits are 

preserved if post-exercise food is low in GI [7]. In our previous study, a low GI meal (i.e. lentils) 

after an evening exercise session significantly increased fat oxidation and attenuated blood 

triglyceride concentrations after a high-energy breakfast the next morning, compared to a post-

exercise high GI meal (i.e. instant mashed potatoes, white bread) [7]. The post-exercise high-GI 

meal also negated beneficial effects of exercise without meal replacement by attenuating the 

increase in fat oxidation and reduction in postprandial triglycerides observed when exercise was 

done without meal replacement. Sports drinks (e.g. Gatorade; GI=89) [8] and skim milk 

(GI=32)[9]are popular post-exercise beverages that are currently promoted to increase after-

exercise recovery. Aside from its low GI, skim milk is high in calcium. Dietary calcium 

stimulates lipolysis by supressing 1, 25-(OH)2-D-induced calcium influx [10], inhibits 

lipogenesis by inhibiting fatty acid synthase expression and activity [10], and increases lipid 

clearance by enhancing excretion of bile acids and fecal fat [11] via the formation of conjugates 

consisting of bile acids and calcium-phosphate complexes[12] and the formation of insoluble 

calcium soaps, which precipitates saturated fatty acids [13]. Therefore, skim milk has the 

potential to improve next-day postprandial lipid profile when consumed after an evening exercise 

session compared to high-GI sports drinks. However, this potential benefit of milk consumption 

during recovery from exercise on postprandial lipids has never been investigated.  

Milk also has a number of additional potential benefits on blood glucose, insulin and 

blood pressure. A more favorable glucose profile might be conferred by milk because of its low 

GI [14] and low GI food usually decreases postprandial insulin response compared with high GI 

food. The association between dairy food consumption and reduced risk of hypertension was 
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found in prospective cohort studies [15, 16] and a 5-week interventional study [17]. Minerals in 

milk (i.e. high in calcium, magnesium, potassium and low in sodium) contribute to blood 

pressure reduction[18] and milk-derived bioactive peptides (i.e. the angiotensin-I converting 

enzyme inhibitory peptides) exert antihypertensive effects via the inhibition of angiotensin-

converting enzyme, the function of which is to inactivate the vasodilator bradykinin and 

synthesize the vasoconstrictor angiotensin II[19]. Exercise has marked acute effects on blood 

lipids, blood glucose, insulin response and blood pressure[20]; therefore, it would be of interest 

to assess whether consuming milk after an evening exercise session can further add to these 

beneficial effects.   

The purpose of this study was to compare the effects of consuming low-GI skim milk and 

a high-GI sports drink after an evening exercise session on next-day postprandial fat oxidation, 

blood lipids, and insulin and glucose concentrations, and post-exercise blood pressure. It was 

hypothesized that post-exercise skim milk consumption, compared to sports drink, would 

increase fat oxidation, and lower harmful blood lipid and glucose concentrations after a next day 

high-energy breakfast.  A secondary hypothesis was that consuming milk after exercise would 

reduce post-exercise blood pressure compared to consumption of a sports drink. 

4.5 Methods 

4.5.1 Participants 

Twenty overweight or obese adults (8 males, 12 females, 29.5 ± 4.2 years, BMI 29.7 ± 3.7 

kg/m2) participated in this study. Inclusion criteria were as follows: age between 18 and 44 years, 

BMI≥25 kg/m2, no known contraindications to exercise, no intake of medication that affects 

carbohydrate or lipid metabolism, non-smokers and non-diabetic. Exclusion criteria included 

having lactose intolerance, or cardiovascular disease. All participants signed an informed consent 

form. This study was approved by the University of Saskatchewan Biomedical Research Ethics 

Board. 

4.5.2 Study design and measurement of variables 

The study used a counterbalanced, single-blind cross-over design where participants were 

randomized to 4 conditions: 1) Exercise and high-glycemic index beverage consumption (EX-

HGI): exercise session followed by high-GI sports drink (Gatorade Perform® Orange Thirst 
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Quencher Powder, Pepsico, Canada) consumption; 2) Exercise and low-glycemic index beverage 

consumption (EX-LGI): exercise session followed by low-GI skim cow milk (Beatrice, Canada) 

consumption; 3) Exercise: exercise session with water; 4) Control: no exercise or beverage 

consumption. Each condition was separated by one week. Research personnel who conducted 

outcome assessments were blinded to the beverage conditions. An individual who had no other 

role in the study generated the randomized schedule (using a computerized random number 

generator) and emailed this allocation to the researcher preparing beverages. This allocation 

schedule was concealed from other research assistants. 

 

Figure 4. 1 Study design. On the intervention day, 3 standardized meals were provided. Arrows 

(↓) indicate sampling times for blood (for assessment of glucose, insulin and lipids) and * 

indicates respiratory gases (for estimation of fat oxidation). First sampling time was 8am, just 

before the breakfast. 
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Each condition involved a 90-min treadmill walking exercise session at 50% VO2 peak 

(or rest in the control condition) in the evening (from 6 pm to 7:30 pm) and a next-day 

standardized high energy breakfast followed by 6-hour measurement of fat oxidation, and lipid, 

insulin, and glucose concentrations (Figure 4.1). We chose this exercise protocol (walking at 50% 

VO2 peak) because the same protocol was used by previous studies [5, 7], and it successfully 

induced a net energy expenditure and improvements in postprandial indices of metabolic health 

[5, 7]. Maximal exercise capacity was determined by the Ebbeling treadmill test [21] performed 

at least a week before the four conditions. Respiratory gases were collected during the 90 min 

evening exercise session and the amount of the beverage consumed after exercise was based on 

the calories used during exercise plus 10% to account for the elevated metabolic rate [22]. An 

equal volume of water was consumed after the exercise-only condition. The beverage (sports 

drink, skim milk, Table 4.1, or water) was split into boluses consumed immediately and 2 hours 

after the exercise because our pilot test study found that participants were not able to consume the 

amount all at once but they were able to consume this amount within 2 hours. Immediately after 

exercise (or rest), participants were fitted with 24-hour ambulatory blood pressure monitors 

(Oscar 2™system, SunTech Medical®, Inc., USA) which they wore overnight and into the next 

day throughout the postprandial metabolic assessment. Based on participants’ self-reported 

sleeping hours at night, the monitor was set to measure blood pressure every 30 minutes when 

participants were awake and every 2 hours during sleeping hours at night. After a 10 hour fast, 

participants were given a standardized high energy breakfast. The following variables were 

assessed before and at 30 min, 1h, 2h, 4h, and 6h after the breakfast: respiratory gases for 

estimation of fat oxidation using Brouwer Constants Equations[23] and antecubital venous blood 

samples for assessment of glucose, insulin, total cholesterol, triglycerides, high density 

lipoproteins (HDL), low density lipoproteins and very low density lipoproteins (LDL+vLDL). 

Blood samples were analyzed as described in our previous study [7]. Homeostatic model 

assessment of insulin resistance (HOMA-IR) was calculated using the formula:  HOMA-IR = 

[fasting plasma glucose (mmol/L) *  fasting plasma insulin (µIU/ml)/22.5][24]. 
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Table 4. 1 Composition of the recovery drinks 

 Skim milk1 (250ml) Gatorade2 (Per 24g dissolved in 

250ml water) 

Kcal 90  90 

Total fat (g) 0  0  

Cholesterol (mg) 5  0  

Sodium (mg) 125  157.5  

Carbohydrate (g) 13  22.5  

Protein (g) 9  0  

Calcium (mg) 300  0  

Potassium (mg) 0  45  
1 Skim milk, Beatrice, Canada. 2 Gatorade Perform® Orange Thirst Quencher Powder, Pepsico, Canada. 

 

At least one week before the four conditions, resting metabolic rate was determined as 

previously described [7], so that an appropriate amount of standardized meals could be provided 

on the day of exercise sessions (see description in next section). 

4.5.3 Dietary and exercise control 

Exercise and diet was controlled for 3 days before the metabolic assessment day in each 

condition. Participants were asked to refrain from physical activity (except for the evening 

exercise session in the present study) and alcohol consumption in the 3 days prior to the 

metabolic assessment day. Participants completed a food tracking log two days before the 

intervention day and a physical activity log three days before the metabolic assessment day. They 

were asked to repeat the same diet that they consumed for these two days and the same physical 

activity for these three days for each of the 4 conditions. Three individually prescribed moderate 

GI meals were provided to participants on the intervention day for each of the 4 conditions. The 

total amount of energy content for these meals was 1.55 times resting metabolic rate[25] (i.e. to 

account for physical activity level of a typical inactive individual), with 15-20% as protein, 50-

55% as carbohydrate and 30% as fat.  

The high-energy test meal (Sausage & Egg McMuffin®, MacDonald’s, Saskatoon, 

Saskatchewan, Canada) provided in the morning on the assessment day contained 66 g protein, 

105.6 g carbohydrate, 85.8 g fat, and 1452 kcal per 2 m2 body surface area. This corresponded to 

3.4 Sausage & Egg McMuffins. This meal elicits a significant triglyceride and insulin response 

from previous studies [6, 7]. 
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4.5.4 Statistical analyses 

Statistical analyses were performed using SPSS (SPSS Version 21; SPSS Inc., Chicago, 

DE, USA). The total area under the blood response curve (TAUC) and the incremental area under 

the curve (IAUC, excluding the area beneath the baseline level) for each blood variable was 

calculated with the trapezoidal rule. Shapiro-Wilk tests were used to check the normality of data. 

One-factor repeated measures analysis of variance (ANOVA) was used to assess the AUC 

responses, HOMA-IR and blood pressure between each condition. If there was a significant 

condition main effect, a Bonferroni post-hoc test was used to determine differences between 

individual conditions. Friedman’s tests were used as a non-parametric alternative for one-factor 

ANOVAs when there were violations of normality and Wilcoxon post-hoc tests with Bonferroni 

correction were used if there was a significant condition main effect. Data for overall systolic 

blood pressure, awake systolic blood pressure and TAUC for cholesterol and HDL was analysed 

by one factor repeated measures ANOVAs. The other variables were analyzed using Friedman’s 

tests since there was a violation of normality. 

Two-factor repeated measures ANOVAs were used to assess differences between 

conditions across all measurement time points with fat oxidation, triglycerides, total cholesterol, 

HDL, LDL+vLDL, insulin and glucose as the dependent variables. If there was a violation of 

normality, log-transformed data were used for two-factor ANOVAs. If there was a significant 

condition or time main effect, or interaction between condition and time, a Bonferroni post-hoc 

test was performed to determine differences between pairs of means. All data except for HDL 

were log-transformed since there was a violation of normality. Alpha level was set at 0.05. 

4.6 Results 

4.6.1 Experimental conditions 

The total energy expenditure during the 90-min exercise was 569±170 kcal for the EX-

LGI condition and 574±164 kcal for the EX-HGI condition. The amount of skim milk and sports 

drink consumed after exercise was 1739±519 ml (energy intake 626±187 kcal, carbohydrate 

90±27 g, protein 63±19 g) and 1755±501 ml (energy intake 632±180 kcal, carbohydrate 158±45 

g, protein 0 g) respectively. The average body surface area of our participants was 1.98 ± 0.22 

m2, and the average calorie intake of the high-energy test breakfast was 1436 ± 159 kcal, which 
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corresponded to 3.3 ± 0.4 Sausage & Egg McMuffins containing 65.3±7 g protein, 104.4±12 g 

carbohydrate, 84.8±9 g fat. No participants presented discomfort or side effects on consuming the 

low GI milk.  

4.6.2 Area under the curve (AUC) and blood pressure 

AUC for each blood variable and blood pressure results are shown in Table 4.2.  There 

were condition main effects for triglyceride TAUC (p=0.014) and HOMA-IR (p=0.042). The 

TAUC for triglycerides was significantly higher in the EX-HGI condition than Exercise condition 

(p=0.005). HOMA-IR was significantly higher in the EX-HGI condition than Control (p=0.005). 

There were condition main effects for glucose (p=0.018) and triglyceride (p=0.005) IAUC. 

However, when post hoc tests with Bonferroni correction were performed, no significance was 

found between conditions. No condition main effects were found for other variables in Table 4.2.
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Table 4. 2 Blood pressure and postprandial responses 

 EX-HGI EX-LGI Exercise Control Condition effects 

Glucose(mmol l − 1 h)      

TAUC 25.9±5.0 23.8±4.7 26.4±6.9 25.8±6.2 χ2(3, N = 20) = 5.4, p=0.145 

IAUC 1.8±1.9 2.7±2.5 4.0±4.2 2.7±2.1 χ2(3, N = 20) = 10.085, p=0.018 

Insulin(mU l − 1 h)      

TAUC 221.6±125 233.9±120.4 220.2±121.8 237.3±172.1 χ2(3, N = 20) = 0.960, p=0.811 

IAUC 149.5±110.7 158.6±98.3 151.2±106.2 174.4±154.6 χ2(3, N = 20) = 0.780, p=0.854 

HOMA-IR 2.3±1.2a 2.2±0.9 2.1±1.6 1.9±1.0  χ2(3, N = 20) = 8.227, p=0.042 

HDL(mmol l − 1 h)      

TAUC 213.9±57.0 214.9±63.4 220.8±69.2 208.4±51.3 F(3, 57)=0.625, p=0.602 

IAUC 19.3±30.3 13.9±16.3 11.3±15.2 10.2±27.0 χ2(3, N = 20) = 3.844, p=0.279 

LDL+ vLDL(mmol l − 1 h)      

TAUC 585.7±248.1 570.5±227.3 552.9±191.6 622.1±315.9 χ2(3, N = 20) = 0.780, p=0.854 

IAUC 85.3±86.9 61.2±59.8 71.0±77.7 102.1±171.6 χ2(3, N = 20) = 1.317, p=0.725 

Total cholesterol(mmol l − 1 h)      

TAUC 802.4±207.8 784.4±228.1 747.8±214.1 836.9±262.5 F(3, 57)=1.607, p=0.198 

IAUC 112.8±125.6 67.4±64.3 61.9±75.3 89.3±155.3 χ2(3, N = 20) = 0.402, p=0.259 

Triglyceride(mmol l − 1 h)      

TAUC 11.7±9.4b 11.3±9.1 8.6±6.0 11.7±10.1 χ2(3, N = 20) = 10.620, p=0.014 

IAUC 4.9±3.2 4.3±2.6 3.4±3.2 4.9±3.9 χ2(3, N = 20) = 12.950, p=0.005 

Overall systolic blood pressure (mmHg)  121±10 121±11 120±9 119±8 FGG(2.048, 34.817)=1.149, p=0.330 

Awake systolic blood pressure (mmHg) 122±10 123±11 123±9 121±8 FGG(2.156, 36.652)=0.703, p =0.512 

Asleep systolic blood pressure (mmHg) 106±13 110±14 107±11 110±13 χ2(3, N = 12) = 2.445, p=0.485 

Overall diastolic blood pressure(mmHg) 72±9 74±9 72±8 72±7 χ2(3, N = 18) = 1.526, p=0.676 

Awake diastolic blood pressure(mmHg) 74±8 76±9 75±8 73±7 χ2(3, N = 18) = 2.569, p=0.463 

Asleep diastolic blood pressure(mmHg) 60±9 61±7 61±10 61±11 χ2(3, N = 12) = 0.966, p=0.809 

Abbreviations: TAUC, total area under the curve; IAUC, incremental area under the curve; EX-HGI, exercise and high-glycemic index 

sports drink condition; EX-LGI, exercise and low-glycemic index skim milk condition; HOMA-IR, homeostatic model assessment of 

insulin resistance; HDL, high-density lipoprotein; LDL, low-density lipoprotein; vLDL, very low-density lipoprotein. Values are 

mean± s.d. a EX-HGI significantly different versus control (p<0.05); b EX-HGI significantly different versus Exercise (p<0.05)  
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4.6.3 Variables as assessed over time 

Significant condition main effects were found for fat oxidation (p=0.042), triglycerides 

(p=0.049) and glucose (p=0.011). There was no difference between any two conditions in fat 

oxidation when Bonferroni post hoc test was performed, but the means were highest for EX-LGI 

(absolute mean: 6.7±2.7 g/h; log-transformed mean: -0.95±0.13) and lowest for EX-HGI 

(absolute mean: 6.0± 1.8 g/h; log-transformed mean: -1.03±0.17). Triglycerides in the EX-HGI 

condition were significantly higher than the Exercise condition (absolute means: 1.7±1.6 vs. 

