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Abstract 10 

Cardiovascular disease (CVD) is the leading cause of death worldwide. Physical 11 

activity interventions improve almost all modifiable CVD risk factors, however the 12 

effect of physical activity on low density lipoprotein cholesterol (LDL-C) is uncertain. 13 

This may be due to lack of research on the feeding status in which the physical 14 

activity is performed. The aim of this study is to investigate the effect of fasted versus 15 

fed exercise on LDL-C concentrations in males and females. One hundred healthy 16 

participants, equal males and females, aged between 25 and 60 years will be 17 

recruited and will undergo a home based 12-week exercise intervention. After 18 

baseline testing, participants will be randomised to a fasted exercise (exercise after 19 

an 8-h fast) or fed exercise (exercise 90-180 min after ingestion of 1 g⋅kg-1 CHO) 20 

group and will perform 50 minutes of moderate intensity exercise (e.g. 95 % heart 21 

rate of lactate threshold 1) 3 times a week either before or after a high carbohydrate 22 

(1 g⋅kg-1) meal. Participants will visit the laboratory again at week 4 and week 12 and 23 

measurements taken for body composition, resting blood pressure, fasting blood 24 



glucose, lipid profiles and systemic inflammation, lactate threshold and 14-day blood 25 

glucose control.   26 

 27 

1. Introduction 28 

Cardiovascular disease (CVD) is the leading cause of death worldwide and accounts 29 

for 27% of all deaths in the UK (British Heart Foundation, 2020). It is well established 30 

that hyperlipidaemia is associated with an increased risk of CVD, with elevated non-31 

high density lipoprotein cholesterol (non-HDL-C) having the highest attributable risk 32 

for CVD in high-income countries relative to other modifiable risk factors (Yusuf et 33 

al., 2020). Moreover, it has been consistently shown that lowering low density 34 

lipoprotein cholesterol (LDL-C) concentrations proportionately lowers CVD events 35 

across the entire range of LDL-C concentrations (Ference et al., 2017).  36 

 37 

Physical activity is an attractive strategy to reduce population CVD risk, with clear 38 

evidence that becoming more active improves almost all CVD risk factors, such as: 39 

insulin sensitivity, waist circumference, aerobic fitness, blood pressure and HDL-C 40 

concentrations and shows an inverse linear relationship with all-cause and CVD-41 

related mortality (McDonough, Kusumi and Bruce, 1970; Dela et al., 1992; Blair et 42 

al., 1995; Kokkinos et al., 1995; Fagard, 2001). It is therefore a notable exception 43 

that LDL-C concentrations exhibit a far less consistent response to changes in 44 

physical activity than all other CVD risk factors (Hespanhol Junior et al., 2015; 45 

Wewege et al., 2018). 46 

 47 

The feeding status in which physical activity is performed has a profound effect on 48 

metabolism, which may affect the ability of physical activity to lower LDL-C 49 



concentrations. Carbohydrate intake before and/or during exercise supresses fat 50 

oxidation during exercise partly via insulin-mediated inhibition of net adipose and 51 

intramuscular lipolysis, increased re-esterification rates, and thus reductions in non-52 

esterified fatty acid (NEFA) availability (Coyle et al., 2001; Enevoldsen et al., 2004; 53 

Frayn et al., 2012). Since high lipid turnover in adipocytes is linked to a lower 54 

atherogenic lipoprotein profile (Frayn et al., 2012), the reduction in fat oxidation, and 55 

thus lipid turnover, during exercise following meal ingestion may explain the 56 

inconsistent findings on the effect of exercise on LDL-C concentrations.  57 

 58 

LDL-C is produced as very low density lipoprotein (VLDL) particles become lipid 59 

depleted following hydrolysis by lipoprotein lipase (Jackson, Morrisett and Gotto, 60 

1976) and leads to small dense LDL-C particle formation that have a low affinity for 61 