1.3±1.0 mmol/l; log-transformed means: 0.09±0.35 vs. -0.01± 0.33, p=0.037). Glucose in the EX-

HGI condition was significantly higher than the EX-LGI condition (absolute means: 4.4 ± 1.1 vs. 

4.1±1.1 mmol/l; log-transformed means: 0.63 ± 0.10 vs. 0.60 ± 0.11, p=0.027). Significant time 

main effects were found for most variables, but no significant interaction between condition and 

time was found for any variable (Figure 4.2).  
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Figure 4. 2 Effects of the study intervention on fat oxidation and blood variables over 6 hours 
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4.7 Discussion 

In this study, which enrolled obese and overweight participants, consuming a low GI 

beverage (skim milk), compared with a high GI beverage (sports drink), after an evening exercise 

session had beneficial effects on postprandial glucose response and possibly fat oxidation, but did 

not improve insulin response, triglyceride, HDL, total cholesterol, LDL and vLDL, or blood 

pressure. On the other hand, a high GI beverage (sports drink) elicited a poorer postprandial 

triglyceride response compared to exercise without caloric replacement. These findings partly 

support the original hypothesis. Differences in GI, macronutrients (i.e. carbohydrate and 

proteins), micronutrients (i.e. calcium) and energy intake (i.e. energy deficit in the exercise only 

condition and energy balance in the post-exercise supplementation conditions) might result in 

metabolic differences between conditions. 

The beneficial effects of exercise found in the present study might result from exercise-

induced deficits in muscle and liver glycogen and muscle triglyceride [26]. These deficits might 

stimulate muscle lipoprotein lipase activity or induce a shift from triglyceride synthesis to fat 

oxidation in the liver, thus reducing blood lipid levels. These deficits are replenished faster after 

high-GI food consumption, which might also contribute to the negation of exercise-induced 

benefits when high-GI foods are consumed after exercise.  

4.7.1 The effects of skim milk vs. sports drink on fat oxidation  

The present study found that there was a condition main effect for fat oxidation with 

means that were highest for EX-LGI and lowest for Control This result is supported by many 

previous studies investigating the effects of low GI foods vs. high GI foods. In these studies, 

increased fat oxidation or a substrate-utilization shift from carbohydrate to fat was observed after 

low GI food consumption [7, 27, 28].  

The EX-LGI condition has greater fat oxidation than the EX-HGI condition probably 

because milk has a low glycemic index, high content of calcium and high-quality proteins. Low 

GI food might increase fat oxidation via the regulation of insulin and genes involved in fat 

oxidation. Rapid digestion of high-GI food induces quick elevation of blood glucose and insulin, 

whereas low-GI food results in sustained blood glucose concentration and a smaller increase of 

insulin. Insulin inhibits fat oxidation at muscle tissue and this might contribute to the reduced fat 
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oxidation induced by high-GI food consumption. However, this was not the case in the present 

study since insulin levels were not different between conditions. Another mechanism behind this 

might be that high GI food could downregulate the gene that is important for β-oxidation of long-

chain fatty acids (i.e. hepatic carnitine palmitoyl transferase 1 gene) and upregulate the gene that 

is involved in inhibiting β-oxidation (i.e. hepatic acetyl-CoA carboxylase gene)[29], thus 

reducing fat oxidation. Milk is a favourable source of calcium, which might also play an 

important role in enhancing fat oxidation. Both acute (in a single meal or during a 24-hour 

period) and chronic (more than 7 days) calcium intake significantly increased fat oxidation [30, 

31]. The mechanism behind this might be that calcium consumption inhibits 1, 25-(OH)2-D [10] 

and parathyroid hormone [32]. The reduction of these two hormones reduces lipogenesis and 

increases lipolysis in adipocytes, thus increasing fatty acid availability for oxidation [33, 34]. 

Also, 1, 25-(OH)2-D3 could reduce palmitate oxidation and mitochondrial mass in muscle cells 

[35, 36], providing a possible pathway through which increased calcium consumption may 

increase muscle fat oxidation by increasing mitochondrial biogenesis and palmitate oxidation via 

the suppression of 1, 25-(OH)2-D3. Milk contains high-quality proteins and high protein intake 

increases fat oxidation after a meal [37] and during exercise [38]. Both protein ingestion and an 

acute exercise session stimulate muscle protein synthesis [39]. Post-exercise milk intake provides 

amino acids to synthesize these muscle proteins, thus enhancing muscle function and probably 

better preserving exercise-induced increased muscle reliance on fat oxidation.   

4.7.2 The effects of skim milk vs. sports drink on blood lipid levels 

We found triglyceride concentration was significantly higher with EX-HGI than exercise 

with no caloric replacement. No difference in triglyceride was found between any other 

conditions. No condition difference was found in HDL, total cholesterol, or LDL and vLDL 

levels in this trial. Energy differences between the Exercise only condition (energy deficit) and 

the EX-HGI condition (energy balance) might contribute to the differences in postprandial 

triglyceride levels because maintaining an energy deficit after exercise increases both lipolysis [6, 

40]and fat oxidation [5, 40].  
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4.7.3 The effects of skim milk vs. sports drink on glucose level and insulin resistance 

We found the glucose level in the EX-LGI condition was significantly lower than in the 

EX-HGI condition and HOMA-IR was significantly higher in EX-HGI condition than the Control 

condition. This indicates that skim milk, compared with high-GI sports drink, might have 

beneficial effects on glucose control, whereas sports drink consumption might have a detrimental 

effect on insulin resistance.  

These beneficial effects of skim milk might be due to its low GI, whey protein and low 

carbohydrate content. After ingestion of low GI food or beverages, blood glucose concentration 

increases slowly whereas the rapid glucose absorption after high GI food or beverage 

consumption causes great fluctuations in glucose levels. This results in greater changes in 

hormones (e.g. insulin, glucagon, and growth hormone) that regulate blood glucose levels to 

maintain glucose homeostasis; this may potentially contribute to impaired glucose regulation. 

Dairy whey protein might be another factor that influences glucose regulation since whey protein 

has a hypoglycemic effect in both healthy and diabetes mellitus populations [41, 42]. This effect 

might be dose-dependent; the higher the whey protein consumption, the greater its impact on 

glucose level [41]. Animal experiments showed that whey protein could reduce glucose level by 

inhibiting dipeptidyl peptidase-IV [43, 44], an enzyme playing an important role in glucose 

metabolism by degrading incretins. Incretins (such as glucose-dependent insulinotropic 

polypeptide and glucagon-like peptide 1) are involved in glucose regulation by promoting the 

secretion of insulin. Therefore, whey protein might also play a role in glucose regulation by 

increasing insulin levels. This insulinotropic effect induced by whey protein might explain the 

reason why postprandial insulin response in the EX-LGI condition was not significantly different 

from that in the EX-HGI condition, whereas the glucose response in the EX-LGI condition was 

significantly lower than the EX-HGI condition. Our results are supported by previous studies in 

which this discrepancy was also found between postprandial glucose and insulin levels after milk 

consumption [45, 46]. Skim milk contains much lower content of carbohydrate than the sports 

drink (Table 4.1). This might contribute the improved blood glucose regulation induced by skim 

milk because post-exercise low carbohydrate intake increases next-day insulin sensitivity [40].  
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4.7.4 The effects of skim milk vs. sports drink on blood pressure 

We found that skim milk consumption after an evening exercise session had no 

significant effect on blood pressure. One possible explanation is that dairy consumption might 

have a protective effect on blood pressure over a longer term, and this beneficial effect could not 

be appreciated in an acute study. An association between dairy food consumption and reduced 

blood pressure was found in a 5-week interventional study [17]. Participant demographics might 

be another factor for our equivocal results. Our participants were normotensive; whereas those 

with hypertension might be more sensitive to a dietary intervention aiming to reduce blood 

pressure. Studies with hypertensive participants reported beneficial effects of dairy products on 

blood pressure over a 5-week intervention period [17].  

The current study is limited in that it did not control for menstrual cycle. Although it was 

well established that menstrual cycle stage can affect blood glucose levels, a recent study found 

that the stage of menstruation has no effect on insulin and glucose response to prolonged exercise 

(90-min treadmill exercise at 60 % VO2max) [47].  

4.8 Conclusions 

Evening post-exercise skim milk consumption, compared with a high-GI sports drink, 

significantly reduced blood glucose levels and possibly increased fat oxidation after a high-

energy breakfast next morning, but did not result in improvements in blood pressure, insulin, 

HDL, total cholesterol, LDL and vLDL levels in overweight/obese adults. Therefore, consuming 

milk after exercise might be a healthier choice compared with high-GI beverages for reducing 

glucose level and increasing fat oxidation in overweight/obese adults. This could have 

implications for long-term control of body composition since fat oxidation during the 

postprandial period has potential for affecting body composition [48, 49].  
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5. Chapter 5 Study three: The effect of tart cherry juice compared to a sports 

drink on cycling exercise performance, substrate metabolism, and recovery 

5.1 Transition statement 

In study two, we evaluated the effects of a low GI beverage (i.e. skim milk) during 

recovery from exercise for improving metabolic health. In study three, we evaluated the effects of 

a low GI beverage (i.e. tart cherry juice) for improving exercise performance, recovery from 

exercise and health effects (i.e. blood pressure) after exercise.  

5.2 Rationale for the chapter 

Low-GI foods, in theory, might have beneficial effects on cardiovascular health and 

endurance exercise performance, and therefore have been promoted as a healthy food choice. 

This chapter elucidated the role of low-GI food consumption in the sport area  without the 

population being athletes by assessing the effects of a low-GI beverage (i.e. tart cherry juice) on 

cycling performance, substrate oxidation, and recovery of low-frequency fatigue in recreational 

cyclists.  

Contribution of authors: Ruirui Gao, Nicole Rapin, Justin W. Andrushko, Jonathan P. 

Farthing, Julianne Gordon, and Philip D. Chilibeck. The effect of tart cherry juice compared to a 

sports drink on cycling exercise performance, substrate metabolism, and recovery. Submitted to 

Journal of Human kinetics in September, 2019.  

Study design: PC and JF. Study conduct: RG, NR, JA, JG and PC (random sequence 

generation and allocation concealment: PC; drink preparation: PC and JG; neuromuscular fatigue 

and muscle soreness measures: JA; metabolic measurement: RG and NR). Data analysis: RG and 

PC. Drafting manuscript: RG. Revising manuscript: RG, PC, JA, JF and JG. 

5.3 Abstract 
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Objective: Tart cherries have antioxidant and anti-inflammatory properties and low 

glycemic index, and therefore may benefit performance and recovery from exercise. We 

determined the effects of consuming tart cherry juice versus a high-glycemic index sports drink 

on cycling performance, substrate oxidation, and recovery of low-frequency fatigue. 

Methods: Using a randomized, counter-balanced cross-over design, with one-month 

washout, 12 recreational cyclists (8 males; 35y) consumed cherry juice or sports drink twice a 

day (300mL/d) for 4d before and 2d after exercise. On the exercise day, beverages (providing 

1g/kg carbohydrate) were consumed 45min before 90min of cycling at 65%VO2peak, followed by 

a 10km time trial. Blood glucose, lactate, carbohydrate and fat oxidation, respiratory exchange 

ratio (RER), O2 cost of cycling, and rating of perceived exertion (RPE) were measured during the 

initial 90min of cycling. Blood pressure was assessed after testing on the exercise day and 

overnight. Muscle soreness, maximal voluntary contraction (MVC) and low-frequency fatigue 

were determined at baseline and after the time trial on the exercise day, and 30min after beverage 

consumption 24 and 48h later.  

Results: There were no differences for time trial performance (17±3min cherry juice vs. 

17±2min sports drink, p=0.27) or any other measures between drink conditions. There were time 

main effects (p<0.05) for isometric MVC (decreasing) and low-frequency fatigue (increasing; i.e. 

decreased force at low relative to high stimulation frequencies), changing significantly from 

baseline to post-exercise and then returning to baseline at 24h post-exercise.  

Conclusion: Tart cherry juice was not effective for improving performance, substrate 

oxidation during exercise, and recovery from exercise in recreational cyclists, compared to a 

high-glycemic index sports drink. 

5.4 Introduction 

Many studies have shown that tart cherry juice consumption can inhibit oxidative stress 

and inflammation, and enhance recovery after exercise; however, very few studies investigated 

the effects of tart cherry juice on exercise performance [1-5]. Tart cherry juice might enhance 

exercise performance through its low glycemic index (GI), anti-inflammatory and anti-oxidative 

properties, and blood flow enhancing effects. The slow digestion of low glycemic index food 

results in a slow and sustained release of glucose after consumption, thus providing sustained 
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energy supply during exercise and reducing muscle glycogen depletion [6], which is important in 

the later stages of endurance exercise. Therefore, we reasoned that low glycemic index tart cherry 

juice, compared with high glycemic index beverages, might enhance exercise performance via 

the preservation of carbohydrate availability during exercise, especially during later stages of 

prolonged exercise. Tart cherry juice also possesses antioxidant properties, which might have an 

exercise performance-enhancing effect. Excess reactive oxygen species produced during 

prolonged and intensive exercise impairs calcium handling because the major calcium release 

channel is redox sensitive. The impaired calcium handling reduces contractile force output, thus 

reducing exercise performance [7]. The increased muscle antioxidant capacity, therefore, might 

reduce fatigue and improve exercise performance during prolonged and intense exercise, by 

reducing oxidative stress and rebalancing redox [8]. This coincides with the observed reduction 

in oxidative damage markers in serum [9]. Tart cherry juice might further enhance exercise 

performance via its potential for inducing vasodilation by increasing oxygen delivery to skeletal 

muscles via enhanced blood flow [10]. This is manifested in reduced oxygen consumption at a 

given workload and reduced blood pressure. Fruit-derived polyphenol supplementation improves 

endothelium-dependent vasodilation [11]. Improved vasodilation increases blood flow, perfusion 

and the transport of oxygen to the working skeletal muscle, which is an important factor 

determining exercise performance. This is supported by a study in which tart cherry 

supplementation increased muscle oxygenation [4]. The increased blood flow and perfusion 

could also improve efflux of metabolic waste produced during exercise, thus further increasing 

muscle function and exercise performance. 

Intense exercise causes muscle membrane damage through inflammation and lipid 

peroxidation [12, 13]. Tart cherries are rich in anthocyanins and flavonoids that have a protective 

effect against inflammation and lipid peroxidation caused by intense exercise [14-16]. Therefore, 

cherry juice consumption could reduce exercise-induced muscle damage and enhance recovery of 

muscle function after exercise [14, 15]; however, all studies investigating the protective effect of 

cherries have assessed muscle damage by measuring muscle proteins in the blood, which is an 

indirect and inaccurate measure of muscle damage. This may result in discrepancies among study 

results. A more direct measurement of muscle damage can be obtained by applying electrical 

stimulation at different frequencies to a muscle before and after intense exercise, and calculating 

a ratio of low frequency force to high frequency force output. Muscle damage inhibits calcium 



115 

 

release from the sarcoplasmic reticulum into the sarcomere, which reduces force production. This 

can be accurately observed by detecting a decrease in the force output with low frequency 

stimulation. However, high-frequency peripheral nerve stimulation (PNS) overcomes the 

observed decrease with low-frequency PNS and saturates the sarcomere with high levels of 

calcium, resulting in a maintenance of involuntary force output with high frequency PNS. 

Therefore, the ratio of evoked force or torque between low and high frequency PNS provides a 

proxy for muscle fatigue and muscle damage [17, 18]. This study used this direct measurement 

(i.e. ratio of low frequency force output to high frequency force output) as a muscle damage 

indicator.  

The purpose of this study was to compare the effect of tart cherry juice consumption to a 

high glycemic index sports drink for improving cycling endurance performance and recovery 

from exercise in recreational cyclists. We also compared the beverages for their effect on post-

exercise changes in blood pressure to see if enhancing blood flow with cherry juice might have 

health benefits. It was hypothesised that tart cherry juice, compared with high glycemic index 

sports drink, would result in: (1) a faster time trial performance; (2) a lower rise in blood glucose 

when consumed before exercise, and greater fat oxidation and lower carbohydrate oxidation 

during cycling exercise; (3) a better recovery from exercise as indicated by lower sensations of 

muscular soreness, higher force output during the test of isometric maximal voluntary 

contractions (MVC), and higher force output during low frequency stimulation immediately after, 

and 24 and 48 hours after the cycling test; (4) lower O2 cost of exercise and (5) a lower blood 

pressure response in the 24 hours after the exercise testing.  

5.5 Methods 

5.5.1 Participants 

Twelve recreational cyclists (8 males, 4 females, 34.6±15.8 years of age, 69.5±10 kg, 

171.2±6.2 cm, VO2peak 38.2±7.4 ml/kg/min) participated in this study. A sample size calculation 

based on the performance results from a previous study that was most similar to ours [4], with 

their standardized effect size (1.05), alpha of 0.05 and power of 80%, indicated that a sample size 

of 10 would be required for us to detect significant differences for the present study. Inclusion 

criteria were as follows: 18 years of age or older, and cycling for at least 30 minutes, three times 
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per week. Exclusion criteria included allergy to cherries, history of major knee injuries, currently 

taking any medication or nutritional supplementations, and history of cardiovascular, renal, or 

gastrointestinal disease. This study was approved by the University of Saskatchewan Biomedical 

Research Ethics Board (reference number Bio#16-273) and was registered at clinicaltrials.gov 

(NCT03313388). The study was performed according to the ethical standards as laid down in the 

1964 Declaration of Helsinki and its later amendments. Informed consent was obtained from all 

individual participants included in the study. 

5.5.2 Study design 

The study used a counterbalanced, double-blind, cross-over design where participants 

were randomized to a tart cherry juice or sports drink condition, and then participated in the other 

condition a month later. Participants and all personnel involved in outcome assessments were 

blinded to the beverage conditions. An individual who had no role in data collection or analysis 

generated the randomized schedule using a computerized random number generator and prepared 

the beverages so that blinding was achieved. There were eight study visits (Figure 5.1).  

 

Figure 5. 1 Study design 
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Many human exercise studies have successfully found beneficial effects of tart cherry 

supplementation; however, little rationale has been provided for the supplementation protocol, 

and an optimal strategy is not known. The loading phase in these studies range from 4 to 7 days 

before exercise, the day of exercise (usually approximately 2 hours before exercise), and 2 to 4 

days after exercise [19, 20] . Most of these studies used cyclists and tested cycling performance. 

Some studies assessed running performance when runners were involved. The dosage used in 

these studies are 8 to 12 oz of cherry juice (or 1 oz of concentrate) twice a day [19]. Therefore, 

the supplementation strategy used in this study was that participants consumed cherry juice or 

sports drink for 4 days before (twice a day, 300mL/d), on the day of (1g/kg carbohydrate 

provided by beverages; 45 min before exercise) and 2 days after (twice a day, 300mL/d) cycling 

exercise.  

Visit #1 consisted of familiarization testing for muscle soreness, MVC of the knee 

extensor muscle group, determination of force output at low and high frequencies of electrical 

stimulation (i.e. 20 and 80 Hz) of the knee extensors, and an aerobic capacity test on a cycle 

ergometer (Monark Ergomedic 874E, Vansbro, Sweden) to determine fitness level and workload 

to be used for subsequent testing. Visit #1 also included a practice of a 10km time trial on a cycle 

ergometer, which was the performance indicator.  

The maximal workload and VO2peak were determined using a progressive cycling test 

[21]. After a 5-minute warm up, the test began at 80 revolutions per minute and this pedalling 

speed was maintained throughout the test. The resistance was initially set at  1 – 1.5 kiloponds for 

women and 1.5 or 2 kiloponds for men depending on fitness level and size for the first two 

minutes. After that the resistance was increased by 0.5 kiloponds every two minutes until 

volitional exhaustion or participants could not maintain the pedalling cadence. Gas collections 

(Vmax Encore 29, Viasys respiratory Care Inc., Palm Springs, California, USA) were measured 

continuously and averaged into 30 second intervals of each two minute power output. Heart rate 

was measured continuously using a Polar heart rate monitor (Polar Electro Ce0537, Polar Electro 

Inc., Bethpage, NY, USA). VO2peak was determined as the highest VO2 in a 30-second interval up 

until volitional fatigue. 

Visit #2 consisted of a familiarization trial using the actual cycling test used in the study 

on a cycle ergometer (Monark Ergomedic 874E, Vansbro, Sweden), (i.e. 90 minutes of cycling at 
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an intensity corresponding to 50% of the maximal workload reached during the aerobic capacity 

test, corresponding to ~65%VO2peak) plus a 10km time trial where participants cycled as fast as 

possible to cover the equivalent of 10 km. During the 10 km time trial, the cycle display screen 

was masked so that participants were blinded to the cadence, speed and elapsed time. Participants 

were allowed to see the elapsed distance. The cycling test (i.e. 90 minutes at constant load + 10 

km time trial) was designed to simulate the distance (i.e. 40 km) that a cyclist typically covers 

during an Olympic distance triathlon. 

After visit #2, participants were randomized to receive either a tart cherry juice beverage 

(Everyday Farms - Aunt Mary's Genuine Tart Cherry Juice, Prairie Fruit Processors Ltd., 

Melfort, SK, Canada; Table 5.1) or sports drink (Gatorade Perform® Fruit Punch Thirst 

Quencher Powder, Pepsico, Canada; Table 5.1) using a computer-generated random number 

table. A small amount of food dye (i.e. 4 mL) was added to the sports drink to make the drink 

identical in colour to the cherry juice, along with a small amount (i.e. 4 mL) of calorie-free lemon 

concentrate so the drinks would have a similar taste. These were consumed twice a day (150 mL 

per dose at breakfast and before going to bed) for 4 days to deliver an appropriate dose of 

flavonoids (9.2 mg/ml anthocyanins, calculated based on the label information) in the cherry 

juice condition to reduce inflammation and oxidation [15, 16]. The amount of calories to be 

consumed in the sports drink condition was matched to the cherry juice condition on these days. 

Table 5. 1 Composition of two drinks per serving (150 mL) on days 1-4, 6 and 7 

 Tart cherry Juice, GI=45 [22], 9.2 

mg/ml anthocyanins 

Sports drink, GI=89 [23] 

Calories (Kcal) 101 100 

Carbohydrate (g) 22 25 

Fiber (g) 1 0 

Sugars (g) 13 24 

Fat (g) 1 0 

Protein (g) 1 0 

Anthocyanins (mg) 1380 0 

Notes: The compositional information was from the label information. 

Two days before visit #3 (i.e. on the 3rd and 4th day of the cherry juice/Gatorade 

supplementation) participants were instructed to try to minimize the amount of polyphenols they 

consumed in their diet by minimizing intake of fruits, vegetables, tea, coffee, alcohol, chocolate, 

cereals, wholemeal bread, and grains. Participants were asked to refrain from strenuous exercise 
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(except for the cycling exercise in the present study) between the 3rd day of the beverage 

supplementation and the last day of the measurement of muscle recovery for each of the two 

conditions. Participants kept a food diary and a physical activity log by recording all foods and 

drinks they consumed, and their physical activity for these two days. These diaries were 

photocopied and given back before the testing of the opposite drink condition in the next phase. 

Participants were asked not to change their eating habits and physical activity in any way 

between the 3rd day of the beverage supplementation and the last day of the measurement of 

muscle recovery for each of the two conditions.  

Table 5. 2 Composition of two drinks on day 5 for a 70kg individual  

 Tart cherry Juice  Sports drink  

Total volume (mL) 503 503 

Calories (Kcal) 339 280 

Carbohydrate (g) 70 70 

Fiber (g) 4 0 

Sugars (g) 40 68 

Fat (g) 2 0 

Protein (g) 4 0 

Anthocyanins (mg) 4625 0 

 

Visit #3 occurred on the 5th day of cherry juice/sports drink supplementation. Participants 

came into the lab after a 10 hour fast. They were tested again for muscle soreness, MVC, and 

force output at low and high frequencies of stimulation. They were then given 1.0 grams of 

carbohydrates per kg body mass in the form of either cherry juice or Gatorade (Table 5.2) 45 

minutes before exercise testing. The timing and dose were to optimize carbohydrate availability 

prior to exercise [24] because anthocyanin (the main flavonoid in tart cherry juice) bioavailability 

increases to a peak between 1–2 h post-ingestion [25], a time which would coincide with the 

exercise testing. Blood glucose from a fingertip blood sample was assessed on a glucometer 

(Accu-chek Compact Plus, Roch e Diagnostics, Mannheim, Germany) before the drink and 10, 

20, 30, and 40 minutes after the drink consumption. The exercise testing involved 90 minutes of 

cycling at 50% of the workload reached on the aerobic capacity test, followed by a 10 km time 

trial where participants covered 10 km as fast as they could. Recovery from a cycling test of this 

duration (i.e. approximately 105 minutes) benefits from tart cherry juice supplementation [15] 

and this duration of cycling is adequate to cause low-frequency fatigue [26]. During the 90 

minutes of cycling (before the time trial) blood glucose and lactate (Lactate Scout+, EKF 
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Diagnostics, Leipzig, Germany) were assessed from fingertip blood samples at 15, 30, 60, and 90 

minutes. Rating of perceived exertion (RPE) was assessed at the same time points. Respiratory 

gases were collected for 5-minute durations starting at 10, 25, 55, and 85 minutes of cycling for 

determination of respiratory exchange ratio (RER), expired carbon dioxide (VCO2) and oxygen 

consumption (VO2) with open-circuit indirect calorimetry (Vmax Encore 29, Viasys respiratory 

Care Inc., Palm Springs, California, USA), and for assessment of O2 cost of cycling (i.e. VO2 at a 

given time point during the constant workload test). Carbohydrate and fat oxidation were 

calculated using Brouwer Constants Equations: carbohydrate oxidation (g/min) = 4.21×VCO2-

2.962×VO2; fat oxidation (g/min)= 1.695×VO2-1.701×VCO2 [27]. After the time trial, muscle 

soreness, MVC, and force output at low and high stimulation frequencies were again determined. 

Participants were then fitted with a 24-hour blood pressure monitor (Oscar 2™system, SunTech 

Medical®, Inc., USA) which they wore overnight and into the next day. The blood pressure cuff 

was wrapped to the upper non-dominant arm. Based on participants’ self-reported sleeping hours 

at night, the monitor was set to measure blood pressure every 30 minutes when participants were 

awake and every 2 hours during sleeping at night.  

Visit #4 to the lab occurred the next morning, again in a fasted state. The blood pressure 

cuff was removed. Thirty minutes after consumption of a 145 mL dose of the cherry juice or 

calorie/carbohydrate-matched sports drink, muscle pain, MVC, and force output at low and high 

frequencies were determined. Participants consumed 145 mL of the cherry juice or sports drink 

before bedtime. Visit #5 occurred the next morning and involved the same procedures as visit #4 

(except that the blood pressure cuff was not worn during this last day). 

Visits #6, 7, and 8 occurred a month later after 4 days of cherry juice or sports drink 

supplementation (i.e. the opposite drink condition to what the participant received prior to visit 

#3). All testing was identical to tests in visits #3, 4, and 5. A month between conditions was 

chosen to allow more than adequate wash-out of flavonoids from the cherry juice, to ensure that 

any females who participated in the study were doing the exercise testing at approximately the 

same phase of their menstrual cycle, and to minimize any potential repeated bout effect (i.e. 

where a bout of muscle-damaging exercise has a protective effect on a subsequent bout of 

exercise) [28]. A previous study investigating low-frequency fatigue (i.e. as an indicator of 

muscle damage) after 90 minutes of cycling showed an identical reduction in low-frequency force 
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output following cycling exercise when repeated bouts were separated by four weeks, indicating 

no repeated bout effect for this measurement after four weeks [26]. 