LDL receptors (Packard et al., 2000). An acute bout of fasted exercise results in 62 

changes in VLDL-TAG flux compared to fed exercise (Sondergaard et al., 2011), 63 

suggesting that reduction in VLDL-TAG concentrations results from reduced hepatic 64 

production or increased skeletal uptake by lipoprotein lipase. Furthermore, a 65 

reduction of intramuscular triglyceride (IMTG) as a result of an acute bout of fasted 66 

exercise (Edinburgh et al., 2020) could increase LPL activity to replenish IMTG 67 

stores (Hardman, 1998). An acute bout of fasted exercise that reduces VLDL-TAG 68 

performed regularly with exercise training may lower VLDL exposure over time, by 69 

either reduced hepatic VLDL production or increased LPL activity, thus reducing 70 

LDL-C concentrations.  71 

 72 

Biological sex is an important variable in metabolic responses and thus, responses 73 

to exercise and feeding should be considered within the context of potential sex 74 



differences. It has previously been shown that there are defined differences in 75 

lipoprotein metabolism between human males and females (Palmisano et al., 2018) 76 

due to endogenous oestrogens, which may influence disease risk of diabetes and 77 

CVD. During exercise in a fasted-state, females can oxidise more FA per kg of fat-78 

free mass compared to males exercising at the same relative intensity (Chrzanowski-79 

Smith et al., 2021). This higher utilisation of FA during exercise in females is due to 80 

upregulation of metabolic pathways related to NEFA and TAG uptake, storage and 81 

degradation in skeletal muscle (Horton et al., 2002; Lundsgaard and Kiens, 2014). 82 

During exercise in the fed-state, however, it remains unknown whether males and 83 

females differ in the suppression of fat oxidation. Given the potential of fat oxidation 84 

to reduce atherogenic lipoprotein profiles, the greater fat oxidation in females during 85 

fasted exercise could enhance the effect of exercise in a fasted-state on LDL-C 86 

concentrations.  87 

 88 

Our preliminary research (n=30) indicated that exercise performed in the morning 89 

before breakfast significantly increased whole-body lipid oxidation during an acute 90 

bout of exercise, and this effect persisted throughout 6 weeks of exercise training 91 

sessions (Edinburgh et al., 2020). The group exercising before breakfast (n=9) 92 

exhibited a significant reduction in LDL-C concentrations of 0.41 mmol⋅L-1 at the end 93 

of the study compared to baseline, providing a similar reduction in LDL-C 94 

concentrations to non-statin drug therapies (Silverman et al., 2016). In contrast, the 95 

group who performed exercise after breakfast saw no change in their LDL-C 96 

concentrations, suggesting feeding status at time of physical activity may unlock the 97 

ability of physical activity to improve LDL-C concentrations. However, no study to 98 

date has directly assessed whether meal timing in relation to exercise alters LDL-C 99 



concentrations following training. Furthermore, it is yet to be assessed if these 100 

changes occur in a home based training program over a longer period of time and if 101 

biological sex influences the response of meal-timing. Therefore, the primary aim of 102 

this randomised, parallel study is to assess the effect of physical activity performed 103 

before or after a meal on plasma LDL-C concentrations in males and females. The 104 

secondary aim is to assess the effect of physical activity performed before or after a 105 

meal on other CVD risk factors. In our preliminary research a difference in response 106 

to an oral glucose tolerance test was also observed between the two groups but 107 

glucose control over the study period was not assessed. In addition, given that the 108 

gut microbiome has been shown to influence exercise adaptations (Mailing et al., 109 

2019), we will explore changes in microbiome species enrichment.  110 

 111 

2. Methods  112 

2.1. Study design 113 

This study was approved by Bristol Research and Ethics Committee (22/SW/0061) 114 

and registered on ClinicalTrials.gov (ID NCT05279014). The study design will be a 115 

randomised, parallel study of 100 inactive males (n=50) and females (n=50) 116 

conducted over a two year period. The intervention will be a 12-week exercise 117 

program where participants will be randomised to exercise either in a fasted-state 118 

(FASTED-EX) or in a fed-state (FED-EX). Participants in the FASTED-EX group will 119 

perform exercise sessions at least 8-hours after the last meal to ensure they are in a 120 

fasted state (Ruge et al., 2009) and eat a carbohydrate-based meal after exercise. 121 