5.5.3 Muscle soreness 

Muscle soreness was assessed during each visit using a similar method to a previous study 

from our lab [28]. Using an Algometer (WAGNER Instruments, FDK 60 Force Dial; Greenwich, 

CT), 5kg of pressure was applied on four different sites of the knee extensors. While the 

participants were seated upright with a 90-degree bend in the knee, the distance between the 

anterior superior iliac crest and proximal edge of the patella was measured. Four locations were 

marked with a permanent marker: 25, 50, 75 and 100% of the distance between the two 

anatomical landmarks with 0% indicating the proximal landmark (anterior superior iliac crest).  

Participants reported pain on a 100mm visual analog scale, with 0mm indicating no pain and 100 

mm indicating maximal pain.   

5.5.4 Neuromuscular fatigue 

To assess neuromuscular fatigue, resting peak twitch torque, followed by MVC, and 

evoked torque from high (80Hz) and low (20Hz) frequency nerve stimulation was assessed in the 

right knee extensors. For each of these assessments participants were seated upright with 90 

degrees of hip flexion and 80 degrees of knee flexion (0 degrees = maximal knee extension) on 

an isokinetic dynamometer (Humac NORM; CSMi, Stoughton, MA). Reproducibility of these 

measurements was as follows: MVC, intraclass correlation coefficient (ICC) range=0.91-0.99, 

technical error of the measurement (TEM)=9.7%; peak torque with 20 Hz stimulation (P20), ICC 

range=0.80-0.98, TEM=13.3%; peak torque with 80 Hz stimulation (P80), ICC range=0.96-0.99, 

TEM=6.3% [29]. 

Custom software in LabVIEW (version 8.6) was used to obtain stimulator pulses and 

torque for each of the nerve stimulation protocols (resting peak twitch torque and high- and low- 

frequency fatigue). A desktop computer equipped with an analog-to-digital converter was used to 

convert analog signals from each device to digital signals, which were displayed in LabVIEW 

and recorded to disk for later analysis.  
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5.5.5 Electrical stimulation  

Electrically evoked contractions of the right knee extensors were achieved by stimulating 

the femoral nerve using a Constant Current High Voltage Stimulator (model DS7AH, Digitimer, 

Hertfordshire, England) and 2 round circular electrodes (UltraStim® X, USX2000, Axelgaard 

Manufacturing Co., Ltd., CA, USA) of 5cm diameter. The cathode electrode was placed on the 

anterior segment of the body, manually pressed into the femoral triangle by the experimenter 

while the anode was placed on the posterior segment of the body, in the gluteal fold.  

5.5.6 Resting peak twitch torque 

Supramaximal doublet stimulations (two 0.5 ms pulses, 80 Hz) were delivered to the 

femoral nerve to determine maximal twitch torque. A series of resting control twitches were used 

to determine the current (mA) required to reach a maximum resting doublet twitch torque. The 

procedure started with a very low level of current, barely detectable by the participant, and 

involved progressively raising the current (5-10 mA increments) until a plateau in twitch torque 

was observed, as detected by the dynamometer. This level of current, plus an additional 10%, was 

used to evoke maximal twitch torque. The current required to evoke a supramaximal resting 

twitch was reassessed during each visit. Three evoked twitches were recorded and then averaged 

to calculate peak twitch torque.  

5.5.7 Maximal isometric torque 

Following the assessment of resting peak twitch torque, three isometric MVCs of the KE 

muscles were completed on the isokinetic dynamometer. At each time point, participants 

performed three 3-second MVCs with a 1-minute rest period between attempts. Verbal 

encouragement was given during every trial and the contraction with the highest peak torque was 

used for further analysis.  

5.5.8 High- and low-frequency stimulation 

To assess peripheral fatigue, high- and low- frequency stimulation of the femoral nerve 

was used to evoke contractions of 0.5 seconds while the participant was instructed to completely 

relax their leg. High frequency stimulation (80 Hz; 40 stimuli, 0.5 ms pulse duration) preceded 

low frequency stimulation (20 Hz; 10 stimuli, 0.5 ms pulse duration). A submaximal current 

(70% of the supramaximal current delivered to acquire resting peak twitch torque) was used to 

deliver the high- and low- frequency stimuli. Submaximal current was used to minimize 
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discomfort.  Peak torque for each frequency (P80 and P20, respectively) and the P20/P80 torque 

ratio (low-frequency fatigue) were used for analysis. 

5.5.9 Statistical analysis 

All statistical analyses were performed using SPSS version 21 (SPSS Inc., Chicago, DE, 

USA). Results are reported as mean ± standard deviation and were analysed using paired t-tests 

(for assessment of blood pressure and time trial) and two-factor repeated measures analysis of 

variances (for assessment of glucose, RPE, fat oxidation, carbohydrate oxidation, O2 cost of 

exercise, RER, low-frequency fatigue, MVC and muscle soreness) to determine condition and 

time main effects and any interactions between condition and time. Shapiro-Wilk tests were used 

to check the normality of data. Wilcoxon signed rank tests, as a nonparametric alternative for 

paired-t test, were used for overall systolic blood pressure and awake systolic blood pressure 

since there was a violation of normality. Data were log-transformed for glucose during 90 min 

exercise, lactate, RPE, fat oxidation and MVC as there was a violation of normality for these 

variables. A post hoc test with Bonferroni correction was used to determine any differences 

between trials. The alpha level was accepted at α ≤ 0.05. 

5.6 Results 

A significant condition × time interaction was found for glucose concentration before 

exercise, F (4, 44) = 9.060, p<0.001 (Figure 5.2), with glucose concentration lower after cherry 

juice than sports drink consumption from 10 to 40 minutes post-consumption. This confirmed 

that tart cherry juice had a lower glycemic index than the sports drink. 
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Figure 5. 2 Pre-exercise blood glucose after beverage consumption. Data are mean (SD).  GG, 

Greenhouse-Geisser. * Significantly different from tart cherry juice condition at the same time 

point, p<0.05/5 

There were no differences for time trial performance, blood pressure, or any other 

measures between drink conditions and no condition × time interactions (Table 5.3, Figure 5.3, 

and Figure 5.4). There were time main effects (p<0.05, Figure 5.3) for carbohydrate oxidation 

(decreasing over exercise), fat oxidation (increasing over exercise), RER (decreasing over 

exercise), RPE (increasing over exercise), O2 cost of exercise (i.e. VO2) (decreasing over 

exercise) and blood lactate (decreasing over exercise). There were also time main effects (p<0.05, 

Figure 5.4) for isometric MVC (decreasing) and low-frequency fatigue (increasing; i.e. decreased 

force output at low relative to high stimulation frequencies) from before to after exercise and then 

recovering the next day. 

 

Table 5. 3 Blood pressure and time trial 

 Tart Cherry Juice   Sports Drink Statistics 

Overall systolic BP (mmHg) 118±8 118±7 Z=-0.204, p=0.838 

Overall diastolic BP (mmHg) 68±6 67±6 t (10) = -1.004, p=0.339 

Awake systolic BP (mmHg) 119±8 120±7 Z=-0.204, p=0.838 

Awake diastolic BP (mmHg) 70±6 68±7 t (10) =-1, p=0.341 

Asleep systolic BP (mmHg) 106±14 107±13 t (7) =0.472, p=0.651 

Asleep diastolic BP (mmHg) 58±9 57±8 t (7) =-0.553, p=0.597 

Time trial (min) 17±3 17±2 t (10) =1.168, p=0.27 

Note: All values are means ± SD. 
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Figure 5. 3 Changes in variables during exercise. All values are means (SD). GG, Greenhouse-

Geisser 
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Figure 5. 4 Changes in low-frequency fatigue (P20:P80 Hz torque ratio), MVC and muscle 

soreness. A decrease in the P20: P80 Hz torque ratio indicates greater low-frequency fatigue. 

Values are means (SD). GG, Greenhouse-Geisser.  
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5.7 Discussion 

The primary finding of this study is that low-glycemic index tart cherry juice 

consumption did not improve exercise performance, substrate metabolism or oxygen cost during 

exercise or recovery from exercise, compared to consuming a high-glycemic index sports drink. 

Performance during a 10 km time trial, RPE, carbohydrate and fat oxidation, RER, VO2 at a 

given work rate, blood lactate accumulation, blood pressure, muscle soreness, MVC and low-

frequency fatigue were not different between the two drink two conditions. 

The importance of this study is highlighted by the growing attention to tart cherry juice 

and tart cherry products for exercise purposes. Despite many studies on post-exercise recovery, 

research on performance-enhancing effects of tart cherry juice remains scarce. Furthermore, the 

novelty of this study is that this is the first study using low-frequency fatigue as a more direct 

assessment of muscle damage, rather than muscle proteins appearing in the blood, used in other 

studies, to assess muscle damage following exercise.  

5.7.1 Effects of tart cherry juice supplementation on exercise performance  

In this study, there were no differences for time trial performance between drink 

conditions. Tart cherry juice has been shown to improve [2, 3] or have no effect [1, 5] on exercise 

performance. Short-term powdered tart cherry consumption significantly reduced half-marathon 

race (21.1km) finish times in aerobically trained athletes [3]. Another study found no difference 

in time to exhaustion between tart cherry concentrate and a placebo condition, but total work 

completed during 60-seconds all-out sprint and peak power over the first 20 seconds were 

significantly higher in the cherry juice condition than the placebo condition, indicating that acute 

supplementation of tart cherry juice might improve some aspects of exercise performance, 

especially end-sprint performance, in highly trained cyclists [2]. However, another study reported 

no improvement for water-based performance after tart cherry juice consumption, compared with 

placebo [1]. It was also reported that polyphenol supplementation did not improve 20 km cycling 

time trial performance [5], performance during prolonged exhaustive exercise, or during short-

term high-intensity exercise [30]. These studies support our finding that tart cherry juice 

consumption might not be superior to a sports drink for improving cycling performance in 

recreational cyclists.  
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We hypothesized tart cherry juice would improve exercise performance because tart 

cherry juice has a low glycemic index [22], antioxidant [9] and vasodilatory [4] properties. The 

present study however did not find a benefit for performance, which might be due to several 

factors. Studies involving well-trained athletes with high VO2peak (e.g. VO2peak=59-62mL/kg/min 

in three studies) found significant performance-enhancing effects of tart cherry juice, i.e. higher 

peak power and total work completion during a 60-seconds sprint [2], improved cycling 

efficiency [15] and improved 15-km cycling time trial performance [4], whereas in the present 

study, we assessed recreational cyclists with mean VO2peak of 38.2±7.4 ml/kg/min. Any 

supplementation-induced small effects might be better detected in elite athletes, compared with 

moderately trained athletes or recreational cyclists, since elite cyclists have a lower coefficient of 

variation for time trial performance [31] than moderately trained cyclists [5].  However, when we 

ran statistical analyses on the top six fittest participants, we still did not observe statistical 

differences for performance between conditions (cherry juice: 15.1 ± 1.0 min vs. sport drink 15.1 

± 2.1 min; p=0.99). Previous studies assessing tart cherry juice assessed exercise performance 

with different measurements (e.g. cycling efficiency measured by oxygen consumption [15], half-

marathon run (21.1 km) finish time [3], time to exhaustion during a severe-intensity cycling test 

and total work and peak power during a 60-seconds all-out sprint [2], and 15-km time trial [4]). 

There remains a debate surrounding the best measure of cycling performance as a large day-to-

day variability exists when time to exhaustion is employed [32] whereas a recent study suggested 

time-to-exhaustion was better than time trials for measuring cycling performance [33].  

5.7.2 Effects of tart cherry juice supplementation on substrate metabolism 

There were no differences in lactate levels, and carbohydrate and fat oxidation between 

drink conditions, suggesting that the tart cherry juice supplementation was not effective for 

improving metabolic responses. A recent study also found that twenty days of Montmorency tart 

cherry juice supplementation (130 mL per day with a total anthocyanin content of 270 mg per 

day) had no effects on fat oxidation [34]. 

Theoretically, pre-exercise tart cherry juice consumption might increase fat oxidation and 

decrease carbohydrate oxidation because of its low glycemic index and high content of 

polyphenols. Low glycemic index foods or drinks induce a slower and smaller rise in insulin 

levels whereas after consumption of high glycemic index foods or drinks, insulin levels increases 
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dramatically [24]. Insulin inhibits fat oxidation and promotes carbohydrate oxidation [6]. In the 

present study, however, tart cherry juice consumption had no differential effects on metabolism 

compared to a high-glycemic index sports drink. Cherries are high in fructose [35], which is 

specifically metabolized in the liver. High levels of fructose increase hepatic insulin resistance 

and may result in increased insulin levels [36]. A limitation of our study is that we did not assess 

insulin levels. Tart cherries are a rich source of polyphenols such as anthocyanins (mainly 

cyanidin-based anthocyanins) and catechin [37]. Evidence that polyphenols might increase fat 

oxidation is provided by many studies using New Zealand blackcurrant [38, 39] and green tea 

extract [40, 41]. The improvement in fat oxidation during exercise induced by catechin 

polyphenols from green tea could be dose-dependent [39] since a lower dose of green tea extract 

did not increase fat oxidation during prolonged cycling [42]. Seven-day intake of anthocyanin-

rich (mainly delphinidin-based anthocyanins) New Zealand blackcurrant extract showed a dose-

dependent effect on improving fat oxidation during prolonged cycling exercise at 65% VO2max in 

endurance-trained male cyclists [39]. The anthocyanin intake in the present study (2760 mg per 

day in cherry juice form) was higher than that used in the New Zealand blackcurrant extract 

studies (105 to 315 mg in capsule form) [38, 39]. However, an exact comparison of anthocyanin 

content in different studies requires caution since the possible variation in anthocyanin types (i.e. 

delphinidin-based anthocyanins and cyanidin-based anthocyanins), consumption form (i.e. 

capsule form and juice form) , bioavailability and interactions with other nutrients contained in 

the supplementation may affect results [34] . Therefore, the effects of tart cherry juice on 

substrate utilization might also be affected by dose; the dose used in the present study might not 

be high enough to alter substrate metabolism. The current study is limited in that we did not 

measure the plasma levels of anthocyanins or anthocyanins derived metabolites. 

Results are discrepant from studies investigating the effects of foods differing in glycemic 

index on lactate levels during exercise.  In principle, the increased fat oxidation after low 

glycemic index food consumption might allow lower use of glycolysis, thus reducing lactate 

production. Polyphenol antioxidants induce an increased vasodilation and blood flow, which 

increases oxygen delivery and clearance of lactate; therefore, tart cherry juice could theoretically 

induce a smaller rise in lactate levels during prolonged and intense exercise; however, no 

difference was found between conditions in the present study. This may also be explained by 

high content of fructose in cherry juice because fructose is converted into glucose and lactate in 
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the liver, thus potentially raising lactate levels. A limitation of our study is that we did not assess 

blood flow with more accurate measurement like a Doppler ultrasound. Instead, only blood 

pressure and lactate levels were measured.  

5.7.3 Effects of tart cherry juice supplementation on recovery from exercise  

There were no differences between the two conditions for muscular soreness, MVC, or 

low-frequency fatigue immediately, and 24 and 48 hours after the cycling test, indicating that 

cherry juice consumption did not enhance recovery from exercise-induced muscle fatigue 

compared with sports drink consumption.  

Tart cherry juice, with its anti-inflammatory and anti-oxidant properties, has been shown 

to improve muscle strength recovery [14] and reduce muscle soreness after intense exercise [43]. 

Intense exercise induces inflammation and lipid peroxidation, which damages skeletal muscle 

membranes. Pre-exercise consumption of tart cherry products exerts a protective effect against 

inflammation and lipid peroxidation [3, 14-16]; therefore, tart cherry juice consumption might 

prevent muscle membrane damage, preserve muscle function, and increase the rate of muscle 

strength recovery after exercise. However, the present study did not find these beneficial effects; 

this might be due to the level of muscle damage induced by exercise. The cycling protocol in the 

current study most likely elicited a lower level of muscle damage compared to some of the 

protocols from previous studies. High-force eccentric contractions used in previous studies, such 

as resistance training or running, would probably elicit greater muscle damage than long-duration 

cycling, which does not involve an eccentric component. Tart cherry juice may be protective 

against larger amounts of muscle damage, but not smaller amounts elicited by cycling. A 

limitation of the present study is that we did not measure markers of oxidative stress (e.g. 

superoxide dismutase, uric acid and nitrotyrosine) and inflammation (e.g. interleukin-6, C-

reactive protein and tumor necrosis factor-α).  

5.7.4 Effects of tart cherry juice supplementation on blood pressure 

No difference in post-exercise blood pressure was found between tart cherry juice and 

sports drink conditions. Tart cherry juice has potential to reduce blood pressure because the 

polyphenol antioxidants contained in tart cherries upregulate the expression of genes involved in 

vasodilation, e.g. cyclooxygenase-2 gene and NO synthase gene [44] and downregulate genes 

involved in vasoconstriction, e.g. endothelin-1 gene [45]. 
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Many studies have found blood pressure-lowering effects of tart cherry juice. One 

possible explanation for differences between studies is that it might take longer to detect blood 

pressure changes. Blood pressure is reduced after six weeks [46] or 12 weeks [47] of tart cherry 

juice consumption. Tart cherry juice also reduces systolic blood pressure 3-hours post-

consumption for individuals with early hypertension [10], but participants in our study were 

normotensive. Another study employing normotensive participants (∼111/70 mm Hg) also did 

not find any changes in blood pressure after tart cherry consumption [48]. Studies successfully 

detecting a beneficial modulation of blood pressure after tart cherry juice consumption employed 

older adults between the ages of 65–80 years [47], individuals with type 2 diabetes [46], healthy 

adults with moderately elevated blood pressure [49], or individuals with early hypertension [10], 

whereas in the present study, we used young to middle-aged recreational cyclists (34.6±15.8 

years old) who were in good health. Finally, timing of the measurement of acute changes in blood 

pressure might be an important factor. Significant reductions in systolic and diastolic blood 

pressure have been found 1.5 to 2 hours after tart cherry juice consumption [50], with return to 

baseline shortly thereafter [50]. In the present study, blood pressure was measured ~3.5-4 hours 

after tart cherry juice supplementation when the blood pressure might almost return to baseline 

levels. 

5.8 Conclusions 

Low-glycemic index tart cherry juice was not effective for improving cycling 

performance, carbohydrate and fat metabolism during exercise, and recovery from exercise in 

recreational cyclists, compared to consuming a high-glycemic index sports drink. Future studies 

are warranted for further elucidating the effects of tart cherry juice on muscle damage induced by 

exercise of greater intensity in elite athletes. To see how tart cherry juice affects blood pressure 

acutely, the timing of the blood pressure measurement should be expanded from 1 hour to 48 

hours post consumption. Finally, testing post-consumption insulin and glucose responses is 

necessary to investigate the mechanisms of how tart cherry juice affects substrate metabolism. 
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6. Chapter 6 General Discussion 

6.1 Rationale for the chapter  

This chapter summarizes and links the three studies conducted in this thesis, and includes 

a general discussion focusing on glycemic index. More specifically, this chapter describes the 

major issues, reports the major findings, discusses the linkage between the three studies, provides 

potential physiological mechanisms behind GI, and discusses practical application, limitations 

and directions for future research.  

6.2 Major issues and main results 

Studies are needed to assess whether low-GI foods can improve health. Low-GI foods 

induce slower increase and lower peaks in postprandial blood glucose concentrations compared 

with high-GI foods. Increases in glucose levels induce inflammation, oxidative stress and 

endothelial dysfunction, thus predisposing to type 2 diabetes and cardiovascular diseases [1]. 

There is increasing evidence showing that GI may be an important factor in preventing 

cardiovascular diseases [1-8]; however, important sources of bias (e.g. participant blinding, 

researcher blinding and incomplete outcome reporting) existed in many of these studies [7] and a 

recent meta-analysis reported that low-GI diets had no effects on blood pressure or blood lipids 

[9]. Still, some of the studies included in this meta-analysis were at high risk of bias (e.g. attrition 

bias, intention-to-treatment analysis, reporting bias, groups comparable at baseline and other 

bias) and risk of bias was mostly unclear [9]. Whether low-GI foods can really improve 

cardiovascular health remain unknown. The first two studies in this thesis therefore evaluated the 

potential benefits of low GI diets/beverage on cardiovascular and metabolic health in two 

conditions: without physical activity (study one) and in conjunction with exercises (study two).  
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Since GI is also an important concept in sport nutrition, investigating the potential 

performance-enhancing and recovery-improving effects of low-GI foods is meaningful.  Pre-

exercise low GI food consumption may improve endurance exercise performance by maintaining 

carbohydrate availability, improving metabolic response (i.e. decreased glucose oxidation and 

increased fat oxidation) and preventing rebound hypoglycemia. In contrast, a post-exercise high 

GI diet may be superior to a low GI diet in replenishing glycogen since high insulin concentration 

increases glucose uptake; however, evidence for exercise performance and recovery is equivocal. 

The third study in this thesis therefore evaluated the effects of a low GI beverage (i.e. tart cherry 

juice) for improving exercise performance, substrate oxidation during exercise, recovery from 

exercise and health effects (i.e. blood pressure) after exercise. 

The series of studies in this thesis investigated the role of GI in both health and exercise. 

The first two studies investigated the effects of low GI foods for improving cardiovascular and 

metabolic health when there is an absence of physical activity (study one) and in conjunction 

with exercise (study two). The third study focused on the effects on exercise performance, 

recovery from exercise and health effects after exercise. 

In the first study, we determined the effects of a low GI pulse-based diet (containing 

lentils, chick peas, beans, and split peas) compared to a typical hospital diet on insulin sensitivity 

(Matsuda index), insulin resistance (HOMA-IR), bone resorption (Ntx) and cardiovascular risk 

factors (blood lipids, blood pressure, arterial stiffness and heart rate variability) during bed rest in 

healthy participants. Compared to the typical hospital diet, the pulse-based diet improved the 

Matsuda index, decreased HOMA-IR, and attenuated the increase in Ntx. No differences for 

changes in cardiovascular risk factors were found between the two diet conditions, with the 

exception of decreased diastolic blood pressure during day three of bed rest in the pulse-based 

versus hospital diet. The novelty of this study is that this is the first dietary intervention study for 

the prevention of bed rest-induced glucose intolerance and cardiovascular problems. Dietary 

interventions during bed rest studies have mainly been aimed at prevention of muscle and 

strength loss; no studies focusing on prevention of blood glucose increase or cardiovascular 

problems have been conducted. 

Study two continued to investigate the effect of GI on cardiovascular and metabolic 

health, however in this study, we used overweight/obese participants (BMI≥25 kg/m2) since they 
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are at higher risk of developing CVD than normal weight individuals. We also added an acute 

exercise session because although a single bout of exercise can significantly improve 

cardiovascular health and metabolic profile, whether post-exercise recovery beverages differing 

in GI can further add to these beneficial effects is unknown. Participants underwent four 

conditions where they consumed a recovery beverage (LGI skim milk in the EX-LGI condition, a 

HGI sports drink in the EX-HGI condition, water in the Exercise condition or no beverage and 

exercise in the Control condition) following an evening exercise. There was a condition main 

effect for fat oxidation with means highest for EX-LGI and lowest for EX-HGI. Mean 

triglyceride concentration and total area under the curve for triglycerides with EX-HGI was 

higher than Exercise. Mean glucose concentration with EX-LGI was lower than EX-HGI. 

HOMA-IR was higher with EX-HGI than Control. The novelty of this study is that this study 

assessed milk, as a post-exercise low GI recovery beverage, for improving metabolic profile and 

cardiovascular heath in overweight/obese individuals.  

Study three shifted the perspective from health towards exercise. We assessed the effects 

of consuming tart cherry juice versus a HGI sports drink on cycling performance, substrate 

oxidation, recovery of low-frequency fatigue and blood pressure after exercise in recreational 

cyclists. As expected, there were time main effects for isometric MVC (decreasing) and low-

frequency fatigue (increasing; i.e. decreased force at low relative to high stimulation frequencies), 

changing significantly from baseline to post-exercise and then returning to baseline at 24h post-

exercise. There were no differences for time trial performance or any other measures between 

drink conditions. The novelty of this study is that it used direct measurement (i.e. ratio of low 

frequency force output to high frequency force output) as a muscle damage indicator, whereas 

previous studies assessed muscle damage by measuring muscle proteins in the blood, which is an 

indirect and inaccurate measure of muscle damage. 

6.3 Potential physiological mechanisms 

6.3.1 GI and health: glycemic control and CVD risk factors 

High-GI diets may impair blood glucose control because of the effects of hyperglycemia, 

hyperinsulinemia and impaired beta cell function [10]. In contrast, low-GI foods may in theory, 

improve glycemic control by reducing early postprandial hyperglycemia, preventing 
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postabsorptive hypoglycemia, decreasing early postprandial hyperinsulinemia and maintaining 

beta cell function. Hyperglycemia after a high-GI meal may directly cause insulin resistance [11]. 

Indeed, even a modest increase in blood glucose levels may induce insulin resistance and this 

blood glucose elevation is less than the postprandial glycemia difference between high and low 

GI foods [11]. Primary hyperinsulinemia after a high-GI diet may also cause insulin resistance. 

High-GI foods induce more secretion of insulin than isocaloric low-GI foods. This postprandial 

hyperinsulinemia may induce insulin resistance since insulin infusion reduced the disposal of 

whole-body glucose in humans under euglycemic conditions [12]. Insulin resistance, in turn, 

causes an increased release of insulin as compensation. Habitual high-GI foods consumption may 

therefore initiate and then perpetuate a cycle of hyperinsulinemia and insulin resistance [10]. 

Furthermore, a high-GI diet may impair beta cell function via hyperglycemia and increased free 

fatty acid levels. Hyperglycemia can induce beta cell dysfunction, which is known as 

glucotoxicity [11]. Even a mild hyperglycemia can impair beta cell function and reduce insulin 

responses  [13]. In another study, where Sprague-Dawley rats were 85% to 95% 

pancreatectomized to induce different magnitudes of hyperglycemia, many genes involved in 

glucose-induced insulin release were decreasingly expressed as the hyperglycemia increased; 

transcription factors associated with beta cell differentiation also decreased [14]. Even a minimal 

hyperglycemia (<100 mg/dL or 5.6 mmol/L) can induce these changes (normal fasting blood 

glucose: 4-6 mmol/L)[14]. In the late postprandial period after consumption of high-GI foods, 

euglycemia is restored because of counterregulatory hormones, and these counterregulatory 

hormones also dramatically increase free fatty acid levels [10]. The high free fatty acid 

concentrations, when present for long periods of time, may further impair beta cell function, 

which is known as lipotoxicity [15].  

High-GI diets may increase the risk of CVDs via postprandial hyperglycemia and 

hyperinsulinemia. Hyperglycemia-induced changes (i.e. increased inflammation, increased 

membrane lipid oxidation, decreased antioxidant levels and increased reactive oxygen species) 

are associated with higher CVD risk, i.e. reduced endothelium-dependent vasodilation, increased 

formation of blood clot and raised blood pressure [16-20]. Indeed, hyperglycemia is now 

recognized as an important independent CVD risk factor [21]. High postprandial blood glucose 

levels may increase the risk of CVD by inducing oxidative stress [18, 22], which may further 

cause vascular damage because excessive glucose entering into the cell over-produces superoxide 
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anions [23] and over-activates pentose phosphate pathway which in turn allows more glucose to 

be metabolized via this route [24]. As a result, the formation of free radical exceeds the cell’s 

capacity to resynthesize glutathione, thus increasing vascular inflammation and inducing vascular 

damage. High GI foods may also increase CVD risk via postprandial hyperinsulinemia. Indeed, 

high insulin levels may be an independent risk factor for ischemic heart disease [25]. 

Hyperinsulinemia increases blood lipids, blood pressure and inflammation, and causes 

endothelial dysfunction [26-28], thus increasing the risk of CVD.  

6.3.2 GI and exercise 

Low-GI foods may improve endurance exercise performance by maintaining blood 

glucose levels and altering fuel utilization. The slow digestion of low-GI food results in a slow 

and sustained release of glucose after consumption, thus preserving carbohydrate availability, 

providing sustained energy supply during exercise and reducing muscle glycogen depletion [29], 

which is important in the later stages of endurance exercise. High-GI foods result in a fast release 

of glucose and insulin into the blood. There is a rapid decline in glucose levels in some 

individuals after high-GI food consumption, a phenomenon termed rebound hypoglycaemia. This 

might further hinder exercise performance because hypoglycaemia causes dizziness, nausea, 

confusion and impaired cognitive performance [30]. Low-GI food consumption can also increase 

fat oxidation or induce a substrate-utilization shift from carbohydrate to fat [31-33]. Rapid 

digestion of high-GI food induces quick elevation of insulin, whereas low-GI food results in a 

smaller increase of insulin. Excessive insulin inhibits fat oxidation and promotes carbohydrate 

oxidation [29, 34, 35]. 

6.3.3 Health benefits of other nutritional components 

In addition to having low GI, the foods and beverages that were assessed in this thesis 

contain many nutritional properties that may also be beneficial. The low GI foods and beverages 

that were assessed in this thesis included pulses (i.e., lentils, chickpeas, peas and beans, study 

one), skim milk (study two) and tart cherry juice (study three). These are natural foods with 

complex food matrices.   