Participants in the FED-EX group will perform the exercise sessions 90-180 min after 122 

the carbohydrate-based meal. The sessions will be completed either in the morning 123 

or evening and participants will be stratified for randomisation based on their 124 



preference of exercise timing. The participants will attend the physiology laboratory 125 

at the University of Bath on three occasions, at baseline, week 4 and upon 126 

completion of the intervention (i.e. week 12). The study will be conducted in 127 

accordance with the Declaration of Helsinki. 128 

[Insert figure 1] 129 

Fig 1. Schematic of study design 130 

 131 

2.2. Recruitment 132 

Participants will be recruited by advertisement on the University of Bath website and 133 

via posters and adverts throughout the campus (eg digital advertisement platforms, 134 

university notice boards). Posters will also be placed throughout the local community 135 

such as in libraries, community centres and health centres (eg. GP practices, 136 

pharmacies and dentists). The study will also be advertised via email bulletin to the 137 

University of Bath students and staff and via social media (eg, Twitter, Instagram and 138 

Facebook). Individuals interested in participating in the study will be asked to contact 139 

the principal investigator and will be provided with a participant information sheet. 140 

Potential participants will be invited to the university for initial screening and will 141 

provide written informed consent prior to commencing study procedures.  142 

 143 

2.3. Randomisation 144 

Participants will be randomly allocated into two groups (FASTED-EX or FED-EX) 145 

using online randomisation software (www.randomization.com) with a 1:1 allocation 146 

ratio. Stratification factors will be high (30 – 40 kg⋅m-2) or low (20 – 29.9 kg⋅m-2) body 147 

mass index and preference of morning or afternoon exercise.  148 

 149 

http://www.randomization.com/


2.4. Participants and eligibility criteria 150 

Participants recruited will be between the age of 25 and 60 years old, have a body 151 

mass index between 20-40 kg⋅m-2 and be self-reported physically inactive (exercise 152 

for less than 150 minutes per week). Female participants will be self-reported 153 

premenopausal. The body mass index was based on representing the general 154 

population, whilst a physically inactive criterion was chosen to reflect individuals who 155 

are at somewhat of an increased risk of cardiovascular disease. Individuals who self-156 

report a diagnosis of diabetes or CVD, take any medication that could pose undue 157 

personal risk or introduce bias into the study such as statins for lipid disorders, or 158 

have cardiovascular contraindications to exercise testing will be excluded. 159 

Individuals with weight instability (>3 kg change in body mass over last 6 months) or 160 

females who are pregnant or lactating will be excluded.  161 

 162 

2.5. Outcome measures  163 

An intention-to-treat analysis will be reported for all outcome measures. The primary 164 

outcome measure will be change in fasting plasma LDL-C concentrations at week 165 

12. Secondary outcomes include change in fasting LDL-C at week 4, and change in 166 

fasting plasma HDL-C concentrations, fasting plasma VLDL-rich triglyceride 167 

concentrations, fasting plasma total cholesterol concentrations, fasting plasma 168 

apolipoprotein B concentrations, apolipoprotein B /apoliporotein A ratio, fasting 169 

plasma triglyceride concentrations, plasma C-reactive protein concentrations, fasting 170 

plasma glucose concentrations, fasting plasma insulin concentrations and fasting 171 

plasma non-esterified fatty acid concentrations at week 4 and 12. Tertiary outcomes 172 

measures include change in body mass, waist to hip ratio, fat mass, fat-free mass, 173 

sagittal abdominal diameter and, systolic and diastolic blood pressure at week 4 and 174 



12. As well as change in gut microbiome species enrichment at week 12 and 14-day 175 

blood glucose control at week 11 and 12. Secondary outcomes are subject to 176 

funding.   177 

 178 

2.6. Laboratory assessments 179 

Laboratory assessments will remain the same during all 3 trial days. Participants will 180 

arrive at the laboratory after an overnight fast and 24 hours after any strenuous 181 

exercise and 48 hours after exercise for the last visit. Participants will complete a 182 

food diary for 24 hours prior to attending the laboratory and replicate this for the 183 

subsequent visits. The initial laboratory visit for eumenorrheic females will be 184 

performed at any stage during the menstrual cycle and due to the study protocol, 185 

follow up visits will be performed during the same stage, presuming a 28-day cycle. 186 

During laboratory visits, blood pressure and body composition will be measured, 187 

followed by a blood sample and then an exercise test.  188 

 189 

2.6.1. Body composition 190 

Height will be measured using a stadiometer (Seca Ltd., Birmingham, UK) with 191 

participants barefoot in the Frankfurt plane. Body mass will be measured using 192 

digital scales (Tanita, Amsterdam, The Netherlands) with participants barefoot 193 

wearing light clothing. Waist and hip circumference will be measured to the nearest 194 

0.1 cm using a non-elasticated anthropometric tape (Seca, Hamburg, Germany). 195 

Waist circumference will be measured at the mid-way point between the 12th rib and 196 

iliac crest. Hip circumference will be measured at the widest point of the buttocks. 197 

Sagittal abdominal diameter will be measured at end-tidal volume with participants 198 

lying supine with their hips and knees flexed at 45° using an abdominal calliper 199 



(Holtain Ltd). A DEXA scan (Hologic, Marlborough, Massachusetts, USA) will be 200 

performed to determine fat mass and fat free mass. Participants will be positioned in 201 

the centre of the table with feet evenly spaced apart and the arms prone.  202 

 203 

2.6.2. Blood pressure  204 

Blood pressure will be measured by a digital blood pressure monitor (Panasonic, 205 

Hikone, Japan). Participants will be lying supine and the measurements taken from 206 

the right arm. Three measurements, 1 minute apart, will be obtained, and a mean 207 

taken.  208 

 209 

2.6.3. Blood analysis 210 

Blood samples will be obtained by venepuncture from an antecubital vein and 10mL 211 

of blood will be taken. The sample will be placed into two EDTA tubes. The samples 212 

will be centrifuged at 4000 g for 10 minutes at 4oC. The plasma will be frozen in 213 

aliquots on dry ice prior to being frozen at -80oC until further analysis.  214 

 215 

Plasma LDL-C, HDL-C, TC, TG, ApoB, glucose and NEFA will be analysed via 216 

spectrophotometry using a Daytona Rx (Randox, County Antrim, UK). Insulin and 217 

CRP will be analysed using commercially available enzyme-linked immunosorbent 218 

assay kits. If funding is available, lipidomic analysis will be done by nuclear magnetic 219 

resonance spectroscopy to determine the full lipid profile which will include 220 

glycoprotein acetyls.  221 

 222 

2.6.4. Blood glucose control  223 



A continual glucose monitor (Freestyle Libre Pro iQ, Abbott Diabetes Care, UK) will 224 

be fitted to the posterior aspect of the upper arm during baseline testing and worn for 225 

14 days. A second monitor will be fitted 14 days prior to the final laboratory visit and 226 

this will be removed on arrival at the university laboratory. Data from the glucose 227 

monitors at week 1, week 11 and week 12 will be used to determine 14-day 228 

coefficient of variation for blood glucose concentration as the primary analysis, as 229 

well as 14-day mean and standard deviation of blood glucose concentration, and 14-230 

day mean amplitude of glycaemic excursions for blood glucose (Battelino et al., 231 

2019).  232 

 233 

2.6.5. Microbiome  234 

Participants will be provided with stool sample kits and asked to provide samples 235 

prior to baseline testing and end point testing. The samples will be stored and sent 236 

for analysis of gut microbiome species enrichment if funding allows. Analysis will be 237 

controlled for self-reported antibiotic use.  238 

 239 

2.6.6. Exercise testing 240 

Participants will be fitted with a digital heart rate monitor (Polar Electro Oy, Kempele, 241 