Pulses contain low sodium content and a high content of fiber, isoflavones, zinc and 

selenium and high quality proteins that have lower levels of sulphur-based amino acids. These 

pulse nutrients, along with its low GI, may exert a cardiovascular protective effect when there is 
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an absence of physical activity. Milk may improve cardiovascular and metabolic health when 

consumed after exercise because of its low GI, high calcium content, high-quality proteins, high 

whey protein content and low carbohydrate content. Minerals in milk (i.e. high in calcium, 

magnesium and potassium and low in sodium) and milk-derived bioactive peptides (i.e. the 

angiotensin-I converting enzyme inhibitory peptides) exert antihypertensive effects [36, 37]. In 

study three, we assessed the effects of tart cherry juice on endurance performance, substrate 

oxidation during exercise, recovery from exercise and blood pressure after exercise. Tart cherry 

juice may improve exercise performance because it has a low glycemic index [38], antioxidant 

[39] and vasodilatory [40] properties. Pre-exercise low-GI food consumption has been shown to 

maintain carbohydrate availability [41], improve fat oxidation and reduce carbohydrate oxidation 

during exercise[34] and prevent rebound hypoglycemia, thus potentially improving endurance 

performance. Tart cherry juice has been shown to improve muscle strength recovery [42] and 

reduce muscle soreness after intense exercise [43] because of its anti-inflammatory and anti-

oxidant properties. Tart cherry juice also has potential to reduce blood pressure because it 

contains polyphenol antioxidants that upregulate the expression of genes involved in 

vasodilation, e.g. cyclooxygenase-2 gene and NO synthase gene [44] and downregulate genes 

involved in vasoconstriction, e.g. endothelin-1 gene [45]. 

6.4 Conclusions and practical application  

According to the first study, a pulse-based diet was superior to a hospital diet for 

maintaining insulin sensitivity, preventing insulin resistance, attenuating bone resorption and 

decreasing diastolic blood pressure during four days of bed rest in healthy individuals. The 

importance and practical application of this study is that this will inform the nutrition habits and 

diets of people who have to undergo bed rest during hospital care, long-term care or at-home 

recovery. Optimizing the diets and nutritional habits of patients is important for preventing or 

offsetting negative health implications (e.g., impaired insulin sensitivity, increased insulin 

resistance and increased bone breakdown), improving other clinical measures, and reducing 

morbidity levels [46], length of hospital stay [47] and health care costs [47]. The benefits of the 

pulse diet may be amplified in older participants with long-duration illness who would be 

exposed to possibly greater CVD risk factors secondary to age and pre-hospital illness that led to 

the hospital stay. 
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In study two, evening post-exercise skim milk consumption, compared with a high-GI 

sports drink, significantly reduced blood glucose levels and possibly increased fat oxidation after 

a high-energy breakfast next morning, but did not result in improvements in blood pressure, 

insulin, HDL, total cholesterol, LDL and vLDL levels in obese/overweight participants. The 

beneficial effects of exercise for reducing triglyceride levels was negated when high-GI sports 

drink was consumed after the evening exercise session. Therefore, consuming milk after exercise 

might be a healthier choice compared with high-GI beverages for reducing glucose level and 

increasing fat oxidation. This could have implications for long-term control of body composition 

since fat oxidation during the postprandial period has potential for affecting body composition 

[48, 49]. 

Study three found that low-glycemic index tart cherry juice was not effective for 

improving cycling performance, carbohydrate and fat metabolism during exercise, and recovery 

from exercise in recreational cyclists, compared to consuming a high-glycemic index sports 

drink. This will provide additional information for endurance athletes who want to improve their 

performance or increase recovery from exercise with natural food or food-based products.  

In conclusion, low-GI foods and beverages used in this thesis were effective for 

improving some aspects of cardiovascular and metabolic health during bed rest in healthy adults 

(i.e. pulse-based diets) or in conjunction with acute exercise in obese/overweight individuals (i.e. 

skim milk), but was not effective for improving endurance performance, substrate oxidation 

during exercise and recovery from exercise, compared with high-GI foods in recreational cyclists 

(i.e. tart cherry juice). 

6.5 Limitations and directions for future research 

The major limitation of study one was the small sample size. This study was intended as a 

proof of principal to support a larger confirmatory study in a hospital setting with a larger number 

of participants and for a longer time period. Another limitation was participant demographics. All 

participants included were healthy adults, rather than hospital patients. Future studies are needed 

to assess the effects of the pulse diet on individuals with specific disease types, e.g., bone fractures, 

high blood pressure, and type 2 diabetes. Another research direction is the impact of a pulse diet in 

space flight models, e.g. head-down tilt bed rest and actual space flight, as the development of 
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insulin resistance is prevalent in space flight [50]. Study two is limited in that it did not control for 

menstrual cycle, which can impact blood glucose concentrations. Future studies should take this 

into consideration. For study three, the major limitation is that we used recreational cyclists rather 

than well-trained population. Other limitations include that we did not measure insulin, markers of 

oxidative stress (e.g. superoxide dismutase, uric acid and nitrotyrosine) and inflammation (e.g. 

interleukin-6, C-reactive protein and tumor necrosis factor-α). Future studies are warranted for 

further elucidating the effects of tart cherry juice on muscle damage induced by exercise of greater 

intensity in elite athletes. To see how tart cherry juice affects blood pressure acutely, the timing of 

the blood pressure measurement should be expanded from 1 hour to 48 hours post consumption. 

Finally, testing post-consumption insulin and glucose responses is necessary to investigate the 

mechanisms of how tart cherry juice affects substrate metabolism. In conclusion, the effects of 

low-GI natural foods and low-GI food based products on health and exercise in specific populations, 

e.g. diabetics, individuals with CVDs, astronauts in space flight and well-trained athletes, could be 

a promising research direction for future studies.  
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Participant Information and Consent Form 

Title: A low glycemic index diet for prevention of glucose intolerance during bed rest 

Principal Investigator: Philip D. Chilibeck, Ph.D., Professor, College of Kinesiology, 

University of Saskatchewan, phone: 306-966-1072 

Co-Investigators: Gordon Zello, Ph.D., Professor, College of Pharmacy and Nutrition, 

University of Saskatchewan, phone: 306-966-5825; Donna Chizen, College of Medicine, 

University of Saskatchewan, phone: 306-844-1063 

Ruirui Goa, M.Sc. (Ph.D. student supervised by Philip Chilibeck), College of Kinesiology, 

University of Saskatchewan, phone: 306-966-1082 

Sponsors: Royal University Hospital Foundation 

Introduction 

 

You are invited to take part in this research study because you are healthy and at least 18 years 

old.  

 

Your participation is voluntary. It is up to you to decide whether or not you wish to take part. If 

you decide to participate, you are still free to withdraw at any time and without giving any reasons 

for your decision. If you do not wish to participate, you will not affect your relationship with the 

researchers or the university. 

Please take time to read the following information carefully. You can ask the researchers to explain 

any information that you do not clearly understand. You may ask as many questions as you need. 

Please feel free to discuss this with your family, friends or family physician before you decide to 

participate. 

Who is conducting the study? 

The study is being funded by the Royal University Hospital Foundation. The sponsor of this 

study will provide the necessary financial resources to the investigators and the University to 

conduct the research. 

 

Why is this study being done? 

Patients in hospital or long-term care often are required to undergo bed rest for long periods of 

time. Bed rest tends to increase the amount of glucose and insulin in your blood, which increases 

your risk of diabetes and can have harmful effects on your blood vessels. Bed rest also causes 

your bones to break down. The purpose of this study is to evaluate whether a plant-based diet 

containing meals and snacks made from lentils, beans, peas, and chickpeas, can be effective for 

preventing the rise in glucose and insulin, and the breakdown of bone, during a controlled period 

of bed rest (over 4 days) in healthy individuals. Healthy individuals are being evaluated in a 

controlled environment to first evaluate the effect of this diet before we do future studies with 

patients in a hospital setting. 
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Who can participate in this study? 

You can participate if you are a healthy male or female, 18y or older, not diabetic, not on 

medications that affect carbohydrate metabolism or cholesterol levels, not vegetarian, and not 

allergic to lentils, beans, chickpeas, peas, or meats, and do not have high blood pressure 

(>144/94) or other hematological complications (deep vein thrombosis, clotting issues). . 

 

What does the study involve? 

If you choose to participate in this study, you will be randomized (i.e. assigned by chance by a 

computer) to one of two diets: 1) a diet that is composed of pulse-based foods (i.e. meals and 

snacks containing lentils, beans, chickpeas, and peas), or 2) a regular Western diet (i.e. containing 

protein sources from animal products) based on the regular Royal University Hospital menu. This 

diet will be consumed while you undergo bed rest for 4 days in our research laboratory (Room 

102; Williams Building). A month later, you will be asked to return to the lab for another 4 day 

period of bed rest while consuming the opposite diet. During the bed rest period you will be 

allowed to read, do work on a computer, or watch TV. You will be allowed washroom breaks as 

needed. You will be supervised 24 hours per day while undergoing the 4 days of bedrest.  

 

Measurements during the study include: 

1) The week before the bed rest period, you will be asked to come into our lab at the Physical 

Activity Complex (Room 344) after an overnight fast to have your resting metabolic rate measured. 

This involves lying on a table for 30 minutes with a transparent hood placed over your head. The 

hood collects your breath into a computer where your oxygen consumption and carbon dioxide 

exhaled are used to estimate your daily caloric expenditure. This will be used to determine the 

amount of food we will give you during the 4 day best rest periods. 

2) The day before and the morning after each bed rest period you will be asked to have your body 

composition (muscle, fat, and bone mass) measured with dual energy X-ray absorptiometry. This 

involves lying on a table while your body is scanned with an X-ray device. This takes 10 minutes 

and is done at the RJD Williams Building, 221 Cumberland Ave. N., Room 108. 

3) The day before the bed rest periods and the last day of each bed rest period, you will be asked 

to to collect all urine in a plastic container which will be supplied to you. This is to measure a 

marker of bone breakdown. 

4) The morning of the first day of each bed rest period and the morning following the final night 

of bed rest, a fasting blood sample (10 mL) from a vein in your arm will be collected to evaluate 

cholesterol levels. You will be asked to consume a beverage containing sugar and then blood will 

be collected at 30, 60, 90, and 120 minutes after you consume the beverage. The purpose of this 

test is to determine how quickly your body can reduce the sugar in your blood and assesses how 

well your body tolerates an increased blood sugar. This testing will require about 2.5 hours. 

5) At the same time points, the stiffness of your arteries will be assessed by placing a pen-sized 

probe over your skin on your neck and the top of your upper thigh. Three electrocardiogram 

“stickers” will also be placed on your chest and connected by wires to a computer. You will be 

asked to to lie still for 20 minutes for this measurement. 
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6) From 9am to 9pm during each 4-day period of bed rest your blood pressure will be measured 

every two hours. 

The total time commitment for this study is 240 hours. 

The total amount of blood to be collected during the study is 400 mL (81 teaspoons). 

A total of six people will participate in this study. 

What are the benefits of participating in this study? 

There will not be any direct benefit to you. You will learn more about your body composition and 

blood cholesterol and sugar levels. It is hoped that the information learned from this study will 

allow us to give recommendations on what types of diets are best for patients in the hospital. 

 

What are the possible risks and discomforts? 

An extended period of bed rest may be associated with deep vein thrombosis (i.e. blood clotting).  

If you have a history of smoking, hormone therapy, oral contraceptives or previous hematological 

(i.e. blood) disorders, bed rest may place you at increased risk of blood clotting. 

Possible side effects from blood drawing include fainting, inflammation of the vein, pain, bruising 

or bleeding at the site of puncture. A trained technician will be conducting all of the blood draws 

to minimize the risks.  

The provided foods during the 4-day bed rest periods may cause stomach distress. 

There is a small amount of radiation exposure from the dual energy x-ray absorptiometry scans. 

This is the equivalent of ~10 µSv. Even if we have to repeat both scans, the radiation dose would 

be comparable to the amount of background radiation a person receives in one week from naturally 

occurring sources in Saskatchewan. For reference, a cross-country flight could expose a person to 

about 30 µSv of radiation. For more information you can visit: http://www.hc-sc.gc.ca/hc-ps/ed-

ud/respond/nuclea/measurements-measures-eng.php. 

Your blood glucose levels may become worse and you may lose some bone mass during the 4-day 

bed rest periods. Four days was chosen as the length of bed rest for our study because these changes 

should be quickly reversible after the bed rest periods. 

What happens if I decide to withdraw? 

Your participation in this research is voluntary. You may withdraw from this study at any time. 

You do not have to provide a reason. Your relationships with the researchers or the university 

will not be affected.  

If you choose to enter the study and then decide to withdraw at a later time, all data collected 

about you during your enrolment will be retained for analysis.  

 

What happens if something goes wrong? 

In the case of a medical emergency related to the study, you should seek immediate care and, as 

soon as possible, notify the principal investigator. Inform the medical staff you are participating 

in this research study. Necessary medical treatment will be made available at no cost to you. By 

http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/measurements-measures-eng.php
http://www.hc-sc.gc.ca/hc-ps/ed-ud/respond/nuclea/measurements-measures-eng.php
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signing this document, you do not waive any of your legal rights against the investigators or 

anyone else. 

 

What happens after completion of the study? 

We will inform you of your individual results and the overall study results after we have analyzed 

all data. 

 

What will the study cost me? 

You will not be charged for the food or any research-related procedures. You will receive $415 

compensation for your 240 hours of time commitment and to cover parking expenses, and expenses 

related to travel to our lab. If you enter the study and then decide to withdraw, we will compensate 

you for your time and expenses, proportionate to the amount of time you have been in the study. 

This remuneration is subject to declaration to Revenue Canada and for that purpose you will be 

required to supply your social insurance number. 

Will my participation be kept confidential? 

In Saskatchewan, the Health Information Protection Act (HIPA) defines how the privacy of your 

personal health information must be maintained so that your privacy will be respected. Your name 

will not be attached to any information, nor mentioned in any study report, nor be made available 

to anyone except the research team.  It is the intention of the research team to publish results of this 

research in scientific journals and to present the findings at related conferences and workshops, but 

your identity will not be revealed. The study data will be stored securely (in a locked cabinet 

contained within a locked office under the supervision of the principal investigator) by the study 

team for a minimum of 5 years after completion of the study. 

Research records identifying you may be inspected by the University of Saskatchewan Biomedical 

Research Ethics Board in the presence of the Principal Investigator for quality assurance and 

monitoring purposes. 

Who do I contact if I have questions about the study? 