Finland) and perform a submaximal treadmill exercise test to determine lactate 242 

threshold. A baseline blood lactate concentration will be measured by finger prick 243 

blood analysis using Lactate Pro. The test will commence at 2.5 km·h-1 at a gradient 244 

of 0 % and consist of 6 x 4-minute incremental stages. During the first 3 stages the 245 

speed will be increased by 1 km/h up to 4.5 km·h-1. The speed will then remain the 246 

same and the gradient will be increased by 4 % for the remaining 3 stages until 247 

completion. Blood lactate concentrations will be taken during the last minute of each 248 



stage. Heart rate and rating of perceived exertion (Borg, 1970) will also be recorded 249 

during the last minute of each stage. LT1 will be determined at the point where blood 250 

lactate concentration rises by 0.5 mmol·l-1 above resting concentrations.   251 

 252 

2.6.7. Exercise intervention  253 

Following baseline testing participants will undertake a 12-week home based 254 

exercise intervention. Participants will perform 50 minutes of moderate intensity 255 

exercise, 3 days per week, as per current UK physical activity guidelines (Davies et 256 

al., 2019). The participant will be able to decide where to complete the exercise 257 

sessions. The exercise will be at a low-to-moderate intensity (e.g. 95% HR of LT1) to 258 

ensure greatest fat oxidation in the fasted group (Achten and Jeukendrup, 2004) and 259 

will likely represent a brisk walk for most participants. The exercise can be done 260 

either outside or on an indoor treadmill. The exercise sessions can be completed on 261 

any day of the week but participants will be asked to take at least 1 rest day between 262 

sessions. Participants will be asked to perform at least 2 out of 3 of the weekly 263 

sessions at the time of day stated during randomisation. The exercise intensity will 264 

be prescribed based on heart rate and will equate to 95% of LT1 heart rate. 265 

Participants will be provided with a Wahoo activity monitor (Wahoo Fitness LLC, 266 

Atlanta, Georgia) and will be asked to monitor their heart rate on the app during the 267 

exercise sessions. The FASTED-EX group will perform the exercise after an 8 hour 268 

fast and will ingest a high carbohydrate meal (1 g·kg BM-1 bodyweight) after each 269 

session. The FED-EX group will exercise 90-180 min after the same high 270 

carbohydrate meal. Participants will be able to choose the meal from a 271 

predetermined list with prescribed portion sizes ensuring the meal is similar to food 272 

they would habitually eat. The meal list includes, but is not limited to, a bowl of cereal 273 



and semi-skimmed milk, toast with jam, bagel and low fat cream cheese, and beans 274 

on toast. Participants will be emailed every 2 weeks with their energy expenditure 275 

and heart rate during the exercise sessions to encourage compliance with the study 276 

protocol. If the intensity of exercise in which LT1 is achieved changes from week 1 to 277 

week 4, the prescribed heart rate of the exercise sessions will be amended to ensure 278 

the same relative intensity of exercise is undertaken throughout the remaining study 279 

period. 280 

 281 

2.7. Statistical analysis  282 

Statistical analysis will be performed on Prism 9 version 9.4.1 (GrahPad Software, 283 

San Diego, USA). An intention-to-treat analysis will be performed on data of all 284 

participants who are randomised. Data will be assessed for normal distribution by 285 

inspection of residual plots. Difference between groups at weeks 4 and 12 will be 286 

assessed by ANCOVA adjusting for stratification factors, sex and baseline 287 

measurements for the whole sample (Bland and Altman, 2015). Additional 288 

exploratory analysis will be done adjusting for change in body mass from baseline for 289 

the whole sample and subgroup analysis on males and females separately for all 290 

outcomes. Differences between sex at weeks 4 and 12 will be assessed by a two-291 

way ANCOVA. Statistical significance will be defined as p≤0.05.   292 

 293 

2.8. Sample size  294 

Our preliminary data (Edinburgh et al., 2020) showed exercise before feeding 295 

resulted in a change in LDL-C concentrations of -0.41±0.51 mmol·l-1 compared to -296 

0.01±0.046 mmol·l-1 with exercise after feeding. Using this effect size of d=0.82, 80 297 

participants will provide >95 % power at an alpha level of 0.05 with a 2-tailed 298 



independent t-test. From previous research we expect a dropout rate of 299 

approximately 20 %. To account for dropouts 100 participants (50 males and 50 300 

females) will be recruited.  301 
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