If you have any questions or desire further information about this study before or during 

participation, you can contact Philip Chilibeck at 306-966-1072 or phil.chilibeck@usask.ca 

If you have any concerns about your rights as a research participant and/or your experiences 

while participating in this study, contact the Chair of the University of Saskatchewan Research 

Ethics Board, at 306-966-2975 (out of town calls 1-888-966-2975). The Research Ethics Board is 

a group of individuals (scientists, physicians, ethicists, lawyers and members of the community) 

that provide an independent review of human research studies. This study has been reviewed and 

approved on ethical grounds by the University of Saskatchewan Research Ethics Board.   
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CONSENT TO PARTICIPATE 

 

o I have read the information in this consent form. 

o I understand the purpose and procedures and the possible risks and benefits of the study.  

o I was given sufficient time to think about it. 

o I had the opportunity to ask questions and have received satisfactory answers. 

o I am free to withdraw from this study at any time for any reason and the decision to stop 

taking part will not affect my future relationships at the university. 

o I agree to follow the principal investigator's instructions and will tell the principal 

investigator or student researcher at once if I feel I have had any unexpected or unusual 

symptoms. 

o I have been informed there is no guarantee that this study will provide any benefits to me.  

o I give permission for the use and disclosure of my de-identified personal health information 

collected for the research purposes described in this form. 

o I understand that by signing this document I do not waive any of my legal rights. 

o I will be given a signed and dated copy of this consent form. 

o I agree to participate in this study: 

 

Printed name of participant:     ______________________                  

Signature  _______________________      Date___________________________  

Printed name of person obtaining consent: _____________________       

Signature  _________________________ Date___________________________                                                                                                         
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Participant Information and Consent Form 

Title: The effect of milk as a recovery beverage after exercise on next-day postprandial 

triglycerides 

Principal Investigator: Philip D. Chilibeck, Ph.D., Professor, College of Kinesiology, 

University of Saskatchewan, phone: 306-966-1072 

Co-Investigator: Gordon Zello, Ph.D., Professor, College of Pharmacy and Nutrition, University 

of Saskatchewan, phone: 306-966-5825 

Student Researcher: Ruirui Gao, (doctoral student supervised by Philip Chilibeck), College of 

Kinesiology, University of Saskatchewan, phone: 306-966-1123 

Sponsors: Dairy Farmers of Canada 

Introduction 

You are invited to take part in this research study because you are healthy, at least 18 years old, 

and physically capable of exercising. Please note that a minimum Body Mass Index (BMI) value 

of 25 is required in order to qualify for the study. Your BMI value can be calculated by using the 

following formula: 

𝐵𝑀𝐼 =
𝑊𝑒𝑖𝑔ℎ𝑡 𝐾𝑔

[𝐻𝑒𝑖𝑔ℎ𝑡 𝑚]2
 

OR 

BMI = weight in pounds ÷ height in inches ÷ height in inches x 703 

Your participation is voluntary. It is up to you to decide whether or not you wish to take part. If 

you decide to participate, you are still free to withdraw at any time and without giving any reasons 

for your decision. If you do not wish to participate, you will not affect your relationship with the 

researchers or the university. 

Please take time to read the following information carefully. You can ask the researchers to explain 

any information that you do not clearly understand. You may ask as many questions as you need. 

Please feel free to discuss this with your family, friends or family physician before you decide to 

participate. 

Who is conducting the study? 

The study is being funded by the Diary Farmers of Canada. The sponsor of this study will provide 

the necessary financial resources to the investigators and the University to conduct the research. 

Why is this study being done? 

The amount of fat that appears in your blood after you consume a meal is a strong risk factor for 

heart disease. If exercise is performed in the hours before a meal (i.e. the night before a breakfast), 

the amount of fat that appears in your blood after the meal is reduced; therefore, exercise has a 
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protective effect. The type of food or drink that is consumed after an exercise session will alter the 

effect of exercise, based on whether the food/drink results in a fast or slow rise in blood sugar levels 

after consuming the food/drink.  The purpose of this study is to compare the consumption of milk 

(which results in a slow rise in blood sugar) to the Gatorade “Recover” beverage (which results in 

a fast rise in blood sugar) during recovery from an evening exercise session on muscle’s ability to 

burn fats and the fat level in blood after a meal given the next morning. 

Who can participate in this study? 

You are eligible to participate in this study if you are male or female 18-44 years, have a BMI of 

at least 25, are not allergic to milk or have lactose intolerance, not on medication that affects your 

carbohydrate metabolism or cholesterol levels, and your answers on a questionnaire about the 

safety of exercise (the Physical Activity Readiness Questionnaire) show it is safe for you to take 

part in exercise. There will be a total of 20 participants in this study.  

What does the study involve? 

If you choose to participate in this study, you will initially be required to come into our lab (Rm. 

344 of the Physical Activity Complex) for two baseline tests. The first test will occur after an 

overnight fast and will involve measurement of your blood glucose levels (by a finger prick). You 

will then be required to rest for 30 minutes. We will then assess your resting metabolic rate. During 

this test you will be required to lie on a table, underneath a clear plastic dome placed over your 

head for about 30 minutes. The total time for this first session is about one hour. We request that 

you arrive for this session by motorized transport. If you need to park your vehicle, you can park 

in our stadium parkade (across from the Physical Activity Complex). Parking costs will be 

reimbursed if you need to park your vehicle. Arriving by motorized transport is important because 

the measurements we do in the lab can be affected by recent physical activity, such as walking or 

biking. 

The second baseline test will be done on a separate day and will involve a treadmill exercise test. 

This test will start at an easy intensity. The intensity of exercise will gradually increase by 

increasing the speed and elevation of the treadmill. You will be required to exercise until you reach 

exhaustion. The duration of the test will be between 5 minutes and 15 minutes, depending on your 

fitness level. You can stop this test at any time if you are feeling unwell during the test. You just 

need to inform the individual supervising the test and they will stop the test. During the test we will 

measure respiratory gases to assess the maximal amount of oxygen your body can consume, which 

is a measure of aerobic fitness. This involves breathing into a mouthpiece which is connected to a 

computerized system. The total time for this lab visit will be about half an hour. 

The next four testing conditions will each involve measurements over 2 days. Each of these lab 

visits requires about 4 hours in the evening and 7 hours the following day. These four testing 

conditions will be separated by one week. For these four conditions, we request that you arrive at 

the lab by motorized transport. Again, we will compensate you for parking expenses (as outlined 

above). 
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Condition 1 involves exercising by walking briskly on a treadmill for 90 minutes (from 6pm to 

7:30pm). The exercise intensity will be set at 50% of the peak work rate you reached on your 

baseline treadmill test. During this exercise session we will measure respiratory gases by having 

you breathe into a mouthpiece. Immediately after the exercise you will be given a beverage that 

has a high glycemic index (Gatorade recovery beverage). You will be required to rest quietly in the 

lab for 2 hours after which you will be given another identical beverage. You will be fitted with a 

portable blood pressure device to be worn around your arm and waist. This device will record your 

blood pressure every 20 minutes (every 45 minutes during the night). You will be required to return 

to the lab the next day at 8:00am, at which time the blood pressure monitor will be removed. A 

trained phlebotomist will insert a needle into a vein in your forearm.  This needle will be secured 

to your arm and will remain in your arm for the remainder of the testing session.  This will eliminate 

the need for additional needle pokes when blood samples are taken at the 5 other time points. We 

will collect a blood sample (about 15 mL) to assess the fat, cholesterol and sugar levels in your 

blood. You will be required to breathe into a mouthpiece for 20 minutes to allow us to estimate the 

amount of fat your body is metabolizing. You will then be given a McDonalds sausage egg 

McMuffin sandwich breakfast meal. At 30 min, 1 hour, 2 hours, 4 hours and 6 hours after the meal 

we will again take blood samples (15 mL each time) and measure your respiratory gases with the 

mouthpiece (for 20 minutes each time). 

Condition 2 will be identical to condition 1, except you will consume low-glycemic skim milk 

immediately after and 2 hours after the evening exercise session.  

Condition 3 will involve the same procedures as conditions 1 and 2, except you will be given only 

water to drink after the exercise session (i.e. immediately following exercise and 2 hours after). 

You will not be required to breathe into a mouthpiece during this evening exercise session. 

Breathing into a mouthpiece and analysis of your breath data is required in conditions 1 and 2 

because this allows us to calculate your caloric expenditure during exercise so we can give you an 

appropriate amount of beverage after exercise to replace the calories expended. This is not required 

in Condition 3 because no calorie-containing beverage is being given after the exercise session 

(water will be given in a volume that matches the other two conditions). 

Condition 4 will be identical to the other conditions except that you will not be required to do the 

evening exercise session and will not be given any beverages in the evening. No beverage is given 

in this condition because it is a “control” condition (i.e. similar to what you would do in your 

everyday life). In this condition you will still receive three meals throughout the day (see 

description below) but no evening beverage to replace calories expended during exercise (as there 

is no exercise in this condition). You will still be required to come into our lab from 6:30pm to 

9:30pm, but you will be asked to sit quietly (you can bring something to read if you wish). You 

will not have any respiratory gases measured. You will not be allowed to eat anything during this 

session (i.e. you will not be allowed to eat anything after your 5:00pm meal). You will be fitted 

with a blood pressure cuff at the end of this session, which will be removed the next morning. 

The order of the 4 conditions described above will be randomized (i.e. determined by chance by a 

computer). 
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Food that you consume or exercise that you do outside of the study can affect our study results; 

therefore, for the 3 days before the morning meal in the conditions described above your diet and 

exercise will be controlled. On the day before the morning meal we will supply you with your 

breakfast, lunch, and dinner (to be eaten at 7am, 1200pm, and 5pm, respectively). For the two days 

prior to this you will be required to keep a record of the type of food and beverages you consume, 

the amounts, and the time of day of consumption. You will do this during the first condition and 

be asked to replicate this during the subsequent 3 conditions. For the 3 days before the morning 

meal you will also be required to keep a log of all physical activities. You will do this during the 

first experimental condition and be asked to replicate your physical activities across the subsequent 

3 conditions. You will be asked not to consume any other food during the day of the 90 minute 

treadmill test (or no exercise in condition 4) aside from the food we give you. You will also be 

asked to refrain from strenuous exercise (i.e. jogging, cycling) and alcohol consumption on the 

same day and during the 2 days prior. 

We request that you try to consume the entire portion of meals/beverages provided throughout the 

study; however, we realize this may not be possible for some individuals. If this is not possible, we 

will adjust your meal/beverage sizes during the subsequent experimental conditions. 

The study design described above is summarized on a diagram attached to the end of this consent 

form. 

A total of 360 mL of blood will be collected from you during this study. 

The time commitment for the study is about 46 hours. This includes only the time you are in our 

lab for data collection. 

What are the benefits of participating in this study? 

There may or may not be any personal benefit to you. You will learn more about your fitness and 

blood fat levels. It is hoped that the information learned from this study will allow us to give 

recommendations on what types of post-workout recovery beverages are healthier to consume.  

What are the possible risks and discomforts? 

The exercise may result in muscle pulls or strains, or muscle soreness and very rarely 

cardiovascular events (i.e. heart attack). You will be given a proper warm-up prior to exercising 

and qualified exercise trainers who are trained in CPR and the use of an automated defibrillator 

will supervise exercise sessions.  

Possible side effects from blood drawing include fainting, inflammation of the vein, pain, bruising 

or bleeding at the site of puncture. A trained phlebotomist will be conducting all of the blood draws 

to minimize the risks. The provided beverages after exercise and the meal provided the next 

morning may cause stomach distress. 

What happens if I decide to withdraw? 
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Your participation in this research is voluntary. You may withdraw from this study at any time. 

You do not have to provide a reason. Your relationships with the researchers or the university will 

not be affected.  

If you choose to enter the study and then decide to withdraw at a later time, all data collected about 

you during your enrolment will be retained for analysis.  

What happens if something goes wrong? 

In the case of a medical emergency related to the study, you should seek immediate care and, as 

soon as possible, notify the principal investigator. Inform the medical staff you are participating in 

this research study. Necessary medical treatment will be made available at no cost to you. By 

signing this document, you do not waive any of your legal rights against the investigators or anyone 

else. 

What happens after completion of the study? 

We will inform you of your individual results and the overall study results after we have analyzed 

all data. 

What will the study cost me? 

You will not be charged for the meals or any research-related procedures. You will receive $10.50 

per hour compensation for your 46 hours of time commitment and to cover parking expenses. If 

you enter the study and then decide to withdraw, we will compensate you for your time and 

expenses, proportionate to the amount of time you have been in the study. This remuneration is 

subject to declaration to Revenue Canada and for that purpose you will be required to supply your 

social insurance number. 

Will my participation be kept confidential? 

In Saskatchewan, the Health Information Protection Act (HIPA) defines how the privacy of your 

personal health information must be maintained so that your privacy will be respected. Your name 

will not be attached to any information, nor mentioned in any study report, nor be made available 

to anyone except the research team.  It is the intention of the research team to publish results of this 

research in scientific journals and to present the findings at related conferences and workshops, but 

your identity will not be revealed. The study data will be stored securely (in a locked cabinet 

contained within a locked office under the supervision of the principal investigator) by the study 

team for a minimum of 5 years after completion of the study. 

Research records identifying you may be inspected by the University of Saskatchewan Biomedical 

Research Ethics Board in the presence of the Principal Investigator for quality assurance and 

monitoring purposes. 

Who do I contact if I have questions about the study? 

If you have any questions or desire further information about this study before or during 

participation, you can contact Philip Chilibeck at 306-966-1072 or phil.chilibeck@usask.ca 
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If you have any concerns about your rights as a research participant and/or your experiences 

while participating in this study, contact the Chair of the University of Saskatchewan Research 

Ethics Board, at 306-966-2975 (out of town calls 1-888-966-2975). The Research Ethics Board is 

a group of individuals (scientists, physicians, ethicists, lawyers and members of the community) 

that provide an independent review of human research studies. This study has been reviewed and 

approved on ethical grounds by the University of Saskatchewan Research Ethics Board.   
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CONSENT TO PARTICIPATE 

 

o I have read the information in this consent form. 

o I understand the purpose and procedures and the possible risks and benefits of the study.  

o I was given sufficient time to think about it. 

o I had the opportunity to ask questions and have received satisfactory answers. 

o I am free to withdraw from this study at any time for any reason and the decision to stop 

taking part will not affect my future relationships at the university. 

o I agree to follow the principal investigator's instructions and will tell the principal 

investigator or student researcher at once if I feel I have had any unexpected or unusual 

symptoms. 

o I have been informed there is no guarantee that this study will provide any benefits to me.  

o I give permission for the use and disclosure of my de-identified personal health information 

collected for the research purposes described in this form. 

o I understand that by signing this document I do not waive any of my legal rights. 

o I will be given a signed and dated copy of this consent form. 

o I agree to participate in this study: 

 

Printed name of participant:     ______________________                  

Signature  _______________________      Date___________________________  

Printed name of person obtaining consent: _____________________       

Signature  _________________________ Date___________________________                                                                                                         
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Participant Information and Consent Form 

Title:  The effect of tart cherry juice on fat metabolism, exercise performance, and recovery 

Principal Investigator: Philip D. Chilibeck, Ph.D., Professor, College of Kinesiology, 

University of Saskatchewan, phone: 306-966-1072 

Co-Investigator: Jonathan Farthing, Ph.D., Associate Professor, College of Kinesiology, 

University of Saskatchewan, phone: 306-966-1068 

Student Researchers: Ruirui Gao, M.Sc.  (doctoral student supervised by Philip Chilibeck), 

College of Kinesiology, University of Saskatchewan, phone: 306-966-1082 

Sponsors: Canadian Cherry Producers, Saskatchewan Academy of Sports Medicine Inc. 

Emergency Telephone Number (Philip Chilibeck): 306-230-3849 

Introduction 

You are invited to take part in this research study because you are an experienced cyclist and we 

want to determine the effects of a cherry juice beverage compared to Gatorade on your cycling 

performance and recovery from exercise. 

Your participation is voluntary. It is up to you to decide whether or not you wish to take part. If 

you decide to participate, you are still free to withdraw at any time and without giving any 

reasons for your decision. If you do not wish to participate, you will not affect your relationship 

with the researchers or the university. 

Please take time to read the following information carefully. You can ask the study staff to 

explain any information that you do not clearly understand. You may ask as many questions as 

you need. Please feel free to discuss this with your family, friends or family physician before you 

decide. 

Who is conducting the study? 

Dr. Chilibeck is conducting the study and the study is being funded by the Canadian Cherry 

Producers. The sponsor of this study will reimburse the investigators and university for the cost 

of undertaking this study. 

Why is this study being done? 

This study is being done because the research team wants to determine the effectiveness of tart 

cherry juice, compared to Gatorade, for improving metabolism and performance during exercise 

and for improving recovery from exercise. This will inform coaches and athletes what type of 

beverage might be of benefit for endurance performance. 

Who can participate in this study? 

You are eligible to participate in this study if you are male or female 18 years of age or older and 

cycle on a regular basis (i.e. bicycle exercise for at least 30 minutes, three times per week). The 
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researchers will determine whether exercise testing is safe for you by having you fill out a brief 

questionnaire (the Physical Activity Readiness Questionnaire) after you have signed this consent 

form but before you do any exercise testing. If there is doubt about the safety of exercise 

participation for you based on this questionnaire, the researchers will exclude you from the study. 

You should not participate if you have any allergies to cherries.  

What does the study involve? 

There will be 8 study visits to our labs. About half of the testing (study visits) will be done to 

evaluate one of the beverages (Gatorade or cherry juice). A month later, the other visits will be 

done to evaluate the opposite beverage. 

Visit #1 will consist of testing for ratings of muscle soreness (done at rest and by applying 

pressure to the quadriceps muscle using hand-held device), maximal knee extension strength 

testing, determination of force output at low and high frequencies of electrical stimulation (i.e. 20 

and 80 Hz) of the knee extensors, and aerobic capacity on a cycle ergometer to determine fitness 

level and workload to be used for subsequent testing. The knee extension strength test will 

require that you exert as much force on a machine with the front of your leg while in a seated 

position (i.e. knee extension). You will be asked to exert force for 5 seconds. You will take a 30 

second rest and asked to exert force for another 5 seconds, and then repeat this one more time. 

You will be given a 5 minute rest and then we will test the force exertion of your quadriceps 

while applying electrical stimulation through wires and a sticker applied to your quadriceps. Two 

sets of electrical stimuli will be delivered to your quadriceps – one at a high frequency and one at 

a low frequency. The amount of force your quadriceps exerts at each stimulation frequency will 

be determined. The purpose of this test is to evaluate the amount of muscle damage you have 

from previous exercise. (These tests will be done in room 353 of the physical activity complex). 

You will then move to room 344 to do the aerobic cycling test. The aerobic capacity test involves 

pedaling on a stationary bike with resistance increasing every minute until volitional fatigue. The 

test takes about 10-15 minutes. During the test, oxygen consumption is measured through a 

mouthpiece and the level of oxygen consumption is used as a measure of aerobic fitness. Visit #1 

will also include a practice of a 10km time trial on a stationary bike, which will be the 

performance indicator in the drink testing. During the 10 km time trial, you will cover 10 km as 

fast as possible on a stationary bike. You will be able to see how much distance you have 

covered, but you will not know how much time has elapsed. This entire lab visit will last about 2 

hours. 

Visit #2 will consist of a familiarization trial using the cycling test used in the study. You will be 

asked to cycle for 90 minutes on a stationary bike at an intensity corresponding to 50% of the 

maximal workload reached during the aerobic capacity test  followed by a 10km time trial, where 

you will cycle as fast as possible until you cover the equivalent of 10 km. You will be able to see 

the distance covered on the bike display, but you will not be able to see the speed you are cycling 

at. The familiarization trial is necessary to reduce the amount of variability across subsequent 

testing sessions (i.e. the subsequent testing sessions which compare cherry juice to Gatorade). 

This lab visit will take about 2 hours. 
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After visit #2, before you leave the lab after performing the exercises, you will be randomized 

(i.e. assigned by chance by a computer) to receive either a cherry juice beverage or Gatorade. 

You will not know which drink you are receiving. The drink will be supplied to you along with 

measuring cups to measure the appropriate serving sizes. This will be consumed twice a day (145 

mL per dose at breakfast and before going to bed) for 4 days. Two days before visit #3 (i.e. on the 

3rd and 4th day of the cherry juice/Gatorade supplementation) we want you to try to minimize 

the amount of fruits, vegetables, tea, coffee, alcohol, chocolate, cereals, whole meal bread, and 

grains you consume because these foods contain some of the same beneficial ingredients as the 

cherry juice. You will be given a food diary to record all foods and drinks you consume for these 

two days. These diaries will be photocopied and given back for the testing of the opposite drink 

condition in the next phase. 

Visit #3 will occur on the 5th day of cherry juice/Gatorade supplementation.  

• You will come into the lab after a 10 hour fast.  

• You will be tested again for muscle pain, maximal isometric voluntary contraction, and 

force output at low and high frequencies of stimulation (These tests will be done in room 

353 of the physical activity complex).  

• You will then be given 1.5 grams of carbohydrates per kg in the form of either cherry 

juice or Gatorade 45 minutes before exercise testing. Neither you nor the researcher will 

know which beverage you are receiving. The beverage will be prepared by a different 

research assistant who is not involved with administering the exercise test. 

• Blood glucose (sugar) from a fingertip blood sample will be assessed before the drink and 

10, 20, 30, and 40 minutes after the drink consumption (this blood collection and the 

cycle testing will take place in room 344 of the Physical Activity Complex). During this 

blood collection period you will be required to remain seated in the lab (i.e. this blood 

collection is done before the exercise test while you are resting). 

• The exercise testing will involve 90 minutes of cycling at 50% of the workload reached 

on the aerobic capacity test, followed by a 10 km time trial where you will cover 10 km as 

fast as you can. During the 90 minutes of cycling (before the time trial) blood glucose 

(sugar) and lactate will be assessed from fingertip blood samples (about 1 mL each time) 

at 15, 30, 60, and 90 minutes. Rating of perceived exertion (i.e. using a 10-point visual 

scale, with 1 corresponding to very easy and 10 corresponding to very hard) will be 

assessed at the same time points. Respiratory gases will be collected for 5 minute 

durations starting at 10, 25, 55, and 85 minutes of cycling for determination of 

carbohydrate and fat oxidation. This requires that you breathe through a mouthpiece. 

•  After the time trial, muscle pain, maximal voluntary contraction, and force output at low 

and high stimulation frequencies will be determined (in Room 353 of the Physical 

Activity Complex).  

• You will then be fitted with a 24-hour blood pressure monitor. This involves placing a 

cuff around your arm attached to a recorder that is worn around your waist. The purpose 

of the blood pressure monitor is to indirectly determine how blood flow is being affected 
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after exercise and beverage consumption. This blood pressure system will measure your 

blood pressure (i.e. the cuff will inflate) every 20 minutes during the day and every 45 

minutes during the night. The blood pressure system stores your blood pressure 

information so that we can retrieve this data later. 

• The total amount of time for this study visit will be about 3 hours. 

Visit #4 to the lab will occur the next morning, again in a fasted state (at least 8 hours fasted). 

The blood pressure cuff will be removed. You will be given 145 mL of cherry juice or Gatorade 

to consume. Thirty minutes after consumption the cherry juice or Gatorade, muscle pain, 

maximal voluntary contraction, and force output at low and high frequencies will be determined 

(Room 353 of the Physical Activity Complex).  

You will consume 145 mL of the cherry juice or Gatorade before bedtime (i.e. on the same day as 

visit #4). 

 Visit #5 will occur the next morning and involve the same procedures as visit #4 (except that the 

blood pressure cuff will not be worn during this last day). Study visits 4 and 5 will take about one 

hour each. 

Visits #6, 7, and 8 will occur a month later after 4 days of cherry juice or Gatorade 

supplementation (i.e. the opposite condition to what you received prior to visit #3). All testing 

will be identical to tests in visits #3, 4, and 5.  

There will be a total of 12 participants in the study. 

The total amount of blood to be collected during the entire study is about 20 mL. 

The total time for study visits is about 14 hours. 

What are the benefits of participating in this study? 

You will receive an assessment of your aerobic fitness. You will receive this after completion of 

visit 1. The results of the study will help athletes and coaches decide whether cherry juice is 

beneficial for sport performance and recovery. These benefits are not guaranteed. 

What are alternatives to the study? 

You do not have to participate in this study to receive these benefits. You can receive an 

assessment of your aerobic fitness through appointments with a personal trainer through the 

College of Kinesiology. 

What are the possible risks and discomforts? 

The exercise testing may cause some discomfort. Trained personnel will administer all testing to 

minimize the risks.  

There may be risk of feeling faint or nauseous when exercising in a fasted state. 
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There is the possibility of infection or bruising with the finger-tip blood sampling. Again, this 

will be done by trained personnel to minimize this risk. 

There might be some discomfort during the electrical stimulation testing. This will feel like a 

series of small shocks to your muscle. The high frequency stimulation means that many electrical 

stimuli (shocks) will be delivered over a couple of seconds. The low frequency stimulation means 

that a lower number of electrical stimuli (shocks) will be delivered over a couple of seconds. 

There is a small possibility of an allergic reaction to the electrode stickers through which the 

electrical stimuli will be delivered. 

The 24 hour blood pressure monitoring might occasionally feel uncomfortable when the blood 

pressure cuff inflates (the inflation of the cuff will squeeze your upper arm). 

What happens if I decide to withdraw? 

Your participation in this research is voluntary. You may withdraw from this study at any time. 

You do not have to provide a reason. Your relationships with the researchers or the university 

will not be affected.  

If you choose to enter the study and then decide to withdraw at a later time, all data collected 

about you during your enrolment will be retained for analysis.  

What happens if something goes wrong? 

If an adverse event related to the study occurs, trained staff will be available throughout the 

conduct of the study who can respond immediately.  Necessary medical treatment will be made 

available at no additional cost to you. As soon as possible, notify the research team. By signing 

this document, you do not waive any of your legal rights. 

What happens after completion of the study? 

The researchers will inform you of the overall study results after they have analyzed all data 

(approximately August 2017) by sending you an email. 

What will the study cost me? 

You will not be charged for the beverages or any research-related procedures. You will receive 

$200 for participating for reimbursement of study-related expenses (e.g. travel, parking). 

Will my Study Data be Kept Confidential? 

In Saskatchewan, the Health Information Protection Act (HIPA) defines how the privacy of your 

personal health information must be maintained so that your privacy will be respected. The study 

data will be stored securely (in a locked cabinet contained within a locked office under the 

supervision of the PI) by the study team for a minimum of 5 years after the final results are 

published.  Research records identifying you may be inspected by the University of 

Saskatchewan Biomedical Research Ethics Board, or representatives of the Sponsors of the study 

for quality assurance and monitoring purposes. 
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It is the intention of the research team to publish results of this research in scientific journals and 

to present the findings at related conferences and workshops, but your identity will not be 

disclosed. 

Who do I contact if I have questions about the study? 

If you have any questions or desire further information about this study before or during 

participation, you can contact Philip Chilibeck at 306-966-1072 or phil.chilibeck@usask.ca 

If you have any concerns about your rights as a research participant and/or your experiences 

while participating in this study, contact the Chair of the University of Saskatchewan Research 

Ethics Board, at 306-966-2975 (out of town calls 1-888-966-2975). The Research Ethics Board is 

a group of individuals (scientists, physicians, ethicists, lawyers and members of the community) 

that provide an independent review of human research studies. This study has been reviewed and 

approved on ethical grounds by the University of Saskatchewan Research Ethics Board.  
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CONSENT TO PARTICIPATE 

 

o I have read the information in this consent form. 

o I understand the purpose and procedures and the possible risks and benefits of the study.  

o I have been informed of the alternatives to the study.  

o I was given sufficient time to think about it. 

o I had the opportunity to ask questions and have received satisfactory answers. 

o I am free to withdraw from this study at any time for any reason and the decision to stop 

taking part will not affect my future relationships at the university. 

o I agree to follow the principal investigator's instructions and will tell the principal 

investigator at once if I feel I have had any unexpected or unusual symptoms. 

o I have been informed there is no guarantee that this study will provide any benefits to me.  

o I understand that by signing this document I do not waive any of my legal rights. 

o I will be given a signed and dated copy of this consent form. 

 

 

Printed name of participant:     ______________________                  

Signature  _______________________      Date___________________________  

Printed name of person obtaining consent: _____________________       

Signature  _________________________ Date___________________________                                                                                                         
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Appendix B. Copy of permission to use published manuscript 

Re: MDPI Contact Form: permission to use/license 

support@mdpi.com <support@mdpi.com> 

Thu 2020-01-02 19:18 

To: Gao, Ruirui <ruirui.gao@usask.ca> 

Dear Ruirui, 

Thank you for your email. As author of the paper and given that you are the owner of the 

copyrights, you are entitled to reproduce it in other publications. Please only remember to refer to 

the work properly. 

Kind regards,  

Dimity 
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Appendix C. Nutrition intake for bedrest study  

Hospital diet 
 

Calories(kcal) Fat(g) Carbohydrate(g) Protein(g) Fibre(g) Sodium(mg) 

Participant 1 1037 24 148 55 7 2352 

Participant 2 1192 24 186 55 8 2315 

Participant 3 1087 22 176 48 9 1835 

Participant 4 605 10 96 32 3 905 

Participant 5 743 23 111 22 5 1180 

Participant 6 1453 45 196 60 8 2729 

Mean±SD 1019±6115 24±11 152±41 45±15 7±2 1886±718* 

Pulse diet 
 

Calories(kcal) Fat(g) Carbohydrate(g) Protei(g) Fibre(g) Sodium(mg) 

Participant 1 1030 33 147 48 28 775 

Participant 2 1180 33 172 59 30 1290 

Participant 3 1093 30 170 48 28 296 

Participant 4 598 16 87 31 13 835 

Participant 5 735 20 112 36 18 552 

Participant 6 1460 39 226 66 39 630 

Mean±SD 1016±311 28±9 152±49 48±13 26±9 730±334* 

*Significantly different from the hospital diet, p<0.05 


